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CARBON DIOXIDE AND THE
GREENHOUSE EFFECT

TUESDAY, FEBRUARY 28, 1984

HOUSE OF REPRESENTATIVES, COMMITTEE ON SCIENCE AND
TECHNOLOGY, SUBCOMMITTEE ON INVESTIGATIONS, AND
OVERSIGHT, AND SUBCOMMITTEE ON NATURAL RE-
SOURCES, AGRICULTURE RESEARCH, AND ENVIRONMENT,

Washington, DC.
The subcommittees met, pursuant to notice, at 9:40 a.m., in room

2218, Rayburn House Office Building, Hon. Albert Gore, Jr. (chair-
man of the Subcommittee on Investigations and Oversight) presid-
ing.

Present: Representatives Gore, Scheuer, Volkmer, Reid,
McGrath, Skeen, Schneider, and Lewis.

Mr. GORE. The subcommittees will come to order.
I would like to welcome all of our witnesses and guests today.

This is the latest in a series of hearings that our two subcommit-
tees have been having on the greenhouse effect.

One of the observations that some of us on the Science and Tech-
nology Committee have been making recently has been the increas-
ing evidence that science and technology are presenting our society
with social and political challenges unlike any we have ever con-
fronted in the past'.'The way we live is inevitably going to be k 1-
tered by our technological creations and by the increased knowl-
edge we derive from the healthy scientific enterprise that we spon-
sor in this country. Thus, as legislators. we have a responsibility to
keep up to date, and try and anticipate problems, rather than wait-
ing for a disaster to be sprung upon us.

Such is the case with the subject we are here to discuss today.
The greenhouse effect is a precise example of how our increased

°knowledge is really laying a new problem at our doorstep and,
moreover, it shows how our scientific enterprise can give us bad
news where one cannot help musing that some information we
wish that we didn't know.

The greenhouse effect in some respects seems more like a bad
science fiction novel than a critical issue deserving public policy
review of the highest order. Indeed, some still find it difficult to
discuss this issue in a totally rational way, in view of its almost un-
thinkable potential. Can we really imagine a New York City with
the climate of Palm Beach, a Kansas resembling central Mexico, or
4() percent of Florida under water? It's difficult.

Given the serious, indeed the potentially drastic impacts of this
scenario, however, it is critical that the Government research this
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problem to its fullest, Mr this is not a problem to be ignored. More-
over,.if we simply put off' critical challenges, we often find out later
that it's-too late to act.

For this reason, my colleague and .good friend, Jim Scheuer, who
chairs the Subcommittee on Natural Resources, Agriculture Re-
search and Environment and I have made this phenomenon a pri-
ority, along with our the ranking member, Joe Skeen, and the
membership of the two subcommittees.

We had first explained the serious nature of this problem in July
1981, when a number of prominent scientists, notably Roger Re-
velle, gave us their opinion that the greenhouse effect was not a
theoretical entity, but a real phenomenon.

In April 1982, whey we revisited the issue, the message that we
heard was evenmore troubling. First, the evidence was made clear
by Nobel laureate Dr. Melvin Calvin that the greenhouse effect
was no longer just a pet theory of a few, but rather that its exist-
ence had become the subject of a scientific consensus.

This viewpoint was buttressed by evidence presented by James
Hansen and George Kukla that the rise in CO2 levels could be cor-
related rather precisely with a rise in the Earth's mean tempera-
ture, a shrinking of the polar icecaps, and a resulting rise in the
Earth's mean sea level. At that time the Washington Post ade-
quately described the situation when they penned an editorial that
stated the greenhouse effect was no longer just something for the
"sandals and granola" crowd. It was in the mainstream of scientific
thought.

The newest questions in our examination of this issue then
became: When can we expect to see the impacts of this phenome-
non? How severe will those impacts be? And how should we pro-
ceed from hee in our research program? These are the essential
questions we hope to put to the scientific community today.

In terms of the impact of the greenhouse effect, we will hear
today from the National Academy of Sciences and thr- Environmen-
tal Protection Agency on two important reports that they have
issued in between our last hearing and this hearing. These reports
are important, in that they represent the first attempts to calcu-
late exactly what the impacts of the greenhouse effect will be, and
when they will be felt.

EPA predicts that we will experience a rise in temperature in
the neighborhood of 3.6 degrees Fahrenheit by the year 2040, and a
rise of as much as 9 degrees Fahrenheit by the year 2100. An earli-
er study by the same group projected that we could experience sea
level increases ranging from 4.5 to 7 feet by the end of the next
century.

Even given the EPA's rather significant impacts, their postula-
tions about how we could slow down or mitigate the impact of the
greenhouse effect were even more dire. They essentially concluded
that there were, and are, no reasonable policy options available to
slow down this phenomenon.

The National Academy of Sciences was more optimistic. While
they predicted a 2- to 8-degree Fahrenheit rise in temperature and
a 2.5-foot rise in sea levels by the year 2100, they were far more
comforting in that they pointed out that there are a number of
mitigating factors, such as reforestation and the ocean systems,
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which will either slow down the impacts, or at least make them
less dislocating.

Today we will also hear from a panel of noted scientists that the
role of the oceans is a major unknown in the Earth's atmospheric
scheme. While we had once thought that the ocean might absorb
much of the heat created by a CO2 buildup, some prestigious re-
searchers in this discipline will tell us today that perhaps those as-
sumptions about our ocean systems were dead wrong, and that the
oceans, ironically because of the greenhouse effect, may be losing
thei ability to stop the harm. In this respect the greenhouse effect
is both its own cause and effect.

Lastly, we will begin today to review the Department of Energy's
research program. Regardless of how dire one's viewpoint might be,
it is inarguably true that now is the time to begin deciding what
questions need to be asked and how we should go about answering
them.

A few months ago I was asked to explain my own concern about
the greenhouse effect. My response was that, like many others, I
have children and hope to have grandchildren. I think that we owe
our grandchildren the opportunity to live in this country and in a
society resembling the one we now have, if not better. We all owe
it to our future generations to reduce the uncertainties and find a
solution to this problem of CO, buildup. It is in this spirit that we
will conduct these proceedings today.

Now I would like to call on the cochairman for these hearings,
Congressman Jim. Scheuer.

Mr. SCHEVER. I- thank you, Mr. Chairman.
I have an eloquent statement of soaring beauty but I don't think

it can match with the statement we are going to hear from Carl
Sagan. who is our first witness. So I would ask unanimous consent
to insert my statement in the record for the benefit of your grand-
children who are soon to come and my first grandchild who came a
week ago. [Laughter.]

Mr. (iota:. Oh, great. Without objection, we'll do just that.
[The opening statement of Mr. Scheuer follows:]
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SlAIEMENT OF THE

HONORABLE JAMES H, SCHEUER, CHAIRMAN

SUBCOMMITTEE ON NATURAL RESOURCES,

AGRICULTURE RESEARCH AND ENVIRONMENT

FEBRUARY 28; 1984

THANK YOU, MR. CHAIRMAN,

IN THIS CENTURY MAN HAS ACQUIRED THE

POWER TO CATASTROPHICALLY

MODIFY THE FRAGILE ATMOSPHERE

OF OUR PLANET.

IN CONTRAST TO THE CATACLYSMIC

EFFECTS OF A MAJOR EXCHANGE

OF NUCLEAR WEAPONS ON THE ENVIRON-

MENT, THE BUILD UP OF CARBON DIOXIDE

AND OTHER TRACE GASES IS EXPECTED

TO RESULT IN SLOW BUT INEXORABLE

CHANGE IN CLIMATE.

THE RESULTS OF BOTH, HOWEVER, MAY BE

EQUALLY DISASTROUS.

8



INCREASING LLVELS OF CARBON DIOXIDE

CAUSE HEATING OF THE EARTH'S

ATMOSPHERE BY TRAPPING ADDITIONAL .

SOLAR RADIATION, A PHENOMENON

KNOWN AS THE "GREENHOUSE EFFECT ",

THIS EFFECT HAS BEEN MODELED WITH

STEADILY IMPROVING REALISM FOR

MORE THAN A CENI

BUT TODAY'S WORST CASE SCENARIOS GIVE

US ONLY A FEW DECADES TO RESPOND 40

THESE INSIDIOUS CHANGES IN OUR ENVIRON-

MENT IF WE ARE TO AVOID MAJOR ECONOMIC

AND SOCIAL REPERCUSSIONS,

THE POTENTIAL IMPACT IS STAGGERING.

ACCORDING TO A RECENT NATIONAL ACADEMY

OF SCIENCES REPORT, SEVERE REDUCTIONS

IN WATER RUNOFF INTO THE MISSOURI,

RIO GRANDE AND LOWER COLORADO WATER

REGIONS ARE A REALISTIC SCENARIO 70R

THE NEXT CENTURY,
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CROP YIELDS IN THE MID-WEST MAY DROP

SIGNIFICANTLY IN THE WARMER, DRIER

CLIMATE.

THE SEA LEVEL.-MAY RISE BY OVER TWO FEET,

OR, ACCORDING TO A RECENT EPA REPORT,

BY. OVER TEN FEET,

IF SUCH PROJECTIONS ARE EVEN APPROXIMATELY

CORRECT, THEN WE NEED TO HAVE ACCURATE

AND RELIABLE DATA NOW,

DECADES ARE REQUIRED TO PLAN AND IMPLEMENT

THE IMPLIED MAJOR CHANGES TO THE

INFRASTRUCTURE OF OUR COASTAL CITIES

AND INDUSTRIAL PROGRAMS.

IS OUR RESEARCH PROGRAM ADEQUATE TO MEET .OUR

NEEDS?

THE ADMINISTRATION APPEARS TO aELIEVE SO.

HOWEVER, THE DEPARTMENT OF ENERGY BUDGET

REQUEST FOR THE CARBON DIOXIDE PROGRAM

IS ONLY $13,4 M, AN INCREASE OF A MERE

$0.9 N (7%) OVER THE FY 84 APPROPRIATION.

10



YET A RECENT EPA REPORT CONCLUDES THAT

"CHANGES BY THE END OF THE 21ST

CENTURY COULD BE CATASTROPIC TAKEN

IN CONTEXT OF TODAY'S WORLD", AND THAT

"A SENSE OF URGENCY SHOULD UNDERLIE

OUR RESPONSE TO THE GREENHOUSE EFFECT",

THE REQUESTED FUNDING LEVELS ARE INCONSISTENT

WITH THESE CONCLUSIONS,

FURTHERMORE) THEY ARE NEGLIGIBLE RELATIVE

TO THE COSTS OF CONTINUING TO APPROACH .

THE PROBLEM OF CHANGING CLIMATE

CONDITIONS IN A FRAGMENTED AND DISORGANIZED

FASHION,

TODAY'S HEARING WILL EXAMINE RECENT RESEARCH

RESULTS WHICH HAVE ADVANCED OUR KNOWLEDGE

AND WHICH HAVE DEMONSTRATED HOW LITTLE

WE KNOW ABOUT SOME OF THE CRITICAL

ELEMENTS OF CLIMATE CHANGE,

WE SHALL ALSO HEAR FROM OFFICIALS OF THE

DEPARTMENT OF ENERGY,

THEY WILL ADDRESS THE PRESIDENT'S BUDGET

REQUEST FOR THE CAkoON DIOXIDE PROGRAM

FOR 1985 AND THE CHANGES IN THE PROGRAM'S

SCOPE AND DIRECTION.

z
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Mr. Gout:. I would like to rt cognize my colleague, the ranking
minority member of the Investigations Subcommittee, Joe Skeen.

Mr. SKEEN. Thank you, Mr. Gore, and thank you, Mr. Scheuer. I
will concur with Mr. Scheuer's obiervation, and also in the interest
of this grandson who was born July 11, and my first. I would
rather listen to the distinguished leader of the panel we have
today.

I do want to say, however, this is a very serious topic. I want to
congratulate you two for your continued interest and the emphasis
that you have given to this important issue. Thank you very much,
Mr. Chairman.

[The opening statement of Mr. McGrath follows:]
6
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HONORABLE RAYMOND J. MCGRATH

HEARING ON CARBON DIOXIDE AND THE GREENHOUSE EFFECT

FEBRUARY 28. 1:84

1 WANT TO JOIN THE CHAIRMEN IN WELCOMING OUR WITNESSES HERE

THIS MORNING,

AS IS THE CASE WITH ACID RAIN AND POLLUTION OF OUR LAKES,

RIVERS AND OCEANS, INCREASING CO2 IN THE ATMOSPHERE REPRESENTS A

PROBLEM OF GLOBAL PROpORTIONS, WE.CANNOT OVERLOOK THE

RELATIONSHIP BETWEEN DECISIONS WE MAKE NOW REGARDING THE

ATMOSPHERIC SITUATION AND WHAT WILL HAPPEN ONE OR TWO OR THREE OR

MAYBE EVEN FOUR DECADES FROM NOW. SUCH IS THE DILEMMA OF ALL OF

OUR ENVIRONMFNTAL CONCERNS.

e
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WE ARE CONSTANTLY LOOKING TO SCIENCE FOR THE GUIDELINES UPON

WHICH WE BASE OUR LEGISLATIVE ACTION. YET, THE TIME CONSTRAINTS

UNDER WHICH SCIENCE AND THE COPGRESS WORK DO NOT ALWAYS COMPLEMENT

ONE ANOTHER, ,

FOR SCIENCE ro WORK EFFICIENTLY, HYPOTHESES MUST BE TESTED

AND RETESTED BEFORE A THEORY IS CONFIRMED, IN CONTRAST, WE HERE'

IN CONRESS ARE OFTEN CONFRONTED WITH DEMANDS FROM OUR

CONSTITUENTS FOR IMMEDIATE ACTION ON ENVIRONMENTAL THREATS.

I THINK WE CAN SAFELY SAY THAT THERE IS A SCIENTIFIC

CONSENSUS THAT A CO2-INDUCED CHANGE CAN BE EXPECTED. THE

UNCERTAINTIES SEEM TO FOCUS ON kilia THE CHANGE WILL OCCUR, WHERE

IT WILL OCCUR, AND 11.411 LARGE IT WILL BE,

WE NEED TO INSURE THAT OUR RESEARCH IN CO2 IS FUNDED

ADEQUATELY-AND FOCUSED ON AREAS WHICH WILL LEAD TO REDUCTIONS IN

THESE UNCERTAINTIES, I LOOK FORWARD TO RECEIVING THE RESEARCH

RicommENDATIONS OF OUR DISTINGUISHED WITNESSES.

14
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Mr. Gotta :. Well, thank you. Let's just call our first witness, then.
We are very honored to have Dr. Carl Sagan from Cornell Uni-

versity and other parts as well. We, the subcommittees, ar'e indebt-
ed to you, Dr. Sagan, for agreeing to take a great deaf of your valu-
able time to review some of the existing literature on this problem,
and utilizing your well-known and, in my view, rather extraordi-
nary talents for putting science in a perspective that us lay people
can understand helping us to sort through this problem. We really
appreciate the amount of time that you have spent on it, and with-
out further ado I would like to call on you at this time. Welcome.

STATEMENT OF DR. CARL SAGAN, LABORATORY FOR
PLANETARY STUDIES, CORNELL UNIVERSITY

Dr. SAGAN. Thank you, Congressman Gore. I am pleased to be
here in more ways than one. It was a long flight.

Let me begin by saying that what I will try to give. is a general
perspective on this problem. The other panelists and witnesses will,
I gather, give a detailed description of the recent IPA and Nation-
al Academy studies, and they are much more qualified to ,do that
than I am.

But what I would like to do is, first of all, provide some assur-
ance that there is such a thing as a greenhouse effect and that it
can be serious, and at the end of my remarks to say something
about the general question of constantly stumbling upon new po-
tential catastrophes of climatic and other sorts, and the question of
what, if anything, can be done at least to keep a little bit ahead in
this sequence of potential catastrophes that seem to be discovered,
one every few years.

If you imagine a planet which has no atmosphere and no clouds,
what determines the surface temperature? Well, in principle there
would be two sources of energy. There might be internal energy
coming up from the inside of the planetthis is certainly true for
Jupiter, for example, to a significant degreeand there is energy
coming from the outside, and that is almost en*irely from the Sun.

In the case of the Earth and the inner planets, there is no signifi-
cant energy coming from the inside, so the source of the tempera-
ture of the surface of the planet is sunlight. If there were no atmos-
phere, thon how does the amount of sunlight determine the tem-
perature? Well, if' the planet is highly reflective, then less sunlight
is absorbed and goes into heating the place. If a planet is not very
reflective, if it absorbs a lot of sunlight, ther, that light goes into
making the place hotter.

This reflectivity, the ability to reflect light back to space, is often
called the albedoa-l-b-e-d-oand it can vary. Freshly fallen snow,
for example, has an albedo of maybe 70 percent, and 'slack velvet
has an albedo of a few percent, and most things fall in between.
Deserts are 20 percent, and so on.

Now if' the Earth had its present albedo but had no atmosphere,
the average temperature of the Earth would be well below the
freezing point of water. This planet would, in fact, be uninhabitable
if there were no greenhouse effect. It is the greenhouse effect that
brings the average temperature of the Earth well above the freez-
ing point and permits oceans and bodies of water and all that.

I5
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So now kit's bay something about greenhouse effect. In a very
simple way, what happens in the greenhouse effect is something
like this. First of all, let me say it is a misnomer, the phrase
"greenhouse effect," in that. greenhouses don't work that way. But
this is a historical error we needn't go into. Now consider a planet
with like our own, which is clearly transparentexcept in Los
Angeles to sunlight. So visible light from the Sur. comes through
the atmosphere and strikes the surface and, as we were saying a
moment ago, warms it up. The surface, like every other object in
the universe that is not at absolute zero, radiates and at the tem-
peratures of the surface of the Earth, it radiates mainly in the in-
frared part of the spectrum, radiation that is longer wave than the
red part of the visible spectrum. You do not directly sense infrared
radiation, sometimes called heat radiation, but it sure is there.

What happens is, a kind of equilibrium is established so that the
amount of sunlight coming in from the Sun that is absorbed by the
planet is precisely balanced by the amount of infrared radition
emitted by the planet back to space. Now, in the case of a green-
house effect, the visible light comes in just as it would have if there
were no atmosphere, but the atmospheric gases invisible in the
visiblethat is, transparent in the visible part of the spectrum
tend to be opaque in the infrared part of the spectrum. The ther-
mal radiation in the infrared is impeded from getting out. You can
consider it as a kind of blanketing of du; Earth in the infrared and
not in the visible part of the spectrum.

As a result, the surface temperature has to go up until the radi-
ation which is leaking out in the infrared where there isn't a lot of
opacity just balances the visible radiation that is coming in. And
such greenhouse effects can be very significant. In the Earth's at-
mosphere, the greenhouse effect is due mainly to carbon dioxide
and to water vapor, with other constituents playing more minor
roles, although oxides of nitrogen and other materials could be sig-
nificant on a smaller scale.

Now it's not that the entire infrared spectrum is opaque. There
are some parts of the infrared which are transparent, some parts
which are opaque, depending on where the greenhouse gasesin
this cage, CO2 and waterlike to absorb. If you put more of those
gases into a planetary atmosphere or into the Earth's atmosphere,
you will have more opacity. You will blanket the planet more, an
you will force the surface temperature to rise in order to mainta
the equilibrium between what comes in and what goes out.

Now it does not follow that if you double the amount of car
dioxide or other greenhouse gas, you double the temperature or
double the opacity in a nonlinear situation. For example, you can
have a region of the infrared spectrum where the CO2 is already
absorbing essentially all the infrared radiation it is going to absorb.
Put in more CO2, it doesn't change anything there. But in a differ-
ent part of the spectrum, where CO2 hasn't absorbed very much up
to now, if you double the CO2 you can cause a very significant in-
crease in the opacity of that part of the infrared. Each of these dif-
ferent regions or absorption bands has to be considered in detail,
separately. I stress that the problem is not a linear problem.

Now, suppose you were skeptical about the existence of a green-
house effect or were skeptical about the possibility that it can

16
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really amount to a lot. In this case it is very useful to look at other
planets because nature has arrayed for us a range of planets, some
of which there is negligible greenhouse effect, others significant
greenhouse effect and one a monster greenhouse effect, and it is
very useful to take note of what nature has kindly provided for our
edification.

So, if we look at Mars, that's a, planet which has carbon dioxide
in its atmosphere but the total amount of atmosphere is very little.
It's something like 1 percent of the atmosphere h( re, and so the
greenhouse effect on Mars is very small. You can accurately calcu-
late what the average temperature of Mars ought to be from how
much sunlight gets there and what its albedo is pretty well, even if
you ignore the green'house effect.

On the other hand, let's look at our other neighbor, Venus. In
the case of Venus, if you ignored the greenhouse effect you would
deduce that the temperature of Venus is something likeI've got
to convert from Kelvin to Centigradesomething like minus 30 or
minus 40 Centigrade, when in fact the surface temperature of
Venus is something like 430 Centigrade, 900 Fahrenheit, hotter
than the hottest household oven. The reason for that is, we now
know from spacecraft explorationmost recently the Pioneer/ ,
Venus series of spacecraft by the United Statesthat it is due to a
massive greenhouse effect in which carbon dioxide is the principal
constituent.

So, we have an example where the greenhouse effect can raise
the temperature h;mdreds of degrees, not that anyone claims that
something like Venus is in the offing, or what we do in the near
future here, but it is a very useful reminder that massive changes
in the planetary environment can come about from a greenhouse
effect, and not just any greenhouse effect. It is precisely the same
greenhouse gas we're concerned with in this hearing that is driving
this enormous high temperature on the surface of Venus.

Then, in the outer solar system, Titan, the big moon of Saturn,
we now know from the Voyager explorations, has a small green-
house effect, aLout the same magnitude as that of the Earth, but it
is not due to carbon dioxide and water vapor at all. It is due to
methane, which also absorbs in the infrared but in a different part
of the infrared spectrum.

So, the only lesson which I think is important to draw from this
comparison with other planets is that greenhouse effects exist, that
there are a variety of kinds of them, depending on the atmospheric
pressure and the greenhouse gases in question. A little greenhouse
gas can produce a very small temperature increment; a lot of a
greenhouse gas can produce a very major temperature increment;
and it is absolutely something to take into consideration and to
worry about.

Now, the scientific community is in very good mutual agreement
on the overall general consequences of the burning of fossil fuels,
putting more carbon dioxide into the atmosphere of the Earth, pro-
ducing an incremental greenhouse effect that is edding to the exist-
ing greenhouse effect. The greenhouse effect, I stress again, is a
good thing. We owe our lives to it. And while differences between
calculations have been stressed in the press, what is important is
that all the calculations agree to the first order that doubling of

..i.1 0 :44 --2 17



14

the carbon dioxide in the Earth's atmosphere will increase the
global temperature by a few degrees Centigrade, something of that
order.

To require that scientists provide an absolutely ironclad, guaran-
teed value of how much the temperature will go up is probably
asking too much. The calculations involve many factors, and you
cannot be absolutely sure that you have included every one of
them. What is striking is the unanimity of all of the calculations,
so if p few degree increment in the global temperature is a bad
thing th9n something ought to beyou ought to start worrying
about what to do in that case. Also, you ought to start worrying
about whether there is some way to avoid putting more carbon di-
oxide into the atmosphere.

These aLe questions of cost effectiveness. It is not a catastrophe
like, for example, nuclear winter would be. It is slow, a period of
many decades or a century before the effect we're talking about is
fully manifested, and presumably even the worst of it is not as bad
as lots of other things we could think about. But it does raise
worrisome general questions. Our technology is now able to make
significant changes in the environment of the planet we live in,

ul who would have thought that burning wood and coal to keep
warm would have this quite unexpected consequence of keeping ev-*11

rybody warmer than they were?
When you run through the full range of consequences of modern

technology, including industrial pollution, including the possible
consequences of nuclear war, including the on-again, off-again con -
cern about halocarbon propellants in spray cans, there is an overall
impression, which is that we are pushing and pulling on the global
environment because of innocently intended high technology, in
ways that we do not fully understand and in ways that may have
serious consequences. That naturally raises the question of, what
institutions are there whose job it is to try to detect; identify, and if
possible defuse such problems early enough.

If you look at any of these issues you find that the problems have
been identified by individual scientists in the academic community,
mainly who were worrying about something else and happened to
stumble upon this or that effect. That got them worried and they
talked to their colleagues and got other people worried. There is no
institution whose job it is to systematically seek out such effects.

If we have found a half a dozen such effect in the last 20 years,
let's say, it is likely, it seems to me, that there are some more that
we haven't stumbled on yet, and for all we know they are more'se-
rious than any of the ones we're talking about yet, except for nu-
clear winter. It's hard to imagine something more serious than
that. So as an issue which seems to me relevant to the purview of
congressional committees such as this one, is there some institu-
tional framework in which these problems can be systematically
sought out and addressed? It seem to me an important problem.

Mr. (iota. Well, thank you very much. That s extremely helpful.
Let me call first on my cochairman, Mr. Scheuer.
Mr. ScitEmt. Thank you very much, Mr. Chairman.
Thank you for your usually stimulating performance, Dr. Sagan.
Some scientists saywell, they don't use the timeframe of dec-

ades. as you did, but they use the timeframe of centuriesif this is
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a matter that will be having an impact on us over a period of a
century or two, is it important for us to engage in a crash research
program now, or is it something that we should. just keep an eye
cocked on over the decades and the generations, or is it something
that we will, as we watch it, we will make gradual accommoda-
tions, so that when the day comes that there is a significant effect,
we will have made incremental accommodations over the long
period so that we will, in effect, have coped with these changes?
How do we perceive it? In what kind of a timeframe do we seek
comprehensive knowledge, and in what kind of a timeframe should
we seek to effect some kind of remedial programs?

Dr. SAGAN. Well, certainly remedial programs depend upon
having the knowledge first, and getting the knowledge is very
cheap compared to the remedial programs. So it would seem to me
that the course of action is very clear: Learn as much as you can
about this, certainly before you do the remedial programs but so
that if remedial programs are necessary, you are in a good position
to do them.

Mr. &limn. Can you tell us, have you scrutinized the Federal
research program enough to tell us what you think of its adequacy?
Are you familiar enough with it?

Dr. SAGAN. Well, I have an idea of what is happening. This is an
area which is being funded at least moderately well, in my opinion.
It would be interesting to ask the same question of Dr. Malone and
other people who appear before you this morning but there are cli-
mate programs. The Science Foundation and NASA do support
this; NOAA has some research along these lines that it supports;
but I do not have the impresion that the field is absolutely awash
in research' funds.

There, of course, are majorthis issue connects with other major
issues, for example, thermonuclear energy, the fusion .programs, be-
cause if there were a widespread, generallY available, economically
sensible fusion program, that would very well replace the burning
of fossil fuels in those countries which have nuclear reactors. It is
important to bear in mind that the United States is not the only
Nation on the planet that burns fossil fuels, so no matter what the
United States does, there will be significant increments in carbon
dioxide emissions from other nations. This is an example, and
there are many of them, of issues that must be considered from a
global perspective.

In my view, the way to deal with this problem is some large
international forum in which the views of many nations can be
folded in, and their economic consequences. For exampleI'm only
guessingbut suppose China has enormous Coal reserves, end sup-
pose that those coal reserves represent an important economic
value for China. Telling China not to burn the coal because we
don't want the American coastal cities to be flooded might not be
received as warmlyto make a bad punas if there were no eco-
nomic value of' the burning of fossil fuels for China. These are com-
plicated problems but they are global problems.

Mr. SCHEUER. Is UNESCO, to your knowledge, doing anything on
this matter in its Man in the Biosphere program?

Dr. SAGAN. I do not know the answer to that, Congressman.
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Mr. Scriktoot. Do you think it would be art appropriate subject
for a global meteorological program? The question answers itself.

Dr. SAGAN. Yes.
Mr, SCHEUER. It's quintessentially global in nature.
Dr. SAGAN. It is, and I might mention that there are earth satel-

lite initiatives that are not yet programmed, that could be very
useful in monitoring global dispositions of carbon dioxide and
measuring over long periods of time the various influences on the
climate of the Earth, including variations in the output of the Sun,
which is a significant possibility; including variations in the albedo
of the Earth, place-to-place and through time. There should be, in
my opinion, a systematic monitoring program of the Earth from
space, which is fairly inexpensive compared to the stakes that
we're talking about here, that would have excellent scientific
return for its own sake, and which might provide some important
hints and clues about what to do about this problem.

Mr. SCHEUER. Thank you very much, Dr. Sagan.
Thank you, Mr. Chairman.
Mr. GORE. Mr. Skeen.
Mr. SKEEN. Thank you, Mr. Chairman.
Doctor, I do want to commend you on your presentation. It was

very well done arid obviously you have a great command of the
issue, the topic, because it always impresses me when someone can
sit there and reel this business off without any notes whatever.
You've given it an awful lot of thought, evidently, and I think that
your reputation also portrays that kind of an image as well.

I want to ask a specific question. I have a great interest in the
agricultural aspects of some of this phenomenon, and that's why I
think it's great that these two committees are having joint hear-
ings on this thing. As one who has been interested in meteorologi-
cal phenomena for some timeand I have to confess that I was
just a little bit surprised about El Nino, this phenomenon off of the
west coast of South America and the severity with which the
weather patterns have changed in the last 2 or 3 years as a result
of that kind of activity. Is there any connection at all v .ith this and
the so-called CO2 layer that we have? Has that phenomenon always
been there?

Dr. SAGAN. Again, this is an issue which some of the other panel-
ists undoubtedly know more than I do, but my understanding is
that no one is suggesting that El Nino is triggered by an increase
in the amount of carbon dioxide in the atmosphere. I have seen
speculation that it might he triggered by volcanic explosions or
that it is a periodic phenomenon in the Earth's climate, and wait
long enough and it

Mr. SKEEN. This still underlines the importance of that kind of
monitoring that we have-

Dr. SAGAN. Absolutely.
Mr. SKEEN [continuing). And space has been a great adjunct, or

the technology of space.
Dr. SAGAN. Although not as well used as it might be, but that's

certainly right.
Mr. SKEEN. So your recommendation would be to expand this

kind of activity to a great degree.

20



17

Dr. SAGAN. Yes, and as I was saying before, since we have many
examples of international cooperation in space, a global satellite
monitoring system of the Earth involving many nations-- -

Mr. SKEEN. Multinational.
Dr. SAGAN [continuing]. Multinational, is doable, and its symbolic

significance as well as its scientific value would be high.
Mr. SKEEN. For our own preservation, it's about time we became

more international with that.
Dr. SAGAN. I couldn't agree more.
Mr. SKEEN. Thank you very much, doctor. I appreciate it.
Mr. GORE. Dr. Sagan, you and a group of colleagues recently pub-

lished this rather epic study, the TTAPS study. on nuclear winter.
We looked at that general subject in another hearing a year ago,
but there is a common denominator between that subject and this
one. Of course, the nuclear winter concern is so much greater and
it dwarfs this issue, but there is a common denominator, and it is
that our upper atmosphere seems to be far more vulnerable to dis-
ruptions of the kind that we as a civilization can create than we
had previously imagined to be possible. In both instances, the dis-
covery of the extent of that vulnerability has been serendipitous. I
am wondering if you coulddo you agree with that, that that's the
common denominator between these two?

Dr SAGAN. Yes, and there are a bunch of other examples, both
in the question of the effects of nuclear weaponswhich I under-
stand is not the purpose of this committee meetingand in other
areas. We started out, us humans, without high technology and
there were only a few of us, and so no matter what we did a mil-
lion years ago, we could not in a major way change the climate and
environment of the planet.

Now that we are approaching 5 billion and we have very formi-
dable technology, we are able, even accidentally, to make profound
changes in the environment that supports us. It is the height of ir-
responsibility to make these changes and not even know that we're
doing it.

Mr. GORE. Yes.
Dr. SAGAN. I mean, I would think that in a well-ordered society

you would want to understand what theyou would want to make
an environmental impact statement for the planet before you did
any of these things. To give another example of the fragility you
just mentioned, I referred a little while ago to the on-again, off-
again concern about the integrity of the ozonosphere. But if you
brought the ozone layer down to this room, 'whe pressure and tem-
perature of this room, it would be a quarter of a millimeter thick.
That's all the ozone there is that's protecting us from ultraviolet
light.

I mention that just as an indication of the kind of fragility we
are talking about. As there get to be more people on the planet,
and as our technology gets to be still more potent, we are going to
be pushing and pulling the environment around in still more pro-
found ways. There has to be some institutional, systematic means
by which we try to understand what the consequences ofour activi-
ties will be before we do something dreadful.

One thing I forgot to say to Mr. Scheuer's question is. in princi-
ple, one can imagine that there are irreversible changes, that you
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can push as thing and then it goes off on its own, and that it's a
huge effort to try to pull it back. That's why it is so important to
have the understanding of the phenomenon lead, th'. phenomenon
itself. Don't make a big change until you thoroughly understand it.

So I can't emphasize strongly enough the importance of directed.
res'earch on specific problems already identified, but also very
broad scale research to try to understand the atmosphere/ocean/
Earth 'system together SO that we can try to identify new problems
before they surprise us.

Mr. Goiu So our increased numbers and the allay of technolo-
gy and industrial civilization to magnify our powei to affect the
world around us has put civilization on this planet in the situation
of a bull in a china shop.

Dr. SAGAN. In some respects, where the bull lives only off the
china, which is a poor rrietaphore. Right?

I mean, it's not just that the bull by ignoring things can knock
stuff over. It's that Gie bull's very life depends on that china.

Mr. GORE. Yes, yes.
Now your studies of atmospheric systems have also given you an

appreciation for something that I didn't have, and that is the fact
hat a change of only a few degrees in a global system can have
rather dramatic consequences for the pattern of that system. Is
that correct'?

Dr. SAGAN. Yes, either way. A 1, 2, 3 degree Loverh,g of the
global climate the global temperatureor a 1, 2, 3 degree raising
of the global temperature, both of those can have quite serious con-
sequences. Therefore. :'or example, a 1 or 2 or 3-degree decline in
the global temperature doesn't sound like very much but it could
destroy all wheat growing in Canada, let's say, a significant source
of export food on the planet, and a few degrees increment in tem-peratureas the EPA and National Academy studies have
stressedraises some question about the melting of pack ice and
rising of the levels of the oceans and the possible innundation of
coastal cities. So a few degrees change either way an have severe
global economic consequences.

Mr. GORE. OK. Now let me ask you a question based on a string
of three or four assumptions. Assumption number one: a consensus
emerges in the scientific community stating that not only is the
greenhouse effect real, but that it will have wiiat can fairly be de-
scribed as catastrophic consevences for different regions of this
country and the world, specifically, a loss of some coastal areas, in-
cluding coastal urban areas; a change in the climate and ability of
our grain belt to support food production at levels we are accus-
tornA to. That's assumption number one.

Assumption number two, the scientific community arrives at a
consensus stating that these effects can be largely avoided by a
dramatic change in the pattern of fossil fuel use globally.

Flow would science communicate with public policy mak:Ts about
the urgency of doing something? Would it in your view be likely
that the majority would conclude in those circumstances that it
was hopeless. that the political task would be overwhelming, and
that our best choice would simply be to evacuate coastal area:, and
busily try to create new genetic strains of crops that could ac .pt to
the new climates, et cetera, et cetera'?
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You see 11w major thrust of my question: If those assumptions
fall into place, what's your view of our ability to respond to it?

Dr. SAGAN. Well, let me say first that this very important ques-
tion is, in my view, not a scientific question. It is a political and
economic question.

Mr. GORE, Yes.
Dr. SAGAN, I do not .claim any credentials in that area. Having

said that, I'll be glad to go on and try to answer your question.
(Laughter

Mr. GORE, Well, let me just interject one thought, and that is
that the ability of political and economic institutions to respond to
a challenge of this magnitude will depend in large part upon how
clearly the challenge is perceived, which in turn will depend a
great deal_ upon how the scientific community explains the prob-
lem, how much certainty it :.'vests in that explanation, and how
actively involved it becomes in spelling out what the clearly sensi-
ble choice might be.

Go ahead.
Dr. SAGAN. I think that the scientific issues h'..re.can be laid out

clearly to lay people. I don't think there is any difficulty in doing
thathowever, with the caveats I said before, that is, no one knows
that the effects get really serious in the year 2025 as opposed to
2085 or something of that sort. To that precision, we cannot expect
that there will be consensus.

But what I despair of is, with the present global political situa-
tion, of getting the kind of international cooperation you would
need here. For example, without mentioning the names of any
countries, take countries which are on the cold side. Might they not
think that a global warming is to their benefit? If they were to co-
operate in whatever the strategy isless burning of fossil fuels,
more fusion powerplants, if and w: in we get themthere have to
be economic motivators that the countries that are threatened will
give the countries that might benefit from a global warming.

Now you also might say that the global economy is strongly
interdependent, so that the enormous strains on a few nations
might further disrupt the global economy, so it is in everybody's
interest to cooperate here. OK, but then that requires a hitherto
unprecedented degree of international cooperation on economic
issues. So I thin': one possible consequence of what we're talking
about is that the present world order is not maximized, not opti-
mized, for responding to dangers on a global scale. Nations are con-
cerned about themselves, not about the planet, and this kind of
problem will keep coming at us as we discover more and more such
potential catastrophic consequences.

Without getting into the details, the global arms. race in nuclear
weapons between the United States and the Soviet Union has just
this character of being concerned only about the United States and
the Soviet Union, and neither nation taking much concern at all
about other nations far from their disputethe dispui,e of the
United States and the Soviet Unionother nations that we now
recognize have everything at stake in case of nuclear war.

Mr. GORE. Well, very good.
Do you have any questions?
Mr. REID. No.
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Mr. SKEEN. No.
Mr. GORE. Well, I want to thank you fordid you have a ques-

tion?
'Mr. ScHEUER. Just one observation, sort of illuminating a remark

you made about one man's feast is another man's famine. I under-
stand that this warming effect that would inundate most of our
coastal cities would have the effect in Russia of making Russia one
of the major wheat-growing areas of the world. It would have, had
she been in that condition now, it would have entirely eliminated
her dependence on Canada, A..stralia, and the United States for
wheat. It would be very much to Russia's interest.

So you have a perfect example there of the fact that Russia
would benefit enormously from a 2- or 3-degrees increase in her
temperature.

Dr. SAGAN. On the other hand, there's not very much that the
Soviet Union could do about this. I mean, commands to various dis-
tant oblasts to burn more fuel is not going to hurry up this proce-
dure. We have to recall what the time scale of these changes is.

Mr. SCHEUER. Yes, but the urgency of her cooperation in remedi-
al 'programs might be somewhat diminished by the fact that she
would be benefited by this phenomenon.

Dr. SAGAN. It might be, except that when we then add four or
five or six or seven or eight other kinds of global problems, you will
find some which go the other way, in which the United States
would differentially benefit and not the Soviet Union. If you just
step back from the planet and look down at it, it is clearly in the
interest of everybody on the planet to cooperate on these issues.

Mr. SCHEUF.R. Thank you, Mr. Chairman.
Mr. SKEEN. Mr. Chairman?
Mr. GORE. Yes.
Mr. SKEEN. By the same token, if that happened, the Russians'

so-called winter syndrome in their attitude might be changed a
little bit. They would be a little happier people than they are.
[Laughter.]

Dr. SAGAN. And you think Americans would, by the same token,
get much more grumpy?

Mr. SKEEN. Well, no. It's hard for us to get any grumpier or
become more critical. [Laughter.]

Mr. GORE. Well, great. I really thank you for giving us this over-
view from a fresh perspective to start off this hearing. It is ex-
tremely helpful and, again, I want to thank you for taking the time
to delve into this. We are very grateful. We have worked with you
in the past, and we look forward to working with you in the future.
As you k.- 'w, I admire the work that you do, Dr. Sagan. Thank you
again for getting us off to a good start today.

DI . SAGAN. Thank you very much, Mr. Chairman.
Mr. GORE. Let me call our first panel of witnesses: Dr. John Tra-

balka, with ':he Environmental Sciences Division at Oak Ridge' Na-
tional Laboratories; Dr. Wallace Broecker from the Geochemistry
Department at Lamont-Doherty Observatory in Palisades, NY; and
Di. William Jenkins from the Woods Hole Oceanographic Institu-
tion in Woods Hole, MA.

Dr. Broecker, I am sorry I mispronounced your name earlier. Did
I get it right that tune?

24



21

Mr. 'biol.No:a. That's right.
Mr. GORE. OX. MI right. Thank you.
We will hold off on questions until all three panelists have com-

pleted their statements. We would like to begin with Dr. John Tra-
balka from the Environmental Sciences Division at Oak Ridge Na-
tional Laboratories.

Dr. Trabalka, welcome to you. We are delighted to see you, and
please proceed.

STATEMENT 01.' DR. JOHN TRABALKA, ENVIRONMENTAL
SCIENCES DIVISION, OAK RIDGE NATIONAL LABORATORIES

Mr. TRABALKA. Thank you, Mr. Gore. I first would like to thank
the joint committees for the invitation to testify, and I also request
that I be allowed to submit a copy of my written testimony and my
vitae for the proceeding record,

Mr. GORE. Without objection, we'll do that.
Mr. TRABALKA. My name is John R. Trabalka. I am manager of

the Global Carbon Cycle Progrz.m in the Environmental Sciences
Divi4ion at Oak Ridge National Laboratory. The ORNL Program is
a. major component in the U.S. Department of Energy's carbon
cycle research program.

The DOE Carbon Cycle Research Program is directed toward im-
proving the quantitative basis for understanding the global carbon
cycle to more accurately predict future levels of atmospheric
carbon dioxide. The research goals and needs are described in the
latest Carbon Cycle Research Program plan published by the U.S.
Department of Energy. It carries a December 1983 date.

The principal purpose of the ORNL Program is to provide assist-
ance to the Division of Carbon Dioxide Research in development,
management, and in-house research activities for the DOE Carbon
Cycle Research Program. Oak Ridge National Laboratory has
played a role in carbon cycle research for over two decades. The
laboratory's role in research management for the DOE has a more
recent origin in fiscal year 1982.

In carrying out tasks assigned by DOE, the program is responsi-
ble for mohitoring carbon cycle research progress, identifying re-
search needs, and recommending methods for fulfilling these needs.
The ORNL Program management staff now executes and adminis-
ters subcontracts to universities and major research institutions for
research to fulfill many of these needs outlined in the current re-
search plan.

In fisal year 1983 the ORNL Program was directed to concen-
trate on global carbon cycle model development and terrestrial
biospheric data acquisition. The ORNL Program management staff
also prepares technical and topical reports. Major activity under-
way involves the coordination and integration of efforts from DOE
contractors and the international CO2 research community for a
1985 state-of-the-art report on the global carbon cycle. We expect
the 1985 state-of-the-art report to provide another source of infor-
mation on research needs and for further definition and refine-
ment of certain key program areas, including a Core Ocean Meas-
urements Program.
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The principal technical objective of the DOE Global Carbon Cycle
Program at ORNL is to develop a quantitative basis for under-
standing the global biogeochemical cycle of carbon by balancing
the reervoirs and fluxes in the global cycle and implementing sim-
ulation models to describe the dynamic behavior of the global
carbon cycle and its components. Another objective of this research
is to further the scientific methodology for accurate projection of
future CO2 levels in the atmosphere.

Mathematical models of the carbon cycle are needed to address
these uestions, and are being developed and updated with refine-
ments in basic understanding and improved estimates of key pa-
nt ters. A 'mathematical model developed by the DOE l'rogram

ORNL is being used to make CO2 projections for the forthcoming
state-of-the-art report on the global carbon cycle. Sensitivity and
error analyses provide a basis for selecting aspects of models and
data bases that require refinement, and basic data sets in key
areas underlying carbon cycle models are being refined and aug-
mented where indicated.

As a direct consequence of our programmatic assignment by
DOE, particular attention in both the intramural and extramural
research projects during the past fiscal year was devoted to improv-
ing our understanding of the terrestrial component of the cycle.
The key unresolved issues in the Carbon Cycle Research Program
appear to in lye disparate estimates of CO, releases by .the land
biosphere anu of CO2 uptake by the ocean.

Over the past two millenia, terrestrial ecosystems, particularly
the forests, have been a source of CO, to the atmosphere many
times larger than that from fossil fuels. These CO2 releases oc-
curred principallf as a result of forest clearing during agricultural
expansion ant' timber harvesting. Such changes in land use result
in kisses of carbon formerly stored above ground in wood and below
ground in soil and roots. During the past two millenia, half of the
living terrestrial biosphere was eliminated by human influence.

The principal controversy involves the magnitude and timing of
the CO, loss from the land and the rate of CO, uptake by the
oceans over the past 200 years. This was a period when human pop-
ulation was increasing exponentially and significant exploitation of
the land resources of the Western Hemisphere and tropical forests
throughout the world occurred. Significant population growth in
the tropics and associated exploitation of these forests are still oc-
curring and are projected to continue for several decades,

Around 1980, published estimates of the rate of carbon uptake by
the oceans were too low to accommodate even moderate estimates
of CO, releases from vegetation and soils. Uncertainty about the
history of atmospheric CO, concentrations over the past 200 years
made reconciling the disparate estimates of terrestrial releases and
the ocean uptake difficult.

Progress has defined a technical basis for resolution of the issues
and for convergence of the terrestrial release and ocean uptake es-
timates. Now evidence that the atmospheric CO, concentration
may have been as low as, say, 260 parts per million in the year
1800, means that there has had to have been a substantial nonfos-
sil source of CO2 to the atmospherefor example, from vegetation
and soilover the past 200 years. The total amount contributed by

a
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the land biosphere could have bowl as much as that contributed by
fossil fuels.

These findings suggest that the oceans may be assimilating more
CO2 from the atmosphere than has heretofore been estimated. Im-
provements in globally averaged carbon cycle models produced by
the ORNL Program have resulted in new estimates of CO2 uptake
by the oceans which are higher than earlier estimates on the order
of 23 percent. However, these current ocean models are still able to
accommodate a, significant CO2 release from terrestrial ecosystems
only if the bulk of the release occurred in the previous century and
then declined radically to the present, or if the average level of re-
lease was much lower than some historical reconstructions indicat-
ed.

Both requirements are still in conflict with results from relative-
ly recent reconstructions of historical CO2 releases from the land
biosphere. However, considerable evidence produced over the past
year from research supported by the ORNL global carbon cycle
program supports a significant overall lowering of the magnitude
of the historical terrestrial carbon flux.

