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GREENHOUSE EFFECT AND GLOBAL CLIMATE
CHANGE

THURSDAY, JUNE 23, 1988

U.S. SENATE,
CoMMITTEE ON ENERGY AND NATURAL RESOURCES,
Washington, DC.
The committee met, pursuant to notice, at 2:10 p.m., in room SD-
366, Dirksen Senate Office Building, Hon. J. Bennett Johnston,
chairman, presiding.

OPENING STATEMENT OF HON. J. BENNETT JOHNSTON, U.S.
SENATOR FROM LOUISIANA

The CHAIRMAN. The hearing will come to order.

Last November, we had introductory hearings on the question of
global warming and the greenhouse effect. We listened with mix-
tures of disbelief and concern as Dr. Manabe told us that the ex-
pected result of the greenhouse effect was going to be a drying of
the southeast and midwest. Today as we experience 101° tempera-
tures in Washington, DC, and the soil moisture across the midwest
is ruining the soybean crops, the corn crops, the cotton crops, when
we're having emergency meetings of the Members of the Congress
in order to figure out how to deal with this emergency, then the
words of Dr. Manabe and other witnesses who told us about the
greenhouse effect are becoming not just concern, but alarm.

We have only one planet. If we screw it up, we have no place else
to go. The possibility, indeed, the fact of our mistreating this planet
by burning too much fossil fuels and putting too much CO; in the
atmosphere and thereby causing this greenhouse effect is now a
major concern of Members of the Congress and of people every-
where in this country.

The question is what do you do about it. Well, the first thing you
do about it is learn about 1it, what is happening, why is it happen-
ing, how serious is the problem. Then we must begin to address
this very serious problem. The leader in this problem on this com-
mittee has been Senator Tim Wirth from Colorado. Working with
him, we have included some $3 million in the energy and water ap-
propriation bill to begin our studies, and it is in this committee
where the lead investigations and hearings will be held.

It is safe to say that this problem is not going to go away. It is
not like a stock market crash which corrects itself in a matter of
weeks or months. The problem is going to only get worse. It is not
going to be easily correctable, and once we begin to find the solu-
tions, we know those solutions are going to be both expensive as we
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find alternate fuels and are going to involve massive international
efforts.

So, as we begin today, we are doing so with a consciousness that
this is not some esoteric study of little interest to the ordinary citi-
zen of the United States. This is not some economic study on some-
body’s theory. The greenhouse effect has ripened beyond theory
now. We know it is fact. What we don’t know is how quickly it will
come upon us as an emergency fact, how quickly it will ripen from
just simply a matter of deep concern to a matter of severe emer-
gency. And what we don’t know about it is how we're going to deal
with it and how we’re going to get the American people to under-
stand that perhaps this drought which we have today is not just an
accidental drought, not just the kind of periodic drought which we
have from time to time but is, in fact, the result of what man is
doing to this planet.

So, with that, I would like to turn the Chair over to Senator
Wirth who will be chairing these hearings and leading our commit-
tee on the subject of global warming. And I turn the Chair over to
him with our thanks for his leadership in this area.

[The prepared statement of Senator Johnston follows:]



STATEMENT OF THE HONORABLE J. BENNETT JOHNSTON

JUNE 23, 1988

I am pleased to welcome you to this afternoon’s hearing on the
Greenhouse Effect and policies for controlling global climate change.

-
Testimony presented last November, in hearings befor@thi's-
Committee, contained sobering predictions regarding the degree and pace
of global warming. Today’s Greenhouse hearings will elaborate on two '
particularly striking facts; the first is the rapidity with which the
problem of global climate change is entering the public and political
consciousness; and the second is the dramatic decrease in projected

time before the effects of climate change, sea level rise, and habitat

degradation begin to be felt.

The current drought situation teaches us how important climate is
to the nation’s social, economic, and physical well being. The United
States is currently mobilizing its political and financial resources to
grapple with the enormous agricultural devastation of the present dry
spell over the midwest and southeast portions of the United States.

The present drought graphically illustrates only a small portion of the
scenario which could transpire if global warming and climate change

predictions are accurate.

Taking the proper steps to control the degree and pace of global
warming will not be easy. The policy choices that will need to be made

involve critical political and economic decisions. These hearings



should spur us to once again examine the strong links between energy
policy and the greenhouse effect. The burning of fossil fuels is a
major contributor to the greenhouse effect. However, no one believes

that we can end our dependence on these fuels overnight.

Nevertheless, the United States must make a concerted effort to
increase its use of energy sources that emit relatively less carbon
dioxide and other trace gases. We must revive our nuclear industry by
developing a new generation of passively safe, economical nuclear
reactors. We must push even harder to adopt commercially available
energy efficiency measures and we must generously fund more research
and development efforts in this area. We must also proceed with
research that can lead to cost breakthroughs in fusion, solar, and

other renewable energy sources.

We must remember also, that the greenhouse effect is implicitly
linked to resource and environmental policy. The Montreal Protocol on
CFC emissions is an encouraging sign that we are working in the right
direction -- we must take all pogsible measures to ensure that this
unprecedented agreement is a success. Steps are already underway in
the Senate to encourage the United State to work toward strengthening
the Protocol’s phase-out of chlorofluorocarbons. Some have called for
a similar Protocol to address th? potentially more serious issue of
global climate change and warming. However, it is clear that an
international agreement to control CO2 and trace gas emissions will be

even more problematic.

I am looking forward to today’s hearings to provide somé‘insiéht
into the formidable task the Committee and, in fact, the nation, must
face. I hope to use today’s testimony as a focus for the discussion of
a Congressional agenda that addresses near-term global change policy

options.
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STATEMENT OF HON. TIMOTHY E. WIRTH, U.S. SENATOR FROM
COLORADO

Senator WIrTH [presiding]. Thank you very much. We greatly ap-
preciate your farsighted direction of the committee dating back a
long way when we first began to think about this, the hearings
that were held, and also your great help in assisting in getting
funding in this current appropriations cycle that I think will do a
lot to not only help the research that is going on, the collection of
the data that has to be done, the standardization of that data, and
beginning to get that information out to a variety of communities
in the country. We thank you very much for giving me this oppor-
tunity.

In the last week many of us have been seeing firsthand the ef-
fects of the drought that is occurring across the heart of the coun-
try. Meteorologists are already recording this as the worst drought
we have experienced since the Dust Bowl days of the 1930’s. The
most productive soils and some of the mightiest rivers on earth are
literally drying up. Let me cite just a few examples. Already more
than 50 percent of the northern plains’ wheat, barley and oats
have been destroyed, and the situation could get much worse. On
Tuesday, the Mississippi River sank to its lowest point since at
least 1872 when the U.S. Navy first began measurements. And in
my home State of Colorado, peak flows are among the lowest on
record, and reservoir levels are also alarmingly low.

We must begin to ask is this a harbinger of things to come. Is
this the first greenhouse stamp to leave its impression on our frag-
ile global environment? I understand that Dr. Hansen will provide
testimony this afternoon that points clearly in that direction.

The scientific community has done an outstanding job of compil-
ing and analyzing mountains of evidence about global climate
change. As I read it, the scientific evidence is compelling. The
global climate is changing as the earth’s atmosphere gets warmer.
Now the Congress must begin to consider how we are going to slow
or halt that warming trend, and how we're going to cope with the
changes that may already be inevitable.

In essence, this is an issue that has moved from the world of sci-
ence to the policy arena in the United States and throughout the
world. All of us must begin to face up to the fact that if we contin-
ue emitting vast quantities of the greenhouse gases, we're going to
face a global temperature rise larger than anything experienced in
human history.

The purpose of today’s hearings is to examine more closely the
prospects of a warmer world and the implications of such a world
for public policy. And as the drought conditions have clearly dem-
onstrated, those considerations stretch across the public policy
spectrum. The Energy Committee must move aggressively to exam-
ine how energy policy has contributed to the greenhouse effect and
the kinds of changes in energy policy that may be needed to re-
verse the trend of increased emissions of carbon dioxide, a key by-
product of the burning of fossil fuels.
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I hope that today’s outstanding witnesses will join the committee
in this process, and I know that we can count on your counsel in
the future. Today we have some of the finest researchers on the
issue of climatic change, but before introducing them, let me ask
my colleagues if they have opening remarks that they might like to
make.

[The prepared statement of Senator Wirth follows:]



Senator Tim Wirth

NEWS RELEASE

U.S. Senate « Washington, D.C. * 20510 FOR RELEASE:

SPELLMAN
' (202) 224-5852
STATEMENT OF THE HONORABLE TIMOTHY E. WIRTH

JUNE 23, 1988

I want to begin by thanking the Chairman of the Energy and
Natural Resources Committee, Senator Johnston, for his leadership on the
issue before the Committee today, global warming and the so-called
"greenhouse effect.® Senator Johnston's assistance in convening this
hearing, and the two days of hearings I chaired last fall, has been
instrumental in focusing this Committee's attention on these profoundly
important issues. I also would like to welcome Senator Chafee and
Senator Baucus, who have consistently demonstrated their leadership in

the effort to protect the global environment.

In the past week, many of us have been seeing first-hand the
effects‘of the drought that is occurring across the heart of this
country. Meterologists already are recoding this as the worst drought
this nation has experienced since the Dust Bowl days of the 1930s, The
most productive soils and some of the mightiest rivers on earth are
literally drying up. Let me just cite several examples. Already, more
than 50 per cent of the Northern Plains' wheat, barley, and oats have
been destroyed and the situation could get much worse. On Tuesday, the
Mississippi River sank to its lowest point since at least 1872, when the
U.S. Navy first began measurements. And in my home state of Colorado,
peak flows are among the lowest on record and reservoir levels are

alarmingly low.
MORE
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We must begin to ask: is this a harbinger of things to come? 1Is
this the first greenhouse stamp to leave its impression on our fragile
global environment? I understand that Dr, Hansen will provide testimony

today that points clearly in that direction.

The scientific community has done an outstanding job of compiling
and analyzipg mountains of evidence about global climate change., As I
read it, the scientific evidence is compelling: the global climate is
changing as the Earth's atmosphere gets warmer. Now, the Congress must
begin to consider how we are going to slow or halt that warming trend,
and how we are going to cope with the changes that may already be

inevitable.

In essence, this is an issue that has moved from the world of

science to the policy arena. All of us must begin to face up to the

" fact that if we continue emitting vast quantities of the greenhouse
gases, we are going to face a global temperature rise larger than

anything experienced in human history.

The purpose of today's hearing is to examine more closely the
prospects of a warmer world and the implications of such a world for
public policy. And as the drought conditions have clearly demonstrated,
those considerations stretch across the public policy spectrum. The
Energy Committee must move aggressively to examine how energy policy has
contributed to the the greenhouse effect, and the kinds of changes in
energy policy that may be needeé{to reverse the trend of increased
emissions of carbon dioxide, a by product to the burning of fossil

fuels, and 50 percent of the greenhouse problem.

MORE
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I hope that today's outstanding witnesses will join the committee
in this process and that we can count on their counsel again in the
future. Today, we have with us some of the nation's finest researchers
on the issue of climatic change. Michael Oppenheimer, Senior Scientist
at the Environmental Defense Fund and George Woodwell, Director of the

"Wood's Hole Research Institute, two of the three American participants
and major'contributors to the report we are examining today from the

Beijer Institute.

James Hansen, Director of the Goddard Institute for Space
Studies, whose climate data have shown that four of the warmest years on
record have occurred during this decade. Dr. Syukuro Manabe from the
National Oceanic and Atmospheric Administration and Daniel Dudek of the
Environmental Defense Fund, both of whom have done extensive work on the
implications of climate change for agricultural patterns. And Bill
Moomaw of the World Resources Institute, who has done extensive work on
the public policy responses that should be considered to address this

problem. We thank you all for coming.
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And now the news for July 4, 2030:

o The second hurricane of the year has
struck the Eust Coast. The 15-foot sea-
walls built 1o protect Baltimore, Phila-
delphia. New York and Basion held
ugainst 12-foot tides. bui a 25-foor
storm surge swept over the eastern tip of
Long Island, drowning 260 residents
who had refused to leave their homes
despite a federal evacuation order. The
toll of dead on Martha's Vineyard,
Nantucker und Cape Cod is estimated
at 50. The 310 fatalities are still far few-
er than the 5,600 people who drowned in
last month’s hurricane in south Florida.
o Tweniy-two inches of rain from the
hurricane flooded Washington, D.C..
breaking the heat wave that had
gripped the city for 62 straight days of
90°-plus remperatures. This fell short of
the record set eight years ago when 72
consecutive 90-plus days caused the
move of the nation’s capital 10 the cooler
environs of Marquerte, Mich.

