DOCUMENT. RESUME :
ED 258 833 . SE 045 830

. TITLE Carbon Dioxide and the Greenhouse Effect. Hearing .
' before the Subcommittee on Investigations and -
Oversight and the Subcommittee on Natural Resources, - Coa
Agriculture Research and Environment of the Committee .
- on Science and Technology, U.S. House of
Respresentatives, Ninety-Eighth Congress, Second
Sessio, (No. 119),

INSTITUTION Congress of the U.S., Wask'ngton, D.C. House
: Committee on Science and Tachnology.
. PUB DATE 28 Feb 84 . - | - )
NOTE 205p.; Document contains some small print and several
photographs that may not reproduce well. .

PUB TYPE Legal/Legislative/Regulatory Materials (090) ~-

. ' Reports - Research/Technical (143) .

EDRS PRICE -MF01/PC09 Plus Postage. :

. DESCRIPTORS *Air - Pollution; *Climate; *Environmental Influences;
- e Hearings; Oceanography; Physical Environment; Quality
o of Life; Technology; *Thermal Environment; Weather
IDENTIFIERS  *Carbon Dioxide; Congress 98th

ABSTRACT

Increased levels of carbon dioxide have contributed

" to the problematic phenomenon known as the greenhouse effect.
Evidence has indicated that the rise in carbon dioxide levels could
be accurately correlated with a rise in the Earth's mean temperature,
& shrinking of the polar icecaps, and a resulting rise in the Earth's
mean sea level. The problems resulting from this situation are '
reviewed in these proceedings. Individuals presenting testimony '
and/or providing prepared statements (and when applicable, supporting
documentation) include: Carl Sagan; John Trabalka: Wallace Broecker;
.William Jenkins; John Hoffman; Thomas Malone; Rafe Pomerance; and
James Kane. Topic areas disucssed are: (1) climate sensitivity; (2)
carbon dioxide's effect on crops; (3) role of the oceans and rise in
sea level; and (4) preindustrial carbon dioxide levels. A research
timetable and program strategies are presented for reducing the
greenhouse effect. One of the strategies emphasized by the Department
of Energy is the expansion of a basic knowledge based on carbon
dioxide buildup. It is recommended that data collection in this area
precede impact assessments, plans, and policy options. (ML)

LA EEEEREEEERESEERE AL EEE R I Y E Y Y Y Iy

* Reproductions supplied by EDRS are the best that can be made *

* from the original document. *
***********************************************************************




(l

.Euzséesz

E 045 530

)

:.v

(CARBON DIOXIDE AND THE GREENHOUSE EFFECT

T ———= '1.5. DEPARTMENT OF EDUCATION
L NATIUNAL INSTITUTE OF EDUCATION
ELUCATIONAL RESOURCES INFORMATION
) . CENTER (ERIC)
This Jocument has been reproduced ae
- receved from the person or organization
originating it.
<. Minor changes have been mads 10 improve

HE ARING _1'_?f°¢ucl»n quality.

@ Points of view of opinions stated in this docu-
BEFORE THE manl do not nccnumv represent officisl NIE.

SUBCOMMITTEE ON
INVESTIGATIONS AND OVERSIGHT

AND THE

SUBCOMMITTEE ON NATURAL RE SOUI{Chb

s AGRICULTURE RESEARCH AND ENVIRONMENT

OF THE

COMMITTEE ON
SCIENCE AND TECHXOLOGY -
U.S. HOUSE OF REPRESENTATIVES

~ NINETY-EIGHTH CONGRESS
SECOND SESSION

FEBRUARY 28, 1934

[No. 119]

Printed for the use of the
Commirtee on Science and Technology

iy
B

U.S. GOVERNMENT ‘'RINTING OFFICE
30 6430 WASHINGTON : 1984

2 J
“ .
”7_,:



COMMITTEE ON SCIENCE AND TECHNOLOGY

. DON FUQUA, Florida, Chuirman . ’
ROBERT A ROE. New Jursey LARRY WINN, Jr.. Kansns o
GEORGE E.BROWN, Jx . Culifornia MANUEL LUJAN, Jr.. New Mexico . e
JAMES H SCHEUER. Now York - ROBERT S. WALKER. Pennsylvaniu SRR
RICHARD L. OTTINGER. New York . WlLl,h\M CARNEY, New York N e
TOM HARKIN. lowy - F.JAMES SENSENBRENNER, J&., .
MARILYN LLOYD. Tennessee Wlscunsm : ! wi
DOUG WALGREN, Pennsylvania - JUDD GREGG, New Humpshm : 1wy
DAN GLICKMAN., Kansas RAYMOND J. McGRATH. New Yorh bt
ALBERT GORE. Jx., Tennessee JOE SKEEN. New Mexico "
ROBERT A. YOUNG, Missouri T CLAUDINE SCHNEIDER. Rhode Islund s
HAROLD .. VOLKMER, Missouri BILL LOWERY. California Lodad -
BILL, NELSON, Florida® ROD CHANDLER, Washington
STAN LUNDINE, New York HERBERT H. BATEMAN, Virginia

RALPH M. HALL, Texas SHERWGOD L. BOEHLERT, New York

DAVE McCURDY, Oklahoma ALFRED A. tAL) McCANDLESS, Calilorniy
MERVYN M. DYMALLY, Culifornia TOM LEWIS, Florida

PAUL SIMON. Hhinois

NORMAN Y MINETA, California

-RICHARD J. DURBIN, [Hinois

MICHAEL A. ANDREWS, Texas

BUDDY MacKAY. Florida

TIM VALENTINE. North Carolina

HARRY M REID, Nevada

ROBERT ¢ TORRICELI I New Jersey

FREDERICK . BOUCHER, Virginia
Harorn P. Hanson, Eeecutiee Doector
Rosknrr C. KereHasm. Geaeral Counsel

Recina A, Davis, Chief Clerk
Davin 8. Jrrrery, Mnortts Stafl” Director

SUBCOMMITTEE ON INVESTIGATIONS AND OVERSIGHT
ALBERT GORE, Jr.. Tennessed, Chairman

HARRY M REID. Nevada JOE SKEEN, New Mexicu
HAROLD 1. VOLKMER. Missouri : ALFRED A. 1AL McCANDLESS: California
ROBERT A ROE., New Jersey CLAUDINE SCHNFEIDER. Rhode Island

RICHARD J DURBIN. llinois
JAMES H SCHEUER, New York
RonkRT B. Nicnovas, Chret Connsel Staff Duector
StepHEN A Owens, Covusel
Jasmes EoJenses, Incestypator
Rosrur W Lasina Munority Techeal Consultant

SUBCOMMITTEE ON NATURAL RESOURCES, AGRICULTURE RESEARCH AND
FNVIRONMENT

P
JAMES H SCHEUER. New Yourk. Charrman
TIM VALENTINE, North Carolina RAYMOND J McGRATH. New York
TOM HARKIN. lowa CLAUDINE SCHNEIDER. Rhode {sland
MICHAFL A ANDREWS, Texas ROD CHANDLER. Washigton
BUDDY MackAY. Florida TOM LEWIS, Floridn

ROBERT ¢ TORRICELLL New Jersey
GEORGE E BROWN, Jr. Californm

4
Ay



'CONTENTS

WITNESSES

February 28, 1984: ) : Pago
Dr. Carl Sagan, Radiophysics and Space Research, space sciences build- -
ing, Cornell UNIVEESItY ....vccvviscvserierenivenensinessessiossesssmsesssssrsssssssessossssossssans 1r
Dr. John Trabalka, Environmental Sciences Division, Qak Ridge National
Laboratories............ccorvrvrern RO E S e se e b e s bt sasasebenssnen 21
Dr. Wallace Broecker, geochemistry department, Lamont-Doherty Observ- 88
ALOTY oo e e e b seasranes
Dr. Wl);liam J. denkins, Woods Hole Oceanographic Institute........c............ - 92
John Hoffman, Director, Strategic Studies Staff, U.S. Environmental Pro-
tection AENCY.......cccimreremirnnrevesnesrnnererans TP 101
.Dr. Thomas F. Malone, Chairman, Board of Atmospheric Sciences and -
Climate, National Research Council, National Academy of Sciences....... 104
Rafe Pomerance, president, Friends of the Earth, accompanied by Antho-
NY B BCOVILLE i oiverirnresssrsvererversevernstienstime s nessssssssssesssnssserssssssesessosssssosssesess 107
Dr. James S. Kane, Deputy Director, Energy Research, U.S. Department
of Energy, accompanied by Mr. Frederick A. Koomanoff,” Director,

Carbon Dioxide Research Division, Office of Basic Energy Sciences ......... 167

an}




CARBON DIOXIDE AND THE .
GREENHOUSE EFFECT

- TUESDAY, FEBRUARY 28, 1584

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. Gogre. 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 Comnittee 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 cor.-
fronted in the past™The way we live is inevitably going to be ¢I-
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
40 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, for this is not a problem to be ignored. More-
over, if we simply put off critical challenges, we often find out later
that 1t'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, wher we revisited the issue, the message that we

" heard was even -more 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 CO; 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 tn see the impacts of this phenome-
non.? How severe will those impacts be? And how should we pro-
ceed from he-e 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 th~ 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.

Kven 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,

6
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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 CO: 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
their 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 Enargy’s
research program. Regardless of how dire one’s viewpoint might be,
it is inarguably true that now is tiie time to begin deciding what
q}l]xestions 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. ScurukR. 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 [ 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. Gore. Oh, great. Without objection, we’ll do just that.

|The opening statement of Mr. Scheuer follows:]



STATEMENT 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 1S EXPECTED
TO RESULT IN SLOW BUT INEXORABLE
CHANGE IN CLIMATE.

THE RESULTS OF BOTH, HOWEVER, MAY BE
EQUALLY DISASTROUS.,




INCREASING LiVELS OF CARBON DIOXIDE
CAUSE HEATING OF THE EARTH'S
ATHMOSPHERE 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 CEN. .Y,

But TODAY'S WORST CASE SCENARIOS GIVE
US ONLY A FEW DECADES TO RESPOND -TO
THESE INSIDIOUS CHANGéé IN OUR ENVIRON-
MENT IF WE ARE TO AVOID MAJOR éCONOMIC
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,
R10 GRANDE AND LOWER COLORADO WATER
REGIONS ARE A REALISTIC SCENARIO FOR
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,
I[F SUCH PROJECTIONS ARE EVEN APPROXIMATELY
| CORRECT, "THEN WE NEED TO HAVE ACCURATE:
AND RELIABLE DATA NOW.

DECAbES ARE REQUIRED TO PLAN AND 'IMPLEMENT
THE IMPLIED MAJOR CHANGES TO THE
INFRASTRUCTURE OF OUR COASTAL CITIES
AND INDUSTRIAL PROGRAMS, 7 .

Is OUR RESEARCH PROGRAM ADEQUATE TO MEET .OUR
NEEDS?

THE ADMINISTRATION APPEARS TO BELIZVE SO,
HOWEVER, THE DEPARTMENT OF ENERGY BUDGET
REQUEST FOR THE CARBON DIOXIDE PROGRAM
1s oNLY $13.4 M, AN INCREASE OF A MERE
$0.9 M (/%) ovER THE FY 84 APPROPRIATION.

10
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Yetr 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.

FURTHERMbRE, THEY ARE NEGLIGIBLE RELATIVE
TO THE COSTS OF CONTINUING TO APPROACH
THE PROBI.=M OF CHANGING CLIMATE
CONDITIONS IN A FRAGMENTED AND DISORGANIZED :

FASHION.,

TobAY’'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
LEPARTMENT OF ENERGY.

THEY WILL ADDRESS THE PRESIDENT'S BUDGET
REQUEST FOR THE CARtON DIOXIDE PROGRAM .
FOR 1935 AND THE CHANGES IN THE PROGRAM'S
SCOPE AND DIRECTION,

)
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Mr. Gore. 1 would like to recognize 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 observation, and also in the interest
of this grandson who was born July 11, and my first. I would
raéher 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:]

. 12



HONORABILE RAYMOND J. MCGRATH

HEARING ON CARBON DIOXIDE AND THE_GREENHOUSE EFFECT

“

. FEBRUARY 28, 1284

| WANT TO JOIN THE CHAIRMEN IN WELCOMING OUR WITNESSES HERE

THIS MORNING,

-

L4

. AS 1S THE CASE WITH ACID RAIN AND POLLUTION OF OUR LAKES,

o RIVERS AND OéEANg. INCREASLNG C02 IN THE ATMOSPHERE REPRESENTS A
PROBLEM OF.GLOA;L PROEORT!OJS. WETCANNOT OVERLOOK THEK |
RELATfONSH{P BETWEEN DECISION§ WE MAKE Now REGARGING THE
ATMOSPHERIC SITJATION AND WHAT’WILL HAPPEN ONE OR TWO OR THREE OR

MAYBE EVEN FOUR DECADES FROM NOW. SUCH 1S THE DILEMMA OF ALL OF

OUR ENVIRONMFNTAL CONCERNS.

13




. WHICH WE BASE OUR LEGISLATIVE ACTION. YET, THE TIME CONSTRAINTS
UNDER WHICH SCIENCE AND THE COMGRESS WORK DO NOT ALWAYS COMPLEMENT

ONE ANOTHER. . : : y

FOR SCIENCE TO WORK EFFICIENTLY, HYPOTHESES MUST BE TESTED
AND RETESTED BEFORE A THEORY 1S CONFIRMED. IN CONTRAST, WE HERE"
IN CONCRESS ARE OFTEN CONFRONTED WiTH DEMANDS FROM OUR

CONSTITUENTS FOR IMMEDIATE ACTION ON ENVIRONMENTAL THREATS.

| THINK WE CAN SAFELY SAY THAT THERE IS A SCIENTIFIC
CONSENSUS THAT A CO2-INDUCED CHANGE CAN BE EXFECTED. THE
UNCERTAINTIES SEEM TO FOCUS ON WHEN THE CHANGE WILL OCCUR, WHERE

IT WILL OCCUR, AND HOW 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., | LOOK FORWARD TO RECEIVING THE RESEARCH

RECOMMENDATIONS OF OUR DiSTINGUISHED WITNESSES.

WE ARE CONSTANTLY LOUKING TO SCIENCE FOR THE GUIDELINES UPON



11

Mr. Gore. 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, are indebt-
ed to you, Dr. Sagan, for agreeing to take a great dea. 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. SacaN. Thank you, Congressman Gore. 1 am pleased to be
here in more wais 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 ZPA and Nation-
u}l Ac'ildemy studies, and they are much more qualified to .do that
than | 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 planet—this is certainly true for
Jupiter, fo1 example, to a significant degree—and 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 albedo—a-l-b-e-d-o—and it can vary. Freshly fallen snow,
for example, has an albedo of maybe 70 percent, and "lack 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
i¥ 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.

15
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So now let's say something about greenhouse effect. In a very
simple way, what happens in the greenhouse effect is something
like this. First of alf 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 hir, like our own, which is clearly transparent—except in Los
Angeles to sunlight. So visible light from the Su~ 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
rved part of the visible srectrum. 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
visible—that is, transparent in the visible part of the spectrum—
tend to be opaque in the infrared part of tﬁe spectrum. The ther-
mal radiation in the infrared is impeded from getting out. You can
consider it as a kind of blanketing of thv 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 saectrum is opaque. There
are some parts of the infrared which are transparent, some parts
which are opaque, depending on where the greenhouse gases—in
this case, CO; and water—like 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 maintaj
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 CO; is already
absorbing essentially all the infrared radiation it is going to absorb.
Put in more CO,, it doesn’t change anything there. But in a differ-
ent part of the spectrum, where CO: hasn’t absorbed very much up
to now, if you double the CO; you can cause a very significant in-
crease in tﬁe 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 probiem 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

Q 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 here, 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 greenhouse 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 like—I've got
to convert from Kelvin to Centigrade—something like minus 30 or
minus 40 Centigrade, when in fact the surface temperature of
Venus is something like 430 Centigrade, 900 Fahrenggit, hotter
than the hottest household oven. The reason for that is, we now
know from spacecraft exploration—most recently the Pioneer/
Venus series of spacecraft by the United States—that 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:indreds 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 dioxidg 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 temperatu.e 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 atmssphere of the Earth, pro-
ducing an incremental greenhouse effect that is adding 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
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the carbon dioxide in the Farth’s atmosphere will increase the
gl(()lbal 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 # few degree increment in the global temperature is a bad
thing then something ought to be—you 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 are 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. OQur technology is now able to make
significant changes in the environment of the planet we live in,

\d who would have thought that burning wood and coal to keep
warm would huve this quite unexpected consequence of keeping ev-

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 probléms 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 eftect. 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 rroblem.

Mr. Gore. Well, thank you very much. That's extremely helpful.

Let me call first on my cochairman, Mr. Scheuer.

Mr. Scurukr. Thank you very much, Mr. Chairman.

Thank vou for your usually stimulating performance, Dr. Sagan.

Some scientists say—well, they don’t use the timeframe of dec-
ades. as vou did, but thev use the timeframe of centuries—if 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. sn 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 nerceive 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. Sacan. 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. Scueukr. 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 impression that the field is absclutely awash

" in research’funds.

There, of course, are major—this 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 frcm 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 example—I'm only
guessing—~but suppose China has enormous coal reserves, snd 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 warinly—to make a bad pun—as 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. Scueukr. Is UNESCO, to your knowledge, doing anything on
this matter in its Man in the Biosphere program?

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

Dr. SAcaN. Yes.

Mr. ScHrUER. 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. Gonk. Mr. Skeen.

Mr. SkekN. Thank you, Mr. Chairman.

Doctor, I do want to commend you on your presentation. It was
very well done and 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 awtul 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 time—and 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 CO: 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 be triggered by volcanic explosions or
that it is a periodic phenomenon in the Earth’s climate, and wait
long enough and it will——

Mr. Skeen. This still underlines the importance of that kind of
monitoring that we have——

Dr. SAGcaN. Absolutely.

Mr. SkEEN [continuing]. And space has been a great adjunct, or
the technology of space.

Dr. SacaNn. 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.
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Dr. SacaN. 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. SAcAN [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. SacaN. 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 could—do you agree with that, that that’s the
common denominator between these two?

Dr SacGaN. Yes, and there are a bunch of other examples, both
'in the question of the effects of nuclear weapons—which I under-
stand is not the purpose of this committee meeting—and 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. SacaN. I mean, | would think that in a well-ordered society
you would want to understand what the—you 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, ‘he pressure and tem-
perature of this room, it would be a quarter of a millimeter thick.
'lI‘h}at's all the ozone there is that’s protecting us from ultraviolet

ight.

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 of our 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 a thing and then it goes off on its own, and that ‘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, the phenomenon
itself. Don’t make a big change until you thoroughly understand it.

So I can’t emphasize strongly enough the imporiance of directed
research on specific problems already -identified, but &lso very
broad scale research to try to understand the atmosphere/ocean/
Earth system together sq that we can try to ident fy new problems
before they surprise us. '

Mr. Gogre. So our increased numbers and the atility of technolo-
gy and industrial civilization to magnify our power ¢n 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 nietaphore. Right?

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

Mr. GorE. Yes, yes.

Now your studies of atmospheric systems have also given you an

ippreciation 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. Sacan. Yes. either way. A 1, 2, 3 degree luwering of the
global climate—the global temperature—or a 1, 2, 3 desree raising
of the global temperature, both of those can have quite serious con-
sequences. Therefore. jor 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 Lxport food on the planet, and a few degrees increment in tem-
perature—as the EPA and National Academy studies have
stressed—raises 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
glohal economic consequences.

Mr. Gore. OK. Now let me ask you a question based on a string
of tiiree or four assumptions. Assumption number one: a consensus
emerges in the scientific comimunity stating that not only is the
greenhouse effect real, but that it will have wiat can fairly be de-
scribed as catastrophic conseqvences 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-
tomad to. That's assumption number one.

Assumiption 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.

How would science communicate with public policy mak ~rs about
the urgency of doing something? Would it in your view be likely
that the majoritv would conclude in those circumstances that it
wis hopeless, that the political task would be overwhelming, and
that our best choice would simply be to evacuate coastal aress 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 the major thrust of my question: If those assumptions
fall into place, what’s your view of our ability to respond to it?

Dr. Sacan. 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. Sacan. 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-
lemn, how much certainty it i vests in that explanation, and how
actively involved it becomes in spelling out what the clearly sensi-
ble choice might be. :

Go ahead.

Dr. Sacan. 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 -
that—however, 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 is—less burning of fossil fuels,
more fusion powerplants, if and w. 'n we get them—there 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 hersz. OK, but then that requires a hitherto
unprecedented degree of international cooperation on economic
izsues. 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 arz 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 getails, the global arnis.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 cor.cern at all
about other nations far trom their dispute—the dispuie of the
United States and the Soviet Union—otger 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. Remp. No.
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Mr. SkkeN. No.

tion? .

‘Mr. ScHEUER. Just one observation, sort of illuminating a remark
you made about one man’s feast is another man’s famiue. 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. SacaN. 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. ScurUER. 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. Sacan. 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. ScueuEgR. Thank you, Mr. Chairman. '

Mr. SkeeN. Mr. Chairman?

Mr. Gork. 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. SacaN. 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, [ 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, [ admire the work that you do, Dr. Sagan. Thank you
again for getting us off to a good start today.

Dr. Sacan. 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
Depnartment at Lamont-Doherty Observatory in Palisades, NY: and
Dr. 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 tiine?
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Mr. BrorckeR. That’s right.

Mr. Gore. OK. All 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 OF 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 tor 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 Program in the Environmental Sciences
Division 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. QOak 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 Las a more
recent origin in fiscal year 1982.

In carrying out tasks assigned by DOE, the program is responsi-
ble for mouitoring 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 CO. research community for a
1985 state-of-the-art report on the global carbon cycle. We expect
the 198 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 »rincipal 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 reservoirs 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 CO, levels in the atmosphere.

Mathematical models of the carbon cycle are needed to address

fers. A ‘mathematical model developed by the DOE «‘rogram

these questions, and are being developed and updated with refine-
,n‘;rﬁin basic understanding and improved estimates of key pa-
ra

it ORNL is being used to make CO, 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 jmprov-
ing our understanding of the terrestrial component of the cycle.
The key unresclved issues in the Carbon Cycle Research Program
appear to in' lve disparate estimates of CO, releases by .the land
biosphere anu of CO; 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 CO. releases oc-
curred principally as a result of forest clearing during agricultural
expansion an-’ timber harvesting. Such changes in land use result
in lusses 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 IXIemisphere 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. New evidence that the atmospheric CO, concentration
may have been as low as, say, 260 parts per million in the year .
1%00. means that there has had to have been a substantial nonfos-
sil source of CO: to the atmosphere—for example, from vegetation
and soil —over the past 200 years. The total amount contributed by -
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the land biospimre could have been as much as that contributed by

fossil fuels. _
These findings suggest that the oceans may be assimilating more

CO. 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 CQ., uptake
by the oceans which are higher than earlier estimates on the order
of 25 percent. However, these current ocean models are still able to
accommodate a significant CO, 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-
ledase was much lower than some historical reconstructions indicat-
ed.

Both requirements are still in conflict with results from relative-
ly recent reconstructions of historical CO; 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 hased analyses of land use change, using high-spatial-
resolution models differentiated by ecosystem types and disturb-
ance categories. These more sophisticated modeals of the land bio-
sphere will also have the capability to respond to projected climate
changes and eventually to CO, 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 terrestriai CO. releases and ocean uptake appeared to
make use of the carbon isotope record for atmospheric CO, 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 CO: fertilization responses. However, the
latest results reinforce our concerns akout 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 ~onstruct 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 CO. concentrations in surface water are
needed in combination with gas exchange data to calculate the flux
of CO, between the atmosphere and the ocean. Repeated measure-
ments of dissolved CO. in surface water at key locations and of -

. total inorganic carbon as a function of depth at carefully selected .

stations over the globe should provide a long-term record of CO,
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. Uceanographic research {)rograms
have collected important tracer data at a number of key locations.
However, the spaseness 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 seu 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 CO;
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 CO, concentrations
as far back in time &s our terrestrial release reconstructions can be
made. This will provide another means for checking and placing
limits on the values of the preindustrial atmospheric CO; levels.
The climatic implications associated with defining the so-called
preindustrial level of atmospheric CO, 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, us a source of additional information.

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

v
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1. INTRODUCTION - -
A. Personal Qualifications

My name is John R, Trabalka, [ am Manager of <%he Global Carbon
~Cycle Program in the Environmental Sciences Division of the Oak Ridge
. Mational Laboratory (ORNL). The ORNL program is a major component in
" the U.S. Department of Energy (DOE) Carbon Cycle Research Program. 1

can assure you that the fol'owing scientific Jjudgments and opinions
reflect those of a substantial portion of my professional peers. I am a

scientist who has bLeen personally 1involved in rescarch on the broad

topic of biogeochemical cycling and effects of pollutants since 1971,
- Most  recently, I have - been  fnvolved with  research on
sensitivity/uncertainty analyses of global carbon cycle mode¥s, and
DrOJectioqe of future atmospheric carbon dioxide (002) levels with

such models, 1 also was an organizer, cochairman, and am now chief

editor of the proceedings, for a recent international symposium

on the technical {ssues associated with the global carbon cycle. 1
served for two years as the Deputy Manager of the ORNL program before
assuming my present rb1e. 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 bhasis 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 C02
predictions, thevefore, are needed because increased atmospheric levels
will persist for some centuries even if fuel use is abated. Therefore,
it is necessary to determine long-term trends {and forms thereof) of
fossil fuel use, 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 CO2 concentrations. Most
important for development of accurate models {is a quantitative
understanding of the complex set of fluxes (exchanges) of carbon among
the reservoirs (sce 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 €O, builds up in the atmosphere.
Historical wvalues of atmospheric - COZ. need to be obtained as
benchmarks, because these values will affect conclusions about the
oceans' and the biosphere'§ capacity to withdraw afrborne C02. 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 do 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
.DOF 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 nceds. The
latest Carbon Cycle Research Program Plan was d~veloped through a
lenqthy series of peer reviews by the scientific community and
revisions. It is believed to represent the current consensus of
knowledgeable experts. .

The ORHL program management staff now executes and administers
subconlracts to universities and major research institutions for new or
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-.'continuing_research supporting many of the areas cutlined in the latest

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

dirvected to concentrate on global carbon model development (including .-

_tervestrial and ocranic subcomponents), and terrestrial biospheric data .
acquisition, a i

The ORNL- program management staff also prepares technical and
topical 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 CO2 research
comnunity for a 1985 State-of-the-Art (SOA) Report for DOE on the global
carbon cycle. x

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: Analysis of the Natural Cycle and Implications of Anthqppogen1c
Alterations for the Next Century, in Knoxville, Tenncssee, on ‘October 31
- November 7, 1983. The symposium was sponsored Jointly by federal
agencies and industry: the Department of. Eneryv; National Science
Foundation; Electric Power Research Institute; MNalional Oceanic ‘and
AfmUSpheric Administration; and the Gas Research Institute. The
symposium was attended by 180 scientists representing 10 countries. The
symposium was organized to examine the scientific basis for extrapolating
present knowledge about fluxes, Eources, and sinks in the global carbon
cycle to predict changes 1in 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 reviewers, are cxamples of a developing international
outreach through the GOE Global Carbon Cycle Progrim at ORNL. Several
progra;m 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 guvernment, and still others have established
‘needed contacts and research efforts throughout the tropical regions of
the developing world. OQOther international researchers involved in the
pros,ram (e.g., at the .University of Bern, Switzerland) are directly
suported by the NOE. An international issue such as the Coz-climate
problem requires international participation,

11. TECHNICAL OBJECTIVES.

* The principal technical objective of the DOE Global Carbon Cycle
Program at 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 implewenting
simulation models to describe the dynamic behavior of the giobal carvon
cycle and its components. Another objective of this research is to
further the scientific methodology for assessing the response of the
global  caerbon cycle, particularly - changes ‘in atmospheric €0,
concentretion, to further releases of (:02 by fossil-fuel combustion;
i.e., so that accurate projections of future C02 levels 1in the
atmosphere can be made. Hov much of the observed atmospheric 002
increase s attributable to fossil fuels? How much is due to other
sources? Hould the increase have been greater, less, or essentially the
same without the response of the terrestrial biosphere? How rapid will
the atmospheric €0, 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 DU program at ORML is heing used to make CO2 projections for the
forthcoming SOA report on the global carbon cycle. Sensitivity and
ervor analyses provide a basis for selecting aspects of models and data
bases Lhal require refinement. Basic data sets in key areas underlying
carbou-cycle riodels are being refined and augmented where indicated,

9
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111. UNGOING RESEARCH ACTIVITIES AND FUTURE NEEDS

A. Key Unresolved Issues

As a direct consequence of our programmatic assignment by DOE,
particular attention in both the i{intramural and extramural research
projects during the past fiscal year was devoted to 1mproviﬁg our
understanding of the terrestrial component of the cycle. The key
unresolved technical issues in the carbon cycle research program involve
disparate estimates’ of C02 releases by the ‘and biosphere and of C02 ’
uptake by the oceans. Resolution of these issues will make the greatest:
contributions to the overall objective of "balancing thé carbon cycle."
The balance between the terrestrial source and the ocean sink: for C02
is nne of the two key determinants for the rate at which fossil fuel
CO? builds up in the atmosphere. The other is the rate of fossil fuel
emissions. 1f the oceans are currently absorbing a significant amount
of terrestrial COZ' the future rate of the atmospheric 002 increase
could be siynificantly slower than expected.

Over the past two millenia, terrestrial ecosystems, particularly the
forests, have been a source of COE to the atmospheré many times larger
than that from fossil fuels. These C02 releasgs occurred principally
as a result orf forest clearing during agricultural expansion and timber
harvesting. Such changes 1in 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 invoives the magnitude and timing of the CO2 loss from the
land and the rate of C02 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 tHemisphere, 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
continue for at least several decades. Circa 1980, published estimates
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of the rate ot carbon uplake by the ovceans were too low to accommodate
even moderate estimates of €0, releases from vegetation and sQils over
the past 200 years. Uncertainty about .the history of the atmospheric
CO? concentration over that same period made }econciling the disparate
estimates of terrestrial releases and ocean uptake difficult.

B. Recent Technical Progress

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 ner. decade. New evidence that the atmospheric COZ 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 CO2 to the
atmosphere, e.g., from vegetation and soil, over the past 200 years.
The total awount relcased—from—he land biosphere could have been , as
large as the contribution from, fossil fuels.

lhese new findings sugyest that the oceans may be assimilating wmore
€0, from the atmosphere than has heretofore been estimated.
Improvements in globally averaged ocean carbon cycle models produceu by
the ORML Global Carbon Cycle Program (Peng and Broecker; research
jointly supported with the National Science Foundation, in preparation)
have resulted in new estimates of COZ uptake by the oceans which are
higher than earlier estimates by 25%. However, these current ocean
models are still able to accommodate a significant 002 release from
fgrrestrial ecosystems only if the bulk of the release occurred in the
previous century and then declined to the present, or if the average
level ot release was much lower than seme historical reconsiructions
indicated.  Both requirements are still in conflict with results from
refatively recent reconstructions of historical 002 relcases from the

Tand bLiowphere,  However, considerable evidence produced over the past
year frow resedarch supported by the ORML Global Carbon Cycle Program now
supparts g significant  owerdll lowering of the magnitude of the
historical terresteial carbon flux produced by human activities.
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One principal ‘finding from two recent efforts (one at Duke
°University - Schlesinger in press; the other in-house - Mann submitted)
dovoted 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 & 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 1lowering of estimates of

terrestrial carhon releases on this basis alone.

Another wajor finding was that the mass of the total carbon peol 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 602 would be produced when tropical forests are cleared,
thus reducing the terrestrial sourcg.’of atmospheric 002 from the
tropics.  This should result in a significantly 1lowered 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.

Hovever, one of the chief remaining sources of uncertainty for both
past and presen: 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 geographically based
analyses of land-use change (see attached M#b of Major YWorld Ecosystem
Complexes) using a high-spatial-resolution model differeatiated by
ecosyster types and disturbance categories. These more sophisticated
models*of the lard 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 $§nvolvement
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 pétéerns of changes in land areas over
time and developing the new terrestrial models required for data
aralysis are being closely coordinated. Particularly 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 1land-use
change and estimating the resulting carbon fluxes (see Figures). It is
expected that refinement of our estimates of both past and present
carbon releases from the 1land biosphere via new modeling and data
assembly activities will realistically require a decade or more of
concerted efvort to accomplish,

One promising alternative approach to resolving the controversy

“related to terrestrial co2 releases and ocean CO2 uptake appeared to

make use of the carbon f{sotope record for atmospheric C02 history
contained in tree rings. The scientific {issue associated with
interpretation of ]3C 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 availavle 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
corrections 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
recuords indicate a much slower rate of change in the CO2 content of




-
-~
]
1)

-

Figure s a NOAA-7 AVHRR sateTlite image of the African ;inent
made 1in 1982, Provided by C. J. Tucker et al., NASA/Goddar® -Space
Flight Center, Greenbelt, Maryland. Compare the ecosystem distributions
indicated by differences in colors with the patterns on the Map of Hor]d'
Ecosystem Complexes.