However. one of the chief remaining sources of uncertainty for
both past and present estimates of terrestrial carbon release is the
lack of adequate documentation for past patterns of land use. In
the next stage of research, emphasis needs to be placed. on geo-
graphically based analyses of land use change, using high-spatial-
resolution models differentiated by ecosystem types and disturb-
ance categories. These more sophisticated models of the land bio-
sphere will also have the capability to respond to projected climate
changes and eventually to CO2 fertilization responses.

The activities of documenting the patterns of changes in land
areas over time and developing the new terrestrial models required
for data analysis are being closely coordinated. Particularly impor-
tant are data on forest clearing and other land use changes being
assembled by forest historians from Duke University. Pilot studies
devoted to potential applications of remote sensing via satellite im-
agery to document and confirm present-day land use patterns and
to monitor future changes are underway at the Ecosystems Center,
Marine Biological Laboratory at Woods Hole. Once fully developed,
the use of satellite imagery could provide a most accurate method
for determining land use change and estimating the resulting
carbon fluxes. The attached photographs that I have provided you
suggest the significant potential for this technology in both defin-
ing the location and extent of major ecosystems and for defining
the rates at which man is changing the face of the landscape.

One promising alternative approach to resolving the controversy
related to terrestrial CO2 releases and ocean uptake appeared to
make use of the carbon isotope record for atmospheric CO2 con-
tained in tree rings. The scientific issues associated with interpre-
tation of C13 records in tree rings involves the separation of the
isotopic noise caused by tree physiology, local environmental condi-
tions, climate effects, and CO2 fertilization responses. However, the
latest results reinforce our concerns about the potential variability
of the tree ring record and confirm that basic research on the phys-
iological mechanisms which control isotope fractionation in trees
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will be a necessary precursor to further use of tree ring data in
carbon cycle research,

Further improvements in ocean models for analysis of the carbon
cycle/climate issue are also critically needed. This effort will re-
quire development and testing of more physically realistic repre-
sentations; multidimensional models of ocean circulation and
carbon transport. There currently is not an adequate data base
with which to lonstruct and properly calibrate such models on a
global scale.

A Core Oceanic Measurements Program is needed, therefore, to
support the further development of oceanic carbon cycle/climate
models. Measurements of CO2 concentrations in surface water are
needed in combination with gas exchange data to calculate the flux
of CO2 between the atmosphere and the ocean. Repeated measure-
ments of dissolved CO2 in surface water at key locations and of
total inorganic carbon as a function of depth at carefully selected
stations over the globe should provifie a long-term record of CO2
uptake by the ocean. These data are urgently needed to develop
secular trends of carbon buildup in the ocean comparable to those
observed in the atmosphere.

Tracer data r.re also used to describe ocean mixing and transport
of carbon to tae deep oceans. Oceanographic research programs
have collected important tracer data at a number of key locations.
However, the spa-seness of temporal coverage and geographic cov-
erage in the upper layers of the ocean currently limits analyses of
the oceanic carbon cycle. Successive sampling programs over a
period of decades appear to be needed to clarify the nature of
mixing and exchange in order to develop a truly global model of
ocean circulation and uptake. This requires that we adequately
analyze and interpret the existing data, and the data successively
produced by each set of regional ocean measurements, in planning
future measurements programs in order to make the most efficient
use of available resources.

The resolution of the technical issue involving disparate esti-
mates of historical terrestrial releases in ocean uptake is needed if
we are to place confidence in projections of future atmospheric CO2
levels with global carbon cycle models and to understand how the
biogeochemical system operates. Simply put, if we cannot balance
the carbon cycle for the present, how can we expect to make accu-
rate predictions of the future?

However, resolution of this issue will also allow us to define the
time series, that is, the history of atmospheric CO2 concentrations
as far back in time as our terrestrial release reconstructions can be
made. This will provide another means for checking and placing
limits on the values of the preindustrial atmospheric CO2 levels.
The climatic implications associated with defining the so-called
preindustrial level of atmospheric CO2 will be described in later
testimony. Thus, information provided by the carbon cycle research
program will be important in helping to check the predicted cli-
matic responses from climate models against actual observations of
climate behavior.

Since it is not possible to cover all research activities and associ-
ated needs in one set of testimony, I have attempted to highlight
what are believed to be the most critical issues and ask that you
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refer to the carbon cycle research program plan and to my testimo-
ny, my written testimony, as a source of additional information.

I believe I will close there with my statement.
[The prepared statement of Dr. Trabalka follows:]

29



26

TESTIMONY PRESENTED TO

SUBCOMMITTEE ON NATURAL RESOURCES, AGRICULTURE RESEARCH.

AND ENVIRONMENT AND SUBCOMMITTEE ON INVESTIGATIONS AND

OVERSIGHT OF THE SCIENCE AND TECHNOLOGY COMMITTEE..

U. S. HOUSE OF REPRESENTATIVES

February 28, 1984

Joint Hearing on Carbon Dioxide and the Greenhouse Effect

DR. JOHN R. TRABALKA

Manager, Global Carbon Cycle Program

Environmental Sciences Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

*Research sponsored by the Carbon Dioxide Research Division, Office

of Energy Research, U.S. Department of Energy, under contract

W-71CS-eng-26 with Union Carbide Corporation.



\
1. INTRODUCTION

A. Personal Qualifications

My ndme is John R. lrabalka. I am Manager of the Global Carbon

°Cycle Program in the Environmental Sciences Division of the Oak Ridge

National Laboratory (ORNL). The ORNL program is a major component in
the U.S. Department of Energy (DOE) Carbon Cycle Research Program. I

can assure you that the fol'owing scientific judgments and opinions

reflect those'ef a substantial portion of my professional peers. I am a
scientist who has been personally involved in research on the broad

topic of biogeochemical cycling ind effects of pollutants since 1971.
Most recently, I have - been involved with research on

sensitivity/uncertainty analyses of global carbon cycle model's, and
projections of future atmospheric carbon dioxide (CO2) levels with
such models. I also was an organizer, cochairman, and am now chief
editor of the proceedings, for a recent international symposium

on the tedical issues associated with the global carbon cycle. I

served for two years as the Deputy Manager of the ORNL program before

assuming my present role. I am currently responsible for the research

management of a multidisciplinary group of over 30 scientists working in

this field at Oak Ridge National Laboratory and at other centers of

excellence at universities and research laboratories.

B. Carbon Cycle Research Program

The DOE Carbon Cycle Research Program is directed toward improving

the quantitative basis for understanding the global carbon cycle to more

accurately predict future levels of atmospheric carbon dioxide. There
are several central issues. Anthropogenic emissions result in a shift
in the global carbon equilibrium. Accurate future atmospheric CO2

oredirtion, therefore, are needed because increased atmospheric levels
will persist for some centuries even if fuel use is abated. Therefore,
it is necossary to determine long-term trends (and forms thereof) of
fsii ftwl W,V, atmospheric CO2 levels, and sizes of the biospheric
and Oceanic carbon reservoirs. Dynamic global carbon models are
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necessary to predict future atmospheric CO? concentrations. Most

important for development of accurate models is a quantitative

understanding of the complex set of fluxes (exchanges) of carbon among

the reservoirs .(see Figures). Additional exchanges of CO2 will be

evaluated to ensure that important fluxes in the global cycle have not

been overlooked. The time-dependent balance between the fluxes

determines the rate at which CO
2

builds up in the atmosphere.

Historical values of atmospheric CO2 need to be obtained as

benchmarks, because these values will affect conclusfons about the

oceans' and the biosphere's capacity to withdraw airborne CO2. The

research goals and needs are described in the latest Carbon Cycle

Research Program Plan published by the U.S. Department of Energy

(December 1983).

C. Oak Ridge National Laboratory Global Carbon Cycle Program

The principal purpose of the Oak Ridge National Laboratory's (ORNL)

Global Carbon Cycle Program is to provide assistance to the Division of

Carbon Dioxide Research in development, management, and research

activities for the DOE Carbon Cycle Research Program. Oak Ridge

National Laboratory has played a major role in carbon cycle research for

over two decades.. The Laboratory's role in research management for the

.DOE has a more recent origin in fiscal year 1982. In carrying out the

tasks assigned by DOE, the program is responsible for monitoring carbon

cycle research progress (ORNL subcontracts to other research

institutions, in-house projects, and Department of Energy grants),

identifying research needs to support global carbon cycle model

development and recommending methods for fulfilling these needs. The

latest Carbon Cycle Research Program Plan was d'weloped through a

lengthy series of peer reviews by the scientific community and

revisions. It is believed to represent the current consensus of

knowl,Agedble experts.

The ORNL program management staff now executes and administers

subcontracts to universities and major research institutions for new or
6
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continuing research supporting Many of the areas outlined in the latest

Carbon Cycle Research Plan. In fiscal year 1983, the ORNL program was

directed to concentrate on global carbon model development (including

terrestrial and oceanic subcomponents), and terrestrial biospheric data

acquisition.

The ORNL program management staff also prepares technical and

topicd reports to update research progress, to provide responses tn

specific questions, and to resolve technical issues. A major activity

under way in this area involves the coordination and integration of

contributions from DOE contractors and the international CO
2

research

community for a 1985 State-of-the-Art (SOA) Report for DOE on the global

carbon cycle.

In support of the State-of-the-Art Report, ORNL organized and hosted

the Sixth ORNL Life Sciences Symposium on. the topic: The Global Carbon

Cycle: Amilysis of the Natural Cycle and Implications of Anthropogenic

Alterations for the Next Century, in Knoxville, Tennessee, on'October 31

- November ?, 1983. The symposium was sponsored jointly by federal

agencies ,u industry: the Department of. Energy; National Science

Foundation; Electric Power Research Institute; Nal.ional Oceanic 'and

Atmospheric Administration; and the Gas Research Institute. The

symposium %us attended by 180 scientists representing 10 countries. The

symposium was organized to examine the scientific basis for extrapolating

present knowledge about fluxes, sources, and sinks in the global carbon

cycle to predict changes in atmospheric CO2 concentrations resulting

from anthropogenic influences. The published proceedings, containing

invited contributions by internationally recognized scientists, will

provide a majOr resource of current technical information to both

scientists and decision makers.

The recent symposium on the global carbon cycle and the SOA Report,

which will draw on the talents of the international community for

authors and revimers, arc examples of a developing international

outreach through the DOE Global Carbon Cycle Program at ORNL. Several

program scientists are currently located at key research centers in

Europe, another will participate in an ocean measurements project
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supported by the french government, and still others have established

needed contacts and research efforts throughout the tropical regions of

the developing world. Other international researchers involved in the

prof,ram (e.g., at the University of Bern, Switzerland) are directly

supdorted by the DOE. An international issue such as the CO2-climate

problem requires international participation.

II. TECHNICAL OBJECTIVES

The principal technical objective of the DOE Global Carbon Cycle

Program dt ORNL is to, develop a quantitative basis for understanding the

global biogeochemical cycle of carbon, i.e., by "balancing" the

reservoirs and fluxes in the global carbon cycle, and imple.Jenting

simulation models to describe the dynamic behavior of the global carbon

cycle and its componentS. Another objective of this research is to

further the scientific methodology for assessing the response of the

global carbon cycle, particularly changes An atmospheric CO2

concentration, to further releases of CO? by fossil-fuel combustion;

i.e., so that accurate projections of future CO2 levels in the

atmosph,ere can he made. How much of the observed atmospheric CO2

increase is attributable to fossil fuels? How much is due to other

sources? Would the increase have been greater, less, or essentially the

same without the response of the terrestrial biosphere? How rapid will

the atmospheric CO2 increase be in the future? Mathematical models of

the carbon cycle are needed to address these questions, and are being

developed and updated with refinements in basic understanding and

improved estimates of key parameters. A mathematical model developed by

the nor program at ORNL is being used to make CO2 projections for the

forthcoming SOA report on the global carbon cycle. Sensitivity and

error analyses provide a basis for selecting aspects of models and data

baw: 1.11,1t require refinement. Basic data sets in key areas underlying

cakm-cycle riodels are being refined and augmented where indicated.
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III. ONWING RISEARCH ACTIVITIES AND FUTURE NEEDS

A. Key Unresolved. Issues

As a direct consequence of our programmatic assignment by DOE,

particular attention in both the intramural and extramural research

projects during the past fiscal year was devoted to improving our

understanding of the terrestrial component of the cycle. The key

unresolved technical issues in the carbon cycle research program involve

disparate estimates of CO2 releases by the land biosphere and of CO2

uptake by the oceans. Resolution .of these issues sill make the greatest'

contributions to the overall objective of "balancing thq carbon cycle."

The balance between the terrestrial source and the ocean, sinkfor CO
2

is one of the two key determinants for the rate at which fossil fuel

CO2 builds up in the atmosphere. The other is the rate of fossil fuel

emissions. If the oceans are currently absorbing a significant amount

of terrestrial CO2, the future rate of the atmospheric CO2 increase

could be significdntly slower than expected.

Over the past two millenia, terrestrial ecosystems, particularly the

forests, have boon a source of CO2 to the atmosphere many times larger

than that from fossil fuels. These CO
2

releases occurred principally

as a result of forest clearing during agricultural expansion and timber

harvesting. Such changes in land use result in losses of carbon

formerly stored above-ground in wood and below-ground in soil and roots

(as they decay). During the past two millenia, half of the living

terrestrial biosphere was eliminated by human influences. The principal

controversy involves the magnitude and timing of the CO2 loss from the

land and the rate of CO2 uptake by the oceans over the past 200

years. This was a period when human population was increasing

exponentially, and significant exploitation of the land resources of the

Western Hemisphere, and tropical forests throughout the world,

occurred. Significant population growth in the tropics and associated

exploitation of the forests are still occurring, and are projected to

continuo for at least several decades. Circa 1980, published estimates
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of the rate of carbon uptake by the oceans were too low to accommodate

even moder.ate estimates of CO2 releaseg from vegetation and seils over

the past 200 years. Uncertainty about the history of the atmospheric

CO, concentration over that same period made reconciling the disparate

estimates of terrestrial releases and ocean uptake difficult.

B. Recent Technical Progress 0

Progress in several key areas in just the past year have defined a

technical basis for resolution of the issues, and for more substantial

convergence of the terrestrial release and ocean uptake estimates over

the nor', decade. New evidence that the atmospheric CO2 concentration

may have been as low as 260 ppmv in the year 1800, described to you in

detail in earlier testimony by the representative of the DOE, means that

there has to have been a substantial non-fossil source of CO
2

to the

atmosphere, from vegetation and soil, over tht past 200 years.

The total aii,ount ITIMM--hlmr-441e land biosphere could have been,as

large as the contribution from,fossil fuels.

These new findings sugyest that the oceans may be assimilating more

CO
2

from the atmosphere than has heretofore been estimated.

Improvements in globally averaged ocean carbon cycle models produced by

the ORNL Global Carbon Cycle Program (Peng and Broecker; research

jointly supported with the National Science Foundation, in preparation)

have resulted in new estimates of CO2 uptake by the oceans which are

higher than earlier estimates by 25%. However, these current ocean

models are still able to accommodate a significant CO2 release from

Vrrestrial ecosystems only if the bulk of the release occurred in the

previous century and then declined to the present, or if the average

level of release was much lower than some historical reconstructions

indicated. Both requirements are still in conflict with results from

reloiv-ly rcont reconstructions of historical CO2 releases from the

land hicr,nhere. However, considerable evidence produced over the past

yedr from resedrch supported by the ORNL Global Carbon Cycle Program now

support'. d significant overall lowering of the magnitude of the

hRtnrif. rl terre,,trial carbon flux produced by human activities.

38



35

One principal. 'finding from two recent efforts (one at Duke

University -. Schlesinger in press; the other in-house - Mann submitted)

devoted to analyses of data on soil carbon behavior following

cultivation is that the amount lost may only be one-half the value in

models most recently used by researchers on the terrestrial carbon

cycle. Another finding has been that in many cases carbon rebounds In

tropical soils under pasture to levels approaching tho..e of the original

forest (research by the University of Illinois and the University of

Puerto Rico - reported in Auerbach and Reichle in press). Current

models assume a permanent reduction in soil carbon when tropical forests

are converted to grazing land. These models were exercised to produce

the higher estimates of past carbon releases from the land biosphere.

Since soils contain nearly three - fourths. of the terrestrial carbon pool,

a reduced loss of soil carbon, such as that indicated by the new

results, should result in a significant lowering of estimates of

terrestrial carbon releases on this basis alone.

Another major finding was that the mass of the total carbon pool in

tropical forest vegetation may be 50% less than previous estimates

(Brown and Lugo in preSs) used by the scientific community in attempts

to model the terrestrial cycle. The significant implication is that

much less CO2 would be produced when tropical forests are cleared,

thus reducing the terrestrial source of atmospheric CO2 from the

tropics. This should result in a significantly lowered estimate, in

particular, for the period covering the past 30 to 40 years in which the

disparate estimates of terrestrial fluxes and ocean uptake are most

difficult to balance.

However, one of the chief remaining sources of uncertainty for both

past and present estimates of terrestrial carbon release is the lack of

adequate documentation for past patterns of land use. In the next stage

of research, enphx,is needs to be placed on geographically based

aiwlyces of land-u:o change (see attached M1P of Major World Ecosystem

Complexes) using a high-spatial-resolution model differentiated by

ecosystem types and disturbance categories. These more sophisticated

models'uf the land biosphere will also have the capability to respond to
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,
projected climate changes, and, eventually, to CO2 fertilization

responses. Under the support of DOE, and with some limited involvement

from other federal agencies, investigators are assembling more detailed

data on the history of land use at regional levels required for improved

terrestrial carbon cycle models now under development. These two

activities of documenting the patterns of changes in land areas over

time and developing the new terrestrial models required for data

analysis are being closely coordinated. yarticuldrly important are data

on forest clearing and other land-use changes being assembled- by forest

historians from Duke University. Pilot studies devoted to potential

applications of remote sensing via satellite imagery to document and

confirm present-day land-use patterns and to monitor future changes are

underway at the Ecosystems Center, Marine Biological Laboratory, at

Woods Hole, Massachusetts.. Once fully developed, the use of 'satellite

imagery could provide a most accurate method for determining land-use

change :ffld estimating die resulting carbon fluxes (see Figures). It is

expected that refinement of our estimates of both past and present
carbon releases from the land biosphere via new modeling and data

assembly activities will realistically require a decade or more of

concerted effort to accomplish.

One promising alternative approach to resolving the controversy

'related to terrestrial CO
2 releases and ocean CO

2
uptake appeared to

make use of the carbon isotope record for atmospheric CO2 history

contained in tree rings. The scientific issue associated with

interpretation of
13
C records in tree rings involves the separation of

the isotopic noise caused by tree physiology, local environmental

conditions, climatic effects, and CO2 fertilization responses. New

research results are available from the ORNL university subcontracts for

trees from Pacific Coast sites (University of Washington) and the

southwestern United States (University of Arizona). State-of-the-art

corrrqlion5 were made for some of these extrinsic factors which produced

strikingly different results when compared to those from earlier tree

ring studies which did not take these phenomena into account. The new
rcod, indicate a much slower rate of change in the CO2 content of

40
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Figure is a NOAA-7 AVM satellite image of the African tinent
made in 1982. Provided by C. J. Tucker et al., NASA/Godda -Space
Flight Center, Gr9enbelt, Maryland. Compare the ecosystem distributions,
indicated by differences in colors with the'patterns on the Map of World'
Ecosystem Complexes.

0

Red - Tropical rain forest
Green , - Seasonal forest and grassland
Blue - Savanna.
Purple - Wooded steppe
Yellow - Desert and semidesert'
Turquoise - Irrigated agriculture
Light Blue - Wate."
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Figure is a 30 km x 30 km section of a 1981 Landsat scene from
Brazil. Dark red areas are undisturbed tropical moist forest. Light
pink, white, and light blue areas art, respectively, regrowing
vegetation in cleared areas, cleared areas, and bare soil. The parallel
roads are about 5 km apart. All the visible clearing has occurred since
1973 and the majority has occurred since 1978. At this.rate complete
clearing could occur within another decade. Provided by G. M. Woodwell
et al., The Ecosystems Center, Marine Biological Laboratory, Woods Hole,
Massachusetts.
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the atmosphere, and, correspondingly, a much lower rate and total amount

of historical carbon input from the terrestrial biosphere, particularly

over the .past 30 to 40 years. Estimates of the preindustrial

atmospheric CO2 level from the uncorrected and corrected tree ring

data now bracket the preindustrial CO2 level estimated from other

sources. However, the new results also reinforce concerns about the

potential variability of the tree ring
13
C record and confirm that

basic research on the physiological mechanisms 'which control isotope

fractionation in trees in order to reduce the residual variations will

be a necessary precursor to further use of tree ring data in carbon

cycle research. .Because tree ring records contain potentially important

information on past climates and on CO2 fertilization of the biosphere

in addition to carbon cycle processes, a high priority will be placed on

restructuring tree ring research to focus on critical physiological

questions identified by the ongoing research program.

Further improvements in ocean models for analysis of the carbon

cycle/climate issue are critically needed. This effort will require

development and testing of more physically realistic representations;

multidimensional, i.e., resolved by latitude and depth or by latitude,

longitude, and depth, models of oceanic circulation and carbon

transport. There currently is not an adequate data base with which to

construct and properly calibrate such models on a global scale. Results

from attempts to apply such models to the North Atlantic Ocean, a region

in which the most detailed oceanic data are available, have thus.far

been equivocal. On the one hand, simulation of the time-dependent ocean

depth penetration of the radioisotope tracer tritium produced from

weapons tests with a three-dimensional model produced quite different

results from thoso of simpler models (Sarmiento 1983), and seems to

offer the promise that significant changes in estimates of ocean uptake

may yet he possible. However, comparisons among two-dimensional carbon

cycle models for the North Atlantic Ocean thermocline, calibrated by

multiple tracers (

3
H,

3
He, bomb

14
C,

85
Kr, and Freons), did not

produce the hoped-for increases in CO2 uptake - model to model dif-

ferences in uptake were quite small (Peng and Broecker in preparation).

6
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A final conclusion is riot posSible at this time and will not be obtained

until a global ocean model is developed and properly calibrated. These

preliminary results are a signal that a more physically realistic model

of ocean circulation may not necessarily represent a larger oceanic sink

for CO
2

uptake, and that a balanced approach to overall research on

the carbon cycle is necessary. Only painstaking research and careful

monitoring of the movements and distribution patterns of oceanic tracers

and of changes in oceanic carbonate chemistry over several decades

appear to provide the important information needed for ocean modeling.

However, research on other important components of the program should

not he sacrificed to support research on the oceanic component.

A core oceanic measurements program is needed, therefore, to support

the further development of oceanic carbon cycle/climate models.

Measurements of the dissolved free-0O2 (pCO2) concentrations in

surface seawater are needed in combination with gas exchange data to

calculate the flux of CO
2

between the atmosphere and the ocean. These

measurements must be integrated from data collected from a large number

of carefully selected stations over the global ocean and on a seasonal

basis in order to provide an accurate picture of global CO2 uptake by

the ocean. Repeated measurements of pCO2 at key surface locations and

of total inorganic carbon (EC) as a function of depth at carefully

selected stations over the globe should provide a long-term record of

CO
2

uptake by the ocean. These data are urgently needed to develop

secular trends of carbon buildup in the ocean comparable to those

observed in the atmosphere. This information will be used to verify and

refine the models of the global carbon cycle which, in turn, will be

used to project future levels of atmospheric CO2. The EC measurements

in the deep waters of the ocean also provide a method for estimating

preindustrial atmospheric CO2 concentrations. Differences between

dissolved inorganic carbon concentrations and alkalinity over time

snould provide information on changes in dissolution or precipitation of

sedimentary calcium carbonate. If significant calcium carbonate

dissolution occurs (with a resulting increase in alkalinity of

seawater), the ocean's capacity for CO2 uptake would be enhanced, and
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the buildup of atmospheric CO2 might proceed at a slower rate than we

might now project.

Tracer data [total carbon, certain radioisotopes (14C,
3H,

3
He,

85
Kr,

39
Ar), and Freons] are also used to desvibe ocean

mixing and transport of carbon to the deep ocean. Oceanographic

research programs, such as GEOSECS and TTO, have collected important

tracer data at ,a number of key stations. However, the sparseness of

temporal and geographic coverage in the upper layers of the ocean and

the imprecision of .some data sets currently limit definitive analyses of

the oceanic carbon cycle. Additional analyses and successive sampling

programs over a period of decades appear to be needed to clarify the

nature of mixing and exchange in each region in order to develop a truly

global model of ocean circulation and carbon uptake. This requires that

we adequately analyze and interpret the existing data, and the data

successively produced by each set of regional ocean measurements, in

planning future measurements programs in order to make the most

efficient use of available resources.

The results of this data collection, assembly, and analysis effort

are the primary basis for development of the multidimensional ocean

models described earlier. Thus, oceanic carbon and other chemical

tracer measurements are made in order to characterize oceanic processes

which control CO
2

uptake, to provide numerical data used in

developing, refining, and testing mathematical models of the global

carbon cycle, and to monitor long-term changes in the global carbon

system produced by increasing atmospheric CO2. Measurable changes in

oceanic carbon chemistry are particularly important as a continuing

check on the accuracy of parameters and concepts used in our models.

Much is yet unknown about the role of the oceans in the carbon-climate

system, and, in Peter Brewer's words, We should not be too complacent.

Nature has vast resources with which to fool us; ,de last glaciation was

apparently accompanied by massive CO2 transfers to and from the ocean,

the causes, consequences, and explanations of which are poorly

understood today" (Brewer 1983).
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In summary, significant progress is being made toward. resolution of.
the major scientific issues associated with the global carbon cycle.
However, both the complexity of the issues and the nature of the

research needed for resolution currently indicate that a long-term

effort over several decades is needed.

.C. Resolution of Biosphere/Ocean Confict-Impact on CO2
and Climate Modeling

The resolution of the technical issue involving disiarate estimates

of historical terrestrial releases and ocean uptake is obviously needed

if we are to place reasonable confidence in projections of future

atmospheric CO2 levels with global carbon cycle models and to

understand how the biogeochemical system operates. Simply put, if we

can not balance the carbon cycle for the present, how can we expect to

make accurate predictions of the future?

However, resolution of this issue will also allow us to define the
time-series, i.e., the history, of atmospheric CO2 concentrations as

.far back as our terrestrial release reconstructions can be made. This

will provide another means for checking and placing limits on the values

of the preindustrial atmospheric CO2 levels. The climatic

implications associated with defining this so-called preindustrial level

of atmospheric CO2 have been described in testimony presented earlier

by the representative of the DOE. Thus, information provided by the

carbon cycle research program will be important in helping to check the

predicted climatic responses from climate models against actual

observations of climate behavior in the next several decades.

D. Other Carbon Cycle Research Needs

Since it is not possible to cover all research activities and

associated needs in one set of congressional testimony, I have attempted

to highlight what are believed to be the most critical issues and ask

that you refer to the DOE Carbon Cycle Research Program Plan ;December
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1983) as a detailed source of additional information on this subject.

Further refinement of this plan is not expected until after the SOA

Report on the global carbon cycle has been completed. Some additional

key research efforts which have been identified are:

Evaluation of CO2 exchange between atmospheric and oceanic and

biospheric sources and sinks from interpretati -on of atmospheric

CO
2,

carbon isotope ratios, and three-dimensional atmospheric

tracer modeling.

' Expansion of ice core research effort following acquisition of

new high - resolution cores.

' Developmerc and implementation of CO2-gas standard reference

materials.

' Data bases on fossil fuel releases and refinement of

energy/economic models for future fossil fuel use projections.

De.elop data base for atmosphere/ocean exchange of CO2 for

regions/seasons not amenable to conventional sampling techniques.

Estimate anthropogenic changes in fluxes of nutrients/carbon to

oceans and in carbon sink in continental shelf sediments.

Use enalyses of
14

C tracer profiles in soils to estimate

potential carbon losses from disturbance.

Estimate changes in carbon fluxes from terrestrial ecosystems

produced by climate change.

Develop and refine.global carbon cycle models, produce library

of existing models and projections of future atmospheric CO2

levels.

4 §I
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E. Climatic Impact 'cif Atmospheric Constituents Other Than CO2

A number of trace gases that have significant anthropogenic sources

also have strong infrared absorption bands and can theoretically

contribute to the atmospheric greenhouse effect associated with

incrosing CO2. Several of these chemical species have exhibited

significant increases in atmospheric concentrations during the period of

the Mauna Loa CO2 record (and, by inference, during the industrial

era). In this group are the long-lived atmospheric constituents:

nitrous oxide (N20), methane' (CH4), and the chlorofluorocarbons

(Freons, a diverse group of substituted methanes and ethanes used as

refrigerants and as aerosol propellants).

The interplay of fossil fuel, biomass burning, and a combination of

other natural and anthropogenic sources controlling the atmospheric

concentrations of N20 and CH4 (and their reaction products) is only

poorly understoqd. Projections of future behavior of these species are

thus even more difficult than for CO2 and are further complicated by

the occurrence of photochemical reactions with each other and with other

natural chemical constituents. Some of the reactive by-products,

notably of the Freons and N20, act as catalysts in the destruction of

the radiatively important ozone (03), while photochemical reactions of

CH4 (and CO2) are believed to increase 03 levels (Andreae et al.

198?; 4olin et al. in press; Fraser et al. 1983; Kerr 1983; Khalil and

Rasmussen 1983; Rasmussen and Khalil 1983; Weiss 1981).

Although projections of radiatively important trace gases (or

ozone-controlling reaction products) are not included in the present

scope of the Carbon Cycle Research Program because the existing budget

is dedicated to resolving the aforementioned carbon cycle questions, it

should he recognized th,:. the presence of the trace gases could

sienificantly augment the predicted climatic response due to CO2.

miqht ho of particular significance if trace gas concentrations

continu- to increase at rates observed over the past several decades and
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if fossil fuel .00
2

releases continue at the reduced rates observed

over the past several years (Kerr 1933; Marland and Rotty 1983).

F. Linkages Between Biogeochemical Cycles

Patterns of land use and associated temporal changes being defined

by tho Global Carbon Cycle Program have a direct, bearing on the source

of several of the trace atmospheric constituents (e.g., CH4 and

N2 0). Likewise, the biogeochemical cycle of nitrogen affects the

biogeochemical cycle of carbon both in terrestrial and oceanic systems'

because of nitrogen' well-known nutrient status. 'Other chemical

elements (e.g., phosphotu.; .:.;;c1 sulfur) also can have a significant

impact on the carbon cycle. Thus, to some extent, reductions in the

uncertainties associated with our understanding of the global carbon

balance require that we understand the relationships or linkages between

the carbon cycle and other critical element cycles on a global scale.

It is timely that we begin to address these issues in order to develop

the more robust multi-element global biogeochemical models which will be

needed to fulfill the entire need for climate response projections.

This is preferable to an approach which treats the sources of the

individual atmospheric constituents in total isolation from one

another. Knowledge about the global chemistry of nitrogen and sulfur

will also be valuable for other research activities, e.g., the acidic

precipitation question.

G. Value of Research Plans and Role of Innovation

A research plan provides focus for a structured research program by

clear;y identifying the applied objectives, defining pragmatic issues in

rigorous scientific terms, and outlining the research strategy required

to resolve the issues. Such a plan becomes a valuable tool for com-

munication, especially when the issue(s) is complex, uncertain, and

controversial. A research plan also ensures the most effective use of

scientific knowledge and resources.
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Yet documentation of research needs and research plans should not be

misconstrued as an inflexible agenda. Scientific creativity and innov.-

tion will continue to be essential ingredients to this effort. Currently

unperceived approaches may result in significant breakthroughs in our

technical understanding of the problems and issues. The present DOE

research plan is already a product of earlier plans that have evolved as

our knowledge base has increased; it is .a dynamic document that has

been, dnd will continue to be, reshaped to reflect the consensus of the

scientific community. We expect the 1985 SOA Report on the global carbon

cycle to provide another source of information for identification of

research needs, and for further definition and refinement of certain key

program areas, e.g., a core oceanic measurements effort.
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IV. RESEARCH PROJECTS IN THE ORNL GLOBAL CARBON CYCLE PROGRAM..

The deployment of DOE's Global Carbon Cycle Program has led to a
significant expansion in the number of extramural .participants at

universities and other research laboratories. Since our program is

still in a transitional state, a further expansion is expected. A

listing of relevant institutional affiliations, research topics, and

principal investigators' names for fiscal year 1984 is provided in

Table 1. The projects and investigators associated with intramural

research at ORNL in fiscal year 1984 are listed in Table 2.

Extramural Research

Many of the subcontracts listed in Table 1 are relatively new, and,
,

thus, research results are not yet available. Results from some
projects are described along with accomplishments from ORNL in-house

research. The following are descriptions of, projects, recent

accomplishments, and pertinent references from the remaining

subcontracts.

Study of CO2 Source/Sink Distributions with a 3-0 Model (I. Y.-S. Fung
and O. Rind).

Information on the sources and sinks of atmospheric CO2 is

contained in the geographial, seasonal, and interannual variations of
the global atmospheric CO2 distribution. The measured concentrations

of CO
2

at several locations illustrate large variations in the

amplitude and phase of the seasonal cycle superimposed on an increasing

secular trend. Recent analysis of the CO2 records reveals that the

amplitude of seasonal cycle has detectable ,interannual variations and

may be increasing in time. This study 's a modeling effort to study the

prospects of extracting some of the potential information on CO,

sources and sinks from the observed CO
2

variations. The approach is

to use a three-dimensional (3-0) global transport model, based on winds
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Table 1. Extramural Subcontractors in the DOE

Global Carbon Cycle Program at Oak Ridge National Laboratory

Institution

Columbia University

Columbia University

Cornell University

Duke University

Duke University

Duke University

Marine Biological
in Laboratory

Marine Biological

NASA Goddard Space
Flight Center

Investigator

W. S. Broecker

I. Y.-S. Fung

C. A. S. Hall

J. F. Richards

W. H. Schlesinger

W. H. Schlesinger

R. A. Houghton

G. M. Woodwell

O. Rind

Oregon State University C.-T. A. Chen

56

Project Title

Ocean Tracer Modeling

Study of CO2 Source/Sink
Distributions with a 3 -D
Model*

Merging the Tropical
Biosphere Model and Carbon
Inventory Estimates with
Land-Use Change Estimates

Land Use and Vegetation
Changes in South and
South-i,ht Asia, 1700-1980 AD

Arid Zone Soil Carbonates
in the Global Carbon Cycle

Changes in the !lux Rates
of the Soil Carbon to the
A.mosphere Due to
Disturbance

Mathematical Models for Use
Defining the Role of 'the
Terrestrial Biota in the
Global CO2 Cycle

Test of the Use of Satellite
Imagery to Detect Changes in
the Area of Forests in the
Tropics

Study of CO2 Source/Sink
Distributions with a 3 -D

Moc el*

On the Increase of Total
CO2 in the World Oceans
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Table I. (Continued)

Institution Investigator Project Title

Scripps Institution R. B. Bacastow** Development of a Three-of Oceanography Dimensional Model of the
Natural Carbon Cycle in the
Ocean and Its Perturbation
by Anthropogenic CO2

1. University of Arizona A. Long Accurate Detirodnation of
13C/12C in CO2 of Pas
Atmospheres from

Pasta
12

in Tree Rings by Removal of
Climatic Interferences

Unive city of Illinois S. Brown The Role of Tropical
Forests in the Global
Carbon Cycle*

University of Oklahoma R. J. Mulholland Using the Airborne Fraction
as an Index for Comparing
Model Response with
Atmospheric CO2 Data

University of A. E. Lugo The Role of Tropical
Puerto Rico Forests in the Global

Carbon Cycle*

University of
Washington

M. Stuiver*** Geochemical Determination of
Biospheric CO2 Fluxes to
the Atmosphere

*Joint Project.

**Currently at the Max- Planck Institute, Hamburg, Federal Republic
of Germany.

***Currently at the University of Heidelberg, Heidelberg, Federal
Republic of Germany.
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Table.2. ORNL Intramural Research Projects in the

00E Global.Carbon Cycle Program

Project/Activities Investigators

Global Carbon Cycle and Climate

Carbon Cycle Model Development . W. R. Emanuel
Terrestrial Ecosystems C. F. Baes, Jr.
Oceans D. L. DeAngelis
Sensitivity/Uncertainty Analysis R. H. Gardner
CO2 Projections G. G. Killough, Jr.

Terrestrial Ecosystem Data Analysis A. W. King
Mapping Global Carbon J. S. Olson
Ecosystem Characterization T.-H. Peng
Changes in Land Use A. M. Solomon
Climate Feedbacks

Soil Carbon in the Global Carbon Cycle

. Simulation Modeling
Natural Vegetation Fluxes
Response to Disturbance
Nitrogen Linkage

. Analysis of Shifts in Soil Carbon
Varied Historical Data Sources
Develop New Data in Tropics
Turnover Rates -14C Tracer

W. M. Post
L. K. Mann
J. J. Pastor
H. H. Shugart
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from a 3-0 general circulation model (GCM), to advect CO2
noninteractively, i.e., as a tracer, with specified sources and sinks of
CO2 at the surface. If the model can reproduce the general character
of observed CO2 variations on the basis of physically justified
sources and sinks, it may then be used for experiments to determine the
sensitivity of the global CO2 distribution to various assumptions
about CO2 sources and sinks. It is anticipated that this approach may
lead to useful quantitative limits on some CO2 sources and sinks.

Recent Accomplishments

Large longitudinal variations exist in the atmospheric CO2

distribution. A 3-0 modeling approach is necessary to study the

global carbon cycle. Large simulated amplitudes in atmospheric

CO
2

at certain continental locations cannot be confirmed

presently by atmospheric CO2 observations due to lack of

measurements.

Results demonstrate that more realistic, e.g., detailed, models

of the terrestrial system, incorporating seasonal behavior, are

needed for analyses of the global carbon cycle.

Model simulation which indicates that most of the recent fossil

fuel uptake by the oceans has occurred in the Northern

Hemisphere.

Recent references

Fung, I. Analysis of the seasonal and geographical patterns of

atmospheric CO2 distributions with a 3-0 tracer model. IN

Proceedings of the Sixth ORNL Life Sciences Symposium on the Global

Carbon Cycle (J. R. Trabalka and D. E. Reichle (eds.). In press.

Fung, I., K. Prentice, E. Matthews, J. Lerner, and G. Russell. 1983.

Three-dimensional tracer model study of atmospheric CO2: Response

to seasonal exchanges with the terrestrial biosphere. J. Geoph.

Res, 88;- 1281-1294.
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Role or Tropical Forests in the Global Carbon Cycle (S. Brown and

A. E. Lugo)

All principal carbon sources and sinks in the global carbon cycle

must be identified, quantified, and documented in order to permit the

development of accurate models for projecting future atmospheric CO2

concentrations. Because CO2 fluxes associated with tropical forest

disturbance and recovery are poorly known, evaluation of available

information and new data generated by this project will add greatly to

the present data base used to predict carbon fluxes from the terrestrial

biota. One aspect of the research involves analyses of field data' on

tropical soils in contrasting environments in Central and South America.

Recent accomplishments

Data from Puerto Rico indicate that continuous agriculture

depletes soil carbon by a greater fraction of the original

amount in humid climates that in arid ones.

The rate of soil carbon accumulation through forest. succession

after abandonment occurs at approximately the same relatively

fast rate in both humid and arid environments.

Carbon ac,.amulates in soils under lands in pasture for many

years to level approaching that of the original forest.

The total carbon pool in tropical forest vegetation is 100 x

10
9 t giving a weighted carbon density of 52 t/ha, or about

one-half that previously reported - results in less CO2

production when tropical forests are cleared; also raises

questions about the size of the global terrestrial carbon pool.
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Recent References

Brown, S. and A. E. Lugo. 1982. The storage and production of organic
matter in tropical forests and their role in the global carbon
cycle. Biotropica,14: 161-187.

Brown, S. and A. E. Lugo. Biomass of tropical forests: A new estimate
based on forest volumes. Science (in press).

. Glubczynski, A., S. Brown, and A. E. Lugo. 1983. The effects of land
use on soil organic carbon in subtropical forest life zones in

Puerto Rico. Report No. ME/EV/06047-3. Center for Energy and

Environment Research, University of Puerto Rico, San Juan.
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Merging a Tropical Wospicere Model and Carbon inventory Data with

Estimates of Land-Use Change (Charles A. S. Hall)

One of the chief remaining sources of uncertainty' for both past and

prevint estimates of carbon release to the atmosphere is past patterns

of land use. This research consists of developing a comprehensive,

flexible, and transportable computer model designed to quantify the

carbon exchange that occurs as land is subjected to different uses over

time. The work has been focused on the tropics but the model is readily

adaptable to other environments. Various existing ['at,: on carbon

content of vegetation and soils, and on land-use change,, were

synthesized into formats compatible with the model.

Recent accomplishments

Model results from data from 51 tropical countries indicate

that it is unlikely for carbon release to exceed about 2 x

10
15 gC per year. Actual estimate was 0.6 x 10

15 g carbon

per year - consistent with earlier analyses by Hall that

suggest that land-use change in the tropics results in a modest

release of carbon to the atmosphere.

Evidence indicates that land use does not greatly affect soil

carbon below 40 cm - assuming carbon readily exchanges with the

atmosphere at deeper depths may 'overestimate the release of

carbon due to disturbance of terrestrial ecosystems.

Recent references

Detwiler, R. P., C. A. S. Hall, and P. Bogdonoff. 1982. Simulating the

impact of tropical land use change!. on the exchange of carbon

between vegetation and the atmosphere. In S. Brown (ed.) Global

Dynamics of Biospheric Carbon, pp. 141-159. U. S. Department of

Energy CO2 Research Series 19. Washington D. C.
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Hall, C. A. S., R. P. Detwiler, -P. Bogdonoff, C. McVoy, and
S. Tartowski. Land Use Change and Carbon Exchange in the Tropics,
I. Detailed Assessment for Costa Rica, Panama, Peru, and Bolivia.
Environ. Mgment. (in press).

Detwiler. R. P., C. A. S..Hall, and P. Bogdonoff. Land Use Change and
Carbon Exchange in the Tropics, II. Preliminary Simulations for the
Tropics as a Whole. Environ. Mgment. (in press).

Bogdonoff, P., R. P. Detwiler, and C. A. S. Hall. Land Use Change and
Carbon Exchange in the Tropics, III. Structure, Dynamics, and
Sensitivity Analysis of the Model, Environ. Mgment. (in press).
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The Transfer of biospheric Carbon to the Atmosphere Indicated by Pacific

Coast Tree Ring Records Corrected for Growth R4e Effects (M. Stuiver).

The magnitude of the net biospheric CO2 flux to the atmosphere

during the current millenium can theoretically be derived from the

historical record of carhon isotope ratios (
13

C/
12

C). This study

uses tree ring isotope records to detect changes in atmospheric CO2

isotope ratios because wood cellulose, observed as annual tree rings,

incorporates carbon from the atmosphere, and hence reflects the Isotope

ratio of atmospheric CO2 for thatyear of growth. Part of the

variability in 13C fractionation is being corrected by normalizing on

constant growth rates using changes in ring areas and ring widths.

Receh' accomplishments

An estimated amount of 90 x 10
15

g of biospheric carbon was

released between 1800 and 1975.

Atmospheric CO2 level for the year 1600 was equal to 268 ppm,

and averaged 276 ppm from A.D. 235-1850; these values, based on

data from Pacific coastal sites, differ from those generated

from European data - additional studies are needed to identify

and eliminate the sources of variability.

Recent .references

Stuiver, M. 1982. The history of the atmosphere as recorded by carbon

isotopes. In Atmospheric Chemistry. E. D. Go'dberg (ed.).

herlin: Springer-Verlag 159-170.

Stuiver, M., R. L. Gurk, and P. D. Quay.
13

C/
12

C ratios and the

transfer of biospheric carbon to the atmosphere. J. of Geophys.

Rk.s. (submitted).
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New Evidence from Carbon Isotopes in Tree Rings from the Southwestern
United States: Removal of Climatic Interferences IS. W. Leavitt and
A. Long)

Contributing to some of this divergence in tree ring reconstructions.

of atmospheric CO2 levels are site selection, the wood component

chosen for analysis, environmental influences on fractionation, and

natural intra-individual and intra-site isotopic variability. A

previous study was aimed particularly at eliminating both climate

effects on isotopic fractionation and the radial isotopic variations

within individuals, as contained in a 50-year juniper tree-ring record

from Arizona, U. S. A. Present research examines a much longer set of
13
C/

12
C measurements from pinyon pine trees growing at sites in the

southwestern United States.

Recent accomplishments

Gross factors affecting the whole site (PA., temperature,

rainfall) generally seem to influence individual isotope ratios

more than do other specific influences (e.g., competition,

heredity).

The cdrrected pinyon pine record suggests a relatively small

change in atmospheric CO2 from biospheric contributions over

the past 180 years. It also suggests a previously neutral

biosphere which has become a net carbon sink over the last 50

Years.

Results are quite distinct from those of European trees; errors

may be further reduced if the natural variability of isotope

ratios in and among trees is known and considered in the

sampling process.

Recent references

Leavitt, S. W. and A. Long. 1983. An atmospheric
13

C/
12

C

reconstruction generated through removal of climate effects from

tree-ring
13

C/
12
C measurements. Tellus 35B: 92-102.
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Arid Zone'Soil Carbonates in the Global Carbon Cycle (W. H. Schlesinger)

The soils of arid and semiarid ecosystems store carbon in inorganic

form, primarily as calcium carbonate. This secondary carbonate occurs

in a variety of forms, ranging from precipitates in the interstitial

spaces of the parent material (caliche or calcic horizons) to almost

pure, laminated layers of carbonate (calcrete or petrocalic horizons).

Although some of these deposits are very old, carbonate precipitation is

also a present day pedogenic process. Therefore, it is important to

understand the role of natural formation of arid zone soil carbonates in

the global carbon cycle.

Recent accomplishments

The rate of carbon storage in caliche formation ranges from 0.2

to 0.4 gC/m2/yr.

Carbonate precipitates in arid soils as a result of evaporoion

of water from the soil profile, and not as a result of ah

interaction of root respiration by desert plants with the soil

carbonte equilibrium.

Carbonate precipitation in arid soils is as high as

1.4 gC/m
2
yr in some soils of southern New Mexico.