© In Sepulveda, Calif.. neighbors ham-
merell an elderly widow to death when
they learned she had been secretly wa-
tering a pot of geraniums. A footnote to
this grim story: The woman's husband
had died of thirst during the California
droughr of 1998.

® Food riors broke out in France. where
vineyards and farmlands have wrned
arid amid the rising temperainres.

o Dust bowl conditions continue in the
Pluins Siates of the U.S., bui orange
production is up in Saskaichewan. In
eastern Siberia the outlook for a good
cotton harvest is pronvising.

o In Stowe. V1., botanists announced
the death of the last red spruce. The spe-
cies demise is blamed on a combina-
tion of stresses—acid rain, global

RECORDS OF PREVIOUS CLIMATIC CHANGES SUGGEST THAT EVEN A SMALL

F THIS RLADS LIKL A NEWSCAST
from Sarurday Night Live. it
isn’t. This report has been ex-
trapolated from carefully con-
sidered forecasts for cur plan-

warming and ull iole d

e In baseball. the Anchorage Braves
bear the New York Mets 5-3. In Los
Angeles, the Dodgers’ game against the
Calgary Gians, scheduled for the usual
5:30 a.m. start. was posiponed because
of dusi storms.

o And now the weather. Afier leaving a
swarh of desiruction in its wake along
the Eust Coast. Hurricane Bruce is ex-
pected to move out to sea during the
night. In the Midwest, Southwest and
West, di remain normal- -
ing heat, drought and dangerous levels
of uliravioler radiation.

et by a wide variety of scien-
tists as we spin loward Lhe 2Ist century.

Pollutants are saturating our atmo-
sphere. Acid rain. which already has
had a devastating impact on parts of
eastern North America. central Eu-
rope and southern Scandinavia. is one
manifestation of this pollution, but its
effects tend 10 be regional. Two similar
and interrelated poltutant threats loom
even larger. and they may soon affect
life on a global scale. Both have the
potential of wreaking catastrophic
change on the carth’s climale—and
on life.

The first of these threats is the poliu-
tion caused by the release of chloroflu-
orocarbons into the atmosphere. These
man-made chemical compounds—
more commonly called CFCs—are
used as refrigerants and coolants and
in the manufacture of everything from
pillows 10 polystyrene boxes for fast
food. Ever since their invention not
quile 60 years ago. CFCs have been
rising into the stratosphere. When they
hit the protective cover known as the
ozone layer—10 to 20 miles up—they
raise hell because their chlorine com-
ponent devours the molecules that
form the thin ozone shell. As that layer
1s depleted. stronger and stronger
doses of ultraviolet (UV} radiation
from the sun are able 10 penetrate to
the earth’s surface. Skin diseases and
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RISI AN GLOBAL TEMPERATURES COUL D HAVE ENORMOUS RE PERCUSSIONS

plant destruction are only the begin-
ning of the troubles that excessive UV
radialion can cause.

The other major threat is caused by
the continuing buildup of carbon diox-
ide. nitrous oxide and trace gases. in-
cluding CFCs. in the aimosphere. In
the 150 or so years since the industrial
revolution. man'’s activities have enor-
mously increased the atmospheric
concentrations of these gases. The rap-
idly expanding use of fossil fuels and
the vast destriiction of the earth’s for-
ests have combined to creale a great
effusion of these socalled greenhouse
gases. They are given that name be-
cause when they rise into the atmo-
sphere. they form a kind of blanket in
the sky that lets in solar heat but pre-
vents heal from escaping the earth’s

atmosphere  much hike a grant green-
house  The resulting rise mw uir tem-
peratures could create havoe

This 15 not the st of the far-off fu-
tre. either To the alarm of many sci-
entists. a seasonal hole has begun w
appear in the wone layer above the
Antarctic When a significant drop in
the osone level was first recorded m
1978, the scientists who made the ob-
servations didn’t pay much atlention
1 their own data because no one had
foreseen the possibility of such a thing
Untike the ozone hole. the greenhouse
effect was something scientists had an-
ticipated. but it is developing faster
than expected. In fact. Dr. James Han-
sen of the NASA Goddard Institute for
Space Studies in New York flatly savs
that within 10 1 1S years the earth

will be warmer |l
100.000 years Clearly. changesare un-
der wiay Whether they will be muler-
ate or catstrophie depends on how
man responds

10 L has been n

CFCs were mnvented m 1930 by the
late Thomas Maidples . whao left anather
dubious legacy. tetrethyl lead for
oline. Midgley came up with CE(s
when the Frigidaire disvision of Gener -
al Motors asked bim w tind o safe re-
placement for the tonie ammoni then
used in refngerators When Midgley's
discor was placed on the market. i
was quickly haited as o pur
pound. and similr substances were
created and adapted for a wide sanery
of industi appheations Besides ser -
mg as refrigerants. CI-Cs came 1o be
used as foaming agents. blowing and
cleaning agents and as propellaints 1n
aerosal sprays Now they are Iiteralty
all over the place The major mdustry
trade group. called the Alhance for
Responsible CFC Polics. notes that
chlorofluorocarbon refrigerants are
used tocoal 757 of the food consumed
inthe US as well as o aar condivon-
ing in residential. mdustnal and auto-
motive apphications. They are used as
solvents toclean microchips and print-
ed aireunt boards and are mined with
ethylene onde to produce i nontlam-
mable gas that stenlizes hospital and
pharmaceutical equpment The same
gas blend s also used as a fumigant

cle vom-

and pesticide in grimaries. warehouses
and ships’ cargo holds CHCs are used
extensinely i the production of plastic
foams that insulate buldings. pipe-
Iines. storage 1anks. taslroad cars and
trucks. likewise the foams in pillows,
cushions, matiresses and the padded
dashbaards of cass, in egg cartons and
in containers and cups for hot foods
and beverages When CFCs escape
from discarded air conditoners and
refrigerators. or when a bulldoser in
the town dump crunches a discarded
foam pilow or old mauress. the sub-
stances containing the CFCs are bro-
ken down. and the chiorofluorocar-
bons enter the atmusphere w do their
dirty work in the ozone kayer

The must outspoken scientist on
asone depletion is a chemist named
Sherwood Rowhind, After receiving o

PHOTOGRAPHS BY RYSZARD HOROWITZ

81
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Ph.D. at the University of Chicago.
Rowland. now 60. earned an interna-
tional reputatian in radiation chemis-
try. In 1964 he became chairman of
the chemistry depariment at the Uni-
versity of California at trvine. When
he attended an Atomic Energy Com-
mission meetng on almaspheric re-
search in Fort Lauderdale in 1972, he
was casting about for new fields to ex-
plore. At the AEC conference Row-
land learned that James Lovelock. the
unorthodox British scientist best
known today as the father of the Gaia
hypothesis—that all life on earth
should be considered a single living en-
(ily—was going to report in the journal
Nature that he had measured CFC lev-
els in the lower atmosphere. In his pa-
per. Lovelock suggested that CFCs
might be used as atmospheric tracers.
but he pronounced them “no conceiv-

stratosphere, though, UV r
compuses them and releases chlorine
atoms. This. in wurn. triggers a catalyt-
iv chain reaction in which a single
chlurine stom can destroy hundreds of
thousands of maolecules in the osone
layer before it exentudly falls hack to
eurth

Osone is constantly created by the

action of sunlight on ovygen male-
cules. but over time chlorine atoms
from relatively few decomposed CFCs
can destroy more stratospheric ozone
thin the sun can create The ozone lay-
er s shifting and amorphous Itis thim-
nest and reaches its mavimum altiude
in the high stratosphere over the trop-
ics. which is where most of the ozone is
produced The layer is a1 its fowest
over the poles.

Rowland and Molina pointed out in

their 1974 report that almost all the
CFCs that had been refeased since the
19305 were sull in the lower atmo-
sphere, and thus the eflect on the
ozone layer could be expected W inten-
sify in the future Last May, Rowland
tald a joint hearing of the Senate Sub-
committee on Environmental Pollu-
tion and the Senate Subcommittee on
Hazardous Wasles and Toxic Sub-
stances that certain CFC com-
pounds—aotably CFC-11. CFC-12
and CFC-113—have lifetimes in the
lower atmosphere that range from 75
10 120 years. “A 120-year average life-
time, without any inlervening major
changes in the atmosphere. means that
... even withoul any further emission
of [CFC-12|—and releases are occur-
ring daily all over the world sufficient
o average about 400 kilotons annual-

able hazard.” Rowland was intrigued
by the report. he had done research on
fluorine. which is one of the compo-
nents of chlorofluorocarbons, as well
as in photochemistry (the action of
light on chemicals), and he thought it
might be interesting to study the even-
tual fate of CFCs in the atmosphere.

When Rowland began his investiga-
tion at UC Irvine in October 1973. the
annual production of CFCs in the US.
was on the order of 850 million
pounds. DuPont. which sold them un-
der the trade name Freon. was the ma-
Jjor domestic manufacturer. Rowland
did his initial research with Mario Mo-
{ina. a postdoctoral student who had
just recetved his Ph.D. from Berkeley.
By December of that year the two sci-
entists had completed their research.
and in June 1974 they published a pa-
per in Nature. The results of their re-
search were startling. but as Rowland
says. “There was no moment when 1
yelled “Eureka! I just came home one
night and told my wife. "The work is
going very well. but it looks like the
end of the world.”

Briefly put. Rowland and Molina
reported that CFCs were being added
to the environment in steadily increas-
ing amounts. that they aren't de-
stroyed in the troposphere (the tower
atmosphere) and that they survive for
many decades. slowly drifting up into
the stratosphere. Once CFCs reach the

- e m———— )

DEFORESTATION AND THE USE

OF FOSSIl. FUELS HAVE CAUSED A HUGE



Is appreciable concentrations
will survive in the atmosphere for the
neatseverial centuries

But the publication of the Rowkind-
Muolina report was just the beginning
of the battle agamst CFCs The Gon-
erning Council of the United Nations
I mvironment Progeimme convened a
panel of experts W examme the prob.
lem in 1977, The following year. Cuana-
da. Sweden and the US. banned the
use of CFCs in aerosol sprays (but only
a few other countries have followed
suit and CFCs from aerosol sprays still
accaunt for about 1547 of the global to-
wl according 1w the Environmental
Defense Fund). 1n March 1985, after
cight years of vontinued UN-spon-
sared meetings. the US. and 20 other
countries signed what is now known as
the Vienna Convention for the Protec-

14

ton of the Ozone Tayer the comen-

o cabled for interational coopurs

Lo i tesearch and moastormg Tealsa
provided (o the adoption of intera-
vonih protocols w et the emission
of ozone-depleting substances shoukd
Richard

a career diplomat who was

such measines be

LSS Y
Benedick
the American depuly cssstant sec

tary of state for cavironment health
and natural resoutees, sigined the docu-
meat for the US calling i land-
mark event U was the list ume that
the internationat communiy acted in
ConCert on in ensirnmental issue be-
fore there was substantial damage
the envionient and health
Twomonths Later.m May 1985, Ny-
freve pubhished alasnung new imforma-
von about CECs This paper swas wiit-
ten by Dr Joe |arman. an atmosphet -

oscientist with the British Antaretic
Survey. which had been routinely mea-
suring the azone ktyer above the Ant-
arctic siee 1957 Heand others eaxam-
ined the duta and saw thal in recent

scans the ozane fevels in September
and October (the Antarctic spring)
had fullen considerably.