<

Red - Tropical rain forest

Green - Seasonal forest and grassland
Blue - Savanna

Purple - Wooded steppe

Yellow - Desert and semidesert:
Turquoise « Irrigated agriculture

Light Blue - Water

11
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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 1light ~blue areas are, respectively, regrowin
vegetation in clgared areas, cleared areas, and bare soil. The paralle
roads are about 5 km apart. A1l 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 Yower 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 preindustri§1 002 level estimated from other
sources. However, the new results also reinforce concerns about the
potential variapility of the tree ring 13C record and confirm that
basic research on the physiological mechanisms -which control isotope

fractionation in trees in order to reduce the residual yvariations 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 Coz-ferti11zat1on 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, %ave 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
resuits from thosc of simpler models ({Sarmiento 1983), and seems to
offer the promise that significant changes in estimates of ocean uptake
may yet be possible. However, comparisons among two-dimensional carbon
cycle models for the North Atlantic Ocean thermocline, calibrated by
multiple tracers (3H, 3He, bomb 14C. 85Kr. and Freons), did not
produce the hoped-for increases 1in CO2 uptake - model to model dif-
ferences in uptake were quite small (Peng and Broecker in preparation).
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A final conclusion is not possible at this time and will not be obtained
until a global ocean model is developed and properly calibrated. fhese
preliminary results are a signal that a more physically realistic model
of'ocean circulation mhy not necessarily represent a larger oceanic sink
’ for C02 uptake, and that a balanced approach to overall research oh

. 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-C02 (pCOz) concentrations in
surface seawster are needed in combination with gas exchange data to
calculate the flux of COZ 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 ncean and on a seasonal
basis in order to provide an accurate picture of global 0, uptake by
the ocean. Repeated measurements of p002 at key surface locations and
of total inorganic carbon (IC) as a function of depth at carefully
selected stations over the globe should provide 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. This information will be used to verify and
refine the models of the global carbon cycle -which, 1in turn, will be
used to project future levels of atmospheric COZ' The ZC measurements
in the deep waters of the ocean also provide a method for estimating
preindustrial atmospheric CO2 concentrations. Differences between
dissolved inarganic 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 1in alkalinity of
seawater), the ocean's capacity for (202 uptake would be enhanced, and
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. the buildup of atmospheric c02 might proceed at a slower rate than we
might now project. . : . :

' Tracer data [total carbon, "certain radioisotopes (14C, 3H,
3He, 85Kr, 39A_r), and Freons] are also used to desc'ibe ocean
mixing and transport of carbon to the desp 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
vwe adequately analyze and 1nterp}et 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 COZ uptake, to provide numerical data wused in
developing, refining, and testing mathematical models of the global
carbon cycle, and to monitor long-term changes 1in the global carbon
system produced by increasing atmospheric €0,. 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; .ie last glaciation was
apparently accompanied by massive 002 transfers to and from the ocean,
the causes, consequences, and explanations of which are poorly
understood today" (Brewer 1983).

47




In summary, significant progress s 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 1nd1cate that a long-term
effort over several decades is needed,

€. Resolution of Biosphere/Ocean Confict-Impact on oy
and Climate Modeling '

Yhe resolution of the technical issue involving disparate estimates
of historical terrestrial releases and ocean uptake is obviously needed
if we are to place reasonable confidence in projections of future
atmospheric C02 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, {.e., the history, of atmospheric 602 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 atwospheric C02 levels. The c¢limatic
implications associated with defining this so-called preindustrial level
of atmospheric C02 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 1is 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 (Uecember
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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 gﬁobal carbon cycle has been completed. Some additional
key research efforts which hqvé been identified are:

Evalpation of €0, exchange between atmospheric and oceanic and
biospheric sources and sinks from interpretation of atmospheric
€0,, carbon {isotope ratios, and three-dimensional atmospheric
tracer modeling.

Expansion of {ce core research effort following acquisition of

new high-resclution cores.

Developmert and implementation of COz-gas standard reference
materials,

Data bases on fossil fuel releases and refinement of
energy/economic models for future fossil fuel use projections.

Develop data base for atmosphere/ocean exchange of 002 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 analyses of ]40 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 C02
leveis.

19-043 O—H4—--4
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E. Climatic lmpact ‘of Atmospheric Constituents Other Than €0,

A number of trace gases that have significant anthropogenic sources
also have strong finfrared absorption bands and can theoretically
contribute to the atmospheric greenhouse effect associated with
increasing 602 Several of these chemical species have exhibited
significant increases in atmospheric concentrations during the period of
the Mauna Loa CO0, record (and, by inference, during the {industrial
era). In this group are the 1long-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 N?O and CH4 (and their reaction products) is only
poorly understoqd. Projections of future behavior of these species are
thus even more difficult than for C0, 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
CHy {and COZ) are believed to increase 04 levels (Andreae et al,

1982, Bolin 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 be recognized th.. the presence of the trace gases could
significantly augment the predicted climatic response due to C02.
Thi< might be of particular significance if trace gas concentrations
continue to increase at rates observed over the past several decades and
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if fossil fuel .COZ releases continue at the reduced rates observed
over the past several years (Kerr 1983; Marland and Rotty 1983).

F. Linkages Between Biogeochemical Cycles

Patterns of land use and associated temporal changes being defined
by the Global Carbon Cycle Program have a direct. bearing on the source
of several of the trace atmospheric constituents (e.g., CH4 and
N20). 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., phosphorus ond 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 1n total {solation from one
another. Knowledge about the global chemistry of nitrogen and sulfur
_Will alsoc be valuable for other research activities, e.g., the acidic
precipitation yuestion.

G. Value of Research Plans and Role of Innovation

A research plan provides focus for a structured research program by
cleariy 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) 1is 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 innova-
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, and will continue to be, reshaped to reflect the consensus of the
sc¢ientific 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.9., a care oceanic measurements effort.
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v, BESEARCH 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 labnratories. 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 fnvestigators associated with {ntramural '
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 aré not yet available. Results from some
projects are described along with accomplishments from ORNL 1in-house
research. The Ffollowing are descriptions of. projects, recent
accumplishments, and pertinent references from the remaihing
subcontracts.

Study of CO, Source/Sink Distributions with a 3-D Model (1. Y.=S. Fung
and D, Rind)s

Inforration on the sources and sinks of atmospheric CO2 is
contained in the geographical, seasonal, and interannual variations of
the global atmospheric C0, distribution. The measured concentrations
of (‘.02 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 {nformation on co,
sources and sinks from the observed 002 variations, The approach i;
to use a three-dimensional (3-D) global transport model, based on winds




Table 1.

b2

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

LB
I.

C.

de

W.

W,

G.

S. Broecker

Yl-Sl Fung

A. S. Hall

F. Richards

H. Schlesinger

t

ooy

. Srhlesinger

A. Houghton

M. Woodwell

Rind

Oregon State University C.-7. A, Chen

o6

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
South-ast 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 1in the
Global COy Cycle

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

Stidy of (0
Dittributions
Mocel*

Source/Sink
with a 3-D

On the Increase of Total
€0y in the World Oceans

and’ .
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Table 1. (Continued)

Institution

Scripps Institution
of Oceanography

University of Arizona

Unive s3ity of Illinois

University of Oklahoma
University of
Puerto Rico

University of
Washington

Investigator
R. B, Bacastow*v

A. Long

S. Brown

R. J. Mulholland

A. E. Lugo

M. Stuiver¥=»

Project Title

Development of a Three-
Dimensional Model of the
Natural Carbon Cycle in the

.Ocean and Its Perturbation

by Anthropogenic €0,

Accurate Deter.iination of
13¢/12¢ 4n €0, of Past
Atmospheres from 13¢;12¢
in Tree Rings by Removal of
Climatic Interferences

The Role of Trupical
Forests in the Global
Carbon Cycle¥

Using the Airborne Fraction
as an Index for Comparing

"Model Response with

Atmospheric COp Data

The Role of Tropical
Forests in the Global
Carhon Cycle*

Geochemical Determination of
Biospheric COp Fluxes to
the Atmosphere

*Joint Project.

**Currently at the Max

of Germany,

***Currently at the Universit

Republic of Germany.

-Pldnck Institute, Hamburg, Federal Republic

y of Heidelberg, Heidelberg, Federal
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Table 2. ORNL Intramural Research Projects in the
.DOE Global. Carbon Cycle Program

Project/Activities
Global Carbon Cycle and Climate

+ Carbon Cycle Model Development
Terrestrial Ecosystems
Oceans
Sensitivity/Uncertainty Analysis
C0> Projections

+  Terrest: ial Ecosystem Data Analysis
Mapping Global Carbon
Ecosystem Characterization
Changes in Land Use
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

Investigators

. W. R,

C. F.
Dl L.
Ro Hn
G. G,
A. W.
J. S.
T-‘H-
A. Mc

H- M-
Ll Kl
J- J-
He H,

Emanuel

Baes, Jr.
DeAngelis
Gardner
Killough, Jr.
King

Olson

Peng

Solomon

Post
Mann
Pastor
Shugart
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from a 3.0 general circulation model (GCM), to advect CO
.noninteractively, i,e., as a tracer, with specified sources and sinks o
C0; at the surface. If the model can reproduce the general character -
of observed C0, variations on the basis of physically justified
sources and sinks, it may then be used for experiments to determine the
sensitivity of the global CO% distribution to - various assumptions
about C0p sources and sinks. It is anticipated that this approach may
Tead to useful quantitative }imits on some €0y sources and sinks. .

Recent Accomplishments

' Large Tlongitudinal variations -exist in the atmospheric CO2
distribution. A 3-D modeling approach is necessary to study the
global carbon cycle. Large simulated amplitudes in atmospheric
C02 -at  certain continental 1locations cannot be conTirmed
presently by atmospheric C02 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 C02 distributions with a 3-D 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, [., K. Prentice, E. Matthews, J. Lerner, and G, Russell. 1983.
Three-dimensional tracer model study of atmospheric C02: Response
to seasonal exchanges with the terrestrial biosphere. J. Geoph.
Res, B88:- 1281-1294,
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Role or Tropical Forests in the Global Carbon Cycle (S. Brown and
A. E. Lugo)

A1l 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 002
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

* Date 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.umulates 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
107 t giving a weighted carbon density of 52 t/ha, or about
onc-half that previously reported - results in  less C02
production when tropical forests are cleared; also raises
questions about the size of the global terrestrial carbon pool.

(@’
o
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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 1ife zones in
Puerto Rico. Report No. DOE/EV/06047-3. Center for Energy and
Environment Research, University of Puerto Rico, San Juan.
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Merging a Tropical Biosphiere 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
presont estimates of carbon release to the atmosphere 1is 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 réadi]y
adaptable to other environments. Various existing datc on carbon
content of vegetation and soils, and on land-use change, were
synthesized into format; 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
1015 gC per year. Actual estimate was 0.6 x 1015 g carbon
par 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 sofl
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.

Detwiler, R. P, €. A. S. Hall, and P, Bogdonoff. 1982. Simulating the
impact of tropical land use changes on the exchange of carbon
between vegetation and the atmosphere. In S. Brown {ed.) Global
bynamics of Biospheric Carbon, pp. 141-159. U. S. Department of
Eneray CO2 Research Series 19. Washington D. C.
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Hally €. A So, 0. P, Detwiler, .p, Bogdonoff, C. McVoy, and
5. Tartowski. Land Use Change and Carbon Exchange in the Tropics,
I. Detailed Assessment for Costa Rica, Panama, Peru, and Bolivia,
" Environ, Mgiment. (in press),

Detwiler, R. P., C. A, S..Hall, and P. Bogdonoff, Land Use Change and
Carbor Exchangs in the Tropics, 11, Pre11m1nary 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, 1llI. 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 Rate Effects (M. Stuiver).

The magnitude of the net biospheric 002 flux 'to the atmosphere
during the current millenium can theoretically be derived from the
historical record of carbon 1{sotope ratios (]3C/12C). This study
uses tree ring isotope records to detect changes in atmospheric COZ
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 that—year of growth, Part of the
variability in ]3C fractionation is being corrected by normalizing on

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

Recen* accomplistunents

An estimated amount of 90 x 10" 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 varfability.

Recent references

Stuiver, M. 1982, The history of the atmosphere as recorded by carbon
isotopes. In Atmospheric Chemistry. E. D. Goidberg (ed.).
fierlin:  Springer-Verlag 159-170.

Stuiver, M., R. L. Burk, and P. D. Quay. '3¢/'?C ratios and the

transfer of biaspheric carbon to the atmosphere. J. of Geophys.
Res. {(submitted),
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New Evidence from Carbon Isotopes in Tree Rings from the Southwestern
gnifed ftates: Removal of Climatic Interferences (S. W. Leavitt and
. Long ©o

Contributing to some of this divergence in tree ring reconstructions
of atmospheric C02 levels are site selection, the wood component
chosen for analysis, environmental influences on fractionation, and
natural intra-individual and intra-site 1{sotopic varfability. A
previous study was aimed particularly at eliminating both climate
effects on i{sotopic fractionation and the radial isotopic Variations
within individuals, as contained in a 50-year Juniper tree-ring record

. from Arizora, U. S. A, Present research examines a much longer set of

13C/12C measurements from pinyon pine trees growing at sites in the
southwestern United States.

Recent accomplishments °

Gross factors affecting the whole site (e.g., 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 alsc 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 1is known and considered in the
sampling process. '

Recent references

Leavitt, S, W, and A. Long. 1983. An  atmospheric 130/120
reconstruction qenerated through remcval of climate effects from
tree-ring ]36/]2C 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 semidrid ecosystems store carbon in inorganic
form, primarily as calcifum carbonate. This secondary carbonate occurs
in a variety of forms, ranging from precipitates in the {nterstitial
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
alsn 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/mZ/yr.

Carbonate precipitates in arid soils as a result of evapora.ion
of water from the soil profile, and not as a result of an
interaction of root respiration by desert plants with the soil
carbonte equilibrium,

* Carbonate precipitation in arid soils 1s as high as
1.4 gC/mzyr in some soils of southern New Me:ico.

* Results i{ndicate that an earlier, preliminary estimate of a
worldwide flux of 2.3 x 1013 gC/yr for the storage of carbon
in desert caliches is not 1ikely to change radically - the
existing source term for carbon flux in desert sofls s
generally acceptable wunless  anthropogenic activities (e.g.,
cultivation, irrigation) affect this natural precipitation
process.

66
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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 fdrmat'lon 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 et al.)

The global carbon ¢ycle is being studied to evaluate the mechanisms
that control changes in atmospheric (:02 concentration. The oceans are
the primary sink for excess carbon from the atmosphere. Historically,
terrestrial ecosystems have been a source of (202 in addition to fossil
fuels. By quantifying interactions between the atmosphere and these
other reservoirs, this research provides a basis for projecting future
CO2 concentrations as fossil fuel use and other'perturbaﬂons 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 1is on improving reconstructions of
changes in carbon stiorage 1in 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 C02.
making future COp projections more reliable.

68




Recent Accomplishments

@

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

major ecosystems has been developed. The data base and
accompanving computer map (in .co1or) describe contemporary

-carbon conditions of the 11viﬁg Jterrestrial biosphere. A

summat ion: f0,5° % 0.5° (latitude, 1longitude) resolution grid]
produces a global estimate of 560 x 1015 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 dersity, in vegetation and soils have been combined
with this map .o estimate pre-civilization terrestrfa] carbon
storage. Carbon stbrage -in 1ive vegetation under natural
conditions was approximately 1000 x 1018 g compared tn
560 x 1015 under coqtemporary 1and 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 carhon cycling and - exchange under natural conditions.
Terrestrial seasona: simulations for two types of temperate and

two typés of tropical forests have been implemented as computer
models. and more are planned in the near future. A 1iteratyre
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 developeq. The basic
structures of these models are similar in that the - upper
thermocline is divided into three isopycnal horizons each with

§
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its own outcrop ot high latitudes., The circulation patterns and
ventilation pathways for each model correspond to alternative
extreme assumptions on ventilation for this region., The
therirocline  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

3nu, 146, radiokrypton, and Freons.

Cumparisons of responses and tests against data suggest t ¢ the
information carried by the distributions of multiple trace s may
not be sufficient to distinguish among therinocline models.
Differences in estimates of the uptake of €0, by these models
arc small, and simulated uptake of excess 002 by twg-
dimensional isopycndl models with polar outcrops 1is not
slgnificantly different ffom that simulated by a one-dimensional
vertical mixing model without polar outcrops. d

A two-dimensional box model of the oceans that emphasizes carbon
chemistry and the role of marine organisms has also been
developed. The most coxtensively studied version of the model
uses 91 boxes arranged to form ten isothermal horizons ‘ranging
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 tﬁat 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
uptahs of cn? 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 Ocschger et al., (1975). However, the modified
box-diffusion model predicts an uptake about 25% higher.

70




67

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 basis of chemical
data collected by the GEQSECS and TTO programs. Commonly used
values of the Redfield ratios (1:16:106:138 - P:N:C:0} are
revised to 1:17:133:177.

Projecting Atmospheric CO; Cdncentration

* A gtlobally averaged carbon cycle model was formulated for
projecting atmospheric C02 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
€07 projections. .

To clarify the ‘ependence of C02 projections on model
assumptions and parameter values, sensitivity and error analyses
vere 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 dinclude substantial historical
releases of carbon from terrestrial ecosystems, factors that

control the magnitude of the net terrestrial release are
critical.

Recent References

Bacyu, Lo t., Jr., and G, G. Killough., Chemicel and biolugical processes
in L0, ocean models, IN J. R, Trabalka and D. E. Reichle (eds.).
Proceedings 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, b. 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
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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 1in 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 piots, 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 140 tracer
methodology in directly measuring soil carbon chamrges is also being
assessed. :

Recent Accomplishments

An analysis of the scientific literature concluded that the 1loss
of carbon from soil profiles upon cultivation is ahout 30% over
¢ 20- 50-year {interval. This value is lower than parameters
used in most recent models of anthropogenic changes in the
giobal 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. Chinges in Y4 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,
followad by a slower loss rate with continued agriculture.

Data on 322 soil profiles from Soil Survey Investigation Reporis
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 .uggest that cultivated Alfisols contain 33% less carhon
than uncultivated Aifisols. Apparent 1losses from cultivaced
Mollisols are much less; the data from the Udoll «vborder
“suggest no change in carbon content o 150 ¢m depth in
cultivated profiles. There {s, however, a change in
distribution of organic matter in these profiies. Surface
horizons average 30 to 50X less carbon while lower horizons show
gains 1in 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 1oss in the surface soil (less than 20 cm)
where bulk density 1is low and only a portion of the total
organic matter is stored. In this study, carbon storage was
analyzed in profiles to one meter in depth where increases in
soil bulk densitv, mixing {into Jower layers, and increased
downward tri.sport guring cultivation were taken into account.
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Initial development of a computer madel for soil and litter
decomposition has been completed, The model is designed to lirk
forest production to soil carbon storage, and takes into account
nutrient availability and climatic factors. The ultimate goal
{5 a model which can predict changes in soil carbon when forests
are converted to agricultural and other uses.

Recent References

Mann, L. K. A regional comparison of soil carbon in ‘tivated and
uncultivated loess-derived 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. €. Reichle (eds.) [IN Proceedings of the Sixth ORNL Lif2
Sciences Symposium: The Global Carbon Cycle.

V. OTHER CARBON DIOXIDE RESEARCH AND SUPPORT ACTIVITIES AT ORNL

Terrestrial Ecosystems, Climate, and the Global Carbon Cycle
(. R. Emanuel, A. M. Solomon, T. J. Blasing, G. G. Killough*,

J. S. Olson, T.-H. Peng, W. M, Post, R. J. Renka**, J, A, Watts, and
0. C West, Environmental Sciences Division)

This research project 1is supported by the National Science
Foundation (NSF). A major effort has involved dJavalopment of a
computerizec map of the world's life zones to serve as the geographical
hatis 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.

77



14

This data base {s used to analyze relationships between climate and
terrestrial carbon cycling with recent emphasis on soil carbon storage.

A procedure for calibrating a two-dimensional (latitude and depth)
wodel of carbon turnover in the world's oceans has been implemented.
Initially, this approach is beir g tested in the Atlantic Ocean. A major
review of tracers in the oceans has been completed, resulting in an
improvat nnderstandivg of the use of multiple tracers in studying the
dynamic< of carbon in the ocean. Aggregated models of the carbon cycle
continue to be refined and are being applied to the interpretation of
13(:/‘2(3 time series. '

Stochastic 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
assemblages during prehistoric periods when the seasonal thermal wave
apparently was much reduced. Biomass values simulated from pollen
records are being independently verified by directly estimating modern
tree specios abundanced from pollen influx in lake sediments. Tree-ring
chronologies are heing used to reconstruct climate over the past 200-300
years as an input to the stand growth models., Efforts to collect new
Holocene polien records have been concentrated in the area of central
Kentucky to southern Ohio.

Recent Accomplishments

Aralysis of the distribution of terrestrial ecosystem complexes
through the application of climate-based classification schemes*

Mapping of the contemporary distribution of major terrestrial
ecosystem couplexes and associated carbon storage in vegetation
and soils*

*Health and Safety Research Division
*.Computor Sciences Division
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An analysis of the alterations to broad zones of ecosystem'

complexes from climate change projected for elevated
atmospheric C02 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 mode]s 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 construined by pollen records

Completion of a tree-ring sampling program in IlVinois, lowa,
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 ]3C/]2C time series from tree rings in
terms of the historical release of carbon to the atmosphere
from terrestrial ecosystems*

79




76

Recent References

Blasirg, T. J., and D. N, Duvick., 1984. Reconstruction of precipitation
history in the North American corn belt using tree rings. Nature
307:143-145,

Blasing, T. J., D. N. Duvick, and E, R. Cook., Filtering the
effects of competition from ring-width series. Tree-Ring Bulletin
{in press). ' '

Broecker, W. 8., and T.-H. Peng. 1983, The climate-chemistry
connection, American Geophysical Union Ewing Symposium, Vol. 4.
American Geophysical Union, Washington, D.C.* -

Broecker, W. 4., and T,-H. Peng. 1982, Tracers in the Sea. ELDIGO
Press, Falisades, New York.*

Emanuel, W. R. 1983, Lana-xkelated Global Habitability Science Issues,
NASA  Technical  Memorandum 85841 with  the Land-Related Global
Habitability Sciences Working Group. NASA Office of Space Science
and Applications, Washington, D.C.

Emanuel, W. R., G. G, Killough, W. M. Post, and H. H. Shugart. Modeling
terrest.sial ecosystems in the global carbon cycle with shifts in
carbon storage capacity by land-use change. Ecology* (in press).

Emanuel, W. R., 5. G. Killough, ¥, M, Post, and H., H, Shugart. 182,
Modeling terrestrial carbon cycling &t the global scale.
pp. 166-194, S. Brown (ed.), Global Dynamics of Biospheric Carbon.
CONF-8108131, Carbon Dioxide Research Division, U.S. Department of
Energy, Washington, D,C.* .

50



m

Emanuel, W. R., B. Moore, and H. M., Shugart. 1983. Some aspects of
understanding changes in the global carbon cycle. B. Moore, and
M. Dastoor (eds.), Proceedings, NASA Conference on Linkages Among
the  Global Element Cycles. NASA-Jet Propulsion Laboratory,
Pasadena, California.*

Emanuel, W, R., 1983. Global carbon cycle models: A discussion to
symposium  presentation by C. D, Keeling. PP. 11.63-11.75.,
Proceedings, 002 Research Conference: Carbon Dioxide, Science,
and Consensus. Carbon Dioxide Research Division, U.S. Department of
Energy, Washington, D.C.* ' '

®illough, 6. G., and. W, R. Emanuel, 1981, A comparisoﬁ of several
models of carbon turnover in the ocean with respect to their
distributions of transit time and age and responses to htmoépheric'
€0, and C-14. Tellus 33:274-290.*

Killough, G, G., and W, R, Emanuel. 1982, Distributions of transit
time and age for several models of carbon turnover in the oceans.
pp. 45-50. W. J, Mitsch, R. W. Bosserman, and J. M. Klopatek {(eds.),
Energy and Ecological Modeling., Elsevier, New.York.*

Olson, J, S. 1982, Earth's vegetation and atmospheric carbon dioxide.
pp. 388-398. W. C. Clark (ed.), Carbon dioxide Review 1982. Oxford
University Press, Oxford, ©gland.*

Olson, Fo Suy and Jd. Al watts. 1982, HMajor world ecosystem complexes,
Piate 1. M. Clark (ed.), Carbon Dioxide Review: 1982, Oxford
Iniversity Press, Oxford, England.*

Olwen, J. S., Jo A, Watts, and L. J. Allison. 1983, Carbon 1in Live
Veqetation  of  Major World Lcosystems. ORNL.~5862. 0Oak Ridge
Eationil Labaratory, Oak Ridge, Tennessee.*

81

39048 O Ry



Peng, T.-H. Invasion of fossil fuel c02 ir "“e ocean. Proceedings of
the -International Symposium on Gas Trai..fer at the Water Surface.
Cornell University, lthaca, New York (in press)*.

Peng, T.-H. 1982, The ocean: Major sink for fossil fuel C02.
Energy Summer: 18-19, '

Peng, T.-H., W, S. Broecker, H. D. Freyer, and S. Trumbore. 1983. A
deconvolution of the tree ring based C]3 recordg., Journal of
Geophysical Research 88: 3609-3620.* , o

v

@

Post, W, M., W, R.‘%manuel, P. J. Zinke, and A. G. Stangenberger. 1982.
Soil carbon pools and world life zones. Nature 298: 156-159,

Post, W. M., P, J, Zinke, A. G, Stangenberger, W. R. Emanuel, H. Jenny,
and J. S. Olson. 1982, Summaries of soil carbon storage in world
1ife 2zones. pp. 131-139. S. Brown (ed.), Global Oynamics of
Biospheric Carbon. CONF-8108131, Carbon Dioxide Research Division,
U. S. Department of Energy, Washihgton, D. C.*

Shugart, H, H., W. R. Emanuel, and A, M, Solomon. 1983. Modeling
long-term changes in forested landscapes and their relation to the
earth's energy balance. B. Moore, and M. Dastoor (eds.), Inter=-
actions amony the Global Element Cycles. NASA-Jet Propulsion
Laboratory, Pasadena, California.*

Shugart, H., H., D. C. West, and W. R. Emanuel, 1981. Pétterns and
dynamics of forests: An application of simulation models.
pp. 74-131. D. €. 4West, H. H. Shugart, and D. B. Botkin (eds.},
Forest Succession, Concepts and Application. Springer-Verlag,
New York. ‘

Solomon, A, M., and T. J. Blasing, Evidence of dry altitherwal suamers
in Arizona and New Mexico. Climatic Change (in press).

52



. !

.Solomon, A, M.: T. J, Blasing, and J. A. Solomon. 1982, Clinate

‘var__iab'les re ected by f1ood61a1n pollen assemblages in holocene
alluvial sed tents’ of . southern ‘Arizona,  Quaternary Research
18: 52-"-

.

Zinke, P, -d., A. G. Stdngenberger, W. M. Post, W. R. Emanuel, and

J. S Olson. 1983, Worldwide Organic Soi1 Tarbon and Nitrdgen

Data. ORNL/TM-8857, Oak R1dge-NatiBnal Laboratory, Oak Ridge,

Tennessee,* - e A ,

<>

*Joint DOL/NSF support



0

Carbon Dioxide Information Center (M. P. Farrel], et al.; Information
Division)

The Carhon Dioxide Tatormation 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 .in under-

standing and resolving the C0, issue. The broad objectives of CDIC
are to: :

identify and highlight data needs and priorities;-

1

recognize other important national and dinternational data
collection activities, providing network referral and follow-up;

. coliect, organize, process, evaluate, package, and dissemninate
. numeric, bib.jographic, and other related CO2 information

(e.qg., compnter models, benchmark analysis results); and

develop and implement procedures to ensure quality of numeric
data supporting the CG, assessment effort,

Recent Accomplishments

CDiC currently has:

. * ‘more than 3650 individual participants 1in CDIC Network,
representing 44 countries;

more than 7200 citations with keywdrds and work breakdown
categories:

89 data basds inventuried and described; and

29 data bases (21 climate; 8 carbon cycle) acquired.
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Climatic Analysis of Simulated Weather Patterns (T. J. Blasing,
Environmental Sciences Division)

The primary purpose is to develop and implement a strategy for
compar ing model predictions of climate with observed climate. The study
will nnil 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 uselof.c11mate-mode1
output for determining impacts of a C02-indvced 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 - not northward movement without major problems if
appropriate planning/response measures implemented

Impiications from Twentieth Century climatic nomalies for
future CO2 induced climatic warming - first detection of CO2
signal expected in summer wtather patterns.

° Mot 1 simulations predict net decreases 1n carbon Storage
capacity of eastern North Amarican forests from climatic warming
- losses offset any  potential increases from CO2
fertilization or grcwth enhancement in Canadian boreal forerts,

Recent Referencers

_Blasing, 7. J. and G. R. Lofgren. 1980. Scasonal climetic anomaly
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Flevated €0, tttects of  Terrestefal  icosystems (R, J.  Luxmoore,
R. J. Norby, A. M, Scloman, and b, C. West; Environmental Sciences
Division)

The overall objective of this research is to determine how elevated
atmospheric CO2 concentration affect forest ecosystems. This will be
accomplished through both empirical and computer-simulation studies.
Mutrient eotention and phytomass of forest ecosystems arn being studied
in controlied environmental chambers. Specific studies examine plant
root-mycuorrhizal system and soil microbial responses to elevated COZ'
Computer simulation studies will determine how forests respond directly
to elevaled. Jevels of atmospheric 602. Secondary climatic effects of
elevated (0, will als¢ be modeled, including pathogenic insect
infestation, soil nutrient turnover, and temperature‘moisture responses
by trees as a function of soil variability.

Recent Accomplishments

* Fabnication of test facilities for controlling plant exposure
CO? atmnspheres.

* Initis! results indicate incre .ed root exudation and reduced
T0ss of some nutrients at higher CO2 levels.
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Sensitiv.ey Analysis- of  the Impact -of COo Accumulation on Climate
(M. L G. Hall and D G. Cacuci; Engineering hy31cs D1V1‘10n)

Dvspite the complexity of the computer models used to predict FOZ
induted climate change, these models contain many ~gross approximations,
The goal of this DOE-supported research "is to develop an efficient
method of estimating the effect of approximations 'in climate models.

Research was initiated using a simple ¢limate wodel (radiative-convective

type), and is now continuing using the most sophisticated type of climate
model {(a qlobal general circulation model). Such sensitivity analyses

‘will enable climate modelers to identify the most important areas for

model  improvement and will help decision makers undarstaud the

reliability of the predictions of COp- induced climate chgnge.'

Recent Accomplishments

Sensitivity analysis of a radiative-convective model by the
adjoinl nethod - demonstrated that the effect of a wide variely

of approximations can be  estimated -using  compuling  time -

equivalent to only one model rerun,

Recent References
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€0y Research in URNL's Energy Division-

Enofgy Supply and Demand Implications of €Oy (Ae M. Perry and

W, Fulkerson, with assistance from scientists at che Massachusetts
Institute of Techuology and Institute for Enerqy Ana]ySIS, Qak R1dge
- As sociatvd Un1vers1ties)

The purpose of this UCZ-supported study was to investigate the
requirad timing of actions to Vimit the growth of atmospheric C02
under various assumntions concerning the . future, unregulated use of
fossil fuels, worldwide, and concerning the maximum acceptable levels of
C02 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 bhe required in order to avert potentially serious climatic
changes,

Pocent Accomplishments

"' The ugurknd reductions in the qgrowth rate of global carbon
emissions that has occurred in the past ten years has signifi-
cantly reduced the urgency for any COy-related restrictions on
fossil fuel use - if growth rates of carbon emissions remain in

the vicinily of 2%/yr., as now seems likely, then actions to
limit *the fturther increase of CO2 wolld not be vrequired in
th.is century.