Results indicate that an earlier, preliminary estimate of a

worldwide flux of 2.3 x 10
13 gC/yr for the storage of carbon

in desert caliches is not likely to change radically - the

existing source term for carbon flux in desert soils is

generally acceptable unless anthropogenic activities (e.g.,

cultivation, irrigation) affect this natural precipitation

process.
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Recent references

Schlesinger, W. H. 1982. Carbon storage in the caliche of arid soils:

case study from Arizona. Soil Science 133:247-255.

Schlesinger, W. H. In preparation. The formation of caliche in soils
of the Mojave Desert, California. To be submitted to Geochim.
Cosmochim. Acta.
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Intramural Research

The Global Carbon Cycle and Climate (W. R. Emanuel al.)

The global carbon cycle is being studied to evaluate the mechanisms

that control changes' in atmospheric CO2 concentration. The oceans are

the primary sink for excess carbon from the atmosphere. Historically,

terrestrial ecosystems have been a source of CO2 in addition to fossil

fuels. By quantifying interactions between the atmosphere and these

other reservoirs, this research provides a basis for projecting future

CO
2

concentrations as fossil fuel use and other perturbations to the

carbon cycle continue. Mathematical models of the carbon cycle,

assembled from representations for each component and tested against

available independent data, are primary tools in this effort. In the

-next stages of research, emphasis is on improving reconstructions of

changes in carbon storage in vegetation and soils by incorporating

geographical detail in the analysis of land-use change. Ocean models:

are being refined by giving explicit treatment to each major region of

the oceans and by resolving both latitude and depth. These refinements

may improve the consistency. of estimates of carbon releases, rate of

uptake by the oceans, and the observed increase in atmospheric CO2,

making future CO2 projections more reliable.
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Recent Accomplishments

A data base of carbon density and areal extents for the world's

major .ecosystems has been developed. The data base and

accompanying computer map (in color) describe contemporary

carbon conditions of the living ,terrestrial biosphere. A

summation: [0,5° x 0.5° (latitude, longitude) resolution grid]

produces a global estimate of 560 x 10
15

grams (560 gigatons)

of carbon in contemporary live vegetation.

A computerized map of- the natural distribution of major

terrestrial ecosystem-complexes has been completed. Estimates

of 'carbon derr:ty,in vegetation and soils have been combined

with this map ..o estimate pre-civilization terrestrial carbon

storage. Carbon storage in live vegetation under natural

conditions was approximately 1000 x 10
15

g compared to

560 x 10
15

under contemporary land use.

Work to develop compartment models for each major biome or

ecosystem complex continues. These models simulate the impact

of disturbance on carbon storage in vegetation and soil as well

as carbon cycling and -exchange under natural conditions.

Terrestrial seasonal simulations for two types of temperate and

two types of tropical forests have been implemented as computer

models, and more are planned in the near future. A literature

review of background data for developing a set of terrestrial

model,.; has been completed.

Ocean Model Development

Five two-dimensional models that simulate ventilation of the

temperate North Atlantic have been developed. The basic

structures of these models are similar in that the -upper

thermocline is divided into three isopycnal horizons each with

69
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its own outcrop at high latitudes. The circulation patterns and

ventilation pathways for each model correspond to alternative

extreme assumptions .on ventilation for this region. The

thermocline models were calibrated against the observed

distribution of tritium assembled by the GEnSECS survey and used

to simulate the distributions of a number of tracers including
1 14
.ne, 14C, radiokrypton, and Freons.

Comparisons of responses and tests against data suggest t. t. the

information carried by the distributions of multiple trace s may

not be sufficient to distinguish among thermocline models.

Differences in estimates of the uptake of CO2 by these models

are small, and simulated uptake of excess CO2 by two-

dimensional isopycn41 models. with polar outcrops is not

significantly different from that simulated by a one-dimensional

vertical mixing model without polar outcrops.

A two-dimensional box model of the oceans that emphasizes carbon

chemistry and the role of marine organisms has also been

developed. The most extensively studied version of the model

uses 91 boxes arranged to form ten isothermal horizons .Tanging

in temperature from 1.5°C to 24°C. Initial work has concen-

trated on testing the sensitivity of steady states to

assumptions o parameter values and boundary conditions.

A modified globally averaged box - diffusion model that includes

biological activity, nutrient cycling, upwelling, new deep-water

formation, and separate vertical mixing rates for the upper

thermocline and the .deep sea has been developed. The total

uptdc of CO2 simulated by a set of box-diffusion models

calibrated for different regions of the ocean is essentially the

same as that predicted by the original global box-diffusion

model of Oeschger et al. (1975). However, the modified

box-diffusion model predicts an uptake about 25% higher.
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In collaboration with W. S. Broecker of Lamont-Doherty

Geological Observatory, the Redfield ratios of major nutrients

in the oceans have been reevaluated on the bahis of chemical

data collected by the GEOSECS and TTO programs. Commonly used

values of the Redfield ratios (1:16:106:138 - P:N:C:O) are\

revised to 1:17:133:177.

Projecting Atmospheric CO2 Concentration

A globally averaged carbon cycle model was formulated for

projecting atmospheric CO2 concentration for alternative

scenarios of future fossil fuel use. The computer

implementation of this model .is described in Emanuel et al. (in

press). Projections for scenarios developed for the DOE by

staff of the Institute for Energy Analysis are described in a

contribution to a forthcoming DOE report on energy scenarios and

CO2 projections.

To clarify the lependence of CO2 projections on model

assumptions and parameter values, sensitivity and error analyses

were carried out. As expected for this model formulation, the

greatest sensitivity is to assumptions on surface water chemistry

and parameter values controlling transfers to deep-water layers;

however, in simulations that include substantial historical

releases of carbon from terrestrial ecosystems, factors that

control the magnitude of the net terrestrial release are

critical.

Recent RPferences

B.1(n., C. 1., Jr., and G. G. Killough. Chemical and biological processes

in 0. ocean models. IN J. R. Trabalka and D. E. Reichle (eds.)..

procppdings of the Sixth ORNL Life Sciences Symposium: The Global

Carbon Cycle (in press).
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Broecker, W. S., and T.-H. Peng. 1984. The climate-chemistry

connection. IN Ewing Symposium, Vol. 4. American Geophysical

Union, Washington, DC (in press).*

DeAngelis, U. L., and A. W. King. Information for seasonal models of

carbon fluxes in terrestrial biomes. ORNL/TM- . Oak Ridge

National Laboratory, Oak Ridge, Tennessee (in press).

Emanuel, W. R., G. G. Killough, W. M. Post, and H. H. Shugart. Modeling

terrestrial ecosystems in the global carbon cycle with shifts in

carbon storage capacity by land-use change. Ecology (in press).*

Emanuel, W. R., B. Moore, and H. H. Shugart. Some aspects of

understanding changes in the global carbon cycle. IN Moore, B., and

M. Dastour (eds.). Proceedings, NASA Conference on Linkaps Among

the Global Element' Cycles. NASA-Jet Propulsion Laboratory,

Pasadena, California (in press).*

Emanuel, W. R., G. G. Killough, 14. P. Stevenson, W. M. Post, and

H. H. Shugart. 1984. Computer implementation of a ylobally

averaged model of the world carbon cycle. ORNIIIM- . Oak. Ridge

National Laboratory, Oak Ridge, Tennessee (in press).

Killough, G. G., and W. R. Emanuel. 1981. A comparison of several

models of Luton turnover in the ocean with respect to their

distributions of transit time and age and responses to atmospheric
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University Press, Oxford, England.*
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Soil Carbon In the Global Carbon Cycle (W. M. Post, J. Pastor,
L. K. Mann, and H. H. Shugart)

The ultimate objectives of this project are two-fold: (1) identify

factors important in influencing the variation in carbon density in the

important soil carbon pools, and (2) determine the change in flux rates

between the soil carbon pool and the atmosphere when natural ecosystems

are converted to managed use. The first objective requires coupling a

forest floor carbon model to a forest vegetation production model. This

coupling will allow analysis of the relationships between forest type,

management practices, and composition on soil- carbon density and

turnover time in both temperate and tropical forests. The second

objective involves compilation and review of literature information and

primary data needed for model development regarding changes in soil

carbon storage due to management. This research consists of two

approach (a) analysis of soil carbon content from experiments where

paired plots, one natural and one manipulated, were remeasured at

intervals over long periods of time; and (b) statistical analysis of a

large number of soil profiles which are not paired, but prior to

disturbances were similar. The feasibility of using
14

C tracer

methodology in directly measuring soil carbon changes is also being

assessed.

Recent Accomplishments

An analysis of the scientific literature concluded that the loss

of carbon from soil profiles upon cultivation is about 30% over

a 20- 50-year interval. This value is lower than parameters

used in most recent models of anthropogcnic changes in the

global carbon cycle. Different ecosystems showed different soil

carbon losses upon conversion. Temperate forests showed a mean

loss of 34% of the original carbon content. Temperate

grasslands lost 29%. In tropical ecosystems where secondary

forests are converted to short-term agriculture, a mean loss of
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21% was found. The quality of the available data generally

precluded any analysis of the loss of carbon as a function of

time since disturbance. Chlnges in
14
C age and C/N ratio with

cultivation are consistent with a rapid loss of labile organic

materials during the first 20 years after land-use conversion,

followed by a slower loss rate with continued agriculture.

Data on 322 soil profiles from Soil Survey Investigation Reports

of the U.S. Department of Agriculture were analyzed and

classified into soil groups, vegetation types, and cultivation

categories to eliminate variation from factors related to

climate, soil texture, parent material, and cultivation. Mean

values suggest that cultivated Alfisols contain 33% less carbon

than uncultivated Alfisols. Apparent loLses from cultivated

Mollisols are much less; the data from the Udall ....border

suggest no change in carbon content Lo 150 cm depth in

cultivated profiles. There is, however, a change in

distribution of organic matter in these profiles. Surface

horizons average 30 to 50% less carbon while lower horizons show

gains in carbon. This suggests that cultivation may increase

downward transport of organic matter in these soils.

In both of these studies, lower amounts of carbon loss due to

cultivation are reported than those of previous investigations.

This is largely due to differences in treatment of the data and

sampling approaches. Most previous studies reported only

percentage carbon loss in the surface soil (less than 20 cm)

where bulk density is low and only a portion of the total

organ:c matter is stored. In this study, carbon storage was

analyzed in profiles to one meter in depth where increases in

soil bulk density, mixing into lower layers, and increased

downward trz. .sport during cultivation were taken into account.
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Initial development of a computer model for soil and litter

decomposition has been completed. The model is designed to link

forest production to soil carbon storage, and takes into account

nutrient availability and cliTatic factors. The ultimate goal

is a model which can predict changes in soil _carbon when forests

arc converted to agricultural and other uses.

Recent References

Mann, L. K. A regional comparison of soil carbon in tivated and

uncultivated loess- deri.,ed soils in the Central United States. Soil

Science, submitted.

Pastor, J., and W. M. Post. CalculAting Thornwaite and Mather's AET.

Canadian Journal of Forest Research, submitted.

Schlesinger, W. H. In press. Changes in soil carbon storage and

associated properties with disturbance and recovery. J. R. Trabalka

and D. E. Reichle (eds.) IN Proceedings of the Sixth ORNL Lifa

Sciences Symposium: The Global Carbon Cycle.

V. OTHER CARBON DIOXIDE RESEARCH AND SUPPORT ACTIVITIES AT ORNL

Terrestrial Ecosystems, Climate, and the Global Carbon Cycle

(W. R. Emanuel, A. M. Solomon, T. J. Biasing, G. G. Killough*,

J. S. Olson, T.-H. Peng, W. M. Post, R. J. Renka**, J. A. Watts, and

D. C West, Environmental Sciences Division)

This research project is supported by the National Science

Foundation (NSF). A major effort has involved development of a

computerize( map of the world's life zones to serve as the geographical

tor spatially disaggregated, climate-dependent models for the

terrestrial component of the global carbon cycle. Data for calibration

of models for carbon cycling in each life zone are being assembled and

organized according to the Holdridge Life Zone Classification System.
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This data hde is tr,ed to analyie relationships between climate and

terrestrial carbon cycling with recent emphasis on soil carbon storage.

A procedure for calibrating a two-dimensional (latitude and depth)

model of carbon turnover in the world's oceans has been implemented.

Initially, this approach is being tested in the Atlantic Ocean. A major

review of tracers in the oceans has been completed, resulting in an

improv.si nedorstandinq of the use of multiple tracers in studying the

dynamics of carbon in the ocean. Aggregated models of the carbon cycle

continue to be refined and are being applied to the interpretation of
13C/12C

time series.

Stochihtic forest stand growth and succession models are being used

in conjunction with pollen records of vegetation composition. Current

emphasis is on testing hypotheses which seek to explain anomalous biotic

ir.,semblages during prehistoric periods when the seasonal thermal wave

appdrently wds much reduced. Biomass values simulated from pollen

records are being independently verified by directly estimating modern

tree specie" s ahundanieS from pollen influx in lake sediments. Tree-ring

chronologies .11 being used to reconstruct climate over the past 200-300

years as an input to the stand growth models. Efforts to collect new

Holocene pollen records have been concentrated in the area of central

Kentucky to southern Ohio.

Recent Accomplishments

Analysis of the distribution of terrestrial ecosystem complexes

through the application of climate-based classification schemes*

Mapping of the contemporary distribution of major terrestrial

ecosystem complexes and associated carbon storage in vegetation

and soils*

*Health dnd Safety Research Division

**Computer SCienLe,, Division
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An analysis of the alterations to broad zones of ecosystem

complexes from climate change projected for elevated

atmospheric CO2 concentration*

Clarification of the relationships between climate and carbon

storage in soils*

A compartment modeling system to simulate carbon cycling in

major ecosystem complexes*

Demonstration that forest stand simulation models are

consistent with fossil pollen records on time periods ranging

from 10,000 to 20,000 years

Forest simulations)of Holocene vegetation history in eastern

North America constrained by pollen records

Completion of a tree-ring sampling program in Illinois, Iowa,

and Missouri and the development of schemes to reconstruct

climatic variables from eastern North American tree-ring data

A major review of the interpretation of tracers in the oceans*

Ocean models based on tracer data that consider variations

with both latitude and depth*

Interpretation of
13

C/
12

C time series from tree rings in

terms of the historical release of carbon to the atmosphere

from terrestrial ecosystems*

*Joint DOE/NSF support
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Carbon Dioxide Information Center (M. P. Farrell, et al.; Information
Division)

The Carbon Dioxide Toformation Center (CDIC) was established at ORNL

by DOE to develop and maintain a data management and network system that

serves scientists, administrators, and legislators involved An under-

standing and resolving the CO2 issue. The broad objective:. of CDIC

are to:

identify and highlight data needs and priorities;

recognize other important national and international data

collection activities, providing network referral and follow-up;

collect, organize, process, evaluate, package, and disseminate

numeric, bib.iographic, and other related CO2 information

(e.g., compi.ter models, benchmark analysis results); and

develop and implement procedures to ensure quality of numeric

data supporting the CG2 assessment effort.

Recent Accomplishments

CDIC currently has:

more than 1650 individual participants in CDIC Network,

representing 44 countries;

more than 7200 citations with keywords and work breakdown

categories;

' 89 data bas inventsoied and described; and

29 data bases (21 climate; 8 carbon cycle) acquired.

.1
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Recent References
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Climatic Analysis of Simulated Weather Pattnrns (T. J. Biasing,
Environmental Sciences Division)

The primary purpose is to develop and implement a strategy for

comparing model predictions of climate with observed climate. The study

will not only assist climate modelers in diagnosis and improvement of

model performance, but will benefit climate-model users by determining

which climatic factors are most useful for climate-impact studies. An

additional objective of the study is to evaluate the use of.climate-model

output for determining impacts of a CO2- indL'ced warming on the North

American corn belt. Past research (by A. M. Solomon) also dealt with

modeling of rEsponses of forest ecosystems to projected climate shifts.

Recent Accomplishments

Predicted response of the North American corn belt to climatic

warming - ns..t northward movement without major problems if

appropriate planning/response measures implemented

Implications from Twentieth Century climatic 4nomal1es for

future CO2 induced climatic warming - first detection of CO2

signal expected in summer vrather patterns.

Mot' 1 simulations predict net decreases in carbon storage

capacity of eastern North American forests from climatic warming

- losses offset any potential increases from CO2

fertilization or grcwth enhancement in Canadian boreal forests.

Recent References

Biasing, T. J. and G. R. Lofgren. 1980. Seasonal climatic anomaly

types for the north Pacific sector and western North America. Mon.

Weather Rev. 208:700-719.

Biasing, T. J. 1981. Characteristic anomaly patterns of summer sea

lovol oressure for the Northern Hemisphere. Tellus 33:428-437.
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Blasin, T. J. and A. M. Solomon. 1983. Response of the North American

corn belt tc climate warming. TR-006. U.S. Department of Energy,

Washington, D. C.

Solomon, A. M. and M. L. Tharp. Transient Response of Unmanaged Forests

to CO2 -Induced Climate Change in Eastern North America: Available

Approaches, Initial Results, and Data Demands. ORNL/TM-9078.

Oak Ridge National Laboratory, Oak Ridge, Tennessee (in press).
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flevatod (n? titert,, of Terrestrial :cosystems (R. J. Luxrnoore,

R. J. Norby, A. M. Solomon, and D. C. West; Environmental Sciences

Division)

lhe overall objective of this research is to determine how elevated

atmo,pheric CO2 concentration affect forest ecosystems. This will be

accomplished through both empirical and computer-simulation studies.

Mutriont rotrntion and phytomass of forest ecosystems are being studied

in controlled environmental chambers. Specific studies examine plant

root-mycorrhizal system and soil microbial responses to elevated CO2.

Computer simulation studies will determine how forests respond directly

to elevated. levels of atmospheric CO2. Secondary climatic effects of

elevated Cl )? will also be modeled, including pathogenic insect

infestation, soil nutrient turnover, and temperature' moisture responses

by trees ac a function of soil variability.

Recent Accmplishments
. .

' Fah ication of test facilities for controlling plant exposure

CO
2

atmowheres.

Initial result... indicate incre .ed root exudation and reduced

loss of some nutrients at higher CO2 levels.
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Sensitiv.y Analysis:. 61 the Impact of CO2 Accumulation on Climate
(M. C. G. Aall and D. G. Cacuci; Engineering Physics, Division)

Despite the complexity of the computer models used to predict CO2-

induiod climate change, these models contain many gross approximations..0

The goal of this DOE-supported research Is to develop an efficient

method of estimating the effect of approximations in climate models.

Resoarch vas initiated using d sithple climate model (radiative- convective

type), and is now continuing using the most sophisticated type of climate

model (a global general circulation model). Such sensitivity analyses

will enable climate modelers to identify the most important areas fo-

model improvement and will help decision makers understand the

reliability of the predictions of CO2- induced climate change.

4

lucent ACcomElishments

Sen%itivity analysis of a radiative-convective model by the

adjoint method - demonstrated that the effect of a wide variel:y

of approximations can be estimated.,using computing tiur...

equivalent to only one model rerun.

Recent References

Hall, M. C. G., D. G. Cacuci, and M. E. Schlesinger. 1982. Sensitivity

analysi,,, of a radiative-convective model by the adjoint method.

J. Aim Sri. 39: 2038-2050.

Hall, M. C. G. and D. G. Cacuci. J983. Physical interpretation of the

odjnint functions for sensitivity analysis of atmospheric modals.

.1. At"iu. Sci. 40: ns7-2546.
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CO2 Research in ORUL's Energy Division.

Fner:gy Supply and Demand Implications of CO2 (A. M. Perry and
W. Fulkerson, with assistance from scientists at the Massachusetts
Institute of Technology and Institute for Energy Analysis, Oak Ridge
Associated Universities)

The purpose of this 0C- supported study was to investigate the

equir.d timing of actions to limit the growth of atmospheric CO2

under various assumptions concerning the. future, unregulated use of

fossil fuels, worldwide, and concerning the maximum acceptable levels of

CO2 in the atmosphere. The work was undertaken, in part, in response

to claims that immediate and severe restrictions on the use of fossil

fuels would he required in order to avert potentially serious climatic

changes.

P >cent Accampl

The marked reductions in the growth rate of global carbon

emiY;ion; that has occurred in the past ten years has signifi-

cantly reduced the urgency for any CO2-related restrictions on

fossil fuel use - if growth rates of carbon emissions remain in

the vicinity of 2%/yr., as now seems likely, 'then actions to

limit ,he further increase of CO
2

world not be required in

tl.is century.

High growth rates of the nineteen-fifties and -sixties could not

he maintained if there were any serious intent to limit

CO2 to roughly twice its 1900 level, i.e., to around 600 ppm.

Recent Reference

Perry, A. M., K. J. Araj, W. Fulkerson, D. J. Rose, M. M. Miller, and

R. M. Rotty. 192). Energy supply and demand implications of CO2

Energy 7:9A1-1004
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Atmospheric Retention of Anthrupogenic CO?: The Scenario Dependence of
the Airborne Fraction (A. M. Perry).

The purpose of this study, supported by the Electric Power Research

Institute (EPRI), was to illustrate and to explore further the already-

recogniled dependence, of the airborne fraction on details. of the

projections for future-0O2 production, i.e., fossil foe; use. Several

carbon cy,s.le models were used in this exercise.

Recent Accmplishments

The airborne fraction, presently about 0.6 or less, depending on

the biosphere contribution (still poorly defined), may increase

in the future, stay nearly the same, or decrease, depending Oh

the future CO? production rates from fossil fuels.
;

Recent Reference

Perry, A. M. Atmospheric Retention of Anthropogenic CO2: The Scenario

Dependence of the Airborne Fraction. Electric Power Research

Institute, Palo Alto, California (in press).

The 02 Issue: Potential Implications for U. S. Electric Utilities
(A. M. Perry).

Growth in elect icity-generating capacity in the United States will,

for some years, be based mainly on coal-fired plants. The purpose of

this EPRI-supported, study was to explore the timing of a gradual swing

away from coal to non-fossil energy sources that might berequired if a

serious global effect were undertaken to limit the future increase in

dtmo..phoric CO?. 16.ult of this study have not yet been reviewed by

EPRI, and no conclusieus can yet he drawn.
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Mr. Glair :. Well, thank you very much. That's a most impressive
statement, and the work you all have been doing is most impres-
sive as well. I will hold questions until the other panelists have
concluded. Let me call now on Dr, Wallace I3roecker 4'rom the Geo-
chemistry Department at Lamont-Doherty Observatory in Pali-
sades, NY. Dr. Broecker, welcome. We are delighted to hear from
you

sTATENIENT OF DR. WALLACE BROECKER. GEOCHEMISTRY
DEPARTMENT, LAMONT-DOHERTY OBSERVATORY

Mr. Bao EcKER. Well, thank you, Mr. Gore.
.1 guess what I would like to emphasize today is that the problem

we lace I think long term is a very serious and challenging one,
and I don't think that right now the world is doing the groper re-
search in order to get the answers we are going to need on the time
scale we need them, so I have to defend these statements. I will
start by trying to show you why I believe we are facing very impor-
tant changes due to the buildup of these CO2 and other greenhouse
gases, and that many of these changes are things that we are not
likely to easily predict. I think that the present models we're using
tend to oversimplify things and perhaps give us a more conserva-
tive view of the future.

Now my training is in geochemistry. I have spent an academic
career of ;30 years working on carbon cyclii.ig, ocean circulation,
and paleoclimate, so I have spent my life studying the very thing
that we are interested in from, I think, all points of view. Now in
my own thinking the very important information we have with
regard to what's coming in the future is to look at the past. We
have now acct'mulated a rather impressive set of data about times
of the past when climate was very different than now,

Most important in that data set, perhaps, is the material shown
on the map in my testimony which shows the way the world looked
15.000 years ago during the glacial period compared to today. It's a
simplified map showing ice, forests, and other types of land, and
you notice that during the glacial period the forests are dramatical-
ly down, maybe a f'actor of 5. The ice is much larger, and indeed
paleoclimatic records show that every place you can look on Earth
where you can find sediments of that age, things were very differ-
ent.

Now the amazing thing about this is that over the last decade or
so people have made a very strong attempt to find out how mu&
colder it was there, and they have come up with the rather star-
tling conclusion that during the time shown on this map the tem-
perature of the globe was only about 8 degrees cooler than it is
nowI mean, I'm sorry, .1 to 5-degrees cooler than it is now, so that
the cooling of the Earth that produced these glacial periods is com-
parable in magnitude to what we expect from the full CO2 effect.

So I think our most impressive information with regard to how
.-,such the environment of the planet changes per unit temperature
change is shown by these maps. and if they are any valid predic-
tion of what is going to go on in the future, that means that a 4- or
5-degree temperature change is not at all trivial. It goes well
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beyond our intuition and it will, you know, make the Earth a very
different 1)1 CO to live.

Now by "different" I don't mean bad. That's one of the unfortu-
nate things. We' are not in a position to say, really, I don't even
think the net balance of these changes. What I want to stress is,
the changes will be large, and we're going to have to accommodate
the bad parts and we're going to have to try to take advantage of
the' good things, but we have to look ahead to do that.

Now recent work on the paleoclimatic record, some startling re-
sults have been obtained from long ice cores that have been drilled
through both Antarctica and Greenland. The latest core in Green -
land was at a site called DI-3. It's one of our radar bases in south-
ern Greenland. This showed that during_ the last glacial period
there were a series of very sharp climatic changes that took cli-,
mate well back toward its interglacial or present condition. These
were, even by interglacial to glacial standards, very large changes.

People have looked at these records in the ice arid there are a
few pollen records that show similar detailand sort of in the past
considered that perhaps these were just local events, noise in the
record, but a startling finding by the workers in Bern, Switzerland
has shown that that is probably not at all true. These ice cores con-
tain a record of the past CO2 content, and they have been able to
show that these events that are shown in the middle of this ice
core record are associated with large changes in CO2 content cif' the
air, up to 60 parts per million, and that the one near 1,900 -Meter
depth in this diagram, this happened in less than 200 years.

Now it's not the CO2 changes themselves that we re concerned
about. It's the fact that the only way that we can see that the CO2
could have changed by that much in that short a time is if there
were a rather large reorganization of the way in which the ocean
atmosphere system operates; namely, the ocean circulation pat-
terns underwent serious and large changes on a short time scale.

Now it's hard to say whether, by pushing climate into a warmer
regime than we have ever experienced, whether we're going to
come up against these rapid changes where the system flips from
one mode of operation to another. We have really no basis for that.
In fact, we can't really prove that they happened in the past, but it
dces appear to me that these changes are telling us that we have to
he concerned that the climate will not necessarily change gradually

conditions we have now to the conditions that we will experi-
ence at a lull CO2 warming, but rather they may proceed in jumps,
and it's these kind of jumps that would really make things very dif-
ficult. We see recently there has been a rapid decline in the state
of our forests, many places. This astounds people. I mean, why does
it suddenly start to happen so fast? What can we do about it? So
man is really the least equipped to cope with very rapid changes
when we don't know which way they're going.

Mr. GORE. Let me try to translate what you've just said for my
own purposes, L:nd tell me if I am understanding it correctly. You
are saying that your study of past atmospheric changes, the ice
age's and all the rest, leads you to the conclusion that rather small
temperature changes on a linear scale can have the effect of rather
(1,,i-kly throwing the entire global climate system out of equilibri-
um and pushing it toward a new systemic equilibrium point where
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the dynamics and the interaction between the different compo-
nents of that system are very different from the systemic equilibri-
um which accompanied a temperature just 2 or 3 degrees different
from that. Is that--- -

Mr. /No Emma. That's basically correct, and we're sort. of feeling
our way in a dark fog.

Mr. GORE. And you're extrapolating from that to say that an-
other change of the same order of magnitudetwo, three, foul, five
degreeswill likely--

Mr. BROECKER. Maybe.
Mr. GORE [continuing). May, may produce a shift in the systemic

equilibrium to a new pattern of interaction. Is that right?
Mr. BROECKER. I guess that's what I'm saying. I'm trying to say

that we're dealing with a system that is extraordinarily complicat-
ed. We tend to try to model it in a very simple way, and of course

iour models only permit the simple things that we introduce into
the models. The models we make now do not include the ocean in
any realistic way; they include it as a heat sink. They may trans-
port heat in the. ocean in an artificial way, but they certainly have
no way to let the ocean's mode of operation chanm

I think all of us think that the next great step that has to be
taken, if' we're going to be able to improve our ability to predict the
future, is to introduce the ocean in a more realistic way into the
models, and that means learning a helf- of a lot about the ocean
that we now don't know. It's difficult. I would say it's comparable
to finding the cause of cancer. I mean, it's .a very, very, very seri-
ous scientific question that's going to require the best minds and a
tremendous amount of work.

So just to conclude, I really feel that the present research pro-
grams are much too motivated to sort of milk the last possible
meaning out of the present information. They are viewedtoo
much emphasis is being placed on writing a report in 1985, when I
think all of us in the field know that in 1985 that report that is
going to be written isn't going to be particularly different than the
ones that have already been written.

If we are going to make a major advance, we're going to have to
buckle down and do some very difficult projects. I think most of us
that work in this field have an idea of what those are.. I think we
agree basically what has to be done. They involve gathering large
new data sets that are going to be necessary if we are to make ad-
vances. Were going to need that information or we're stuck, and
its going to involve a new generation of models, far more sophisti-
cated and complicated than we have now, in order to get at these
things. Too much just playing around now, too little effort to look
ahead and say, "What are we going to do?" It's as if we were de-
signing new kinds of beds for cancer patients or something.

That isn't the solution.. The solution in the case of cancer was to
get at the cell problem, the biochemistry problems, and look at it
in a serious way. In the environment we have not done that. We
have focused almost entirely on the immediate issues. The science
of the environment I think has lagged behind because it has fallen
in a crack between the NSF saying, "That is mission-oriented
stuff," and mission-oriented people saying, "We've got to respond to
immediate problems.
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So when I heard 2 years ago that NASA had proposed something
called "global habitability," I stood up and cheered because said
that is exactly the kind of program that is needed to get away from
the immediate issues, in a way stand back and say what the coun-
try needs and the work needs is a very serious program to Ihy the
base for making these decisions we have to make. I think it would
be a cost effective thing. because God knows how much money we
have wasted on environmental issues,,, largely through our igno-
rance of how the environment operates, and I don't see that the
country has awakened to the fact that it would be cost-effective to..
do this kind of work.

When I saw the thing about the space .platform I about jumped
in the Hudson. I thought, you know, for that kind of money one
couldif NASA had that kind of money to do satellites that looked
back at the Earth, we could for the first time maybe have a hope of
finding out about these things rather than just experiencing -them
in 50 to 100 years. So I am worried and I am concerned, and I
think something's got to be done.

Mr. Goan. Well, thank you. Without objection, we will include
your full st, cement in the record.

I don't want toI said I would save questions until the panel had
Completed. Let me just interject this one very briefly. On this ques-
tion of shifting equilibrium points, I didn't quite understand the
implications of your testimony for the role of CO2 in those previous
shifts. Was there a particular role assigned to CO2 in these shifts?

Mr. .13RoEcxxa. I think the observation that the CO2 content of
the airy trapped in this ice changed indicates to us that the CO2 con-
tent of the atmosphere changed, so we all Scratch our heads and
say, "How in the heck can you 'change tl.. CO2 content of the at-
mosphere in 200 years by that amount?" We know quite a bit
about it, end the people that work on this are pretty much of a
mind -I would say totally of a mindthat the only way to do this
would be to reorganize the way the ocean/atmosphere system oper-
ates end then you might be able to do it.

So we use the CO2 change not in the sense that we're thinking of
it as a causal factor but as an indicator.'For the first time there is
powerful evidence that the ocean /atmosphere system can reorga-
nize, its you have very nicely stated, into a new equilibrium state.
It has done it in the past, and unfortunately we have never been 5
degrees warmer, so it s a guess.

Mr. GORE, So without stating that it's a cause, it is nevertheless
possible to say that at each point where we have had a charge in
equilibrium states, CO2 densities have been associated with that.

10r.! No KC K ER. Yes,
MrA;ottx. Well, I think that's a real good lead-in to Dr. William

Jenkins' statement. Dr. Jenkins comes from the Woods Hole
Oceanographic Institution at Woods Hole, MA.

Wel-e delighted to have you ro!nd out this panel, Dr. Jenkins.
Without objection, your full statement will also be included in the
record. If you care to present it or summarize any portion of it, feel
free to do so.
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STATEMENT OF DR. WILLIAM J. JENKINS, WOODS HOLE .
OCEANOGRAPHIC INSTITUTE

Mr. JENKINS. Thank you.
I wculd like to follow on a little from what Wally Broecker had

mentioned. What I would like to say first of all is to convince you
that the oceans play a critical role in the CO2 climate system in
two ways, and then to convince you that in many respects we
really go not have a firm handle on how the system will couple to-
gether, except in a qualitative way, and then try to convince you
that /he observational programs that we have at present are inad-
equate to really address these problems at this stage.

Now I guess the first point is that in many respects the oceans
play two roles in the climate system. One of them is. they serve to
redistribute heat and 'temperature and also water vapor, and from
this viewpoint this affects the climate system. If you were to look',
at a given loation in the subtropics you would find that half of the
heat which is carried between the Equator and the poles as a result
of the uneven distilbution of energy received by the Sun, half of
this heat is carried by the oceans and half is by the atmosphere,
and so in a very direct sense the oceans play a very important role
in this.

But, more importantly, the oceans in fact will take up the bulk
of the manmade CO2. There is evidence that at present about half
of the fossil fuel produced CO2 has been taken up by the oceans,
just by comparing what has been produced with what we see in the
atmosphere. What I feel is important about this is reflecting on
what Wally Broecker mentioned in terms of nonlinear systems,
that is that the climate changes that are going to be caused by CO2,
that have been predicted by the CO2, in fact may impede the
oceans' ability to take up the CO2.

Most models that are used in the prediction of future CO2 levels
treat the ocean in a very passive way. That is to say, it take up
about ha): of the carbon dioxide that we produce. In ''fact, it is
clearly evident on the basis of observations that the oceans in fact
are very sensitive to climate changes, any that there has been evi-
dence in some parts of the ocean that the very processPs of remov-
ing the CO2that is, water, mass formationhave in; fact ceased
and tu ned on and ceased and turned on in the past. They have
been changing by factors of twO in many places.

In fact if you think of the oceans as a giant heat engine driven
by the contrast in temperature between the Equator and the
polesthe Equator as being warm and the poles being cold, and
the oceans turning over in response to this temperature differ-
enc(--rnost models of temperature increase which we focused on
also predict a pronounced warming h the polar regions relative to
the equator, so we reduce this thermal contrast. It' we reduce this
thermai contrast, we reduce the energy of the heat engine and we
reduce the oceans' ability to take up the CO2.

This is a very simplistic argument, but in many respects I think
it does hold true. You ask yourself this question: We say by 2100
we may have a factor of 2 increase in the amount of CO2 in the
atmosphere, that is, assuming the oceans take up half of what we,
put in. What if' the oceans take up none? What if they stop? I don't
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II WW1 stop and stand still in the sense of circulation, but in the
sense of the effective processes of removul of CO2 from the atmos-
phere.

We have to ask these questions, and I don't think we are in the
position of answering them right yet. The major limitation is that
we do not have data, we do not have the models, we do not have
the computational power to really address and formulate the.
models that would be necessary to make these predictions. There is
a saying in numerical modelers that one good boundary condition

is Mr.
1,000 hours of computer time.

Mr. GORE. I hadn't heard that one before.
Mr. clENKINS. It's certainly true. [Laughter.]
TIT point being that in fact recent projections have been made

that a fully thermodynamic; eddy resolving global circt ation
modelwhich is really to say a numerical computer model which
is somewhat more realistic, or realistic enough. to begin to give us
confidenceif it ever existed would take something of the order of
20,000 hours of dedicated CPU time, central processing unit time,
on the world's fastest available commercial computer, the CRAY -1
at this stage. That's'3 years of CPU time. There's no indication of
bad runs or computer bugs or just the development that would go
into that kind of computer model.

So we're faced with constructing very simple-minded models. The
models that have been used to take up the CO2 in these ocean sys7
tems are extremely simple. Hopefully we'll improve in the sophisti-
cation of these models, but they will not be the utopia of models.
That beyond our wildest dreams, but the more sophisticated the
models become, the more we need the data to constrain these
models because we're going to take some of these processes which
we can't hope to explicitly put into the models and parameterize or
average them out.

Unless we really understand what these processes are and we
really understand the data and have the confidence in it, we
cannot hope to have the models to these systems, and in light of
the fact that the oceans as a system will likely changethey have
been observed to change during the past climate, as Dr. Broecker
has pointed out, and theywill likely change in response to the cli-
mate that we have been seeing, and even now we see small changes
as a result of natural climatic variationsthe point is that we need
to be able to make these predictions and we can't, and the funda-
mental limitation is the data.

This is not an engineering problem, as one for the people who
decide how these programs are laid out: it's not a problem of
taking well-established, fundamental principles, accepted funda-
mental principles and working them out to the fourth decimal
place'. This is a problem of understanding the system. The system is
very nonlinear. This is a wild force, in a sense, that we are riding,
and we need to really understand what's going on there.

Thank you.
Corer:. Well, thank you very much.

Let me try to understand your testimony better, Dr. Jenkins.
You're saying that the model of the greenhouse effect that science
has been working with and perfecting over the last few years, may
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have, may include a false assumption about the role of the ocean
system in CO2 absorption. Did you want to--

Mr. JENKINS. I think "false" is, in a sense, an unfair term. I
think that it's an expedient, an unrealistic assumption. I think the
people. who do construct the models realize that the oceans will
change.

Mr. GORE. Yes, but because they don't know much about it, they
have expediently assumed that its going to be static, that the rate
of CO2 absorption is probably not going to change very much as at-
mospheric CO2 levels increase.

Mr. JENKINS. I think that's a correct statement.
Mr. GoRE. Now your studies indicate that actually increased CO2

levels in the atmosphere may sharply reduce the ability of the
oceans to absorb CO2. Is that correct? .

Mr. JENKINS. That's completely feasible; yes.
Mr. GORE. Why?
Mr. JENKINS. Because the processes which remove the carbon di-

oxide from the atmosphere are those of what are called water mass
formation and modification. Basically how the deep ocean works is
that you warm waters in the equatorial regions, and warmer
waters are lighter, and you cool waters in the polar regions, and
cooler waters are heavier. The oceans are stratified: That is to say,
the light water lays on the top and the cold water lays on the
bottom, and so you rely on this process, or we rely on this process
of cooling in the polar regions to remove water from the upper
layers into the deeper layers, to take away this carbon dioxide from
the atmosphere basically, and that's the major pathway.

Now this process of water mass formation, this cooling in the
polar regions, really is driven by the contrast between the Equator
and the poles, and if you warm the poles by 5 or 6 degrees Centi-
grade then you could very well shut off bottom water formation for
significant periods of time, decades.

Mr. GORE. Shut off what?
Mr. JENKINS. Shut off bottom water formation, the deep water

sinking process that removes this carbon dioxide. Now that's a
rather abrupt statement to make, and it's subject to a number of
qualifications, but we have seen variations in the rate at which
these processes occur:

Mr. GORE. OK. Wait a second, Wait a second. So temperature is
what is driving the change in the ocean system behavior, and not
CO2 per se. It's the temperature effect. It's the differential heating
at the poles as compared to the Equator.

Mr. JENKINS. Yes. The more--
Mr. GORE. Because the greenhouse effect increases temperature

more at the poles than at the Equator, it has a differential effect
on the behavior of the oceans in taking warm water that hasin
cooling warm water at the poles and sinking it and taking the CO2
with it dawn to the bottom. OK? Is that it?

Mr. JENKINS. That's correct.
Mr. GORE. And since the heating up takes place more at the

poles than the rate at which that warm water containing CO2 is
submerged, that rate slows down faster than the counterpart at the
middle, Equator area where the reverse is taking place. Is that es-
sentially it?
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Mr. JENKINS. Yes. In fact, that's one facet of the problem. One
which I really did not stress or mention is that in fact you are
warming the poles, and if the water isthe water you are trying to
sink is not as cold as the water that is already there, you cannot
sink it and you cannot remove the carbon dioxide. So in fact it's
not just the difference between the Equator and the poles, it's the
absolute warming as well,that--

Mr. GORE. Yes, yes. I see. Now what does salinity have to do with
this?

. Mr. JENKINS. Salinity is another component in what is called the
equation of state or the determining factors wjfich make water
heavier or lighter. In many respects the largestlactor in the pro-
gram or in this aspect is temperature. Salinity does play a role. In
general. as oceanographersand I think you are alluding now to
the paper which is at the back of this statementit is more an in-
dicator of changes that have occurred- -

Mr. GORE. Oh, I see.
Mr. JENKINS [continuing].' Rather than the driving force. The

alarming thing about this is that we have seen changes in these
processes in 5, 10, 15 years, not 100 years but 5 or 10 years, the
timeframe which is exactly the one that we are concerned' about,
the rate at which we are putting CO2 in. It is entirely possible, for
exampleobservations that have been made in the Labrador Sea,
where intermediate waters are formed, waters that sink down to
perhaps 1,000 or 2,000 meters, to mid-depths in the ocean, have ac-
tually stopped or been reduced to a very small fraction of the
normal production rate, if you willin other words, the rate at
which it s sinkingjust by natural variations in climate..

Mr. GORE. Yes.
Mr. JENKINS. And so the point is, this really underlines the non-

linear response. If we stop this removal of CO2, then CO2 will be
sequestered or built up in the atmosphere, and it makes the effect
worse. It becomes a vicious circle. So in fact this could be a mecha-
nism very similar to what Dr. Broecker was talking about, where
you may switch into a very different mode.

Mr. GORE. Well, now, let , -3 translate al, this into its implica-
tions. Lots of uncertainties obviously, but the real implica-
tion of your work and your analysis is that it's entirely possible for
our time frame to be way off, and it is entirely possible for the dire
consequences that have been projected to accompany the green-
house effect, entirely possible fin. them to occur much sooner than
even the most optimistic prior report. Is that-

Mr. JENKINS. Well, I won't take the extreme stand. I'm not an
expert in climatology-

Mr. GORE. Yes.
Mr. JENKINS [continuing]. But in oceanography, so I cannot pre-

dict, I do not have the qualifications to say what the effects of a
sequestering of CO2 or a buildup of CO2 in the atmosphere is. But
given the spectrum of opinion that does' existfor example, on the
one extreme the EPA report, on the other extreme the National
Academy reportyou can realize that there is some uncertainty as
to the magnitude of these effects but that both studies in a sense
rely upon the oceans taking up half of the carbon dioxide.

Mr. GORE. Yes.
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Mr. JENKINS. And it's entirely p(ssible that the oceans may in
some part take up much less than half, and in fact that the CO2
buildup may be much greater. Now whose predictions will be right
within that spectrum of opinion of course is beyond my qualifica-
tions, but it certainly says that we should be concerned about this
on a more immediate time scale than the next 100 years.

Mr. GORE. Dr. Broecker, did you want to add something to, this?
You appeared to disagree with the implication I was drawing from
Dr. Jenkins' work.

Mr. BROECKER. I guess a bit. I4think of the ocean more in terms
of the fact that it's connected with the climate system, and that
changes in the ocean will ricochet through the system leading to
regional changes in climate; rather than of its effect as a CO2 ab-
sorber. Certainly that's important, but I would say my feeling
would be that the changes in ocean circulation are unlikely to.
change the CO2 uptake by much more than the uncertainty we
have in the rate it's going to go in anyway.

I think it just indicates that there is one huge part of this cli-
mate system about which we know so little that when we're asked
these questions, we really have to hedge an awful lot. We can't
really give you the kind .of answers you would like to hear. I mean,
we have had hundreds and hundreds and hundreds of complete pic-
tures of what the atmosphere is like with regard to wind, with
regard to temperature, with regard to all sorts of things. We really
have not even one picture of how the deep ocean is and its state, so
we're like meteorologists 100 years ago. I mean, it is approaching, I
think, that level of difficulty, and we've got a long way to go.

Mr. GORE. I think it was onlywhat?----2 years ago that they dis-
covered that 98 percent of the kinetic energy in the ocean system
was in centrifugal eddies, and previously they had looked at the re-
maining 2 percent as if it was the entire system.

Dr. Trabalka, did you want to comment on the implications of
this possible dramatic lowering in the rate of absorption of CO2 by
.the oceans?

Mr. TRABALKA. Only to the extent that I think that what you
have heard indicates that the real issue is one of uncertainty about
the ocean response. We don't really have any definitive answers at
this point, and clearly we do need to get additional information.

Mr. GortE. Mr. McGrath?
Mr. McGaAnt. Mr. Chairman, I ask unanimous consent to insert

in the record an opening statement, and I have no questions.
Mr. GORE. Without objection, we will put that in at the begin-

ning of the hearing.
Let me just ask a few mD.e here?
Mrs. SCHNEIDER. What about me?
Mr. GORE. Oh, I'm sorry. Ms. Schneider, I'm sorry. I didn't see

you come in.
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Mrs. Sclimmo,.:(. That's all right.
I regret I was detained at another hearing and was unable to

hear your prepared testimony. However, I am familiar with at
east Dr. Jenkins' and Dr. Broecker's lack of enthu: iasm2--should I
Out it politely?for DOE's approach to the 'ocean as a part of the
climatic system. I happen to serve on two other committees that
have jurisdiction over both EPA and NOAA's budgets, and if we
are inclined to provide additional funding for those budgets for
ocean research, might any of you have some recommendations as
to how best to earmark the appropriations of those funds to
achieve the goal that you discussed in your testimony?

Mr. BROECKER. Yes, definitely. They should go to the. National
Science Foundation. I really think so, because most of the work
that's being done is being done by university laboratories, and I
think that they are used to dealing with the NSF with regard to
the complicated logistics of operating ocean programs. What we
have seen is that other agencies that are not used to that have dif-
ficulty. Of course, you could sayof course, NOAA is notI sup-
pose that would be my next choice after the National Science
Foundation.

Mrs. SCHNEIDER. NOAA?
Mr. BROECKER. I mean, one of the things that I - -1 realize I am

pleased to see that DOE has asked for an increase in their budget
in order to accomplish ocean research. One could ask why, when
they have $13 millionand the amount that has been asked for by
at least the people doing the tracer work that I think everybody
agrees is one of the highest things on the agenda, we are asking for
about $1 millionwhy they can't take it out of their present
budget. That's one of the things, of course, that bothers me. I don't
see why it nas to wait for a new appropriation at all.

Mrs. SCHNEIDER. Does anyone else have any comments related to
this or anything else that you .lay not have been asked about' I
now offer you that time.