Ihe Botsh mcasurements  came
(rom ground-based observations. and
the wary Farmiun wondered if NASA
satellites had recorded the phenome-
non flom space AL it it appeared
that they had not However. further
checks o NASA computer data re-
sealed that the hole in the ozone layer
wits upparent as early as October
1978 the first year in which such sat-
clhite comparisons coutd e made —
and had  reappeared ch year at
1oughly the same time. The Farman
paper ted that the ozone drop

INCREASE OF CARBON DIOXIDE. PROMOTING

EHE GREENHOUSL EFFECE,

might be tied (o CFCs. But other scien-
tists thought the unique weather dy-
namicy above Antarctica were a more
important  factor. In August 1986,
Dr Susan Solomon. an atmaospheric
chemist with the National Oceuanic
und Atmospheric Administration, led
i team of scientists o the Antarclic Lo
siudy the hote. AL its maximum, it was
the size of the US. The scientists also
noticed that some ozone depletion ex-
tended as far notth as Tierra del Fuego
and Patagonia This past August four
more teams traveled to Antarctica o
make {urther observations. Although
suientnty e sull gowg over their data,
there now seems (o be general agree-
ment that the ozone hole 1s caused pri-
marily by chlotine from CFCs.

Depletion of the osone layer in-
vreases the amount of uliraviolet radi-
ation reaching the curth, and the po-
tentiad effects on human health are
considerable First. there's skin cancer.
It is the most common form of cancer
in this country, with an estimated
500.000 cases discovered each year. A
study published by the Environmental
Defense Fund projects that by 2025
there will be an additional 1.4 million
incidences of skin cancer over (he pre-
sent rate i nothing is done 10 controt
osone depletion.

Cataracts are another threat posed
by efevited UV levels. So is alteration
af the immune system  Research on

83
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the effects of UV radiation on the im-
muite syslem has been done using mice
as subjects. According Lo congre:
testimony by Dr. Margaret L. Kiiphe.
chairman of the department of immu-
nology at the University of Texas.
“There is vconsiderable evidence that
the UV rays damage a type of immune
cell found in the skin, the Langerhans
cell.and that this damage feads o acti-
vation of suppressor lymphocyies, in-
stead of the appropriate immune re-
sponse. Thus, although the initial dam-
age is localized to the area of skin
expused 10 the UV radiation. the re-
sulting immunological suppression is
systemic. because the suppressor

cells circulate throughout the body.™

Notonly mankind is at risk. Experi-
ments with marine organisms have
shown that UV radiation can damage
animals in the marine food chain. The
potential for damage 1w vegetation is
alse high De Afan Teramura, a pro-
fessor of physiotogical ecology at the
University of Maryland, reports that
although some planis may adapt 0
UV radiation. many are adversely af-
fected by increased levels. In tests.
higher levels of UV mdiation caused
plant stunting. reduction in leaf area
and reduced physivlogical vigor—the
latter rendering them more vulnerable
1o pests and disease. 1n a six-year study

of soybeans. UV radation was in-
creased Lo simulate a 259 reduction in
the ozone tayer: the result was a 20 10
25 Yoss in yields.

“Unlike drought or other geo-
graphically restricted stresses. in-
creases in UV would affect all areas of
the world simultanecousty.” Teramura
says. “Even small reductions in crop
yield on a global basis could lead to

iderable economic
Almost alt knowledge of the cﬁeus of
UV on plants comes (rom studies of
cultivated crops. but these account for
less than 1097 of the world’s vegela-
tion. We have little or no information
on the effects on the other 90—
the forests. grasslunds and shrub

\

,,'

OZON[‘DEPL!:T[ON

A.vllle ozoneis de.wmyed by CFCs
polliitants, more of the harmful
1t madmour planet’s s surface.
v

lands. Tn fact. there is much we
don’t now know about the extent
of the damage that may be done
by CFCs rising into the sky, be-
cause nothing like it has ever
happened before Bul when it
comes Lo massive changes in cli-
male. there are some o ecedents
that may give us signs uf what to
expect.

Over the fast 2,000 years. the
carth has undergone 180 major
changesin climate The first was
a warm period known to scien-
tists as the medieval warm ep-
och: it occurred between the
years 800 and 1250, when aver-
age global temperatures were
about the same as they are now.
Cenain areas, however, were
distinctly warmer. During that
time barley and oats were grown
in Iceland and vineyards flour-
ished in England. where sea lev-
els were gradually rising. In Bel-
gium the rising sea made Bruges,
now some 15 miles inland. a
seaport.

Around 985, the Vikings be-
gan to colonize Greenland,
which had been discovered by
Eric the Red. But by the end of
the 13th century Arctic sea ice
had spread through Greenland's
waters and had become such a
navigational hazard that the col-
onies died out.

The medieval warm epoch
was soon followed by the Little
Ice Age. which lasted from
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about 1550 to 1850, during which the
global climate was generalty about 1°C
(2F) cooler than now. In India. the
monsoons often failed to arrive,
prompting the abandonment in 1588
of the great city of Fatehpur Sikri be-
cause of lack of water. The Thames
froze over several times in the late
1500s. Year-round snow. now absent.
covered the high mountains of Ethio-
pia. The vineyards of northern France
died off.

Some scientists who have studied
the carth’s climatic cycles believe that
around 1700, when the Little Ice Age
began its gradual decline, the earth
swung into a period of 1.000 years of
natural warming. This

idea took on sturtling new significance
in 1958 when Charles D. Keeling. a
chemist and professor of oceanogra-
phy at the Scripps Institution of
Oveanography. began measusing at-
maspheric carbon dioxide on Mauna
Laa in Hawail nee Keeling's mea-
surements began. the concentristion of
the gas has increased every year. It
jumped from 315 parts per miltion
{ppm)in 1958 1o 349 in 1987—a 25
increase from the levels that are
thought to have been present before
the industrial age. The increase is al-
tributable 1 a combination of the
burning of fossil fuels and the destruc-
tion of forests. which serve as reser-

vairs of cubon A forest stores about
100 tons of varbon pera and in the
fust 40 years 10 is estimated that as
mich as il the world's forests have
been destroved  Given current emis-
sion lesels, the atmosphere concentra-
tion of carbon dionide 1 espected o
resch about 220 pp by (he vear 2030
Two other greenhouse pases. CFCs
and nitrous ovide. are double wham-
mies: They wre involved 1n the deple-
tion of the ozone layer tin 1the case of
nitrous oxide this 15 true only when the
gas mines in the atmosphere witl
CFCs or carbon dunide) snd they ab-
sorb heatl. Measured in the range of
parts per trillion. CIFC concentrations

e,

forecast. however, does
not take into account
the effect of unnatural
agents. suich as the in-
creasing concentrations
of carbon dioxide, ni-
trous oxide and other
greenhouse gases in the
atmosphere.

What's happening is
this. Light from the sun
passes through these
transparent gases to the
earth, where the short-
wave radiation (light)
becomes long-wave ra-
diation (heat). The heat
rises from the earth and
ordinarily would escape
into space. However,
greenhouse gases absorb
the long-wave radiation.
Thus, the more these
gases accumulate in the
atmosphere, the more
heat they absorb. and
the warmer the earth be-
comes. In time, the plan-
et will come to be like
a greenhouse—or a car
parked with its windows
upon a sunny day.

The theory that in-
creasing levels of carbon
dioxide could cause this
greenhouse effect was
first advanced in 1896 by
a Swedish physicist and
chemist named Svante
Arrhenius. However, the
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ht seem insignifi 1. but they are
eatraordinarily effective heat absorb-
ers. One motecule of CFC-11 or CFC-
12 can tap as much heat as 10,000
molecutes of carbon dioxide And CIFC
levels are increasing al the mte of $ 10
7. per year.

sround-levet vzone also qualifies as
seenhouse gas. 1t is furmed by the
acton of sunlight on nitrogen oxide
and hydrocarbon pollutants emitled
primarity by cars and trucks. We call it
smog. Ovzone has a split personality
Swatospheric ozone protects life by
shielding the earth from harmful UV
radiation: ground-level osone is Loxic.
'+ the U.S. alone, according to a study
wle by the Environmental Defense

. wnd, ozone pollution is responsible
for annual losses of as much as S2 bil-
lion in wheal. corn. soybeans and cot-
wn. Ozone produced on carth cannot
be used 1o replenish the ozone layer in
the stratosphere because it has a limit-
ed life span before combining into
vther chemical substances. Therefore

Joesn’t last fong enough to accumu-

¢ in amounts significant enough
«t replace whal's being lost in the
stratosphere.

In the last 100 years. the global
mean temperature has gone up by
about 0.5°C. Even if all emissions of
greenhouse gases were cut off 10day.
past emissions already make another
0 3°C increase likely by 2050. Accord-

* 1o computer model estimates done

Dr. Veerabhadran Ramanathan. an
.imospheric scientist at the University
of Chicago. the global average surface
temperature could increase by a total
of as much as 4.5°C in the next 40
vears. based on current levels of green-
house gas emissions. Thal would make
the earth almost as hot as it was during
iire Cretaceous period. the age of the

wsaurs. 100 million years ago. Mind

u. that is the global average. The
ziealest increase in lemperatures
will accur from the mid-latitudes 10
the poles. where winterume aserages
<owid be 10°C higher than now.

Hansen, of NASA's Goddard Cen-
ter. uses a climate model that predicts
4 lemperature increase averaging 1° 10
> Cinthe US. by the middle of the 2lst

atury. He also has created a comput-

maodel that predicts temperature in-

creases for a number of US. cities. By
around 2050—give or take a couple of
decades because the role of the oceans
is not yet predictable and could de-
lay the warming eflect—Washington,
D.C.. which according to Hansen's
mode! has about 36 days a year when
the temperature exceeds 90°F. will
have 87 such days: Omaha. with 37
days over 90° now, wifl have 86; New
York, with 15 now. will ha: ¢ 48; Chi-
cago. with 16 now, will have 56: Den-
ver, with 33. will have 86; Los Angeles.
with 5, will have 27; Memphis, with 65,
will have 145; Dallas. which has 100,
will have 162. Hansen's model similar-
ly shows an increase in 100°F days:
Washington goes from 1 a year to 12;
Omaha from 310 21: New York from ¢
10 4; Chicago from 0 to 6; Denver from
01to 16: Los Angeles from 1 to 4;: Mem-
phis from 4 to 42: and Dallas from 19
1078,

“Other discussions of the practical
impacts of greenhouse warming have
focused on possible indirect effects
such as changes of sea level, storm fre-
quency and drought.,” Hansen says.
“We believe Lhat the temperature

h th will sub: ially
modify the environment and have a
major impact on the quality of life in
some regions. . . . However, the green-
house issue is not likely to receive the
full attention it deserves until the glob-
al temperature rises above the level of
the present natural climate variability.
If our model is approximatety correct.
that time may be soon—within the
next decade.”

Dr. Wallace Broecker, a geochemist
at the Lamont-Doherty Geological
Observatory of Columbia University,
thinks the situation may be even worse
than indicated by models. with their
supposition of a gradual warming over
a considerable period of time. “The
earth’s climate doesn’t respond in a
smooth and gradual way,” he says.
“Rather. it responds in sharp jumps.
These jumps appear to involve large-
scale reorganizations of earth systems.
If this reading of the natural record is
correct, then we must consider the pos-
sibility that the major responses of the
earth system to our greenhouse provo-
cation will also occur in jumps whose
timing and magnitude are uneven and

unpredictable. Coping with this type of
change is clearly a far mare serious
matter than coping with a gradual,
steady warming.™

These models are far from perfect—
none of them was able 10 predict the
asone hole over the Antarctic, for ex-
ample—but. for now. they're our best
source of information about changes
we can expect 10 see by the year 2050.
The view is not pretty.

Climale modeling done by Dr. Syu-
kuro N an heric scient
at the National Oceanic and Atmo-
spheric Administration Geophysical
Fluid Dynamics Laboralory in Prince-
ton. N.J.. led him to teslify before a
congressional commitiee in 1985 that
“winters in Siberia and Canada will be
less severe. Because of the penetration
of warm, moisture-rich air inlo the
high latitudes. a doubling of atmo-
spheric carbon dioxide or the equiva-
fent might increase the rate of river
runoff in northern Canada and Siberia
by 20 to 40 percent. Our climate model
also indicates that in response to the
increased greenhouse gases. summer
drought will become more frequent
over the middle continental regions of
North America and the Eurasian con-
tinent. For example. the model-pro-
duced summer drought is character-
tzed by dry soil. reduced cloud cover
and higher surface temperature, which
resemble the situation during the dust
bowl of the 1930s.™

A study by the National Academy
of Sciences suggests that water volume
in northern California rivers and in
the Colorado River will decline by as
much as 60%. This would leave much
of the West without water. Southern
California would run dry and be sub-
Jjected to an increased incidence of fire,
as would forests throughout much of
the West and upper Midwest.