High growth rates of the nineteen-fift‘es and -sixties could not
he maintained 1if there were any serious intent to limit
€0, to roughly twice its 1900 level, i.e., to around 600 ppm.

Recent Reference
bPerry, A. M., K. J. Araj, W, Fulkerson, 0. J. Rosce, M. M., Hiller, and

R. M. Rotty. 1982, Erergy supply and demand implications of C02
Energy 7:9°1-1004
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Atmospherie Retention of Anthrapogenic €0zt 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-
recognized dependence. of the airborne fraction on details. of the
projections for future'CO2 production, ij.e., fossil fuei use. Several
carbon cycle models were used in this exercise,

.

Recent Accomplishments

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 on
the future €O, production rates from fossil fuels.

N~

Recent Reference o

' Perry, A, M. Atmospheric Retention of Anthvopogenic COZ: The Scenario
Dependence  of the Aidrhorne Fraction. Electric Power Research
Institute, Palo Alto, California (in press).

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

Growth in electricity-generating capacity in the United States will,
for some years, be hased 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 enerqy sources that might be required if a
serious globual effort were undertaken to limit the future increase in
ating-phereic CO?. Reoutt of this study have not yet been reviewed by
EPRl, and no conclusiuns can yet be drawn.
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Mr. Gork. 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 Broecker from the Geo-
chemistry Department at Lamont-Doherty Observatory in Pali-
sides, NY. Dr. Broecker, welcome. We are delighted to hear from
you. : : : ‘

STATEMENT OF DR, WALLACE BROECKER. GEKOCHEMISTRY
DEPARTMENT, LAMONT-DOHERTY OBSERVATORY

Mr. Brorcker. Well, thank you, Mr. Gore.

I guess what I would like to emphasize today is that the problem
we face | think long term is a very serious and challenging one,
and I don't think that right now the world is doing the proper re-
search in order to get the answers we are going to need on the time
scale we need them, so | have to detend these statements. 1 will
start by trying to show you why I believe we are facing very impor-

“tant changes due to the buildup of these CO. 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
areer of 30 years working on carbon cycling, 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
regacd to what's coming in the future is to look at the past. We
have now acci'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
1%.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 factor of 5. The ice is much larger, and indeed
paleoclimatic records show that every place you can look on Earth
where vou 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 muct
colder it was there, and they have come up with the rather star-
tling conelusion that during the time shown on this map the tem-
perature of the globe was only about 8 degrees cooler than it is
now—I mean, I'm sorry, 4 to H-degrees cooler than it is now, so that
the ceoling of the Earth that produced these glacial periods is com-
parable in magnitude to what we expect from the full CO. effect.

So 1| think our most impressive information with regard to how
auch 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
>degree temperature change is not at all trivial. It gces well
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beyond our intuition and it will, you know, make the Earth a very
different place to tive,

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 [ 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—and there are a
few pollen records that show similar detail—und 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 CO. 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 CO: content of 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 20U years. ,

Now it's not the CO: changes themselves that we're concerned
about. It's the fact that the only way that we can see that the CO;
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 cﬁanges 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 happenedyin the past, but it
dces appear to me that these changes are telling us that we have to
be concerned that the climate will not necessarily change gradually
‘rom conditiuns we have now to the conditions that we will experi-
ence at a tull CO: 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. Gork. Let me try to translate what you've just said for my
own purposes, und tell me if I am understanding it correctly. You
are saving that your study of past atmospheric changes, the ice
ages and all the rest, leads you to the conclusion that rather small
temperature changes on a linear scale can have the effect of rather
guickly 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. Brorcker. That’s basically correct, and we're sort. of feeling
our way in a dark fog. N . :

Mr. Gore. And you're extrapolating from that to say that an-
other change of the same order of magnitude—two, three, foui, five
degrees—will likely—— ' -

Mr. BROECKER. Maybe. -

Mr. Gork [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 S{stem that is extraordinarily complicat-

it in a very simple way, and of course
our 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 change.

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 myre realistic way into the
models, and that means learning a hellk 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-
oue 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 viewed—too
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. We're going to need that information or we’re stuck, and
it's 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 [ 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 [ heard 2 yoars ago that NASA had proposed something
called “global habitubility,” 1 stood up and cheered because I said
that is exuctly the kind of program that is needed to get away from
the immediate issues, ip a way stand back and say what the coun-
try needs and the world needs is a very serious nrogram to lay the
base for making these decisions we have to make. I think it would
he a cost effective thing because God knows how much money we
have wasted on ervironmental issues, largely through our igno-
rance of how the environment operates, and I don't see that the
. counitry 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
could—if NASA had that kind of money to do satellites that looked
back at the Karth, 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. Gore. Well, thank you. Without nbjection, we will include
your full st. *ement in the record. ' y

I don’t waut to-—I 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 CO; in those previous
shifts. Was there a particular role assigned to CO: in these shifts?

Mr. Brokcker. I think the observation that the CO: content of
the air trapped in this ice changed indicates to us that the CO: con-
tent of the atmosphere changed, so we all scratch our heads and
say, “How in the heck can you change tl.e CO: content of the at-
mosphere in 200 years by that amount?”’ We know quite a bit
about it, and the people that work on *his are pretty much of a
mind-~I would say totally of a mind—that the only way to do this
would be to reorganize the way the ocean/atmosphere system oper-
ates dnd then you might be able to do it.

So we use the CO, 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
powefful evidence that the orean/atmosphere system can reorga-
nize, us you have very nicely stated, into a new equilibrium state.
It has done it in the past, and unfortunately we have never been 5
degreps 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 change in
equilibrium states, CO: densities have been associated with that.

Mr.Brorcker. Yes. :

Mr..Gore. 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.

We're delighted to have you rond out this panel, Dr. denkins.
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 .
T OCEANOGRAPHIC INSTITUTY -

, 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 CO; climate system in
two ways, and then to convince you that in many respects .we
really do 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 the 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 iemperature and also water vapor, and from

this viewpoint this affects the climate system. If you were to look. -

at a given location in the subtropics vou would find that half of the
heat which is carried between the Equator and the poles as a result
of the uneven distribution of energy received by the Sun, half of
this heat is carried by the oceans and half is by the atmosphere,
nndhso in a very direct sense the oceans play a very important role
in this. '

But, more importantly, the oceans in tuct will take up the bulk
of the manmade CQ.. There is evidence that at present about half
of the fossil fuel produced CO: has been taken up by the oceans,
just by comparing what has been produced with what we see in the
atmosphere. What [ 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 CQOs,
that have been predicted by the CO:, in fact may impede the
oceans’ ability to take up the CO.. -

Most models that are used in the prediction of future CO: levels
treat the ocean in a very passive way. That is to sa{, 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, an that there has been evi-
dence in some purts of the oceans that the very processgs of remov-
ing the CO.—that is, water, mass formation—have in' fact ceased
and tuirned on and ceased and turned on in the past. They have
been changing by factors of twd in many places.

In fuct if you think of the oceans as a giant heat engine driven
by the contrast in temperature between the Equator and the
poles—the Equator as being warm and the poles being cold, and
the oceans turning over in response to this temperature differ-
ence—most models of temperature increase which we focused on
also predict a pronounced warming in the polar regions relative to
the eyuator, 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 COu.

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 CO, in the
atmosphere, that is, assuming the oceans take up half of what we,
put in. What if the vceans take up none? What it they stop? I don't
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mean stop and stand still in the sense of circulation, but in the
se}'lnse of the effective processes of removul of CO; 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 worth 1,000 hours of computer time.

Mr. Gore. I hadn't heard that one before.
Mr. JENKINS. It’s certainly true. [Laughter.]
Thre point being that in fact recent projections have been made

‘ that a fully thermodynamic, eddy resolving global circy -ation

model—which is really to say a numerical computer model which
is somewhat more realistic, or realistic enough to begin to give us
confidence—if 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 gears 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 CO, in these ocean sys-
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’s 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 parametérize 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 change—they have
been observed to change during the past climate, as Dr. Broecker
has pointed out, and they will 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 variations—the 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. .

Mr. Goge. Well, thank you very much.

Let me try to understand your testimony better, Dr. Jenkins.
Yoeu're saying that the model of the greenhouse effect that science
has been working with and perfecting over the last few years, may

. L
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have, may include n false assumption about the role of the ocean
system in CQx absorption. 1)id 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
pﬁople. 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 it's going to be static, that the rate
of CO. absorption is probably not going to change very much as at-
mospheric CO; levels increase. '

Mr. JENKINS. I think that’s a correct statement.

Mr. Goke. Now your studies indicate that actually increased CO:
levels in the atmosphere may sharply reduce the ability of the
oceans to absorb COs. 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
hottom, and so you rely on this process, or we rely oa 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 agrupt statement to make, and it’s subject to a number of
qualifications, but we have seen variations in the rate at whicl
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
CO- 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 has—in
cooling warm water at the poles and sinking it and taking the CO.
with it down 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 CQ, 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 [ really did not stress or mention is that in fact you are
warming the poles, and if the water is—the 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——
hM)r 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 which make water
heavier or lighter. In many respects the largest®actor in the pro-
gram or in this aspect is temperature. Salinity does play a role. In
general. as oceanographers—and I think you are alluding now to
the paper which is at the back of this statement—it is more an in-
dicator of changes that have occurred—— .

Mr. Gorke. 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 CO, in. It is entirely possible, for
example—observations 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 wiil—in other words, the rate at -
which it's sinking—just 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 CO,, then CO; 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 ' 2 translate al. this into its implica-
tions. Lots of uncertainties 1 ...aain, 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 for 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 1ot an
expert in climatology——

Mr. Gore. Yes. _ e

Mr. JeENKINs [continuing]. But in oceanography, so I cannot pre-
dict, I do not have the qualificatjons to say what the effects of a
sequestering of CO: or a buildup of CO. in the atmosphere is. But
given the spectrum of opinion that does exist—for example, on the
one extreme the EPA report, on the other extreme the National
Academy report—you 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 pé;sible that the oceans may in
some part take up much less than half, and in fact that the CO;
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. Gorgk. 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. BrRoeckER. I guess a bit. I¢think 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 CO, 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 CO, uptake by much more than the uncertainty we
have in the rate it's geing 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. Gogrk. I think it was only—what?—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 CO; 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. Gore. Mr. McGrath?

Mr. McGratH. Mr. Chairman, I ask unanimous consent to insert
in the record an opening statement, and [ 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 mo.e here?

Mrs. ScNEIDER. What about me?

Mr. Gorg. Oh, I'm sorry. Ms. Schneider, I'm sorry. I didn't see
vou come in.
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Mrs. ScuNemer. That's all right. o

[ regret 1 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: iasm--should I
vut it politely?—for DOE's approach to the ocean as a part of the
climatic system. [ 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. Brorcker. 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. Or course, you could say—of course, NOAA is not—I sup-
pose that would be my next choice after the National Science °
Foundation.

Mrs. ScuNgiDER. NOAA?

Mr. BrokckEr. I mean, one of the things that I--1 realize ] am
pleased to sce that DOE has asked for an increase in their budget -
in order to acecomplish ocean research. One could ask why, when
they have %13 million—and 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 $! million—why 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 has to wait for a new appropriation at all.

Mrs. ScHNEIDER. Does anyone ~lse have any comments relateu to
this or anything else that you ‘1ay not have been asked about” I
now offer yvou 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-
ministrating this kind of thing.

Ms. ScHnripeRr. OK. Thank you. Yes?

Mr. TraBalKA. [ would only comment that at this point in time |
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 1t may be on
the order of a year before we have a really good idea of what the
rescarch needs and direction of that program might take.

Mrs. Scungkmer. 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:~ScuNeIDERAnd S0 that's a group madeé ip of scientists

from both the Government and the university sectors?

Mr. TRABALKA., Principall&, I believe, the university sector.

Mrs. ScHNFEIDER. I see, OK, 1 year, 1 year you're lcoking 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 field—been 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.

rs. 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. Goge. 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 CO;
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 youi: 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 vears, and indeed the role that they play today in the
overall carbou 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 CO:, 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 gink. Would you agree
that the ocean, that the uncertainties surrounding 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 roie 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 CO.
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 biosplhiere 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 CO:. 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. BrorckEer. I would like to comment on this. I think that this

_in a way typifies some of the problems within the CO: 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 K)ok to the future and ask what are the important
questions we 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 :r thinking
to the extent that it has been.

Mr. Gork. 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 imaginat{on. but I'm wonder-
ing if any statistical analysis i’u

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.
l\gayg)e that's just wrong. Has any statistical analysis been done of
that”

Mr. TRABALKA. Statistical analvses 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 s
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. Broecker. No; the flaw in your argument is that the CO; is
accumulating, and so you are looking at a cumulative curve, and if
you look at the actual——

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

Mr. BrRoECKEK. But the amount of change in the production of
CO» has been—it 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. Brorcker. Oh, well, the total production of CO: was rising,
of course, before the Arab boycott in OPEC, by about 4 percent a

vear. 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, 1 was going to get around to what people think those
bumps really are. What they think they are is, people that have
generated the curve—Keeling and his coworkers—think 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 betw.en the atmosphere and ocean that we
teally don't know dingo abou..

Mr. Gore. Yes.

Mr. Brorcker. [ 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 it's thought that those El Nino
events influence the amount of CO: 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 CO; back to the air or
take up a little more than usual.

Mr. Gore. 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 defurestation, we also ought to

as been done to confirm the correla- .



i

101

pay attention to the contribution of total fossil fuel consumption,
anyway.

Mr. Brokcker. 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 CQO., 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 nesd, 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 M. 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, wh2 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 cbjection,
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. HorrmaN. [ was unable to prepare an opening statement.
We didn't have time t clear it with OMB, so if you have some
guestions that you want to ask——

Mr. Gore. What was OMB's problem.

Mr. Horrman. Well, we just didn't have time to do it. We got
the—there 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 you—I 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 yvou would care tu.

Mr. Horrman. Well. if vou would like me to I can basically tell
you what our research focused on. It was really three things. We
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wanted to look gt the question of whether we can delay a green-
house warming—-—- S .

Mr. Goge. Could you move the microphone over?

Mr. HorrMAN [continuing]. Whether we can delay a greenhouse
warming by reducing CO. 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 CO. emissions down. Because
they accumulate in the atmosphere, CO: 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 considered but the four we did con-
sider contributed about the same amount of warming as CO,, 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 CO,
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,

asf the previous speakers were talking about, and that delays the
etfect.

Well, this means that there is warming that we haven’t experi-
enced from the CO, 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 i1 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 differcnce 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 warmcr.

We tried to look at all of these uncertainties and we made our
best estimates of the amount that the sea ievel 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, wanat 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. i

The erosion is going to be a lot more than you would think about
from inundation. | 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
ot 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 he a lot.

Well, we estimatel 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. | 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 locacions, 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 sigrificant 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
3500 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 CO. 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 und 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 have 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 wh: re water will be available, what
its seasonality will be, is the critical issue for them. I mean, the sea
level rise is actually a 1elatively small effect, even though it's obvi-
ously going to be in the tens of billions of dollars.
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Right now it is impossible to really say anything aliout that be-
avse we are thable to predict hew water supply will change in dif-
forent regigng cf the country, primaerily because we don’t under-
stand the uceans, as the previous sperkers were falking about. If
you think about the El Nine, it wasn't caused by (O, but just a
small change in the surface temperatures of the ocean changed the
climate system so dramaticaily.

Well, if Dr. Broecker is right and you sec changes in the climate
gvsten) 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 the~right now we don’t have the
cupability to predict those things, and so we can’t predict how
water availability will change. That makes it much tnore diffienlt if
we need Lo build big projects te bring water into aceas. to do ii,
that is where you have your basic difficulty in continuing these
productivity analyses studies.

The question 1 think from the peispective of policymakers that is
wiost important is how soon do we get this capability? 1 mean,
that's a yuestion that really depends on the kind of research we do
and the priority that you people and other pecple plazs on this.
That is veally what is the focus of our research, and we are ton-
tinuing along those sorts of lines (o try and understand what differ-
ence it makes in terms of productivity, envircnmental benefits, and
S0 0.

Mr. Gorr. QK. Thank you very much.

Next 1 would like to call on Dr. Thomas F. Malone. chairman of
the Board of Atmosphevic Scienzes and Climate at the National Re-
search Council over at NAS. We are delighted to have vou here,
Dr. Malone. :

STATEMENT OF DR. THOMAS F. MALONE, CHAIRMAN, BOAR OF
ATMOSPHERIC SCIENCES AND CLIMATE, NATIONAL RESEARCH
COUNCIL, NATIONAL ACADEMY OF SCIENCES '

Mre. Maconk Thank you, Mr. Chairman.

When you mentioned grandgchildren you struck a sympathetic
chord. One of the main reasons I am here is because we have $%
grandchildren,

Mr. Gore. Congratulations.

Mr. MaLoNe. Qur report is conservative & its conclusions, and
will we hope abuate some extreme negative speculations. In brief,
we estimate that carbon dicxide will most likely double over the
next centary. 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 c¢limate
patterns.

Despite the potential sericusness 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 recommen.
dation is as follows: There are many things we do not understond
about (), effects. There are other uncertainties about cur future
use of fossil and synthetic fuels.
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In the committee's own words—and I hope these will stay with
your committes, 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 inimediate future siould, in
our committee's view, be research, monitoring, vigilance, and an
open mind. _

Now, some of the detaiis 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 coutext, 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. S

A second potential adverse effect is on agriculiure. 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 US. agriculture
through 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 CQO.. 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 nex. few
decades. '

I would stress, Mr. Chairman, that the real central issue here is
the rate at which the thing called technology per year ran increase
productivity compared to the rate of change, so wx a. not taking a
big jump of 2 to 8 degrees. It’s the yearly change t: s the critical
factor, and that is often overlooked in impact studi. - ‘he most se-
rious effect would be in the arid regions, and even i.. ur own West
a slight warmaing and a decrease of rainfall would, . it occurs, slow
stream runofl and could have severe eftects.

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 tuels. To be specific, I feel that we should pick up the
seccnd 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-
ble—possible—that steps to control costly climatic changes should
start with the non-CO: greenhouse gases. We need to understand
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those better. They are looming as increasingly important, and they
may be moré amenuble 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 sséentif-
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 pricé of coal, which
would increase the consumption 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 Chinesg, Russian, Eng-
lish, Swedish, to discuss the strategy of a world climate research
program. This is a joint enterprise of the International Council of
Scientific Unions, the World Meteorological Organization, and the
United Nations Environmental Program, and one of the topics is
this question of CO,-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 loonied large, and I was
very impressed with Dr. Broecker’s comment in his written testi-
niony about the habitability program of NASA or the gecsphere-
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 programn
which would link together the ocean, the atmosphere, the bio-
s}(])here, 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 satellite—and again I applaud Dr.
Broecker's comment—that 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-CO,; 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 developed—~and 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 Ridge-—these 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.
Hoftman--and | am pleased that they started this—I would com-

" mend to you the chapter in that report by Mr. Schelling, Professor

Schelling, Tom Schelling of Harvard, which analvzes 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 isste 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 mu-th. I want to make sure the
reporter got all that. [Laughter.]

Thank you. Go ahead.

Mr. PoMmERANCE. | just have to avoid saying “Senator.” [Laugh-
ter.|

Mr. Goke. 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 CO; problem, and
was named a member of the CO: 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 were—I think I was the only
person with a bachelor’'s degree in that forum—it 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. PomeraNck. 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 notisn that the oceans all of a st...Jen might change
iaeir takeup of CO.. 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
millipn, 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-intérest 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
terms 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. It's not their job. They’re nrt 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
cf 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 de%ree 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-
ormamendations 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 CO,-
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 erergy 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 COs.

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 CO; and trace greenhouse gas emissions.
We urge that the recommitment of CO. 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 50,600 members in the United. .
States and affil}ates 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 buxnlng fossil fuels, by
industrial pollutants, by deforestation, and by agricultural
exploitation propelled by world population and economic'

pressure,

Two yeare ago, in March 1982, Priends of the tarth testified
to these Subcommittees that your "hearing comes at a criilcal
time when evidence is accumulating that climate change could be
one of the most serious and irreversible effects of accelerating
fossil energy use." Since that time, Mr. Chairman, the
Environmental Protection Agency (EPA), und 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
averaqing 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 rcduced temperature differences
between the equator and arctic zegions will brirg 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 exporgs, might experience
devastating drought for a long tlme} up to 1000 years. Thermal
expansion of ocean water, similar to the rise of mercury in a_
thermometer, has already been observed and could cause serious
erosion of beaches and coastal land if atmospheric warming
continues as expecéed. These effects would be amélifled over a

longer time by melting of Arctic Ocean ice as well as alpine

glaciers, and the Creenland and West Antarctic ice sheets.-

In an overcyrowded, 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 probarly 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 disascer 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 tou 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 ccnducted. The truth is neither. We must prepare
for some climate change while also acting NOW to prevent dractic
climate modification which. will reqult if current energy,

industrial and ag.icultural policies contihue.

The NAS's :e;ommendation 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 producéd its 1977 report, Energy and Climate, 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 tﬁe;peat storage of the oceans, the effects ﬁf
ca;;bn dioxide Q;d other greenhouse gases only_appea: 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 lfc 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 yeats.
Further, given the 50 year period historically required to charnge
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, <ontinue to

increase. A 2°C warming would raise the average world

temperature to the highest jt has been in 125,000 years,
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Continuation of present patterns of fossil fuel consumption,
especialiy if coal replacecs 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 conseguences hithout being reasonably certain
of the outcome. Yet, although the National Academy acknowledges
great uncertainties in this "unintentional experinent®, it fails
to recommend cancelling the exper;ment'until we have more

-

information,

we ghould 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 buen verified to within 2°C for three planets: Venus,

._Mazs, 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%¢
temperature change., In view of the conflicting pressures of the
political arena, that final increment of scientific certainty

will not suddenly rally the world's dec.sion-makers,

The burden of proof of safety fall: on those who propose
cortinuing present energy and agricultural policies until "all
the evidence is in". By then it will be too late to cancel the
experiment. We must act now to reduce the use of fossil fuels
until we know what the results will be, not vice versa. Of

course, that policy would serve many other ends such as reducing
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acid rain, increasing energy security, and promnting 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. -éetastrophic warming 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, '5
agricultural, and industrial pulicies. 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 séurce of
other trace greenhouse gases, such as freons, methane, nitrous
inde, and ozone. Some of these gaseé are already known to cause
over $2 billion in crop losses annually and could themselves
drive a substantial climate warming even if we drastica)', 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 similat products in 2050 as today. That projection
1s 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 cohsumer saturation (do we really need three cars per
person?), reduced working hours, and structural shifts from a

prgdominantly industrial to an information-intensive economy.,

\

EPA also assumes the Western sBtyle development of the Third
World, For example, Africa would have a per capita annual income
of §1940 in 2050 aygbéoa-enqugfg,&ﬂ 1975, NaturalMésource
limitations make such growth extremely unlikely. Clearly, while
economies will grow, increases in the standard of living must
come primarily in the quality, hot quantity, of life-- for many
reasons, of which climatic change, as well as the depletion of

8oil and other natural resources are but partial constraints.

For the early twenty-first century, at which time we could
néw significantly affect eneréy supply and demand over the whole
economy, théfe 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 eneréy consupption 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 heat produced by their
lighting, by heat produced by office eguipment, 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 gallou. That represents
an 80% reduction in CO2 emissions angd a corteapondihg increase in
energy efficiency. For all classes of vehicles, conversion L

high energy effiéiency 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
ftoday's level. fThe possibilities have been set forth in detaijl
by my colleagues, Amory and Hunter Lovins, Florentin Krause, and
Wilfred Bach in their report commissioned by the West German
government, and published in the U.S. as Least Cost Epercy, as
well as other publications of the lniernational Soft Energy
Project. These two stratggies 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 respbnsibly 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

nNecessary research and capital so that consumers will use them.
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We need to rotivate appliasnce, automubile, and equipment
manufacturers to produce high efficimncy products beginning now.
Cousumers will only pay the higher capital costs if they
understand their economic interest {n deing 8o and if ir is easy
to putchase, pay‘and sekvice these technological improvements.
One model 35 that o; electrical utilities which promote and
finance money-gaving enexgy conaervation. But ev;; California,
which has been a leadex, has 2 leng way to go. For example, it
would pay California electrical utilities to give a. free high
efficiency refrigerator to every family in the mtate while saving
the need to gonstrqct 1700 megawatis of generating capacity. 1In
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. 1Interpationally, as
Harvard Business School's energy experts, Robert Stobaugh and
baniel Yergin nave pointed out, the United States exercises a
strong mar. & demand pull once the momentum for conservation and
renewable energy is established. Such leadership is all the more
impor tant since developing nations® energy consumption is now
strongly shape. '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 20% 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
chéapez 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 Bsources.

Unfortunately, the Reagan administration haa:diamantled or
attacked every Federal energy ﬁxogtam in the area of solar and
conservation. For FY 1985, the request for research on €02
stands at §13 million or $3 million below the $16 million
requested by President Reagan in his initial budget for PY 1582,
Federal energy policies must be reversed. 1If we are incapable of
.doing 50 now when it would pay to do B0 and would provide greater )
long term energy security, can we hope to mobilize the discipline
and sacrifice demanded without conflict in a w&rld inundated by.

unprecedented climatic changes? .
In sum, Mr. Chairman, Friends of the Earth concludes:

1. That some climatic change from fossil energy use,
industrial pollution, anl 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, MNASA
effort under the latter's proposed global habitability
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project utilizing the space shuttle. As demonstrated by

recent "El Nino"™ effects, this research would be of great

.practical importance far beyond the analysis of C02~caused

climate warning.

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 4°C above current levels.
Energy companies, and especially electrical utilities,
should be mandated to invest in eneryy conservation first .
and conventional energy production only second when
applying for certificates of public need. 1In this

conne: tion we recommend reappropriating funds for the
Synth:tic Fuels Corporation to speed 1mplementation of
energy conservation at the Federal, state and local:
levels. Greatly 1nc:eaéed research and development funds
should be allocated to solar and renewable energy

resources, including biomass.

Policies to ame119§q§e world climate change also facilitate
solutions to other en§1zonmenta1 problems such as acid

train, while nroviding economically efficient energy

investments and promoting energy security. Especially we

recommend consolidation of all reseatch and development

related to environmental problems arising from man's

influence a global energy and geochemical cycles. We also e

urge immediate and large increases in research to study
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trace greenhouse gases other than éQ?.
) ‘ \
5. U.S. support for energy conservation anq renewable energy.
\. .
sources will stimulate greater acceptance\of these
\

resources by developing nations jusi.when tﬁg;: energy use

is expected to begin making a. serious contribution to world

CO2 and trape greenhouse gas emissions, ﬁe urge that
C:f“ f CO2 climate chang& and other geochemical
cycling effents be incorporated as criteria for the U. 8.
support of international development projects as well “x

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 spccial responsibility as the world's largest user of
fossil energy and as the nation with the world's gecond
largest coal reserves. We ghould NOT continue man's
experiment with world climate until we have a far better
unde:standing 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,

Mz. Rate Pomerance is President of Friends of the Earth and a

member of the Dcpartment of Energy's Advisory Board on CO2. The
Board has not been convened in three years.

ol in preparation of this testimony Mr. Pomerance was assisted by
Dr. Florentin Krause and Anthony Ellsworth Scoville,

Pr. Flegnptin Kiause is co-director of the International
Project for Souft Energy Paths of Friends of the Earth and a

co-author of Leask-Cost Epergy: Selving the €02 Problem.

Anthopy Ellsworth Scovilie was a Science Consultant to the
U.S. House of Representatives Committee on Science and Technology
from 1977-1981. He is currently writing a bouk for Friends of the
Earth about man's impact on climate and its relationship to
industrial innovation policy.
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Mr. PomeraNce. I would ask that Mr, Scoville, my associate, be
given a minute to talk about one important—if 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 puhlished 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 CO. 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 shortly—but I

have seen the written text hers.

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 CO: 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 CO; 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
C()., the longer it will take for that observable temperature to ac-
tualiy turn up in our records. i '

What Dr. Hansen'’s work appears to suggest is that there may be
a serious technical flaw—it’s not an error, because it's just a ques-
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
gwven 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-
ly—if we include the non-CO. trace greenhouse gases together with
the CO, buildup that has already occurred and we match that with
the most recent estimates of the lowered preindustrial level of
CO.—that 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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Cl.lmfrl BENBITIVITY: ANALYSIS OF FEEDBACK !ECMN[S“S.
) J. Haneen, A, lacle, D. Rind, G. Rusesll

NASA/Godderd Space Plight Canter, Inetitute for Spece Studiea
23000 Broadway, New York, NY 10035

P. Stone

Canter for Meteorology and Phyeicei Oonnouﬂay . : .
Maseechusette Inetitute of Technology, Cambridgs, 03139 .

1, Pung -

Lamont-Doherty Geclogicel Obesrvatory of Columbis University
Paliesdea, NY 10864

R. Ruedy, 4. Lerner

M/A COM Sigma Data, Ino.
3080 Broadwey, New York, NY 10038

Abstract. We etudy climale asneitivity and
feedback procesaea in three indepandent weye:
(1) by uaing s three dimenelonal (3-D) global cli-
mete model for experimenta In which soler irrs-
diancs 8, s Increased 3 percent or COy s
doubled, (3) by using the CLIMAP olimate bdoun-
dary conditions to snalyes the contributions of
different physical processss to the Gooling of the
Iest ico age (10K ysara rgo), and (2) by using
setimated chenges in gloddl temperaturs and the
sbundence of atmospherie gresnhouss gases (o
deduce an empiricel climate saneitivity for the
pericd 1850-1980, .

Our 3-D giobal climate model ylelds a warsing
of ~4°C for either ¢ « percent {noresss of 3, or

- doubled CO3. Thie indicatea ¢ net feedback fec-

Q

ERIC

Aruitoxt provided by Eic:

tor of f = 3-4, because either of thees forecinge
would cause the earth's eurface temperature to

wars 1,3-1,3°C to reetors redistive balance with -
spsce, If othar factors remained unchanged,

Principal positive feerdback processss in the
model are changes In etmoepharic water vapor,
oloude and enow/ice cover. Peedback factore
celculeted for these procesees, with atmoepheric
dynemical feedbacke Imj.lcitly incorporeted, are
reepectively fuaigr vapor ~ 1.8, foloude ~ 13
ond fonow/ice ~ 1.1, wiln the lettee n?‘n.ldlv odused
by ese ice o’:u\(n- A numder of. potential feed-
becke, euch a8 land ice cover, vegetation cover
arid oceen lL.eet transport were held fixed in thees
experimante.

We calculste land ice, esa ice and vegetetion
faedhecke for the 1K climate to be fl4nd jce ~
1.2-1.3, foqa fog. ~ 1.3, and ".w -
1.05-1.1 from thelr affact on the red :ﬁon got
st the top of the etmosphare. This see lce feed-
back at 10K {e oconaletent with the umaller
fonowsice = 1.1 [n the 5, and CO3 experimente,

*To appaar (n Clieats Processe

.

which spplied 10 ¢ warmer esarth with lees asa
loe., We aleo obtain en empiricel eatimete of £ »

-3=4 for the fasl feeddack processes (weter
- vapor, cloude, sea ice) operating on 10-100 yeer

time eceles Dy comparing the oooling due to alow
or epecified changes (land ice, COg, ‘vegetation)
to the total cocling at 18K. "
The tempereture inorease belleve. t0 have
occcurred in the past 130 years (eppru..mately
0.85C) ‘1s aleo found to imply e climate eeneitivily

-of 3,8-35C for doudled COy (f » 3-4), If (1) the

temporeture incresse s due to the added
gresnhoues gasee, (1) the 1830 CO3 sdundance
wes £$70210 ppm, and (3) the heat pertusbation le
mixed like & paseive tracer in the uru\ with ver-
tical mixing coefficient k ~ 1 omd 51,

Theeo anulyess indicete that f ie substantiaily
greater than wnity on all time eceles. Our Dest
setimate for the ourrent climate due to procedese
operating on the 10-100 year time ecale e f »
13-4, corresponding to e climate esnsitivity of
1,9-95C for doudbled CO3. The phyaical proceas
contributing the greeteest uncertainty to f on thie
time scale sppeare to be the cloud feedback. -

We show that the ocaan's thermal relaxation
time depende etrongly on f. The e-folding time
conetant for reapones of the leoleted ocean mixed
lsyer is about 13 yeere, for the estimated valus
of f+ Thia time is eufflciently long to allow
subetantial heat exohange between the mixed layer
and desper layera. For f = 3-4 the reapones time
of the surface temperaturs to a heating pertur-
bation s of order 100 years, If the perturdation

ie aufficier.tly emall that {t does not alter the .

rate of heat exchange with the desper ocean.
The climate eseneitivily we have (nferred is

larger than that rtated (n the Cardon Dioxide

Assssement Comrittes repoPt (CDAC, 1983),

8 and Climate Sensitivity, (Mayrice Eving Serfes. 5. editors J.E. Hansen

ond T. Tskahash{}, Amaricsn Geophyeical Union. Vsshington. D.C., 368 ppes April, 1984
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Their result i1n besed on the empirice! tem-
peruture increuse {(n the past {30 years, but their
snalysls did not sccount for the dependencs of
the ocean response time_on cltmats_ sensitlivily,
Their choice of e fixed 13 yesr response time
biased their result to low aensitivitles.