Mr. JENKINS. I would like to append an agreement to what Dr.
Broecker has been saying, that NSF is very well suited to the prob-
lem in the sense of efficiently administrating a program like this,
because they have a long history of dealing with the scientific com-
munity as a whole and therefore have an administrative structure
already in place, and I think they would be very well suited to ad-

. minist rating this kind of thing.
Ms. SCHNEIDER. OK. Thank you. Yes?
Mr. l'HABALKA. I would only comment that at this point in time I

believe the oceanographic research community that has been in-
volved in the major ocean measurements program is in the process
of an intense reevaluation of that program, and that it may be on
the order of a year before we have a really good idea of what the
research needs and direction of that program might take.

Mrs. SCHNEIDER. When you say the oceanographic community, it
sounds like you're referring to an organized committee or some-
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thing that's doing this and you have a time frame of 1 year. I am
not familiar with specifically what you're referring to.

Mr. TRABALKA. I am specifically referring to the groUp of scien-
tists that is associated with the Transient Tracers in the Ocean
Program, and I believe that Dr. Jenkins is .the spokesman for that
particular group.
Mrs; SettistEmERTAnd so thaVga group made iiiiofsdentists
from both the Government and the university sectors?

Mr. TRABALKA. Principally, I believe, the university sector.
Mrs. SCHNEIDER. I see. OK, 1 year, 1 year you're looking toward

before you come up with recommendations, you're saying?
Mr. TRABALKA. Well, I think Dr. Jenkins ought to be able to com-

ment on that.
Mr. JENKINS. Yes. It's not clear to me that there is a coordinated

effort to come up with a specific set of recommendations. We have
as a research group--and just a fraction, I think, of the research
sector that is involved in this fieldbeen formulating our own re-
search patterns, and the direction of research that we think pro-
vides a maximal feedback of information and data that will be re-
quired for looking at this kind of problem. There are other pro-
grams involved in which, for example, this transient tracers pro-
gram has been overlapping with. There are two satellite programs
that are now being proposed for the early 1990's which we hope to
interact with in many respects, but there is no formal study or
report that is in the offing in this respect.

Mrs. SCHNEIDER. OK. Thank you.
Thank you, Mr. Chairman.
Mr. GORE. Congressman Volkmer?
Mr. VOLKMER. No questions.
Mr. GORE. Congressman. Lewis?
Mr. LEWIS. No questions, Mr. Chairman.
Mr. GORE. Let me ask just a couple more, then.
Dr. Trabalka, your work has shown that the mass of the total

carbon pool of the Earth's forests may be as much as 50-percent
less than previously supposed, thus reducing the amount of CO2
that would be produced through deforestation. If this turned out to
be the case, could that have a big effect on our understanding of
how this works? Specifically, what do you think, in light of that,
about the effect of annual deforestation occurring in tropical coun-
tries? Is it substantially adding to atmospheric carbon dioxide? We
have assumed that it was. Do the implications of your work extend
as far as a different answer for that question?

Mr. TRABALKA. The specific point I was making was that the esti-
mate of carbon mass in the tropical forests may be substantially
less than formerly indicated, and that may play a major role in our
reevaluation of the carbon flux from the tropical forests over the
past 30 to 40 years, and indeed the role that they play today in the
overall carbon cycle. I believe that this will provide significant in-
formation which will be directed toward resolving the current in-
ability to totally balance the carbon cycle.

I think the picture today, say the modern picture of the overall
carbon flux from the biosphere, is one of uncertainty. We can't at
the present time clearly say that the terrestrial forests are a signif-
icant source of CO2, There is sufficient uncertainty that the forests
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could be a very small sink or they could be a moderate source or
they might be roughly in balance. It's the resolution of that techni-
cal issue that we're directed toward.

Mr. GORE. Of course, the annual pattern reflecting the large
annual impact of deciduous vegetation in the Northern Hemi-
sphere would indicate that it is a significant §ink. Would you agree
that the ocean, that the uncertainties sarrounding the ocean
system probably have more leverage on the outcome of our projec-
tions than anything else?

Mr. TRABALKA I suspect that on into the future this may be the
case. However, the historical role of the biosphere ultimately is
going to provide information on what the role of the ocean is.

Mr. GORE. Very important, too, yes.
Mr. TRABALKA. It's a two-edged sword.
Mr. GORE. Yes.
Mr. TRABALKA. In referring back to your comment about the

Mauna Loa record and the "wiggles," the reason you see a fairly
symmetrical pattern is believed to be caused by the fact that the
biosphere takes out and releases a roughly equal amount of CO2
every year. There may be an imbalance in the total, but that
record alone doesn't really provide any definitive information
about the role of the terrestrial biosphere as a source or a sink.

Mr. GORE. Yes; but if it merely reflected the taking out and re-
leasing of an equal amount, it could be a straight line.

Mr. TRABALKA. The timing of the uptake and release is what
causes the "wiggles" or the sinusoidal pattern in the record, be-
cause it occurs at different seasons of the year.

Mr. GORE. Oh, I thought- -
Mr. TRABALKA. During the growing season the biosphere is ab-

sorbing net CO2 from the atmosphere, and then in the fall and
later periods the decay of leaves and litter and other materials is
then releasing that material back into the atmosphere.

Mr. GORE. OK. Well, I was assuming that it reflected principally
the deciduous vegetation in the great land mass of the Northern
Hemisphere.

Mr. TRABALKA. That's correct.
Mr. GORE. Dr. Broecker?
Mr. BROECKER. I would like to comment on this. I think that this

in a way typifies some of the problems within the CO2 program. I
mean, I may be cutting my own financial throat in saying this be-
cause I am involved heavily in this carbon budgeting argument,
but I think the field has gotten caught on this point. As I see it,
over the last 5 years there has not been much advanced to resolve
the problem as to what the role of the forests are, although I won't
deny that they're important.

But if we look to the future and ask what are the important
questions V6 e have to ask with regard to society, that's not one of
the important ones. I think the carbon budget problem is on the
firmest ground of all, and there are so many other questions that
we should get at. We shouldn't let this one dominate o Jr thinking
to the extent that it has been.

Mr. GORE. Looking at that chart again, and I have asked this
question before, but I correlated the peaks and the averages on
that chart with global fossil fuel consumption as measured by the
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oil'and coal figures, and it may be my imagination, but I'm wonder-
ing if any statistical analysis has been done to confirm the correla-
tion with world recessions and world economic recoveries. It cer-
tainly appears to reflect the 1974-75 world recession. I mean, it cer-
tainly appears to reflect a decline in overall carbon burning.
Maybe that's just wrong. Has any statistical analysis been done of
that?

Mr. TRABALKA. Statistical analyses have been done for different
parts of the record for different purposes. I believe that the one
that has been performed via our program most recently suggests
very strongly that the correlation with fossil fuels exists and N
very real. I believe that probably the period from 1973 on may be
perhaps not long enough to do the statistical analysis that we
would like to do, to see whether the impact of the Arab oil embar-
go has indeed been felt in the system.

Mr. GORE. Yes. Well, I just took an overlay of world oil consump-
tion by year and plotted it over that graph and connected the
peaks, and it's really a very striking correlation.

Dr. Broecker, yoU don't buy this?
Mr. 131!oNckEn. No; the flaw in your argument is that the CO2 is

accumulating, and so you are looking at a cumulative curve, and if
you look at the actual- -

Mr. Goim. But you're looking at a rate of increase. It goes up in
any year.

Mr. BROECKEli, But the amount of change in the production of
CO2 has beenit has always gone up, except maybe a couple of
years it leveled off', so if you looked at the production per year it's
almost constant and you wouldn't be able to see it in that.

Mr. GORE. But the consumption, I mean, the burning of it per
year is not constant at all, not constant at all.

Mr. BROKCKER. Oh, well, the total production of CO2 was rising,
of course, before the Arab boycott in OPEC, by about 4 percent a
year. Then at that time the rise leveled off, but now if you look at
the total production, of course the total production was going up
slowly and then it leveled off'.

Well, I was going to get around to what people think those
bumps really are. What they think they are is, people that have
generated the curveKeeling and his coworkersthink they have
to do with El Nino events, which I wanted to get in before anyway
because an El Nino event one of those curious phenomena that
involves an interaction between the atmosphere and ocean that we
tally don't know dingo abou...

Mr. GORE. Yes.
Mr. BROECKER. I mean, we know it happens and we know it has

some regularity, but we really don't know the physics of it. I mean,
we know something about some parts of the physics but we don't
know the overall linkage, and its thought that those El Nino
events influence the amount of CO2 that is taken up by the ocean
or given off by the ocean, so during those events there is a little bit
of adjustment. The ocean may give a little CO2 back to the air or
take up a little more than usual.

Mr. Goa. Well, my only point is that in the effort to resolve the
uncertainties over the contribution of ocean absorption and the un-
certainties over the contribution of deforestation, we also ought to
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pay attention to the contribution of total fossil fuel consumption,
anyway.

Mr. BROECKER. One point: You know, one of the things that has
eased the problem, of course, is that we don't have 4 percent
growth rate. At 4 percent growth rate you get doubling of CO2, you
know, in the middle of the next century. We now have, what, 1 per-
cent growth rate or leSs and the projections are small, which
pushes the doubling off 50 or 60 years and buys us a fair amount of
time.

Mr. GORE. OK. We could ask a lot more questions 'of this expert
panel because you all have got a lot of information we need, but
the press of time is going to force us to go to the next panel. We
appreciate your contributions here very much. We appreciate the
work you're doing. Thank you.

Our next panel is made up of A` . John Hoffman, Director of the
Strategic Studies Staff at EPA; . Thomas Malone, Chairman of
the Board of Atmospheric Sciences and Climate for the National
Research Council at the ,National Academy of Sciences, accompa-
nied by John S. Perry, Executive Secretary of the Board of Atmos-
pheric Sciences and Climate; and Rafe Pomerance, president of
Friends of the Earth, will is accompanied by Anthony Scoville. who
is well known to us, formerly with the Science and Technology
staff.

We are delighted to have all of you here. We may need to scoot
an extra chair or two up there. I would like to welcome all of you
to our hearing and tell you how grateful we are that you have
spent the time to help us understand this situation a little bit
better. We will hold questions until all three presenters have made
their statements. We will begin by saying that, without objection,
we will put your prepared statements in the record.

John Hoffman, Director of Strategic Studies at the Environmen-
tal Protection Agency, we will begin with you.

STATEMENT OF JOHN HOFFMAN, DIRECTOR, STRATEGIC
STUDIES STAFF. U.S. ENVIRONMENTAL PROTECTION AGENCY
Mr. -HOFFMAN. I was unable to prepare an opening statement.

We didn't have time ti clear it with OMB, so if' you have some
questions. that you want to ask-

Mr. GoRE. What was OMB's problem.
Mr. HOFFMAN. Well, we just didn't have time to do it. We got

thethere was a delay in getting the request from the committee,
or rather there was loss of the paper in EPA, so we didn't know
about the invitation until Thursday and that doesn't give adequate
time to get clearance.

Mr. GORE. Well, can youI don't know what the failure of com-
munication is. The hearing has been scheduled for quite some time,
and I had thought chat with both EPA and NAS, we had had staff
discussions going back quite some time, but I won't belabor the
point. I will just give you the opportunity to present some opening
remarks if you would care to.

Mr. 11oFistAN, Well. if you would like me to I can basically tell
you what our research focused on. It waF really three things. We
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wanted to look at the question of whether we can delay a green-
hbuse warming--

Mr. GORE. Could you move the microphone over?
Mr. HOFFMAN [continuing]. Whether we can delay a greenhouse

warming by reducing CO2 emissions, and what we found after our
studies was that in the first 60 years in front of us or the next 60
years, that there were no policies, not even a 300-percent tax on

. fossil fuels worldwide or a coal ban, that would be able to reduce
the warming significantly. A 300-percent tax, for example, delayed
a 2 degree Centigrade warming about 5 years, from 2040 to 2045, in
our studies.

In the second 60 years after that, from 2040 to 2100 on, we found
that almost all of the policies could significantly reduce the warm-
ing, some of them quite substantially. The reasons for this finding,
which might seem surprising at first, really turned out to be three-
fold. One is, you have a tremendous amount of energy being con-
sumed. A lot of the world's. capital is locked into producing and
consuming fossil fuels, and even if you have a successful policy it's
going to take a long time to get the CO2 emissions down. Because
they accumulate in the atmosphere, CO2 is going to continue to in-
crease and that is going to add some warming.

The second reason was that there are these other gases, like
chlorofluorocarbons 11 and 12, that are used as solvents, refriger-
ants, methane, nitrous oxides, and a variety of other gases that are
increasing, not all of which we considared but the four we did con-
sider contributed about the same amount of warming as CO2, so ob-
viously a fossil fuel policy is not going to reduce the warming that
is associated with those.

Then the third reason we found that these then have a big effect
was that there is an unrealized warming that is, when. you put CO2
into the atmosphere it doesn't immediately raise the temperature
of the atmosphere the amount that you would expect from the
NAS predictions. It has to also raise the temperature of the oceans,
as the previous speakers were talking about, and that delays the
effect.

Well, this means that there is warming that we haven't experi-
enced from the CO2 that we put in the atmosphere in the fifties,
the sixties, and the seventies along with these other trace gases.
You can't stop something that happened LI the past. The size of
that unrealized warming could be pretty substantial, and I can go
into that later, if you want.

Anyway, once we realized that we were going to have this large
global warming, the next question you want to ask is, what's the
effects? What difference does it make? Who cares? We focused our
efforts first on sea level rise, in trying to estimate the amount of
sea level rise that might be associated with these temperature in-
creases. There are a lot of uncertainties that are involved in this:
the rate of economic growth, fuel prices, technology, how much
conservation we have, even the fact that snowfall can fall in the
polar areas more as it gets warmer.

We tried to look at all of these uncertainties and we made our
best estimates of the amount that the sea level would rise, and we
came up with about 1 foot by 2025 and about 3 feet by 2075, which
is about the same as what the National Academy came up with in
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their study that was done by Roger Revell. We also looked at high
and low scenarios, where we looked at the worst and best case situ-
ations, that is, all optimistic or pessimistic assumptions, and those
obviously gave us a much wider band of estimates.

Knowing that the sea level was going to rise, the next question
that we wanted to focus our research on was, well, s eat can we do
with this kind of information? What benefit can it have to society?
Can it save us money? So we did some studies of sea level rise in
Charleston and Galveston in order to look at those questions. As
the sea level rises; it is going to erode land. It is going to cause in-
creased flooding during storms, because it starts off the storm
waves from a higher level, and it's going to cause salt water to go
up rivers and into aquifers, into ground water.

The erosion is going to be a lot more than you would think about
froin inundation. I mean, a foot of sea level rise on the East Coast
is generally going to lead to a retreat of the shoreline on the order
of 100 to 200 feet, so you think about it as 1 foot not being very
much, but when you push it this way it turns out to be a lot.

Well, we estimatt a what the damages would be in Charleston
without planning, and the damages came out to be pretty high.
They were about $1.2 billion. That s present value dollars, discount-
ed. I mean, the dollar in the future we don't count as much as a
dollar now.

We wanted to see, then, well, if you built differently, if you built
houses in different locations, if you designed the houses differently,
if you built sea walls earlier or larger, how much could you reduce
these damages? What we found was that in fact you could reduce
the damages by about $800 million in Charleston, so you could get
a significant savings if people would plan and prepare rather than
reacti g to these changes. The analysis that we did in Galveston
was pretty much the same, that savings were between $250 and
$500 million, and we have looked at lots of other projects like
wastewater treatment facilities or water intake facilities, and we
find that planning ahead can save in those cases, too.

We have done the same kind of analysis in the forest industry,
which is an important industry for the count: y, and there is a
place where an opportunity exists because CO2 makes plants grow
faster, but it will make some trees grow faster than other trees.
The question is, can the industry pick the trees that will grow fast-
est and make sure that they are climatically adapted to those
areas? What we found was that you could make a difference of
about 25 percent in yield if you could pick the right trees. The Na-
tional Forest Products Association has gotten interested in this,
and they are going to h.ve a conference in June to try and help
the industry assess just what they need to know to be able to deal
with climate change.

The biggest difficulty in doing that kind of analysis that really
leads to the issue of the water supply, there is one thing that the
foresters have told us, that most of the people that we have been
doing these analyses with, that where water will be available, what
its seasonality will be, is the critical issue for them. I mean, the sea
level rise is actually a telatively small effect, even though it's obvi-
ously going to be in the tens of billions of dollars.
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Hight now it is impossible to really say anything about that be-
cause we are unable to predict hew water supply will change in dif-
ferent regions cf the country, primarilv because we :don't !index,
stand the oceans, as the previous speakers were talking about. If
you think about the El Nino, it wasn't caused by CO2, but just a
small change in the surface temperatures of the ocean changed the
climate system so dramatically.

Well, if Dr. Broecker is right and you see changes in the climate
system altering the circulation and the sea surface temperatures in
the future. maybe in abrunt and unexpected ways, we are not
going to be able to predict what theright now we don't have the
capability to predict those things, and so we can't predict how
water availability will change. That makes it much more diffitult if
we need to build big projects to bring water into afeas, to do it,
that is where you have your basic difficulty in continuing these
productivity analyses studies.

The questinn 1 think from the peisisective of polievnialeers that is
most important is how soon do we get this capability? 1 mean,
that's a question that really depends on the kind of research we do
and the priority that you people And other people place on
That is really what is the FOC.US of our research, and we are can-
tinaing along those sorts of lines to try and understand what differ-
ence it makes in terms of productivity, envircnmental benefits, and
so on.

Mr. OK. Thank you very much.
Next I would like to call on Dr. Thomas F. Malone. chairman of

the Board of Atmospheric Sviences anci Climate at the National Re-
search Council °Yet at NAS. We are delighted to have you here,
Dr. Malone.

STATEMENT OF DR, THOMAS F. MALONE, CHAIRMAN, BOARD OF
ATMOSPHEICC SCIENCES AND CLIMATE, NATIONAL RESEM1CH
COUNCIL, NATIONAL ACADEMY OF SCIENCES

Mr. MALONE. Thank you, Mr. Chairman.
When you mentioned grandchildren you struck a sympathetic

chord. One of the main reasons I am here is because we have
grandchildren.

Mr. GORE. Congratulations.
Mr. Mskeoste. Our report is conservative its conclusions, and

will we hope abate some extreme negative S'peculations. In brief,
we estimate that carbon dioxide will most likely double over the
next century. This doubling will result in an increase in average
earth temperature between 2 and 8 degrees Fahrenheit, with the
lower range most likely. The temperature increase will, in turn,
affect sea level, growing seasons, local water supplies, and climate
patterns.

Despite the potential seriousness of some of these effects, our
committee found the situation to be one of caution, not panic. We
recommend expanding monitoring and continued research, but no
immediate change in energy policy. One reason for this recommet
dation is as follows: There are many thingS we do not understand
about 1.!0? effects. There are other uncertainties about our future
use of fossil and synthetic fuels.
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In the committee's own wordsand I hope these will stay with
your committee, Mr. Chairman--"In our judgment, the knowledge
we can gain in coming years should be more beneficial than a lack
of action will be :amaging. A program of action without a program
of learning could be costly and ineffective." I hope that is im-
pressed deeply. Watchwords for the immediate future should, in
our committee's view, be research, monitoring, vigilance, and an
open mind.

Now, some of the details of our findings. Among the adverse re-
sults that have been discussed is a major rise in sea level, about 2
feet over the next 100 years, due to melting of glaciers and expan-
sion of sea water. This rate may increase in following centuries.
This is clearly a serious prospect for low-lying areas of the world
like Florida, Holland, Bangladesh, but defensive measures seem
feasible. A 20-foot rise due to breakup of the West Antarctic ice
sheet would take several hundred years, after its surrounding ice
shelves had receded. Now to place these changes in context, you
might recall that the sea level has risen only about 6 inches in the
last century but 500 feet since the last glacial period about 15,000
years ago.

A second potential adverse effect is on agriculture. While predic-
tions of global warming are probably quite reliable, predictions of
specific regional climate changes are much less certain. Neverthe-
less, regional changes will occur and may have serious impacts. Re-
ports of estimates of the aggregate effect on U.S. agriculture
01-rough the end of this century indicate that the negative inipact
of changing climate will be largely balanced by the positive effect
of increased fertilization due to increased CO2. With the demon-
strated ability of the U.S. agricultural complex to adapt to chang-
ing conditions, yields can be maintained or increased and we pre-
dict no overall threat to American agriculture over the next few
decades.

I would stress, Mr. Chairman, that the real central issue here is
the rate at which the thing called technology per year can increase
productivity compared to the rate of change, so w, not taking a
big jump of 2. to 8 degrees. It's the yearly change ti is the critical
factor, and that is often overlooked in impact studi, he most se-
rious effect v,ould be in the arid regions, and even L ,4r own West
a slight warming and a decrease of rainfall would, it it occurs, slow
stream runoff and could have severe effects.

Now that is the thrust of our report, all 500 pages in a frighten-
ing 3 minutes, Mr. Chairman, but I would mention four of what I
feel are principal conclusions. The first is that priority attention
should be given to long-term options that are not based on combus-
tion of fossil fuels. To be specific, I feel that we should pick up the
second generation of the pathbreaking study by Wolfe Haefule at
the International Institute of Applied Systems Analysis, where he
and his international group thought deeply about how we get from
here to there, and that's the kind of thing we should be doing.

Secondly, the evidence at hand does not support steps to change
current fuel use from fossil fuels at present; and, third, it is possi-
blepossiblethat steps to control costly climatic changes should
start with the non-0O2 greenhouse gases. We need to understand
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those better. They are looming as increasingly important, and they
may be more amenable to control than carbon dixoide.

The fourth conclusion is That this is intrinsically an internation-
al problem and requires an international network of science, scien-
tists, convergent with these problems. I stress the importance of
achieving a consensus, if possible, within the international SPil6ntif-
ic community before governments start negotiating'how they would
cope with this problem. For example, if we were able to develop a
photovoltaic method of energy, it could conceivably reduce our
demand for coal, which would decrease the price of coal, which
would increase the coasumption of coal in other countries, so that
one country cannot address this problem by itself.

We have in place, and I will be meeting in 2 weeks in Hangzhou,
China with a group of scientists, including Chinese, Ruisian, Eng-
lish, Swedish, to discuss the strategy of a world climate research

sprogram.
This is a joint enterprise of the International Council of

cientific Unions, the World Meteorological Organization, and the
United Nations Env ironmental Program, and one of the topics is
this question of CO2-induced climatic change, and this is a healthy
trend. I met in August with a group in Villach, Austria, looking at
the impact. Again, we had representation from these other coun-
tries. I will come back to the international in my. recommendations.

A few recommendations: Monitoring has loon-Jed large, and I was
very impressed with Dr. Broecker's comment in his written testi-
mony about the habitability program of NASA or the geosphere-
biosphere program that is being advanced. We will have a symposi-
um in Ottawa in September, bringing together about two dozen sci-
entists from all over the world to discuss a monitoring program
which would link together the ocean, the atmosphere, the bio-
sphere, forests, the land, and the solar-terrestrial domain. This is
the kind of program that I think would be responsive to the needs
expressed earlier this morning.

It is clear to me that the satelliteand again I applaud Dr.
Broecker's commentthat the importance of developing the poten-
tial of the earth-looking satellite, which has lagged in comparison
to astronomical purposes and planetary science purposes, will be a
very powerful tool for examining the ocean and for examining the
land and the forest. There are major programs: The World Ocean
Circulation Experiment, called [WOCE], W- O -C -E; the Tropical
Ocean Global Atmosphere with the acronym [TOGA], T-O-G-A, ad-
dresses specifically the type of El Nino thing that has been referred
to. These are programs just getting underway and they deserve our
support.

A second emphasis should be on the non-0O2 gases. With respect
to impact studies, it's clear that the sea level problem and agricul-
tural deserve high priority attention. With respect to emission
studies, the kind of models that Dr. Nordhaus developedand I
particularly commend to your attention that chapter in the Acade-
my report written by Dr. Nordhaus, which is a pioneering effort to
develop a sound economic emission type of model, and it is also, I
believe, supplemented and supported by the work of Edmondson
and Reilly at Oak Ridgethese are efforts that should be expand-
ed. We need a larger community, rather than the three or four
people that are addressing this now.
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The kind of policy studies which have been referred to by Mr.
Hoffmanand I am pleased that they started thisI would com-
mend to you the chapter in that report by Mr. Schelling, Professor
Schelling, Tom Schelling of Harvard, which analrles very thought-
fully some of the policy implications.

Finally, I would say two things which are, in part, personal ob-
servations from what I have heard this morning. I think that DOE
might well institute the kind of peer review program that the Na-
tional Science Foundation uses to ensure the highest quality in the
research it supports, and in conclusion I would plead for a balance
among the topics emissions, carbon cycle, climatic change, environ-
ment impact, social, economic, and policy considerations.

Thank you, Mr. Chairman.
Mr. GORE. Thank you very much.
We will hold off on questions. I would like to call now on Rafe

Pomerance, president of Friends of the Earth, based here in Wash-
ington. It's good to have you here.

STATEMENT OF RAFE POMERANCE, PRESIDENT, FRIENDS OF
THE EARTH, ACCOMPANIED BY ANTHONY E. SCOVILLE

Mr. POMERANCE. Thank you, Mr. Chairman.
First, let. me say a word of congratulations to you. I think that

this topic is by far the most important environmental issue that
there is. I think it has received too little consideration in the Con-
gress, and I think that your leadership is probably the most impor-
tant thing in the Congress that has come along on this issue. I
have been working on this issue for 7 years, since 1977, and I think
that Congress, as an institution, sorely needs to pay much more at-
tention to this problem.

Mr. GORE. Well, thank you very multi. I want to make sure the
reporter got all that. [Laughter.]

Thank you. Go ahead.
Mr. POMERANCE. I just have to avoid saying "Senator." [Laugh-

ter.]
Mr. GORE. We'll have equal time, equal time.
Mr. POMERANCE. Just a word about my own work on this. I

worked on the Clean Air Act for many years in the midseventies,
and after that did a good deal of reading on the CO2 problem, and
was named a member of the CO2 Advisory Committee of the De-
partment of Energy in the late seventies. The committee stopped
meeting in the eighties. It was never disbanded, to my knowledge,
but I always found the discussions wereI think I was the only
person with a bachelor's degree in that forumit was rather in-
timidating but very fascinating, because we debated and discussed
all the most important issues, or at least the ones that people
thought of at the time. I think it was unfortunate, but- -

Mr. GORE. Are you saying the others were high school dropouts?
[Laughter.]

Mr. POMERANCE. I figured that was coming.
Mr. GORE. Go ahead.
Mr. POMERANCE. Let me say a word, just in contrast to most of

what has been said this morning. I think it is time to act. In fact,
it's really too late to avoid, or it appears, initial warming. We know
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what to do. The evidence is in. The problem is as serious as exists.
People talk about not leaving this to their grandchildren. I'm con-
cerned about leaving this to my children.

When we were working on the problem in the early seventies,
you can see there has been a big bump just since the late seventies
until now. The longer we wait, the more trouble we're going to be
in, and this morning's testimony I will say did not leave me any
easier with the notion that the oceans all of a st,,..ien might change
i Heir takeup of CO2. I believe this is a legacy we cannot leave to
future generations. We have a fairly benign climate globally, and I
don't think we should put it at risk.

The research budget on this issue is far too little. DOE has $13
million, and we know that $13 million is not very much money in
terms of what Federal research dollars are pushed around. I feel
that anything that the scientific community requests, just about,
should be granted. I am not a scientist; I have no self-interest in
that, but it is ridiculous to be spending such small sums of money
on one of the most formidable problems that civilization faces.

A comment on the scientific 'community: Having listened to
many of these hearings over the years, my conclusion is that we
will never or virtually never hear from the scientific community in
tes of telling you Members of Congress to act. You are the ones
who are going to have to make that decision. Don't rely on the sci-
entists. Its not their job. They're ni-t, going to tell you. They're
going to say, "It's not my arena. '

The wait-and-see point of view as elaborated by the NAS in my
mind is absolutely wrong. It's too cautious. The EPA, on the other
hand, whose report I thought was a major breakthrough in terms
of addressing all the policy issues at once, I thought missed the
mark because they basically implied there was nothing to do, it
was too late. The NAS said we can wait and see. Well, if you take

'the testimony you have heard this morning that people, even Carl
Sagan and Wally Broecker, are saying that 1 degree is big enough
to make major changes, we may already in fact be committed to 1
degree, so why wait?

Those are a few observations. I would just like to turn to our rec-
ommendations here and read those. This is the conclusion of our
views, that some climatic change from fossil energy use, industrial
pollution, and agricultural practices will occur. We urge prompt ef-
forts to plan for adaption to these changes in low-lying areas. We
support immediate funding for a large-scale global research pro-
gram on ocean circulation. We understand that some consideration
is being given to a joint EPA/NSF/NASA effort under the latter's
proposed global habitability project, utilizing the space shuttle. As
demonstrated by the recent El Nino effects, this research would be
of great practical importance, far beyond the analysis of CO2-
caused climate warming.

We urge that energy efficiency and energy conservation become
the top goal of U.S. domestic and foreign energy policies, in order
to prevent the severe climatic changes that will occur if average
world temperatures rise 4 degrees above current levels. Energy
companies. and especially electric utilities, should be mandated to
invest in energy conservation first and conventional energy produc-
tion only second when applying for certificates of public need.
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In this connection, we recommend abolishing the SynthetiC Fuels
Corporation and reappropriating funds to speed implementation of
energy conservation and efficiency at the Federal, State, and local
levels. Greatly increased research and development funds should be
allocated to solar and renewable energy, including biomass.

Policies to ameliorate world climate change also facilitate solu-
tions to other environmental problems, such as acid rain, while
providing economically efficient energy investments and promoting
energy security. Especially we recommend consolidation of re
search and development in this area to bring about more rapid
policy change. We also urge immediate and large increases in re-
search to study trace greenhouse gases other than CO2.

U.S. support for cohservation and renewable.energy sources will
stimulate greater acceptance of these resources by developing na-
tions just when their energy use is expected to begin making a seri-
ous contribution to world CO2 and trace greenhouse gas emissions.
We urge that the recommitment of CO2 climate change and other
geochemical cycling efforts be incorporated as criteria for U.S. sup-
port of international development projects as well as our interna-
tional science and technology policies.

We must act now to forestall serious climatic change beyond
what we are already committed to. The United States bears a spe-
cial responsibility as the world's largest user of fossil energy and
the Nation with the world's second largest coal reserves. We should
not continue man's experiment with world climate until we have a
far better understanding of what the results will be. Today we do
not know the consequences. Once we do, they will be irreversible
for centuries. Furthermore, policies to limit climate change make
the best dollars and sense.

Thank you.
[The prepared statement of Mr. Pomerance follows:]
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Mr. Chairman, Friends of the Earth is an international

environmental organization with 30,000 members in the United.

States and affiliates in 22 nations. ,We commend you for holding

this hearing on carbon dioxide, the greenhouse effect, and world

climate change. 'Save for nuclear war, no environmental risk is

greater than climate change caused by burning fossil fuels, by

industrial pollutants, by deforestation, and by agricultural

exploitation propelled by world population and economic

pressure.

Two years ago, in March 1982, Friends of the Earth testified

to these Subcommittees that your "hearing comes at a critical

time when evidence is accumulating that climate change could be

one of the moat serious and irreversible effects of. accelerating

fossil energy use." Since that time, Mr. Chairman, the

Environmental Protection Agency (EPA), and the National Academy

of Sciences (NAS) released independent studies on the "greenhouse

effect"-- the warming of the atmosphere caused by the release of

carbon dioxide (CO2) from burning coal, oil, and natural gas, as

well as tropical deforestation, and industrial emissions of other

trace "greenhouse" gases. EPA foresees a rise in atmospheric

temperatures as early as the 1990's reaching major proportions

early in the next century. The NAS puts the date for significant

climate change in the mid-twenty-first century.

This atmospheric warming could easily bring us a climate

averaging 4°C warmer than today but the warming would be three to

five times greater in polar regions. These increasing average
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temperatures together with reduced temperature differencea

between the equator and arctic zegions will bring large shifts in

rainfall patterns. Paleoclimate evidence as well as the 1930's

dustbowl indicate that the American wheat and corn belt, which

supply most of the world's grain exports, might experience

devastating drought for a long time, up to 1000 years, Thermal

expansion of ocean water, similar to the rise of mercury in a,

thermometer6 has already been observed and could cause serious

erosion of beaches and coastal land if atmospheric warming

continues as expected. These effects would be amplified over a

longer time by melting of Arctic Ocean ice as well as alpine

glaciers, and the Greenland and West Antarctic ice sheets.

In an overcrowded, overarmed world, the disruption of food

supplies, or the loss of crop and coastal lands could well lead

to widespread wars including the strong possibility of accidental

superpower conflict when climate change reinforces other

pressures on natural resources. In the final analysis the latter

risk is probably the greatest danger of world climate change.

While it may be possible, though probably not desirable, to adapt

to some cliimate change, history suggests that such transitions

are often accompanied by conflict-- a global disaster in the

nuclear era if superpowers were involved as would he highly

probable.

when it comes to recommendations, the two reports draw

opposite conclusions. The Environmental Protection Agency says

it is to late to stop global warming and that the best policy is
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to adapt. The National Academy of Sciences concludes that we do

not yet know what to do. It recommends waiting while further

studies are conducted. The truth is neither. We must prepare

for some climate change while also acting NOW to prevent dractic

climate modification which will result if current energy,

industrial and ag.icultural policies continue.

The NAS's recommendation is indeed surprising. One of the

pioneering experts, who warned about the greenhouse effect as

long ago as 1957 and who was Chairman of the Academy's panel

which produad its 1977 report, Bnervy. And glinAtA, Roger Revelle

has testified to this committee that, in adding CO2 to the

atmosphere, mankind is unintentionally conducting a great

experiment" involving the entire world--all people, all life.

Because of tholbeat storage of the oceans, the effects of

carbon dioxide and other greenhouse gases only appear after a

long delay. Once a detectable warming occurs, no measure can

stop serious climate disruptions. Even now the latest evidence

indicates that we are locked into a i!C global warming if we

never burned another gallon of oil or another ton of coal. That

rise alone will be warmer than anytime in the last 1000 years.

Further, given the 50 year period historically required to elaroge

a nations's primary fuel, it is quite possible in practice that

we will not stop the global warming before it ,reaches 2°C if

other trace greenhouse gases, as well as CO2, continue to

increase. A 2"C warming would raise the average world

temperature to the highest it has been in 125,000 years.
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Continuation of present patterns of fossil fuel consumption,

especially if coal replaces oil, have been projected by

scientists to lead to a global temperature increase of 4°C or

more.

Surely no responsible scientist would conduct an experiment

with such enormous consequences vithout being reasonably certain

of the outcome. Yet, although the National Academy acknowledges

great uncertainties in this "unintentional experiLent", it fails

to recommend cancelling the experiment until we have more

information.

We BhaUlsi conclude just the opposite. While there are many

uncertahties p-rticularly related to ocean circulation, the

general scientific evidence on the strength of the greenhouse

effect has been verified to within 26C for three planetss Venus,

Mars, and Earth. There is no doubt about the Greenhouse Effect;

there is no doubt that atmospheric CO2 in increasing; the only

question is what will be the precise effects of the final 2'C

temperature change. In view of the conflicting pressures of the

political arena, that final increment ci!! scientific certainty

will not suddenly rally the world's dec.,sionmakers.

The burden of proof of safety fall on those who pr3pose

rontinuing present energy and agricultural policies until "all

the evidence is in". By then it will be roo late to cancel the

experiment. We must act haw to reduce the use of fossil fuels

until we know what the results will be, not mice versa. Of

course, thht policy would serve many other ends such as reducing
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acid rain, increasing energy security, and promoting the

development of energy conservation,. as well as solar and

renewable energy for the future--when oil is scarce.

Contrary to EPA's initial assessment, there is hope. We can

at least avoid a major greenhouse effect even if some climatic

change is in the works. Catastrophic warmin3 is neither an act

of God, nor man's fate because determinate economic models tell

us so. Rather, it is a direct result of energy, population,

agricultural, and industrial policies. We need to implement

energy and population policies that will reduce world fossil fuel

consumption. And we must stop the pollution produced by

manufacturing and industrial agriculture, which is the source of

other trace greenhouse gases, such as Ireons, methane, nitrous

axide, and ozone. Some of these gases are Already known to cause

over $2 billion in crop losses annually and could themselves

drive a substantial climate warming even if we drastically reduce

fossil energy use. Much more research must be funded to discover

the sources and potential danger of these trace gas emissions.

In its projections of future fuel needs, EPA assumes that an

extra dollar of income on industrial production will create a

unit of energy demand in a lockstep. For example, the study

projects that through the growth of per capita GNP, Americans

will consume 325% as much food, clothing, housing, motor

vehicles, and similar products in 2050 as today. That projection

is more a Dow-Jones forecast of health spa stocks than an

accurate measure of our nation's girthl It overlooks the effect
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of consumer saturation (do we really reed three cars per

person?), reduced working hours, and structural shifts from a

predominantly industrial to an information-intensive economy.

EPA also assumes the Western style development of the Third

World. For example, Africa would have a per capita annual income

of $1940 in 2050 ayopposed tps,.$340,km 1975. Natural/Resource

limitations make such growth extremely unlikely. Clearly, while

economies will grow, increases in the standard of living must

come primarily in the quality, not quantity, of life-- for many

reasons, of which climatic change, as well as the depletion of

soil and other natural resources are but partial constraints.

For the early twenty-first century, at which time we could

now significantly affect energy supply and demand over the whole

economy, there are a wealth of new money saving high efficiency

technologies using a fraction of the energy we consume today.

Many recent studies, including the Solar Energy Research

'nstitute's (SERI) "Sawhill" study have found that we can

substantially reduce energy consumption even while the economy

keeps growing.

For example, in the U.S., Canada, and Europe, contractors are

now building houses that consume only 5-10% of the average

heating energy used today. In Canada there are "zero-energy"

office buildings which live off the hept produced by their

lighting, by heat produced by office equipment, and the body heat

of their occupants. Car manufacturers have demonstrated 80-100

mile "-r gallon versions of existing subcompacts. At 80 mpg,
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during their lifetime, these cars would save 5,300 gallons of

gasoline and approximately $6,600 against the typical car on the

road today which averages 15.3 miles per gallon. That represents

an 80% reduction in CO2 emissions and a corresponding increase in

energy efficiency. Far all classes of vehicles, conversion

high energy efficiency would bring major savings to consumers.

Similar progress has been made in the development of

renewable energy. Here the U.S. is in a leading position to open

potential worldwide markets for its industry.

Together, high efficiency and renewable energy offer the
.

opportunity to reduce fossil :uel consumption to a fraction of

today's level. The possibilities have been set forth in detail-

by my.colleagues, Amory and Hunter Lovins, Florentin Krause, and

Wilfred Bach in their report commissioned by the We German

government, and published in the U.S. as Least £D.41 EnALGY, as

well as other publications of the /btetnational fiat Energy

11_,OSS1. These two strategies could delay further atmospheric

changes enough to safely conduct a hundred years of research on

the greenhouse effect while we develop the political and economic

institutions to responsillly exercise climatic stewardship in the

twenty-first century-- sixteen years from now. In that case,

climate change would be largely confined to the limited warming

that will occur if all CO2 emissions ceased tommorrow.

But the new generation of energy technologies will only be in

place on time if public and financial policies mobilize the

necessary research and capital so that consumers will use them.
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We eeed to motivate appliance, automobile, and equipment

manufacturers to produce high efficiency products beginning now.

Consumers will only pay the higher capital costs if they

understand their economic interest in doing so and if it is easy

to purchase, pay and service these technological improvements.

Ms model is that et electrical utilities which promote and
Ti

finance money-saving energy conservation. But even California,

which has been a leader, has a long way to go. For example, it

would pay California electrical utilities to give a. free high

efficiency refrigerator to every family in the state while saving

the need to construct 1700 megawatts of generating capacity. In

the Midwest a similar strategy could help to solve the acid rain

problem by reducing the need for stack scrubbers while also

limiting CO2 emissions.

For tr. most part, Implementation of this climate-saving

strategy can rely on market competition. Internationally, as

Harvard Business School's energy experts, Robert Stobaugh and

Daniel Yergin nave pointed out, the United States exercises a

strong mar'. t demand pull once the momentum for conservation and

renewable energy is established. Such leadership is all the more

important since developing nations' energy consumption is now

strongly shack., 'y the products and technologies provided by

industrial nations.

on the average over the next five decades, inuustrial nations

could have the same standard of living while using about 20e of

the energy per person that we use today. And we could save
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money. As noted earlier, investing in these improvements is far

cheaper than building new power stations and synthetic fuel

plants. We should support redirecting money appropriated for the

Synfuels pork barrel to local, regional and Federal programs for

energy conservation and renewable sources.

Unfortunately, the Reagan administration has.dismantled or

attacked every Federal energy program in the area of solar and

conservation. For FY 1985, the request for research on CO2

stands at $13 million or $3 million below the $16 million

requested by President Reagan in his initial budget for FY 1982.

Federal energy policies must be reversed. If we are incapable of

doing so now'when it would pay to do so and would provide greater

long term energy security, can we hope to mobilize the discipline

and sacrifice demanded without conflict in a world inundated by

unprecedented climatic changes?

In sum, Mr. Chairman, Friends of tlie Earth concludes:

1. That some climatic change from fossil energy use,

industrial pollution, an3 agricultural practices will

occur. We urge prompt efforts to plan for adaptation to

these changes in low lying states such as Florida and low

lying countries such as Bangladesh.

2. We support immediate funding for a large-scale global

research program on ocean circulation. We understand that

some consideration is being given to a joint EPA, NSF, NASA

effort under the latter's proposed global habitability
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project utilizing tha space shuttle. As demonstrated by

recent "El Nino" effects, this research would be of great

,practical importance far beyond the analysis of CO2-caused

climate warning.

3. We urge that energy conservation become the top goal of

U.S. domestic and foreign energy policies in order to

prevent the severe climate changes which will occur if

average world temperatures rise'eC above current levels.

Energy companies, and especially electrical utilities,

should be mandated to invest in energy conservation first

and conventional energy production only second when

applying for certificates of public need. In this

conneftion we recommend reappropriating funds for the

Synth tic Fuels Corporation to speed implementation of

energy conservation at the Federal, state and local

levels. Greatly increased research and development funds

should be allocated to solar and renewable energy

resources, including biomass.

4. Policies to ameliorate world climate change also facilitate

solutions to other environmental problems such as acid

rain, while providing economically efficient energy

investments and promoting energy security. Especially we

recommend consolidation of all research and development

related to environmental problems arising from man's

influence a global energy and geochemical cycles. We also

urge immediate and large increases in research to study
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trace greenhouse gases other than
,

cq2.

5. U.S. support for energy conservation and renewable energy.

sources will stimulate greater acceptance\pf these

resources by developing nations just. when tkieir energy use

is expected to begin making a.sericus contribution to world

CO2 and traps greenhouse gas emissions. We urge that

C4iittA&I/f CO2 climate change and other geochemical

cycling effects be incorporated as criteria for the U.S.

support of international development .projects as well

our international science and technology policies.

6. We must act now to forestall serious climatic change beyond

what we are already committed to. The United States bears

a special responsibility as the world's largest user of

fossil energy and as the nation with the world's second

largest coal reserves. We should BQMcontinue man's

experiment with world climate until we have a far better

understanding of what the results will be. Today we do not

know the consequences. Once we do, they will be

irreversible for several centuries. Furthermore, policies

to limit climate change make the best dollars and sense.

Thank you, Mr. Chairman.

We Pomerance is President of Friends of the Earth and a
member of the Department of Energy's Advisory Board on CO2. The
Board has not been convened in three years.

** In preparnhien of this testimony Mr. Pomerance was assisted by
Dr. Florentin Krause and Anthony Ellsworth Scoville.

PC. ElPr!tntiD EXADZA is co- director of the International
Project for soft Energy Paths of Friends of the Earth and a
co-author of Le.A.51-C2A1. jgys amias the. 02 Problem.

Anthony El1sw4L1h =villa was a Science Consultant to the
U.S. House of Representatives Committee on Science and Technology
from 1977-1981. He is currently writing a book for Friends of the
Earth about man's impact on climate and its relationship to
industrial innovation policy.
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Mr. POMEHANCF. I would ask that Mr. Scoville, my associate, be
given a minute to talk about one importantif you would grant it.

Mr. GORE. Sure. Go ahead.
Mr. SCOVILLE. Thank you, Mr. Chairman.
On page 3 of our testimony we make the comment that we

appear to be locked into a 1 degree Centigrade global warming,
even if we never burned another gallon of oil or another ton of
coal. That's a fairly controversial statement, and for the benefit of
the.committee I would just like to justify where that is coming.

It is based on a- discussion I had yesterday with Dr. James
Hansen of the Goddard Institute for Space Studies in New York,
who is one of the pioneering researchers in this area--

Mr. GORE. He testified before an earlier hearing we had on this.
Mr. SCOVILLE. Anyhow, last year he gave a paper to the Ewing

Symposium at the Lamont-Doherty Geological institute, and it is
going to be published this April by the American Geophysical
Union. Now what he says is that his work essentially predicts a
substantially larger climate change for a doubling of CO2 than is
predicted or expected at least by the McCracken paper in the Na-
tional Academy of Science report, and is also cited by the Depart-
ment of Energy testimony which will be presented shortlybut I
have seen the written text hero.

When I asked him for an explanation' of this, what he said is
that the critical difference is that the National Academy study as-
sumes that the thermal response time of the ocean to a CO2 change
is, in effect, a physical constant of 15 years. In fact, what he told
me yesterday is that there is an interrelationship between the sen-
sitivity of the atmosphere to a CO2 rise and to the length of the
thermal response of the oceans. What this basically says is that the
more sensitive the atmosphere is to a climate change, to a rise in
CO:, the longer it will take for that observable temperature to ac-
tually turn up in our records.

What Dr. Hansen's work appears to suggest is that there may be
a serious technical flawit's not an error, because it's just a quesr
tion not yet fully understood :n the NAS's calculations and in cor-
responding Department of Energy expectations for the average cli-
mate temperature rise of between 1.5 and 3 degrees Centigrade, as
given in the DOE testimony. So what Dr. Hansen says is that,
based upon his latest paper which I will be glad to supply to the
committee as soon as I receive it from him, that we are essential-
lyif we include the non -CO2 trace greenhouse gases together with
the CO2 buildup that has already occurred and we match that with
the most recent estimates of the lowered preindustrial level of
CO2that we appear to have already essentially committed our-
selves to a climate change of 1 degree Centigrade, but only a very
small fraction of that has been-observed today.