Within the past 100 years. tide
gauges on the Atlantic Coast of the
US. have documented a 30-centime-
ter. or one-foot. risc in sea tevel. Glob-
ally. the average is about five inches.
Models predict that the level wilt have
risen by another foot in low-lying
coastal regions of the U.S. in 2030. and
by as much as three feet in 2100. Ac-
cording 1o Dr. Steven P. Leatherman,
director of the Laboratory for Coastal
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Research at the University
of Maryland. at teast part of
the present sea-level rise on
the East Coast is caused by
(he natural compacting and
subsidence of coastal sedi-
ment. But at Jeast 4.5 inches
of the rise has been caused
by the expansion of warmer
ocean surface walers and
the meling of mountain
glaciers, triggered in part by
the 0.5°C increase in global
temperature registered dur-
ing the last century.
“Sea-level rise will pro-
mote increased coastal ero-
sion,” Lealherman says.
~Already approximately 80
percent of our sandy coast-
lines is eroding. ... Artifi-
cial nourishment is being
used (o restore beaches, but
the costs are high.” Accord-
ing to one study that will
soon be published. the cost
of maintaining East and
Gulf Coast beaches will run
anywhere from $10 10 $100
billion. A series of aerial
photlographs taken since
1938, for i shows

uv

RADIATION CAUSES SKIN CANCER AND MAY SUPPRESS THE IMMUNE SYSTEM.

that the Blackwater Na-

tional Wildlife Refuge on the eastern
shore of the Chesapeake Bay. one of
the most important East Coast water-
fowl sanctuaries, is in a state of
disintegration because of rising sea lev-
el. Human activity can hasten such
destruction.

Some of the other threats posed by a
one- to three-fool rise in sea level in-
clude increased salinity of drinking
water: saline intrusion into river deltas
and estuaries. which would imperil
fisheries: the inundation of wetlands,
cypress swamps and adjacent low-
lands: increased flooding in populated
areas. which would necessitate the
building of costly flood protection sys-
1ems, such as sea walls; the disappear-
ance of beaches all over the world.

Then there are these further dire
possibilities:

# Studies by meteorologist Kerry
Emanuel at MIT indicate that more
severe hurricanes are likely because of
warmer oceans. Such storms could in-

crease in ferocity by as much as 604
over current maximums
e Radical change in the Antarctic ice
sheel could have severe consequences
Antarctica has 914/ of the world’s ice
wnly 19 is locked up in mountain gla-
ciers) If the Antarcue e sheets were
Lo melt completely. the global sea level
would rise 15 to 20 feet No one ex-
pects that to happen. Al currently pro-
jected rates. the greenhouse effect and
global warming are not expected 10
have a major impact on the Antarctic
ice sheet for several centuries. But no
one predicted holes in the vzone fayer.
and as Dr. Stanley S. Jacobs. a senior
stafl associate at Lamont-Doherty.
said in a recent article in Oceunus
magavine: "Anlarctica may be a wild
card in the deck. bul who can say the
deck is not stacked. with Nature set-
ting up the sting?”

Couple all the greenhouse effects
with increased ultraviolel radiation.
and we have wrilten the prescription

for disaster —ecological.  economical
and political

It is fudicrous to assume that we
could rapidly adapt to such changes.
“Infrastructures of saciety. such as wa-
ter supplies. transportation networks.
and land use pauerns have evohed
over centuries in response o prevailing
¢limate.” says Dr Gordon J MacDon-
ald. a former professor of geophysics al
Dartmouth who's now vice-president
and chief scientist of the Mitre Corpo-
ration. a nonprofit research organiza-
tion “Significant changes in climate
over decades will exert profound dis-
ruptive forces on the balance of infra-
structures.”

MacDonald is talking about in
structures Lthat are already in pl
But corporations and governments
throughout the world are now making
hig decisions about long-term projects
that involve coastal development.
massive land use. irrigation. hydro-
electric power. oil exploration. natural




RISING SEA LEVELS COULD ADVERSELY AFFECT PORTS LIKE LONDON.

gas. etc. Nearly all of these decisions
are being based on the notion that the
climate of the recent past will continue
into the future. This is no longer a safe
assumption. In October 1985 the
World Meteorological Organization.
the International Council of Scientific
Unions and the United Nations Envi-
ronment Programme convened a con-
ference in Villach. Austria. a1 which
more than 80 scientists from 16 coun-
tries assessed the climatic changes that
could be brought about by the accumu-
lation of greenhouse gases. The scien-
tists concluded that using the climate
of the recent past to plan for the future
“is no longer a good assumplion since
the increasing concentrations of green-
house gases are expected to cause a sig-

nificant warming of the global climate
in the next century. [tis a matter of ur-
gency o refine estimates of the future
climate conditions o improve these
decisions.”

Dr. Michael Oppenheimer. a former
Harvard astrophysicist who is now se-
nior atmospheric scientist with the En-
vironmental Defense Fund. puts it this
way. “We're flying blind into a highly
uncertain future. These changes are
going to affect every human being and
every ecosystem on the face of the
earth. and we only have a glimmer of
what these changes will be. The atmo-
sphere is supposed (o do two things for
us: maintain a constant chemical cli-
mate of oxygen. nitrogen and water
vapor. and help mainaain the radiation

bafance--for example. by keeping out
excess UV, The unthinkable is that
we're distorting this atmospheric bal-
ance. We're shifting the chemical bal-
ance so that we havé more poisons in
the atmosphere-—ozone and acid rain
on ground [fevel—while were also
changing the thermal climate of the
earth through the greenhouse effect
and—get this—simultaneously caus-
ing destruction of our primary filter of
ultraviolet light. Its incredible. Talk
about the national-debt crisis—we're
piling up debts in the atmosphere, and
the piper will want 1o be paid.”

The fate of the earth rests on politi-
cal decisions. which doesn’t necessar-
ily make it hopeless Until recently.
the Reagan Administration has done
tittle w0 deal with the crisis of atmo-
spheric pollution. When the issue has
been addressed. it has been largely at
the prodding of individual legislators:
in the Senate by Republicans John
Chafee of Rhode Island. Robert Staf-
ford of Vermont and Dave Durenber-
ger of Minnesota. and Democrats
Max Baucus of Montana and George
Mitchell of Maine. all members of
the Environment and Public Works
Committee.

Albert Gore. the Tennessee Demo-
¢rat who's now a senator. led hearings
on the greenhouse effect while he was
in the House in 1981. and he’s the first
current presidential candidate to raise
the issue. Indeed. Gore's willingness to
discuss this politically unpopular sub-
ject prompted columnist George Will
to chide him for “a consuming interest
in issues thatare. in the eyes of the elec-
torate. not even peripheral.” But as
Chafee says, “This is nol a maiter of
Chicken Little telling us the sky is fall-
ing. The scientific evidence is telling us
we have a problem. a serious prablem.™

Fortunately. it’s still possible 10
ameliorate the damage. Here's what
we must do:
® Reduce production of CFCs by 956
worldwide within the next six io eight
vears. Chafee and Baucus have intro-
duced bills calling for such a reduction.
Last winter Chafee told CFC manu-
facturers. “If the six- lo cight-year
phase-out in our bills is unrealistic. tell
us how much time you need and show
us how you will use that lime. We are
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SOME PREDICTED CHANGES: WARMING IN

SIBERIA AND DROUGHT IN CALIFORNIA.

national  protocol. Sec-
ond. you have to have
an equally intensive
and imaginative proto-
<ol that calls for refor-
estation so as (o slore
one hillion lons of car-
bon annually. A million
square kilometers is 600
nules by 600 miles. and
we will probably have to
reforest on the order of
four million square kilo-
melers per year over
goad land o do the job.”
® Establish a  national
institute devoted 10 basic
environmentul research.
Says Oppenheimer: “We
need a national commit-
ment comparable to the
Manhatian Project. not
only so we can under-
stand what the conse-
quences of global change
are for man. but so thag
we can be in the fore-

S——

open 1o suggestions. but the burden
is on you 1 juslify a longer time
frame. . .. Undoubtedly there will be
weslimony (hatl we cannot ratchel
down on production of CFCs 100 swifl-
Iy Itis well to recall that the ban on
aerosols in the U.S. caused production
of CFCs for aerosols 1o drop w less
than 25 nullion pounds six years
later. And our countrs survived [ am
not cominced that American or any
other producers have a constitutional
right to continue to produce products
that cause permanent harm to our
waorld. 1o our citizens.”

In September the US. and 23 other
countries signed a treaty calling for a
50¢¢ cut in CFC production by mid-
1999. but the new findings from the
Antarctic demonstrate that the cut is
neither big enough nor fast enough
“We've got 1o beal the clock.” says
Rafe Pomerance. a policy analyst who
has been following the ozone problem
for the World Resources Institute in
Washinglon. D.C.. for the past two
years. “If the data from the Antarctic
continues 1o build over the next few
months. we may have to reconvene
and strengthen the treaty.”

@ Reduce dependence on fossil fuels.
“We should focus on incremental steps
that limit our dependence on coal and
wil.” Oppenheimer says. “Let's focus
on the doable. No. |. conservation.
The US. still uses twice as much ener-
gy per capia as the European nations
We're wasting money. we're wasting
energy. and we're producing Wwo much
carbon dionide because of our overde-
peadence on fossil luels.”

Reliance on these fuels can also be
reduced through greater use of nonpol-
luting alternalive sources of energy.
Solar power is 2 prime example. but
the U.S. seems Lo have given up leader-
ship in photovoliaic research. and the
Japanese are now forging ahead. Pho-
tovoliaic technology promises to deliv-
er energy al a reasonable price without
producing carbon dioxide.

o llalt deforestation. “You have 10 do
o things.” says Dr. George M.
Woodwell, former president of the
Ecological Society of America and
now director of the Woods Hole
{Mass ) Research Center. “First, you
have to stop deforestation around the
world, not just in the tropics. and you
have 10 do it on the basis of an inter-

front of the development
of alternative energy sources that will
help limit this problem. | envision a
multibillion dollar scientific effort. It's
as importans as national defense. 1t is
the national defense If we do nothing
watting for the atmosphere to change
and for unpleasant consequences L0 oc-
cur, it will be o late for us 10 avoid
disruptive and devastating changes.”
® Discontinune busic environmental re-
search by or funded by EPA and the
Department of Energy. These agencies
are unreliable because they are heavily
influenced by political pressures. Last
January. Broecker blunily told the
Senate Subce ittec on En
1al Protection. I believe that most sci-
entists would agree with me that the
handling of rescarch on greenhouse
gases by DOE [the Department of En-
ergyl and on acid rain by EPA has
been a disaster.”

Will the world act in time? As Row-
land. who won eight varsity teuters in
basketball and baseball at Ohio Wes-
leyan and the University of Chicago,
puts it. “The key thing about baseball
is. there is always next year. anather
season. The question for the earth now
is. will there be a next year™™ .
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Living in a Greenhouse

AST YEAR was, worldwide, the warmest on

record. The four warmest years in modern

history all fall in the 1980s. There's a good
deal of uncertainty about the rate at which this
planet is getting hotter, but there’s no doubt about
the direction of the trend, or the reason for it.

The ingenious inhabitants of this world have
brought themselves to a level of industrial devel-
opment that is changing the climate. The chief
cause is the gigantic volume of carbon dioxide
that they generate by burning all the familiar
fuels, but there are other gases that also make
important contributions to the temperature. They
are building up into a chemical blanket through
which the very high frequency radiation from the
sun passes easily, but which traps the heat that
the Earth would radiate back at lower frequencies
into space. That’s the greenhouse effect—the
chemical blanket has the same effect as a sheet of
glass—and the speed with which it changes
climates will depend on -the world's ability to
reduce the emissions that are feeding it.

Temperatures worldwide have swung up and
down sharply over the centuries for entirely
natural reasons. In recent history the world got
colder in the 17th century, on the whole an
unpleasant time to live, and hit a low point early
in the 18th. It grew warmer for a century, then

dipped again in the early 19th century and since
then, in an irregular and unpredictable pattern,
has been getting warmer. In recent years man-
made emissions of insulating gases have appar-
ently begun to overwhelm whatever natural
process might be at work. The present changes in
the world’s average temperatures are measured
in tenths of a degree Centigrade per decade, but a
few ténths of a degree is enough to affect the
climate perceptibly. The warming since the last
Ice Age may have been no more than 5 degrees,
and in the past two centuries, geologists have
seen glaciers advance and retreat in response to
variations of a fraction of a degree.