We infer tat, because Of rscent increeses 1n
stmospheric COz and trsce geses, there is &
lerge. repidly growing gep betwsen current cli-
msets and the equilibrium climate for current
atmospheric composition. Bsssd on the climsts
sensitivity we nsve sstimated, the smount of
greenhouse gases presentiy In the stmosphere will
cause an eventusl global mesn warming of sbout
1°C, making the giobsl tsmpersture st iesst com-
psrsble to thet of the AMthermal, the warmest
period In the pest 100,000 yesrs., Projection of
future climsts trends on the 10-100 ysar time
scals depends ceuclslly upen improved under-
atending of ocesn dynsmica, particulsrly upon how
ocesn mixing will respond to elimate change st the
ocesn surfsce.

introduction

Over s sufficient length of time, discussed ’

below, thermal radiation from ths esrth must
balance absorbed solar radistion. This energy
balsnce requirement defines the effactive
radtsting tempersture of the ssrth, T, from

fRUL - A)S, 3 42RZTe¢ o

Te = 18,01 - AMag1/4 = (ala)t/d )

where R 18 the csrth radiue. A the carth albslo,
8, the yolsr {(rradiance, & ths mesn flux of
ahsorhed solar radistion per unil ares and ¢ the
Stefan-Boltzmenn constant, Since A ~ 0.3 and
S, ~ 1367 wm'Z, s~ 239 W m-? and this require-
ment of energy bslsnce ylelds Tq = 55K, The
effective redisting tempersture is aiso the Physi-
cal temperature at an sppropriately defined mesn
leve!l nf emisslon to space. In the esrth's
atmosphere this mean level of emission to spscs
ts st sititude H ~ 6 km. Since the mean tro-
pospheric temperature gradisnt ia ~3.5°C km-l,
tne surface tempersture is T ~ 288K, ~33K warmer
tnan Tq.

11 1s apparent from (2) that for changes of
solar i1Prradiance

dTe 1945 _ 1 da
210,100 3
e & 8 [

Inus if S, mcrceses by s amail percentage §,
Te incresses by 8/4. For exsmple. a 2 percent
cnange in solar irPadiance would change T, by
sahout 8.5 percent, or 1.2-1,3°C. Il the stmo-
apheric temperature structure and all other fac -
tors remmined fixed, the surlace temperature
would increase by the same amount as Tq. Of
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course all factors sre not lixed, and we there-
fore define the net feedbsck fsctor, f. by

4Tqq = t 2T, [{}]
where 4T,; 19 the equilibrium chenge of globsi
mean surfece sir tempersture and AT, 18 the

chenge of surfacs tempersture that would be
required to restore rsdistive ecquilibrium if no
feedbscks occurred,

We uss procsdures and terminology of feedback
studiea (n electronice (Bode, 1945) to help ans-

‘- lyze the contributions of different feedbsck pro-

ceases, We defins the system gein &3 the ratio
of the net leedbsck portlon of the tempersture
chenge to the total tempersture chesngs

g = 8Tfeedbacks ()
1Teq
Singe
4Teq = 4To ¢ 4Tfeedbacke: ()

{t follows thal the relstion between the feedLack
fector and gain ia

1
f"i—_—-i . N,

In gsnersl s number of physicsl processes
nonteibuts to f, and it le common to associste &
tvedback fsctor f; with s glven proceas i, where
f; Is the fesdbsck factor which would exist if ail
other fssdbackse wsrs inoperstive, i Is
sssumed thet the feedbscks ers indspendent, feed~
bsck contributions to the tempersiure chenge cen
be separsted into portions identifisble with indi-
vidual feedbacks.

aTtgedbacks = Y-'lﬂTn- 3)
with
gre 8T s )
i 6T|q |
and
8Teq = __)_ aT, (10)
-1 g
i
It follows that two feedbsck gainsa combine
lineatly as
8281 *82 (11
but the feedbsck factors combine as
¢ = fif2 . RIS
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Thus even whery<feadback prunenses are linesr
and jmiependent: the (aedback (sctors ars not
multipticative. For example, s feedbsck procsss
with gein g; = 1/3 operating by itself would cause
a 30 perceiit incrasse in 4Tgq cCompared to tha no
feedback radietive response, f.a., fj = 1.5, il s
second feedback process of the samg atrength is
alec operating., the net feedback is [ = 3 (not
2.25), One implication is that, Il strong positive
feedbsck exists, s modersts edditionsl poaitive
feedback may ceuse s large increves In the nat
feedhsck factor and thue in climats sensitivity,

+ The feedback fsctor [ provides an intultive
quantificetion of the strength of feedbacke and s
convenient way to describe the affect of fesd-
backs on the trensient climaete response. Tha
gmn g allows clesr comparison of the contribu-
tions of differant mechanisme to totsl climate
change. Tha sbove formaliem relatas f and g and
provides « framework [for anslyzing fesdback
interactions and climete eenaitivity.

A number of physical mechenisms have been
identified @8 causing significant climate fasdback
(Kellogg and Schneidar, 1974), As examples, wa
mention two of these mechsnieame hers. Water
vapor [feedback erises from the ability of the
atmosphere to hold mors weter vepor es tem-
peratute {ncressss. The added watear vapor
inceenses the infrared opacity of the stmoiphars,
raising the mean lavel of infrared amission to
apace to greater altitude, whers it ls colder.
Hecaune the planetary radistion to ce temporer-
tly does not halance absorbed soler snergy,. the
planet must warm !0 rastors energy balance; thus
fw > | and gy > 0, & condition described a3 s
positive feedback. lce/anow (fesdback is also
positive; It operates hy incressing the smount of
solar energy absorbed by the planet ss ica melts,

Faedback anelyses will be most useful if the
fcedhack [factors are independent to- first order
of the nature of the radistive forcing (et the top
of the stmosphere). The similar modsl responsss
we oblain In our S, and CO; experimants tand to
corrohorate this possibllity, although thers ars
some nignificant differences in the fesdbscks for
soler and CO; forcings., We expact tha strangth
of feedhacks to have soms dependencs on ths ini-
tial climate stats and thus on the magnitude of the
climate (arecing; for example, the fce/snow albado
foedhack is expected to chengs with climats as
the cryospheric region grows or shrinkas,

We examine feedback processes guentitatively
in the following sections by me of 3-D climete
model simuistions and anelysis of conditions

Auring the last ice age (13K years ago). The 3-D
experiments lnclude doubling CO; and increasing
Sy by 2 percent. [orcings of rough.v equal
magnitude which have also ‘.een emplo‘ed vy
Manabe and wethersid (1975 and Wetner:.d and
Manabe (1975), 18K sirulations wit*, e 3-D
generst circulstion model have previous’'y been
perfurmed by williams et al. (1974). Gate: (1976)
and Mnahe and Hahn (1971),

S9 40 O x4 9

Three-Dimensions! Climats Model

The globhal climete model we amploy is
described and ite abilities and limitations for
simuleting todey's climate ars documented a8
model il (Haneen et al., 1983d, hereaflter
rafarred 1o s paper 1), Wa nots hers only that
the modsl solves the simultaneous equstions for
conservation of ensfgy. momentum, mass and
weter and the equation of state on s cosrse grid
with horizontsl rasolution 8° letitude by 10°
fongitude and with 9 ‘etmospheric layers. The
radistion includes the radistively significant
stmoapheric geses, serosols and cloud particles.
Cloud cover and haight sre computed. The diur-

nal and sessonsl cycles are jncluded. -The—ground
hydrology and aeurfece albedo depend upon the
focal vagetastion. . Snow depth is computed and
anow albedo includes effects of enow 8ge and
masking by vegatation.

Ocesn tamperaturss and {ce covel sre ape-
cifiad olimstologicelly in tha documentsd model {l.
In the expariments described hers, ocssn tam-
perstures and ice cover sre computed based on
energy exchangs with the atmosphars, ocean heast
transport, and the ocesn mixed leysr hast caps-
citys The letter two aere specified, but very
sessonally at ssch gridpoint. Monthly mixed layar
depthe ers olimstologicel, compiled from NODC
mechanicel bathythermogreph dets (NOAA, 1974)
and from temparsturs and salinity profiles in the
southarn oceen (Gordon, 1982), The resulting
globsl-mean ssssonsl-maximum mixed laysr depth
ie 110m, In our 3-D experiments a 85m maximum
ia imposed on the mixed iaysr depth to minimize
computar time; this yislde s globsl-mean geasonal-
maximum mixed leyar dapth of 63m. The 8%m
maximum depth {s suffiolent to meke the mixed
layer thermal responss time much grestar then
ons yesr and provide a reslistic representstion of
seasonal taemperature varistions, so the mixed
laysr depth limitetion ehould not significantly
affect the modelad equilibrium olimsete.

Thé oceen hest transport was obtained from
the divergance of hest implisd by energy conaser~
.vation et sach ocean gridpoint in the documented
‘modal 1l (paper 1), using ths specified mixed
layer depths., The geographicsl distribution of
the resulting annuel mean hest flux into and out
of the ocean aeuc-fece lo shown in Fig. le;
avarsged over the antira hemispheres, it yields
2.4 W m? into the Southern Hamisphere surface
eand an equal aemount out of the Northern
‘Hemisphara. The gross chaeractaristica of the
ocean surfece hesting and Implied ocesn heat
tranaport sppear to be reslistic, with hest input
et low {stitutes, easpecisily in regions of
snwelling cold weter, and relesase et high leti-
tudes, especislly in regions of poieward
currentis.  Fig, 13 of paper 1 showa that the
longitur e-integrated hest trunsport ja consistent
with » saileble knowliedge of sctusi transports. A
more Jmprehsnsive comparlson with observations

- 129
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Fig, 1. Specified heat flux into tne ocean sur-
face (n the 3I-D climete model experiments,
obtained frum the model il run of papsr 1 which
had specified climetological seasonally-verying
ocean surfsce lampersture and ocean ice covar.
{8) 13 the geogrsphical distribution of the annual-
mean flux. (b) is the latitude/season distribution
of U.e zonal-mean flux,

has heen made by Milier ¢t al. (1983), who show
that the implied annuel northward heat flux et the
equatnr i4 6.2 « .J0I4 W, With the ocean hest
transpoPt specified (n this manner., the control
run with computed ocean temperstures hes e simu-
tated climate nearly the same as the documentied
modet 11, 1t ia not identicel, es & pesult of
changes in the ses ice coversgs which srise whan
the sua ice is @8 cnmputed quantity. There is 1$
percent leas ses {ce in the atendard control run
with computed ocean temperature than in the docu-

nented model 11, as discussed below, Tuia has
Ineal  effects, mainly around Anterctica, bdut
silherwive simulated quantities are practicelly

idnntical tn the documenind model 1l climetology.
In nur sxperinents with changed soler irre-
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Alence and atmospheric CO; we keep the ocean
heat trensport identical to thet in the controi
run. Thus no ocesn trensport feedback is per-
mitted in these experiments. Our retionsle for
this epproach es e firet etep is its simplicity for
enalysis, and the fact that it parmite e reelistic
etmoapheric simutetion. .

Ocean ice cover js elso computed in the
experimenta described hars on the basis of the
local hest belanca., When the ocesn surlace losse
hest, the mixad layer tamperaturs decrsases as
far an the freezing point of ocein wetar, -1.8°C,
Furthar heat loss from the open oCean causes ics
to grow horidontally with. thickness im until the
gridbox fs coverad up to tha limit set by the pre-
sceiption fur iseds (open water), Still further
hest loss ceusse the ice to thicken, Leads sre
erudyly represented by raquiring the fraction of
opan water {n s griddox to be greatar then or
equel to 0.1/2j0q, where Zice ie the ica thicknees
in meters (paper 1),

Heat sxchange betwaen ocesn ice and the mixed
leyer occurs by conduction in the climste model.
A two-slsb model s uged for i¢s. with the tam-
peratuce profile rabolie in esch asleh. This

" conduotion is inefficient, and, {f it wers the cnly

mecheniam for heat sxchange betwean the mixad
leyer and the {ce, it would et times rasult in
oceen ice coexiating with ocean water far sbove
the freezing pointi aeince this does not oceur in
nature, other meohaniams (such ss lstersl hest
exchangs) muat contribute to ths hast sxchengs.
Therafore in our standard ontrol run and 8, and

" CO2 experimenta we imposs tha condition thst the

mixed layer temparature. whiCch rapresents s mean
for an 8% x 10° gridbox. not be allowed to sxcead
G6°C wuntil all the ice in the gridbox {s melted;
f.¢,, if the mixed layer temparature reschss 0°C
sdditional heet input {a used to meltice, decress-
ing ita horizontal extent within the gridbox.

The annue! Mesn sss jce cover {(n out atanderd
control run is shown in Fig., 2. Evidently thers
is too iittie ses foe in the model (15 percent leaa
then the obaervationas of H!. 28). sapacielly at
longitudea ~100'W and ~30*E i{n the Southern
Hemisphesre. Thus we alao produced an alternate
control run by removing the condition that all
hest added to the mixed leyer De used to melt ice
if the mixed layer temperature reaches 0°C, This
siternats control run has sbout 23 percent
'greater ocean ice cover (Pig. 2c) than observed,
and thus the standard gnd alternste control rune
bracket observstions. We use the aiternete
contral run for e second doubled COs experiment,
as one means of sasessing the role of ocesn ice
in climate sensitivity,

in the following we firat describe our atanderd
8y and COz experiments.

S, and CO3 Experiments

wes increased 2 percent and CO2 waes

8
doubTed (from 315 ppm to 630 ppm) instantaneously
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on January 1 ot yssr 1. Both experiments were
run for 33 years, In this section we etudy the
squilibrium response of the climate model to the
8, and COj forcings. The time dependence of the
surface alr tempersture and the heat flux into the
planetary surface sre briefly noted, but only to
verify that squilibrium has been achieved. The
tims  dependence of theee expariments s
 discussed in greetsr detall in a eudbssquent gec-
tion concerned with the traneient response of the
climste system.

Olobal Mean Heat Balance and Tempersture

Nodel II (paper 1) has s globa! annual mean
net heet flux into the top of the etmasphere of
7.4 W m°? (=2 percent of the insoletion), 2.3 W
"m~? of this Imbalance is due to conversion of
potential energy o kinetic energy (which !s not
Pegonverted to haet. in the model) and computer
truncsiion: The other global § W m=2 (s abeorbed
by the ocesn and ocean ice, et & rate of 7.1 W
m*% for the ocean surfece srea. This portion of
the imbalance must be’ dua to Inaccuracies such as
in tha cloud propertiee. eurface albedo, therms!
emiesion calculations, eto. In our ocontrol ru:
and experiments with computed ocesn temperatu’
we multiply the soler radiation sbeor! at v
ocean eurfape by the leotor 0.98, which cancels
the entire energy imbalance. The radistion
correction fastor haa no spprecladlq direct effect
on model seneitivity eince all results are dif-
fer d sgainet a oontrol mun; however, it doea
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Fig. 2. Annual-mean ses ice cover. (a) chser-
vationa! climstology of Walsh and Johnaon (1979)
for the northe n hemisphere and Alexsnder and
Vobley (1978) for the southern hamiaphsre. (b)
our standard control run of the 3D olimsts
model. (c¢) altefnata control run, as deacribed in
the text.

ereble phys'cel procesees, guch as oondenestion
and lce melting, to operate at temperatures as
reslistic as poaeible. Together with the spe-
cified ogeen transporta, thie allows the control
run with computed ocean temparature to havs
estentially the sems ocean temperature and oli-
mate as the model Il run with flaed climatological
ocean temparetures (paper 1),

The global meen heet Nux into the planetary
surface and eurface air temperiture are ghown in
Fig, 3 for e 3, and COg experimenta. The hest
flux peake ot ~3 W u~Z for both experiments; the
raudlative imbalance at the tp of the stmosphere
is esaentially the same a8 thie flux into the pla-
netary surface, ainoe the hest capacity of the
atmosphere ia emsll. Similar Nuxee are expected
in the two exparimenta beceuee of the similar
magnitudea of the rediative forcings. The 2 per-
cent S, change corresponds to e forcing of 4.8 W
m3. The initlal radiative imbalance at the top of
the lsmowhcn due to doudling COg is only ~2.%
W m=¢, but after CO3 coole the etrstoephere
(within a few monthe) the globel mean radiative
forcing fe sbout ¢ W m~2 (Fig. 4, Hansen et al.,
1881).  Over the ocean fraction of the globe we
find @ peak flux into the surface of 4-8 W m-2 in
both experiments, of order 10 percent greater
than the global mean forcing for an ail-ocsan pla-
net. Thus heating of tha alr ovsr land with sub-
eequent mixing by the atmoaphers incressee the



128

e 1 g gty

— Goaligh tun
b e +2% S
~===Dovbiss CO;

Loree'es
Doore 2y

- |

r

‘common prsctios of sversging -the

 deceds.

to giobsl hasting is longer than obtsined from the
ocesn hest
cspacity over the entirs globe (rsther thsn over
the ocesn sres). )
The equilibrium gilobsl mesn werming of the
surfsce air'is adout 4%C in both the 8, and
COgq experiménts.” This oorresponds 0 & feed-
beck fsctor f = 3-4, since the no-feedbsck tem-
pers:ure change reguired to restore radistive
equilibrium with space fe 4Ty = 1,3-1,3%C, . The
hest. fiux and tempersture approsch their new
equilibris with an e-folding time of almost &
We show In the section on trsnsient oli-
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Fig. 3. Globsl net hest flux into planetary sur-
face (s) and globsl surfsce sir temperswre (b).
On April 1 of yesr 2 in the S, experiment the
computer wes hit by s cosmic rsy or some other
disturbance which caused improper numbers to be
stored in the ground tempersture srrsy, This
sffected the tempors! development of thet run,
hut shouid not influence its equilibrium results.
In order to determine the maximum hest flux into
the ocesn, the S, experiment was rerun for yssrs
2 and 3 from Msrch 31 yssr 2 thus eliminating the
computer error for that period,

net heat flux into the ocean, but not by the pestio
of giobal sree to ocesn 8res sa assumed by
Hansen et al. (1981), Apparsntly hesting ovsr
continental sress {8 bslanced substantiaily by
{ncreased cooiing to spsce. A chief implication
ts that the time constant {or the ocean to respond
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M LePInss—that—tha safolding PLOPOE
tions] to f, end that the value Inferred from Fig.
3 is consistent with f = 3-4,

The mechanisms causing the glodal warmings in
these experiments sre investigsted below.
inoctuding pFesentation of the globs) disteidutioh of
key chsnges, These results are the meams for

years 3-35 of the control and experiment runs.
-Hig: 3 indicates thet this ehould provide essen-

tislly the equilibrium response, gince by thst time
the heat flux into the odean is nesr sero and the
temperature trend has flattened out, .

Globsl Tempersturs Changee

The tempersture changea in the S, and COj ex-
periments sre shown in Mg, 4 for the annusl meen
surface alr tempersture a3 a function of lstitude
snd longitude. the tonal mean surfsce air tem-
persture a3 a function of letitude snd month, and
the snnus! and sons! mesn texpersture &8s 8 lunce
tion of altitude and Istitude, We discuss the
nsture and csuses of the {empersture changee.
and then meke & more quantitstive snelysis below
using 1-D calculstions and the alternate COj ex-
perimant with changed sea ice prescription.

The surfacs air werming is enhsnced st high
Istitudes (Fig. ¢, upper panel) partly due to the
grester etmospheric stadility there whioh tends to
confine ths warming to the lower tropoephere. 88
shown by the radistion changee discussed below
and the eaperiment with altared ees ice,

There is ¢ very strong sessons! vsriation of
the surfs¢ce warming et high lstitudes (Fig. 4,
middle panel). due to the sessons! change of
stmospheric stebility and the influence of melting
ses ice in the summer which limits the ocean tem-
parsture rise. At low istitudes ths temperaturs
incresse is grestest in the upper troposphere
(Fig. 4, lower panel), decause the sdded hesting
at the surfsce primarily csuses incressed eva-
porstion snd maist convection, with deposition of
Istent heat and water vapor st high levels.

The statietical significence of these resu!ts
oen be vecified from Fig. S, which showa the
standard devistion for the lsst 10 yesrs of the
control run for all the quentities in Fig. 4, and




[ 1
A Yw ug-:._o”:u

hes 001 o ' " ) Desdles €O

L antude (Gegrees)

n g 190
Longitude (degrees) Longilude (degraes)
A Surtocs Aw Tempuraivs %) 24, 5 00 5u15ce An Tempwehey (°C) Dastied €O,
of PPl - P 3
LA S5 S ' »
60p—mz i/ - ———T1 © '
<P ' —— A : =

P

0
I;

w:\__/—-—c

t chtude (Gegrees )
o
]
Latitude (degrees)
L=]
(7

e e N |
hac—= SN
¢ G
‘ -0 B e e N U
4 F o ¢ ® J ¢ & 8 0 W O 4
Month
A8 Temoniotwe °C) 2%
B [ Y T ) . 3
0 =S\
¥
-

§

2

Pressuce (mb)

§

Pressure (mb)
2

PN =S L .
) 8 39 % w © % S z "% %
Lattude (degrens) Lantude {degrees!

Flg. 4. Alr tampersture changs in the climate model for a two percent inorases of soler icra-
diance (laft} and for doubled atmospheric COy (right)s The upper graphs show the geographliocal
disteibution of snnual mean surface air wirming, the middle grapha show the asasonal varletion of
the surfece air warming avaraged over longitude, and tha lower grepha show tha altituda diatei-
bution of the lemperature changs evereged over seescn and longltude.

133

ERIC

Aruitoxt provided by Eic:



80

® 0
g w g
o

s, s,
: §
R g

] AZA 90 —
a0 a0 ) [] 0 [ [T ] 180 g0 ) [] [
Longtude (degrees! - Longtude (dagrees)

oL deses Lo Tenpgigay ¢ Coalrel M poltmins Ay Toveweimese
ol L . i S )
as

1!

¢ /"‘} N v

}:_r;\(;;’u « a— 10
\-—-*—\_f'k

B N
-

7

Lontude (degrees)

(]
”"\-’\ -
..
— ) <2

PYAL. LIS T I

‘ A
200
8

£ 900 \ on
& .

3
# t00
14
a

®©0

1000, © 30 Y %0 0% ] 30 -40 %0

30 [ - 30 ] -
Lantude (degrans) Latdude (Segrees)

Vig. 5. Left side: aetandard deviation of temperature for the last 10 years in the control run,
Right side: ratio of temperature change for yeare 28-35 of the doubled COg expariment to the
standard devietion of temperature ln the conteol run.

134




Q

ERIC

Aruitoxt provided by Eic:

131

the ratio of the cheange nl the quentily in the

doubled LUz experiment lo the standard davistion,
The standerd devistion is computed rovin.ely for
all of the quentitiss output from ocur 3D model.
we only discuss changes in tha experiment runs
which ere (far &bove tha lavel of model fluc-
tustions or 'noise' {n the controi Pun.

The patlerns of temparaturs chenge ars ra-
markebly similer in the 8, and COg experiments,
suygesting that the climate rasponsas {s to [irst
order 8 funclion of the magnitude of the radiastive
forcing. The only major diffarence is in the tem-
perature chenge as a funclion of aldtude; in-
cressed COg ceuses asubetantisl aetrstospheric
cooling. This similarity suggests thet, to firsl
ordar, the climate effect dye to savarsl lorcings
tncluding various Lropospheriec trace gesea may be
e simple function of tha tote! forcing.

The giobal mesn warming of surfece air thel
we oblein for doudbled COg is eimiler to that
obtsined by Manshe and Stoulfer (1980) for
quedrupled COz. This larga diffsrance in aeen-
sitivity of “the two models sppeara lo be esson-
ciated mainly with the fesdback mechaniams {n the
models, as discussed beiow. Tha patterns of the
temperature changes (n the (wo models ahow
gross similaritiea, but also eignificant differen-
ces., We deler detailed comparison of the model
resuits until aefter discussion. of the (fesddack
mechanismae.

1 Analysie of Peedbacks in 3-D Experiments

The processes chielly responsible for the tem-
perstura rlas In the 3°D model cen be Invaati-

geted with e {-D radistive convactiva (RC)
climate model. We uss the i-D model of Lacle at
al. (1981) lo evaluats tha effect of chenges in

radistive {nPcing thet teke plece in the 3-D modal
expepiments, As part of the 3-D modal
disgnostica, we have availadble globel avarsge
changes in surfecs snd plenetary albedo, and
chsnges In amount and varticel distribution of
clouds, water vepoP and etmospharic lapas rats.
We insert these changes oOna-by-one, or in com-
binetion. into the 1-D model &nd compute the
change in global surfeca temperature. Wa employ
the usus! ‘conveclive adjustmant’ procadurs in
our 1-D celculations, but with the global mesn
temperature profile of tha 3-D model as the cri-
tical lapse rate in the lroposphars. Contrary to
usual practice, we aliow no [eeddbacka to oparate
1n the 1-D celculstions, making it poesible to
aseocinte surfece temperature chenges with indi-
viqual feedbeack processes.

There {3 no e priori guerentee thet the nal
effect of these chengea will ylald the same
warming {n the 1-D model es In the 3-D modal,
because simple globel and mnnuel aversgea of the
changes do not eccount for the nonilineaP naturs
of the physical processes and their 2-D and 3-D
interattions. Also, changes in horizantel dynemt-
cal transports of hest and moisture aera not

antared esplicltly into the 1-D model; the effects
of dynamicel [feadbecks ars included in the
radistive factors which they influence, such es

- the oloud cover and moistare prolile, but the

dynamicel contributions aere nol identilied,
Naverthaiess, this exarciss provides suhstantis!
{nformation on ciimate feeddacks, Detarmination
of how well the 1-D and 3-D results correspond
ala0 {s e useful teat for satedlishing the value of
1-D globe! climate modals.

The procedurs ws use to quentily the [leed-
backe ia es follows:. Tha Increass of total weter
vepor in the 3-D model (33 parcent in the
8, expariment) fs pul in the i-D mode! by
multiplying the weter vepor emount et all lavels

‘by the same factor (1.33); the rasulling chengs in

the equilibrium eurfsce lamperature of the }-D
model delinea the second bare in Fig. 6. Next
the walat vepor st ssch lave! in the 1<D model ia
incressed by tha emount found in the 3-D experi-
ment; the tampersturs change obtained in the
firat (total H30 amount) test ia aubtrected from
the temperalures change obteined in this teat to
obtein the Llamparstura change credited to the
chenge in wetar vapo?! vartioal distridbution. The
changa of tampersture gradlent (lapss rats) be-
tween aach pair of levels in the 3-D model Ie
inserted in the control 1-D modsl to estimate the
alfact of lepss rate changs on asurface tam-
persturs, shown by ths fourth bars in Fig. 6.
Sinca tha lepsa rets changes ere dus meinly to
chenges of watar vepor, we take the nat of these
thres tempersturs chenges in the 1-D mode! as
our estimele of the walar vepor contridution to
the totel® tampsralure change. The global mean
ground albedo change in the 3-D moda! (delined es
the retio of the globel mean upward and downward
soler radistion fluxes et the ground) {a inserted
into the 1-D control run to obtein cur sstimate of
the ice/anow albedo contribulion to the tem-
perature changes.

Cloud contributicns are more difficult to ane-
lyze acCurately becauss of the variely of cloud
changes that occuf in the 3-D model (see below),
including chenges in cloud overlap. and the [lact
thet the changas do not combine linesrly. We
firet estimate the totel cloud impasct by changing
the cloud amounts et all levels in the 1-D model
{in proportion to chenges obtsined in the 3-D
modal. The total cloud effectl on the temperature
obteined in this way {a subdivided by deflining o
portion to bs due lo tha cloud cover chenges (bLy
running the 1-D model! wilth e uniform chenge of
all clouds eo as to match the lotel cloud cover
cheange in the J-D model) and by ssaigning the
remainder of the totsl cloud effect to cloud
height changea. These essumptlions involve some
arditreriness. Naverthaless, thas resulting tolsl
temperatures changes in the i-D model sra found
to be within 0,2°C ol the global mean tempersture
ohanges in the 3-D experiments, providing cir-
cumslantisl evidence thet the procedure takes into
acoount the essentlei radietive aspects of cloud
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Fig. 8. Coniributinas to thes globel mean tem-
psraturs riss in the S, and CO~ experiments a
eslimated by inasrting chenges obtained in the 3-D
experiments into 1-D reaietive convective model.
(s) 2 percent S, experiment, (b) doubled COq
experimenl, and (¢} doubled CO2 experiment for
siternats control run with greater ses ioe.
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The tcmpereture changee in the 1-D model ere
shown*in Fig. § for the standerd 8, and CO3
expsriments, and the COg experiment with alter-
nate ase lce oomputstion. Resulting galne and
feedbeck feotora sre given in Tadle 1.

Neter vspor feedback. Waetér vepor provides
the largest feeddeck, with most of it naueed by
the inoresss of weter vapor amount. Additionel
positive feeddeck reeulta from the wster vepor
dietribution becoming weighted more to higher
altitudes, but for the givbal and hemispheric
meens thia {s spproximstely cancelled by the nege--
tive feedbeok produced by the changes in lapse
rate. alao “due meinly to the added H30. The
nee? cancelletion of these two effects is not sur-
prising, eince the amount of weter the etmosphere
holds le lergély dependent on the meen tem-
pereture, and the tempersture at which the .
infrared opacity occurs determines the infrered
radistion, Thie tendency for cencellstion
suggeete thet the difficulty in modeling molat con-
vection end the vertioal dietridution of weter
vepor may not have ¢ greet {mpact on estimatee of
globel climate eensitivity (sxcluding the indireot
offect on cloud distributions).

The net water vepor gein thus deduced from
the 3-D model ia gy ~ 0.4, or a feeddeck fector
fw = 1.0, The same seneitivity for weter vepor
le obteined in 1-D models by using fixed relstive
humidity snd fixed critical lapse rate (Manebe and
Wethereld, 1887), thus providing some support for
thet set of assumptions in simple climate>models.
Reletive humidity changed only slightly in our 3-D
experiments; for exsmple, in our etanderd
doubled COg  experiment the averege relative
humidity  inoreased 0.018 (1. = 100 percent
humidity), with & 0.0¢ globa! increese et 200 mbp
being the lergeet change et any altitude. Thie
compares with sn increese of mean epecific hunmi-
dity of 33 psrcent: The global mean lepse rate
change in the 3-D wmodel (-0.3°C km~1) {s less
than the eho?u of the moist sdiebetic lepae rete
(~0,3°C km"l), the decresse ot low lstitudes

- being partly offset by an inoresse ot high letitu-

des. And. as expleined sbove, the effect of the
lepse rate change on tempersture s lergely
balanced by the effect of the resulting displece-
ment of weter vepor to grheter altitude.

Snow/ice feedbeck. Ground albedo decreese
also provides a poeitive fesdbeck. ‘The ground
albedo change (upper panel of Pig. 7) is largely
due to reduced see ice. Shielding of the ground
by cloude and the etmosphers (middle panel of
Fig: 7) mekes thie feeddeck severs! times smaller
than it would be in the asbsence of the
atmosphere. However, it is e significent positive
fosdbeck and is ot lsest as lerge in the Southern
Hemisphere as in the Northern Hemisphere. The
geographic psttern of the tempersture (ncresse
(rig. 4) and ths coincidence of warming mmxima
with reducsd see ice confirm thet the see {ce
effect ia a substantis! positive feeddack.

Further ineight into the see ilce feedbeok is
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be ¢ 10 percent change.

tn Pige. 7, 8, 10 and 11 “perceni® change refers to the fuﬂ
rangs of the quentity, ¢.g.., & change from 60 percent albedo to 30 percent albedo is delined to
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provided b'y the eaperiment with elternate pre-
eoription for computing aee ifoce eover. The
greater see tce cover in the oontrol run for thie
experiment permits ¢ greeter surfece glbedo feed-
beck, a8 indiceted by the analyeie with the 1-D
model ehown in Mg. €0, Thees reeuits fllustrete
the seneitlvity of ¢ eyetem which already oonteine
terge poeitive feedbecks, the gein due to in-
creseed eurfece etbedo being sugmented by in-
weter vepor and cloud geine.