Anyhow, as I say, Dr. Hansen did say that he would be glad if I
wanted to quote my conversation with him yesterday, and I would
be glad to make a copy of the paper available to you as soon as it
arrives.

[Material follows:]
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CLIMATE SENSITIVITY: ANALYSIS OP FEEDBACK MECHANISMS

J. Hansen, A. Ceske 0. Kind, 0. Russell

NABA/Oodderd Space Plight Center, Institute for Specs Studies
21$0 Broadway, New York, NY 10025

P. Stone

Center for Meteorology and Physical Ocianogrepy
MassachUsette Institute of Technology, Cambridge, MA 01139

I. Pung

Lamont-Doherty Oeologlcsl Cesservelory of Columbia University
Palisades, NY 10544

R. ReedY, J. Lerner

N/A COM Sigma Data, Inc.
1110 Broads's,, New York, NY 10022

Abler et. We study climate sensitivity end
teem stk processes In three independent wow
(1) by using a three dimensional (3-D) globercli.
mete model for experiments la which soler irra-
diance Be Is litereased 1 percent or CO3 Ls
doubled, (1) by using the CLIMAP climate boun-
dary conditions to analyse the contributions of
different physint processor to the 41001ing of the
last ice age (11K years. rgo), and (3) by using
e stimated °tinges In globot temperature and the
sbundente of stmospherla greenhouse gases to
deduce en empirical climate sensitivity for the
period 1450-1910.

Our 3-0 global climate model yields a warning
of -PC for either I @ percent %creels of Ila or
doubled CO3. TMe indicates s net feedback rec-
tor of f 3.4, because either of these forcing'
would nun the earth's surface temperature to
warm 1.2-1.3C to restore toilettes balance with
specs. If other factors remained unchanged.
Principal positive feedback processes in the
model are changes 131 stritospheric water vapor,
clouds and snow/ice cover. Feedback factors
teiculeted for these processes, with atmospheric
dynamical feedbacks imi..loitly instorporsted, are
respectively (water vapor " I.3. films 1.3
e nd fellow/lc. 1.1. with the letter mainly caused
by see ice changes. A number of. potential feed-
backs, such as land ice cover, vegetation cover
arid ocean last transport were held fixed in these
e xperiments.

we calculate land Ice, sea ice end vegetation
feedbacks for the IIK climate to be fiend ice
1.1-1.3. flea ice. - 1.1. tvetstation
1.05-1.1 from their effect on the redienon budget
at the top of the atmosphere. This sea ice feed-
back at IIK is consistent with the instiller
tinownce 1.1 In the Sc and CO3 experlisents,

which applied to s warmer earth with less sea
Doe. We also obtain an empirical 4/oiliest@ of f
1-1 for the fedi feedback processes (water
vapor, loud', sea foe) operating on 10-100 yesr
time scales by comparing the cooling due to slow
or specified change* (land ice, CO2. 'vegetation)
to the total cooling at WK.

The temperature increase bonnet to have
occurred in the past 130 years (sppr......nately
0.1M'is also found to imply a climate sensitivity

of 1.5-5C for doubled COI (f 1-4), If (1) the
temperature Diereses Is due to the added
greenhouse gases. (1) the 1150 001 abundance
was Mils ppm, and (3) the heat pertiabation is
mixed like a passive tracer th the ocean with ver-
tical mixing coefficient k 1 cm: 1'1.

These analyses indteste that t is substantially
greater than unity on all time steles. Our best
estimate for the current climate due to proteins
operating on the 10-100 year time scale is f a
1-4. corresponding to a climate sensitivity of
13-SC for doubled CO3. The physical process
contributing the grestest uncertainty to f on this
time scale appears to be the cloud feedback.

We show that the ocean's thermal reinstion
time depends strongly on f. The 4-folding time
constant for response of the isolated ocean mixed
layer Is about 15 yens, for the estimated value
of t. This time is sufficiently long to allow
substantial heat exchange between the mixed layer
and deeper layers. For f 3-4 the response time
of the surface temperature to s heating pertur-
bation is of order 100 years, if the perturbation
is sufficiently small that it does not alter the
rate of twit exchange with the deeper oosID.

The climate sensitivity we have inferred la
larger titan that stated in the Carbon Dioxide
Assessment Committee repoPt (CDAC. 1993).

'To appear in Climate Processes end Climate Sensitivity. Maurice Ewing Series, S. editors J.E. Hansen
and T. Takahashi), American Geophysical Union. Washington. D.C., lfid pp., April, 1904
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Their result is based on the empirical tem-
perature Increase In the peel 10 years, but their
analysis did not account for the dependence of
the ocean response time on &mete sensitivity,

Their choice of a fixed 15 year response time
biased their result to low sensitivities.

We infer that because of recent inor sssss to

tmospherio CO2 and trace gases, there is a
large, rapidly growing gap between current cli-
mate and the equilibrium climate for current
atmospheric composition. Based on the climate
sensitivity we have estimated, the amount of
greenhouse gases presentlyinthe atmosphere will
cause an eventual global mean warming of about
1C, making the global temperature at least Com-
parable to that of the Ahltherreal, the warmest
period in the pact 100,000 years. Projection of
future climate trends on the 10-100 year time
scale depends crucially upon improved under-
atanding of ocean dynamics, particularly upon how
ocean mixing will respond to climate change at the
ocean surface.

introduction

Over sufficient length of time, discussed
below, thermal radiation from the earth must
balance absorbed solar radiation. This energy
balance requirement defines the effective
radiating temperature of the earth, Te, from

li2(I - A)S0 41142aTe4

or

Te !So(t A)/400/4 (e/o)1/4 (2)

where K is the earth rediue. A the earth albeit.),
So the solar irradiance, a the mean flux of
absorbed solar radiation per unit area and a the
Stefan-Bolt:mann constant. Since A - 0.d and
So 1367 W in-2, a - 239 W in-2 and this require-
ment of energy balance- yields Te - 255K. The
effective radiating temperature is also the physi-
cal temperature at en appropriately defined mean
level of emission to spice. In the earth's
atmosphere this mean level of emission to space
is et altitude H - 6 km. Since the mean tro-
pospheric temperature gradient is 5.5C km-1,
the surface temperature is T 298K, -33K warmer
than I.

It is apparent from (2) that for changes of
solar irradiance

(11'o
z 1 dS0 o 1 da

-`1;
(3)

l'nue if So increases by a small percentage 6,
To Increases by 6/4. For exempla. a 2 percent
change in solar irradiance would change To by
shout 0.5 percent, or 1.2-1.3C. If the atmo-
spheriv temperature structure and all other fac-
tors rameined fixed, the surface temperature
would increase by the same amount as Te. Of
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course all factors are not fixed. and we there-
fore define the net feedback factor, f, by

ATeq f aTo (4)

where ATeq is the equilibrium change or global
mean surface air temperature and aro to the
change of surface temperature that would be
required to restore radiative equilibrium If no
feedbacks occurred,

We use procedures and terminology of feedback
studies in electronics (Bode, 1945) to help ana-
lyse the Contributions of different feedback pro-

. We define the system gain as the ratio
of the net feedback portion of the temperature
ohange to the total temperature change

g x ATI* edbacks
brey

Since

(5)

LiTeg = aTo aTeeedbacks (6)

it follows that the relation between the feedback
factor and gain is

f 1 (7).

In general a number of physical processes
nonlelbutor to f, and it is common to associate a
hedback factor ti with a given process 1, where
fl Is the feedback factor which would exist if all
other feedbacks were inoperative. If tt Is
assumed that the feedbacks are independent, feed-
back contributions to the temperature change can
be separated into portions identifiable with indi-
vidual feedbacks.

with

and

aTfeedbacks Lai), (8)

gbtATi
ATeq 1

ATeq 1 aro (10)
gi

It follows that two feedback gains combine
linearly as

g 81 83

but the feedback factors combine as

f = flf2
fi f2 - flf2

(12)

IP



125

Thus even when,"feedback prim 00000 era linear
and independent,, the feedback rectors are not
multiplicative. For example. a feedback process
with gain gi 1/3 operating by itself would cause
s SO percent increase In ago compered to the no
feedback radiative response. 1.e.. fi a 1.6 it a
second feedback process or the same strength is
also operating, the net feedback is r 3 (not
2.25). One Implication is that. If strong positive
reedbsck exists. a moderate additional positive
feedback may cause a large Increase In the net
feedhsck factor and thus in climate sensitivity.

The feedback factor r provides an intuitive
quantification or the strength or feedbacks and
convenient way to describe the effect or feed-
backs on the transient climate response. The
gain g allows clear comparison or the contribu-
tions or different mechanisms to total climate
change. The sbove formalism relates f and g and
provides a framework for analysing feedback
interactions and climate sensitivity.

A number of physical mechanisms have been
identified as causing significant climate feedback
(Kellogg and Schneider. 1974), As examples, we
mention two of these mechanisms here. Water
vapor feedback arises from the ability or the
atmosphere to hold more water vapor es tem-
perature increases. The added water vapor
increases the infrared opacity or the atmosphere,
raising the mean level or infrared emission to
apace to greater altitude, where It is colder.
Hecauee the planetary radiation to space temporar-
ily does not balance absorbed solar energy, the
planet must warm to restore energy Wanes' thus
fw = 1 and ew ) 0, condition described as a
positive feedback. Ice/snow feedback is also
positive; it operates by increasing the amount or
solar energy absorbed by the planet as ice melts.

Feedheck analyses will be most useful if the
feedback rectors are independent to- first order
of the nature of the radiative forcing (at the top
of the atmosphere). The 'hillier model responses
we obtain in our So and CO: experiments tend to
corroborate this postilbUity, although there are
some significant differences in the feedbacks for
solar and CO: forcings. We expect the strength
of feedbacks to have some dependence on the Ini-
tial climate state and thus on the magnitude of the
climate furring; for exempla. the Ice/snow albedo
feedback is expected to change with climate u
the cryospheric region grows or shrinks.

We examine feedback processes quantitatively
in the following sections by means of 1-D climate
model simulations and analyels or conditions
tiring the list Ice age (19K years ago). The 3-0
experiments Include doubling CO: and increasing

by 2 percent, forcinga 0° rough.v equal
magnitude which have olio ',ten emplo.ed oy
%lariat* and Wetherald (1975' and Wetneri and
tartabe (1975). 18K sin...dationa wit'. a 3-13
g.ners) circulation model have prev'Jus'y been
porf.,rmed by Williams et al. (1974). Gate' (1976)
and %inane and Hahn (1977).

.19 114:1 ()

Three-Dimensional Climate Model

The global climate model we employ is
described and its abilities and limitations for
simulating today's climate are documented as
model 11 (Hansen et al.. 11113b, hereafter
referred to as paper 1). We note here only that
the model solves the simultaneous equations for
conservation or energy. momentum, mass and
water and the equation or state on coarse grid
with horizontal resolution P latitude by 10°
longitude and with 9 atmospheric layers. The
radiation includes the redlatively significant
atmospheric gases, aerosols and cloud particles.
Cloud cover and height are computed. The diur-
nal and seasonal cycle' are_included.The-groonct
hydrology and surface albedo depend upon the
local vegetation. . Snow depth Is computed and
snow albedo includes effects of snow age and
masking by vegetation.

Ocean temperatures and ice cover are spe-
cified olimatologically in the documented model II.
In the experiments described hers. ocean tem-
peratures and ice cover are computed based on
energy exchange with the atmosphere, ocean heat
transport, and the ocean mixed layer heat capa-
city. The latter two are specified, but vary
seminally at each gridpoint. Monthly mixed layer
depths are olimatological, compiled from NODC
mechanical bathythermograph data (NOAA. 1974)
and from temperature and salinity profiles in the
southern ocean (Gordon, 1912). The resulting
global-mean seasonal-maximum mixed layer depth
is 110m. In our 3-D experiment' a 115ra maximum
is imposed on the mixed layer depth to minimize
computer time; this yields a global-mean seasonal-
maximum mixed layer depth or 63m. The 95w
maximum depth is aurrioient to make the mixed
layer thermal response time much greater than
one year and provide a realistic representation of
seasonal temperature variations. so the mixed
layer depth limitation should not alenificantly
effect the modeled equilibrium ()limit*.

Thli- ocean heat transport wet obtained from
the divergence or heat implied by energy conser-

vation at each ocean gridpoint in the documented
-model II (paper IL using the specified mixed
layer depths. The geographical distribution or
the resulting annual mean heat flux into and out
or the ocean surface is shown in Fig. Is;
averaged over the entire hemispheres, it yields
2.4 W m-2 into the Southern Hemisphere surface
and an equal amount out or the Northern
'Hemisphere. The gross characteristics of the
ocean surface heating and Implied ocean heat
transport appear to be realistic. with heat input
at low latitudes. especially in regions of
Twelling cold water, and release at high lati-
tudes, especially in region. of poieward
current). Fig. 15 or paper 1 shows that the
longitude- integrated heat transport is consistent
with e tellable knowledge of actual transports. A
more imprehenelve comparison with observations

12 9
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pig. 1. Specified heat flux into toe ocean sur-
!Ace in the 3-I) climate model experiments.
obtained from the model 11 run of paper 1 which
had specified climatological seasonally-varying
ocean surface temperature and ocean ice cover.
(al is the geographical distribution of the annual-
mean flue. (b) la the latitude/season distribution
of he zonal-mean flux.

has heeo made by Miller at al. (1903). who show
that the Implied annual northward heat flux at the
equator is 6.2 . .1014 W. With the ocean heat
transport specified in this manner, the control
run with computed ocean temperature has a "Mu-
tated climate nearly the acme as the documented
mode! II. It la not identical, as a result of
changes in the sea ice coverage which arise when
the sea ice is computed quantity. There is 15
percent less sea ice in the standard control run
with computed ocean temperature than in the docu-
mented model II. as discussed below. MIS ham
lord effects, mainly around Antarctica. but
othor ..14e simulated quantities are practically
identical in the documented model II climatology.

In nor experiments with changed solar irra-
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dance and atmospheric CO2 we keep the ocean
heat transport identical to that in the control
run. Thus no ocean transport feedback la per-
mitted in these experiments. Our rationale for
this approach as a first step is its simplicity for
analysis, and the fact that It permits a realistic
atmospheric 'Mutation.

Ocean ice cover is also computed in the
experiments described hare on the bests of the
local Mat balance. When the ocean surface loam
heat, the mixed layer temperature deer-as-s as
far as the framing point of mein water, -1.6°C.
Further heat loss from the open ocean causes ice
to grow horleontally with. thickness lm until the
gridbox it covered up to the limit set by the pre-
scription fur leads (open water). Still further
heat loss muses the ice to thicken. Leads are
cruckly represented by requiring the traction of
open water in a gridbox to be greater than or
equal to 0.I1aice. where sic. is the ice thickness
in meter. (paper I).

Heat exchange between ocean ice and the mixed
layer occurs by conduction in the climate model.
A two -slab model is used for lee, with the tern7
peratuee profile parabolic In each Blatt. This
conduction is inefficient, and, If it were the only
mechanism for heat exchange between the mixed
layer and the ice, it would at times result in
ocean ice Coexisting with ocean water far above
the freezing points since this does not occur in
natitre, other mohanisms (such as lateral heat
exchange) mast contribute to the heat exchange.
Therefore in our standard control run and Se and
CO2 experiments we impose the condition that the
mixed layer temperature, which represents a mean
for an P a 10e gridbox. not be allowed to exceed
O'C until all the ice in the gridbox is melted;
i.e., if the mixed layer temperature resorts' PC
additional heat input is used to mettles, decreas-
ing its horizontal extent within the gridbox.

The annual mean sea ice cover in out standard
control run is shown in Fig. 2b. Evidently there
is too little see ice in the model (15 percent leas
than the observations of Pig. 2a). especially at
longitudes -100'W and -5011 in the Southern
Hemisphere. Thus we also produced an alternate
control run by removing the condition that all
heat added to the mixed layer be used to melt ice
if the mixed layer temperature reaches PC. This
alternate control run has about 23 percent
greater ocean ice cover (Pig. To) than observed,
and thus the standard and alternate control runs
bracket observations. We use the alternate
control run for second doubled CO2 experiment,
as one mean" of assessing the role of ocean ice
in climate sensitivity.

in the following we first describe our standard
So and CO3 experiments.

So and CO2 Experiments

So was increased 2 percent and CO2 was
doubled (from 315 ppm to 630 ppm) Instantaneously
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Fig. 2. Annual-mean sea ice cover. (a) obser-
vational climatology of waisli and Johnson (1971)
for the norlhe n hemisphere and Alexander and
Mobley (1916) for the southern hemisphere. (b)
our standard control run of the 3 -D climate
model. te) Alternate control run, as described in
the teat.

on January 1 of year 1. Both experiments were
run for 35 years. In We section we study the
equilibrium response of the climate model to the
So and COI forcing.. The time dependence of the
Surface air temperature and the heat flux into the
planetary surface are briefly noted, but only to
verify that equilibrium Me been achieved. The
time dependence of these experiments is
discussed in greeter detail in subsequent sue-

' tion concerned with the transient response of the
climate system.

Global Mean Heat Balance and Temperature

Model II (paper t) has a global annual mean
net haat flux into the top of the atmosphere of
7.5 W (2 percent of the Insolation). 2.1 W-2 of this imbalance is due to conversion of
potential energy to kinetic energy (which Is not
reconverted to heat. in the model) and computer
truncation. The other global 5 W iir2 la absorbed
by the ocean and ocean ice, at a rate of 7.1 W
m-2 for the ocean surface area. This portion of
the imbalance trust be due to inaccuracies such as
in the cloud properties. surface albedo, thermal
emission calculations. eta. In our control rip
and experiments with computed ocean tes9eratip
we isultIpl. the coder radiation absorbed at t.
ocean surface by the factor 0.96, which cancels
the entire energy imbalance. The radiation
correction factor has no appreciablt direct effect
on model sensitivity since all results are dlf-
ferenced against control runt however, it does
enable physieel process... such as condensation
and ice melting, to operate at temperatures Si
realistic as possible. Together with the spe-
cified ocean transports. this allows the control
run with computed ocean temperature to have
essentially the Ism ocean temperature and cli-
mate as the model II run with flied climatological
ocean temperatures (paper I).

The global mean Mat flux Into the planetary
surface and surface air temperature are shown in
Fig. 3 for tie 00 and CO2 experiments. The heat
flux peaks at -3 W m-2 for both experiments; the
radiative imbalance at the top of the atmosphere
fa essentially the same as this flux into the pla-
netary surface, since the heat capacity of the
atmosphere is small. Similar fluxes are expected
in the two experiments because of the similar
magnitudes of the radiative forcing.. The 2 per-
cent so change oorreeponde to a forcing of 4.1 W
W I, The initial radiative imbalance at the top of
the ain;ospliere due to doubling COI Is only -2.5
11 m-3, but after COI cools the stratosphere
(within a few months) the global mean radiative
forcing is about 4 111 m-1 (Pig. 4, Hansen at al.,
19I1). Over the ocean fraction of the globe we

fluxa peak fl into the surface of 4-5 5 m'l it
both experiments, of order 10 percent greater
than the global mean forcing for an all-ocean pla-
net. Thus heating of 011 air over land with sub-
sequent mixing by the atmosphere Inc aaaaaa the
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to global nesting is longer than obtained from the
common practice of averaging the ocean heat
capacity over the entire globe (rather than over
the ocean eras).

The equilibrium global mean warming of the
surface sir' is about -4C in both the so and
COI experiments.' This corresponds to s feed-
back factor f 2 3-4. since the no- feedback tem-
perature change required to restore radiative
equilibrium with space to aTo 1.2-1.35C. The
heat. flux and temperature approach their new
equilibria with an e-folding time of almost a
decade. We show in the section on transient all-

a

2% 5,
---2.404 CO.

Fig. 3. Global net hail flux Into planetary sur-
face (a) and global Burka, sir temperature (b).
On AprU 1 of your 3 in the 5o experiment the
computer was hit by a cosmic ray or some other
disturbs/1mi which caused improper numbers to be
stored in the ground temperature array. This
affected the temporal development of thet run.
but should not influence Its equilibrium results.
In order to determine the maximum hest flux into
the ocean, the So experiment was rerun for years
2 and 3 from March 31 year 2 thus eliminating the
computer error for that period.

net heat flue Into the ocean, but not by the ratio
of global area to ocean area as assumed by
lienien et a). (1951). Apparently heating over
continental is balanced substantially by
increased cooling to apace. A chief implication
is that the time constant for the ocean to respond
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!tonal to f, and that the value inferred from Fig.
3 is consistent with f 3-4.

The mechanisms causing the global warming@ in
these experiments are investigated below.
including presentation of the global distribution of
key changes. These results are the seam for
.years 11-35 of the control and experiment runs.
.Fig. 3 indicates that this should provide essen-
tially the equilibrium response, ethos by that time
the heat flux into the ocean is near sero and the
temperature trend has flattened out.

Global CI ea

The temperature changes in the So and CO2 ex-
periments ere shown in Fig. 4 for the 'must mean
Burins sir temperature as a function of latitude
and longitude, the tonal mean surface air tem-
perature as a function of latitude and month, and
the annual and tonal seen temperature as a /unc-
tion of altitude and latitude. We discuss the
nature and causes of the temperature changes.
and than make a more quantitative analysis below
using 1-D calculations and the alternate CO3 ex-
periment with changed sea ice prescription.

The surfses air warming is enhanced at high
latitudes (Fig. 4, upper panel) partly due to the
greeter atmospheric stability there whioh tends to
confine the warming to the lower troposphere. as
shown by the radiation changes discussed below
and the experiment with altered ses ice.

There is e very strong seasonal variation of
the surface warming st high latitudes (Fig. 4,
middle panel), due to the among change of
atmospheric stability and the influence of melting
sea ice in the summer which limits the ocean tem-
perature rise. At low latitudes the temperature
increase is greatest in the upper troposphere
(Fig. 4, lower panel), because the added heating
at the surface primarily causes increased eva-
poration and moist convection, with deposition of
latent heat and water vapor at high levels.

The statistical significance of these results
can be verified from Fig. S, which shown the
standard deviation for Use last 10 years of the
control run for all the quantities in Fig. 4, end
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the ratio of the change of the quantity in the

doubled CO2 experiment to the standard deviation.
The standard deviation is computed roitin,ely for
all of the quantities output from our 3-11 model.
we only discuss changes in the experiment runs
which Are far above the level of model fluc-
tuations or 'noise' in the control run.

The patterns of temperature change are re-
markably similar in the So and CO2 experiments,
suggesting that the climate response is to first
order a function of the magnitude of the radiative
forcing. The only major difference la in the tem-
perature change as a function of ahitudei in-
creased CO2 causes substantial stratospheric
cooling. This similarity suggests that, to fleet
order, the climate effect due to I forcing.
including various tropospheric trace gases may be
a simple function of the total forcing.

The global mean warming of surface air that
we obtain for doubled CO2 is similar to that
obtained by Manche and Stouffer (lift) for
quadrupled CO2. Thia large difference in sen-
sitivity ofthe two models appears to be luso-
ciated mainly with the feedback mechanisms in the
models. as discussed below. The patterns of the
temperature changes in the two models show
gross similarities. but also significant differen-
ces. We defer detailed comparison of the model
results until after discuasion of the feedback
mechanism..

1-0 Ana lyele _of 14edbecks _in 3-13Experiments

The processes chiefly responsible for the tem-
perature rise In the 3-0 model can be Investi-
gated with a 1-D radiative convective (RC)
climate model. We use the 1-0 model of Lads at
al. (1981) to evaluate the effect of chenille in
radiative forcing that take place in the 3-0 model
experiments. As part of the 3-D model
diagnostics, we have available global average
changes In surface and planetary albedo, and
changes m amount and vertical distribution of
clouds, water vapor and atmospheric lapse rats.
We insert these changes one-by-one, or in com-
bination. into the I-0 model and compute the
change In global surface temperature. We employ
the usual 'convective adjustment' procedure in
our 1-0 calculations, but with the global mean
temperature profile of the 3-0 model u the cri-
tical lapse rate in the troposphere. Contrary to
usual practice, we allow no feedbacks to operate
in the 1-0 calculations, making it possible to
associate surface temperature changes with 1nali-
V1,111111 feedback processes.

There is no a priori guarantee that the net
effect of these changes will yield the same
warming in the 1-1) model ma In the 3-1)
because simple global and annual averages of the
changes do not account for the nonlinear nature
of the physical processes and their 2-0 and 3-0
intereCtions. Also, changes in horitontal dynami-
cal transports of heat and moisture are not

entered explicitly into the 1-0 model; the effects
of dynamical feedbacks are included in the
radiative factors which they influence, such as
the cloud cover and moisvre profile, but the
dynamical contributions are not identified.
Nevertheless. this exercise provides substantial
information on climate feedbacks. Determination
of now well the 1-1) and 3-0 results correspond
also is a useful teat for establishing the value of
1-0 global climate modals.

The procedure we use to quantify the feed-
backs la as follows. The increase of total water
vapOr in the 3-0 model (33 percent in the
So experiment) la put in the 1-0 model by
multiplying the water vapor amount at all levels

by the same factor (143); the resulting change In
the equilibrium surface temperature of the 1-D
model defines the second bars In Fig. S. Next
the water vapor at each lave! in the 1-0 model la
increased by the amount found in the 3-0 experi-
ment; the temperature change obtained in the
first (total H2O amount) teat is subtracted from
the temperature change obtained in this teat to
obtain the temperature change credited to the
change in water vapor vertioal distribution. The
change of temperature gradient (lapse rate) be-
tween each pair of levels In the 3-0 modei Is
inserted in the control 1-D model to estimate the
effect of tepee rate change on surface tem-
perature, shown by the fourth bare in Fig. 8.
Since the lapse rate changes are due mainly to
changes of water vapor, we take the net of these
three temperature changes in the 1-13 model as
our estimate of the water vapor contribution to
the total* temperature change. The global mean
ground albedo change in the 3-0 model (defined as
the ratio of the global mean upward and downward
solar radiation Ilium at the ground) la inserted
into the 1-13 control run to obtain cur estimate of
the irce/enow albedo contribution to the tem-
perature change.

Cloud contributIona are more difficult to ana-
lyze accurately because of the variety of cloud
changes that occur in the 3-13 model (see below).
including changes in cloud overlap. and the fact
that the changes do not combine linearly. We
first estimate the total cloud impact by changing
the cloud amounts at all levels in the 1-0 model
in proportion to changes obtained In the 3-D
model. The total cloud effect on the temperature
obtained In this way is subdivided by defining a
portion to be due to the cloud cover change (by
running the I-0 model with a uniform change of
all clouds so as to match the total cloud cover
change in the 3-0 model) and by assigning the
remainder of the total cloud effect to cloud
height changes. These assumptions involve some
arbitrariness. Nevertheless, the resulting total
temperature changes in the 1-0 model are found
to be within 0.26C of the global mean temperature
ohanges in the 3-0 experiments, providing cir-
cumstantial evidence that the procedure takes into
account the essential radiative aspects of cloud

1 3 5



o

.

1.1 f S.

r: I I
,. .00 twit 411

..nu tall. ..,48, I 0111K Gap
WW,10 (.0 Ge4, oI

0

.1

1

0

lei 2.001

F...111 I 1
ce, .0 111 CsAl to.* tow
1,71 .01110 51101 COW

Pt tO,T

III :10i 01.10.0.11

0 lino
'ma I I
ham

CO, 0.0 .0 n PC*. C.11
101 MP) 4,..g. 41.M 1.001 Grt

.1.4411.. 60.011 .T1141

U

182

Fig. 4. Contributinas to the global mean tem-
perature rise In the So and CO- experiments aa
extimated by inserting changes obtained in the 3-0
experiments Into I-D radiative convective modal.
(s) percent So experiment. (b) doubled CO2
experiment, end (c) doubled CO2 experiment for
alternate control run with greater us toe.

1.36
C.;

cover Menge,
The temperature changes In the 1-b model are

shown in trig. $ for the standard So and CO:
experiments, and the CO: experiment with alter-
nate sea ice oomputstion. Resulting gains and
feedback factors are given in Table I.

Water viper ,feedback. Mater vapor provides
the ati7reit feedback, with most of it caused by
the in of water vapor amount. Additional
positive feedback results from the water vapor
distribution becoming weighted more to higher
altitudes, but for the 'tuba' and hemispheric
means this is approximately cancelled by the neg.-
live feedback produced by the changes in lapse
rate. also 'due Mainly to the added H10. The
near cancellation of these two effects is not sur-
prising, since the amount of water the atmosphere
holds le largely dependent on the mean tem-
perature, and the temperature at which the
Mimed opacity occurs determines the infrared
radiation. This tendency for cancellation
euggeata that the difficulty in modeling moist con-
vection ere the vertical distribution of water
vapor may not hive a great impact on estimates of
global climate sensitivity (secluding the indirect
effect on cloud distributions).

The net water vapor gain thus deduced from
the 3-D model is gw 0.4. or a feedback factor
fw - 1.6. The same sensitivity for water vapor
le obtained in 1-13 models by using fixed relative
huntidlty end fixed critical lapse rate (Mania and
Retherald. 1161). thus providing some support for
that set of usumptlona In simple climate models.
Relative humidity changed only slightly In our 3-0
experiments; for sample. In our standard
doubled COI experiment the average relative
humidity increased 0.011 (1. 100 percent
humidity), with a 0.01 global increase et 100 mb
being the largest Mange at any altitude. This
compares with an Increase of mean specific humi-
dity of 33 percent. The global mean lapse rate
change in the 3-0 model (-0.1*C km-1) is lass
than the change of the moist adiabatic lapse rate
(-0,30C km-1), the decrease et low latitudes
being partly offset by an !norms et high latitu-
des. And, as explained above, the effect of the
lapse rata change on temperature is largely
balanced by the effect of the resulting displace-
ment of water vapor to grieter altitude.

Snow/ice fe dbec . Ground albedo decrease
also provides a poi live feedback. The ground
albedo change (upper penal of Fig. V) is largely
due to reduced sea ice. Shielding of the ground
by clouds and the atmosphere (middle panel of
Fig, 7) makes title feedback several times 'mailer
than it would be in the absence of the
atmosphere. However, it is a significant positive
feedback and 1>t at least as large In the 'Southern
Hemisphere as in the Northern Hemisphere. The
geographic pattern of the temperature Increase
(Fig. 4) and the coincidence of warming maxlma
with reduced sea ice confirm that the sea ice
effect is a substantial positive feedbsok.

Further Insight into the see ice feedbeok is
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provided by the axperleient with alternate pre-
scription for computing see Ice rover. The
g reater sea Ice cover in the control run for this
experiment permit" a greeter surface elbodo feed-
beck, as indicated by the analysis with the 1-D
model shown in rig. Sc, These results Illustrate
the sensitivity of s system which already contains
targe positive feedbacks. the gain due to in-
creased surface atbedo being augmented by in-
water vapor end cloud gains.

Sued on these experiments. we estimate the
sea Ice/snow feedback factor as N
this value refers to a climate eninge from today's
climate to a climate which is warmer by about
4°C, We expect renown°e to deo SSSSS as Vie
area of sea ice and snow decreases, so its value
is probably somewhat lupe in the limit of a
small increment about today's climate. Also. the
prescripilon for computing Oa ice in our stan-
dard experiments (which gives 15 percent too
little sea Ice for today's clients) probably causes
an underestimate of finowites, es indicated by
the value Inferred for f in the experiment with

I tired lea los prescription (which yielded 23
percent too much sea ice for today's climate).

The gain we obtain for los/snow feedback in
our 3-D model (-0.1) agrees welt with the value
(0.12) obtained by Wang and Stone (1110) from a
I-D redlines convective model. The feedback is
much smaller than early estimates such is those
of fludyko (19U) and Sellers (11$11). who assigned
a large albedo increment to ice/snow, but did not
account .or cloud shielding. vegetation nuking of
snow, and smith angle million of albedo
(North. 1175; Lien end Cele. 1517).

Cloud feedback. Cloud changes (Fig. 1) also
proWle i significant positive feedback in this
model, as result of a small Increase in mean
cloud height and a email duress. in cloud °over.
The gain we obtain for clouds is 0.21 in our stan-
dard doubled CO2 experiment. This happens to be
similar to the gain a OM which it obtained in
I-0 models if the clad cover is kept fixed .nd
the cloud height la determined by the assumption
of fixed cloud temperature (Coss. 1174). How-
Wier, a substantial part of the cloud gain in the
3-D model is due to the cloud cover change (Fiy.
6). The portion of the cloud gain associsted with
cloud height change in the So experiment and the
eternised doubled CO2 experiment is abc..it midway
between the two common assumptions used in
simple climate models: fixed clouds

0) and fixed cloud temperature (gale 0,1),
The cloud helot and cloud cover crimp, in

the 3-0 model see qualitatively plausible. The
1..10.7..1.1 cloud rover primarily represents reduc-
tion of low and middle level clouds, due to
Increased vertical transport of moisture by con-
vection and the large scale dynamics. The
Increase of high level cirrus clouds at low lati-
tudes Is consistent with the Increase of
pestetr4 ling molt' convection at those latitudes.
lio.ever. the cloud prescription schen in the
nudel (paper 1) is highly simplified; for example.
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11 does not Incorporate a liquid wets, budget for
the cloud droplets or predict cleanses In cloud
optical thickness at s given height. Thus the
possibility of an 17101.611186 In WWI cloud optics'
thicknelle with the increased sister vapor content
of the sueosphere is excluded. Indeed, beeline
the cloud optical thickness decreases with
Increasing IRMA.* (paper 1), the increase of
cloud height causes a deo 00000 of optical
thickness. This is s positive feedback for low
and middle level clouds, but negative feedback
for cirrus clouds, which are a greenhouse
material with suboptimal optical thickness. As a
crude test of passible effects of Changes in cloud
optical thickness we 1st the cloud optical thick-
ness in the 1-D model change in proportion to the
'absolute humidity: this practically eliminated the
positive cloud feedback, 1.e., it resulted in
'clouds 1.0. Closely, assessment of the cloud
contribution to climate. sensitivity depends cru-
cially upon 'development of more esthetic repre-
sentation of cloud formation processes in climate
Models, as verified by an locusts global cloud
olitretology.

Summary of model feedbacks. Given the
canreTrition between the change in tepee rats and
change In vertical distribution of water vapor.
the processes providing the major radiative feed-
backs in this climate model ere total atmospheric
rater vapor. clouds and the surface albedo. Con-
sidering the earth from a planetary perspective.
it seems likely that these us the principal feed-
backs for the earth on a time seals of decades.
The albedo of the planet for solar radiation is
primarily determined by the clouds and surface,
with the main variable Component of the latter
being the ice/snow cover. The thermal emission
of the planet is primarily determined by the
atmospheric water vapor and clouds. Thus the
processes principally responsible for the earth's
radiation balance end temperature ere included in
the 1-D model, and we have shown that these pro-

m., the source of the primary radiative
feedbacks in our 3-D model.

Table I summarises the gains and feedback
factors inferred from the changes which occurred
In our 3-0 model experiments. and the
corresponding temperature changes for different
combinations of these feedbsok processes. Note
again that effects of dynamical feedbacks are
Implicitly included in these changes. no tem-
perature changes illustrate the nonlinear way in
which feedback processes combine (Eq. (3)).
Por example, the loe/snow feedback adds about
i4C to the temperature response, but if the water
vapor and cloud feedbacks did not exist WAr
ice/snow feedback would add only a few tenths of

degree to the sensitivity. This nonlinear beha-
vior Is a result of the fact that when the
ice/snow feedback occurs in the presence of the
other (positive) feedbacks. it enhances the water
vapor and cloud changes.

Comparison to Mena and Stouffer. This ana-
lysis of the feedbacks in our model provides an
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TAB1,11 1. Oen (g), feedback holm* (f) and
equilibrium temperature changes (IT) inferred
from 061631811one with 1-D radiative-convective
model for global mean changes in the 3-0 OCM
experiments. The subscripts w, a and a refer to
teeter vapor, clouds rid surface albedo. g Is
obtained es the ratio of the temperature change in
the 1-D model (with only the Indicated processes
Included) to the global mean temperature change
in the 3-0 experiment. f is from h 1/(1 - gi).
aT is the equilibrium surfs° air warming com-
puted with the 1-D model for globe' mein changes
of 3-1) model constituents with only the indicated
processes included; eTo includes only the Indi-
cated radiative forgoing. without teedbeolts.

Experiment

Alternate
.2151 Doubled CO2 Doubled CO2

g,,, 0.37 0.40 0.37
ge 0.20 0.12 0.21
Ils 0.09 0.09 0.12

fw 1.59 1.66 1.51
rc 1.16 '1.29 1.34
f, 1.09 1.10 1.14
rite 2.31 2.62 1.47
twos 2.96 1.45 3.95

aTo 1.3 1.2 1.1
6T0, 2.1 2.0 1.1
aToc, 1.7 1.6 1,4
AT,. I.S 1.3 1.4
aTe wo 3.2 3.2 3.1
aTowes 4.0 4.2 4.1

indication of the ceuees of the difference between
our climate model sensitivity and that of *nabs
and Stouffer (1940). They infer a worming of
7°C for doubled CO2, based on an experiment with
quadrupled CO2 which yielded 4C worming. Their
model had fixed clouds (altitude and cloud cover),
thus folowd I I. Also their control run had less
sea Ice than our model, so their ties ice should
be between 1 and the value (-1.1) b3r our model.
It la apparent from Table 1 that differences
arising from the treatments of these two pro-

may account for most of the difference in
global climate sensitivity.

Another major difference between our model
and the model of Manabe and Stouffer is thee we
include s specified horizontal transport ain't.
by the ocean. This transport is Identical in our
control and experiment runs, i.e.. the changed
climate la not allowed to feed beck on the ocean
circulation. Of course Manabe and Stouffer do
not allow feedback on ocean transport either,
since the ocean transport is zero in both expert-

1 4

men' and control. However, some other macho-
Moms must replies oceanic poiewerd transport of
hest in their model, since their high' latitude
temperatures are it least as worm is in our
media (and observations). Enhanced poisoned
transport of latent and sensible hoot by the
atmosphere must be the mechanism repleoing Nein
heal transport in their model.. This atmospheric
transport Is expected to provide 1 negative feed-
back (Stone, 1924), and indeed the total
atmospheric energy transport did decrees,
pontoon! of 50C latitude in the CO3 experiments
of Iambs and Wetherald (1975, 1910). It is not
obvious whether the ocean transport feedback is
positive or negative In the reel world.

The contribution of ocean hest transport to
climate sensitivity, like Mat of the Itmospherio
transports, does not appear as en identified com-
ponent in an energy balance analysis such as In
Pig. 4. This is irrelevant for our model, since
it has no ocean transport feedbeok. Hoiievir, In
models which calculate tie ocean heat transport
or 1 surrogate energy transport, this feedback is
included implicitly as s (positive or noggins)
portion of identified component, of AT (aTwater
viper. aTalougs. 11Tios11now). The portion of
these changes due to this feedback process could
be identified by running those models with fixed
(olimatologioni) gasan hest transport.

Malabo (1912) Suggests that our loennow feed-
beck is unreslietioelly 'ergo and ecoounte for
most of the differince between our climate model
sensitivity and that of Nimbi and Stouffer
(1950). However, as summarised in Table 2. the
amount of sea ice in the control run for our
etrnderd CO2 experiment is actually somewhat lees
than observed see We cover. .1n our alternate
CO2 experiment, with lea toe cover greater than
in observations, the foe /;now feedbsok Witnesses
eignlficently, suggesting that the ice /snow feed-
back In our 'leotard experiment may be an
undsreetimete. Also, we show in the next section
that the see toe feedback for the climate change
from 1614 to today,' a warming of about 4C, is
abuut twice as large as In our doubled
CO2 experiments; this 1111 see We feedback fac-
tor Is based on measured ohangea of see ice
cover. The small toe /snow feedback In likuisbe
and Stouffern model may be a result of their
model being too 'warm at high latitudes; indeed, in
the Southern Heralephere (where the sea ice feed-
back Is greatest In our model and in 11K measure-
ments) their control run has almost no ice In the
111311111111r Another likely reason for Manebe and
Stouffer's albedo feedback being weaker ie the
stronger negative feedback in their meridional
dynamical flux. as a result of that flux all being
_carried In the atmosphere. We conclude that our
estimate for the see foe feedback Is conser-
vative, i.e., it is more likely to be In error on
the low side than on the high side.

We obtain a greater warming at low latitudes
(-3-4C for doubled CO) than that found by
Manabe and Stouffer (-3C for quadrupled CO2).
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TABLE 2. Annual -mean sea ice oover 04 ',Sefton of global or hemispheric area in 1
3-1:1 experiment'. In run 1 the Ha lee cover Is specified to be today's climatology of
Alexander and Mobley (1! ?!) for the Southern Metaphors and Walsh and Johnson (1179) for
the Northern Hemisphere. Run 7 specifies the Nes ice lover according 10 CLIMAP dots for
I1K (CLIMAP. 1111) end run 11 modifies the Southern Hemisphere CLIMAP data as discussed
in the section on ice age experiments. In other runs the sea Ice cover to computed.

Bud latimejment Ream Ippon

Sea Ice Cover

°IPA
Northern

Hemisphere
Southern

Hemisphere

1 Model II. Run Cl of paper 11 sea
toe specified as today's climatology

0.041 0.042 0.054

2 Control run for standard 0.041 0.039 0.043
CO2 and So experiments

3 Standard 2 CO2 experiment 0.023 0.02! 0.017

4 Standard on So experiment 0.025 0.030 0.020

5 Control run for alternate 0.040 0.044 0.073
CO2 experiment

4 Alternate 3 CO2 experiment 0.031 0.033 0.039

7 CZ.141AP boundary conditions 0.099 0.048 0.151

11 CLIMAP boundsry conditions with
modified Southern Hemisphere sea ice

0.07? 0.0411 0.106

we analysed ins cuntributions to the warming In
nur 3-0 model as s function of. latitude by
Inserting all "oriel-mean radiative changes into the
141 radiative-convective model. At low latitudes
(0-30) the clouds contribute a positive feedback
of about I-1.5c; the larger pert of this. nearly
1C. is due to reduction of low level cloud cover
with doubled CO2, with increase of cirrus clouds
contributing a smaller positive feedback. At high
latitudes (60-40) the clouds contribute 4 smeller
negative feedback (0-1C). due to increased low
level clouds; this cloud in (Fig. I) pro-
bably is due to increased evaporation resulting
from the reduced sea ice cover. The computed'
distributions of water vapor may also contribute
to the difference between our result and that of
Msnabe and Stouffer. For example, in our model
low latitude relative humidity st 200 tab bummed
by 0.015 with doubled CO2. The cloud and water
vapor characteristics depend on the modeling of
moist :onvection and clov,d formation; Manatee and
Stouffer use the moist lebatle adjustment of
Manatee at al. (19851 and tixed cloud.; we use s
moist convection formulation which allows more
penetrative convection (paper 1) and cloud for-
mation dependent on local saturation. Presently
available cloud climatology data has not permitted

detailed evaluation of these moist convection and
cloud formation schemes.

The high latitude enhancement of the warming
is firs In our model than in observed temperature
trends for the pest 100 years (Hansen et el..
19130. If this observed high latitude enhance-
ment also occurs for large global temperature
increases. the smaller high latitude enhancement
in our 3-0 model suggests the possibility that the
3-0 model has either overestimated the low lati-
tude climate sensitivity (probably implicating the
low latitude cloud feedback) or underestimated the
high latitude sensitivity. the former case is
correct, the global climate sensitivity implied by
the 3-7) model may be only 2.5-3Ct but If the
letter interpretation is correct. the global climate
sensitivity may be greater than PC. A more pre-
cise statement requires the ability to analyse and
verify the cloud feedback on a regional basis.

Conclusion. Atmospheric water vapor content
provides a large positive feedback. end we find
Nat in our model the effects of changes in lapse
rote and water vapor vertical distribution largely
cancel (for global or hemispheric means). The
existence of the strong positive teeter vapor
feedback implies that moderate additions' positive
feedback can greatly increase climate sensitivity.

1 41

to,
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because of the nonlinear may in which feedbacks
combine. In our model, sufficient tee/snow feed-
beck occurs to in the global sensitivity to

and with cloud feedback tO -ec .for
doubled CO2. Although the cloud feedback is
very uncertain, our 3-0 study suggests that it is
in the range from approximately neutral to
strongly positive In global mean, and thus that
global climate sensitivity is at least 2.5C for
doubled CO2, The reagnitdee of the global
iceisnow and cloud feedbacks in our 3-0 model
are pleusIble, but confirmation requires improved
ability to accurately model the physics' processes
as well u empirical tests of the climate model on
a variety of time scales.

Ice Age Experiments

Records of past climate provide a valuahl
means to teat our understanding of climate feed-
back mechanisms, even in the absence of a
complete understanding of what caused the climate
change. In this section we use the .00mprehen-
live reconstruction of the last ice age (11,000
years ago) compiled by the CLIMAP project
(CLIMAP project members, McIntyre. 'project
leader, 1911; Denton end thighs...19SM We first
run our climate model with the 11K boundary con-
ditions as specified by CLIMAP; this allows ue to
estimate the global mean temperature change

ISK and today. We then rerun the model
changing feedback processes one-by-one and note
their effect on the planetary radiation balance at
the top of the atmosphere. This provides a
measure of the gain or feedback factor for each
process. We also examine the model for radietion-
balance when 41 of the known 18K feedbacks ere
included; this allows some inferences about the
model sensitivity and the accuracy of the CLIMAP
date. Finally, we compare different contributions
to the 18K cooling; by considering the land ice
and atmospheric CO2 changes as slow or spe-
cified global climate forcing., we can infer
empirically the net feedback factor for processes
operative on 10-100 year time teals,.