A prolonged” warming trend would mean a
rising sea level, changes in patterns of precipita-

tion and perhaps even changes in vegetation. :

With the retum of summer, perhaps it’s a good
moment to ask how far this process of unintended
change will be allowed to run.

Congress has asked the Environmental Protec-
tion Agency for two reports, one describing the
greenhouse effects now unfolding and the other
on the possibilities of restraining and stabilizing
the accumulation of greenhouse gases. The re-
ports are to be published at the end of the

year, just in time for the arrival of the next

administration,
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Clunnte Experts Ask
If Dmught Presages

‘Greenhouse World’

By WALTER SULLIVAN
Weather specialists studying the
drought in the Middle West this year
have determined why it occurred. But
they are wondering whether it is a har-
binger of things to come, perhaps evi-
dence of &ag c&nngu ‘:h cllmnlre
brou#hll t by the ‘‘greenhouse ef-
fect. :

For months a great wall of high pres-
sure air over the central United States
has pnva:' ted storms benrl‘h ng rain and
mow from penetrating that region, ac-
cording to specialists of the National

As a result, the agency ‘said yester-
day, precipitation has been abnormally
high in the Northeast and the North-
m‘even as the Middle West has suf-
e

.A Change ln the Weather?

Calcem was expressed yesterday
that the resulting drought might offer a
glimpse into what Dr. Alan .D. Hecht,

the director of the Nationa! Climate
Pmcnm Office In Rockville, Md.,
called “the greenhouse world” of the
futu

re.

18 the drought, he asked, *'the kind of
thing we will sce more nl?"

A N iali
have been rdung k:r sngns that
world climate is changlng as a result of
:Y carbon dioxide
fuel. This is the

much-discussed g!

With the lnformaum now avallable,
Dr. Hecht said, an obvious relationship
s stil) uncertain.

Dr. Hecht, whose office is part of the
National Oceanic and Atmospheric Ad-
ministration, sad he hoped Dr.Tharles

L mnnvmm-umux- .

The current drought resulted when the j Jet stream, which directs storm
activity, split to flow around a dominant high pressure zone in the mid-

. dle of the country. The stream brought storms to areas such as those

mduatedhydarkatdeabutnottothemddlewm

W. Stocktan at the University of Ari-
zona could determine, from the widths
of annual tree rings in much of the
West, whether droughts in the last
three centuries had been as prolonged
and widespread as thisone. .

Not since the dust storm period of the
1830’s, Dr. Hecht said, has a drought
been so extensive. He would like to
know how exceptional this one is.

Rings and Rainfail-

Annual rings In trees growing in the
region over the last 300 years have
been analyzed at Dr. Stocktan's Labo-
ratory of Treé-Ring Research at the
University of Arizona. Researchers are
trying to find out whether occurrences
of narrow rings, indicating drought,
conform to a 22-year cycle of solar ac-
tivity. The results have been i -

storms away, leading to low precipita-
tion there. .

The high pressure wall then moved
east to its present position over the cen-
tral states, :

-In winter and spring, aceordlnf to
Dr. Donald- Gilman, long-range fore-
caster of the Weather Service, the.jet
stream normally heads east alter
crossing California, carrying storms
over the Middle West.

This year, however, the jet stream
has split, Dr. Gilman said. The main
branch has swung north across Ore-
bo-|g8on. Near Hudson Bay it has curved
southeast across New. Hampshire and
has joined the lesser branch over the
Atlantic Ocean after the latter has
crossed northern Mexico and Florida. "

The droughl now affects most of the

sive.

David Miskus of the Analysis and In-
formation branch of the National
Weather Service sald that from
December to February a high pressure
region off the \Vest Coast had kept

i drainage sys-
tems, reaching from- Canada-to the
Gulf of Mexico. The rivers are ex-
tremely low, The Tennessee Valley hias
been short of rain for several years, ac-
cording to Dr: Gilman, and the short-
age has lowered reservoirs enough to
threaten power producllon
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Africa, Asia to Suffer Most From
‘Greenhouse Effect,’ Study Says

Tug WASHINGTON PosT

A0 Tusspay, Juse 7, 1988

i i crease risk of flooding.
By Michael Weisskopf = High latitudes of Alasks, Canada
and S more ex-

Global temperatures would rise
ane-half degree and sea levels in-
crease more than two inches every
decade if “greenhouse gases” that
trap heat are released at current
levels, according to a scientific re-
port released by the United Nations
yesterday.

The projected increases dwarf
those of the last century, and their
impact is expected to be greatest in
three generat areas:
®» Semi-arid regions of Africa,
where hotter days would aggravate
famine and drought.

» Humid, tropical parts of Asia,
where higher sea levels would in-

tensive ice thaws would complicate
everything from marine transpor-
tation to construction pramm.

A more moderate outcome is ex-
pected in midlatitude regions, in-
cluding the United States and cen-
tral Europe, where the report pre-
dicted thinning of forests and local
disruption in agricultural produc-
tivity. -

“We're leaving a period in which
the Earth and the human enterprise
have passed through substantial
climatic stability over centuries into
a period of very rapid change,” said
George Woodwell, director of the
Woods Hole Research Center and
contributor to the report published

by the U.N. Environmental Pro-
gramme and World Meteorological
Organization.

The report grew out of two inter-
national workshops attended last
year by top scientists and govern-
ment officials asked to refine projec-
tions of the “greenhouse effect” and
to recommend policy steps to curb it.

Scientists have long warned that
carbon dioxide released from coal
and other fossil fuels burned for en-

ergy fate in the
with such man-made pollutants as
nitrous oxides, methane and chloro-
fluorocarbons (CFCs), trapping in-
coming sunlight much like a green-
house and warming the temperature.

Although scientific bodles have
predicted that doubli of
greenhouse gases would increase the

world’s ure 6 degrees and

ide by 2075, would result

raise sea levels, yesterday’s report is
the first to estimate how fast and
where changes would occur.

The study projects different cli-
matic outcomes for different levels
of pollution. The half-degree in-
crease per decade is based on cur-
rent emission trends and imple-
mentation of an international agree-
ment to halve CFCs over the next
decade. Temperatures rose at one-
sixth of that level in the last century.

With a significant increase in
emissions of greenhouse gases,
such as a five-fold increase in coal
use by 2025, temperatures would
increase about 1.5 degrees per dec-
ade, according to the report.

Stringent global pollution con-
trols, such as halving carbon-diox-

summer while somewhat higher
than average in winter.
. While sea levels would rise 2.2

in a slight temperature increase. 9.4 inches every 10 years with rapid
“Without exception, you see that  growth of the gases. Strong controls
all of those are rising trends,” said  would result in slight decreases,

William C, Clark, a Harvard Univer- Any rise in sea levels would aggra-
sity ecologist and study participant.  vate the erosion of beaches, reduce
He said rapid growth of greenh ilable land for such activities as
gaseswou!dmﬂtbyzowmtem- salt making, decrease wetlands, and
peratures warmer than “anything muse ing and damage to port

we've seen on Earth since human

societies were developed . . . .”
Warming trends vary regionally,

thhupperlaumdmoftheNonh-

average.

Temperature increases in the
mid-latitudes, including the United
States, would be close to average in
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A WARMING WORLD:

Rising global temperatures could disrupt wheat farmers, electric utilities. and military strategy.
Which companies win or lose depends on how well they plan ahead. B by Anthony Ramirez

PHYSICAL CHILL settled on the
14ih century al its very start, ini-
tiating the niseries to come, The
Baliic Sea froze over iwice. in
1303 and 1306-7: years followed of unseu-
sonable cold, storms. and rains. and a rise
in the level of the Caspian Sea. Contempo-
raries could not know it was the onset of
what has since been recognized as the Lit-
tle lce Age . .. lasting until about 1700.
Nor were they yet aware that, owing 10 the
climatic change. communication with
Greenland was gradually being lost, that
the Norse settlements there were being ex-
tinguished, that cultivation of grain was
disappearing from Iceland and being se-
verely reduced in Scandinavia,
- Barbara Tuchman, A Distant Mirror

Like the 14th century, the 21st century is
in for nasty weather—but of the opposite
kind. Although the earth has undergone pe-
riods of warming and cooling in the pasi.
scientists are now generally agreed that it is
about to heat up more—and faster—than
ever. By the likeliest scenario, the resulting
climatic changes will bedevil farming. ship-
ping. international trade, energy policy,
and military strategy. Coping with dramat-
ic global warming will not be easy, but ig-
noring it would be foolish. The best bets:
conserving energy and using alternative en-
ergy sources, including nuclear power.

The threat is clear. Carbon dioxide from
the burning of fossil fuels like oil, coal, and
gasoline is rapidly accumulating in the at-
mosphere. So are gases like chlorofiuoro-
carbons (CFCs), which are far less abun-
dant but equally devastating. CO;, CFCs,
and the other gases come atmost entirely
from a variety of man-made sources like ve-
hicle exhausts and industrial solvents. Only
a3 modest amount derives from natural
sources like microbes in the soil. In the
earth’s atmosphere the gases act like the
glass in a greenhouse, which lets in sunlight
but traps heat. By absorbing rather than re-
flecting the infrared radiation that pro-
duces heat, they are bringing about the
relentless warming of the planet known as
REPURTER ASSOCIATE Atz Hills Moore
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the greenhouse eflect (see box. page 104).

My feeling is thut there’s no way 10 stop
il says Walter Roberts, president emeritus
of the National Center for Atmospheric
Research (NCAR) in Boulder, Colorado,
and an organizer of a year-long United

States~Soviet Union conference on global
warming that started meeting in May. “It
may be a linde bit smalier or it may be a
fittle bit targer. But the greenhouse effect is
going 1o come.” He thinks glohal depen-
dence on fossil fuels is so vast that it makes

1 Canada: Less rainfall causes crop fail-
ures in the rich farmland of Ontario.

4 Newtoundand and Nova Scotia: More
icebergs endanger shipping.

2 Colorado River: Water levels drop,
disrupting agriculture, water supplies,
and power generation in eight states, in-
cluding California.

5 Great Lakes: The busiest waterway in
the world becomes ice-free 11 months of
the year. But lower water levels substan-
tially incresse shipping costs and reduce
generation of hydroelectric power.

3 Midwestern United States: Farming is
haxrt by hotter and drier stummers.

13 POSSIBLE

CONSEQUENCES
OF THE
GREENHOUSE
EFFECT BY
ABOUT 2050
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NHAT IT WILL MEAN

serious interniional cooperation to reduce
CO» emissions unlihely.

Because no one understands all the vari-
ables thay sher the eanth’s temperature, s
not absolutely cenain that the greenhouse
effect will arrive as predicled or that all its
dire projecied consequences will actually
ovewr see box, page 106). Some mitigating
fuctors exist today, and others may emerge
as the effect grows. For example, while

clouds high in the atmusphere tead (0 1rap
heat, low-lying clouds tend 10 reflect sun-
light. Clouds with a high moisture content
have an even greater cooling effect.

Even so. the signs are ominous. Mea-
sured by the global meun wemperature, last
year wis the warmest vear on record: the
19805 are the warmest decade in a century,
A rise in the earih’s temperature of a1 least
2° or 3* Fahrenheit seems inevitable by the

mid-21st century. when the concentration
of CO; in the stmunphere is likely 1o be
some 60% greater than woday and double
the level that prevailed before the Indusiri-
al Revolution. A temperature increase of
mure than 8 F. is possible.

Just a 2 warming could have dramatic
effects. Since that 2°is only an average figure,
much larger lemperature increases could oc-
<ur in certain places and seasons. For in-

16 inches.

7&0«!:-& Some of the ice cover
melts, helping raise the sea level eight to

8 Soviet Union: Its growing season
' lengthens by 40 days, but more droughts
e o N

{

Yestern Europe: It escapes the
it, assuming the warming Gulf
am is not disturbed by changes
zht on by the greenhouse effect.

9 Arctic Circle: Ports in Sberia, Alaska,
the Bering Sea, and the Canadian Archi-
pelago are ice-free much of the year, en-
hancing commercial shipping. But
American and Soviet nuclear

are deprived of ice cover.

duced by the greenhouse effect.