Besed on these experiments. we eetimate the
see ice/enow feedbeck fector as ~1.1. However,
this vsiue refers to a clinate change from todey's
climete to e climats which {e wermer by sbout
4°C. We expect fenow/ice 0 decresss ms the
eres of ees ice and enow decresees, so ite value
{a probedbly somewhet lerger in the limit of @
emeil increment about todey's climate. Aleo. the
prescriplion for computing ees foce in our etan-
derd experiments (which gives 13 peroent too
little eea lce for today's climste) probably causes
an underestimete of fynay/jae: 88 indicated by
the vslue inferred for ? in &u experiment with
el tered nee ice prescription (which ylelded 2
percent too much aes ice for today’s climate).

The gsin we obtein for ice/enow fesdback in
our 3-D model (~0.1) agrees welt with the value
(0.12) obtained by Wang snd Stone (1960) from a
1-D radietive convective model. The feeddack ie
much emeller thsn eerly eetimates guch 83 those
of Rudyko (1968) and Seilere (1960). who aseigned
8 large albedo increment to ice/enow. but did not
sccount .uP gloud ehielding, vegetation maeking of
snow, and zenith angie verietion of albedo
(North, 1975; Lian and Cees, 1077),

_C_j(_oud“!ggg_pgslg- Cloud changes (Fig. §) aleo
provide @ aignificant poeitive feedback in thie
model, &8 s resuit of a emsll increess in mean
oloud height and ¢ emall decreses in cloud cover,
The gain we obtein for cloude ie 0.12 in our etan-
derd doubled CO3 mxperiment. Thie happens to be
simiier to the gein cf 0,10 which ie obteined in
1-D models If the clovd cover ie kept fixed .nd
the cioud height is detvyrmined by the aseumption
ol fixed cloud temperewre (Ceaa. 1974), How-
ever, @ subetantiel part of the cioud gain in the
3-D model le dus W the cloud caver change (Fip.
8). The portion of the cloud gain associeted with
cloud height chenge (n the S, experiment and the
standerd doubled CO; experiment {e abost midway
betwecn the two common eesumptions ueed In
simpie climetz modeie: fixed clouds altitv.e (guin
* 0) and fixed cloud temperature (gsir  0,2).

The cloud height wnd cioud cover cnangee in
the 3-D inodel ees : qualitetively plausible, The
redunsd clowd corver primarily represents reduc-
tion of low and middie level cloude, due to
increased vertical trsneport of moisture by con-
vection and the lerge aecele dynanmice, The
increese of high level cirrue cloude et low lati-
tudes Is consistent with the Inoreeas of
penetrating moist convection et those Iatitudea.
Howsver. the cloud prescPiption schen * in the
‘audel (pepeP 1) 10 highly simplitied; for example,

138

:/ .
134

‘sbeolute humidity:

T~

it doee not incorporets e liquid weter budget for
the cloud droplete or predict changes in cloud
opticel thicknees et e given height. Thue the
poseibility of an increess in meen cloud opticel
thicknese with the increesed weter vepor ocontent
of the etmoephere {s excluded. Indeed, buceuss
the ocloud opticel thicknees decressss with
incressing asititude (paper. 1), the incresss of
cloud height ocauees e decresss of opticel
thicknees. Thid ie e poeitive feedback for low
and middle level cloude, but s negetive feedbeck
for oirrue oclouds, which ere e gresnhouss
materiel with euboptlimel opticel thicknees. Ae o
orude teet of poesible effecte of changes in cloud
opticel thicknese we let the cloud opticel thick-
neas in the 1-D modei change in proportion ta the
thie precticelly eliminated the
poeitive ocloud feedbeck. {.e.. it resulted in
folougs = 1:0. Cleerly, ssessement of the ocloud
contribution to climste, eeneitivity depende oru-
olelly upon development of more reslistic repre-
sentation of cloud formation proceseds in climste
®odela, 68 verified by an eccurate global eloud--
climatology.

Summary of mode] feedbacke. Given the
cance'lation beiween the ohange In lepes rate end
change in verticel dietribution of water vapor.
the procesees providing the major radistive feed-
backa in thie climste model ere totel etmoepherio
vater vapor, olouda and the eurface aibedo. Con-
eidering the earth from a planetary perepective.
it sseme likely thet these gre the principal feed-
backa for the earth on e time ecale of decades.
The albedo of the planet for eolar radistion ie
primarily determined by the clouds and eurface,
with the main veriable COmponent of the latter
being the ice/enow cover. The thermal emieeion
of the planet fe primarily determined bdy the
atmoepheric water vapor snd cloude. Thue the
procesesse principally responeible for the esrth's
radistion dalence and tempereture ere included in
the 1-D model, and we have ghown that theee pro-
ceesse sre the eource of the primery redistive
feedbacke in our 3-D model.

Table 1 eummarizes the gaine and feedback
fectore inferred from the changes which occurred
in our 3-D model experiments. and the
corresponding temperature changee for different
combinations of theee feedbeck proceeses. Note
egein that effects of dynamicel feedbecke are
implicitly included in theee chenges. The tem-
perature changee {lluetrate the nonlinesr way in
which feedbeck procsesees combdine (Eq. (1)},
For example, the jce/enow feedbsck adde about
19C W the temperature reepones, but if the water
vepor and cloud feedbacks did not exist &
ice/enow feedbeck would sdd only a few tenthe of
s degrees o the eeneitivity. Thie nonlinear dehe-
vior (s @ reault of the fect thet when the
ice/anuow feeddback ocoure in the presence of the
other (poaitive) feedbecke, it snhences the water
vepor and cloud chenges.

Comparison o Msnabe and Stouffer. Thia ans-
lyeis of the feedbacke in our model provides an
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TABLE 1. (Usin (g). leeddack faotor (f) end
equilibrium tempersture changes (AT) inferred
from ceicuistions with 1-<D padiative-oonveolive
‘modei Ilor globel mean changes in the 3-D GCM
‘axperiments. The eudscripts w, o and ¢ refer W
water vapor, ciouds. and surface albedo. g is
obteined e¢ the Patio of the tempersture ohange in
the 1-D model (with oniy the indiceted prosesess
fnciuded) to the giobal mean tempereture change
in the 3-D experiment. f {a from f; » 1/(i - g;).
AT (s the equilibrium surfece sir werming com-
puted with the 1-D modei for glodsi meen changes
of 3-D modei constituenta with oniy the indicated
processes inciuded;: AT, includes only the indi-
cated radintive foroing. without fesdbechs,

__Ezperiment
Alternate
o2y 8, Doubled COg  Doubled CO4
'™ 0.3 0.40 0.37
g 6,20 0.22 0.8
' 0.09 0.09 . 0.11
fw 1.59 1.86 )
fe ~ 1.3 1,29 1.34
fy 1.09 1.10 1.14
fec 2.3¢ 2.62 1.67
fecs  2.96 3.4 3.98
¢ aTo 1.3 1.1 12
8Tow 2.1 2.0 1.9
aToe 147 1.6 1.8
8Tgq 148 1.3 154
8Towo 3.2 1.2 u1
sTowcn 40 4.2 4“1

indicetion of the ceusss of the difference betwaen
our climete model ssneitivity and thet of Mansbe
ond Stouffer (1980). Thay infer s werming of
29C for doubled COg, based on an experiment with
quadrupied COs which yielded 4°C warming. Their
model hed fixed ciouds (eititude and cloud cover),
thus fojgug 1+ Also ‘their control run had jees
see ice than our modal, 80 their fy4¢ jee Shouid
be between ! and the value (~1.1) for ouf model.
it ls aspperent from Tabie 1 thet differences
srising from the treatments of these two pro-
cesnes may sccount for most of the difference in
global climate saneitivity.

Anothar major differencs betwsen our modei
and the model of Manshe and Stouffer ia thet we

include s specified horisontel transport of heat.

by the ocesn. Thie transport ie idanticel in our
control and experiment runs, i.e.,. the changed
climate is not aliowed to feed beok on tha ocean
circulation, Of course Mansbe snd Stouffer do
not allow feedback on ocean transport either,
since the ocetn transport is zero in both axperi-
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men' and control, However, eome other mechs-
nieme muet replace oceanic poiewsrd traneport of
Rest in their modei, since their high lstitude
temperatures are at lesst a8 wePm 88 in our

modsl (and observations), Rphanced polewerd

transport of latent and gsensidble hest dy the
afmoephere muet be the machaniem Peplecing ocaen

. heat traneport in their model, This stmoapherio

traneport is sxpeoted to provide s negative feed-
baok (Stone, 1984), and indeed the totei
stmosphePic energy traneport did decresee
polewsid of $0°C iatitude in the COg experimenta
of Msnabe and Wethereid (1973, 1980). [t {s not
obvious whether the ocean tranaport feeddack is
poeitive or negative in the resl world.

The contridution of occean heet traneport to
climate sensitivity, like that of the stmoepherio
transporte, dose not sppesr &8 an identitied com-
ponent in am energy balance anslysie such s in
Pig, 0. Thie {a irreievant for our modei, since
it hae no ocean transport feeddack, However, in
modele which eslculite the ocean heat transport

oP 8 surrogete energy tranaport, this feeddack {s

inofuded implicitly ss s (positive or nagetive)
portion of identifjed componenta of AT (ATyater
ve 4Toloude, ATice/anow). The portion of
ING66 "changes oue 1o thie Tesdback procese oould
be identified by running those models with fixed
(ciimatoiogicei) geean heet transport.

Manabe (1903) suggests that our {ce/anow feed~
beck s unresiisticeliy ferge and eccounts for
moet of the differénce between our ciimate model
eensitivity and that of Mansbe and Stoutfer
(1980), However, ss eummarized in Tabie 1. the
smount of see fce in the control mun for our
etenderd COg experiment {s actuaily somewhat lese
than odaerved ges ice cover, -in our alternate
COgz expariment, with ses ice cover grester than
tn obeervations, the ice/snow feeddack increseee
eignifioently, euggeeting thet the ioe/snow fsed-
back in our astanderd experiment may be an
undersatimate, Aiso, we show {n the next eection
that the ses ice feedbeck for the olimate change
from 18K to todey, s werming of about 4°C, ia
abuut twice ea forge as in our doubled
CO3 experimente; thie 10K ees ice feedback fso-
tor is based on meseured ochangee of see ice
cover. The emaii ice/snow feedback in Mansbe
and Stouffer's model may be a resuit of their
model being too werm et high {atitudes; indeed, in
the Southern Hemiephere (where the ees {ce feed-
back la grestest in our modei and in 10K measure-
mente) their control run hae almost no ice in the
summer., Another ilikely resson for Manebe and
Stouffar's albedo feeddack being wesker ie the
stronger negative feedback in their meridional
dynamical flux, as a resuit of thet flux ali being

__carried in the atmosphere. We conociude that our

eatimate for the eee ice (eedbeock is conser~
vative, {.e., it ia more iikely to be in error on
the low side than on the high side.

We obtain 8 greater werming at iow istitudes
(~3-4°C for doubled COé) than that foupd by
Manabe and Stouffer (~3°C for quadrupied COg),
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TARLE 3.
3-D experiments.

Annusl-mean ses f{cs cover & frection of
In run 1 the sas ige cover (s specified to be today's elimatology of

obsl or hamispheric sres in seversl

Alsxander and Moblay (1878) for the Southern Hemfsphare and Walsh and Johnson (1979) for

tha Northarn Hamisphars.

in the ssction on ice ags experimants.

Run 7 specifiss the ses fce 00over sdoording Lo CLIMAP dats for
18K (CLINAP, 1981) and run 1] modifies the Southarn Hemis
In other runs the ses ice cover is computed,

are CLIMAP dita as discuased

un ____ Sxpepimant Desgpiption

1 Modsl 1i, Run 61 of paper 1; ses
ica specified as todsy’s climstology

2 Control run for standard
. CO2 and 8, experimants

3 standsrd 2 = COz experiment
4 , Standard 2% 8, experiment
3

Control run for alternate -
COz experiment

§  Altarnate 3z COg axperiment
7 CLIMAP boundary conditions

11 CLIMAP boundary conditlons with
modified Southern Hemiephare sas ice

Ses lae Covar

Northarn Southarn
Globe ARemisphere Hemisphare
0.048 0.042 0.054
0.041 0.039 0.043
0.023 0.02¢ . 0,017
0,033 0.030 0.020
0.080 0.048 0.073
0.031 0,033 0.029
0.089 0.048 0.181
0.0?? 0.048 0.108

‘We anslyzed (e cuntributions to the warming in
nur 3-D modsl as s fupction of. lstitude by
insarting aii sonsi-mesn radistive changes into the
i-D rsdistive-convective modal, At low lstitudes
{0=30°) the clouds contributs 8 poeitive feedback
of about 1-1.5°C; the lerger part of this. nearly
1°C, fs due to reduction of low ievei cioud covar
with doubied CCj, with tncresss of cirrus clouds
contributing s emalisr positive feedbsck. At high
latitudas (60-90°) the clouds contributs & smaller
negstive feedback (0-1°C), due to incressed low
level clouds: this cloud incresse (Pig. 1) pro-
bably is dus to incressed svsporation resulting
from the reduced sss ice cover. The computed-
distributions of watar vapor may also contribute
to tha differances betwaen our result and thst of
Manabe and Stouffer. For exemple, in our modei
low letitude reistive humidity st 200 mb incressed
by 0.085 with doubled COz. The cloud and water
vapor characteristics depend on the modsling of
moist convection and clovd formation; Manabe and
Stouffer use the molst icbatic adjustment of
Manabe et al. (1965) and tixed clouds; we use 8
moist convection formulation which allows more
penetrative convection (psper 1) and cloud for-
mation dependent on locel ssturation. Prasently
svaileblie cloud climatology dets has not permitted
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detsiled evalustion of these moiat convection and
cloud formstion achemas.

The high latitude enhancament of ths warming
te lése in cur modst than in obssrved tampersture
trands for ths past 100 yssrs (Hansan et al,,
19938), If this obssrved high latituds enhancs-
ment also occurs for largs glodsi tempersture
incresses, the smatlar Righ lstitude snhancemant
in our 3-D modal suggests the possibility that the
3-D modsl has eithar ovarestimsted the low lati-
tuds olimate ssnsitivity (probably implicsting the
low latituds cioud feeddack) or undarsstimated the
high lstitude ssnsitivity, ’° tha formar cass is
corract, the giobal climste ssnsitivity implied by
the 3-D modei may bs only 2.3-3°C: but If the
letter interpretation is corract, the glodel climate
seneitivity may be grastar than 4°C. A more pres-
cise statement requires the ability to ansiyzs snd
varify the cloud feedback on s rayions! basis.

Conclusion. Atmospharic water vepor content

-provides s large positive feedback. and we find

thet in ocur mods! the effects of chenges in lepas
rote and watar vapor verticsl distribution largeiy
cencel (for globs! or hemispheric mesns). The
existance of the atrong positive wster vapor
fesdback impliss that moderats additions! positive
feadback can grastly {nocreass climate sansitivity.
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becsuse of the nonlinea? way in which feedbacke
comblne. In our model, eufficient ice/anow feed-
beck occurs to incraase the gladbal eenaitivity to
~23.3°C, and with cloud feedback to ~4°C . for
doubled COz. Although the ocloud feedback ia
vary uncertain, our 3-D etudy euggeeta that it ia
in the range from aspproximately nautrsl to
etrongly poeitive In globel mean, snd thue that
global climate aeneitivity ia at leaet 2,5°C for
doudled COg, The magnitdee of the global
fca/snow and cloud feedbacke in our 3-D model
ara pleusibla, but confirmation requires improved
abiiity to accurately modal the phyeicel proceseea
2 well as ampiricel teete of the climate model on
a variety of time ecalee. R

lce Age Experiments

Records of past climate provide a valushle
mesns to test our underetanding of oclimate feed-
even in the ebeence of a
complete undaretending of what caueed the climute
change. In this eection we uee the .comprehen=
sive raconstruction of the last ice ege (10,000

yeers ago) complled by the CLIMAP project
(CLIMAP project membere, Mcintyre, ‘projeot
leedar, 1981; Denton and Hughee,,1981), We firat

run our climate model with the 18K boundary con=
qitions s specilied by CLIMAP; thie allowe ue to
estimata the globsl mean temperature change be-
‘twaen 10K snd today. We then rerun the model
changing (eadbeck proceesea one-by-one and note
their effect on the planatary radistion balanca et
the top of the atmosphare. Thia providee a
meeaure of the gain or feedbeck factor for each
proceas. We alao examing the model for radietion
helance when a)l of the known 18K feedbacks ere
included; thie aliowe some inferancee about the
model sensitivity and the sccuracy of the CLIMAP
data.  Finally, we compara differant oontributione
to the 18K cooling; by coneidering the land ice
and stmospheric CO3 changsa as elow or spe-
ciffed global climata forcings, we can infer
empirically tha net feedback factor for prooeesea
operative on 10-100 year tima acaiee.

Global mape of the CLIMAP 18K boundary condi-
tions. including tha distributions of continental
ice, 328 ice and sea-surfaca tamperature, are
given hy CLIMAP (i98§) and Denton and Hughee
(1981). These boundsry conditiona, obtained from
evidence such as glecial scouring, ocean aadimant
cores contiining detritua rafted by sma ice, and
oxygen 1sotopic ahundancae in enowlail preserved
i Greenland snd  Antarctic jce  ehaate.
Necessarily contaln uncertainties. For example,
Hurckla et al, (1982) suggeet-thet tha CLIMAP
Southern lemisphere aea ice cover may be
overestumated, and DilLablo and Kisasan (1983)
argue that the CLIMAP ‘maximum extant’ ica shaet
model may be an overestimats. Questiona have
also heen raived about tha sccuracy of the ocean
surfasce temperaturea, eapecially st low latitudee
(Weobster and Streten, 1978), We examine quan-~
titatively the effect of each of these uncertain-
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tiee on our feedbeck aneiyees.

‘Simujsted_18K_Climata_Patterne

Our 11K eimulation wae obtai by running
climate model 11 (paper 1) with tha CLIMAP (1981)
boundery conditione. The boundary conditione in-~
¢luded the -earth orbital parameters for that tima
(Berger, 1979). The run wes extended for six
yeare, with the reaulta asvereged over the laet
flve yeere to define the 10K aimulated climate.
Tha control run was the five yeer run of model
Il with today's boundery condlitione, which Is
documented in paper 1.

Temperature, Simuleted 18K temperetura pat-
terne are shown in Pig. 9. The temperaturea in
the modal, eepecially of eurfece alr, are con-
etrained etrongly by the fized .boundary con-
ditione, end thua their acouracy ie - dependent
mainly on the reliadility of the CLIMAP data.

Giobal eurface air temperature in the 18K ex-
periment {a 3.4°C cooler than in the contrel run
for today's boundary conditionas Much greater
oooling, exceeding 20°C, occure In eouthern
Canada end northern Europe and cocling of mora
than 5°C ia calculated for moet of the Southern
Hemiephere aea fce region, Some nign letitude
regione, including Alaeka and parte of Anterctioa,
are at gbout the same température in the 18K
eimulation as today; thue there ia not univeraal
high latitude enhancement of the climete change.

Tempereture changee over the tropicel and
eubtropical oceene are only of the order of 1°C,
and inolude eubetantial areas that are wermer in
the 10K eimulation than todey. The latter aspect
requiree verification; diverse aress of the tro-
pice and euLtropice experiencad mountain gla-
cietion et 18K with anowlins descent of shout lkm,
and pollen data indicate eubetantie! cooling of the
order of $°C at numeroue low iatituda areas. Aa
indiceted by our 3-D model axperimant the CLIMAP
eee eurface temperaturee ara inconsiatent with
tha obeervatione of tropicel ocooling, einca
apecilication of reletively warm tropicel and
aubtropicel ocean temperaturae effactiveiy prohi-
bite farge cooling ovar land at theee Ilatitudee.
We conclude that the fow [atitude ocaan tem-
peraturee are probably overeetimeted in tha
CLIMAP datas A more gquantitative snalyeia (Rind
and Petaet, in praperation) suggasts that large
areae in the low iatitude oceana may be too warm
by 2=3°C {n the CLIMAP deta.

The middia parte of Fig. 9 ahow that tha cool-
ing st 10K occurrad aepecially in tha fail and
winter. Although the surface air was aubstan-
tially coider all year at latituda 60°N, thie waa
fargaiy a rreult of the change in mean aurfaca
sltituda caused by tha preeancs of ica aheets;
the cooling st fixed altituds ia conaidaradly faee.
Tha zonal mean aurface alr in the tropics was
cooler ali year. Tha lowar parte of Fig. 9 show
aubatantiai cooling throughout moat of the tropo-
sphera. At high fatitudae tha greatast cooling
occure in the lowar tropoephera.
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Radis Changeée In the pisnetery rediation
budget (n the 18K simulation are shown In Fig. 10,
The surface albedo incresses o3 much as 0.43 {1
the ragions of {ca sheets over northern Europe
and southern Canede and about 0,30 in regions of
large Thanges in esea {ce COvarage. Shialding by
the etmosphars and the large senith angles raduce
the impact on planetery albedo to 0.15-0.30 over
the ice sheets and 0.05-0.10 over eees ice. The
affect of the planetary albado chiange on the net
radistion from the planet ia partially compenssted
over the ice sheaets by rsduced thermal amigsion,
but nesrly the full affsct of the albedo chesnge
sppeats In the net radietion chenge over aea lce;
these conclusions follow from comparison of the
middle and lowar parte of Fig. 10 and the fact
that an albedo chenge cf 0,10 {s equivalent to 24
W m°3, Most of the mors detalled changes in the
geographicel patterne of the radiation budget sre
sssoclsted with chenges of cloud cover or cloud
top altitude,

Clouds.

Radistion .

uds. Cloud changes {n the 18K simuletion
are diusireted In Fig. {1, Thers is o significent
raduction of ocloud cover {n . regions with
incressed aed ice, probebly becsuse of the
reduced evaporetion in thoess regions. The zonel

meean cloud cover decressse alightly {n the tro-’

ples during moeat of the yeesr, {ncraesse> alightly

in the subtropice and Increasss ot Northsen
Hemisphere midlatitudes in summer. The poler
regions exhibit opposite behavior; et the north
pole (e region of ses ica) the cloude decresss,
while at the south pole (a continantel region of
high topography) the clouds increass in the 18K
experiment, The lowest panel in Fig. 11 shows
thet the high level (cirrus) cloudn are reduced
substentielly in the 18K nsimuletion, presnmsbly
dus to the reduction of panstrating moist convec-
tion and ite essociated trenaport of moisture,
Muat of theae changea sre consistent with those
in the daubled CO3 experiment, the cloud chenges
et 18K being tha opposite of those which ocour
for the warmer doubled COz climate,

Summery. The global mesn surface alr cooling
of the Wisconsin ice age (compsred to toduy) la
computed from the CLIMAP boundary conditions to
he ~4°C. Thus the mean temperature change bat-
ween 18K and today is very aeimilar to the pro-
jrcted warming for douhled COj3. Below we
anelyze the contributions of different feedback
processes to this global climete chenge.

18K Feedback Faclors

We perform two types of experiments to atudy
the feedhack procosses ot 18K, 1In experiments
of the first type, a given factor {s modified (say
the séa lce cover {3 chenged) and ths mode! 18
run for severs] years with the stmoaphere (ree
to adjust to the change. but with the ocesn tam-
perature and other boundsry conditiona fixed,
Thus the only suhatantial feedbeck fectors allowed
1o aperele are water vepor and clouds {(snow over
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isnd and ice can also change, but this rspresents
only e amall pert of the fcs/anow faedback),
Experiments of this typs enabls us to relete sur-
fece tempersture changes with flux imbalences et
the top of the etmosphere under conditions of
redistiva/dynsamic equilibeium in the etmosphere.
Results of this type of experimant are summarized
in the firet part o! Teble 3 (experiments 0§-14)
elong with th2 10K control run (experiment 7).
The method for converting the flux imbslance et
the top of the itmoaphars in thess sxparimants to
gein or feedbeck feotors fe dsecribed balow in
conjunction with sxperiment 4.

Expsrimants of the sscond type [lsbeled with o
ster (*) and tebuleted in the lowsr part of Tabie
3] provide e fester, but mors aepproximsts,
mathod for evelusting feedbscke which cen be
epplied to cartein types of padistive forcing. In
the eterred experiments we daeterminn the
radistive forcing by changing e factor in the
control run (esy sse f{ce cover) and celculsting
\he  {natentenecu cheange (n the planatery
redistion balence et the top of the etmosphere,
The etmospheric tempersture and oOther radistive
constituenty and boundery conditions ere not
sllowed to change; thus no fsedbacke oparste in
thess experiments. Tha flux chenge et ths top of
the etmosphare. &F, defines.a change of planetary
affective tempersture

6To(5C) & (aT¢) " LaP(W m=2) ~ 0,27aK(W m"D) (i)

for Tgq = 235K, This relation provides a good
astimate of the no-feadback conteibution to the
squilibrium edrface temperaturs chengs, (f the
redistive perturbstion doss not sppracisbly aiter
the varticel tampereture etructure. This proce-
dure le epplicedles to solsr fiux, eurfecs albedo
end cartsin  tronospheric ges perturbations
(Hansen et al., 1982), but doss not work as
eimply for CO2 perturbations, beceuse CO3z cools
the stretoaphers (Fig., § of Hansen et ol., {981),

Although (13) proviies a useful estimats of the
(no fesdback) surfece temperaturs chenge
resulting from e given radiative {mbalance ot the
top of the etmosphare, {t is e rough estimete
hecauses the radistion to epsce comes from o
brosd renge of wevelengthe and eltitudes. In
order to account for thle epactrel dependencs,
we ussd the 1-D redietive convective model for
the foilowing exparimant, A flux of 1 W m"2 wee
arbitrarily added to the ocesn surfacs., and the
lspae rets, water vepnr and other redistive
constituents weres kept fixed. The surfece tem-
persture incresss at equilibrlum wee 0,28°C,

{mplying

ATQ(*C) ~ 0,29 AF(W m=2) , 14)
The coefficient in (14) {a prefersbla to thet in
(13). for rsdistive perturbations which uniformly
affect surfece and atmospheric temperstures.
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Weter vupor mt ojowt fesdhecks. Afthough we
do not heve messuréments of the weter vepor
cloud distribution for 10K, we can use experiment
3 o determine the combined weter vepor/cloud
feedbeck fector in our 3-D model for ths (9K
simulstion. In this experiment the ocesn surfecs
tempereture wes erditrarily decrsssed by 20C
everywhers. Ae erwn in Teble 3, the globe)
mean surfece tempersture decreassd by 2°C and
the net redistion fux to spece decreesed by 1.7
W m-2, Thus, with the sea ics and lend lce fixed,
the model sansitivity AT/aF for tha combined
weler vepor and oluud fesdbacke {s 0.78°C
(W/m-2) ',  If no fesdbacke wers allowsd to
opsrate | the esneitivity would be ~0.28°C
(w/mH ™', cf, equation (14), Thus, eince the
stnospheric fesdbacks sre the only ones allowed
to operets {n sxperiment 8, we infar that the com-
bined weater vepor and cloud feeddbeck fsctor in
our model for (0K ds fye ~ 2.8 and gyo ~ 0.86.
Thic is precticelly the seme as ths combined
wster vapor ang cloud feedbsckas for the doudled
COz sxperiment [Teble 1 and equaifon (12)).

Experiment 8 can be used to convert the flux
imbalances at the top of the stmosphars in the
other uneterred experiments in Table 3§ to
squilibrium surface tempersturs chengss. Thus,
if the ocean temperaturs wers free to chengs and
water vepor and clouds were the only operative
fesdhacks, & flux imbelance AP at the top of the
stmosphere wouid vanish as the curface tem-
perature changed by an amount AT = 0,78 af,

Ses jos and land_fce fesdbecka. Experifante 9§
end 10, in which the 18K distributions of sea ice
and land lce were repleced with todey's distribu-
tions, show thet both the ses ice and land fce
chengeas made major contributions to ths ica ags
cooling (Table 1). The CLIMAP ess foa and land
ica distributions each sffect the glodbal ground
sibedo by ~0.02. Atmospheric shielding and
tenith angie effects reduce the lmpact on plane-
tary albedo to 0.006 for the sea ice change and
0.009 for the lend [ce change. The impact on the
net radistion balance with space (s between 1.5
and 2.0 ¥. m"? in esch cass, for these experi-
ments in which the stmosphere was allowed to
adjust to the changed sas ice and land ice.

The rediation imbelences in thess expsriments
of the first type can b used to estimate the gein
fectors for these two fesdback processes. Based
on the conversion factor 0,.70°C/(w m-2), the flux
imbalances in exputiments 9 and 10 yfeid equili-
brium surfece ‘empersfure changes of 8Tgeq jcg *
1.9 and AT|gud jce * 2.3K. Since the feeddbeck
fector in these experiments i f,o = 1.4, ths
radistive forcings produced by the ses ice and
land ice changes In the sbaence of feedbacks are
8Tyeq fce = 1:9K/fge = 0.7K and aTiand jcq *
0.9X, respectively., Thus the gain fectors for
sea ice and jend ice changes, for ths climate

¢ change [rom 18K to todey, can be eslimated as

Bees ice =~ 0.7/8T ~ 0.14-0.20

Bland jcg ~ 0:0/8T ~ 0.10-0.38 ,

as)”

whers AT ie the change of globsl mesn surfecs
sir temperstures in °C betwesn (8K ard todey.
Experiment 7 ylelds aT = 3.8°C, but indicetions
thet CLIMAP [ow lstitude ocesn tamperetures ars
too werm (sss adove) suggest AT ~ 5°C; the
range given for g refers to AT = 3.8-5°C,

in experiments 8° and 10° the [6K diatridutions
of ses ice and land ice in espariment 1 werse
repleced with todey's distributiona, but oaly for
disgnostic calculetion of the planstery redletion
belence; all other quantitiss in tha disgnostic
celculetion wares from experiment 7. Beesd on
the radistive forcings computed et the top of the
stmosphere and Bq. (13) we estimate the gein fec-
tores, gi ¢ ATi/AT, for the ess ica &nd land ics
chenges to be .

~ 0.17-0.23

.37 .
'“.‘“.036-31

v
(18)

0.27 x 3.6 .
Bland fes ~ S ~ 0.19-0.17 .

Thess gain factors include the effect of ice on
thermal emission and planetsry albedo. The fact
that the geine sstimeted from (18) exceed thoes
from (18) indicstes thet the amisalon from the
sdded snow and ice surfeces on thas aversge is
from & somewhet higher tempersturs than the
sffective tempersture, 255K.