Global maps of the CLIMAP 18K boundary condi-
tions. including the distributions of continental
tee. sea Ice and sea-surface temperature, are
given by CLIMAP (1981) and Denton and Hughes
(1981). Ines* boundary conditions, obtained from
evidence such as glacial scouring, ocean sediment
cores contilnIng detritus ratted by sea Ice, and
oxygen isotopic sbundancee in snowfall preserved
in Greenland and Antarctic toe sheets.
necessarily contain uncertainties. For example.
Hurckie et al. (1982) suggest -that the CLIMAP
Southern Hemisphere sea Ice cover may be
overestimated, and DILabio and Masson (11113)
argue that the CLIMAP 'maximum extent' ice sheet
model may be an overestimate. Questions have
also been raised about the accuracy of the ocean
surface temperatures, especially at low latitudes
(Webster and Streten, 1918). We examine quan-
titatively the effect of each of these uncertain-

t
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ties On our teedbsok analyses.

Simulated 18K Climate Patterns

Our 11K simulation was obtained by running
climate model II (paper 1) with the CLIMAP (1111)
boundery conditions. The boundary conditions in-
cluded the .serth orbital parameter, for that time
(Berger, 1911). The run was extended for six
years, with the results averaged over the last
five yeses to define the 11K simulated climate.
The control run was the five year run of model
II with today's boundery conditions, which Is
documented in paper- 1.

Temperature, airmailed 11K temperature pat-
terns are shown in Pig. 9. The temperatures in
the model, especially of guano* air, ars con-
strained strongly by the fixed boundary con-
ditions, and thus their accuracy is .dependent
mainly on the reliability of the CLIMAP data.

Global surface air temperature in the 18K ex-
periment Is 3.IC cooler than in the control run
for today's boundary conditions. Much greater
cooling, exceeding 20C, occurs In southern
Canada and northern Europe and cooling of more
than 11C is calculated for most of the Southern
Hemisphere sea foe region, Some high 'UMW,
regions, including Alaska and parts of Antarctica,
are at about the same temperature in the 18K
simulation as today; thus there is not uni
high latitude enhancement of the climate change.

Temperature changes over the tropics' end
subtropical miens are only of the order of 1C,
and include substantial areas that are wormer in
the 111K simulation than today. The latter aspect
requires verification; diverse areas of the tro-
pics and subtropics experienced mountain gla-
ciation at 11K with anowlina descent of about lkm,
and pollen data Indicate substantial cooling of the
order of 5C at numerous low latitude areas. As
Molested by our 3-0 model experiment the CLIMAP
see surface temperatures are inconsistent with
the observations of tropical cooling, since
specification of relatively warm tropical and
subtropical ocean temperatures effectively prohi-
bit@ large cooling over land at these latitudes.
We conclude that the low latitude ocean tem-
peratures are probably overestimated in the '
CLIMAP data. A more quantitative analysis (Rind
and Meet, in preparation) suggests that large
areas in the low latitude oceans may be too warm
by 2-3C in the CLIMAP data.

The middle parts of Fig. I show that the cool-
ing at ISK occurred especially in the fall and
winter. Although the surface air was substan-
tially colder all year at latitude 80N, this was
largely a result of the change in mean surface
altitude caused by the presence of ice sheets;
the cooling at fixed altitude is considerably less.
The zonal mean surface sir in the tropics was
cooler all year. The lower parts of Fig. 9 show
substantial cooling throughout most of the tropo-
sphere. At high latitudes the greatest cooling
occurs in the lower troposphere.
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Radiation. Changes In the planetary radiation
budget in the IIK simulation are shown in Fig. 10.
The surface albedo Increases as such as 0.45 Li
the regions of ice sheets over northern Europe
and southern Canada and about 0.30 in regions of
large -changes In sea Ice Coverage. Shielding by
the atmosphere and the large senith angles reduce
the impact on planetary albedo to 0.15-0.30 over
the ice sheets and 0.05-0.10 over sea ice. The
effect of the planetary albedo change on the net
radiation from the planet Is partially compensated
over the Ice sheets by reduced thermal emission.
but nearly the full effect of the albedo change
appears In the net radiation change over sea ice;
these conclusions follow from comparison of the
middle and lower parts of Fig. 10 and the fact
that an albedo change of 0.10 is equivalent to 24
W ni"2. Most of the more detailed changes in the
geographical patterns of the recitation budget are
associated with changes of cloud cover or cloud
top altitude.

Clouds. Cloud changes in the 1SK simulation
are It iust.rated In Fig. ii. There is a significant

eduction of cloud cover in regions with
increased see ice, probably because of the
reduced evaporation In those regions. The sonal
mean cloud cover decrees. slightly in the tro-
pics during moat of the year, in .7 slightly
in the subtropics and Inc eeeeee at Northern
Hemisphere midlatitudea in summer. The polar
regions exhibit opposite behavior; at the north
pole to region of sea ice) the clouds decrease,
while at the south pole (a continental region of
high topography) the clouds in in the ISK
experiment. The lowest panel in Fig. 11 shows
that the high level (cirrus) cloud, are reduced
substantially in the 18K simulation, presumably
due to the reduction of penetrating moist convec-
tion and its associated transport of moisture.
Must of these changes are consistent with those
in the doubled CO2 experiment, the cloud changes
at I8K being the opposite of those which occur
for the warmer doubled CO: climate.

Summery. The global mean surface air cooling
of the Wisconsin ice age (compared to today) Is
computed from the CLIMAP boundary conditions to
he -4*C. Thus the mean temperature change bet-
ween 18K and today is very similar to the pro-
jected warming for douhled CO2. Below we
analyze the contributions of different feedback
processes to this global climate change.

1814 Feedback Factors

We perform two types of experiments to study
the feedheck processes at 18K. In experiments
of the first type, a given factor is modified (lay
the sea ice cover is changed) and the model is
run for several years with the atmosphere free
to adjust to the change. but with the ocean tem-
perature and other boundary conditions fixed.
Tnus the only suhstenttal feedback factors allowed
to operete ere water vapor and clouds (snow over
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land and ice can also change, but this represents
only a small pert of the ice /snow feedback).
Experiments of this type enable us to relate sur-
face temperature changes with flux imbalances at
the top of the atmosphere under conditions of
rediative/dynamio equilibrium in the atmosphere.
Results of this type of experiment are summarised
in the first pert of Table 3 (experiments 1-11)
along with th3 IIK control run (experiment 7).
The method for converting the flux imbalance at
the top of the itmosphere in these experiments to
gain or feedback Isotope is described below in
conjunction with experiment I.

Experiments of the second type (labeled with a
star (i) and tabulated in the loser pert of Table
31 provide a faster, but more approximate,
method for evaluating feedbacks which can be
applied to certain types of radiative forcing. In
the starred experiments we determInn the
radiative forcing by changing a factor In the
control run (say see ice cover) and calculating
the instantaneous change in the planetary
radiation balance at the top of the atmosphere.
The atmospheric temperature and other radiative
constituent! and boundary conditions are not
allowed to change; thus no feedbacks operate In
these experiments. The flux change at the top of
the atmosphere. AF, defines. change of planetary
e ffective temperature

Ti( C)e (aT3)-1,1F(W nr2) 0.27AF(W m-2) (i3)

for To 355K. This relation provides good
e stimate of the no-feedback Contribution to the
e quilibrium surface temperature change, if the
e adiative perturbation does not appreciably alter
the vertical temperature structure. This proce-
dure le applicsble to solar flux, surface albedo
and certain tropospheric gas perturbations
(Hansen et al., 1982), but doss not work ss
simply for CO2 perturbations, because CO: cools
the stratosphere (Fig. 1 of Hansen et al., i9111).

Although (13) provides a useful estimate of the
(no feedback) surface temperature change
resulting from a given radiative imbalance at the
top of the atmosphere, It is a rough estimate
hecsuse the radiation to space comes from a
broad range of wavelengths and altitudes. In
order to account for thla spectral dependence.
we used the 1 -0 radiative convective model for
the following experiment. A flux of 1 re-2 was
e rbitrarily added to the ocean surface. and the
lapse rats, water vapor and other radiative
constituents were kept fixed. The surface tem-
perature increase at equilibrium was 0.20°C.
implying

eTe(°C) - 0.29 F(W nr3) . (14)

The coefficient in (14) Ia preferable to that In
(I3). for radiative perturbations which uniformly
affect surface and atmospheric temperatures.
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Water vapor and olowt levitwks. Although WI
do not have measurements of the water vapor and
cloud distribution for 11K. we can use experiment
1 to determine the combined wets, vapor /cloud
feedback factor In our 3-D modal for the 11K
simulation. In this experiment the ocean surface
temperature was arbitrarily decreased by 2'C
e verywhere. As 'ruin in Table 3, the global
mean surface temperature decreased by 2C and
the net radiation flux to Space decreased by 2.7
W nr2. Thus, with the sea its and land ice fixed,
the model sensitivity aTiar for the combined
water mar and clvod feedbacks is 0.71'C
(WW2; '. If no feedbacks were allowed to
operate, the sensitivity would be - 0.29'C
(11/m2) ', cf. equation (14), Thus, since the
st:nospheric feedback' are the only ones allowed
to operate in experiment I. we infer that the com-
bined water vapor and cloud feedback lector In
our model for 111K As f w 2.41 and Iwo 0.6.
Thi,_ is practically the same as the combined
water vapor and cloud feedbscks for the doubled
CO2 experiment (Table I and equation (12)1.

Experiment I can be used to convert the flux
imbalances at the top of the atmosphere In the
other unstarred experiments In Table i to
e quilibrium surface temperature chinos. Thus,
If the ocean temperature were free to change and
water vapor and (Amide were the only operative
feedbacks. a flux imbalance alo at the top of the
atmosphere would vanish w the *urine tem-
perature changed by an amount AT MI 4F.

See Ws and land ice feedbacks. Experithents 1
andT0,- iirih-raiUillik-Ellirributions of sea Ice
and land ice ware ?spliced with todsy's distribu-
tions, show that both the sea ice end land ice
changes made major contributions to the Ice age
cooling (Table 1). The CLIMAP see toe and land
ice distributions each affect the global ground
albedo by -0.02. Atmospheric shielding and
zenith angle effects reduce the Impact on plane-
tary albedo to 0.006 for the sea ice change end
0.009 for the land Ice change. The Impact on the
net radiation balance with space is between 1.5
and 2.0 W. m-2 in each case, for these experi-
ments in which the atmosphere was allowed to
adjust to the changed sea ice and land Ice.

The radiation imbalances In these experiments
of the first type can be used to estimate the gain
factors for these two feedback processes. Based
on the conversion factor 0.766C/(W m-g). the flux
imbalances In exp.,.imente 9 and 10 yield equili-
brium surface 'emperalure changes of ere., ice
1.5K and aTiand Ice 2.3K. Since the feedback
factor in these experiments is fee a 2.6, the
radiative forcing. produced by the sea ice and
land ice changes In the absence of feeditecka are
eT,e, ice 1.9K/fife a 0.7K and all lot
0.9K, respectively. Thus the gain factors for
sea ice and land ice changes, for the climate

A change from 18K to today, can be estimated as

gees ice 0.7/6T - 0.14-0.20
(15)

gland ice - 0.1116T 0.11-0.25

where AT is the change of global mean surface
air temperature In C between 18K and today.
Experiment 7 yields AT 3.6C, but Indications
that CLIMAP low latitude ocean temperatures are
too warm (see above) suggest AT - 5C; the
range given for g reform to AT 1.11-5°C.

In experiments Is and 10* the 18K distributions
of sal ice and land be in experiment 1 wars
replaced with today's distributions, but only for
diagnostic calculation of the planetary radiation
bsisncei all other quantities In the diagnostic
csiouistion were from experiment 7. Based on
the radiative forcings computed at the top of the
atmosphere and Eq. (13) we estimate the gain fac-
tors, gi aTi/eT, for the sea We and land ice
°hinges to be

lase ice ' -1:427'1"er-LL - 0.17-0.23

(16)
0.37 a 3.6 0.19-0.27 .gland ice

These gain factors include the effect of ice on
thermal emission and planetary albedo. The fact
that the gains estimated from (1$) exceed those
from (15) Indicates that the emission from the
added snow and ice surfaces on the ge is
from s somewhat higher temperature than the
effective temperature. 255K.

The accuracy of these feedback gains depends
primarily on the accuracy of the WIMP boundary
conditions. Indeed, it is possible that the
CLIMAP sea ice distribution is too extensive.
Burckle et al. (1981). on the teals of Istelllte
measurements of sea Ice coverage. and present
sediment distributions, suggest that the sediment
boundaries which CLIMAP had assumed to be the
summer sea ice limit In the Southern Hemisphere
are in fact more representative of the spring sea
ice limit. Exteriments 11 and lls test the effect
of this reduced sea Ice covers's. In experiment
1 the CLIMAP February and August sea Ice
coverage were wad as the extremes and inter-
polated slnusoidsily to other months. For experi-
ments 11 and 11* the winter (August) coverage
was left unchanged. but the CLOMP Southern
Hemisphere February coverage was used for the
spring (November) with linear extrapolation to
February, and linear Interpolation between the
February and August extremes.

Experiment II* implies that the sea ice gain
estimated In experiments 9 and 14 should be re-
duced by 15-20 percent, if the arguments of
Burcitle et al. MOM are correct. Although
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TABLE 3. Moues In planetary radisthwt.belenes in climate model exporimenta. The control run for experiments 7, II,

and 13 is climate model II documented In paper 1. f 1. We standard deviation of the annual mean about the 5 year mean
for this control nos; standard deviations for the other Mitre' runs were of shelter magnitude. Experiment 7 was run
for 4 years, with the results averaged over the final 5 pers. The other unstated experiments were run for 4 years
and averaged over the final 3 years. The starred experiments were run for 3 years and averaged over 3 years. Ts
is surface ale Umperatere. I net radiation at the Mita the steattphere AE ground albedo end As planetary albedo.
Global values are shown, with the numbers In parenthesis being the results for the Northern hemisphere Southern
Haislaphers respectively. 'Experiment 7' the control run for experiment 11, wee identical to experiment except that
the Koppen vegetation of 11g. 11(4) was substituted for Matthews (10111) le x le vegetation used in model 11.

Kaperisent Description Collin)! Nun

7 ION boundary model 11
conditions (paper 1)

4 ocean temperature experiment 7
reduced by leC

today,* sea Ice aperiment 7

10 today's land toe experiment

11 reduced 18K as model 11
ice (paper t)

11 tat vegetation experiment t'

13 modified 11K boon- model 11
dary conditions (paper 0

ccy (3114100 ppm) experiment

today's sea ice

today's land ice

today's sea ice

*control

experiment

experiment

*apartment 11

6T1(e1C) 100aAAs 104,4As AV (W m-1)

4.8(-4.8.-1.5) 4.1(1.0.3.1) 14(3.1.1.4)

-11.0(-2.0.-2.8) 0.4(0.4.0.4) 04(0.5.4.5) 3.7(1.7.2.4)

0.4(4.5.4.2) -0.4(-0.2.-0.4) 1.7(0.4.1.4)

04(1.7.4.1) -1.1(-3.0.-0.1) -04(-1.1.-0.2) 1.1(1.4.1.4)

3.7(5.0.11.4) 1.4(2.1.1.4) -1.4(0.1.-1.11)

0.4(1.1,0.0) 0.3(0.5. 0.1) -0.1(-1.4.-8.4)

3.4(4.11.1.9) 1.7(8.3.1.3) -2.1(-0.8.-3.4)

-0.1(-4.3.-0.1) A.1(0.1.4,1) 0.1(0.1.0.1) -2.1(-2.3,-1.1)

-1.11(-4.11.-1.8) -0.5(-0.4.-0.7) 3.1(2.0,44)

-4.4(-1.1.0.0) 3.4(4.4,0.7)

-0.5(-0.4.-0.4) 2.4(1.4,3.3)

0.04(0.03.0.04) 0.45(0.07.0.03) 0.01(0.011.0.10) 0.3(0.3.0.4)

I.



there Is uncertainty about the true IIK Ise los
distribution, it seems likely that the original
CLIMAP data is somewhat an overestimate. On
the basis of experiments 9, 9° and II* our best
estimate of the see ice gain for the climate
change from IIK to today is gees ice - 0.15 end
thus s feedback factor fees ice 1,2. This is
larger than the snow/Ice feedback obtained in the
710 and CO2 experiments. However, the area of
the sea Ice cover change Is about twice La large

km2in the IRK experiment (-11.4 10 6 km- for the
annual mean with our revised CLIMAP sea icg)
than in these other experiments (7.8 10 kmz,
9.2 . 106 km2 end 14.1 101 km1 in the Sc.
CO2 and alternate CO: experiments,
respectively). Thus, the gains obtained from the

e age and the warmer climate experiments are
consistent.

It also has been argued (Mehl° and )(lessen,
1913) that the CLIMAP land ice cover is an over-
estimate. because the ioe sheet peripheries pro-
bahly did not all achieve Maximual extent
simultaneously. This possibility wee recognized
by the CLIMAP investigators, who therefore also
presented a minimal extent ice sheet model for
18K (Denton and Hughes. 11111 CLIMAP, 1111).
In this minimal toe model the area by which the
ice sheets of IIK exceeded those of today is
reduced to five-sixths of the value in the stan-
dard WIMP model. We conclude that the land
ice gain for the elk its change from IIK to today
is 0,15-0.25. The corresponding feedback factor
is 1,2-1.3.

Veyetstion feedback. We also investigated the
vagetatron flabeck, which Cess (1971) has esti-
mated to provide a large positive feedback, We
used the Koppen (1136) scheme, whioh relates
annual and monthly mean temperature and rainfall
to vegetation type, to infer expected global vege-
tation distributions for the 0CM runs repre-
senting today's climate (model II in paper 1) and
the IRK climate. The resulting vegetation distri-
bution from the run with today's boundary con-
ditions (Fig. 12s) suggests that the model end
Koppen Scheme can do a fair Job of 'predicting'
vegetation, in the case of today's climate for
which the scheme was derived. Discrepancies with
observed vegetation (Matthews, 1913) exist, e.g.,
there 14 too much rainforest on the east coast of
Africa and too little boreal forest in central
Asia, but the overall patterns are

The vegetation distribution obtained for 18K
(Fig. 12b) from the Koppen schime and our 18K
experiment has more desert than today, less rain.
forest and less bored forest. These changes
are qualitatively consistent with empirical evi-
dence of tropical aridity during the last glacial
maximum based on a variety of paleoclimate indi-
cators, such as pollen (Flenley. 1919), fauna
(Vuilleumier, 1971), geomorphology (Sarnthein,
1971) and lake levels (Street and Grove, 1979).
However, the magnitude or the desert and rain-
forest Chanel, is smaller than suggested by the
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Pig. 12, Vegetation types (for gridboxes with
more than 30 percent land) interred from 3-D
model simulations end the Koppen (1936) scheme,
which relates annual and monthly mean tempera-
ture end precipitation to vegetation type. (a) is
the control run for today's climate (paper 1),
while (b) is the 18K simulation (experiment 7).

paleocltmate evidence, The smaller changes may
result from (a) the CLIMAP tropical ocean tem-
peratures being too warm, es discussed above,
which would tend to cause an timate of
rainforest and underestimate of desert vest (b)
the lower atmospheric CO2 abundance of 18K
(Shackleton et al., 1913), since CO2 'fertilization'
effects a-, not Incladed in the Koppen scheme.

In experiment LI today's vegetation was
replaced with the Koppen 18K vegetation (Fig.
12b). The land, land ice and other boundary con-
ditions ware identiosl to those in the control run.
In this experiment the modified vegetation
directly affects the planetary albedo and also
indirectly effects it through the masking depth
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for snow (paper 1). The IIK Kopppen vegetation
,.f Eli. 12b increased the global ground albedo by
0.006 and the planetary albedo by 0,003 (Table 3)
and left a flux imbalance of -0.9 W 1 at the top
of the atmosphere. Based on the same analysis
as for toe above, the no-feedback temperature
change due to vegetation is 0.3C, yielding
(vegetation 0.06-0.01. Because of the impreci-
sions in the Koppen IIK vegetation, we broaden
the estimated gain to Bvegetatipn 005-0.09, and
thus fvneution 1.05-1.1. examination of glo-
bal naps shows that the greatest Impact of the
changed vegetation was the replacement of
European and Ulan evergreen forest@ with tundra
and grassland; the greatly reduced masking depths
produced annual ground albedo !no of 0.1
or more over large , with the largest
changes in spring. For raisons stated above, we
also examined an 16K run with ocean temperatures
reduced by IC; this reduced the number of grid-
boxes with rainforest from 10 to S In South
America and from 7 to 2 in Africa, compared to
Pig. 12b, in better agreement with peleoelimate
evidence cited above. This additional Vegetation
change did not significantly change the global
albedo or flux at the top of the atmosphere.

We conclude that the vegetation feedback fac-
tor between 161( and today is f vegetation
1.05-1.1. This is much smeller than eugge@ted by
Case (1979), but consistent with the analysis of
Dickinson (1914). We find a somewhat larger
feedback than Dickinson obtained, 0.003 change of
planetary albedo compared to his 0.003.
apparently due to the change of vegetation
masking of snow - covered ground.

IRK Radiation Valance

The simulated 16K climate (experiment 7) is
close to radiation balance, the imbalance (Table
3) being 1.6 w n0 at the top of the atmosphere,
compared to the control run (model II) for
today's climate. This imbalance is small compared
to the amount of solar energy absorbed by the
planet (-240 w m-2). However, In reality even
more precise radiation balance must have existed
averaged over sufficient time, because the ice
age lasted much longer than the thermal relaxation
time of the ocean. (Melting the ice sheets in 10K
years would require a global mean imbalance of
only -0,1 W m-4.) Although the model calcula-
tions contain imprecisions comparable in magnitu
to the radiation Imbalance, we expeot theme to C.--;

largely cancelled by the procedure of differencing
with the control run. This type of study should
become a powerful tool in the future, as the
accuracy at the reconstructed ice age boundary
conditions improves and as the climate model@
become more realistic.

Take-, at face value, the radiation imbalance in
the PIK experiment 7 Implies an imprecision in

er lame of the assumed boundary conditions
ir .'K or In the climate model sensitivity, The
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sense of the imbalance Is such that the planet
would cool further (to -4.1*C, baud on the AP in
Table 3), if the ocean temperature were computed
rather than apeolfied. Before studying this imba-
lance further, we make three modifications to the
IIK simulation. First. the Southern Hemisphere
tea ice cover is reduced as discussed above;
this reduce@ the radiation imbalance. Second, the
vegetation is replaced by the IIK vegetation of
Pig. 13b; this slightly reduces the radiation imba-
lance. Third, the amount of atmospheric CO2 is
reduced In accord with evidence (Neftel et al.,
1993) that the IIK CO2 amount was only '.200
ppm; this significantly aggravates the radiation
imbalance.

These three change@ ars all included in experi-
ment 13, the sea ice and vegetation changes being
those tested in experiments 11 end 12. The CO2
decrease was 75 ppm from the control run value
Of 31S ppm; this is equivalent to the change from
an estimated preindustrial abundance of 270 ppm
to an ice age abundance of -300 ppm. With these
changes the radiation imbalance with space be-
comes 3.1 W m-2. This imbslanos would carry the
surface temperature to -5.3C if the constraint
on ocean temperature were released.

Two principal candidates we can identify for
redressing the 11K radiation imbalance are the
CLIMAP sea surface temperatures and the cloud
feedback in the climate model. The imbalance is
removed if the CLIMAP ocean temperature is
1.3C too warm (experiment I, Table 3). The
possibility that the CLIMAP see surface tem-
peratures may be too warm is suggested by the
discussion above. The Imbalance is also removed
if it is assumed that cloud@ provide no feedback.
rather than the positive feedback which they
cause in this model; this conclusion is based on
the estimate that the clouda cause 20-40 percent
of the combined water vapor/cloud feedback
(expriment I), U Is the case In the So and
CO2 experiments.

One plausible solution Is the combination of a
reduction of low latitude ocean temperature by
--1C and a cloud feedback factor between 1 and
1,3. An alternative Is a reduction of low latitude
ocean temperature by -1°C and a greater value
for the IIK CO2 abundance; indeed, recent ana-
lyses of Shackleton et al. (1943) suggest a mean
16K CO2 abundance 240 ppm. It is also possible
that there were other presently unsuspected
change s of boundary conditions.

There are presently too many uncertainties in
the climate boundary condition@ and (Inmate model
to permit Identification of the cause of the
radiation imbalance in the 19K simulation. How-
ever, as the boundary conditions and climate
models become more accurate, this approach
should yield valuable checks on paleoclimate data
and climate models, In the meantime, the data
permits some general conclusions about the
strength of climate feedback processes.
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Cone lotion...from IIK,ripHbHnts

The above cslculetiona suggest the following
major contributions to the global Cooling at leK.
as shown schsmatioelly in Pig. 13:

al'wetc, mar clouds a &Tile 1.4-2.20C

&Timm loo 1 ATI 0.?-17.111C

*4Tess 10. I ATI 0.6-0.7C (17)

aT032 - 0.3-0.C

1Tvegetallon a fav 0.3C
These estimates are the product of the gain for
each process and the total cooling at ISK. But
note that the 1..utertainty In the total IT cancels
in obtaining ATI, ATa, aTcch and ac; thus
these /TI are more fundementai Accurate than
the corresponding gt. The aTi_ represent the
isolated redistIve forcing.. width can be com-
puted accurately. for the assumed changes in
these radiative constituents between 15K and
today. AT,4a = 3.3C is obtained from experiment
I which yielded glop 0.5. The cloud portion of
aTue is uncertain because of the rudimentary
state of cloud modeling; however ,even with no
cloud feedback the water vapor contribution
(.1.4"(,) le a large part of the total ice age
cooling. aT; Men is based on the CLIMAP
ressitui ice sheet extent/ it la .-0.7C fog" the
minimal extent mode' /T. 0.28C I. based on
CLIMAP lea Ice; It la 0.18C with the reduced sea
ice cover in the Southern Hemisphere in experi-
ment@ 11 and 1 . aTuOt 0.18C refers to a
CO2 change from 200 ppm rat ten to 3011 ppm (at
say 1200); this is reduced to 0.3C it the CO:
.mount was 225 ppm at 1111 and 375 ppm at 1000.

The sum of the temperature contributions In
Fig. 11 slightly exceeds the computed cooling aT
= 3.78C at ilk. This Is a restatement of the
radiation imbalance which exists in the model
when the CLIMAP boundary conditions are used
with aCO3 of 30-100 ppm. If the model ocean
temperature were allowed to change to achieve
radiation balance. It would balance at a global
mean laK cooling of --5.38C (model sensitivity
0.760C1(1 m-2)I. We conclude that either the
CLIMAP 11K ocean temperature@ ere too warm by
-1.34C or we have overestimated one or more of
the contributions to the Ilk cooling in (17).

It ie apparent from Fig. 13 that feedback pro-
cesses account for most of the Ilk cooling. The
water vapor, cloud and sea ice contributions
rep t at least half of the total cooling. On
1 fig time scales the land ice portion of the
cooling also may be regarded u feedback,
though it operates on a very regional scale and
may be a complex function of a variety of factors
such se the position of land ocean
currents and the meteorological situation. Even

the CO2 portion of the cooling, or et just pert
of it, may be a feedback, be.. in response to
the change of climate.

Variation@ In the amount of absorbed solar
radietIon due to Milenkovitoh North orbltsi)
change@ in the. seasonal and latitudinal distribu-
tion* of voile Irradiance, which occur on time
scales of I thousand years, can provide s
globel mean forcing of up to a few tenth@ of e
degree., In view of the strength of the climate
feedback., it la plausible for the Milenkovitch And
CO3 forcing@ to 'drive' glacial to interglaolei cli-
mate variations. However, discuaillon of the
sequence of causes and mechanism of glacial to
interglacial Climate change is beyond the scope of
this paper.

Ws can use the contribution@ to the 11K cool-
ing summarised in Pig. IS to .obtein an empirical
estimate of the climate feedback factor due to the
processes operating on 10-100 year time @calm
taking the land Ice, COg and vegetation changes
from Il14 tO today as slow (or at least specified).
The global moan radiative forcing due to the dif-
ference in and today', orbital parameters is
negligible compared to the other forcing sum-
marised in Fig. 13. the feedback rector for the
fast (water vapor. olouda, sea toe) processes is

TMast processes) amt(total) (15)

aT(total) is -4.7C for the MAMA? boundary con-
ditions, but say be --PC, if CLIMAP low latitude
ocean temperatures are 1-28C too warm. Using
the nOntins1 CLIMAP boundary conditions and
intermediate estimate@ for IT - 0.1.
aTCo3 0.0 and &Tv 0.3, yields Meet pro-
cisme) 2.1. Using AT(total) PC and these
nominal radiative foroings yield@ f 3.2.
Allowing for the more extreme combinations of the
foroinga and AT(totel), we conclude that

f(faat processes) 1-4 (II)

This teedbeck factor, 2-4. corresponds to
a climate sensitivity of 2.3-C for doubled CO3.
Note that title result is Independent of our climate
model sensitivity: It depend@ on the total IT at
1111 (fixed by CLIMAP) end on the mumption that
land ice, CO2 and vegetation are the only major
eloily changing boundary conditions. Of course
some vegetation and CO3 feedbacks may occur in
less then 100 years but for projecting future cli-
mate It is normal to take Vim as specified boun-
dary conditions.

Finally, note that a given sensitivity for far.
feedback processes, ray 4C for doubled CO2,
does not mean that the climate necessarily would
warm by 4C in 10 or even 100 years. Although
water vapor, cloud and sell ice feedbacks respond
rapidly to climate change, the speed of the cli-
mate response to a changed forcing depend@ on
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Fig. 13. Contributions to the global mean temperature difference between the Wisconsin too age
and today's climate as evaluated with a 3 -D climate model and assumed boundary conditions. The
cloud and sister vapor portions were not separatd, but baied on other 3-0 experitiontll the cloud
pert Is estimated as 30-40 percent of their sum. The dashed line for land toe refers to the 'mi-
nimal extent' model of CLIMAP, and the dashed line for sea let refers to the reduoird sea km
cover discussed In the text. The solid line for CO2 refers to ACO3 100 ppm (300 ppm 200
ppm) and the dashed line to 6CO3 50 ppm.

the rate at which mat Is supplied to the ocean T - To (Ti - To)I1 - exp(-titio)1 (21)and on transport processes in the ocean.

Transient desponie

AteteolReip_ormTime

The time required for the surface temperature
to approach Its new equilibrium Wu.. in response
to s change in climate forcing depends on the
feedback factor, f. The following example helps
clarify this relationship.

Let the solar flux absorbed by a simple black-
body planet if a 1) change suddenly from Fo
cis to Fo aF t oT14, with al? c< Po. The
rate of flittinge of heat in the climate system is

(Is?) .0,T14 - oT- - -401'03(T - T1) (20)dt

where C is the heat capacity per unit area and T
to the time varying temperature. Since T1 - To
(( To, the solution Is
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where the blackbody no-feedbsck e-folding time is

tb 0/40;3 (22)

For a planet with effective temperature 255 K and
heat capacity provided by 43m of water (as in our
3 -D experiments), rto is approximately 2.2 years.
Thus, this planet with f 1 exponentially
spprosohes its new equilibrium temperature with
e-folding time 2.2 years.

Feedbacks modify the response time since they
come into play only gradually as the warming
occurs the initial flux of heat into the ocean
being ii dependent of feedbacks. It is apparent
thst the actual e-folding time for simple mixed
layer M tt capacity is

T fib (23)

An anslytty derivation of (23) is given in Appen-
dix A. The proportionality of the mixed layer
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response du to f is apparent ih Pig. 31 the @-
folding time for that modal, which hoe f 3,3 end
a $3m mixed Ism. is -11 years.

The 53w raised layer depth In our 3-D experi-
ments was chosen as the minimum needed to obtain
a realistic seasonal cycle of temperature, thus
minimising computer time needed to reach equili-
brium. However, the global-moan annual-maximum
mixed layer depth from our compilation of
observations (see above) le --110m, and thus the
isolated ocean mixed layer has a thermal respolo A
time of -11 yssrs if the climate sensitivity to 4C
for doubled CO:. Bien if the climate sensitivity
le 2-3C for doubled CO3. the (isolated) mixed
layer response time is about 10 yeara.

In order to determine the effect of deep ocean
layers on the surface response time, it is useful
to express the Mat flux into the ocean as a func-
tion of the difference between current surface
temperature and the equilibrium temperature for
current atmospheric composition. In Appendix A
tie show that

r,
tor Ar2) a I eq J

-film-% (AT" - AT) (14)

where eT is the ocean surface temperature depar-
ture (roes an arbitrary reference state andtat .1 the equilibrium temperature departure for
ouritent atmospheric composition. ATia(2C01) is
the equilibrium sensitivity for doubled CO:i for
our 343 climate model It Is 4.1C. fo is the flux
Into the ocean In the nodal tetten CO: is doubled
and the strstospherIc temperature has equili-
brated: our 3.0 model yields Pc 4.3 N

The long response Um of the isolated mixed
layer allows a portion of the thermal Inertia of
the deeper ocean to come into play in delaying
surface temperature squilibrium. Exchange bet-
ween the mixed layer and deeper ocean occurs by
means of conveotiva overturning in the North
Atlantic and Antarctic oceans and principally by
nearly horlsonts1 motion alorg isopyir.al (constant
density) surfaces at lower latitudes. Headline
modeling of heat perturbations is tius rather
complex. especially since changes of surface
heating (and other climate variables) may alter
the ocean mixing. However, we can obtain .a
crude estimate for the surface response time by
assuming that small positive Mat perturbations
behave u mien numerical experi-
ments of Bryan at al (1184) support this sasump-
lion. Measurements of transient tracers in the
ocean. such as the tritium sprinkled on the ocean
surface by atmospheric atomic testing. provide a
qu Motive indication of the rate of exchange of

ice between the mixed layer and the upper
errnocline (see, e.., Ostlund et a1.. 1171).

Se estimate an effective therm:reline diffusion
coeficient (i) at each 0E03=8 meastaement
eta, sm from the °Merkel that the modeled and
observed penetration depths (Broecker et al.,
19110) be equal at each station. The resulting
diffusion coefficients are well correlated

161

Pig. 14. Relationship between the effective
diffusion coefficient (k) and the stability (N2,
where N le the Brent-Nellie!s frequency) at the
base of the winter nixed layer for the 010811CS
tritium stations north of HIS. The regression
line fit (12q. MO has correlation coefficient 0.10
with the points for individual stations.

(inversely) with the stability at the base of the
winter mixed layer (fig.' 14). to particular, we
find correlation coefficient of 0.15 between k
and 11N4, where N is the Brunt-Valids frequency
at the base of the mixed layer. The global dis-
tribution of N1 was obtained front the ocean data
set of Winos (1511).

The empirical relation between k and 'stability,

kx0X 10-11N4. (15)

and the global ocean data amt of Levitua (11112)
yield the global distribution of k at the bass of
the mixed 1..yer shown In rig. Ilia, There le
low rate of exchange (k 0.1 cm! an) In the
eastern equatorical Pacific where optioning and
the resulting high stability at the base of the
mixed layer Inhibit vertical mixing, but rapid
exchange (k 111 eml en) In the Greenland -
Norwegian Sea area of convective overturning.

The e-folding time for the mixed layer tem-
perature (time to reach 53 percent of the equili-
brium response) le shown in Pig. 150. This is
calculated from the geographically varying k and
annual-maximum mixed layer depth, assuming a
sudden doubling of CO: and an equilibrium sen-
sitivity of 4.2C everywhere. The (13 percent)
response es* le about 30-50 yeses at low Islitu-
des, where the shallow mixed layer and small k
allow the mixed layer temperatures to come into
equilibrium relatively quickly. At high latitudes,
where the deep winter mixed layer and large k
result In a larger thermal inertia. the respotiae
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Fig. 15. (a) Geographic distribution of effec-
tive thermocline diffusion coefficient. k
(cmle-1). It is derived from Eq. 15 and the glo-
bal distribution of ti2, the latter obtained from
the ocean data of Levitue (1912). (b) Geographic
distribution of use 63 percent response time for
surface temperature response to doubled CO2 In
the atmosphere. Only geographlo variability of k
and mixed layer depth ere accounted for.
:.Te,4(1CO2) is taken as 4.2C everywhere. The
flux Into the ocean is from Eq. (24).

time is about 200-400 years. The Ursa for the
global area - weighted mixed layer temperature to
reach 63 percent of its equilibrium response Is
124 years.

we estimate an equivalent k for use In a global
model by choosing that value of k ehloh fits

the global (area-weighted) mean perturSatIon of
the mixed layer temperature as function of time
obtained with the above calculation in which k and
mixed layer depth very geographically. We find
that lc I cm2 a-1 provides a reasonable global
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16. Transient response to step function
doubling of atmospheric CO2 from 313 ppm to 630
ppm. computed from (24) with three represen-
tations of the ocean. The 63 m mixed layer
corresponds to the mean mixed layer depth in the
3-D experiments. 110 is the global-mean annual
maximum mixed layer depth obtained from global
ocean date. The curves Including diffusion
beneath the mixed layer are not exponential'
(Appendix A)..

fit to the area-sr/lighted local calculations for
either a step function change of CO2 or exponen-
tially Increasing COI amount. Other analyses of
the tracer date yield empirical values of 1-2 cragVI for the effective rats of tu:hangs between
the mixed layer and deeper ocean (Brosoker et
al.. 16110).

The deley time due to the ocean thermal inertia
is graphically displayed In rig. 16. Equation (24)
provides good approximation of the time depen-
dence of the heat flux Into the ocean In our 3-D
climate experiment with doubled CO2, as shown by
comparison of Pigs. 3b and 16. Note that In our
calculation with a mixed Isper depth of 110 et, k
1 oral 21. and aTea 4.3C. The time required
to reach a response of 2.65C Is 102 years. This
is In rough agreement with the 124 years obtained
above with the 3-D calculation.

The ocean delay Urns Is proportional to f for
en Hoisted mixed layer Ieq. (13) and Appendix
Al. but depernis more strongly on f if mixing Into
the deeper ocean is inoluded. Our I-D calcula-
tion with k 1 oral s't and mixed layer depth 110
ni yields an c- folding time of SS years for aim
3C and 37 years for aTea PC. Thus our
ocean response time is consistent with that of
Bryan et al. (1912). who obtained a response time
of about 25 years for a climate model with sen-
sitivity .3C for doubled CO2.
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Although our calculations wars made with
simple diffusion model, the conclusion that the
ocean surface temperature response time Is highly
nonlinear in aTeci (or f) is clearly more general.
The surface response time Increases faster than
linearly with f when the deeper ocean is included,
because as f increases greater ocean depths come
into play. Thus more realistic modeling of ocean
transport processes should not modify these
conclusions for small climate perturbations.

Our celculations of ocean response time
neglect ocean Circulation feedbacks on climate.
The reletionship between it and stability, equation
(25), provides one way to examine the tem-
perature feedback. By using that relation with
our 1-0 ocean diffusion model, we find that the
time required to reach a given transient response
is decreased, typically by several percent. Real
ocean transports may be more sensitive to aur-
lace vsrming, as well as to related mechanisms
such as melting of sea ice and ice sheets and
changing winds, precipitation and evaporation. it
is easy to construct scenarios in which the ocean
feedbacks are much greater, especially in the

f deep water formation, but not enough
information Is available for reliable calculation of
ocean/climate feedbacks.

Finally, we note that the ocean surface thermal
response time reported in the literature generally
has been II-15 years (Hunt and Wells, 1979;
Itoffert et al., 1950; Ceram end Goldenberg. 1981;
Schneider and Thompson, 1911; Bryan et a),
14521. The 3-1) ocean model result of Bryan et
el, Is consistent with our model when we employ a
climate sensitivity of 2°C for doubled CO2, as
noted above. The discrepancy between our modal
response time and that of the other models arises
from both the climate sensitivities employed and
the choice of ocean model pereme.ers. Key para-
meters are: mixed layer depth (we use 110m
since any depth mixed during the year should be
included), rate of exchange with deeper ocean
(we use diffusion with k 1 cm2 el, the mini-
mum global value suggested by transient tracers.
cf., Broecker et al.. 1990) and the .atmosphere-
ocean hest flux (we use (20 which has initial
value 1.3 W re-2 over the ocean area for doubled
CO2 and Is consistent with other 3-D models).
Obviously the use of a 1-D box-diffusion model is
a gross oversimplification of ocean transports.
ke an Intermediate step between this and a 3-D
ocean general circulation model, it may be
valuable to study the problem with a model which
ventilates the thermocline by means of transport
along isopycnal surfaces, The agreement between
the results from the 3-0 ocean model of Bryen et
al. and our :nodel with s similar climate sen-
eitivity suggests that our approach yields a
response time of the correct order.

Impact on Empirically-Derived Climate Sensitivity

The delay in surface temperature response due
to the ocean must be included if one attempts to

deduce climate sensitivity from empirical data on
time scales of order 102 years pr lass. Further-
more, In such an analysis It must be recognized
that the lag caused by the ocean is not a
constant, independent of climate sensitivity.

We computed the expected warming due to
increase of CO2 between 1850 and 1910 as a func-
tion of the equilibrium climate sensitivity.
Results are shown in Fig, 17a for five &oleos of
the 1850 CO2 abundance (270120 ppm), with CO2
Increasing linearly to 315 ppm in 1951 and then
based on Keeling at al. (1912) meaeurments to 338
ppm In 1990. For simplicity a one-dimensional
ocean was employed with mixed layer depth 110m
and k a 1 cm2 el. However, we obtained a prac-
tically identical graph when we used a simple
three-dimensional ocean with the mixed layer
depth varying geographically according to the data
of Levltus (1982) end k varying u in Fig. 15s.

Use of Fig. 17a Is as follows. If we take 270
ppm as the 1150 CO2 abundance (W/40, 1913) and
assume that the estimated global warming of 0.5°C
between 1850 and 1980 (CDAC. 1913) was due to
the CO2 growth, the implied climate sensitivity is
1°C for doubled CO2 (f 3-1). Results for other
choices of the 1850 CO2 abundance or global
warming can be read from the figure.

Undoubtedly some other greenhouse gases also
have in d in the past 130 years. Chloro-
fitrurocarbona, for example, are of recent anthro-
pogsnlc origin. CH4 and H2O are presently
increasing at rates of 1-2 percent yr-I and
0.2-0.3 percent pas yr-I, respectively (Ghhalt,
at al., 1983; Wales. 1911; CDAC, 1913). We esti-
mate the - influence of these gases on the empirical
climate sensitivity by using the trace gas sce-
narios In Table 4. Although the CH4 and H2O
histories are unbertain, the chlorofluorocarbons
provide most of the non -CO2 greenhouse effect.
at lout in the past 10-20 years (Lads at al.,
1911), and their release rates are known.
CH4 may have Inc ee slowly for the pest
several hundred years (Craig and Chou, 1982),
but the reported rate of increase would not
effeot the results much. 03 Is also a potent
greenhouse gas. but information on its past
history is not adequate to permit its effect to be
included.

The climate sensitivity Implied by the assumed
global warming since 1850, Including the effect of
trace gases in addition to CO2, Is shown in Fig.
17b, If the 1850 CO2 abundance was 270±10 ppm,
as concluded by Wt40 (1983), a warming of 0.5°C
requires ... climate sensitivity 1.5-5°C for doubled
CO2. The range for the implied climate sen-
sitivity increases if uncertainty in the amount of
warming Is also Included. For example, a
warming of 0,1-0.4°C and an 1850 CO1 abundance
of 270±10 ppm yield a climate sensitivity of 2-7*C.

Although other climate forcing'. such as vol-
canto aerosols and solar irradiance, may affect
trite analysis, we do not have information adequate
to establish substantially different magnitudes of
these forcing' prior to and subsequent to 1850.
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Fig. 17. Computed global warming between 1850 and 1910 as a function of the equilibrium climate
sensitivity for doubled CO2 (715 ppm 130 ppm). isTog(1CO2). Results Sr. shown for five
values of the assumed abundance of CO2 in 1150; the sheeted area covers the range 370210 ppm
recommended by W780 (1983). (a) includes only CO2 growth. while (b) also includes the trace gas
growths of Table 4. to all cases CO2 inc linearly from the 1850 abundance to 315 ppm in
1958 and then according to measurements of Keeling et al. (1913).
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TABLF: 4. Trace gas shundancee employed In our
calculetione of the transient climee response for
Fig.. 17b and 18. CO2 in linearly for
1850-1958 and as observed by Keeling et al.
(1912) for 1958 -1910, @COy inc ssssss shout 2 per-
use' yr-1 in the future. The chlorolluorocarbon
e hundences are based on estimated release rites
to date, 150 year and 75 yule lifetimes for
CC121,3 and CCI3F, respectively, and constant
future enesetont at the mean release rate for
1971-1980. The CH4 increase is about 1 percent
yr-1 for 1970-1980 and 1.5 percent yr"I after
1980. The N20 increase is 0.2 percent yr-1 for
1970 -1980 and 0.3 percent yr-I after 1980,-- --- ----

CO2 CCI2103 CCI3F CII4 N20
Date (ppm) (Apt) (plat) wpb) (ppb)

1650 270 0 0 1400 295

1900 291 0 0 1400 295

1950 312 7 1 1400 295

1400 317 33 11 1416 295

1970 326 126 62 1500 29S

1940 336 J08 178 1650 301

1190 353 479 280 1815 307

2000 372 034 369 1996 313

2010 396 797 447 2198 320

The climate sensitivity we have Inferred is
larger than obtained by CDAC (19.83) from analysis
of the same time period (1850-1980) with the same
assumed temperature rise, The chief reason Is
that CIJAC did not account for the dependence of
the ocean response time on climate sensitivity
(equation (23) and Appendix Al. Their choice of
a IS year response time, independent of @Tag or
f. teased their result to low sensitivities.

we conclude that the commonly assumed empiri-
cal temperature increase for the period 1850.1980
(0.S°C, suggests a climate sensitivity of 2.5-5°C
(f.241 for doubled CO2. The significance of this
co-elosion is limited by uncertainties in past
almoeplieric composition, the true global mean
t,spersture change and its cauhe. and the rate at
witch the ocean takes up heat, However.
K nowledge of these factors may improve in the
fitire, which will make this powerful technique
for investigating climate Sensitivity.

()rowieg Cap Hetereo Current and Equilibrium
( ',mete

One implication of the long surface tem-
perature response time Is Nat our current cli-
mate may be substantially out of equilibrium with
current atmospheric composition, as a result of
the growth of atmospheric CO2 and trace gases
during recant decades. For example, to the last
25 years CO3 increased from 315 ppm to 340 ppm
and the chlorollourocarbont from near zero to

-their present abundance. Since the growth rates
increased during the period, the gas added during
the past 25 years has been present on the
average about 10 years. 10 years is short com-
pered to the surface temperature response time,
e ven it the climate sensitivity is only 2.5°C for
doubled CO2.