13 Antarctica: Increased snow and
frigid rain thicken the ice cover and coun-
teract some of the sea level rise pro-

11 ks and Bangtadests: Both are bat-
tered by more typhoons and flooding.
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stance. one NCAR computer simulation
proiects o hot spot near the Bering Sea that
could be nearly 30" warmer in winter than
1oday . 1t ook a worldwide cooling of only
abour 2, perhuaps due 1o a drop in solar ra-
diation. o cuse the Litle lce Age that
wrought havoe in the 14th century. That
wis only o minor wobble compired with
the long-term oscillmions that occur over
muny millenniums. A seemingly small tem-
perature shifi means the difference be-
tween botmy spefh and true ice ages.
Civilization hax developed in a narrow
band of global climate. never more than 2°
warmer or cooler. on average, than 1oday’s.
A warming of 7° over the next 60 years or
s0 would equal the entire rise in global tem-
perature since the glaciers began their long
retrear 18.000 years ago.

HE GREENHOUSE EFFECT will
disturb the climate of the planet.
changing such critical variables as
rainfali. wind, cloud cover, ocean
currents. and the exieni of the polar ice-
caps. Although country-by-couniry conse-
quences are far from clear, scientists are
confident of the overall 1rends. Interiors of
continents will tend to get drier and coasts
wetter. Cold seasons will shorten. warm
seasons length Increased porati
will lead to drier soils over wide areas.

The ripple effects through the world
economy will be enormous as shifts devel-
op in soil conditions. crop yields. salinity of
water supplies, and the availability of river
water for generating hydroelectric power.
Engineers will be hard put to it 10 antici-
pate future siresses on structures they
build. *“It may become difficult to find a site
for a dam or an airpon or a public transpor-
tation system or anything designed 1o Jast
30 10 40 years,” says Jesse Ausubel, direc-
tor of programs a1 the National Academy
of Engineers. “What do you do when the
past is no longer a guide to the fuiure?”

Government officials and corporate ex-
ccutives are slowly becoming aware of the
hazards of the greenhouse effect, but few
are thinking of tong-1erm strategies. Global
warming was a minor item on the agenda of
the Reagan-Gorbachev summit last De-
cember; the U.S. and the Soviet Union
agreed 10 produce “a detailed study of the
climate of the future.”

Weyerhaeuser, the giant forest-products
company in Tacoma, Washingion, worries
about its nearly two million acres in Okla-
homa and Arkansas, where some climate
scientists project a warming, drying trend.
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HOW THE GREENHOUSE EFFECT WORKS

The earth grows warmer or cold-

er mainly because of the effects
of sunlight in the atmosphere. Clouds,
snow, and ice reflect some sunlight
back into space. But the earth absorbs
much of it, converting it into infrared
energy—heat. As heat rises from the
earth’s surface, it strikes molecules of
carbon dioxide and other gases, seiting
them vibrating. The gas molecules re-
flect some of the heat back to earth, in-
tensifying the warming effect. (For
simplicity, the illustration shows the
gases as a band in the atmosphere: in
fact they occur throughout it.}

The more CO;, the greater the heat-
ing. The earth’s atmosphere contains
substantially more COjy than it did be-
fore the Industrial Revotution. By ana-
lyzing cores from the ice sheets that
cover Greenland and Antarctica.
which enclose trapped bubbles of cen-

turies-old atmospheric gases, scientists
have concluded that in 1750 the atmo-
sphere contained about 280 parts per
million of CO,. Today the figure is 344
ppm, nearly 25% higher.

If that trend acceferates, as most sci-
entists now believe it will, at some
point between 2030 and 2070 concen-
trations of CO; will rise 10 between 1.3
and 1.9 times the preindustrial level, or
36710 531 ppm. In general, the strong-
er the world’s economies, the more
CO; gets spewed into the air. Scientists
consider the near doubling of CO,
more likely than the modest increase.

White CO; produces half the green-
house effect, methane from such activ-
ities as growing rice and flaring natural
gas wells accounts for 20% of it. Other
sources: chloroftuorocarbons (CFCs)
{15%): nitrous oxide, from fertilizers
and microbes (10%); and ozone (5%).

R

ILLUSTRATIONS BY JEAN WISENBAUGH
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The company is trying 1o breed drought re-
wstance into the tree varieties it will plant
there. British Petroleum, which has spent
$11 billion on oil and gas operations in
Alasha, has a particular interest 1. the
greenhouse problem. Drifling rigs, housing.
roads, and the Trans-Alaska Pipeline are all
built on permafrosi, which could siart to
thaw in a warming trend. BP has followed
the scientific debate about the greenhouse
effect. but at this point believes its invest-
ment is safe. The reason: BP's facilities rest
on gravel pads that insulate the permafrost
beneath them.

Both Alaska and Siberia have warmed
up about 2.7° in just the past 20 years. ac-
cording 10 rescarchers ai the University of
East Anglia in England. Says Michael Kel-
ly. a climate researcher at the universuy
and a consuhiani to BP: “We've now started
to warn British Petroteum that 30 years out.
greenhouse warming may have moved cli-
mate beyond the range of the conditions
that have prevailed historically.™ BP is still
studying the Easi Anglia warning.

HAT FOLLOWS aren't hard
and fast predictions of what
will happen between the years
2030 and 2070, when carbon
dioxide concentrations are expected to dou-
ble from preindustrial ievels. They are
i ibilities™ d by com-
puter models, as Howard Ferguson, assis-
tant deputy minister of Canada’s Atmos-
pheric Environment Service, calls them.
Some of the most obvious effects will ap-
pear in agricuiture. Through photosynthe-
sis, plants make carbohydrates from CO;
and water. As carbon dioxide concentra-
tions increase, a plant’s stomata, the pores
through which gases and waler vapor pass,
need to open less to take in the same
amount of CO3, so the plant loses less water
through evaporation. The upshot: The
plant gets bigger.
If some crops grow faster, they could
strip soil of nutrients more quickly, forcing
farmers (o buy more fertilizer. Food quality

fions of Midwesterners west 10 California:
in the 1960n and 1970, jobs and betier
weather pulled suanmy milhons from the
Nontheast o the Sunbel. Says Duavid
Rind. a clinutte scientist with the Goddard
Institute for Space Studies in New York
City: “You may not get movemenis to the
Southeast and Southwest anymore. h
reaches 120° in Phoenin now. Will people
still live there if it 130°7 14077 Accord-
ing to James Hansen of the Goddard Insti-
1ute, the maximum temperature in Dallas
could exceed 1007 on something like 78

2
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The U.S. accounts for about one-fifth of the
world's COz emissions, and 98% of these
come from burning fossil fuels.

days a year: the current average is just 9.
If American agriculture is battered by
such punishing summer days, and Soviet
agriculture thrives owing to a longer and
more temperalc growing season, what
would that do to the balance of power?
“The United States could become a grain
importer and the U.S.S.R. could become a
grain exporter,” says Roberts of NCAR.
“At the very least, it would be a major eco-
nomic, political. and social dislocation.”
One of the most discussed—and

could deteriorate as CO; levels i 3
because leaves may become richer in car-
bon and poorer in nitrogen. Insects feeding
off plants stimulated by CO; would have to
eat more to get their fill of nitrogen. In-
deed, hungrier pests and damaging diseases
might thrive on the greenhouse effect, forc-
ing farmers 10 buy more pesticides as well.

The social and political consequences of
the greenhouse effect are harder to assess.
The Dust Bowl of the 1930s pushed mil-

feared: of the g
cﬁ'ecl is a projected risc in sea level, resuli-
ing largely from thermal i Like

likely to have its greatest impact in the high
lutiludes of the Northern Hemisphere, the
broad band from 60" north—roughly the lai-
itude of Anchorage and Siockholm—to the
North Pole, A feedhach effect accentuates
global warming in the higher latitudes.
Snow and ice refiect surlight into space.
keeping temperatures (rom rising. But as the
globe warms, the flouling Arctic ice cover
starts 10 melr. leaving less snow and ice to
reflect sunlight—enharncing the warming.
which in trn melis more snow and ice. (In
the Southern Hemisphere. ses ice will also
mel1. But the tand-based Antarciic icecap is
SO massive—il averages two miles thick—
that it would take centuries 10 thaw.}

F THE WORLD as u whole warms 3°

by midcentury, the higher northern

latitudes might become §* or more

warmer in winter. If the global aver-
age rises 8. winter temperatures in the
higher latitudes could go up a torrid 19"
“The fabled Northwest Passage would be
open.” says Walt Roberts of NCAR. *“You
could sail from Tokyo 10 Europe in half
the time.” Maybe so. but British Petro-
leum and others are beginning 10 worry
about the hazards of pack ice--large, flar
masses of ice that predominate in the Arc-
tic Ocean—and icebergs, glacier chunks
fike the one that sank the Tiianic. that
float off the coasts of Newfoundland and
Nova Scotia. The icebergs would endan-
ger ships and floating oil rigs.

The Arsctic ice cover could also cause
problems for the U.S. and Soviet defense
establishments. The polar icecap of the
Arctic Sea helps both Soviet and American
nuclear submarines avoid detection. The
effect would be more damaging to the
US.S.R. Because American submarines
are fasier and can travel farther than their
Soviet counterparts, they are less depen-
dent on hiding places under the icecap.

The Soviet Union would nevertheless
appear to benefit substantiailly from the
greenhouse effect. A warming of 8 could
add as many as 40 days 10 the growing sea-
son in the U.S.S.R. Bui 2 world with twice
as much CO; in the atmosphere also means

any other liquid, water increases in volume
when heated. But most scientists believe
the rise will be relatively gentle, on the or-
der of eight to 16 inches, making it a prob-
lem mamly for countries with large popu-
tations near or below sea level, such as the
Netherlands and Bangladesh,
Geographically, the greenhouse effect is

interior that is considerably
drl:r the Soviet Union would have 10
spend tens of billions on irrigation 1o take
advantage of the longer growing season.
How would the U.S. be affected com-
mercially? Global warming would have
strange effects on the Greai Lakes. the busi-
est waterway in the world. Using 2 comput-
er model that projects an 8 winter
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warming, the Ammospheric Favironmen
Service says the Grean Lakes could be ice-
free 1 months of 1he year, va, 8.5 months
1oday. That's the good news. The bad news
is that the region will ale be drier, so com-
Panies shipping such nujor cargoes as iron
i nd limestone will see costs
tise 30% or so because lower water tevels
will mean that deep-druft freighters can no
longer navigate the lock sysiems,

ERHAPS the biggest agriculturat

impact on the U.S. would be in the

Midwest. where climate research-

ers predict a warming. drving
trend. Staggering wheat crop foses deep-
ened 1he Great Depression and prompted
the biggest population migration in Ameri-
can history. When temperatures rise as hi-
tle as 1.8° and precipitation drops 10%.
Midwestern crops will suffer. Paul Wag-
goner, director of the Connecticut Agricul-
tural Experiment Station in New Haven,
sees a 2% 10 5% cut in the yield of commer-
cially desirable winter wheat.

Western Eurape might escape the nasti-
er consequences of global warming be-
cause its relatively small landmass is close
10 the sea and will not undergo the same
degree of continental drying as the U.S..
Canada, and the Soviet Union. What will
happen to European temperatures is being
debated. Most scientists think the Gulf
Stream, flowing thousands of miles from
the Caribbean. should continue 1o keep
Western Europe from freezing to the con-
sistency of Newfoundland. which is at the
same latitude. But Wallace Broecker of
Columbia University’s Lamont-Doherty
Geological Observatory in Palisades. New

have suffered this century™s deadliest
droughts. at Farmband in centrid
China may get more nainfall, increasing
crop vields. Indie and especiatly Bangla-
desh. a third of which is anly 20 Jeet above
s level, on merage, would be batiered by
more storms and flooding.

“When climate changes.” o United Ni-
tions Environment Program (UNEP) report
blunity declared last year. “society suffers.”
So what should we do?

Clearly there are things we con't do, We
can’tscrub carbon dioxide out of industrial
emissions the way we can pollutants like
sulfur dioaide. So-catled chemically atka-
line absorbent sysiems that soak up COy
emissions add as much as §0% 10 the cost

z

In a sense, gettingupin
the morning adds to
the greenhouse effect.
Everyone contributes.
If everyoneis to blame,
no one s to blame.

of producing electricity. The most efficient
CQ, scrubbers are trees. Like other plants
they absorb CO;. using it 10 make food and
build wood. But trees are being felled
around the world a1 a clip of 50 acres a
minute, mostly in Brazil, West Africa, and
Indonesia, according to UNEP. Reducing
deforeslalion would help but reforestation,

York, warns that the greenhouse effect
could disturb the global circulation of the
oceans in ways that cannot be predicted.
Like a teakettle that doesn’t boil the mo-
ment it’s switched on, the earth’s oceans,
which range up to seven miles deep, lake
time to warm up. It could take 20 to 60
years before the oceans show the full ef-
fect of global warming.