The sccuracy of thess feedback gsins depends
primarily on ths sccurecy of the CLIMAP boundary
conditions. Indaed, {t {e poesible that the
CLIMAP eea ice distribution i too extensive.
Burckis et al. (15961). on the basis of estallite
messurements of eses ics caverags, and present
sediment distributions, suggest that the sediment
boundsriss which CLIMAP had sseumed to be the
summer ¢ea -lce limit in the Southern Hemisphere
are in fect more repreasntetive of the spring ess
fce limit, Extariments 11 and 117 test the effect
of thie reduced ses {ce coversgs. I[n expsrimant
1 the CLIMAP Faebrusry and Auguet ses ice
covarage were used as the extrames and inter-
polated sinusoideily to othar monthe. For expari-
mants 11 and 11° tha winter (August) coversge
wes left unchanged, but the CLI{MAP Southern
Hemisphere PFebrusry coversgs wes used for the
epring (November) with linesr extraspoletion to
Pedbruary, and linear interpolstion batween the
Fabruary and Auguat extremes,

Experiment 11' impliss that the see ice gain
eatimated in experimants 8 and 8° should be re-
duced by 15-20 percent, if the srguments of
Burckle et al. (1982) asre correct. Although
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TABLE 3. Changes in planetary radistion beisnce in climate model expuriments, Ths control run fop experiments ?7, 11,
and 1J is climals model |l documented in psper 1. ¢ s the standard devistion of the annual mean ahoul the 3 yea® mesn
for this control run; standerd devistions for the other contrel runs were Of similér mmgnitude, Experiment 7 was run
for ¢ yesrs, with the results asversged over the final § years. The other unstafred expariments weare run for ¢ ysars
end svaraged over U final 3 years. The starred experiments were run for 3 yasrs and averaged over 3 yaars, T,
is surfacs air tempersturs, P net redistion st the Wp of the stmosphars, grourd aibedo ad A, planetsry albedo,
(llobsl vslues are shown, with e numbers in parenthesis being the results for the Northern lismlaphere and Southern
Hemlsphare respeciivaly. Experiment ', the control run for experiment 13, was identicsl to experiment 7 excapt that

the Koppen vegetation of Mig. 13(e) wae substituted for Matthewe (1982) 1° x 1* vegetation used in model 11,

Experiment Desgription Control Run 4Ty(%C) 10024Ag 108:4A, aAr (W m~?)
] :::dm"' (-:.d;.lrll“ =3,8(~4.8,-3.8) 4.1(0.0,3.1) 1.8(2.2,1.8) ~1.8(=0:1,+3.2)
(] ocean tempersiure experimen 7 -3,0(-2,0,-1.8) 0:40.4,0,0) 0,3¢0.5,8,5) 3.7(2.7,2.8)

reduced by °C .
] today's see {ce experiment 7 0,8(8,3,8,7) ~1.8(~0,9,-2,7) -0,8(-0.3,-0.8) 1,7(0.0,2.8)
10 today's land ice npﬂllﬂll‘ 7 0.8(1,7,8.0) =1,9(=3:8,-0,2) -0,9(-1,3,-0.5) 1.8(2.4,1.0)
11 reduced 18K sas model 1 =3.5(=¢,8,-3.0) 3.7(5,0,3.4) 1,8(2.3,1.4) ~144(0.1,-2.9)
ice (paper 1) ) .
it 18K vegeletion esperiment ' -9,1(-0,3,0,0) 0.4(1.2,0.0) 0,3(0,5, 0,1) “0.8(-1.4,~0,¢)
13 modified 18K boun- modsl 11 «3,7(-8,0,-2.0) 3,4(4,9,1.9) 1.7(2.2,1,3) “2,1(=0.2,+3.8)
dary oofiditions (paper 1} .
14 COg (3t5+308 ppm) esperiment ? -0.3(-0,3,-0.1) f1(0.1,0.1) 0.2¢0.2,0.1) -2,3(-2.3,~2,1)
| today's ses los expariment ? -. . “1.8(-0,8,-2.8) -0,5(-0.4,-0.7) 3,1(2.0,4.%)
10¢ today’s land foe esparinent ? - =15(~2,7,70.4) ~0.8(~1.1,68.0) 3.8(8.4,0.7)
1i¢ today’s ses ice experiment 11 - 1.3(-0.9,-1.8) -0.3(-0.4,-0.8) 2,8(1.8,3.3)
9gsontrol 0,0449,03,0,08) 0.08(0.07,0.03)  0.09(0,09.0,10) 0.31(0,3,0.4)
g8
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there I8 uncertainty about the trus 10K ses Ice
dietribution, it seams likel; that the originsl
CLIMAP date is somewhst an ovarsstimete. On
the basis of sxpsriments 9, 9° and 11° our pest
setimats of the ses ice gain for tha climate
change from 18K to todsy 8 ggqaq fce ~ 0.13 and
thus o fesdbeck fector fgqq jca ~ 1.2. Thia is
isrger than the snow/ice ?l!dblcl obtained in the
S, and CO3 expsriments, However, the sres of
the ses ice cover chenge e sbout twice ¢a large
in the 18K axpariment (-10.4 = 108 km? for the
annus! mesn with our revieed CLIMAP as le%)
then In these other expariments (1.0 » 108 km?,
and 14,8 « 100 km? §n e S,
coz and siternste cOz experiments,
respectivaly). Thue, the gsins obteinad from the
{.e age and the warmer ciimste axpariments are
aonsistent.

1t also has bean srgued (DiLabio and Klsssen,
1983) that the CLIMAP land ice cover is an ovar-
sstimats. beceuss the ica shaet periphariss pro-
bshly did not all schiseve maximusl extent
simultsneously. This possibliity wes recognized
by the CLIMAP investigstors, who thersfors also
presented s minimai extant lce shest model for
18K (Denton and Hughas:. [981; CLIMAP, i901).
In this minims! ice modal the aras by which the
lce shastes of 10K exceadsd thoss of todsy is
raducad to five-sixthe of the veius in the etan-
dard CLIMAP modal. We conciuda that the land
ice gsin for the clir 1ite change from 10K to todsy
fe 0.15-0,2%. Tha corrasponding feedbeck factor
is 1,2-1.3,

Vegetation_fesdback. Wa aleo investigsted the
vegetstion faedback, which Cess (i970) has eati-
mated to provide s largs positive fesdback. We
used the Noppen (1938) aecheme, whioh relates
snnus! snd monthly mesn temperaturs snd reinfell
to vagetstion typs, to infar expected global vege-
tation disteihutions for the QCM rune repre-
senting tcdsy's climate (modei [l In paper 1) and
the 18K ciimata, Tha resulting vagetstion dietri-
bution from the run with todsy's boundary con-
ditions (Fig. 12s) auggesta that the modsl and
Koppen schems csn do s feir jod of 'predicting'
vegetstion, in the csses of todey's climate for
which the scheme was derlved. Discrepancies with
obsarved vegetstion (Mstthews, 1983) axist, s.g..
thers i3 too much rainforest on the sast coset of
Africe and too littie boresl forest in central
Aais, hut the overall pstterns ars resilstic.

The vegetetion distribution obtained for 18K
(Fig. 12b) from the Koppen schéme and our 18K
experiment has more dessrt than todsy, isas rsin:
forast snd less Ddoresl foresst, These changes
ars qualitstively consistent with emplricel evi-
Jdence of troptesl aridity during the laat glacial
maximum bssed on s variaty of palsoclimets indi-
cstors, such ss pollen (Flenley, 1979), [feuna
(Vuilleumier. 1971), geomorphology (Sarnthein,
1970) and lake levels (Streat and Grove, 1879).
However., the magnitude of the dssert and rain-
forest changes s snailer than suggested by tha

9.2 » 108 km?
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Pig. 12, Vegaetation types (for gridboxes with
more than 30 percent land) inferred from 3-D
model simuliations and tha Koppan (1936) scheme,
which raistes annusl and monthly mean tempera-
ture and precipitation to vegetation type. (s) ia
the ocontroi run for today's climeta (paper 1),

. whila (b) is tha 18K simulstion (experiment 7),

paisociimate svidence. The smsiler changes may
result from (e) the CLIMAP tropicsl ocesn tem-
peraturas being t00 warm., a8 discussed above,
which would tend to causs an ovarestimsts of
rainforest and undarestimate of desert ares: (b)
the lower atmospheric COj sbundence of 18K
(Shacklaton st al., 1983), sinca COz 'fertilizstion’
effacts a~s not incloded in tha Koppen scheme.
In  expariment (2 todsy's vegetstion wes
raplaced with the Koppan 18K vegetation (Fig.
12h). Thae land, land {ce and other boundsry con-
ditlons wers identios! to thoss in the control run.
In this aexpariment tha modified vegetstion
dirsctly affects the planetary slbedo and aleo
indirectly effects it through the masking depth
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for anow (paper 1), Tha 18K Kopppen vegatation
¢l Fi1. 1?b incressed the global ground albedo by
0,008 and the planetsry albedo by 0,003 (Table 3)
and left » flux imbalance of <0.9 W m'2 st the top
of the stmosphera. Based on the asme analyeis
s for loe above, the no-feedback tempersture
change due to vegetation is 0,3°C, yielding
Svagetation ® 0.08-0.08. Because of the impreci-
aions in the Koppen 18K veygetation. we broaden
the estimeted gein to Gyegetatign * 0.05-0.09, and
thus fyggetation * 1:0%-1:1. Bxamination of glo-
bal mapa® shows that the grestsst Impact of the
changed vegetetion was the replacement of
European and Asian avergraen foraeta with tundra
and grassiand; the greatly reduced maaking depths
produced annusi ground albedo inoresses of 0.1
or more over large areas, with the largest
changes in spring. For rassons etsted shove, we

. slso examined an 18K run with ocean temperatures
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reduced by 2°C; thia reduced the numbder of grid-
boxes with rainforeet (from 10 to 5 In South
Amerioa and from 7 to 2 in Africs, comparad to
Fig. 12b, in better agreement with palecclimete
evidence cited sbdove. This additions! vegetation
change did not asignificantly change the global
albedo or flux et the top of the stmosphers.

We conclude that the vegetetion feedback [so-
tor batween 18K and today is [yegeteti ~
1.05-1.1, Thin is much amelier than sy pulm by
Ceas (1978), but conaistent with the anslysia of
Dickinson (1944)., We find ¢ somewhet larger
feedbsck then Dickineon obtained, 0.003 change of
planetary albedo compared to his 0,002,
spperently due to the chenga of vegetetion
masking of snow-covered ground,

13K Radistion Balance

The simulsted 19K climate (experiment 7) is
cloee to radistion belance, the imbalance (Tabla
3) being 1,8 W m~2 at the top of the atmosphere.
conparsd to the control run (mudel [i) [for
today's climste. This imtsiance ia emsll compered
to the amount of solar snergy shaorbed by the
planet (~240 w @-2), However, in reality even
more precise radistion balance must have existed
aversged over suffioient time, beceuse ice
sge lasted much longar than the thermal relaxation
time of the ocean., (Melting the jue eheete in 10K
years wouid ru;ulro ¢ globel meen imbelance of
only ~0.1 W m-=é4,) Although the modei calcula-
tions contaln imprecisions comparable (n magnitu. -
to the radistion imbalance, we axpeot these to &<
largely cancelled by the procedure of differencing
with the control run., Thia type of study ehould
hecome a powerful tool tn the future, as the
accurscy of the reconstructed lce age boundery
conditiona improves and as the olimate models
hecome more realistic. .
Taken at face vaiue, the radistion imbelancy in

1AK experiment 7 implies an imprecision in
suoma of the sssumed boundary condm‘?nn

he

the
all, ar
fae ;K ar in the climste model sensilivity,

Al
=

asanas of tha imbalsnca {s such that the planet
would cool further (to =4.88C, bassd on the AF {n
Table 3), il the ocean temperaturs wers computed
rather than apeolfied. Before atudying thia imba-
lance further., we make three modifications to the
18K eimulstion. Firat, the Southern Hemisphere
eee ice ocover is reduced as discuesed sbove;
thia reduces the radistion imbalance. Second, the
vegetetion is repisced by the 18K vegetstion of
Fig. 12b; thie elightly reducea tha radistion imba-
lance. Third, the amount of stmoepheric CO3 ia
reduced in sccord with evidence (Neftel et al.,
1982) that the 18K COz amount was only ~200
ppm: this algniticantly sggravatea the radistion
imbalanca.

Theae three changea ara all Included in experi-
ment 13, the ases lce and vagetation changes being
those teeted in experiments 11 and 12. The COy
decresee wae 75 ppm [rom the control run value
of 315 ppm; thia ia squivslent to the change from
an estimated preinduetrisl sbundence of 270 ppm
to an ice age abundsnce of ~200 ppm. With theae
ohangas the radistion imbalance with space be-
comes 2.1 W m~2, Thia imbalanos would carry the
surface temperature to -5.3%C il the constraint
on odean temperature were relessed.

Two principal candidstee we can Mentify for
redresaing the 18K radistion imbalance are the
CLIMAP eea surface temperaturss and the oloud
feedback fn the climete model. The imbalance is

removed if the CLIMAP ocean tampersture s
1.99C too werm (experiment 8, Tadle 3). The
posaibility that the CLIMAP ees aurfsce tem-

peratures may be t00 warm ie suggested by the
diecussion shove. The imbalance (e alao removed
it it is assumed thet clouda provide no leedback,
rather than the positive feedback which they
cauae i{n this model; this conclueion is bsaed on
the eatimate that the clouds' ceuse 30-40 percent
of tha combined water vapor/cloud feedback
(axperiment 8), as ia the case In the 8; and
CO3 experimente. .

One plausible aulution [s the combination of »
reduction of low Iatitude oCean temperaturs by
~18C and s clnud feedback factor batween | and
1,3, An alternative {e a reduction of low letitude
ocesn temperature by ~1°C and e greater value
for the 18K COz sbundance; indeed, recent ana-
lyses of Shacklaton et al. (19¢3) suggest a mean
18K CO3 sbundance ~240 ppm. It is alao possible
thet there were other preaently unauspected
changrs of boundary conditions.

There are preaently too many uncerteinties in
the climate boundary conditions and climete model
to permit identification of the cause of the
radistion imbalsnce in the 18K aimulation. How-
ever. as the boundery conditions and climete
modela become more sccurate, this approsch
should yield valuable checke on paleoclimate dats
and climate modela, In the meantime, the dsts
permita some ({enerel conclusiona sbout the
strenyth of climete feedback processes.



a3

Q

ERIC

Aruitoxt provided by Eic:

: . T

Conelusiona from 18Kk Buperiments

The "adovs calculstions suggest the following
major contributions to the globsl cooling et 18K,
o8 shown schamsticslly (n Mg. 13:

aTwater vapar ¢ clouds ¥ 4Two ~ 1.:4-2.3°C
ATjand ice I ATy ~ 0.7-0,8°C

""T... fca ! 4Tg ~ 0.6-0.7°C un

aTCOq ~ 0,3-0.8°C
aTvagatsijon § 8Ty ~ 0:3°C

These eatimates srs the product of- the gain for
esch process and the totsl cooling et 18K, But
nots thet ths uacarteinty in the totsl AT cancals
in obteining ATy, 4Te, a&Te and ATy; thus
thess AT, srs more fundementsr ot 4vursts then
the corrssponding gj» The AT reprasent the
fsolsted radistive forcings. which can bde ocom-
puted sccurstasly. for the sssumed chenges fin
thess radistive oonstituents bdetwssn 18K and
todey. aTyo = 2.99C s obzeined from experiment
8 which yislded gyg ~ 0.8, The cloud portten of
aTwe 18 uncertsin becsuss of the rudimentsry
stats of clowd modeling; however even with no
cloud feadback the watsr vepor coatridution
(~1.4°C) is & lergs part of the totsl ice ags
cooling. 4T} = 0.8°C is Dased on Uis CLIMAP
meximal ice shest extent; it fs ~0.7°C foF the
minimei extent mode’ 4Ty = 0.7°C {8 besed on
CLIMAP sss lca;: it {8 0.8°C with the reduced ses
fos cover in the Southern Hemisphers in experi-
ments 11 and 11% aTCcOe * 0.8°C refors to o
C0y changs from 200 'll 1ril) o %0 pom (st
sey 1900); this is reduced to 0.,3°C il the CO,
smount wes 223 ppm st 18K and 275 ppm st 1800,

The sum Of the tempersturs contridutions in
Fig. 13 slightly sxcesds ihe computed cooiing aT
s 3.1°C ot 18K, This is s Testatement of the
rediation imbalance which exists in the model
when the CLIMAP boundsry conditions srs usud
with 4CO3 of 50-100 ppm. {f the model ocssn
tempersturs wera sllowed to changs to achisve
rediation balance. it would balance ot 8 globe!
mean 18K cnoling of ~3.3°C [model ssnsitivity =
0,76¢C/(W m~2)], We concluds thst sithsr the
CLIMAP 18K ocssn tempersturss sre too werm by
~1.39C oF ws have ovarestimated onte or mors of
the contributions io the 18K oooling in (17).

it is spperent from Fig. 13 thei feedback pro-
cesses account for most of the 18K cooling. ‘The
water vepor, cloud and gse ice contridbutions
repreaent ot least half of the totsi cooling, On
1 ng time scsles the land ice portion of the
cooling slso mey be regarded as s [feaddack,
though it operstes on 8 very regions! scele and
mey be 8 complex functlon of 8 variety of factors
such 88 the positicn of land ersss, ocean
currents and the meteorologios! situstion. Even

the CO; portion of the cooling, or st lesst part
of it, may be s fesddack, f.e,. in responss to
the change of climate.

Variations in the smount of sbsorbed eolsr
radistion dus to Mitankovitch (ssrth orbitsl)
changss in the.seasonsl and letitudinel distridu-
tions of sofsr irrsdiancs, which occur on time
soeles of ssvarsl thousand yesrs, can provide o
globs! mesn foroing of up o s faw tenths of @
degres, in view of the strength of the ulimute
fosdbacks, it is pleusible for ths Milankovitch and
O3 foreings (o 'drive’ glecis!l to intargiacisi eli~
mate varistions. Howaver, discussion of ths
sequencs of csuees end mechanisms of giscial to
intergiscldl climats change is beyond the scope of
this puper.

Ws can use the contributions to the 8K gool-
ing summarised in Fg. 13 to obtein an empirical
sstimate of the climate feedbeck fsdtor dus to the
processes opereting on 10-100 yser time aceles.
taking the land lcw, COg and vagststion changes
froam 18K 10 todey a8 slow (or et lesst epecified).
The globsl mesn radistive forcing dus to the dif-
ference in 18K and todey's orbitsl paremetars ie
negligidls compared tc the othar foroing sum-
marised in Pig. 13, The fssdbsok factor for the
fast (water vapor, clouds, sss {cs) procsssss is

T(total)
f(fast procasess) 'ml) us)

AT(totel) 18 ~3,7°C for the CLIMAP doundery con=
ditions, but nay be ~58C, if CLIMAP low letituds
ocean tsmpersturss are 1-21°C too warm. Using
the nomins! CLIMAP boundsry conditions and
intermedists satimates , for AT, ~ 0.4
aTcog ~ 0.45 and 4Ty ~ 0.3, ylelde f(fsst pro-
cscess) ~ 2,4, Using aT(totei) ~ 3°C and thess
nominal radistive forcings ylelds f ~ 3,1,
Atlowing for the.iaors sxtrame combdinations of ths
forcings and AT(total), we concluds that

f(faat prooessss) ~ 2=¢ a9)

This fesdbhack fsctor, { ~ 23-4, corrssponds to
s climste sensitivity of 2,5-5°C for doubled COj.
Note thet this result is inrdspendant of our ollm!l
model sensitivity: It depends on the total aT at
18K (fined Dy CLIMAP) and on ths sssumption that
land ics, COg and vegetstion sre the only major
sloaly changing boundery conditions. Of courss
soma vegststion and COp fsedbsoks may occur in
lsge then 100 years but 101- projecting future oii-
mete It {8 normel to take these s specified boun-
dsry oconditions.

Finslly, note thet 8 given sensitivity for fes-
feedback procsssss, ssy 4°C for doudblud COgz,
does not mean thet tha olimete nscssssrily would
wsrem by 4°C in 10 or even 100 yssrs. Although
watar vapor, oloud and ses io8 feedbacks respond
repidly to climsts chenga, the speed of ths cli-
mete responss to s ohanged forcing depends on
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Contributions to Cooling of
Last ice Age (18K)

~2,2°C
2)-
ciouda
o
&
= | weter ~0.9°C |
q vapor ~0.7%C I
be = A ~O.6'C |
~0.3'C L - :
Ha0 Lend Ses Vegelation #1073 : —1
cl:.ldl ice ice | Orbitet
¢ : Verietione
T .
cloud porhion dependes meinly depends on
very modal on CLIMAP ac0,
dependent date

Fig. 13.

Conteibutions to the global meen temperature difference betwesn the
and todey's climete a8 evaluated with ¢ 3-D olimate model and

Wisconain ice age
sseumed boundery conditions. The

cloud and weter vapor portions were not ssparstsd, but based on other 3-D experinente the oloud

part o eatimated as 30-40 perfcent of their sum.

The dashed line for land fce refers to the 'al-

nimal extent' mndel of CLIMAP, and the dashed line for ses ice refers to the reducid sea ice

cover discussed in the text. The eolid line for
ppm) and the dashed line to aCO3 - 50 ppm.

the rate ot which neat I8 supplied to the ccean
and on traneport processes in the ocesn.

Trensient Response

The time required for the surface tempersturs
to epproach ite naw equilibeium veluu in responass
to e chenge (n climate forcing depends on the
feedback factor, f. The following exampie helps
clarity this relationehip.

Let the solar flux absorbed by a eimple black-
bodx planet (f : 1) change suddenly frop F, =
aT,4 ta F, * tF ¢ oT 4, with aF ¢ Py, ‘The
rate of ahange of heat in the ciimete aystem le

deT)
dat

2 aT)d - oT4 ~ 4T, HT - T 20

where C i3 the heat capecity per unit eres and T
ta the time varying temperature. Since T; - T,
<< T,, the soiution [a

152

COg refers to 4COg ~ 100 pprm (300 ppm » 200

T =Ty © (T = Ted1 - exp(=t/ty)] 1)

where e blackbody no-feedbeck e-folding time e

tb * of4eTyd (22)
For a planet with effsctive tempersture 235 K and
heat cepacity provided by 8Im of weter (ae in our
3-D exparimante), tp {a approximetely 2.2 yaers.
Thue, this planet with s 1 exponentially
spproaches ite new equilibrium tempersture with
e-folding time 2.1 yeers.

Fesdbacke modify the responss time since they
come into play only gradusily es the warming
occure the (nftial flux of heet into the ocesn
baing Lydependen! of fesdbecke. ([t ia apparent
that the sctuel e-folding tima for a elmple mixed
layer he.al cepacity is

v s fry [$ £ 3]
An analytis derivation of (23) is given in Appen-
dix A, The proportionslity of the mixed layer
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rasponss time lo f le apparsnt (h Fig. 3 the o=
folding time for that mods!, which has f ~ 3,5 end
o $3m mixad leysr, i ~8 yassrs,

The 83m mixed laysr depth in our 3-D experi-
Ments wes chosen a8 the minimum needed to obtain
e reslistic ssssonsl eycle of tempereturs, thus
nlnmhm’f computar time nesded to resch equili-
brium, Howavar, ths globsl-mean annuei~maximum
mixed laysr dspth from our compilation of
obasrvations (sss above) -is ~1l0m, and thus the
feoleted ocean mixad layer has 8 thermel respoin: 3
time of ~15 yssrs if the olimsts ssnsitivity is ¢*C
for doubled CUz. EBven if tha climsts senslitivity
fs 2=3°C for doubled CO3: the (isolated) miead
layer responss time is about 10 yesrs.

In ordar t detsrmine the sffect of desp ocasn
lsysrs on the surfscs response time, it fe ussful
to sxpress ths hest flux into the ocesn ss & funo-
tton of the diffarsncs bdatween currsnt surlsce
temparsture and the equilibrium tempersturs for
currant atmospheric composition. In Appendix A
we show t.ha!

F(W n™?) a 11*;.;'(3'-365) (4Tgq - 4T) (10

where AT is the ocesn surfscs tampersturs depar-
turs from an arbitrery rafersnce ststs and
ATy, 8 the squilidrium tampereturs departurs for
ourfent stmospharic composition. 8Teq(29COg) is
the equilidbrium sensitivity for doubled COz: for
our 3-D climets moda! it is 4.2°C, F, fs the flux
Into the ocssn in ths model whan COg is doubled
snd the atrstospheric tsmpereturs has equili-
brated: our 3-D modai ylaide Fy = 4.3 W m~3,
The long ressponss tme of ths fsoleted mixed
layer allows s portion of the thermal inertis of
the deepar ocean to coms fnto play in deleying
surfecs tampersturs sjuilibrium. Exchange bet-
wean the mixed leysr and desper ocsan odours by
means of convedtive overturning in the North

Atlantic and Antarctic ocsans and principally by -

nssrly horlzontsl motlon alorg isopycr.el (constant
denaity) surfeces ot fowsr lstitudes. Resiiltic
modeling of hsst parturbstions fs Lus rether
complex, especislly sincs ohanges of asurfacs
haating (and other oclimats .veriables) wmay alter
ths ncesn mixing. Howavar, wt can obtein.e
crude estimsts for ths surfecs responss time by
sasuming thet amsll positive hest perturdetions
bshave &8s & passlve tressri numsricsl experi-
ments of Bryen et al (1984) support this assump-
tion. Measurements of transisnt tracers in the
oceen. such 88 the tritium sprinklied on ths ocean
surfece by stmospharic etomio tssting. provids @
qus 1Mtative indicetion of tha rets of exchangs of

-1or between the mixed laysr and the upper
\termocline (see, e.g., Ostlund st al,. 1970),

We estimate an effactive thermocline diffusion
cos'ficient (k) &t esch QEOSLCS messurement
ste: on (rom the oriterion thet the modeled and
obsarved penetration depths (Broecker ot al.,
1980) be eque! et ssch stetion. The resulting
diffusion cosllicients asre weli correleted
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Fig, 14, Raletionship betwssn ths “.!houv.

diffusion ocosfficient (k) and the stability (N2,
whers N {s the Brunt-Velsals frequency) st the
base of the winter mixed leyer for the QROSECS
teitium stations north of 208S, The regrasssion
line fit (Eq. 25) has vorrelstion ocefficiant 0.88
with the pointe for individual etstions.

(inversely) with ths etability et the dese of the
wintar mixed loyer (Fig. 1¢). 1In particulsr, we
tind e correlation ocoefficisnt of 0,08 betwssn k
and 1/N4, whare N {s the Brunt-Valssls frequsncv
st the base of the mixed leyar., The global die-~
tribution of N1 was obtsined froma the ocean date
aet of Lavitus (1002). ; .

The smpiricsl relstion betwasn k and stadbility,

ko= 3= 10°0/N4, (13)

snd the global ocssn date sst of Lavitus (1ve2)
yield the giobal distribution of k st the dass of
ths mixed luysr shown in Fig. 18s, are is @
low rate of exchangs (k < 0.1 om? s=i) in the
esestern equatorical Pscific whars upwalling and
the rasuiting high etsbility st the base of the
mixed laysr inhibit vertigsl mixing, but rapid
axchange (k > 10 em? o~!) in the Graenland -
Norwagtan 8as arss of oonvective overturning.
The e-folding time for the mixed laysr tem-
persturs (tims 0 resch 03 percant of the equili-
brium respones) is shown in Fig. 150, This s
cslculated from the geographicslly varying k and
snnual-maximum mixed leysr depth, asssuming e
audden doudbli of COg snd an equilibrium sen-
sitivity of 4,2C svarywhers. Tne (83 peroent)
reaponse t'me {8 sbout 1:0-30 yssrs et low letitu-
des, whars the shellow mized laysr and emsll k
sllow the mixed laysr tempsrsturss to come into
equilibrium reistivaly quickly, At high letitudes,
whars ths desp winter mixed loysr and large k
reoult in g lergar thermsl inartis. the rasponse
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Fig. 13, (a) Geographic dist-ibution of effso-
tive thermocline  diffusfon coeffioient, k
tem2s-1), Kk js derived from Eq. 25 and the glo-
bel distribution of N-, the latter obtained from
the ocesn dets of Levitus (1982). (b) Geographic
distribution of tha 8 percent rssponss time for
surfece tempersturs rasponss to doudbled COjz in
the stmosphers. Only geographio varisbility of k
and mixed lsyer depth ara ascoounted for.
2Te€2°CO2) is taken 88 ¢,2°C avarywhera. The
flux into the ocean is from Eq. (24).

time s sbout 200-400 years. The tims for the
#iob8l ares-weighted mixed layar temperature to
reach 81 percent of ity equilidrium rsaponss ls
124 years.

, We estimate an equivalent k for use in & global
1-D model by choosing that veius of k which fita
the giobal (ares-welghted) mean perturvation of
the mixed layer temperature as a function of time
obtained with the sbove calculation in which k end
mited jeyer depth vary geographicslly. We find
thet k ~ | cm? 8-l provides a ressonabie global
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Fig. 16, Tranelent responss 10 atep funotion
doubling of etmosphario COg from 315 ppm to 830
ppm, computed from (24) with thres represen-
tetions of the ocesns The 63 m mixed leysr
oorrssponds o the mean mixed lsysr dapth in the
3-D experiments, 110 m is the globai-mssn snnuel
maximum mixed lsysr depth obteined (rom glodal
ocesn dats. The curvas including diffusion
banssth the mixed lsyer ars not asxponantials
(Appandix A),.

tit to the srsa-wnighted local caloulstions for
aither & atep function changs of COg or sxponsn-
tislly incressing COg smount. Othar anslysss of
tha tracer date yleld ampiricsl velues of 1-2 cm
o=l for the sffactive rats of exohsngs betwssn
the mixed leysr and desper ocean (Brosoker st
al., 1080).

The deley time dus t0 the ocean thermal insrtis
is graphicelly displeyed in PFig, 18. Equetion (24)
provides a good spproximstion of the time depan-
dence of the hest flux into the ocean in our 3-D
olimate exparimant with doubled COz, as shown by
comparison of Mge., % Alnd ua Nou't{:‘n in cl;‘ur

aysr de 0 Om ko

felcueuon T Akt INE 4RY SN
to rue‘t a responss of 2.45°C js 102 ysers. This
is in rough agreamant with ths 124 ysars obtalned
sbove with ths 3-D csloulstion. .

The ocean deley time {s proportions! to f fo
an feoleted mixed loysr leq. (23) and Appendix
Al. but depends mors strongly on f If rixing into
the daspar ocsan is included. Our 1-D calouls-
tion with k = 1 om? s~1 and mixed laysr dapth 110
m ylelds an s-folding tims of %% ysars for aTeq =
3°C and 27 yaars for ATy, * 3°C. Thus our
ocesn rasponss time e coﬁllnum with that of
Bryan ot al. (1982), who obtainsd s responass tims
of sbout 25 yesrs for s climets modsl with gan-
altivily ~2°C for doubled COj3.
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Although our cslculstions wera made wlih @
simple diffusion model, the coficluslon that the
ocean surface temperstura response time is highly
nonlinesr in aTeq (or ) ie clearly more genersl,
Tne surfece responee time Incresses faster then
linearly with f when the deepar oceen fa inoluded,
beceuse 8s f increases grestar ocean depthas come
into play. Thus mors reslistio modeling of ocesn
trensport processes should not modify these
counclusinns for smeil climete perturbaetions.

tur caleulations of ocesn response tme
neglect ocean ¢lrculetion fesdbecks on olimete.
The reletionship between k and eladbllity, equation
(2%), provides one weay to axemine the tam-
perature feedbsck. By using that relstlon with
our 1-D ocean diffusion model, we find Uiat the
time requtred to redch e given tranaient rssponse
is decreased, typicelly by saversl percent. Real
acesn tranaports mey be more eenaitive to eur-
tace «arming., a8 well ss to releted mechanisme
such ss meiting of ees ice and {ce esheets and
changing winds, precipitation snd aveporstion. tt
is easy to construct scenerive in which the oCesn
feedbacks ar¢ much greater, especleally in the
arees of deep water forinetion, but not enough
information is sveileble for reliabla cslculetion of
ocean’climete feedbacks.

Finally, we note that ihe oceen surfece tharmal
response time raported in the literature ganeraliy
has been §-1% yesrs (Hunt and Welle, 1979;
Hoffert ot al., 19490; Cess wund Goldenberg, 1981
Schuelder and Thowpson, 1981; Brysn et al.,
{982), The 3-D ocean modei result of Brysn et
«!, ls consistent with our mode! when we employ s
climate sanaitivity of 2°C for doubled COg3, a8
noted above. The disgrepancy bétween our modal
reaponse time and that of the other models arises
from both the climata sensitivitiss employed and
the choice of ocesn model pareme.era. Key pars-
meters are: mixed layer depth (we use 110m
mince any depth mixed during the yasr should be
included), rate of exchange with deepar oceen
(we use diffusion with k = 1 om? =1 the mini-
mum globsl velue suggeated by transisnt tracers,
cf., Broecker et al., 1980) and the.simosphera-
ocean hest flux [we use (24) which has initial
value 4.9 W m"? over the ocean arss for doubled
€07 and is consistent with other 3-D modelsl,
Obvicusly the use of a 1-D box-diffusion model {e
8 gross overdimplification of ocesn transports.
Aa an intermediate step between this and a 3-D
ocean genersi circulation model, it meay be
vatushlie to satudy the problem with 8 mode! which
ventilaies the thermocline ty meanm of trsnaport
along isopycnel surfaces, The agreement between
trie results from the J-D ocean model of Bryen et
al. and our model with a aimiler climete sen-
s1tivity  suggests thst our epprosch ylelds a
redponse time of the correct order.

Impact on Empitically-Derived Climate Sensitivity

Tho delay in surface temperature response due
to the ocedn muat be included if one sttempts lo

deduce climate eensitivily from empirical dele on
time aceles of order 102 yeara gr leas. Further-
mare, In such an analysle [t muat be recognized
thet the leg ceused by ihe ocesn i3 not 8
conatant, indepandent of climate sensitivity.