We illustrate the magnitude of this disequili-
brium by making some calculation with the 1-1)
model specified to give the climate sensitivity of
our 3 -1) model, 4.2C or doubled CO2, and with
the changing atmospheric composition of Table 4.
Fig. 113 shows the modeled urtac temperature
during the past century (I) for instant equili-
brium with changing atmospheric composition, (2)
with thermal lag due to the mixed layer included,
and (3) with the thermocllne's heat capacity
included via eddy diffusion.

We inter that there is a large and growing gap
between current climate and the equilibrium cli-
mate for current atmospheric composition. Based
on the estimate in Fig. II, we already have in the
pipeline a Altura additional warming of almost
1°C, even if CO2 and trace gases cease to
Increase at this time. A warming of this magni-
tude will elevate global mean temperature to a

level at least comparable to that of the
Altithermal (HAS, 1975, adapted in Fig, 1 of
Hansen et al.. 1984) about 6.000 years ego, the
warmest period in the past 100,000 years.

The rote of warming computed after 1970 is
much greater than in 1850-1980. This is because
(1) 4CO2 it -0.4 ppm yr"1 in 1350-1960, but M
ppm yr'I after 1970, and (2) trace gases, espe-
cially chlorofluorocarbons, edd ubstanyally to
the warming after 1970. The surface warming
computed for the period 1970-1990 is -0.25°C; this
is almost twice the standard deviation of the
5-year-smoothed global temperature (Hansen at
l., 1981). Rut note that the equilibrium tem-

perature incr by 0.75°C in the period
1970-1990. If the climate sensitivity is -4°C for
doubled CO2. Thua our calculations indicate that
the gap between current climate and the
equil(brium climate for current atmospheric com-
position may grow rapidly In the immediate future,
if greenhouse gases continue to increase at or
near present rates.

As this gap grows, is it possible that a point
will be reached at which the current climate
"jumps" to the equilibrium climate! If exchange
between the mixed layer and deeper ocean were
reduced greatly, the equilibrium climate could be
approached in as little as 10-20 years. the relax-
stion time of the mixed layer. Indeed, the state-
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lity 01 the upper ocean layers seems likely toincrease as the greenhouse warming heats the
ocean surface. especially if the warming leads to
an Increased melting of ice which adds fresh
water to the mixed layer. Regions of deep-water
formation. such as the North Atlantic Ocean. maybe particularly sensitive to changes in surface
climate. However,, tt Is difficult to predict the
net effect of greenhouse warming on ocean
mixing, because changei of precipitation, evapora-
tion and atmospheric winds, in addition to tem-
perature, will affect ocean mixing and transport.If possible. it would be useful to examine
paleucitmete records for evidence of sudden cli-
mate warmIngs on 10-20 year time scales, since
there may have been cases In the pest when the
long thermal response time of the ocean allowed
gaps between actual and equilibrium climates toboild up.

Fy') if it does not lead to a dramatic lump to
a nw oiliest, state. the gap between current c11-

Mate and the equilibrium climate for current
atmospheric composition may have important clima-
tic effects u it grows larger. for seemple, It
seems possible that in the summer, when zonal
winds are weak, continental regions may tendpartly toward their equilibrium climate, thuscausing a relatively greater warming in that
season. Also, in examining the climate effects of
recent and future large volcanoes, such as the
1902 El Cnichon eruption, the cooling effect of
stratospheric aerosols most be compared to the
warming by trace gases which have not yet
achieved their equilibrium effect; it is not
obvious that a global cooling of several tenths,, of

degree (Rebook. 1113) should ectually be
expected. These problems should be studied by
using a global model in which the atmospheric
composition changes with time in accord with
measurements, aril in which the atmosphere, land
and ocean sash have realistic revue, times.

Suirmsry

Climate Seneltlyituriferred from 3-D Models

Our analysis of climate feedbacks In 3-0
models points strongly toward a not climate feed-
back factor- of f 2-4 for processes operative on
10-100 year time scales. The water vapor and
sea ice feedbacks, which are believed to be
reasonably well understood, together produce a
feedback f 2. The clouds in our model produce

feedback factor -1.3, increasing the net feed-
back to f a 3-4 as a result of the nonlinear way
in which fssdbsoks combine,

Present Information on cloud processes is ina-
dequate 40 permit confirmation of the cloud feed-
back. However, some aspects of the cloud
changes in the model which contribute to the
positive feedback appear to be realistic, e.g.,
the Increase in tropical cirrus cloud cover and
the increase of mean cloud altitude in conjunction
with more penetrating moist convection in
warmer climate. It seems likely that clouds pro-
vide :A least a small positive feedback. More
realistic cloud modeling, ea verified by detailed
global cloud observations, is crucial for
improving estimates of climate senaitivity.based
on climate models.

Climate Sensitivity inferred from Paleoclimate
Date

Analysis of the processes contributing to the
cooling of the last ice age shows that feedbacks
provide most of the cooling. The paleoclimats
studies aerve as proof of the importance of feed-
back processes and permit quantitative evaluation
of the magnum], of certain feedbacks, The
CLIMAP data allow us to evaluate individually the
magnitudes of the land ice If 1.2-1.3) and aea
tee It 1.2) feedbacks for the climate change
from OK to today. and to establish that the vege-
tation feedback was smaller but significant a
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We obtain an empirical eatimate of f 3.5-3
:or the fast feedback processes (water vapor.
clouds, sea Ice) at 18K by assuming that the
major radiative feedback processes have been
Identified (as seems likely from consideration of
the radiative factors which determine the plane-
tary energy balance with space) and grouping the
slow or specified changes of the ice sheet' and
CO2 as the principal climate forcings. This esti-
mate for the fast feedback factor is consistent
with the feedback in our 3-D model experiments,
providing support that the model sensitivity Is of
the correct order.

The strength of the feedback processes at Ilk
implies that only relatively small climate forcings
or fluctuations are needed to cause glacial to
Interglacial climate change. We do not try to
identify the sequence of mechanisms of the glacial
to interglaciel changes, but it seems likely that
both the direct effect of solar radiation
kovitch) changes on the planetary energy balance
and induced changes of atmospheric composition,
especially CO2, are Involved.

Climate Sensitivity Inferred from Recent
Temperature Trends

The temperature increase believed to have
odcurred in the past 130 years (0.5C) implies a
climate sensitivity 2,5-5 C for doubled CO2 (f
2.4), if (I) added greenhouse gases ire respon-
sible foe the temperature increase, (3) the 1850
CO2 abundance ass 270210 ppm, and (3) the heat
perturbation is mixed like a passive tracer In the
ocean. This technique inherently yields a broad
range for the inferred climate sensitivity.
because the response time for the ocean
Increases with Increasing climate sensitivity.

MIS the 3-D climate model. the 19K study and
the empirical evidence from recent temperature
trends yield generally cnsistent estimates of
climate sensittvii). Our best estimate of the
equilibrium climate sensitivity for processes
occurring on the 10-100 year time edge is a glo-
bal mean warming of 3.5-5C for doubled CO2.

ran. tent _Climate _Reeponse

The rate at which the ocean sur:acit can take
up or release hest is limited by (h. fact that
feedbeckn come Into play in conjunction with cli-
mate change, not in conjunction with climate
forcing. Thus the (isolated) ocean mixed layer
thermal relaxation time, commonly taken as 3 -S

pars, must be multiplied by the feedback factor
f. this, in turn, allows the thermal inertia of
deeper parts of the ocean to be effective. If the
eluilibrium climate sensitivity is -ec for doubled
CO2 end if small heat perturbetions behave like
observed passive tracers, the response time of
surface temperature to a change of climate
forcing is of order 100 years, If the equilibrium

city is 2.5°C, this response time is about

40 years.
We conclude, based on the long surface

temperature response Um., that there Is a large
growing gap between current climate and the
equilibrium climate for current atmospheric com-
position. Our projections indicate that within a
few decades the equilibrium global temperature
will reach a level well above that which has been
experienced by modern man.

Is there a point at which the perturbation of
surface climate will be large enough to substan-
tisl! affect the rate of exchange of heat between
r,e mixed layer and deeper ocean, possibly
causing a rapid trend toward the equilibrium cli-
mate' This question is similar to one asked by
Representative Gore (1912): s there a point
where we trigger the dynamics of this
(greenhouse) process, and if so, when do we
reach that stage?". With present understanding
of the climate system, particularly physical
oceanography, we can not answer thuee questions.
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Appendix A: Influence of Feedbacks on
Transient Reponse

Consider a planet for which the absorbed frac-
tion of incident solar radiation (1 minus albedo)
is linear func'ion of the temperature, say x
VT, If the planet emits as blackbody its tem-
perature is determined by the condition of radia-
tive equilibrium

aces oT04 (Al)

with so the mean solar Irradiance and ao xyTo.
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Now suppose the suttee Irradiance changes
suddenly by a email amount se. Al the new
e quilibrium

(ao As)(ao AN& "(To AT")4 . (At)
Neglecting second order terms (since
and using (41) yields

ass° sorsa" 4sTo3aT" (A3)

45 (< So)

If there were no feedbacks (ea" 0). the tem-
perature change at equilibrium would be

AT"(no feedbacks) a AT,

Thus we can rewrite (A3) as

where

also
'6;1 (Al)

AT" aTo glTeq (A5)

*same% scY
g 4o ,7741.4 ieT03 (A6)

Using the relation between pin g and feedback
factor 1. f=1/(1-g), equation (44) becomes

AT" faTo (A?)

i.e.. the equilibrium temperature change exceeds
the no-feedback equilibrium temperature change by
the factor f.

The heat flux Into the planet es a function of
time is

where

F = Asa, soaa - IsT03AT

4oro3 (er0 ger AT)

aoro3a
yregr (AT" - AT)

- -F,)
(AT" AT) (A8)

F0 01'03 AT = Asa, (49)

is the flux Into the planet at t z 0 (i.e., when AT
cs Thus the initial rate of warming is indepen-

dent of the feedbacks.

The temperature of the planet an a function of
time is determined by the equation

160

p (A10)

where o its the heat capacity per unit area. If
is constant (e.g. a mixed layer without diffusion
into deeper layers). the solution is

AT ATeci(l - exp(-t/t)), (All)

t a f
4oTo
-P--e fen

where eb is the no-feedback e-folding time
(Equation (22)1.

Finally, note that these results are much more
general than the specific mechanism we chose for
the feedback. which was only used as a concrete
example. It is apparent from the above that the
only assumption required is the lineariastion of
the feedback as a function of temperature.

(Ala)

References

Alexander. R.C.. and R.L. Mobley. Monthly average
asa-surface temperatures and tee-pack limits on

1 global grid, Mon. Wea. Rev., 104. 143-148,
1976.

Berger. A.L,. Long-term variations of daily Imo-
latiOn and quaternary climatic changes, 4.Atmoa. Sci. 35, 2362-2367, 1971.

BoTr.151. ..-4etwork Analysis and Feedback Ampli-fier
.
Deal . 551 pp.. Van Nostrand, New York,

194

Broecker. W.5., T.H. Peng and R. Engh. Modelingthe carbon system. Radiocarbon. 22, 565-598.
1910.

Bryan, K., F.O. Komro, S. Mrsnabe and M.J. Spelman,
Transient climate response to increasing atmo-spheric carbon dioxide. Science, 215, 58-58,
1982.

Bryan, K., F.O. Komro and C. Rooth, The ocean's
transient response to global surface temperature
anomalies, ?Muria' Ewing Series. 5, 1934.

Budyko, orrolar relation varia-
tions on the climate of the earth. Tellua, 21,
811-619. i969.

Burckle Lai. D. Robinson and D. Cooke, Re-appraisalsal of sea-ice distribution in Atlantic
and Pacific sectors of the Southern Ocean at
18,000 yr BP, Nature, 299, 435-437, 1982.

CDAC. ChangingCTFnat.1epon of the Carbon
Dioxide A merit Core -Mtgs. 496 pp.. National
Academy Press, Mashing on D.C., 1953.

Cele, R.D., Radiative ti'an Tir due to atmospheric
w ater vapor: global considerations of the
earth's energy balance.
Radial. Transfer. 14, 641-671. 1974.

Ceas. sae., ificispsers-libido feedt.sek and climate
modeling, 4. Atmos. Sol., 35, 1165-17439. 1976.



157

Casa, 11.11. and 14,0, Goldenberg, The affect of
ocean heat capacity upon global warming due to
increasing atmospheric carbon dioxide, J.

eostiya:_ftes.. 86. 499-502. 1911.
CLIMAP Project Members, A. Mchityre, project

leader: Seasonal reconstruction of the earth'
surface at the last glacial maximum, Geol. Soc.
Amer.. Map and Chart Series. No. 36, 1991.

Craig, Ii., end C.C. Chou, Methane: the record in
polar ice cores, Gs:geds. Hes. Lett.. 9, 1221-
1224. 1982.

Denton. (7.11. and T.J. Hughes. The Leo Great
Sheets., 484 pp,. John Wiley, Raw York, 1991.

Dickinson, R.E., Vegetation albedo feedbacks,
maarice Ewing. Series, 5, 1914.

DiLabio, H.N.W. end H.A. Klassen, Rook review of
The last Great Ice Sheets, Bull. Amer. Meteorol.
Soc., 64. 161. 1983.

Ehhalt, 0.11., H.J. Zander and R.A. Lamontagne, On
tne temporal Increase of tropospheric G`He, J.
Geoplye Rev., 88, 8442.8448, 1983.

Flenley. J., The Equetorial Rain Forest: A Geo:
lolical.11istary, 162 pp., Butterwortho, 1111M,
1979.

Gates, w.L., Modeling the Ice-Age Climate,
Science. 191. 1138-1144. 1976.

Gordon. A.C7. Southern Ocean Atlas, 34 pp.. 248
plates. Columbia Univ. Press. New York, 1992.

Gore. A., Record of Joint Nearing on Carbon Di-
oxide end Climate: The Greenhouse Effect, March
25, 1982, Science and Technology Committee
(available from Goddard institute for Space
Studies, New York, 10025), 1912.

Hansen, J., D. Johnson, A. LW'. S. Lebedeff P.
Lee, 0, Hind and G. Russell. Climate impact of
increasing atmospheric carbon dioeide. Wino*.
213. 957-966, 1941.

Hansen. J., D. Johnson, A. Laois, S. Labodeff. P.
Lee. 13. Rind and 0, 'illegal!, Climatic effects of
atmospheric carbon dioxide, Relent/0. 110,
873.875, 1983a.

Hansen, J., a. Lacis and S. Lebedeff, in Carbon
Dioxide Review 19112. Oxford Univ. Press.-Rew
clOrk.-284:-26§;"1"942.

Hansen, J.. A. Laois. D. Rind and G. Russell.
Climate sensitivity to increasing greenhouse
gases, in Sea Level Rise to the Year 2100, Van
No.,tetntl, New York, 1984.

Hansen, J., G. Russell, D. Rind. P. Stone. A
Lucia, E. Lehedeff, R. Ruedy and L. Travis.
Efficient three-dimensional global models for
climate studies: models 1 and II, Mon.
Rpv.. IiI. 609-682, (paper 1), 1983b,

Ifatert. Callegarl and C.T. Hsieh. The
rle of deep sea heat storage In the secular
response to climatic forcing. J. Geophys.ltes.,
R5. 6667-8879, 1980.

R.G. and N.C. Wells. An assessment of the
possible future climatic impact of carbon
dioxide increases based on a coupled one -
dimensional atmospheric- oceanic model, J.
tleophys. Res" R4, 787-791, 1979.

Renting. C.1).. Itacastow and T.P. whorl. In

114.1 0-84- -11

Carbon Dioxide, Review 1912, ed. W.C. Clark.
Zhtfirtillniv:Ilress. flew York, 377-385, 1982.

Kellogg. W.W. and 8.)1. Schneider, Climate elb111-
action: for better of worse*. Science, 1163
-1172, 1974.

Koppen. W., Daa geographische system der Unlit',
in Handbuch der KlIrsatola,le 1, part C. ed. W.
Koppen and 0. Geiger. Eloantraeger, Berlin,
1936.

Lacle. A., J. Hinman. P. Lee, T. Mitchell and S.
Lebedeff. Greenhouse effect of trace gases.
1970-1980. sisorau ResLlett., 1. 1035.-10311.
1911.

Levitua. S., Climatolojigit atlas of the World
Ocean, NOM Prof7Paper.14o, 13, U.B. dOvern-
ment Printing Office, Washington, D.C., 1932.

Llan, M.S. and R,1). Cies, Energy-balance climate
models: a reappraisal of ice-albedo feedback,
J. Wm._ Sci.. 34, 1051-1062. 1977.

1"., tilbon dioxide and climate change.
Adv. Geophxst, 25. 39-82. 1913.

Mambo. S. and U.d7Hahn. Simulation of the tropi-
cal climate of en ice age. J. Oe_qphys. Rem., 82,
1119-3911. 1977.

Manabe. S., J. 3magorinsky and R.F. Strickler.
Simulated climatology of it general circulation
model with hydrologic cycle. Mon. Wea. Rev..
91. 175-212. 1965.

Manabe. 3. and H.J. Stouffer. Sensitivity of a
global climate model to an increase of CO2 con
contrition in the atmosphere. J. Geophya. Rea..
115. 5529-5554, 1980.

Manaba. S. and R.T. Wetherild, Thermal equili-
brium of the atmosphere with a given dIstrlbu
Lion of relative humidity. J. Atmoa. Scl., 24.
241-259. 1967. gg

Manabe, 3. and H.T. Wetheralff, The effects of
doubling the CO2 concentration on the climate of
a general circulation model, J. Atmoe. Sci.. 32.
3-15, 1975:

Manabe, S. and R..r. Vfatherald, On the distribu-
tion of climate change resulting from an in-

of CO2 content of the atmosphere, 4.
Atmoa. Sol.. 37. 99-118. 1910.

Matthews, E.. Global vegetation and land use: new
high-resolution data belies for climate studies.
J. Clim. Appl. Meteorol., 22, 474-487, 1283.

Miller. O.L. Russell and L.C. Tsang, Annual
oceanic heat transports computed from an atmo-
spheric modal, linam. Atmos. Oceans, 7. 95-
109, 1991.

NAS, UnderstandIrit Climatic Chem e. 239 pp..
.Academy of Soleness, Washington, D.C.,

1975.
Neftel, A., H. Oeschger, J. Swindon'. B. Stauffer

and R. Zumbrunn, Ice core sample measurements
give atmospheric CO2 content during the past
40.000 years. Nature. 195. 210-223, 1982.

NOAA. trliODC Data Services,
Environmental Oats Service, Washington. D.C.,
1874.

North, OA., Theory of energy-balance climate
models, J. Atmoe. Set., 32, 2033-2043, 1975.



158

Ostiund, Ndi,, 11.0, Oorsey and R. Broacher,
GLOMS Atlantic radiocarbon and tritium
results, Univ. Miami Tritium Lehorat Ory Data
Report No. 5, 1976.

Robock. A., The dust cloud of the century, Nature.
301, 373-374, 1913.

SaWithein, AI., Sand deserts during glacial maxi-
mum and climatic' optimum, Nature. 271, 43-46,
1976.

Scnnelder, 8.H. and 11.1.. Thompson, Atmospheric
CO2 and climate: importance of the transient
response, J. jlaciAlys.,...Rea.,, N. 1135-3147,
1911.

Sellers. vs.n,. A global climate model Need on the
energy balance of the earth- atmosphere system,
J. Ake) MI/teapot, 111. 392-400, 1969.

Shackleton, J. Line and C.
Carbon isotope data in core V19-30 confirm
reduced carbon dioxide concentration in the ice
age atmosphere. Nature. 309, 319-312. 1913.

Street, F. and A. Grove, Global maps of lake-level
fluctuations since 30,000 yr BP, gum. Rex..a. 13-111, 1979.

Stone, P.H., Feedbacks between dynamical he.,
fluxes and temperature structure In the atmo-
sphere, Maury* 1wkigilerles, S, 1964.

Vuilleumier, iielatooene changes In the fauna
and flora of South America, Science. 173, 771
/40, 1971.

Walsh, 4. and C. Johnson. An enalyels of Arctic
sea Ice fluctuations, J. aa. Osman.. 9,
590-591. 1979.

Wang, N.C. and P.H. Stone, Effect of Ice - albedo
feedback on global sensitivity in a one-
dimensional radlotIve-convective climate model,

Soh 37, 545 -552, 1910.
Webster, P.;1. and N.A. Streten. Late Quaternary

ice age climates of tropical kutrallar
interpretations and reconstructions.
10, 279-309, 1971.

Weiss, R.F., The temporal and spatial distribution
of tropospheric nitrous oxide. J. Geophys. Rea.,
en, 7145-7195, Wel.

Welfierald, R.T. and S. Manabe, The- effects of
Changing the solar constant on the climate of a
general circulation model. .1. Almon. Sol., 32,
2044-2059. 1975.

J Ral. Barry and W.M. Washington,
Simulation of the atmospheric circulation using
the SCAR global circulation model with ice ,ge
boundary conditions. J. Appl. Meteorol., 13.
305-317. 1974.

wsio, World Meteorological Organisation project on
research and monitoring of atmospheric CO2,
Report no, 10, R.J. Bojkov ed., Geneva, 42 pp..
1983.

162

II

a



159

Mr. Goax. Well, thank you. Thank you very much.
Well, we've got an interesting range of opinions here. The EPA

says it's too late to act. The NAS says it's too early to act, and the
Friends of the Earth say it's time to act. [Laughter.]

Our natural inclination in political systems is to side with those
who say it's too early to act. That's just the political inertia that's a
fact of life around here, and I assume in other countries as well.
But let me try to draw you out, Dr. Malone, on why you all say it's
too early to really be overly concerned about this.

Mr. MALONE. Mr. Chairman, one of the compensations of grow-
ing old is that you live through experiences. I have lived through
the ozone depletion experience, and I recall a few years ago stri-
dent voices being raised that we should do something; there was a
pending catastrophe. If we didn't, the human race would suffer.

The Academy has been preparing reports on this over the past
decade, and the best estimates of the depletion of ozone by all these
has dropped from about 18 to 9, and I think within the past week
it's down to around four, and this came as the result of increased
knowledgenot stupidity back there, but increased knowledge.
This is the plea we're making, is to build that knowledge in so that
when we do act, we will be acting on a firm intellectual and scien-
tific basis.

Mr. GORE. Well, looking at the ozone precedent, I know there
was a recent revision in the last week or so, but wasn't that essen-
tially on target? I mean, the concern was essentially Justified,
wasn't it, and action was taken. Congress acted, I know. There was
a change in the usage pattern, and I thought that that concern was
essentially justified, wasn't it?

Mr. MALONE. I don't think it was. I don't think the action taken
is what has reduced the-

Mr. GORE. Oh, well, I didn't mean to imply that, although I think
that's open to argument as to what effect it had. It's probably quite
small but, coming back to the central point, the concern that was
expressed over the ozone and halocarbons was essentially correct,
wasn't it?

Mr. MALONE The models at that time overestimated the impact
of the various things that go into the stratosphere, and as the
knowledge has grown and the models have improved, the estimates
of this impact have steadily declined so that it is much less a formi-
dable problem today than it was 10 years ago.

Mr. GORE. But still formidable, correct?
Mr. MALONE. Well, I think that's beginning to be open to ques-

tion.
Mr. (IoRE. Really'?
Mr. MALONE. If you're talking about a 2- to 4-percent decrease

and you look at the normal noise level in the ozone content, you're
getting down to where you can hardly measure that. I don't mean
to belittle the ozone problem.

Mr. GoaE. I thought that's precisely what you intended.
Mr. MAI.ONE. No. I'm simply saying that it is an illustration of

where, if all the recommendations had been followed when the
issue was first raised, we would have been acting on incomplete in-
formation which has only recently become available. My case is not
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on the ozone but on the desirability of having adequate information
on which to base action.

Mr. GORE. The old saying is that the better is the enemy of the
good, and the best is the enemy of the better. If, in fact, we are in a
time where action must be taken soon in order to prevent worse
damage than is already locked in, then a decision to hold off any
sort of action or planning for action, pending much better informa-
tion, is not a value-neutral decision. It is one that has consequenc-
es, just as a decision to act would have consequences.

What I really want to get at, and we can leave open the discus-
sion of the ozone thing --I agree with you that it's not the central
point here, but you brought it up. I wanted to make the point that
essentially the judgment made there was correct, even though the
estimates were high in the beginning. But on the greenhouse effect,
you all seem to take a very benign view of the impact of this phe-
nomenon, and I don't quite understand fully why. You say that the
temperature will probably go up between 2 and 8 degrees. Is it that
that doesn't sound like much?

We heard earlier testimony from the panel just before this one
that looked at the ice ages, for example, and demonstrated that the
ice ages were caused by a temperature differential in the same
order of magnitudea few degreesas what we're talking about
here. We heard testimony about it not being a linear problem
where the changes are just gradual and it just seems like a couple
of degrees warmer each day on average, but rather the problem is
one where the equilibrium point of the world climatic system
changes probablymay changein radical ways to produce a total-
ly new equilibrium point with totally new patterns in rainfall,
drought, climatic patterns affecting a whole range of human activi-
ties.

Why is it that you look at a temperature rise of 2 to S degrees
and take a rather relaxed viewpoint, a rather relaxed attitude
toward it, when others look at the very same temperature rise ane
see a pretty dramatic set of consequences flowing from that?

Mr. MALONE. Well, Mr. Chairman, if I have conveyed the impres-
sion that we do not take seriously a 2 to 8 degrees Fahrenheit
change in world temperatureand you will recall that that means
about three times that in the polar regions, which would affect the
storm tracksI have not communicated our concern properly to
you. This would have a serious effect. It would affect our Midwest.
It would affect the coastlines. Our point simply is that there are
sufficient uncertainties about this, and the way is open to minimize
those uncertainties, and that is the desirable course of action for
the immediate future.

We published back) in 1977, under a committee I chaired, a report
that I think you're familiar with that Roger Revelle really put to-
gether on energy and climate. We were one of the fairly early ones
to identify this problem, and our emphasis has been continually on
acquiring the kind of information upon which intelligent action
can be taken to forestall or to adapt, and there is a basic philosoph-
ical difference here between those who say, "What we have now is
what we want. Anything to change that is automatically bad."

Now on agricultural productivity, if you look at the gains in agri-
cultural productivity over the past 20 years, which have been fan-
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tastic, they show all the promise of being able to adapt to the kind
of changes which would take place regionally under the scenarios
that are being developed. It is the capacity of our system to adapt
to these new conditions at a rate which compensates for the
changes that is the important issue.

Mr. GORE. OK. Now let me try to sort that out. First of all, I
don't disagree, and I doubt that anyone who has looked at this
issue carefully would disagree with your call for. better informa-
tion--more research, a refinement in our understanding of the
problem. I am in total agreement with you there. Yes, we need to
do that.

Now, second, there is indeed a philosophical issue here and the
choice between adaptation and a decision to try to forestall these
changes, if it turn's out to be possible to do so. That choice is affect-
ed more than anything else by the attitude of the scientific commu-
nity toward the consequences of this thing taking place. If the sci-
entific community says, "It may not be so bad; genetic engineering
of plants may make it possible to grow things in the desert" and I
am exaggerating there, but it may not be so badthen that speaks
to that philosophical issue.

It seems to me that the tone of the NAS report comes down on
the side of adaptation. Figure out how to most efficiently evacuate
6() percent of Florida, 40 percent of Florida. Figure out how to
adapt genetic strains of plants. Do some long-range planning for
evacuating New Orleans and Bangladesh and San Francisco. I
mean, you can tick off the list. The point I am getting at is, your
tone and your attitude is something that I don't understand, and I
want you to help me understand it because it seems like an overly
benign view of how catastrophic these changes could be which
could occur. Do you understand the point I'm getting at

Mr. MALONE. Yes, sir. When we first surfaced this in 1977, I
made the comment that the report at that time was a flashing
yellow light, not a red light. It just came out at the time that a
large energy program was being considered.

I think the point on which we can converge is the distinction be-
tween action and planning for action. The first conclusion that I
read to you was priority attention to long-term options that are not
based on combusion of fossil fuels. We believe this is a serious prob-
lem. That's why we spent that much time bringing the best minds
we could get to bear on this, and a review process which the Acade-
my has never seen the likes of. The result of this is that we do not
feel that abrupt action is required at this time, when we have not
yet been able to identify clearly a climatic change associated with
increased carbon dioxide.

Mr. GORE. Now say that again. Say that last point.
Mr. MALoNE. We have not yet been able to identify changes in

the climate thatare unmistakably related to increased carbon diox-
ide. In other words, the normal fluctuations in the climate are suf-
ficiently large that if there are CO2-induced changes they are
buried in. the noise, and one of the purposes of monitoring is to
detect that as early as possible so that at that time we can press
the start button.

Mr. GORE. Well, we had testimony at an earlier hearing from the
NAS folks which did correlate the CO., increases or appeared to

165



162

correlate them with a melting or a shrinking of the ice cap in Ant-
arctica and a rise in the sea level over the past 50 years. I knew
you're familiar with that. Am 1 misinterpreting the import of that
work?

Mr. MALONE. No. You are simply identifying the diversity which
exists within the scientific community. No one, least of all the Na-
tional Academy, speaks infallibly. There are those who compe-
tent, responsible scientistswho feel that they have detected the
first signal of a CO2-induced climate change. By and large, the con-
sensus in the scientific communityand the individuals may be
right and rest may be wrongbut the consensus is that we have
not yet been able to detect that first signal.

Mr. GORE. Do you agree with that, Mr. Hoffman?
Mr. HOFMAN. Yes, I think that that is accurate. I think that Dr.

Hansen's work was showing that the temperature rise that we
have seen is consistent with the theory that the greenhouse effect
is taking place. The problem is that you haven't had enough /tem-
perature change for you to be statistically sure that that is the
case, and you have to understand what people mean when they say
"statistically sure." Scientists don't operate on the basis of it's 3 to
1; they don't operate on the basis that it's 9 to 1. Most scientists
operate on the basis that it's 19 to 1 that this couldn't happen by
chance, and that kind of test has.i't been met yet.

Mr. MALONE. Mr. Chairman, ! don't want to convey on my own
part or on the part of the Academy a sense of complacency on this
problem. We think that it calls for a vigorous and expanded pro-
gram of research. It was precisely, to a large extent because of this
problem that we mounted the climate research program, a thor-
oughly international enterprise.

It is in large part because of the need to monitor not only tile
atmbsphere but the biosphere and the oceans that we .are moving
aggressively toward an international geosphere/biosphere program.
This is our response to an unparalleled geophysical program that
society is carrying out, with results which we arewith an out-
come which we are not yet able to perceive in a satisfactory
manner, but the prospects of being able to do this with added and
augmented information is something we are completely dedicated
to.

I think the distinction is pressing for action or pressing for the
knowledge upon which to base action, and we are far from compla-
cent on pressing for this knowledge on which to base action. We
are reticent to urge action until that knowledge base is in place.
Does that ring true with you?

Mr. (;urn.. Well, it's a tough one. It's a tough one. Everybody
agrees with that. I guess I'm worried that the philosophical choice
will be made by default, and that the only way we are going to
avoid choice by default is by having a fully adequate appreciation
of how severe these consequences are.

Dr. Kukla testified befbre our hearing that since the 1930's a
band of ice 180 miles wide in Antarctica has melted already. That's
a lot. That's not speculation. I mean. that's not a theory. I mean, if
you accept his methodology, that's :omething pretty dramatic.
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Mr. MAI.olso.:. Mr. Chairman, does he maintain that that was a
result of increased carbon dioxide? I doubt very much whether Pro-
fessor Kukla would make that kind of a comment.

Mr. GORE. Well, the record will speak for itself and you and I can
both reviev., it for the record of this hearing, but--

Mr. MALoNE..I would be glad to provide you- -
Mr. GORE. He said in his testimony that the measurements and

the melting correlated precisely with what the models, the CO2
models predicted he would find. Now, you know, that's something.

But let's move from what has happened in the past to what you
agree on. You agree, you agree that it's quite likely we'll see a tem-
perature increase of 2 to 8 degrees in a relatively short period of
time and, you know, we can argue about whether it's children or
grandchildren. Tell me why you don't think that a temperature in-
crease of 2 to 8 degrees is not going to produce extremely disrup-
tive, dislocating consequences for our country, for the United
States? Let's put it in those terms.

Mr. MALONE. Mr. Chairman,. I have not made myself clear. I do
believe that a 2 to 8 degree temperature change would have dra-
matic effects on our country. I simply am saying that there are
enough uncertainties surrounding this whole problem, that to take
action today is premature. We are in complete agreement about
the potential impact of the kind of temperature rise and climatic
change that would take place. The question is, when do we push
the start button?

Mr. GORE. Yes, but there's a difference between sayingand I'm
going to get to you, I know you're itching' to say something, Mr.
Pomerancebut there's a difference between saying yes, these
changes are catastrophic if they are going to occur, but we don't
have enough information yet to say with certainty they will. That
is one statement.

On the other hand you can say things which I thought I heard
you saying, like, We can adapt to this. Our agriculture has pro-
duced dramatic breakthroughs over the last 20, 30, 40 years, and
there is no end to what we could do to adapt to this, and it may not
be all for the bad. There may be some good things coming out of it.

You yourself said, to assume that the equilibrium point that we
now have is the best may be chauvinsitic in some way, and that
maybe there is some better equilibrium point.

You see, that's different from saying the uncertainties ought to
keep us from acting. That is speaking to the philosophical issue
and implyingunless I'm hearing you wrongimplying that
maybe the best choice, even if the uncertainties are resolved,
maybe the best choice would be to just let it happen and hope for
the best.

Mr. MALONE. Mr. Chairman, you could help me if you could
share ith me what you think that action should be. What action
do you t hink we should take today? Maybe I agree with you com-
pletely. What do you think we should do now?

Mr. GORE. Well, you know, that's the overall effort of these hear-
ings, but it would clearly speak to the volume of fossil fuel use. It
would speak to the benign attitude toward deforestation in the
world. and it would speak to conservation,, efficiency, and global
energy policies. Now the range of our disagreement may not be
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much, but the perception of the problem that we together devel-
opand when I say "we" I mean the scientific community and the
political communitymay be of the utmost importance.

It really may be of tremendous importance because, if the as-
sumptions are correct, then there will be no greater environmental
challenge facing our global civilization save nuclear winter and it
may overwhelm our ability to respond. If' we have any hope of re-
sponding in a wise fashion, then the communication between our
two communities has got to be better than it has been at any point
in the past.

You wanted to speak, Mr. Ponierance, and then I will come back
to you, Dr. Malone..

Mr. POMERANCE. A couple of thoughts: One is, I don'tI think
that one of the problems with the "wait and see" attitude, and the
EPA gets that, that is to say "wait and see," the assumption of
"wait and see" is that you can then avoid 2 to 8 degrees, and I
think the EPA challenges that for the first time in a major way.
The CEQ did it in 1980, I believe. They challenged the assumption,
if' you wait until the year 1995 before the scientific community
speaks with a consensus, what do you have to do then to avoid 2
degrees centigrade? I don't believe that they know the answer to
that. The NAS I don't think has answered that question.

The longer we wait, the more CO2 we are locked into, because we
are sitting on a very powerful engine, world coal use. II you say,
"Stop," it's going to take a long, long, long time to stop. It's as
though, you know, you were going over a rickety bridge in a loco-
motive. Well, as soon Its you think you can stop when the red light
goes up as you are about to go over the canyon, it flashes stop but
you've got too much momentum, so you're over the canyon on the
rickety bridge. It's too late.

I don't think that, so long as I have watched this issue, that the
people haven't figured out when they have to begin acting in order
to avoid a consequence four or five decades later. It appears from
what EPA said that in fact we're past a good portionin other
words, we've already used up a part of that time and we have
banked temperature increases that we haven't seen, if Dr. Hansen
is correct, so we're all behind. In fact, we have made a decision to
let things warm up. What we haven't done is make a decision to
try end minimize the warming or let it go on.

Mr. (low Dr. Malone, you all disagreed with the EPA's conclu-
sion that it was really too late to have any effect, or did you?

Mr. MALONE. Was that the conclusion that you-
Mr. HoAN. Well, I don't think really that, if you look at the

work that Bill Nordhause .'id, that he really disagrees with us at
all. Essentially both reports show that if you take action, it's going
to take a long time for the action to work, and that it's only going
to have a relatively small effect on the amount of carbon dioxide
that's put in the atmosphere. He actually tests some tax policies in
his chapter that show that.

I would like to just correct one thing about the statement you
made about our reports, which s, we don't make any policy recom-
mendations in the report. Its j purely analysis. We look at what
happen.: if somebody decided, it. the world decided to have a certain
policy at a certain date.
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Mr. Goitic Yes.
Mr. HOFFMAN. We don't say whether it's good or it's bad. We are

just saying these are sort of what the future would look at if people
made these choices.

Mr. GORE. Yes, but you assume thatyou say that some hypo-
thetical policies that sound very, very extremea total ban on coal
usage- -

Mr. HOFFMAN. Right.
Mr. GORE [continuing]. You analyze that and say, "It doesn't

really matter. You could totally ban all coal burning and it would
only delay the 3.6-degree Fahrenheit rise from the year 20.40 to the
year 2055."

Mr. HOFFMAN. That's right. What we found in the study was that
it won't matter very much in terms of the next 60 years. If you
look at it and you extend the curve out, by the year 2100 it has a
very substantial effect, but by the year 2040 it onlythe coal ban
only delays 2 degree warming something like 15 years, if it's fully
effective by the year 2000.

Mr. GORE. Well, let me see if I can pinpoint the difference be-
tween EPA and lIAS on this. I don't think I'm wrong in saying
that there is one, but; you all can correct me if I am. The NAS was
more cautious in its predictions about non-0O2 trace gases. Is that
a fair statement?

Mr. HOFFMAN. Well, you see, the NAS didn't make a year-by-
year prediction of how the temperature was going to rise. The NAS
report looked at the trace gases and it looked at the CO2, but it
never combined those to simulate how the climate would change as
the oceans are taking up heat, and I think that's the thing that our
report did differently, Their report was focused on a much broader
range of issueson the agricultural impacts, on lots of other
things, on whether you needed to look at water resources.

The "can we delay" study just looked at this one narrow focus:
What's the time trend of climatic change and what could we do
about it if we implemented various fossil fuel policies. The reports
aren't very different. In terms of carbon dixide, in the year 2050,
for example, the "can we delay" report actually has 15 parts per
million less carbon dioxide in the air than Bill Nordhaus' mid-
range estimate.

Mr. GORE. Well, the impression I got overall of your report was
that you were saying there is no reasonable step which civilization
can take which would significantly delay the greenhouse effect.

Mr. HOFFMAN. Well, I think that in Derma of what's going to
happen in the next 60 years, I think that that's accurate.

Mr. GoitE. Do you agree with that, Dr. Malone?
Mr. MALONE. It takes about 70 years to introduce a new technol-

ogy into society. This is the conclusion that came out of the Hae-
fule study in Laxenburg. Renewable resources account for about 20
percent of the world energy supply. To raise that up to something
like 80 percent, 9() percent, would regit!.-ri something on the order
of 70 years, yes.

Mr. GORE. So you would agree w''1, the 1.t . 2ment that there is
no reasonable action available to L -,,ation which would signifi-
cantly delay t. e greenhouse effect?
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Mr. MALONE. No. If wethere is no single action. There is a set
of actions: emphasis on renewable resources; emphasis on solar
energy; more attention to the vexing problem of nuclear energy,
It's an array of actions rather than one silver bullet that is likely
to ameliorate this problem.

Mr. GORE. But if a set, if that array of policies was somehow im-
plemented, then it would or could significantly delay the green-
house effect?

Mr. MALONE. Yes, sir.
Mr. GORE. So there is some difference in emphasis there.
We're running way overtime, and I am going to have to apolo-

gize. Did you want to say something, Mr. Perry?
Mr. PERRY. Well, I simply wanted to point out that if you look at

the different runs in Nordhaus' paper, the different scenarios, you
find that some possible paths through the fut.are have rather low
yield rather low carbon dioxide concentrations, and these are paths
associated with the availability of cheaper nonfossil sources, lower
productivity growths in the economy, et cetera. I think the fact
that within the confines of his model Nordhaus was able to gener-
ate some low-0O2 scenarios that shows it's possible for the world
economy to evolve in a fashion that would produce less CO2, so we
shouldn't despair.

Mr. Goim Mr. Pomerance, did you want to comment on the issuo
that I was discussing here, about-

Mr. POMERANCE. Yes. I don't think it was adequately addressed.
The EPA says we're locked in, basically, to some early portions of a
greenhouse effect. If you are going to avoid any more catastrophic
greenhouse effect, you have to move. Every year that you wait
makes it that much more difficult to do.

It so happens that the most easily available strategy to begin to
deal with it has other benefits as well. I mean, it's notenergy effi-
ciency, which is the major strategy available, is one that there is a
fairly wide consensus on in the industrial community, the business
community, and so on. This issue is so big, yet the attitude that is
being taken is so relaxed. 1 mean, it strikes one as a bit incredible.
If the mid-range in the NAS in the year 2050 is not far different
from EPA, it is a frightening prospect, and I think we do have one
strategy that is available to us which is a massive commitment of
capital to energy efficiency. We also can do something about some
of the trace gases which, in fact, the NASalthough saying we
have more timedoes say that we ought to begin there, with the
chlorofluocarbons, perhaps

I guess maybe the major missing element in all this is leader-
ship. If you saw what the President's science advisor had to say
about this, you might have been quite discouraged after he dis-
missed it as an important issue. We need leadership, and T happen
not to think it needs to come from the scientific community. I
think it needs to come from the political community.

Mr. MAIA)NE. Mr. Chairman, I do hope that you will continue
this exchange which has gone today and has gone on in the past. I
am persuaded that reasonable people will converge on a course of
action, and I am just delighted that you have called us. If I have
inadvertently conveyed a sense of complacency on the part of the
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scientific community, that was not my intent. I am deeply dis-
turbed by the prospects.

I think it is a question of how we proceed over the next few
years. Do we develop and mount a crash program or do we do some
of the things that have been described here this morning to make
our knowledge base a little more secure? But I do hope that you
will keep this dialog going because it is absolutely essential that
the political decisionmakers and the scientific community, if there
is such a thing, communicate freely and openly.

Mr. Gain,.. Good. Well, I appreciate that statement very much,
and I will continue to pursue this issue vigorously. It is a hard one.
It is really hard, and in a comparable dialog between policymakers
and their political constituencies this knowledge base is absolutely
essential. I mean, you talk about such tremendous effects and such
dislocating responses, if they were implemented; you have to have
a degree of certainty that is fairly high in order to justify this.

But in light of the, you know, what I think are unacceptable con-
sequences, there is a trade-off between the degree of certainty and
the time for action. Where that point is, we may have already
passed it.

We may have already passed it, but a continued dialog is essen-
tial and I appreciate the work that all of you have done and your
participation in this issue. I wish we had more time to continue it,
but we don't. Thank you very, very much. I appreciate it.

Now we are going to have to have a very abbreviated treatment
of our final panel, and I hope they will forgive me for this, but the
room is spoken for right after the end of this hearing. So if Mr.
James S. Kane, Deputy Director of Energy Research at DOE, will
come to the witness table, accompanied by Frederick Koomanoff,
Director of the CO2 Research Division in the Office of Basic Energy
Sciences, I am going to apologize to both of you for the fact that
we're not going to spend much time here.

Mr. Kane, you have a prepared statement, do you?
Dr. KANE. Yes, I do.
Mr. GORE. Without objection, we are going to include that in the

record, and we will have a number of questions in writing. Can you
respond to those questions in writing?

Dr. KANE. We certainly will, to the best of our ability.
Mr. (ioin:. In the short amount of time that we have, can you

summarize the most important thing that you think needs to be
said at this point in the hearing?

Dr. KANE. Do I have what, 10 minutes?
Mr. GottE. Five minutes.
Dr. KANE. Five minutes? All right, I'll try.

STATEMENT (W DR. JAMES S. KANE, DEPUTY DIRECTOR, ENERGY
RESEARCH. U.S. DEPARTNIENT OF ENERGY, ACCOMPANIED BY
FREDERICK A. KOOMANOFF, DIRECTOR. CARBON DIOXIDE
RESEARCH DIVISION, OFFICE OF BASIC ENEL. SCIENCES
Dr. KANE. I have been busily adapting my testimony anyway as

we were going along, because so much has been said already and to
repeat it would be a waste of everyone's time.
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I think I would like to sylithesize one thought that I heard from
every witness that was here, and that was this element of uncer-
tainty. Every person here that made a prediction, when you
pressed him as you did, even our expert scientists changed their
worck"will" to "may," very obviously, so uncertainty is really the
point of the whole DOE program, to reduce this uncertainty.

It's good for two reasons: We can't make sensible predictions
unless we do and, second, you could not mobilize the constituency
on the basis of uncertainties, You really have to have more to go to
the constituency with, to address them, in case a response is called
for. I will avoid that problem, because I thought you and Mr.
Malone and Mr. Pomerance explored that very well.

Let me then just brieflyand I'm talking fast, I hope not too
fastgo through our progress last year. We think this program
and Mr. Koomanoff is here with me, and we brought a picture but
I'll just defer talking about that. You might want to look at it after
the heari.-. I was going to mention the report of the National
Academy of Sciences. I don't believe I'll do that, since you had an
opportunity to explore it, other than that we do side with their
viewpoint to a large extent.

We have some interesting results on the response of vegetation
to the increases in CO2. While it has been suspected for many years
that plants would grow more rapidly in increased CO2, since that's
their food, for the first time we actually did experiments in coop-
eration with the U.S. Department of Agriculture on field tests of
soybeans and corn, and sure enough, two things came out of it:
One, both soybeans and corn respond by growing faster, and appre-
ciably faster, as the CO2 level is increased. Second, the plants' abili-
ty to use water, a very critical aspect everywhere but the arid West
particularly, increases as the concentration of CO2 increases.

Now we are not advocating increasing CO2 to make our plants
grow faster, but we need this information to balance the scientific
books. We can't understand what the previous witness talked
aboutwhere does the carbon come from and where does it go
to'?unless we understand the uptake of CO2 by plants.