Research on the effects of global warm-
ing in countries of the Third World and the
Southern Hemisphere is sketchier. Africa
may benefit, at least in rainfall. The rain
belt across the equator would move north-
ward, according to research aboul 10 be
published by Syukuro Manabe, a climate
modeler at Princeton’s Geophysical Fluid
Dynamics Laboratory. That's good news
for the parched nations of the Sahel,
cluding Chad. Sudan, and Ethiopia, whlch

Ily, isn't 2 practical an-
swcr The Oak Ridge National Laboratory
in Tenncssee estimates that to stop the
greenhouse effect cold would take 1.7 bil-
lion acres of sycamore trees, which are es-
pecially good at soaking up CO;. That's an
area roughly the size of Australia.

Changing the mix of fossil fuels can
help. Natural gas produces hall the CO; of
coal and about two-thirds that of oil for
the same amount of energy. While il’s un-
likely to happen, shifling completely to
natural gas from coal or petroleum could
extend by 20 to 30 years the time it takes
for atmospheric CO; to double from prein-
dustrial levels.

Some help should come from a 1987
treaty curbing production of chlorofluoro-
carbons, Released into the aimosphere,
these synthetic chemicals. used in industri~
al solvents and refrigerants, eat away at the

stmospheric pzone layer than protects peo-
ple from dangerous sokir radianion, which
can cause skin cancer and cataracts, if the
signatories comply. CFC production would
be limited to 1986 levels beginning next
year and gradualtly drap 50% by 1999.

Unfortunately, the CFC agreement is
not a modet for curtailing carbon dioxide.
In that cuse a single industry was the source
of the problem: there was someone 10
blame. Once persuaded by sirong scientific
evidence. the chemical indusiry agreed 10
institute production curbs. By contrast, no
ane controls the production of csrbon diox-
ide. It is a result of everyday processes of
life. In a sense. geuting up in the morning
adds to the greenhouse effect. Turning on
the bathroom tight uses electricity generai-
ed by fossit fuels; driving to work burns gas-
oline: even the building you work in may
huve added 10 the problem because making
concrele gives off CO;. Evervore contrib-
uvles to the greenhouse effect. If everyone is
10 blame. no one is to blame.

Energy conservation would reduce car-
bon dioxide emissions at the source, but
would be tough to enforce. Most alternative
energy sources seem impractical, for the
moment. Wind. geothermal. and solar ener~
gy have so far been casualties of low oil
prices. So have synfuels, which have the
added disadvantage of producing as much
carbon dioxide as fossil fuels. Nuclear ener-
gy. despite well-deserved public concern
about its safety, may deserve a second look
because it produces no carbon dioxide.

L1 THESE strategies seek to buy

time. Obviously it is better to ad-

just 10 the greenhouse effect over

200 years rather than 50. But an
all-out international effort to reduce CO:
emissions seems sure to hit two major
snags. Countries that stand 1o benefit from
global warming aren't likely to bring much
enthusiasm to averting it. And those that
stand to lose have trouble viewing this dis-
tant. somewhat speculative threat with the
urgency required to call forth expensive
and disruplive countermeasures.

If nations don't take action, Mick Kelly
of the University of East Anglia suggests
what businesses might do. “The winners
from global warming.” he says, “are going
10 be those people who think ahead of time
and plan. The losers are going 1o be those
who respond onty when the crisis arrives,
on the spur of the moment.” For those who
want 10 come out winners, NOw is not too
$00n 10 start thinking. a
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WHAT MAKES THE WEATHER SO HARD TO FORECAST

How do climate s know

histi model at the Na-

the greenhouse effect will bring
about the woes that they predict? They
don’t know 1o a total certainty. What
they do know is based on half a dozen
high-p imulation pro-
grams, called general circulation models.
in North America and Europe. Re-
searchers feed in equations based on the
laws of physics, along with assumptions
about clouds, sea ice, ocean currents,
soil moisture, atmospheric convection.
and emission of heal from the ground.
More complicated things happen in
the heavens and on earth, however, than
are dreamt of in the equations of scien-
tists. Even using the best supercom-
puters, none of the models is so good
that it can start with known weather
conditions at a given point in the past
and reproduce precisely what has hap-
pened since. To make the calculations
manageable even by computers, most of
the models suppose either that the
oceans are a shallow, motionless swamp

tional Cemter for Atmaospheric Research
(NCARY) in Boulder, Colorado, requires
LS trillion calculations to advance its
predictions a single day.

One basic problem is called grid reso-
Tution. Climatologists divide the world
into a grid. Most use a grid with squares
the size of France. The grid defines
France as a single se1 of numbers, failing
to distinguish the cool, rainy north from
the sunny, drier south. In his 1987 book
Chaos, James Gleick, a New York
Times reporter, imagined a world cov-
cred with a vast jungle gym of sensors
spaced a foot apart and rising 35 miles to
the top of the atmosphere. Each sensor
measures with great precision tempera-
ture, pressure, humidity. and every other
meteorological variable. An infinitely
powerful computer processes all the
data. This seemingly perfect monitoring
system still could not predict exactly the
weather next month in Atanta,

The r2ason: The computer would not

so quickly that within hours the reality
of weather diverges from its predicted
course. in effect. you can never have
enough grid squares to forecast weather
accurately. Tiny variations matier. The
Butterfly Effect, known technically as
“sensitive dependence on initial condi-
tions.” gets its name from the thought
that a butierfly fAlapping its wings today
in Nagasaki could conceivably influence
storms next month in New York.
While most scientists agree that the
greenhouse effect is coming, there aren’t
enough data yet to say with absolute
iction what its will
be. Certainties in science are a long time
in the making. In a profession where
tentative conclusions require decades’
worth of data, one swallow does not
make a summer. As recently as the
1970s some climatologists were worry-
ing about global cooling, because world
temperatures had peaked in the 1940s
and then declined into the 1970s. Air
pollutants such as volcanic and man-

or that they don't exist at all. Despite  detect microfiuctuations that took place made dust may have blocked enough
that plification, an ially so-  in b the sensors. Errors multiply  sunlight to lower global temperatuses.
This computer model shows rises in winter In Celsius, if CO2 in the alr doubles from the 18th-century level.
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The Greenhouse Effect? Real Enough.

A fierce drought is shriveling crops from Texas
to North Dakota and has shrunk the Mississippi to
its lowest levels on record. Dry years are part of na-
ture’s cycle. Still, it’s time to take seriously another
possible influence — the warming of the atmos-
phere by waste gases from a century of industrial
activily. Whether or not the feared greenhouse ef-
fect is real, there are several preventive measures
worth taking in their own right.

The greenhouse theory holds that cenain waste
gases let in sunlight but trap heat, which otherwise
would escape into space. Carbon dioxide has been
steadily building up through the burning of coal and
oil — and because forests, which absorb the gas, are
{ast being destroyed. There isno

world has warmed half a degree centigrade over
the last century. But the warming is less than some
computer models predict, forcing defenders of the
greenhouse theory to argue that the extra heat is
disappearing into the oceans.

With the greenhouse effect still uncertain, why
take preventive steps, especially since the main
one, burning less coal, would be enormously expen-
sive? One answer is that it it may take years to ac-
quire positive proof of greenhouse-induced climate
change, and the longer society waits, the larger a
warming it will have to adapt to if the greenhouse
theory turns out to be valid. Even a small warming
could produce violent changes in climate. At worst,

the Gulf Stream might shift

clear proof that the gases have
yet begun to warm the atmos-
phere. But there’s circumstan-
tial evidence, and some experts
think it is getting stronger.

For example, four of the
last eight years — 1980, 1981,
1983 and 1987 — have been the
warmest since measurements
of global surface temperatures
began a century ago, and 1988
may be another record hot year.
Stil}, there have been hot spells
before, followed by a cooling.

According to computer

course, failing to warm Europe.
Sea level could rise 20 feet if the
West Antarctic lce Cap melts,
flooding coastal cities from New
York to New Orleans.

Several measures to slow
the greenhouse warming are
worth taking for other reasons:

D Cut production of fregns,
chemicals used as solvents and
refrigerants. Important green-
house gases, they destroy the
life-protecting ozone layer.

D Protect tropical forests,
which not only absorb carbon

simulations of the world’s cli-
male, there should be more rain
in a greenhouse-heated globe. The rain falls in dif-
ferent places: more at the poles and the equator,
less in the mid-latitudes. The drought in the Middle
West falls in with these projections. But it stops far
short of proving that the greenhouge effect has
begun. “’As far as we can tell, this i§ a tough sum-
mer well within the normal range of variability,”
says Donald Gilman, the Weather Service’s long-
range forecaster.

That's the nub of the problem: It's hard to iden-
tify a small, gradual sign of global warming amid
wide natural fluctuations in'climate. Even over the
long term, the is merely The

dioxide but also nourish a rich
variety of animal and plant life,

O Encourage conservation of energy and use of
natural gas, which produces half as much carbon
dioxide as does coal.

O Develop cheaper, safer nuclear power; nu-
clear plants produce no carbon dioxide or acid rain.

Many climatologists expect that the green-
house theory will eventually prove true, but fear to
issue alarmist warnings ahead of time. Their cau-
tion is justified. But there's an ample case for tak-
ing these initial preventive measures when the cost
of such insurance is so low and the discomforts of
abrupt climate change, as the drought demon-
strates, so high,
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Senator WirTH. Senator Ford.

Senator Forp. No. Thank you, Mr. Chairman. I look forward to
being educated.

Senator WirTH. Thank you.

Senator Conrad.

STATEMENT OF HON. KENT CONRAD, U.S. SENATOR FROM NORTH
DAKOTA

Senator CoNrAD. Well, I would just briefly say, Mr. Chairman,
that I come from a state that is being devastated by the current
drought. I was just there this weekend, and the pastures looked
like a moonscape. The wheat crop is absolutely devastated. And we
have been through this before.

In the 1930’s we had a similar drought, and I will be very inter-
ested in hearing what evidence there might be to indicate that the
drought of the 1980’s is different than the drought of the 1930’s. I
think that really is the central question before us, to establish the
record and the case for an increase over time of temperature and
what the long-term effects might be. And that’s what I will be look-
ing for in this hearing.

And I want to thank both Senator Wirth for his leadership on
this issue and the Chairman of the full committee for his support
of having a hearing like this. It is terribly important to an area
like mine that is so commodity dependent.

Senator WirTH. Thank you, Senator Conrad.

We are joined today and in this effort by Senator Max Baucus,
who along with many members of the Committee on Environment
and Public Works, has had a great concern about this and related
kinds of issues. Max, delighted to have you here.

STATEMENT OF HON. MAX BAUCUS, U.S. SENATOR FROM
MONTANA

Senator Baucus. Thank you, Mr. Chairman.

Mr. Chairman, I commend you and Senator Johnston for holding
these hearings. The more hearings we have in more committees
and not get hung-up on committee jurisdiction, the better off we're
going to be and the more likely it is we will find a meaningful solu-
tion to the problem.

I sense that we are experiencing a major shift. It's a like of shift
of tectonic plates. Qur country not too many years ago was con-
cerned basically with economic and environmental problems within
the borders of our country. And a few years ago we began to realize
that we are economically interdependent with other countries,
other peoples, other industries around the world, and our fate is
very much tied up with the economic fate of people in other coun-
tries.

I think there is another shift now, and it’s an environmental tec-
tonic plate shift. That is, we realize as Americans that our environ-
mental problems in America—the focus must be not only on our
own country within the confines of our borders, but also the envi-
ronmental problems worldwide. The world is getting smaller. We
all are in this boat together. And I think that this hearing and
others like it help that awareness.
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In addition, Mr. Chairman, I have a sense of deja vu. It wasn’t
too long ago that scientists predicted with their models the deple-
tion of ozone in the stratosphere. We looked at those models in
other committees, and what we found is that the models were not
accurate, but they were timid. They did not really predict the
degree to which stratospheric ozone is depleting. They did not pre-
dict the degree to which the Antarctic hole has developed. They did
not predict the degree to which ozone depletion is not in the strato-
sphere over the Antarctic, but also now over northern hemi-
spheres.