We computed the expected warming due to
incresse of CO3 betwean 1850 and 1980 se » func-
tion of the equillbrium climate eeneitlivity,
Results ere shown in Fig, 17e for five choices of
the 1850 COz abundencs (370220 ppm), with COy
fncreesing linesrly to 315 ppm in 1952 and then
based on Keeling et al. (1982) messurments to 338
ppm n 1980, Por aeimplicity s one-dimensionsl
ocean wae lmplo(ed with mixed layer depth 110m
and % 31 cm2 x°}, Howovar, we obteined o prec-
tically identicel greph when we. used o elmple
threes-dimeneionsl OcCesn with the mixed lsycr
depth varying geogrephicslly sccording to the data
of Levitus (1982) and k verying es in Fig. 1%e.

Use of Fig. 17a i1 se followa. If we take 270
ppm as the 1850 COz sbundancs (WMO, 1983) and
sssume that ths eatimated global werming of 0,5°C
bstwesn 1850 and 1980 (CDAC, 1983) wse due to
the CO; growth, the impliad climate ssnaitivity ia
4°C for doubled COp (f = 3-4). Rasults for other
choices of the 1350 COz ebundance or globel
werming can be read from the figure.

Undoubtedly some other gresnhouss gaess aleo
have incressed in the past 130 yesrs. Chloro-
flvurocarbons, for axempis, srs of racant anthro-
pogenic origin. CHy and N0 ere prasently
increseing ot retes of 1-2 percent yr-! and
0,2-0.3 parcent pes yr-l, respectivaly (Ehnalt,
ot al., 1983; Wales, 19%1; CDAC, 1983). Wa eati-
mate the {nfludnce of thess fssas on the empiricsl
climate assneitivity by uaing the tracs gass ace-
nerlos {n Teble 4. Although the CHy and N30
historles are untertsin, the chlorofluorocsrbons
provide most of tha non-COy greenhouss sffact,
ot leset (0 the past 10-20 yesrs (Lecie et al,,
1981), and their retea are known.
CHy mey have incrissed slowly for the past
seversl hundred years {(Creig and Chou, 1982),
but the raported reta of increase would not
affeot the results nuch. O3 ls also s potent
greenhouse ges, but Information on its past
history {s not sdequate to parmit ita affect to be
included. .

The climate senaitivity implied by tha sesumed
globs! warming eince 1850, including the effect of
trace geses in addition to COz, is shown in Fig.
175, 1If the 1850 CO; sbundance was 270210 ppm,
as concluded by WMO (1983), e warming of 0.3°C
requires . climate seneitivity 2.5-3°C for doubled
CO2. The range for the implied climate een-
sitivity {ncresses if uncertainty in the smount of
warming ia aleo Included. For example. 8
warming of 0.4-0.6°C and an 1850 COg2 shundsnce
of 270210 ppm yield a climata senaitivity of 2-7°C.

Although other climete forcinge, such se vol-
canic serosols and solsr irrediance, may affect
this analysis, we do not hava information adequate
to esteblish substantielly different megnitudes of
these forcinges prior to and subsequent to 1850,
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Fig. 17. Computed global warming between 1850 and 1380 as a function of ths equilidrium climats
sensitivity for doubled COz (7i5 ppm » €30 ppm), ATeq(21%CO2),  Resulte are shown for flve
values of the assumed sbundance of COz in 1850; the shaded ares covers the range 270210 ppm
recommended by WMO (1383). (a} Includes only CO; growth, while (b) also includea the trace gas
growtha of Table ¢. In all cases COz incresaes lfnurly from tha 1830 abundance to 315 ppn in
1958 and then according to measurements of Keeling at al. (1982).
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TABLE 4. Trece gea sbundences employed in our
calculations of the transient climsta responess for
Figs. 170 and 18, CO; incresses linesrly for
1850-1958 and &8 observed by Keeling et al.
(1982) for 1958-1900; ACOg increeses shout 2 per-
cant yr'! in the future. The chlorofluorocsrbon
shundances ers based on estimated ralesss rutes
to dete, 150 yeer and 7% yesr {ifelimes [for
CClyFz and CCl3F, respectively, and constant
future emissions st the meen relesse rete for
1971-1900, The CHy incresse is sbout | percent
yr-l for 1970-1380 and 1.5 percent ye~l after
1980, The N0 incresse is 0.2 percent yr-1 for
1970-1980 and 0.3 percent yr~! efter 1930,

CO2  CClgby CCla¥ Cliy N30
Date (ppm)  (ppv) fpptd  (ppb)  (ppb)
1850 210 0 0 1400 295
1990 Ml 0 0 1400 298
“1950 2 7 i 1400 293
1960 m 3 tl 1418 295
(1870 326 126 82 1500 295
1380 I 308 118 1850 301
1994 353 479 280 1918 307
2000 mn 538 369 1996 31
2010 396 97 7 2198 320
e e e e et e e e

The climata aensitivily we have inferred {s
larger than obtained by CDAC (1983) from aneiysis
of the same time period (1850-1980) with the seme
49sumed temperuture rise, The chlel resson is
thet CDAC did not account for the dependence of
the ocean response time on climete sensitivity
{equation (23) and Appendix A}, Their choice of
a 15 year reyponse time, independent of 8Teq or
f, hiased their renult to low sensitivities,

wo conclude that tne commonly essumed empiri-
cal temperature incresae for the period 1850-1980
(9.99C, suggnryts a chimate wensitivily of 2.3-5°C
(f:2-4) for doubled COg« The significance ol thia
co~elusion is limited by uncerteinties in pest
atmospheric composition, the true globsl mean
temperature change and its cause, and the rate ot
wnich  the ocesn takes up heat, However,
wxnowiedge of thee factors may improve in the
fitsre, which will make this e powerlful technique
for investigating climate sensitivity.

Grawing {iap
(Limate

~thei{r present sbundance,

Ons implicetion of the long eurfece tem-
pereiure response time feo thet our current cli-
mate may be substentislly out of equilibrium with
current stmospherio oomposition, ss e result of
the growth of etmoapheric CO and trece Ruasew
during recent decedss. PFor exemple, in the lest
25 yeore COsz incressed from 313 ppm to 340 ppm
and the chloroflpurocerbons from nesr zero lo
Since the growth rates
increased during the period, the ges added dufing
the past 13 yesrs hes bsen présent on the
sversge about 10 yssre. 10 ysers is short com-
pared t0 the surfsce tempersturs response time,
sven i{f the climete sensitivity is only 2.3°C for
doubled CO3.

We illustrete the magnitude of this disequili-
brium by making esome cslculstions with the 1-D
model specified to give the climete sensilivity of
our 3-D modsl, 4.2°C ‘or doubled COjz, and with
the chenging stmospheric composition of Table 4.
Fig. 18 shows the modeled surfsce tempersturs
during the past century (1)} for instant equili-
brium with chenging stmospheric composition, (2)
with thermal log due to the mixey layer included,
and (1) with the thermocline's hest caspecity
inciuded vig eddy diffudion.

We infer thet thers is o large and growing gep
betwean current climete and the equiltbrium eli-
mete for current stmospheric composition. Based
on the estimete in Fig. 18, we already have in the
pipelins 8 futurs additionsl werming of almost
1°C, even {I COg2 and trece gesea cesse to
increces ot this time. A werming of this magni-
tude will slevets global mean tamparsture to s
level ol lesst compsrsbls to that of the
Altithermel (NAS, 1975, adepted in Fig, | of
Hansen ot al., 1984) about 8,000 ysers ago, the
wermest period in the past 100,000 yeers.

The rete of werming computed efter 1970 {a
much greater than in 18%0~1980. This is beceuse
(o) Acof is ~0.4 ppm yr-! (n 1850-1960, but >1
ppm yr~! after 1970, and (2) trece geses, espe-
cielly chlorofluorocarbons, asdd substeniielly to
the werming efter 1970. - The surfece warming
computed for the period 1970-1990 {s ~0.25°C; this
{s almost twice the standerd deviation of the
S5~yesr-amoothed globsl tempersture (liansen et
eol., 1881), PBut note thet the equilibrium tem-
persturs incresses by 0.73°C in the period
1970-1990, if the cilmate sensitivity is ~4°C for
doubled CO2. Thue our calcuiations {ndicete thet
the gep between current climste and the
equilibrium climete for current stmospheric com-
poaition mey grow repldly In the immediate future,
if greenhouss geses continue to incresse ot or
nesr present retes.

As this gep grows, {s {t possible that s point
witl be preached ot which the current climete
"jumps™ to the equilibrium climete* I exchenge
between the mixed leayer and deeper ocean were
reduced greatly, the cquilibrium climate could be
approached In as little o8 10-20 yeors. the relax-
ation time of the mixed leyer. Indeed. the stabi-
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ity of the upper ocesn layers geems likaly to
incresss 8¢ the greenhouse werming hests the
ocesn surfsce. especisily if the warming lesds to
on increesed meltink of fce which adds fresh
water to the mixed layer. Regions cof desp-weter
formstion, such ea the North Atiantie Ocean. may
be perticulerly senaitive to changes in gurfece
climate. However, it ls difficult to predict the
net effect of greenhouss warming on ocesn
mixing. beceuse changed of pracipitatien, evepore-
tion and etmospheric winds, (n addition to tem~-
perature, will effect ocesn mixing and transport.
! possible. it would be useful to examine
palesclhnate pecords for evidence of sudden oti-
mate warmings on 10-20 year time aceles, since
there may heve been ceses in the pest when the
ong thermal response time of the ocesn allowed
82p8 between sctusl wnd equilibeium climates to
build up.

Even If 1t does nol lead to 8 dramatic jump to
8 ow climste state, the gap between current ofi-

“tie effecta 83 it grows lerger.

Mate and e equilibrium climets for ourrent
stmospheric composition may heve important clime-
For sxemple, it
Seame possible thet In the eummer, when zonsl
winds sré weak, ocontinentsl regions may tend
partly towerd their equllibrium climste, thus
ceusing s reletively grester werning in et
sesson. Aleo, in exemining the climste gffects of
recent and future lerge volosnoces,  such es the
1882 Ei Chichon sruption, the .cooling effect of
stretoapheric sercecle must be compared to the
warming by trece gases which heve not yeot
schieved thelr equilibrium effect; it is not
obvious that e globsl cooling of egvaral tentha, of
& degres - (Robook, 1983) qnould ectuslly be
expcieil. These problams ghould be studied by
ueing s globs! model in which the otmospheric
composition changss with time in eocord with
Meseurements, anl in which the stmosphare, land
snd ocasn esoh have reslistic raeponge timee.

Suirmary

Climate Bensitivity inferred from 3-p Modsls

Our anslysis of climete Cfeeddacks in 3-D
modele points etrongly towerd s net olimets feed-
back factor of f ~ 2-4 for processss operstive on
10-100 yeer time oceles. The weter vapor and
ess ica fesdbacke, which gpe belisved to be
ressonsbly well undaretood, together produce 8
feedback f ~ 2. Tha clouds in our model produds
8 feedbeck factor ~1,3, increesing the net feed-
back te f = 3-4 a8 ¢ result of the nonlinesr wey
in which feadbaoke eombina,

Pregant Informstion on oloud processes s ins-
dequste Jo permit confirmation of the cloud feed-
beck.  Howaver, eome aspscts of the cloud
changes in the modsl which contributs to the
positive feadbsck asppesr to be reslistio, e.g.,
the Incresss in tropicsl cirrus cloud cover and
the incresse of mesn cloud altituds in conjunction
with mare penetreting molet convection in
warme! climate. It geema likely thet clouds pro-
vide «t lesat s emsll positive feedbeck. Mors
reslintic cloud modeling, a8 verified by detsiled
global cioud obasrvetions, is cruciel for
improving estimates of climate eensitivity.based
on climsts models.

Climate Sensitivity Inferred from Paleoclimste .

Data

Anslysis of the processass contrlbuting to the
ceoling of the lest ice age ghows thet feedbacks
provide moat of the cooling. The paleoclimats
studies sarve gs proof of the Impartance of feed-
beck processes and permit quantitetive evalustion
of ths megniude® of certsin feedbsoks. The
CLIMAP dats allow us to evaluste Individusily the
magnitudes of the lend ioe (! ~ 1.2-1.3) and ess
fce (I ~ 1.2) feeddacks for the climate change
from 18K to todsy, and to estsblish thet the vege=~
tation feédback wss smsller but elgnificant (f ~
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L0531,

We obtein an empirical ertimete of f ¢ 3.5-3
Jor the fest fecdbeck proccases (welar vepor.
cloudy, ees ice) ot 18K by esesuming thet the
mejor redistive feedbsck processes have been
{dentified (es seeme likely from conesiderstion of
the radietive fsctors which detsrmine the plane-
tery energy balance with speces) and grouping the
slaw of specified changes of the ice sheets and
€0y e8 the principsl climate forcings. This esti-
mete for the (fsst feedbeck [fsctor is conslstent
with the fsedbeck in our 3-D model experiments,

_providing support thet the mods! eensitivity ls of

the correct order,

The strength of the fssdheck procevses et 18K
impliea thet only relstively amsll ciimete forcings
or fluctustions ere nseded to osuse glecial to
intergiscial climats chinge. We do not try to
tdentify the sequence of mechanisme of the glacisl
to Interyiacie! chenges, but it seems likely that
hoth the direct effect of soler redistion (Milan-
koviteh) chenges on the planetsry energy balance
sand Uxtuced chenges of stmoapheric composition.
aspecislly COy, are Involved.

from

chimste  Senmitivity  Inferred
Tempersture Trends

Regen

A AR

The tempersture Incrasse balieved to have
odcurced in the past 130 yesrs (~0,3°C) implies @
climate asnattivity 2.3-3°C for doubled COz (f =
2-4), tf (1) sddad gresnhouse geses ére respon-
aible fof the tempersturs inoresse, (2) rhe 1850
€03 abundence wes 270:10 ppm, and (3) the heast
perturbation Ia mixed like a passive tracer in the

ocean. ‘Thia tachnique inherently yields e brosd
range for the infarred climste ssnsitivity,
becsuse the response tims for the oceesn

incresses with incressing climete sensitivity,
Thus the 3-D climets modsl, the 14K study and
the empiticsl svidenoe from recent tempersture

trends yield Renerally c-nsistent estimetes of
climate sensitivity. Our hest estimste of the
equilibrium climate eenatilvity for processes

accurring on the 10-100 year time scale ia o glo-
bal mean warming of 2.3-5°C for doubled COj.

Transient Climate Response

The rate ot which the ocesn sur.sce can take
up or relesse hest (s limited by (h. fact that
femihbacka come into pley in confunction with cli~

male change. not in. conjunction with climate
forcing, Thus the (isoleted) ocesn mixed leyer
thermal relaxstion time, commonly taken es 3-9%

yrors, muat be muitiplied by Lha [feedhack factor
tf. Chis, in turn, silows the thermsl {nertls of
Adesper parta of the ocesn to be effective. If ths
2uilibrium climate senaitivity is ~4°C for doubled
CO, wnd if smeil hest perturbations behsve like
ohserved passive trscers, the response time of
surfece tempersture to a change of climete
farcing s ol order 100 yesrs, ([ the aquilibrium
wenmitivity 19 2,%°C, this response time ts ebout

40 years,

We conclude, beaed on the long surfece
temparsture respunee Ume, thet Uiere s o lorge
growing gep between current climete and the
equilibeium climete for current etmospheric com-
position. Our projections indicets thet within @
few decedes the equilibrium globel tempersture
will resch s level well above thst which has been
experianced by modern man.

{s there @ point st which the perturbstion of
surfece climets will be largs snuugh t0 substen-
tiel'y affact the rete of wxchenge of hest between
194 mixed lsysr and despsr ocesn, possibly
ceusing s reptd trend towerd the equilibrium cli-
mete? Thnis question {s similer to one asked by
Repreasntetive Gore (1962): “le there a point
where we trigger the dynemice of this
(greenhouse) process, and {f 8o, when do we
resch that etsge®”, Wwith present understanding
of the climets system, psrticulsrly physicel
ooeanugraphy, we cen not answer thute questions.
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Appendix A: Influence of Feedbacks on
Tranafent Reponse

Consider 8 planet for which the absorbed frac-
tion of incident soler rediation (1 minus sibedo)
{s o linear lunc’ion of the temperature, say x ¢
vT, | the planet emits s 1 blackbody its tem-
persture is determined by the condition of radis-
tive equilibeium

808y * oTo4 (AD)

with 8, the mean soler ireadiance and R, = X°yT,.
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Now euppose the aolaP {rredience changes

auddenly by o emall emount as, At the new
aquilibrium
(85 + 80)(8g * 2agq) # 0(Ty ¢ aTy)¢ . (AD)
Neglecting second order terme (since as << 8)
and using (A1) yields

LLL MR YT PP ‘cT,,’ATeq ' (AY)
If there ware no feadbscke (aseq * 0), the tem-

pereture change ol equilibrium would be

8Tgq(no faedbacks) ;5 AT, ‘&:’l’f’ o (AQ)

Thus we can rewrite (A3) s
ngq = AT, ¢ 'AT‘q

where

9540eq 8y

8 * Wi Taleg" WT)? (a0

Using the reietion between gein g and feadbeck
factor f, [s1/(l-g), equation (AS) becomes

ATeq * 18T, (A7)
le0s, e equilibfium temperature change exceeda
the no-feedhack equilibrlum temparature change by
the factor f,

The heat flux into the planet ss s fundtion of
time is

Fo=asag + 8,08 - T BT

= 40T,d (aT, + T - aT)

T har,
3 - 'Afr'e'q‘ (AT,q = aT)
F’)
z -A.r-e-qu'l‘eq - aT) (A8)
where
Fo = 40Ty 4T, = ans, (49)

s the flux into the planet st t : 0 (f.a., when AT
= L°  Thus the initlal rete of warming 1a Indepen-
dent of the feedbacks,

The tempersture of the planet as & function of
time s determined by the equation

160

L agpley (A10)

whare o {s the hest cepacity per unit erss. If o
is constant (a.g. o mixed laysr without diffusion
into decper laysra), the solution s

AT » afl:,q(l = exp(-t/1)), (AL1)

[}
v 'i;ﬁi * fry (A12)

whare 1, {a the no-feedback a-folding tVime
{Equetion (22)], :

Pinelly, nota thet theas results srs mych more
general than the specific mechanism we chose for
the feedback, which wes only used as o concrats
example. It is apparsnt from the sbove that the
only aseymption requirad is the linesrization of
the feedback as s function of tempersturs,
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Mr. Gore. 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
knowledge—not 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
expresse(i 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. Gore. 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. Gorer. | thought that's precisely what you intended.

Mr. MaroNe. 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 jJudgment 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 magnitude—a few degrees—as 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 ruther the problem is
one where the equilibrium point of the world climatic system
changes probably—may change—in 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 8 degrees
and take a rather relaxed viewpoint, a rather relaxed attitude
toward it, when others look at the very same temperature rise anc
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 temperature—and you will recall that that means
about three times that in the polar regiors, which would affect the
storm tracks—I have not communicated our concern properly to
you. This would have a serious effect. It would affect our Midwest.
It would affect the coastlines. Oar 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 eariy 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 conditiors 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 beiter informa-
tion-—more research, a refinement in our’ understanding of the
;;rot;]lem. [ 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 turns out to be possible to do so. Tf‘;at choice is affect-
ed raore 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 engineerin
of plants may make it possible to grow things in the desert’—and

am exaggerating there, but it may not be so bad—then 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
60 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 overl
benign view of how catastrophic these changes could be whic
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

vellow light, not a red light. It just came out at the time that a .

large energy nrogram 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 !
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. Matonk. We have not yet been able to identify changes in
the climate that are unmistakably related to increased carbon diox-
ide. In other words, the normal fluctuations in the climate are suf-
ficiently large that if there are COrinduced 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
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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 know
youll;: familiar with that. Am | misinterpreting the import of that
wor

Mr. MaLoNk. No. You are simply identifying the diversity which
exists within the scientific community. No one, least of all the Na-
stional Academy, speaks infallibly. There are those who—compe-
‘tent, responsible scientists—who feel that wney have detected the
first signal of a CO.,induced climate change. By and large, the con-
sensus in the scientific community—and the individuals mav be
right and rest may be wrong—but the consensus is that we have
not yet been able to detect that first signal.

Mr. Gorg. Do you agree with that, Mr. Hoffman?

Mr. HorrMmAN. 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..'t been met yet.

Mr. MaLonk. Mr. Chairman, T 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 vigurous 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 tae
atmosphere 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 are—with 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.

| 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. Gorre. Well, it's a tough one. It's a tough one. Everybody
agrees with that. I guess I'm worried that tnhe 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 before 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
vou accept his methodology, that's ‘omething pretty dramatic.
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Mr. MaroNk. Mr. Chairman, does he maintain that that was a
result of increased carbon dioxide? 1 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 reviewv: it for the record of this hearing, but——

Mr. MaLoNE. T would be glad to provide you——

&ir. Gore. He said in his testimony that the measurements and
the melting correlated precisely with whut the models, the CO,
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 saying—and I'm
going to get to you, I know you're itching-to say something, Mr.
Pomerance—but 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 speaiing to the philosophical issue
and implying—unless I'm hearing you wrong—implying that
maybe the best choice, even if the uncertainties are resolved,
may}be the best choice would be to just let it happen and hope for
the best.

Mr. Marone. Mr. Chairman, you could help me if you could
share with me what you think that action should be. What action
do you think 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 ot be
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much, but the perception of the problem that we together devel-
op—and when I say "we' | mean the scientific community and the
political community—may 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. Pomerance, and then I will come back
to you, Dr. Malone. .

Mr. PoMeERANCE. A couple of thoughts: One is, I don't—I 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 sce” 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 CO, we are locked into, because we
are sitting on a very powerful engine, world coal use. iIf’ 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 as 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 portion—in 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 ha.ve made a decision to
let things warm up. What we haven’'t done is make a decision to
try and minimize the warming or let it go on.

Mr. Gorek. 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. Horrman. 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. Essentiallv 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 -, we don't make any policy recom-
mendations in the report. It's j <t purelv 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. Gonrg. Yes,

Mr. HorrMaN. We don't say whether it’s good or it’s bad. We are
Jjust saying these are sort of what the future would lovk at if people
made these choices.

Mr. GoRre. Yes, but you assume that—you say that some hypo-
thetical policies that sound very, very extreme—a total ban on coal
usage—— :

Mr. HorFrmaN. 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 2040 to the
year 2055."” :

Mr. HorrMmaN. 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 only—the coal ban
only delays 2 degree warming something like 15 years, if it’s fully
effective by the year 2000.

Mr. Gorr. Well, let me see if I can pinpoint the difference be-
tween EPPA and 1YAS on this. I don’t think I'm wrong in saying
that there is one, buc you all can correct me if I am. The NAS was
more cautious in its predictions about non-CO; trace gases. Is that
a fair statement?

Mr. HorrMaN. 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 CO,, 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 issues—on 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 fossii 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. Gorr. 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.

ofr. HorrmaN. Well, I think that in ierms of what's going to
happen in the next 60 years, I think that that's accurate.

Mr. Gork. 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 K0 percent, Y0 percent, would regui-« something on the order
of T(} years, yes.

Mr. Gork. So you would agree w''h the ot oment that there is
no reasonable action available to ¢ ' =ation which would signifi-
cantly delay t’ e greenhouse effect?
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Mr. MaLong. No. If we-—there 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 sei, 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 future 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 tc gener-
ate some low-C(; scenarios that shows it's possible for the world
economy to evolve in a fashion that would produce less CO:, so we
shouldn’t despair.

Mr. Gork. Mr. Pomerance, did you want to comment on the issu¢
that | 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 not—energy 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. I 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 NAS—although saying we
have more time—does 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 impourtant issue. We need leadership, and ' happen
not to think it needs to come from the scientific community. I
think it needs to come from the political community.

Mr. MaLoNg. Mr. Chairman, I do hope that you will continue
this exchange which has gone today and has gone on in the past. ]
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. Gore. 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 dialeg 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 CO: 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. Kank. Yes, I do.

Mr. Gore. Without objection, we are going to include thot 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. Gore. 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. Gorke. Five minutes.

Dr. Kank. Five minutes? All right, I'll try.

STATEMENT OF DR. JAMES S. KANE, DEPUTY DIRECTOR, ENERGY
. RESEARCH. U.S. DEPARTMENT OF ENERGY., ACCOMPANIED BY
FREDERICK A. KOOMANOFF, DIRECTOR, CARBON DIOXIDE
RESEARCH DIVISION, OFFICE OF BASIC ENER.. " SCIENCES
Dr. Kank. | have been busily adapting my testimony anyway as
we wore going along, because so much has been said already and #o
repeat it would be a waste of everyone's time.
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I think I would like to syanthesize 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
word:"will" to “may,” very oobviously, 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 briefly—and I'm talking fast, I hope not too
fast—go 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 ihat, 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 CO;. While it has been suspected for many years
that plants would grow more rapidly in increused CO:, since that's
their food, for the first time we actually did experiments in coop-
eration with the US. 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 CO: level is increasedg Second, the plants’ abili-
ty to use water, a very critical aspect everywhere but the arid West
particularly, increases as the concentration of CO: increases.

Now we are not advocating increasing CO: to make our plants
grow faster, but we need this information to balance the scientific
books. We car’t understand what the previous witness talked
about—where does the carbon come from and where does it go
to?—unless we understand the uptake of CO; 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 & 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 ut 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 whatever 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
mayv 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 China. the People’s Republic—which have, by the way, 500-year-
old weather records, which is unique in the world.

I will skip now, then—that's kind of a résumé of what happened
last year—to 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 absolutely 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 tiue. Models really use two things to predict. They use an

input of science~-physics, chemistry, meteorology—and they also
use estimates of what future consumption will be. Both of those are
extremely difficult.

We're going to work on our models from really tvw:: points. One is
to get greater spatial resolution. It really doesn’t lw.ip 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 l-degree average in the world doesn’t mean much. I keep kid-
ding Fred that he should release more CO., 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
regiona. predictions rather than just the worldwide average.

Another thing we're going to do is to launch—by the way, the
two witnesses that covered the importance of the ocean, we
couldn’t agree more. I don'\ think it has been negligence or stupidi-
ty on our part. Modelists 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 witnesses—Dr. Broecker and
Dr. Jenkins—make 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 vear.

We also have asked for—although this is not a budget hearing—
an additional $900,000 next year to look at the trace gases, a worri-
some quc stion 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 mcdel. than they do from CO, increase, s~ we
can't afford to talk about CO. as though it were the single problem
that we're faced with, so we're asking for that.

Next vear, to hurry along, there are going to be a number of
forthcoming reports. We will have state-of-thco-art reports which
pick single topics., and we’ll write them up. We'll have them peer-
reviewed by the AAAS to give scientific uniforinity 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 the art--what we know, what we don’t know, what the un-
certainties are, and what we think should be done.

That s o race through in 5 minutes.
[The prepared statement of Dr. Kane follows:]
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5tatement of Dr. James S. Kane
Deputy Director Office of Energy Research

Department of Energy
Mr. Chairman and Members of the Subcoxmittee:

It 1s a pleasure to appear bdefore you today to descridbe the Department's
Carbon Dioxide research activities. The Department's FY 1985 budget request
for this activity is $13,5 mi1)ion,

The "greenhouse effect” has become a household worc. National televigion,
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 COp. The public is told that the {ncreased Co, Tevels

are due largely to ou; use of fossil fuels. That the public s becoming
increasingly aware of the issue 18 a natural consequence of the active €0,
research for which the DOE has had the Yead responsibility over the past 7

years and the publicity surrounding §t,

The Department of Energy was originally asked to fnitiate a specific

research program directed toward understanding the effects of increasing
atmospheric carbon dioxide. Shortly thereafter the National C)imate 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 COZ;

0 Sponsor specific projects that would increase the knowledge base and
support refinement of the conceptuezl tools being used to help understard

the phenomena;

174



1

o Perform continuing technical reviews of the woridwide research effects;

and

] bommunicate to 811 interested parties, domestic and international, the

scope, progress, and findings of the research.

1t 15 evident from our findings and those of others that the 0,

question remains an important research issue, The research problem

is complex and many talents and scientific discipiines will be

required to resoive ft. 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 coz 1ssue have been published
recently. The Department of Energy was pleased that the National

Academy of Sciences' report, cﬁanging Climate, focused on

scientific uncertainties. We agree with the Academy position that
increased scientific understanding of coz 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, ] will describe 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 parties
-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 committee 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 CO, 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. A1l the plans wore reviewed by experts in the
relevant scientific fieldi. Implementation of the plans is being
toordinated among the responsible Federal and international institutions

and the involved scientific community.

1n addition, we have initiated a carbon dioxide technical report series to
supplement material appearing in proceedings, scientific journals, and other
li{terature. To date seven technica) reports have appeared and we expect to

publish approximately 30 more by the end of 1984.
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Internatfonal Inftifatives. Our report, International Carbon Dioxfde-Re)ated

Activities: The International Organizations Involved and U.S. Bilateral.

Arrangements documents the groups that are involved: internationally in co,
research. A directory of approximately 1600 scientists in the internatfonal
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, 1In addition, discussions have been
held with representatives of the international effort on C02 assessment -

4t the Wor1d Meteorologiral Organization - United Natfions Environmental
Program. These activities ontinue to enhance our international’

outreach,

Nineteenth Century Atmospheric C0,. It is critical to know the atmospheric

€O, level pefore substantfal amounts of CO, were added from fossil fuels and
land clearing, This "preindystr1a1 value" is an important initial condition

for modeling past, present, and future climate change.

A new estimate of 19th century (0, was made at a recent World Meteorological
Organization {wM0) meeting of experts. The new estimate is in the range of
260 to 280 parts per million (ppm). Data from four laboratorfes supported by
the DOE program contributed significantly to the new consensus. These

1 aboratories are the Carbon Isotope Laboratory at the University of
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Washington, the Physical Science Institute at the University of Bern,
Switzeriand, the Woods Hole Oceanographic -stitute and the Pacific .
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 atmosbher1c oy, -

‘This new estimate has important implications for predicting the effects on
climate. The previously a;cepted estimate for the preinduft}1a1 Co, Yavel
was 295 ppm. The new loné; value affects climate model predictions of global
average temperature. Using the previous estimates for Coz-l;ve1 changes, the
global average temperature increase resulting from a doubling of atmospheric
€O, would range from 1.5° to 4.5°C. Using the new estimate, the upper

bound of the temperature increase is reduced substantially from 4.5° to 3°C.

; _ .
Carbon Dioxide Standard Reference Gases. Accurate, high-quality atmospheric {

C0, measurements require standard reference 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_ standards for
atmospheric CO, measurements in the United States and other countries. AS a
result new CO,-in-air Standard Reference Materials have been produce

and distributed by the NBS. These standards were certified through \\\\ .
- AN

175



Yo

.
N ¢

cooperative research with Scripys, and the Joint certification process
assyres contin ty with reference gases previously provided by Scri.ps. . The
K8S Office of & .vdard Reference Materials will maintain ind certify these

standara sampic. o™ 8 cost reimbursable basis.
fad

*

Crop Response to Increased (0,. Euperience with &lcﬁts grown 1in COZ~

controlled'greenhouses or growth chambers suggists that more coz increases

plant productivity. In cooperative research involving the Oepaqtmenf'ofer
Agriculture and the Department of ?nerg}. soybehﬁs and c;rn'wgre exposed u@
increased levels of CO, for one entire growing season. For soybeans, an”
increase 1n productivity of at least 30% resulted from doubling of C0,. For
corn, & 10:20% increase was observed, with @aximum pqoductivity achieved at
€0, Tevels of between 350 and 500 ppm, We are thu; starting to:get the

quantitative information needed for an assessment of the direct effect of

) increased L0, concentrations on agriculture, under conditions simjilar to those

of conventi~nal cultivation practize.

1

One important effect of CO, on plants s to control Mu e the
small pores 1n leaves which permit exhange of .CO, and water vapor between
interval leaf tissue and the atmospr.re While the e;act mechanism of the
c02 effect on§¢h1s process 1s not kn wn, 1t appears to result in improved
plént water use, New data. from outdoé* experiments suggest that the water
use eff1c1eJCy may increase by 351 with a doudling of €0, Tevels,. The most

s1gn1ficaht effect on corn is that while phctosynthesis and yield are

'
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matntained or increased, wadter Yoss by the plant appears to be reduced. 7T.is
could be an important dev:2lopment, because many plants regularly experiehce

water stress, and additional CO, may partially alleviate the stress.

\ Nag,
While these results lre\bquuregjaﬁf/;::;‘::}k remains. Additional research
oyt

must be performed to validate these experiments, Work in diffuvrent
geographic locations with more crop varieties is necessary before we can
conclude that field crops will generally benefit.from elevated COp levels,

!