Finally there is this subject you alluded to briefly, and it's good
news and nothing we had anything to do with, and that is the de-
creased use in energy per GNP of the Western World, at least. For
a long time, it's very clear, since about 1974, that we are using less
energy in the Western World. It wasn't clear whether this was a
result of the worldwide recession or whether it was a result of effi-
ciencies, but if you look at it in the aspect of the amount of energy
it takes to produce a unit of GNP it, to at least some extent, disen-
tangles the recession aspect. It's very clear that the Western World
at least has a greatly reduced rate of carbon consumption per unit
of GNP. This has the effect of delaying the onset of wheteve.- is
going to happen by some period of time. We're clearly using less.

Now the undeveloped world is kind of divided into two parts,
those who would like to use energy as profligately as we do but
can't afford it, and ones like the Chinese who have the energy and
may well use it. and they are growing at a much faster rate than
the developed world.

I think that's about enough, other than the international out-
reach. We've made a log of the people working on this problem
throughout the world. There's over 1,600 and 40 percent are out-
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side the United States, which gives me pleasure, extending as far
as ('hina, the People's Republicwhich have, by the way, 500-year-
old weather records, which is unique in the world.

I will skip now, thenthat's kind of a résumé of what happened
last yearto what we're going to do in the coming year. Certainly
you have heard from all concerned that we have to improve our
models. There is just absolute)), no doubt about that. You heard
Professor Sagan say we'll never get them to the point where we'll
be able to say, "This will happen in the world at a certain time."
Very ti ue. Models really use two things to predict. They use an
input of science physics, chemistry, meteorologyand they also
use estimates of what future consumption will be. Both of those are
extremely difficult.

Were going to work on our models from really tw% points. One is
to get greater spatial resolution. It really doesn't Itt.lp much if I tell
you that the average temperature of the world is going to change.
What you really need to know to take action is localization and wa-
terfall, along with the change in temperature. You need to know
what's going to happen to a certain area, how the temperature and
the rainfall will change. Our current models are totally inadequate
to make those k nd of predictions.

A 1-degree average in the world doesn't mean much. I keep kid-
ding Fred that he should release more CO2, this has been a terribly
cold winter this year, and he tells me that's not true, that world-
wide this is not a very cold winter, so you see the importance of
regional predictions rather than just the worldwide average.

Another thing were going to do is to launchby the way, the
two witnesses that covered the importance of the ocean, we
couldn't agree more. I don'L think it has been negligence or stupidi-
ty on our part. Mode lists tend to do first things first. They treat
what they can first. What they can't handle, they treat with simple
approximations, and I think the two witnessesDr. Broecker and
Dr. Jenkinsmake a pretty convincing case we can't treat the
oceans as simple approximations much longer. We're going to have
to get much smarter about what's happening out in the ocean or
our models will be pretty meaningless. We intend to do that in the
coming year.

We also have asked foralthough this is not a budget hearing
an additional $900,000 next year to look at the trace gases, a worri-
some qu( ition that really needs more examination. You might be
interested to know that some of the predictions on sea level rise
really result more from increase in those trace gases, if you look at
the innards of the model. than they do from CO2 increase, sr. we
can't afford to talk about CO2 as though it were the single problem
that we're faced with, so we're asking for that.

Next year, to hurry along, there are going to be a number of
fOrthcorning reports. We will have state -of -thy' -art reports which
pick single topics, and we'll write them up. We'll have them peer-
reviewed by the AAAS to give scientific uniformity and quality to
them. and publish them. We will also try to wrap these state-of-the-
art reports up into a single statement of findings, which will be the
state of t he art--what we know, what we don't know, what the un-
certainties are, and what we think should be done.
That's a race through in . minutes.
1The prepared statement of Dr. Kane follows:1
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Statement of Dr. James S. Kane

Deputy Director Office of Energy Research

Department of Energy

Mr. Chairman and Members of the Subcommittee:

It is a pleasure to appear before you today to describe the Department's

Carbon Dioxide research activities. The Department's FY 1985 budget request
.

for this activity is $13.5 million.

The "greenhouse effect" has become a household wort;. National television,

news weeklies, local radio stations through national wire services, and even

comic strips have carried the news of the potential warmin^ of the earth due.

to an increase in CO2. The public iS told that the increased CO2 levels

are due largely to our use of fossil fuels. That the public is becoming

increasingly aware of the issue is a natural consequence of the active CO2

research for which the DOE has had the lead responsibility over the past 7

years and the publicity surrounding it.

The Department of Energy was originally asked to initiate a specific

research program directed toward understanding the effects of increasing

atmospheric carbon dioxide. Shortly thereafter the National Climate Program

Office designated the DOE as the lead agency for coordinating the Government's

research efforts on this issue. The functions assumed by the DOE Carbon

Dioxide Research Program in this role were to:

o Coordinate federal research related to CO2;

o Sponsor specific projects that would increase the knowledge base and

support refinement of the conceptual tools being used to help understand

the phenomena;
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o Perform continuing technical reviews of the worldwide research effects;

and

o Communicate to all interested parties, domestic and international, the

scope, progress, and findings of the research.

It is evident from our findings and those.of others that the CO2

question remains an important research issue. The research problem

is complex and many talents and scientific disciplines will be

required to resolve it. In spite of the effort to date, scientific

uncertainties remain. Under the current research program, the

Government and scientific community, however, have defined the approaches for

reducing these uncertainties.

Several reports dealing with the CO2 issue have been published

recently. The Department of Energy was pleased that the National

Academy of Sciences' report, Changing Climate. focused on

scientific uncertainties. We agree with the Academy position that

increased scientific understanding of CO2 is needed. Their

conclusion is reasonable: we have time to conduct the needed

research.

Today I will cover recent progress and discuss some unresolved issues. In

addition, I will dtscribe the reports we plan to publish early next year.
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Progress

Publications. As part of its mission to coordinate the research, the

Department of Energy has published a series of carbon dioxide research

plans. These plans provide all participants and other interested partief

with a clear picture of the current scope and activities of the Carbon

Dioxide Research Program and the directions for the near future. Copies of

the draft plans were sent to this commi ttee in early 1983.

The summary plan published In December 1933 delineates the logic,

objectives, organization and background of the research activities. The

Carbon Cycle and CO2 Climate Research Plans and the Reponse of Vegetation to

Carbon Dioxide Research Plan, released in December 1983 and January 1984,

emanated from a series of national and international workshops, conferences,

and from technical reports. All the plans were reviewed by experts in the

relevant scientific fields. Implementation of the plans is being

coordinated among the responsible Federal and international institutions

and the involved scientific community.

In addition, we have initiated a carbon dioxide technical report series to

supplement material appearing in proceedings, scientific journals, and other

literature. To date seven technical reports have appeared and we expect to

publish approximately 30 more by the end of 1984.
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International Initiatives. Our report, International Carbon Dioxide-Related

Activities: The International Organizations Involved and U.S. Bilateral.

Arrangements documents the groups that are involved.lnternationally in CO2

research. A directory of approximately 1600 scientists in the international

science community has been developed; 40% are outside the United States.

Discussions are underway with the Peoples Republic of China concerning

possible joint activities, such as using their 500 years of historical

climate data in our modeling efforts. In addition, discussions have been

held with representatives of the international effort on CO2 assessment

at the World Meteorologiral Organization - United Nations Environmental

Program. These activities .ontinue to enhance our international'

outreach.

Nineteenth Century Atmospheric CO2. It is critical to know the atmospheric

CO2 level before substantial amounts of CO2 were added from fossil fuels and

land clearing. This "preindustrial value" is an important initial condition

for modeling past, present, and future climate change.

A new estimate of 19th century CO2 was made at a recent World Meteorological

Organization (00) meeting of experts. The new estimate is in the range of

260 to 280 parts per million (ppm). Data from four laboratories supported by

the DOE program contributed significantly to the new consensus. These

laboratories are the Carbon Isotope Laboratory at the University of

177
39 013 0 Pt4 ---12



174

Washington, the Physical Science Institute at the University of Bern,

Switzerland, the Woods Hole Oceanographic -stitute and the Paiific

Northwest Laboratory. The WMO meeting of experts acknowledged that values

on ice core measurements provided by the University of Bern are probably the

most direct and accurate estimates of preindustrial atmospheric CO2.

This new estimate has important implications for predicting the effects on

climate. The previously accepted estimate for the preindustrial CO2 ravel

was 295 ppm. The new lower value affects.climate model predictions of global

average temperature. Using the previous estimates for CO2-level changes, the

global average temperature increase resulting from a doubling of atmospheric

CO2 would range from 1.5° to 4.5°C. Using the new estimate, the upper

bound of the temperature increa4e -is reduced substantially from 4.5° to 3°C.

Carbon Dioxide Standard Reference Gases. Accurate, high-quality atmospheric

CO2
measurements require standard teference gases. Instruments must be

calibrated with these reference gases, and the use of a common calibration

scale permits data from different laboratories to be easily compared. A

program was developed with the National Bureau of Standards (NBS) and the

Scripps Institution of Oceanography to produce these stable_staddards for

atmospheric CO2 measurements in the United States and other county s. As a

result new CO2-in-air Standard Reference Materials have been produce

and distributed by the NBS. These standards were certified through

.Tr
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cooperative research with 3crS, and the joint certification process

assyres contin ty with reference gases previously provided by Scrivps. .The

Win Office of S. .1dard Reference Materials will maintain Lnd certify these

standarc, sample. cr a cost reimburiable basis.

Crop kelponse to Increased CO2. Experience with plants grown in CO2.

controlled greenhotises or growth chambers suggests that more CO2 increases

plant productivity. :n cooperative research involving the Department of

Agriculture and the Department of Energy, soybeans and corn"were exposed to

increased levels of CO for one entire grlwing season. For soybeans, an°

increase in productivity of at least 30% resulted from doubling of CO2. For

corn, a 10-20% increase was observed, with maximum productivity achieved at

CO2 levels of between 350 and 500 ppm. We are thus starting to get the

quaatitative information needed for an assessment of the direct effect of

increased CO2 concentrations on agriculture, udder conditions similar 7to those

of conventis.nal cultivation practice.

One important effect of CO2 on plants is to control .11h: r* the

small pores in leaves which permit exhange of.0O2 and water vapor between

interl,a1 leaf tissue and the atmospre While the exact mechanism of the

CO2 effect oncthis process is not kn lon, it appears to result in improved

plant water use. New data. from outdoo experiments suggest that the water

use efficiency may increase by 35% with a doubling of CD2 levels. The most

Significant effect on corn is that while photosynthesis and yield are

4
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maintained or increased, hater loss by the plant appears to be reduced. t.is

could be en important development, because many plants regularly experiehce

water stress, and additional CO2 may partially alleviate the stress.

While these results sreiquura much mitt remains. Additional research

must be performed to validate these experiments. Work in different

geographic locations with more crop varieties is necessary before he can

conclude that field crops will generally benefit, from elevated CO2 levels.

Unresolved Issues

Climate Modeling. To predict the effects of increased atmospheric CO2

concentration on climate, we must rely primarily on numerical models.

Current climate m eels are not adequate to enable us to make policy

decisions related to CO2. Uncertainties concerning the role of clouds, sea

ice variations, and atmosphere-ocean interactions prevent extracting

regional detail (e.g., a projection for the U.S. corn belt) from the

results. The large, three-dimensional models are called General Circulation

Models (GCMs). The current range of model predictions is a 1.5° to 4.5°

global overage warming for a doubling of CO2 (300 to 600 ppm). As mentioned

before, more recent analyses of the climate data suggests that the CO2-

induced warming for a doubling is probably in the range of 1.5° to 3°C.
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To test the validity of the GCMs, several approaches are being pursued. The

first approach is to evaluate s oarately each component of the model. Cur

approximations to radiative processes, such as the absorption of infrared

.radiation by CO2, can tl,,tested by comparing model results to laboratory and

detailed atmospheric exoeriments. We are doing this in cooperation with the

WMO.

A second approach tn model validation is to compare climate model

predictions with observations. When such comparisons are made, the

predictions of the models agree well with the major features of the present

climate on a global scale. Efforts to look at smaller areas (e.g., the U.S.

corn belt) are limited because several important physical processes, as

mentioned earlier, have not been well represented in the models.

A third approach is to evaluate the model rssponse to various changing

conditions. Even if the models can represent the present climate, it is not

certain lat they will be able to accurately project climatic changes; that

is, although their average indications might be correct, that does net

guarantee their accuracy when conditions change Testing the model

representation of the seasonal cycle, which is a very large perturbation,

evaluates those aspects of the model that respond very quickly (i.e., over

periods of months). The most recent GCMs do well in representing the

seasclal cycles on large scales, but their adequacy on regional scales still

must I.. tested.
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We are trying several approaches to test multiyear responsiveness of the

models. Because such tests must cover extended periods or look at

relatively small changes, these tests often are done with simplified models.

Zlimate models are being used to investigate the climatic effects of recent

volcanic eruptions and solar variations. Over much longer periods, we are

trying to determine if the models can explain the causes of major glacial

advances and retreats and past warmings. Initial test have been conducted,

but further tests are needed to investigate the adequacy of representation

of the oceans and cryosphere.

Despite much progress on these three approaches to model validation, there

remain many areas where work Is needed. First, there are important,

uneAplained differences among models and between models and data. Second,

some model processes, such as the role of clouds in moderating or amplifying

model sensitivity. have not been adequately tested. Third, model validation

on regional and seasonal scales is still much too limited to be useful to

those studying climato imocts. _Fourth, the investigation of the ocean's

role in clntrolling the rate of climate change is just beginning. Fifth, we

are beginning to study approaches for modeling how the climate change

develops over periods of decades rather than simply the change in

`equilibrium" climate. Sixth, we need to recognize that the climate is

responding not just to changes in CO2, but also to changes in such things as

trace gases, volcanoes, and deforestation. Although we are developing a
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sense of the. change In equilibrium climates that may occur, we have a long

way to go before we will be able to project how climate extremes, which have

the most effect on societal structure: will change.

Ocean Response to CO2 and Atmospheric Warming Oceans have an important

role in the CO2 problem because they are the ultimate sink for CO2 produced

by burning fossil fuel. The ocean-atmosphere coupling also determines the

rate at which heat flows from the atmosphere to the ocean. Improved data

and models are needed to address problems of CO2 and heat transfer from

atmosphere to oceans. Joint NSF-00E research on Transient Tracers in Oceans

has strengthened the data base for developing ocean circulation models.

Existing ocean models, however, are inadequate representations of ocean

circulation. While this joint research has been fruitful, more focused

research is needed. This focused program will include: (1) measurements of

the CO2-inorganic-organic chemistry t, .water. (2) acquisition of gas

exchange and tracer data, (3) coordination 1 model development with specific

attention to data needs for multidimensional ocean circulation models, and

(4) measurements and modeling of heat exchange for use with coupled ocean-

climate models.

Trace Gases Initiative. Recent studies indicate that trace ya....1 (e ,

methane, freons, nitrous oxide, and ozone) can have a combined climate effect

ranging from half to equal that of the CO2-induced climate effect. Such an

effect is not only important n its own right but complicates detecting and
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predicting the magnitude and the rate of CO2-induced climate change. As a

reAult, the DOE has requested an additional $1 million in the FY 1985 bUdget

(over the enacted FY 1984 budget level) to study atmospheric trace gases.

The objective is to attain a perspective on the trace gases issue in

relation to the carbon dioxide problem.

This effort will not answer all the questions on trace gases. It will,

however, allow us to begin to investigate the uncertainties. For example,

there is.no-historical record for the trace gases comparable to that for

CO2. The DUE is working with the National Climate Program Office to

coordinate our trace gas study effort with related programs at the NSF,

NASA, NOAA, and EPA.

Indirect Effects. Our major effort to date has been research on the direct

effects of increased CO2 concentration in the atmosphere: climate change

and vegetation response. We are now starting research on the indirect

effects of CO2 increases. we have selected agriculture, forestry, water

resources, human health, and fisherie:, for case studies or for regional

documentation and analyses. Our objective is to document the data required

to do meaningful cost/benefit analyses.

Sea Level. Considerable publicity and international concern surrounds the

issue of sea level rise from CO2-induced climate change. Estimates from

recent reports vary from a 70 cm rise (a little less than 2 1/2 feet) in 100
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years to as high as a 345 cm rise (a little more than 11 feet) by the year

2100. These estimates have been derived by esamiC; the sea level record

for the past 100 years, attributing the observed rise to such Processes as

ocean thermal expansion and ice melt, and using linear relationships to

project these processes into the future. The estimates imply massive melting

of ice; but many glaciologists point out that there is no reason to

support such direct relationships. Uncertainties of ice-climate

relationships are so large that the sea level could even fall because of

increased precipitation in the polo' regions from a CO2-induced climate

change. The collapse of the West Antarctic ice sheet has the potential for

causing a 5-6 meter (16-20 ft.) sea level rise. However, glaciologists

caution that predictions of a sudden and catastrophic rise in world sea

levels due to CO2-induced warming of this ice sheet are unfounded.

In our evaluation of the CO2-climate/sea level issue, we have concluded that

the research now underway or planned will greatly improve our understanding

in this important area. For example, the National Science Foundation is

supporting a 3-year research program, carried out by four institutions,

which is the most intensive Study yet undertaken on ice behavior and the

relationship between the stability of the West Antarctic ice sheet and

rtlotal climate. Additionally, the National Academy of Sciences is planning

a study that should produce a definitive report on sea level change and

global climate.
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Plans for Statements of Progress

Spending for the National Program on Carbon Dioxide-Climate now excmds $20

million per year among the six agencies involved. R. this rate, by the end

of fiscal year 1934 the Federal goverment wil' have spent more that. $100

millioh on this topic since 1978.

The Department is preparing a series of reports, as an accounting of this

effort. These State-of-the-Art reports are being prepared and will be

ready for release in early 1985. The reports will reflect the results of

a great variety of research efforts. Government and non-Government, basic

and applied, foreign and domestic.

Scope of the State-of-the-Art Reports. These reports will present the most

current and comprehensive statement possible of Vie knowns, unknowns, and

uncertainties involved with the research data in each of five major research

areas. Specific topics to be covered by the reports will include the global

carbon cycle, detection of CO2-induced climate change, climate modeling,

direct response of vegetation to increased CO2 levels, and the indirect

effects.

These reports will represent a significant milestone in the Carbon Dioxide

Research Program. They are intended to communicate to the broader
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scientific community the current state of our research and progress to date

in each major area. A central theme will be traceability via references. for

results, assumptions, and uncertainties in the findings. The writing of each

report is being coordinated and edited by experts in the specific research

area concerned. There are a total of 75 authors representing 55 different

institutions and 6 countries.

American Association for the Advancement of Science (AAASl Review. As part

of a stringent quality control process, the DOE has arranged for the AAAS to

review and critique the reports. Each chapter will be anonymously peer

reviewed. This process will ensure that the reports reflect the full range

of views regarding the current state of knowledge and that no important

research has been overlooked.

The Statement of Findings. By the summer/fall of 1985, a Statement of

Findings will bt puhished. This report will synthesize the State-of-the-Art

reports and other stJdies and present an integrated, systems view of the

entire research program needed to reduce uncertainties. The report is

expected to provide a comprehensive state-of-knowledge discussion of the

potential long-term implications of increasing levels of CO2 rather than

definitive recommendations pertaining to amelioration policies and strategies.
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Summary

It is the goal of the DepartmeAt of Energy to provide a base of facts such

that environmental decisions and actions can be based on solid

understanding. Studies done to date have led to a much improved

understanding of the role of carbon dioxide in the global environment. More

research is still needed before policy decisions pertaining to national and

international strategies for ameliorating potential adverse effects can be

made. We are pleased that our coal was also stressed by the Carbon Dioxide

Assessment Committee of the National Academy of Sciences.

In short, at this time we know that change can be expected, but we do not

know the timing, location or magnitude. We must concentrate on improving

our knowledge base before we can make meaningful impact assessments, plan

strategies for modification, adaptation and prevention, or develop policy

options for consideration. The DOE's role in this national effort at this

time is to improve the knowledge base.

Mr. GORE. Well, again I apologize for the fact that we are under
such severe time constraints and for the fact that earlier witnesses
absorbed our attention so much that we ate up some of the time we
should have spent with you.

Let me just ask one questicn, and I will save the others for the
record: You are requesting $13.418 million for the CO2 budget this
fiscal year as opposed to $12.5 last year. Do you have figures on the
total national climate program? It was $24.563 last fiscal year.
What's it going to be this year? Do you know?

Dr. KANE. Do you have those numbers?
Mr. KOOMANOFF. No, we have not received those numbers as yet.

We go out to each of the sister agencies and ask them what their
budgets are and since we are all going through the budget cycle
rii;ht now, no one wants to commit exactly what will be spent in
those areas until the budget has been approved by the Congress. As
soon as that is done, like the other data that we have supplied, we
will be able to supply it not only by agency but Ly what region.

IThe following was supplied for the record:]
National program on carbon dioxideclimate

In th dads of dollars by fiscal year! Estimate
1985

Department of lingery $13,418
National Science Foundation. . ..... 6,718
National Oceanic and Atmospheric Administration 1.961
I)f part merit c,. Agricu It u re. . . 2,923
1)epart men t of anterior 215

25,235
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Mr. (low Very 1.,,00d. OK.
Again, I wish we could spend more time, but I am grateful for

your prepared statement and the answers you are going to provide.
I think it has been a very interesting hearing. I would like to
thank all of the witnesses. With that, we will stand adjourned.

(Whereupon, at 12:56 p.m., the subcommittees recessed, to recon-
vene at the call of the Chair.)

[Questions and answers submitted for the record by Dr. Kane
follow:1

4
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Department of Energy
Washington, D.C. 20585

March 30, 1984

Ms. Betty Eastman
Committee on Scince and Technology
Subcommittee on Investigations
and Oversight

House of Representatives
Washington, D.C. 20E15

Dear Ms. Eastman:

nn February 20, 1984, Dr. James S. Kane, Deputy DireIctor
of the Office of Energy Research, appeared before the
Subcommittee on Investigations and Oversight and the
Subcommittee on Natural Resources, Agriculture Research
and Environment of the Science and Technology Committee
to discuss carbon dicade and the greenhouse effect.

Following that hearing, the Committees submitted written
questions for response to supplement the record. Enclosed
are the answers to those questions.

If }ou have any questions, please call Ingrid Nelson ui 'rum
Pretorins of my staff on 252-4277. They will be happy to
assist. you.

Enclosure
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Sincerely,

;Cs-Robert G. Rabben
1 Assistant General Counsel

for Legislation
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PONT HEARING QUESTIONS AND ANSWERS

RELATING TO THE

FEBRUARY 28, 1984, HEARING

BEFORE THE

SUBCOMITTEE ON INVESTIGATIONS AND OVERSIGHT

AND THE

SUBCOMMITTEE ON NATURAL RESOURCES, AGRICULTURE RESEARCH AND ENVIRONMENT

COMMITTEE ON SCIENCE AND TECHNOLOGY

U.S. HOUSE OF REPRESENTATIVES

WITNESS: DR. J. KANE

A
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QUESTIONS FOR
DR. JAMES S. KANE

DEPARTMENT OF ENERGY

RESEARCH TIMETABLE

Question IA: On page 2 of the teltimon.: you state, "We agree with the academy
position that increased scientific understanding of CO2 is needed. Their
conclusion is reasonable: We have time to conduct the needed research." On
the other hand, the EPA report is not so optimistic. What scientific evidence
has lead you to conclude that there is adequate time to conduct the necessary
research?

e.

Answer: Previous analyses have shown a steed)? exponential growth of global

CO
2 production at 4.3 ,percent per year. With the exception of the two world

w,rs and the great economic depression of the 1930s, this growth rate appeared

to persist back to 1860. Recent analyses by the Institute for Energy
;

Analysis, Oak Ridge Assoc1ated Universities, however, have shown that for the

period 1973-1983 the rateiof growth averaged only 1.86 percent per year, a

significant decrease. 1973 le the year when pricing of the world's oil

supplies underwent major changes causing consumers to reevaluate their needs

for oil. This is evidence that the fossil fuel era has undergone fundamental

changes; rates of growth of CO2 emissions that were possible with "cheap

energy" are unlikely in the future. As a consequence, most recent estimates

of future global energy requirements now project energy growth rates in the

0.8-2.6 percent range for the next 100 years. If one chooses a mid value of

growth, for example, 1.5%, this slower rate of CO2 emission, if sustained, is

very important to the carbon dioxide jelly. bzcause atmospheric buildup of

carbon dioxide will occur more slowly thus CO. do3bling time is extended to 80

years from now. This longer time to doubIL4 allows more time to investiate

climate ane other possible consequences of increasing carbon dioxide. Another

important piece of evidence is a new estimate of 19th century CO2 reached at a

recent World Meteorological Organization meeting of experts. The nev estimate

i (J2 *.t
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is in the range of 260 to 280 ppi. This new estimate has important

implications for effects on climate. The previously accepted estimate for the

preindustrial CO2 level was 295 ppm. The increase from the new level for

preindustrial CO2, 260 to 280 ppm, to the current 340 ppm level over the last

100 to 150 years constrains climate model predictions of global average

temperature. Using the previous estimates for CO2-level changes, the global

average temperature increase would range from 1.5° to 4.5°C. Using the new

estimate, the upper .imit of the temperature range is reduced substantially.

from 4.0 to 3°C.

Question 1B. Some testimony presented in today's hearing points out that the
impact of the greenhouse effect is being felt today. Doesn't this indicate
that we should accelerate the research program in case the academy's ano your
position are too conservative?

Answers The Department of Energy believes there is no firm evidence to

support the statement that the impact of the greenhouse effect is being felt

today. For example, the observed temperature change over the past 100 years

is not inconsistent with the direction of CO2 change and model projection,.

however, since the observed temperature change is still under the range of

natural variability, we can not clearly distinguish what we would calla CO2-

induced climate change. Other changes, such as sea level, are also not

inconsistent with projected changes, but they are all within natural

variability and we still do not have a clear cause and effect relationship.

In regard to accelerating the research program, we believe the appropriate

time for decisions of this nature would be following publication in 1985 of

the state-of-the-art:and statement of findings reports described in the

testimony. The aim of this effort is to present an integrated, systems view

of the entire research program needed to reduce uncertainties.

193
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PREINDUSTRIAL CO
2
LEVEL

Question 2A. 0e page 4 you state that a new estimate of 19th century CO2 was
made placing the range at between 260 to 280 parts per million (PPM). The
previously accepted estimate for the preindustrial CO2 level was 295 ppm.
Further, you indicate that this information would have the effect of reducing
the upper bound of the temperature increase, from the greenhouse effect, from
4.5 to 3 degrees centigrade. It would appear that if there were less CO2 in
the 19th century then it indicates that the rate of increasing atmospheric
concentration is even greater than previously thought. This would indicate
that the problem is even more serious than originally believed. Would you
comment on this please?

Answert One of the earlier witnesses stated that one solid boundary condition

was worth 1000 hours of computer time. A firm measurement of the 19th century

atmosphere CO2 level provides such a key boundary condition for climate

modeling and carbon cycle modeling. For example, if I select the 260 ppm as

he 19th century CO2 level, then over the last hundred years CO2 has increased

80 ppm instead of 45 ppm. The observed temperature increase over the last

hundred years is about 0.3 to 0.5°C. This boundary condition and observed

temperature change are more consistent with models predicting a 1.5 to 3°C

temperature change for a doubling of CO2 than models predicting an increase

above 3°C. This means climate is most likely leas sensitive than first

thought. We still need to examine why some models predict higher

sensitivities. For example clouds can act to increase or decrease

temperature. Currently, the majority of models suggest an overall neutral

effect. The oceans can slow the response causing a lag of 10-25 years. One

researcher claims a 100 year ocean lag. That would mean that the 4.5°C

increase would not be inconsistent with the observed change in CO2 and

temperature. The working consensus is that the 100 years is not valid, but

the argument must be presented in the science process and stand or fall on its

own merit.

I believe that this confirms that the models are sufficient to give us the

direction of the temperature change, not the rate of crige or regional
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distribution of change.

Question-2D% Based on the new estimate that the maximum temperature worming,
when the CO2 level is doubled, is 3 degrees centigrade, does this mean that
the impact of the greenhouse effect is not as serious as originally thought?

Answer: No. A 1.5 to 3°C temperature increase would be serious. For

example, paleoclimate record. allow that a 10-2° shift in mean is associated

with precipitation changes that would have serious affect. on agriculture.

The new rotultm suggest climate is Las sensitive to increased CO2. In other

word., we may experience les. of a climate change for a given increase in

CO2. Thia tranalatem into increased time for research on the rate, magnitud!

and geographic distribution of climate change. Also, the additional time

allows increased flexibility in our responses. For example, genetic

epginee:ing for agriculture may allow us to accept and take advantage of a

larger change in climate than we could do otherwise.

c.
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CO
2
EFFECT ON CROPS

Question 3A: On page 6 you describe series of experiments with plants grown
in CO2 controlled greenhouses. The research results indicate that the CO2
stimulates plant growth. Did these experiments take into consideration the
changes in climate, temperature or water? If not, aren't these results very
preliminary at beat?

Answer: These results emphasise direct effects of CO2 on plant photosynthesis

and growth, and were obtained using open-top chambers and soil-plant-

atmosphere designs for precise control of atmoapheric CO2. These approaches

have produced unique field-type data on yield of a harvestable product for

conditions of conventional cultivation practice, natural sunlight and ambient

temperature-precipitation-humidity-wind conditions. Such conditions -e

considered more realistic than controlled greenhouses and simultaneously treat

the range of environmental variables that crops normally experience. The

experimental approaches are providing meaningful data on the direct effects of

CO2 on yield of corn and soybeans at four different geographic locations.

They are Raleigh, North Carolina, Gainesville, Florida, Mississippi State,

Mississippi, and Livermore, California, which illustrate a range of

temperature and precipitation env'ronments.

The normal diurnal variation of temperature and water stress occurred with

these experiments. In a few instances, severe water stress was experimentally

imposed on the crops with the result that elevated CO2 compensated for

detrimental effects of water stress. This response is preliminary and needs

further confirmation with other crops; yet it is an important finding because

it means that by some mechanism CO2 tends to alleviate suppressed growth due

to water stress. This direct CO
2

effecu may compensate for detrimental

effects of temperature and soil moisture stress related to climate - weather

changes whatever the causes may be. This research ie providing crop yield

data for experimental conditions of elevated CO2, and for normal conditions of
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crop growth; experiments are continuing to examine effects of elevated CO2 on

water use. Additional research is needed to determine relatipnship between

CO
2 stimulated plant growth and requirements for other nutrients, such as

nitrogen and phosphorous.

Question 3E: Based on the reseArch results as outlined in your testimony the
conclusion could be drawn that the greenhouse effect is beneficial for
crops. When climate, temperature and water supply are considered, the exact
opposite conclusion is reached. Would you comment on this please?

Answer: All evidence supports the premise that CO2 directly enhances

photosynthesis and crop growth. While it is not yet possible to specify

regional climate change attributable to CO2, warmer temperatures and less

rainfall may indirectly affect crop productivity in areas where these climate

variables are currently marginal. For example, crop productivity may decrease

near semi-arid margins and possibly increase or not be affected at all near

wet margins. If regional climate change occurs, different crops may be groun

in a given region, or growth of a particular crop may shift to a region of

more optimal climate. Tnus, adaptation is anticipated both in terms of using

new species and varieties, including development of new forms from plant

breeding and genetic engineering, and in terms of shifts of agriculture

production centers. Given the limited state of knowledge about possible

regional climate change, and considering normal practices of .1apting crops to

climate zones, the consequences for crop production are uncer.ain. The

principal unknown for which more data is needed is the direct effect of CO2.

Once this information is available, and once regional climate change can be

specified, then it may be possible to analyze comprehensive effects of altered

CO2, temperature, precipitation and other climate related variables.

Meantime, research is devoted to data acquisition and improvement of crop and

climate models.
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CLIMATE 8IUDIES

Question 4A: On page 7 you discuss, under unresolved issues, the need for
better climate modeling. Eased on. the testimony of other witnesses, this is
an important research area. What is the level of funding for the DOE climate
studies?

Answer: We are spending about $3.1 million in FY 1984. In FY 1985 about the

same amount will be spent plus the requested increase for trace gases. The

program is documented in the DOE plan - CO, Climate Research Plan, December

1983 copies of which have been sent to your office. The program is divided

into three areas: climate modeling, first detection and supporting climate

data and analysis. Climate modeling includes extending, verifying, and

applying climate system models for use in estimating the climatic effects of

increasing CO2 :oncentratione. This work also will provide guidance for first

detection of climatic effects and assessments of so:ietal, biological and

economic impacts. We are spending $1.6 million on climate modeling. Firs:

detection involves evaluating and analyzing data in search of evidence that

the predicted CO2-induced climate changes are in fact occurring. Analyses of

trends in trace gases and aerosols also may be required, as well as variations

in solar activity and IR radiation. About $0.6 million is spent on this

effort.

Supporting Climate Data and Analysis includes searching historic and

paleoclimatic records for evidence of different climates, particularly those

warmer than the present, that can be used to study the mechanisms of climate

change, to determine the ranges of past variations, and to develop analogs of

possible Cot- induced warmer, and warming, climates and supply key data sets

for climate modeling and first detection. This effort also brings the

information generated by the three areas together into a statement of what we

know and do not know about CO2 induced climate change. About $0.9 million is

spent in this area.
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Question 45: Is your research efforts coordinated with NOAA and NASA?
Please explain.

Answers Yes. We coordinate with the NOAA, NSF, NASA and Federal

agencies through the National Climate Policy Board and other interagency

committees on climate, meteorology, and oceanography. Our plans are

coordinated both through the formal boards and directly on a colleague to

colleague basis.

Proposals and technical reports receive programmatic and technical review.

These are circulated for review and coordination to agencies that have similar

programs and interests. We also receive proposals for coordination. This

coordination often results in direct joint funding of projects such as the

DOE-NSF Transient Tracers in Oceans project and the DOE-NSF climate modeling

at the National Center for Atmospheric Research. We also have joint projects

with NOAA and NBS.
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SEA LEVEL RISE

Question 5A. On page 11 you indicate that the projected sea level rise, due
t2 doubling of the CO2 concentration, ranges from approximately 2 1/2 feet to
over 11 feet by the year 2100. Is the DOE research program adequate to
provide the necessary data to show which sea level rise is accurate?

Answers Sea level may change due to a carbon dioxide-induced climate

change. Potentially the greatest threat is the disintegration of the We

Antarctic ice sheet which could raise global sea level by five meters.

feet. Speculation as to the time involved ranges from 200 to 500 years and

beyond, if at all. The uncertainty is great because little is known about the

ice sheet itself and its interactions with the ocean and climate.

In response to this situation, the DOE sponsored a workshop in 1980 on Or

subject to promote a discussion of the research problems involved and to

develop specific projects to solve these problems. A summary report was

published by DOE.

It is national policy that the National Science Foundation shall budget for

and manage the entire United States national program in Antarctica. In 1983

the NSF initiated a 3-year effort in West Antarctica which will be the most

intensive study,yet on ice behavior and the relationship between the stability

of the ice sheet and its interaction with global climate.

The DOE sees as its responsibility the support of high priority research needs

not covered by the NSF. For example, the DOE sponsored the National Academy

of Sciences to conduct a workshop to bring global circulation modelers and

glaciologists together to press for improvement of current simulations of the

existing polar climate as a prelude for predicting a concrete ..J2 scenario for

West Antarctica. The report will state "Firm quantitative predictions for the

future of West Antarctica, therefore, cannot be attempted, at the present

state of knowledge." DOE initiated a contract with one of the top

glaciological modeling groups to examine the breakup potential of the West
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Antarctic ice sheet and th provide a fundamentally different approach to the

only other ice sheet modeling effort sponsored by NSF. We also supplemented

an NSF project studying the circulation and characteristica of the Ross Sea.

This supplement brought this top priority project up to its intended optimum

level of effort. DOE commissioned a paper on the health and prognosis of the

West Antarctic ice sheet by one of the nation's leading glaciologist'.

The most critical research and monitoring need for a polar orbiting satellite

with a laser altimeter is, unfortunately, not in the planning stages of any

Federal agency.

Even if the West Antarcti ice sheet never disintegrates, sea level may still

change due to carbon dioa.de-induced climate change. Poaitive changes may

result from thermal expansi.,n and/or ablation of polar ice sheen and mountain

glaciers or negative changes may result from net accumulation of ice due to

increased snowfall on the ice sheets. Even less is known'a ut all these

processes including whether the sea level ,has in fact changed in the past

century and if so how much and the causes of such a change.

To examine these last two uncertainties, the DOE, through the Lawrence

Livermore National Laboratory, contracted for three reports on sea level

change and its possible causes. The reports conclude that the uncertainties

remain largely because the data sets available are inadequate for the task.

In regard to thermal expansion, the NAS carbon dioxide assessment report

cautioned that there is no good understanding of heat transport to the deep

ocean but that major ongoing research efforts such as the projected World

Ocean Circulation Experiment are directed at remedying this unsatisfactory

situation.

Ablation of polea ice sheets, the potential contribution to sea level of

mountain glacier and research needs was a topic for discussion at the December
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1983 meeting of the Committee on Glaciology of the Polar Research Beard at the

urging of the DOK.

Finally, to pull together all that is known an the overall question of sea

level change due to a cart= dioxide - induced climate change, the DOS in

considering a proposal by the National Academy of Science.; to sponsor a

meeting of experts in mid 1984. The product would oe a statement of knowledge

on the subject to be published in late 1984 in conjunction with the DOE.

prepared state-of-the-art reports on the =jet programs comprising the

nationel carbon dioxide research effort.

In summary, the Federal research program is well suited for improving

knowledge on this topic.

Question 5E What io the current level of .funding for research that is
studying the sea level rise?

Answer: In fiscal year 103, the level of Federal funding for research sn

002-induced climate changes in the West Antarctic ice sheet and, the resulting

impact on sea level totaled approximately $1.0 mialiop. In V' 1984, this is

expected to increase slightly. The majetity of these funds come from the

National Science Foundation. DOE funding in this aria in FY 1984 is $0.4

zillion. Other research that centributos to knowledge in the sea level

question, such seocean heat flux, can not be separately.identified as

responding to the 002-induced climate change question.

Question 5C. When do you estimate that the research program will begin to
provide accurate data on the rate of sea level rise?

Answer: We tetioete it willetake 10 years for a research program, sustained

at the 14vela described in the above answer, to provide accurate data on

projected see level changes. Since ;,rojeccions depend so heavily on mass

balance, net accumulation of snow an' ice on polar ice sheets, calculations,

this estimate could be reduced significantly, to a few years, if a polar

orbItini satellite equipped with a lase.. altimeter was available.
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CO
2
RESEARCH PROGRAM

question 6A.. One of the witnesses presented testimony that the DOE CO
program "hen been too intent on short term goals." He further stated that

ea "DOE support han been too small, too focused and tno 'mission oriented'. The
CO3-climate issue is a scieetific, not an engineering problem and the DOE has
noE approached the reseaech correctly." Does the DOE CO2 program have 5 and
10 year goals,? Please explain.

Answer: The Department of Energy has prepared Research Plans which contain

general Eljamuna and apecifit scientific otiactives. The plans have

various timetables for obtaining data, developing models, answering questions,

but in no case are the plans organized around 5year and 10-year goals. In

some cants the timetsbles call for information in 2 to 3 years; in other cases

10 to 15 years, or poasihly longer, will be required to reduce uncertainty.

It should be fully appreciated, however, that the researchiqtaestions are wel/-

defined, enu candidate approaches are identified for getting information and, -

answering questions. The development of research plans began with a eerier of

scientific wnrkshops and conferences, for example, Miami Beach, 1977; and over

the pant seve-il years the plans have been reviewed, emended, updated based

upon the input of scientists, federal agencies and international groups end

sent to the Congress. The plena explicitly invite broad participation by the

science cormunity. There is no validity to the criticism that "the DOE

Program has been too intent an abort -term goals," and that "the Dc E has not

approached the research correctly." DOE regard, the CO2 issue as an

international problem requiring much more scientific data and analysis. The

scientific community. U.S. and international, :lave beer. involved in all of our

activities.

Question 611. Is the DOE CO2 program too mivoion oriented?

Answer: if we define "mission oriented," to mean directed actions towards

achieving okjectivee and obtainim aneweis to scientific questions, the DOE

CO2 program is indeed mission oriented. The mission is to define objectives,

to fools Activities on getting answers in a timely fashion, and to obtain

research results needed to support energy policy decisions.
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QUESTIONS FOR

DR. JAMES S. KANE

DEPARTMENT OF ENERGY

RESEARCH TIFETABLE

1. ON.PAGE 2 OF THE TESTIMONY YOU STATE; `WE AGREL,WITH THE ACADEMY

POSITION THAT INCREASED SCIENTIFICUNDERSTANDING OF CO2 IS NEEDED.
.

THEIR CONCLUSION IS REASONABLE: WE HAVE TIME TO CONDUCT THE

NEEDED RESEARCH.' ON THE OTHER HAND. THE EPA REPORT IS NOT SO

OPTIMISTIC.

A. WHAT SCIENTIFIC EVIDENCE HAS LEAD YOU TO CONCLUDE THAT THERE

IS ADEQUATE TIME TO CONDUCT THE NECESSARY RESEARCH?

B. SOME TESTIMONY PRESENTED IN TODAY'S HEARING POINTS OUT

THAT THE IMPACT OF THE GREENHOUSE EFFECT IS BEING FELT TODAY.

DOESN'T THIS INDICATE THAT WE SHOULD ACCELERATE THE RESEARCH

PROGRAM IN CASE THE ACADEMY'S AND YOUR POSITION ARE TOO

CONSERVATIVE?

PREINDUSTRIAL CO2 LEVEL

2. ON PAGE 4 YOU STATE THAT A NEW ESTIMATE OF 19TH CENTURY CO2 WAS

MADE PLACING THE RANGE AT BETWEEN 260 To,283 PARTS PER MILLION

(PPM).THE PREVIOUSLY ACCEPTED ESTIMATE FOR THE PREINDUSTRIAL CO2

LEVEL WAS 295 PPM. FURTHER. YOU INDICATE THAT THIS INFORMATION

MUCCI HAVE THE EFFECT OF REDUCING THE UPPER BOUND OF THE

TEMPERATURE INCREASE. FROM THE GREENHOUSE EFFECT. FROM 4.5 TO 3

DEGREES CENTIGRADE.

A. IT WOULD APPEAR THAT IF THERE WERE LESS CO2 IN THE 19TH

CENTURY THEN IT INDICATES THAT THE RATE OF INCREASING

ATMOSPHERIC CONCENTRATION IS EVEN GREATER THAN PREVIOUSLY

THOUGHT. THIS WOULD INDICATE THAT THE PROBLEM IS EVEN

MORE SERIOUS THAN ORIGINALLY BELIEVED. WOULD YOU COMMENT ON

THIS PLEASE?

B. BASED ON THE NEW ESTIMATE THAT THE MAXIMUM TEMPERATURE
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WARMING. WHEN THE CO2 LEVEL IS DOUBLED. IS 3 DEGREES

CENTIGRADE. DOES THIS MEAN THAT THE IMPACT OF THE GREENHOUSE

EFFECT IS NOT AS SERIOUS AS ORIGINALLY THOUGHT?

CO2 EFFECT ON CROPS

3.. ON PAGE 6 YOU DESCRIBE A SERIES OF EXPERIMENTS WITH PLANTS GROWN

V IN CO2 CONTROLLED GREENHOUSES, THE,RESEARCH RESULTS INDICATE THAT

THE CO2 STIMULATES PLANT GROWTH,

A. DID THESE EXPERIMENTS TAKE INTO CONSIDERATION THE CHANGES IN

CLIMATE. TEMPERATURE OR WATER? IF NOT. AREN'T THESE RESULTS

VERY PRELIMINARY AT BEST?

B. BASED O? THE RESEARCH RESULTS AS OUTLINED IN YOUR TESTIMONY

,THE,CONCLUSION COULD BE DRAON THAT THE GREENHOUSE EFFECT IS

BENEFICIAL FOR CROPS. WHEN CLIMATE. TEMPERATURE AND WATER

SUPPLY ARE CONSIDERED. THE EXACT OPPOSITE CONCLUSION IS

REACHED. WOULD YOU COMMENT ON THIS PLEASE?

CLIMATE STUDIES

4. ON PAGE 7 YOU DISCUSS: UNDER UNRESOI.VED ISSUES. THE NEED FOR
BETTER CLIMATE MODELING, BASED ON THE TESTIMONY OF OTHER

WITNESSES, THIS IS AN IMPORTANT RESEARCH AREA.

A, WHAT IS THE LEVEL OF FUNDING FOR THE DOE CLIMATE STUDIES?

B. IS YOUR RESEARCH EFFORTS COORDINATED WITH NOAH AND NASA?

PLEASE EXPLAIN.

SEA LEVEL RISE

5. ON PAGE LL YOU INDICATE THAT THE PROJECTED SEA LEVEL RISE. DUE TO

DOUBLING OF THE CO2 CONCENTRATION. RANGES FROM APPROXIMATELY 2 1/2

FEET TO OVER 11 FEET BY THE YEAR 2100.

A. IS THE DOE RESEARCH PROGRAM ADEQUATE TO PROVIDE THE NECESSARY

DATA TO SHOW WHICH SEA LEVEL RISE IS ACCURATE?

B. WHAT IS THE CURRENT LEVEL OF FUNDIN" OR RESEARCH THAT IS

STUDYING THE SEA LEVEL RISE?

C. WHEN DO YOU ESTIMATE THAT THE RES. PROGRAM WILL BEGIN TO

PROVIDE ACCURATE DATA ON THE RATE . ..EA LEVEI. RISE?

CO e RESEARCH PROGRAM

6. ONE OF THE WITNESSES PRESENTED TESTIMONY THAT THE DOE CO2 PROGRAM

HAS BEEN TOO INTENT ON SHORT TERM GOALS.. HE FURTHER STATED THAT

"DOE SUPPORT HAS BEEN TOO SMALL. TOO FOCUSSED AND TOO 'MISSION

ORIENTED'. THE CO2-CLIMATE ISSUE IS A SCIENTIFIC. NOT AN

ENGINEERING PROBLEM AND THE DOE HAS NOT APPROACHED THE RESEARCH

CORRECTLY..

.A. DOES THE DOE CO2 PROGRAM HAVE 5 AND LO YEAR GOALS? PLEASE

EXPLAIN,

B, IS THE DOE CO2 PROGRAM TOO MISSION ORIENTED?
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