Unresolved Issues

Climate Modeling. Yo predict the effects of 1n€reased atmospheric CO,
concentration on climate, we must rely primarily on numerical models.
Current climate r dels are not adequate to enable us to make policy
decisfons related to coz. 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 mode! predictions is a 1.5° to 4.5°
global average warming for a doubling of €0, (300 to 600 ppm). As mentioned
before, more recent analyses of the climate data suggests that the 0,-

induced warming for & doubling is probably in the range of 1.5° to 3°C,

£
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To test the val{dity of the GCMs, several approaches are being pursued, The
first approach is to evaluate s yarately each component of the model. Oyr

approximations to radiative processes, such as the absorption of infrared

.radiation by €0y, can bs,;ested by comparing model results to laboratory and e

detailed atmospheric experiments. We are doing this {n cooperation with the
wWMO,

A second approach tr model validation is to compare climate mode)
predictions with observations. When such comparisons are made, the
precictions of the models agree well with the major features of the present
climate on a global scale. Efforts to Yook at smaller areas {e.ge, the U.S,
corn belt) are 1imited because several important physical processes, as

mentfoned earlier, have not been well represented in the models.

A third approach is to evaluate the model rasponse to various changing
conditions. Even 1f the models can represent the present climate, it is not
certafn *hat they will be able to accurately project climatic changes; that
is, although their average indications might be correct, that does nct
guarantee their accuracy when conditions change Testing the model
representation of the seasonal cycle, which s a verv large perturbation,
evaluates those aspects of the model that respond very quickly (i.e., uver
periods of months). The most recent GCMs do well in representing the
seascnal cycles on large scales, but their adequacy on regional scales stil}

must «. tested.

N

o
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We are trying severa) approaches to test multiyear responsiveness of the
madels. Because such tests must cover extended periods or 1ook &t .
relatively small changes, these tests often are done with simplified models.
<limete models are being used to investigate the climatic effects cf recent
volcanic eruptions and solar variations. Over much longer periods.‘we are
trying to determine 4f 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,
unexplained differences among models and between models and data. Second,
some mode! processes, such as the role of clouds in moderating or amplifying
model seasitivity. have not been adequately tested. Third, mode)! validation
on regional and seasonal scales is stil) much too limited to be useful to
those studying climat? imgacts. _Fourth, the investigation of the ocean's
role in controlling the rate of climate change is just beginning. Fifth, we
are beqirning to study approaches for modeling how the c1imate change
develops over periods of decades rather than simply the change in
*equilibrium” climate. Sixth, we need to recognize that the climate is
resronding not just to changes in CO,, but also to changes in Ssuch things as

trace gases, volcanoes, and deforestation., Although we are developing a
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sense of the change {n 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 (0, and Atmospheric Warming Oceans have an important

role in the CO, problem because they are the ultimate sink for 0, produced
by burning fossi} fuel. The ocean-atmosphere ccupling also determines the
rate at which heat flows from the atmosphere Lo the ocean. Improved data
and models are needed to address problems of CO, ard heet transver from
atmosphere to oceans. Joint MSF-DOE research on Transient Tracers in Oceans
has strengthened the data base for developing ocean circu1at10p nodels.
Existing ocean models, however, are {nudequate representations of ocean
cfrculation, While this joint research has been fruitful, more focused
research is needed. This focused program will include: (1) measurewents of
the coz-inorganic-organié chemistry ¢ .water, (2) acquisition of gas
exchange and tracer dats, (3) coordination f 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 Initistive. Recent studies indicate that trace yo.ui (e

methane, freons, nitrous oxide, and ozone) can have & combined climate effect
ranging from half to equal that of the CO,-fnduced climate effect. Such an

effect is not only important n its own right but complicates detecting and
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predicting the megnitude and the rate of COj-1nduced climate change. As a
result, the DOE has requested an additional $1 miliion in the FY 1§85 budget
{over the enacted FY 1984 budget 1evei) to study atmosphuric trace gases,
The objective §s to attain a perspective on the trace gases issue in

relation to the carbon dioxide problem,

This effort will not answer.c11 the questionk on trace gases. lt will, ¢
however, allow us to begin to {nvestigate the uncertainties. For example,

there 1s.no- historical record for the trace gases comparable to that for

C0,. The DUE s 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 rese~rch or the direct

effects of tncreased COp concentration in the atmosphere: climate change

and vegetation response. We are now starting research on the indirect

effects of CO, increases. wWe have selected agriculture, forestry, water —
resources, human health, and fisherie: for case studies or for regional

documentation and analyses. Our objective i{s to document the data required

to do meaningful cost/benefit analyses.

Sea Level. Considerable publicity and international concern surrounds the
{ssue of sea level rise from Coz-induced climate change. Estimates from

recent reports vary from a 70 cm rise {(a Yittle Yess than 2 1/2 feet) in 100
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years to as hiyh as a 345 cm rise (a 11ttie more than 11 feet) by the year
leo. These estimates have been derived by examir. ', the sea level record
*or the past 100 years, attributing the observed rise to such processes as
occan thermal expansion and ice melt, and using Yinear relationships to
pruject these processes into the future. The estimates imply massive melting
of fce; but many glactologists point out that there §s no reason to
support such direct relationships. Uncertainties of fce-c)imate
relationships are so larg> that the sea level could even fall because of
i{ncreased precipitation in the polar regidns from a COp-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 éotastrophic rise in world sea

levels due to coz-induced warming of this ice sheet are unfounded.

tn our evaluation of the (0 -climatc/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 {s
supporting a 3-year research proqram, carried out by four institutions,
which {s the most intensive study yet undertaken on ice behavior and the
relatiunship between the stability of the West Antarctic ice Sheet and
nlpobal climate. Additionally, the National Academy of Sciences is planning
4 Study that should produce 8 definitive report on sea level change and

global climate.
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Plans for Stqtemen!s of Progress

Spending for the National Program on Carbon Dioxide-C)imate now excs:ds $20
million per year among the six agencies fnvolved. A~ this rate, by the end
of fiscal year 1984 the Federal govermient wil' Save spent more thar, $100

million on this topic since 1978.

The Department {s preparing a series of reports, a5 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
4 great variety of researzh efforts, Government and non-Government, basic

#nd applied, foreign and domestic.

Scope of the State-of-the-Art Reports. These reports will present the most

current and comprehensive statement possible of the 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 Coz-induced climate rhange, climate modeling,
direct response of vegetation to increased C0, Yevels, and the indirect

effects.

These reports will represent a significant milestone in the Carbon Dioxide

Research Program. They are intended to communicate tc the broader
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scientific comnunity the current state of our research and progress to ddte
in each major area. A central theme will be traceability via references for
résults, assumptions, and uncertainties in the findings. The writing of each
report is being coordinated and edited by experts in the specific research
area conce}ned. There are a total of 75 suthors represent1ng’55.differentﬂ_

institutions and & countries.

American Association for the Advancement of Science (AAAS) Review. As part

of a stringent quality control process, the DO has arranged for the AAAS to
review and critique the reports. fach chapter will be anonymously peer
(ev1ewed. Tnis 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 be pubished. This report will synthesize the State-of-the-Art
reports and other studies and present an integrated, systems view Of the
entire resedrch 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 CO, rather than

definitive recommendations pertaining to amelioration policfes and strategies.
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Summary
It {s the goa! 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 {mproved

understanding of the role of carbon dioxfde 1n the global environment. More

research is still needed before policy decisions pertatning to nationa) and
fnternational strategies for ameliorating potential adverse effects can be
made. We are pleased that our ¢oal was also stressed by the Carbon Dioxide

Assessment Committee of the National Acidemy of Sciences.

In short, at this time we know that rhange 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 §n 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 CO. budget this
fiscal year as opposed to $12.5 last year. Do you have figures on tne
total national climate program? It was $24.563 last fiscai year.
What's it going to be this year? Do you know?

Dr. KaNE. Do you have those numbers?

Mr. KoomanorF. 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
risht now, no one wants to commit exactly what will be spent i,
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, e
will be able to supply it not only by agency but Ly what region.

{ The following was supplied for the record:] o

Nutional program on carbon dioxide—climate

fn th.  unds of dollars by fiscal year] Esum;le

1985

Department of Engery $13.418
National Science Foundation. . . ... S 6,718
National Oceanic and Atmospheric Administration 1.961
Department of Agriculture. . .. . 0 L e e e 2924
Department of interior ... ... e e e e 215
Total e e e e e 25,235
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Mr. Gorrk, Very pood. OK.

Again, 1 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:]
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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 Oversiqght
House of Representatives
washington, D.C. 20£15

flear Mg, Rastman:

On February 28, 1984, Dr. James S. Kane, Deputy Direétor
of the Office of Enerqgy Rescarch, appeared before the
Subcommittee on Investigations and Oversight and the
Subcommittee on Natural Resources, Agriculturc Research
and Environment of the Science and Technology Committee
to discuss carbon dio%ide and the greenhouse effect.

Following that hearing, the Committecs submitted written
questions for response to supplement the record. Enclosed
2are the answers to those questions.

If you have any questiuns, please call Ingrid Nelson u. Tunm
Pretorius of my staff on 252-4277. They will be happy to
assist you,

.

Sincerely,
- —

'-/‘vC'-}’M/'L)‘/ } L Letiiin
“* Rabert G. Rabben

Assistant General Counsel
for Legislation

hEaclosure
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POST HEARING QUESTIDRS AND ANSWERS

RELATING TO THE

FEBRUARY 28, 1984, HEARING
BEFORE THE

SUBCOMMITTEE ON INVESTIGATIONS AND OVERSIGHT
AND THE
SUBCOMMITTEE O NATURAL RESOURCES, AGRICULTURE RESEARCH AND ENVIRONMENT
COMMITTEE ON SCIENCE AND TECHNOLOGY ’
U.S. HOUSE OF REPRESENTATIVES

WITNESS: DR, J. KANE

.~
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QUESTIONS FOR
DR. JAMES S. KANE

DEPARTMENT OF ENERGY

RESEARCHR TIMETABLE
Question 1A! On page 2 of the testimon:s you state, "We agree with the academy
position that increased scientific understanding of CO, is needed. Their
conclusion is reasonable: We have time tn 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?

a2
Answer: FPrevious analyses have shown a steady exponential growth of global
€y production at 4.3 percent per year. With the exception of the two world
virs and the great economic depression of the 1930s, this growth rate appeared
to persist back to 1860. ' Recent analys:s by the Institute for Energy
Analysis, Oak Ridge Assoc%ated Univarsities, however, have shown that for the
period 1973-1983 the rate 'of growth averaged only 1.86 percent per year, a
significant decrease, 1973 14 the year yhen pricing of the world's oil
supplies underwent major changes causing consumers to reevaluate their needs
for oil. This is evidence that the fogsil fuel era has underpone fundamertal °
changes} rates of growth of CO, emissions that were possible with "cheap

ener;y" 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 Lo, emission, if sustained, is
very important to the carbon dioxide issu: bocause atmospheric buildup of

carbon dioxide will occur more aslowly thus C0. doubling time is wxtended to 80
years from now. This longer time to douhlxﬁg allows morc time go investinate
climate and other possible consbquences of increasing carbon dioxide. Another

important piece of evidence is & new estimate of 19th century CO2 reached at a

recent World Meteorological Organization meeting of experts. The new ec4timste

[
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is in the range of 260 to 280 ppm. This new estimate has important
implications for effects on climate. The praviously accepted estimate for the
preindustrial CO, level was 295 ppm. The increase fror the new level for
preindustrial €0,, 260 to 280 ppmy 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 CO,-level changes, the global
average tempersture 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 4.5° to 3°C,

Question 1B, Some testimony presented in today's hearing points out that the
impact of the greenhouse effect ia being felt today. Doesn't this indicate
that we should accelerate the research program in case the academy's ana your
position are too conleryltive? N
Answer! The Department of Energy believes there is no firm evidence to
support the statement that th? impact of the greenhouse effect is being felt
today. For example, the observed temperature change over zhf past 100 years
il_ncz inconsistent with the direction of CO, change and model projection,
however, since the observed temperature change is still under the rlngs of
natural variability, we can not clearly distinguish what we would ;;11-1 Co,-
induced climate change. Other changes, such as sea level, are also not
inconsistent with projected changes, but they are all within natural
veriability and we still do not have a clear cause and effect relcti&nlhip.
In regard to accelerating the research program, we believe the appropriate
time for decisions of this nature would be following publicntt;n in 1985 of
the state-of-the~art. and statement of findings reports described in the
testimony. The aim of this effcort is to present an integrated, systems view

of the entire research program needed to reduce uncertainties,

39-043 O —B4——14 o 5
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PREINDUSTRIAL COZ LEVEL
Question 2A, O page 4 you atate that a new estimate of 19th century CO, was
made placing the range at between 260 to 280 parts per million (PPM). The
previously accepted estimate for the preindustrial C0, level was 295 ppm.
Further, you indicate that thisy 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 leaa CO, in
the 19¢h century then it indicates that the rate of increasing atmospheric
concentration ia even greater than previously thought. This would indicate
that the problem is even more serious than originally believed. Would you
comment on this please?
Answer: One of the earlier witneases atated that one gsolid boundary condition
was worth 1000 hours of computer time. A firm measurement of the 19th century
atmosphere CO, level provides such a key boundary condition for climate
zmodeling and csrbon cycle modeling. For example, if I selact the 260 ppm as
~he 19th century CO, level, then over the last hundred years CO, has increased
80 ppm inatead of 45 ppm. The observed temperature increase over the last
hundred years is about 0.3 to 0.5°C. This boundary cendition and obaerved
temperature change are more consistent with models predicting a 1.5 to 3%
temperature change for a doubling of CO, than modeis predicting an increase
above 3°C. This means climate is most likely less sensitive than first
thought, We stili need to examine why some modela 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 reaponse causing a lag of 10-25 yeara. One
researcher claims a 100 year ocean lag. That would mean that the 4,5%
increase would not be inconsiatent with the observed change in 002 and
temperature, The working consensus is that the 100 years ia not valid, but
the argument muat be presented in the sciemce process and stand or fall on its
own merit.

I believe that this confirms that the models are sufficient to give ua the

direction of the temperature change, not the rate of c?ﬂﬁﬁe or regional

LS
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distribution of change.

Question.28! Based on the new estimate that the maximum temperature warming,
when the COy level is doubled, is 3 degrees centigrade, does this mean that
the impact of the greenhouse effect is not aa aerious aa originally thought?
Answert No. A 1.5 to 3°C temperature increase would be serious. For
example, paleociimate records show that a 1°-2° ghift in mean is associated
with precipitation changea that would have serious affects on agriculture.

The new rosults suggest climate is luss sensitive to increased 002. In other
words, we may experience less of a climate change for a given increase in

COy. Thia tgnnnlltel into increased time for research on the rate, n.gnitqu B
and geographic distribution of climate change. Also, the additional time
allows increased flexibility in our responses. FPor example, genetic o

epginessing for agriculture may allow ua to accept and take advantage of a

larger change in climate than we could do otherwise.
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COZ EFFECT ON CROPS
Question 3A: On page 6 you describs & series of experiments with plants grown
in CO, controlled greenhouses. The research results indicate that the CO
atimulates plant growth. Did theae experiments take into considaration the
changes in climate, temperature or water? If not, aren't these reésulta very
preliminary at best?
Answer: These results emphasize direct effecta of €0, on plant photosyntheais
and growth, and were obtained using open-top chambers and aoil-plant- .
atmosphere designs for precise control of atmoapheric CO,. These approachea
have produced unique field-type data on yield of a harveatable product for
conditions of conventional cultivation practice, natural aunlight and ambient
temperature-precipitation~humidity-wind conditions. Such conditions a.e
considered more realiatic than controlled greenhouses and simultaneoualy treat
the range of environmental variables that crops normally experience. The
experimental approaches are providing meaningful data on the direct effecta of
€O, on yield of corn and aoybeana at four different geographic locations.
They are Raleigh, North Carolina, Gainesville, Florida, Misaissippi State,
Mississippi, and Livermore, California, which illuatrate a range of
temperature and precipitation env’ ronmenta, '
The normal diurnal variation of temperature and water streaa occurred with
these experiments. In a few instances, aevere water stresa was experimentally
imposed on the crops with the reault that elevated €0, compenaated for
detrimental effects of water streas. This response ia preliminary and needs
further confirmation with other crops; yet it is an important finding because
it means that by some mechanism CO, tenda to alleviate suppressed growth due
to water stress, Thia direct CO2 effec. may compensate for detrimental
effects of temperature and soil moisture streaa related to climate - weather

changes whatever the causes may be., This research is providing crop yield

data for experimental conditions of elevated €0,y end for normal conditions of
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lcrop growth} experimenta are continuing to examine effects of elevated €0, on

water use. Additional research i3 needed to ditermine relatipnahip batween
€O, stimulated plant growth and requirements for other nutrienta, auch as
nitrogen and phosphorous. .

Queation 3B: Based on .the reserrch results as outlined in your teatimony the
conclusion could be drawn that the greanhouae effect ia beneficial for B
crops. When climate, temperature and water supply are considered, the exact
opposite conclusion ia reached. Would you comaent on this please?

Anawer: All evidence supports the premise that co, directly enhancea
photosynthesis and crop growth, While it is not yet poaaible to specify
regional climate change attributable to €Oy, warmer temperatures and less
rainfall may indirectly affect crop productivity in areaa where these climate
variablas are currently marginal. For example, crop productivity may decrease
near semi-arid eargins and possibly increase or not be affected at all near
wet margins. If regional climate change occurs, different crops may be grown
in a given region, or growth of a particular crop may ghift to a region of
move optimal climate. Tnus, adaptation is anticipated both in terms of uliﬂgn
new species and varietiea, including development of new forms from plant
breeding and genetic engineering, and in terms of shifts of agriculture
production centers. Given the limited stste of knowledge about possible
regional climate change, and considering normal practices of . lapting 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 €0y,
Once this information is available, and once regional climate change can be-
specified, then it may be possible to analyze comprehenaive effects of altered
CO,, temperature, precipitation and other climate related variables.

Meantime, research is devoted tc data acquisition and improvement of crop and

climate models.
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CLIMATE SIUDIES
Question 4A: On psge 7 you diacuss, under unresolved issues, the need for
better climste modeling. Based on. the testimony of other witneases, this is
sn important resesrch ares. What ia the level of funding for the DOE climate
studies?
Answer: We sre spending sbout $3.1 million in FY 1984, In FY 1985 sbout the

ssme smount will be spent plus the requested increase for trace gases. The

progrém ia documented in the DOE plan - CO, Climate Research Plan, December

1983 copiea of which have been sent to your office. The program ia divided
into three sress: climate modeling, first detection end supnorting climste
dsta snd analysis. Climate modeling includes extending, verifying, and
spplying climste system models for use in estimsting the climatic effects of
increasing CO, :oncentrations. This work ll;o will provide guidance for first
detection of climatic effects and sssessments of societal, biologicsl and
economic impscts. We are spending $1.6 million on climate modeling. First
detection involves evaluating and analyring dsta in search of evidence that
the predicted CO,-induced climate changes are in fsct occurring. Analyses of
trends in trace gases snd serosols slso may be required, as well as variations
in solsr activity snd IR radiation. About SQ.G.million is spent on this
etfort.

Supporting Climate Dsta snd Analysis includes searching historic and
psleoclimatic 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 vurfutions, and to develop analoga of
possible coz-induced warmer, and warming, climatea and asupply 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 de not know about CO, induced climate change. About $0.9 million is

spent in thia ares.
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Question 4B! Is your research efforts coordinated with NOAA and NASA?
Please explain,

Answer: Yes, We coordinate with the NOAA, NSF, NASA snd othar Paderal
agencies through the National Climste Policy Board and other intaragency
comittees on climate, meteorology, and oceanography. Our plana are
coordinated both through the formal boards and dirictly on a colleague to
colleague basis. t -
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 A
DOE~NSF Traasient 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 aea level riae, due
ta doubling of the €0, concentration, rangea from approximately 2 1/2 feet to
over 1l feet by the year 2100, 1la the DOE reaearch program adequate to
provide the neceaaary data to ahow which aea level riae ia accurate?
Anawer: Sea level may change due to a carbon dioxide~induced climate
change. Potentially the greateat threat ia the diaintegration of the We
Antarctic ice aheet which could raise global aea level by {ive meiera. ..
feet. Speculation aa to the tin; involved rangea from 200 to 500 years and
beyond, if at all. The uncertainty ia great because little ia known about the
ice sheet ita?lf and {ta interactiona with the ocean and climate.
In responae to thia aituation, the DOE aponsored a workahop in 1980 on Lk¢
aubject to promote a discuasion of the reaearch problems involved and to
develop specific projecta to aolve theae problema. A aummury regort waa
published by DOE.
It ia national policy that the National Science Foundation ahall budget for
and manage the entire United Statea national program in Antarctica. 1In 1983
the NSF initiated a l-year effort in Weat Antarctica which will be the moat
intensive atudy jyet on ice behavior and the relationahip between the stability
of the ice sheet and its interaction with global climate.
The DOE aeea as ita reaponaibility the aupport of high priority reaearch needa
not covered by the NSF. For example, the DOE aponaored the National Academy
of Sciences to conduct a workahop to bring global ecirculation modelera and
glaciologiats together to preas for improvement of current aimulationa of the
exiating polar climate aa a prelude for predicting a concrete vy acenario for
West Antarctica. The report will atate "Firm quantitative predictiona for the
future of West Antarctica, therefore, cannot be attempted, at the present

atate of knowledge." DOE initiated a contract with one of the top

glaciological modeling groupa to examine the breakup potential of the Weat
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Antszctic ice sheet and th provide a fundimnntllly different spprosch to the
only othsr ice sheet modeling effort sponsored by NSF. We also supplemented
an NS¥ project studying the circulation snd chsracteristics of the Ross Sea.
This supplement brought this top priority project up to its intended optimuw
level of effort. DOE coumissioned s psper on the heslth and prognosis of the
West Antarctic ice sheat ﬁy one of the nation's leading glsciologists,

The most critical rescsrch snd monito;ing need for a polar orbiting satellite
with a laser altiletlr is, unfortunately, not in the planning stages of any
Federal sgency.

Even if the West Antarct’ ice sheet never disintegrstes, ses level may still
change due to carbon dioasde-induced climate chsnge. Positive changes may
result from thermsl expansi..n and)or ablstion of polsr ice sheets snd mountain
glsciers or negstive changes may result from & net accumulation of ice due to
incressed 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 psst
century and if so how much snd the causes of such a chsnge.

To examine these last two uncertainties, the DOE, through the Lawrence
Livermore Nstional Laboratory, contracted for three reports on aes level
chenge and its possible causes. The reports conclude tﬁ;t the uncertainties
remain largely because the data sets availsble are insdequate for the task.
In regsrd to thermal expansion, the NAS csrbon dioxide assessment report
cautioned thst there is no good understanding of heat transport to the deep
ocesn but thst msjor ongoing research efforts such as the projected World
Qcesn Circulation Experiment sre directed st remedying this unsatisfactory
situstion.

Abistion of polur ice sheets, the potential contribution to sea level of

mountain glacier and resesrch needs was s topic for discussion at the December
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1983 meeting of the Cosmittes on Glaciology of the Polar Resoarch Bourd &t the
urging of the DOX.

Finally, to pull cogrther all that is known on the ngtall questinn of vea
level change due %o a carboun dioxids=-incuced climate changs, the DOS is
eontider%ng '} pr;Doaul by the Nstional Academy of Beiences to spansor a
meeting of experts in mid 1984. ‘The product would ve 8 a;c;enent of knowledge
on the subject to be pubiished in iate 1984 in cunjuncrion with :he'noz.
prepared state-of~the-ar? reports on the major programs copprising the
nationzl carbon dioxide research efiort;

1n sumaazy, the Pedarsl resesrch Qrogrnﬂ is well suvited for improving
knawledge on this topic.

Question S8: What io the curtent level of funding for teuelrch that is
studying the wea level viee?

Answer: In fiscal yesr 1083, the level of Fedaral fundiny for research sn
CO,-induced climate changes in the West Ancarctic ice sheet and, the resulting
impant on rea level totaled appronimwately 81,0 willion. In FY 1934, this ia
expected to increase slightly. The majority of thease funds come from the
National Seience Poundutien. DOE funding in this arxea in PY 1984 ia $0.4
wnillion. Othor research that conzzibutss to knowledge in the sea level
question, such as’otean hesz flux, can not be separately identified as o
responding te the CO —imduced clinsté chanige quastion.

uestion 5¢. Whep do you estimate that the resesrch program uxll begin to
provide accurate dsts on the rate of sea level rise?

Ansver: Ve estinsce it will .take 30 yesars for a reseacch program, sudtained
at the lavels described in the above anaver, to provide accurute data on
projected sea level chenges, Sincs jrojeciione depend eo heavily on asss

. .
balance, net accumulation of snow sn’ ice on polar ice sheets, calculations,
this estimate could Le reduced significantly, to a few years, if a polav

orditing satellite equipped with a lasey altinetry was available.
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€D, RESRARCH PROGRAM

Juestion 6A. One of the witnesses presented testimony that the DUE CO
,prograns “has been tou inient on short term goals." He further srated ghnt

Py 'DOE support has been too snall, too focused and tne ‘mizsion oriented'. The
Caz-clxmlte iasua iv a sclewtific, not on engineersing problem and the INE has
not approached the reseacch correctly.” Does the DUR €O, program have 5 and
10 yesr goale? Pleese explain,

Ansver: The Department of Enurgy has prepared Recearch Plans which contain

gereral program goals and specific sciantific objactives. The plans have

various timetables for obtaining data, developing models, answering questious,
Lut in no case are the plans orxganized around S-year and 1l0-year gozls. 1In
some cas®s the timetadles coil foy information in 2 to 3 years; in other cases
10 to 15 years, or poasibly longer, will be raquired to reduce vncevtainty.

it should de fully appreciated, however, that the research fjuestiona are well~
defined, anu csndidate approAches are identified for getting information and . -
ansvering questions. The davelopmenr of rescarch plans began with a serico of
scientitic wovkshops and conferences, for example, Miani Beach, 13773 and owet
the paat seve~1il yeare the plans have been revieved, smended, updated based
upon the input of acientisty, federal sgencies and international groupe and
sent to the Congress. Thc plans explicitly finvite broud participation by the
science community. There is no validity to the criticism thst “the DOE
Progras has been too intent oan short-term goals,” and that '"the DCE has not
approached the research coirevtiy." DOK vegurds the CO2 issue as an
international problem requaring much more acientific data and snalysie. The
scientific commurity, U,S. and interastional, dave beew involved in all of our
sctivities,

Question 6B, Ts the DOE CO, program too mission oriented?

Annwer: TIf we define "wiwsion ociented,” to mean directed astions towsrds

achieving objectivey end obtainivg aneweis to scientific questions, the DOE

€0, progran is indeed mission oviented. Thr mission is to define objectives,
to focug activities on getiing answera in a timely fashion, and to obtain

r2éearch resulzs needed to vupport energy policy decieions.
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QUESTIONS FOR
o DrR. JAMES S. KaNE . _
DePARTMENT OF ENERGY ’ .

'RESEARCH TIMETABLE

On_PAGE 2 OF THE TESTIMONY 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
OPTIMIST4C, :
A, VWHAT SCIENTIFIC EVIDENCE HAS LEAD YOU TO CONCLUDE THAT THERE
IS ADEQUATE TIMFE TO CONDUCT THE NECESSARY RESEARCH?
B.  SOME TESTIMONY PRESENTED N TODAY'S HEARING POINTS OUT
THAT THE IMPACT OF THE GREENHOUSE EFFECT 1S BEING FELT TODAY,
JOESN'T THIS INDICATE THAT WE SHOULD ACCELERATE THE RESEARCH
PROGRAM IN CASE THE ACADEMY,S AND vdua POSITION ARE TOO
CONSERVATIVE? -

PREINDUSTRIAL CO2 LEVEL

2.

ON PAGE & YOU STATE THAT A NEW ESTIMATE OF 19TH CENTURY C02 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'
WOW.D HAVE THE EFFECT OF REDUCING THE UPPER BOUND OF THE
TEMPERATURE INCREASE, FROM THE GREENHOUSE EFFECT, FROM 4.5 TO 3
DEGREES CENTIGRADE.

A, 17T WwOWLD APPEAR THAT IF THERE WERE LESS CO2 IN THE 19TH
CENTURY THEN 1T INDICATES THAT THE RATE OF INCREASING
ATMOSPHER!IC CONCENTRATION 1S EVEN GREATER THAN PREVIOUSLY
THOUGHT, THIS WOULD INDICATE THAT THE PROBLEM I§ EVEN .

MORE SERIOUS THAN ORIGINALLY BELIEVED. WOWD YOU COMMENT ON

THIS PLEASE?
B, BaSED ON THE NEW ESTIMATE THAT THE MAXIMUM TEMPERATURE
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LY

WARMING, WHEN THE CO2 LEVEL 1S DOUBLED, 1S 3 DEGREES
CENTIGRADE, DOES TH1S MEAN THAT THE IMPACT OF THE GREENHOUSE
EFFECT 1S NOT AS SERIOUS AS ORIGINALLY THOUGHT?

C02 EFFECT ON CROPS

sl.

ON PAGE 6 YOU DESCRIBE A SERIES OF EXPERIMENTS WITH PLANTS GROWN
IN CO2 CONTROLLED GREENHOUSES, THE RESEARCH RESULTS INDICATE THAT

" THE €02 STIMULATES PLANT GROWTH,

A, DID THESE EXPERIMENTS TAKE INTO CONSIDERATION THE CHANGES IN
CLIMATE, TEMPERATURE OR WATER? IF NOT, AREN'T THESE RESWTS

VERY PRELIMINARY AT Bi:ST?

B.  BASED ON THE RESEARCH RESULTS AS OUTLINED IN YOUR TESTIMONY
.THE- CONCLUSION COW.D BE DRA!N THAT THE GREENHOUSE EFFECT IS

. BENEFICIAL FOR CROPS., WHEN CLIMATE. TEMPERATURE AND WATER

SUPPLY ARE CONSIDERED, THE EXACT OPPOSITE CONCLUSION 1S
REAZHEU. WOWD YOU COMMENT ON THIS PLEASE?

CLIMATE STUDIES

“l

SEA LEVEL RISE

5.

ON PAGE 7 YOU DISCUSS, UNDER UNRESOLVED 1SSUES. THE NEED FOR

BETTER CLIMATE IODEL ING, BASED OK THE TESTIMONY OF OTHER

WITNESSES, THIS IS AN IMPORTANT RESEARCH AREA.

A, I'MAT IS THE LEVEL OF FUNDING FOR THE DOE CLIMATE STUD!ES?

B. IS YOUR RESEARCH EFFORTS COORDINATED WiTH NOAA AND NASA?
PLEASE EXPLAIN. “

On PAGE LL YOU INDICATE THAT THE PROJECTED SEA LEVEL RISE., DUE TO

DOUBL ING OF THE CO2 CONCENTRAT|ON, RANGES FROM APPROXIMATELY 2 1/2

FEET TO OVER 11 FEET BY THE YEAR 2180,

A, Is THE DOE RESEARCH PROGRAM ADEQUATE TO PROVIDE THE NECESSARY
DATA TO SHOW WHICH SEA LEVEL RISE 15 ACCURATE?

B.  WHAT 1S THE CURRENT LEVEL OF FUNDIN' .OR RESEARCH THAT 1§

STUDYING THE SEA LEVEL RISE?
C. VWHEN DO YOU ESTIMATE THAT THE RSS. ! PROGRAM WILL BEGIN TO

PROVIDE ACCURATE DATA ON THE RATE . JEA LEVE'. RISE?

C0c RESEARCH PROGRAH

6!

ONE OF THE WITHESSES PRESENTED TESTIMONY THAT THE DOE CO2 PROGRAM
"MAS BEEN TOO INTENT ON SHORT TERM GOALS." HE FURTHER STATED THAT
*DOE SUPPORT HAS BEEN TOO SMALL, TOO FOCUSSED AND TOO ‘MISSION
ORIENIED'. THE CO2-CL IMATE 1SSUE 1S A SCIENTIFIC, NOT AN
ENGINEERING PROBLEM AND THE DOE HAS NOT APPROACHED THE RESEARCH
CORRECTLY, "

WA, Does THE DOE £02 PROGRAY HAVE 5 AHD LD YEAR GOALS? PLEASE

EXPLAIN,
B. IS THE DOE CD2 PROGRAM TOO I41SSION ORIENTED?
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