So, I suggest that if we err here, we do err on the side of action. 1
think that the scientific models are becoming more sophisticated.
They are becoming more accurate. And the old question of, well, do
we have enough information, let’s take some more time, I think it
becoming more clear not only because of what has happened with
the depletion of stratospheric ozone, but because the models and
scientific analysis is becoming more sophisticated and more accu-
rate that we can be more assured and more confident of moving
forward more quickly.

I've had a chance to briefly look at Mr. Jim Hansen’s testimony,
and I think that his testimony is quite graphic in predicting that
this is not just a chance occurrence, that statistically the increase
in global temperature is not only in our country, but in Moscow in
the Soviet Union and other similar latitudes. It is beyond chance.
It is more certain as the predictions are greater that, in fact, the
earth is warming up to the degree that the models tend to predict.

The answers I think are to inventory our carbon dioxide and
other greenhouse gas sources. We have to get a better idea of what
the major sources are of the various greenhouse gases. Certainly
one source is the automobile industry, automobiles. Certainly a
cause of the problem is our energy inefficiency in our country. We
are one of the most energy inefficient countries in the world. And
we’re going to have to bite the bullet frankly, with the automobile
industry and other major industries to force ourselves to be more
efficient and reduce greenhouse gas emissions. CFC reductions
help. That is only a small part of the problem. There are the meth-
anes. There are carbon dioxide and other gases that have to be ad-
dressed.

And I very much commend you, Mr. Chairman, for taking this
action.

[The prepared statement of Senator Baucus follows:]
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STATEMENT BY SENATOR MAX BAUCUS
ON GLOBAL WARMING

1 am delighted to have the opportunity this afternoon to testify before
the Subcommittee in this hearing on global climate change. The greenhouse
effect, global climate change, and stratospheric ozone depletion are
interrelated environmental problems which pose the greatest environmental
challenge that our planet will face in the next decade.

I commend you, Mr. Chairman, for holding this hearing and for your
continued interest in the greenhouse effect and global climate change. It
is an interest we share. Since December of 1985, members of the Committee
on Environment and Public Works have held nine days of hearings on these
issues.

Testimony presented at those hearings by leading scientists painted a
disturbing picture. Like those who believe the stock market crash of
October was a warning on the economy, we must ask ourselves if the drought
we are facing is nature's warning to mankind to clean up its act.

Dr. Wallace Broecker described the problem we face this way:

"The inhabitants of planet Earth are quietly conducting a gigantic
environmental experiment. So vast and so sweeping will be its impact that,
were it brought before any responsible council for approval, it would be
firmly rejected as having potentially dangerous consequences. Yet the
experiment goes on with no significant interference from any jurisdiction or
nation."

The experiment in question is the so-called greenhouse effect - the
gradual warming of our atmosphere caused by an overload of carbon dioxide
and other trace gases.

I 1ike to think greenhouses produce useful things for mankind.
However, a global greenhouse will produce very little except more drought,
famine, and economic and social upheaval.

The warning signs are clear. Carbon dioxide concentrations have
increased by 25% since 1900. Methane concentrations have risen about 100%
in the last 150 years.

In the last 35 years alone there has been a 30 to 40% increase. The
two principal fluorocarbons implicated in the greenhouse effect - CFC-11 and
CFC-12 - are growing at a rate of 5% per year. Nitrous oxide concentrations
are growing at two- tenths of one percent per year. Tropospheric ozone is
increasing by 1% per year in the Northern Hemisphere. Elsewhere on the
globe, tropospheric ozone trends are not well known.

The excess radiation absorbed by these greenhouse‘gases provides the
energy to drive the climate system and alter global and regional climate
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patterns, atmospheric circulation patterns, and oceanic circulation
patterns.

The projected increases in the greenhouse gases are predicted to cause
unprecedented global and regional climate changes.

Temperature will increase. Current models predict an increase in the
average global temperature of 1.5 to 4.5 degrees centigrade by the year
2030. That is an increase of about 3 to 9 degrees Fahrenheit in only 40
years.

These "global average temperatures” do not accurately reflect local
temperature changes. An average temperature rise of only three degrees
centigrade could mean an increase of more than ten degrees centigrade at
high altitudes in some seasons.

Precipitation will increase. A warmer climate will evaporate more
moisture which will ultimately fall to the ground as precipitation. Hence,
overall, the globe will be wetter and more humid.

Precipitation patterns will change, possibly upsetting agricultural
activities worldwide.

A warmer atmosphere will melt the sea ice in the polar regions. Since
the underlying ocean is much darker than the sea ice, melting of the ice
will lead to increased solar absorption. This absorption will act as a feed-
back mechanism for further ocean and atmosphere circulation changes.

Current models predict that climate change will lead to the dessication
of the continents in the mid-latitudes. In summer, the Great Plains of the
United States, Central Europe, and parts of the Soviet Union could ex-
perience Dust Bowl conditions.

Sea level could rise from one to four feet, inundating our coastlines
and contaminating drinking water supplies with salt water.

Ocean currents could shift, changing the climate of many areas and
disrupting fisheries.

The frequency of tropical storms is predicted to increase, as is
increased monsoonal rain in the tropics.

With the "greenhouse effect", we are not talking about short-term
changes. We are talking about permanent and perhaps ongoing change for some
indefinite period into the future.

We are talking about a situation where mankind has finally wrestled
control of this planet from Nature. It is a responsibility we are ill
equipped to assume.

We are already committed to some of these changes. Past emissions of
greenhouse gases have already committed Earth to warm by 0.5 to 1.5 degrees
centigrade over the pre-industrial era. If emissions continue along their
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present track, we will have committed Earth to a warming of 1.5 to 4.5
degrees centigrade by 2030.

These changes may be occurring now. It is expected that within the
next few years, we shall actually be able to measure these changes.

The nation is in the midst of one of the most devastating droughts
since the dust bowl days of the 30's. Drought is occurring from California
to Texas to Georgia to Iowa to Montana.

Last week I accompanied a group of Senators to view the problems posed
by drought in the Northern Great Plains. I can tell you things are pretty
grim in Montana.

Qur reservoirs did not fill this Spring. Estimates of wheat production
show yields are down as much as fifty percent. In a short period of time,
without rain, we can expect major problems with grasshoppers ravaging what
crops remain.

Over the past few years, the West has experienced devastating forest
fires. The fire season started over a month earlier than usual in Southern
California.

The current drought is responsible for real economic suffering.

If the climate has changed due to greenhouse gases, we will be forced
to live with these changes and to adapt.

As policy-makers, we must find ways to minimize economic dislocations
on the one hand. On the other hand, we must minimize the rate of climate
change to one we can adapt to.

The fundamental question is, should we wait until the problem is
actually known for sure, or take steps to address the problem now?

I believe we need to move now. We are talking about a problem that has
been building up for at least the last century. Each day we fail to set
needed policies in motion, the potential for failure increases.

The fundamental issue that we face is to develop a strategy to deal
with global climate change. The next decade should be a period of intense
scientific research designed to provide answers to the greenhouse problenm,
policy exploration, and adoption of appropriate preventative and adaptive
control measures.
|
) There are things which we can do now. Reductions in the use of coal
and gas, and energy conservation measures will reduce the concentrations of
greenhouse gases.

Reductions in the emissions of chlorofluorocarbons will help to slow
the rate of climate change, and will help to preserve the Earth's stratos-
pheric ozone shield. Both Senator Chafee and I have introduced legislation
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which would eventually phase-out the use of harmful man-made CFC's which are
currently destroying the Earth's protective ozone layer.

The problem of global warming and ozone depletion have reached a stage
that requires a broader and more institutional commitment to international
dialogue. The focus for this effort should be the United Nations
Environment Program (UNEP).

We need to urge UNEP to step forward with a comprehensive report on
global climate change, detailing the seriousness of the problem for all
nations of the world. This effort could play a pivotal role in developing
an international committment to address this problem.

Finally we need to focus the efforts of the scientific community on
improving our understanding of the interrelated problems of the greenhouse
effect, global climate change, and stratospheric ozone depletion. We need
to set the “"Greenhouse Effect” as the number one priority of the
International Geosphere/Biosphere Program, and set priorities for our
research efforts.

We are at a point in time where we must examine the policy options now.
Some changes in climate as we know it are already in the bank. The
magnitude and timing of other changes are still speculative. We must ensure
that the scientific research which is started today is designed to improve
the information base for policy options.

I think it would be useful to spell out some of the means that will
have to be considered in order to limit climate change and thus stabilize or
reduce the concentration of greenhouse gases in the atmosphere.

We know, for example, that we must reduce the emission of carbon
dioxide which makes up about one half of the greenhouse emissions. What
method should the Secretary of State and the Administrator of EPA consider
in this regard? Recent Senate testimony has suggested a number of policies
which will have to be considered in order for the United States to reduce
its carbon dioxide emissions which account for almost a quarter of the
global total.

Carbon dioxide emissions are tied to the types and amounts of fossil
fuels which we use in our economy. Therefore, controlling carbon dioxide
emissions will require changes in the way we manage our energy use in the
future. Consideration should be given to improvement in energy end-use
efficiency, such as lighting, and across the board in new appliances. The
efficiency of supply energy technology can also be improved

New gas-fueled power plant technologies appear to improve efficiency
substantially. A vast improvement of auto efficiency standards for cars
sold in the United States must be considered in order to lower the use of
gasoline.

Pricing initiatives must be considered in order to reflect the
“externalities' in the price of fossil fuels. A number of experts have
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suggested the establishment of a carbon dioxide tax in order to reflect the
damage to our climate reflected in the price of energy.

Fuel switching must also be considered since some fuels produce much
less carbon dioxide per BTU than others. Coal, for example, produces twice
the carbon dioxide per BTU as gas.

Stopping the destruction of tropical forests - a significant carbon
dioxide sink - is an important step. Consideration should also be given to
reforestation.

We know also that the complete elimination of CFCs would provide a
major greenhouse benefit. That too should be considered.

We know that improving the controls on carbon monoxide might control
the buildup of methane.

We should consider reexamining whether nitrous oxides can be controlled
through air pollution control technologies. We may need to control the
buildup of tropospheric ozone not just locally, but also on a national basis
because ozone in the troposphere is also a greenhouse gas.

Dealing with the greenhouse problem is a daunting task. We must not
wait; we must begin now. We are already too late. I think the list of
responses I mentioned previously should help us get started in formulating
and initiating a response. '

There is an urgent need to move rapidly towards the development of
policies to control and mitigate the impacts of global climate change, both
domestically and internationally.

I Took forward to working with you to ensure that the United States is
prepared to meet the threat of global climate change. I am hopeful that your
discussions today will begin to focus our attention on the development of
policies to combat global climate change:

1 appreciate the opportunity to appear before you today to discuss the-
major environmental problem facing our planet, global climate change.
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Senator WirTH. Thank you, Senator Baucus.
Senator Bumpers.

STATEMENT OF HON. DALE BUMPERS, U.S. SENATOR FROM
ARKANSAS

Senator BumpeRs. Well, Mr. Chairman, I won’t burden our time
constraints here except to say I welcome all of our witnesses here
today. Bill Moomaw, who was a congressional science fellow with
me when, Bill? In 1976?

Dr. Moomaw. Yes.

Senator BumpPERs. In 1976, and is the person that is responsible
for my deep and abiding interest in both the ozone problem and
the greenhouse theory of Dr. Ramanathan, all of which those of us
who were born to rule knew back in 1976 was a problem.

But we couldn’t get one camera—I see we have three cameras
here today—for the hearings we held back then. We had nine hear-
ings and had the best atmospheric scientists in the country. Every
one of them told us that we were possibly facing a cataclysm in
both of these areas.

And now we know that the four warmest years in the last 130
years—the four hottest years of the last 130 years—have occurred
since 1980. Now, that may be pure coincidence, but my belief is
that we cannot afford to assume that. On the contrary, we have to
assume the very opposite that we may be facing a cataclysm in the
future, much of which is already in place and irreversible. But that
doesn’t excuse us from the obligation to take very dramatic action.
None of us is quite action to take yet.

And Dr. Hansen is going to testify today to what I just said plus
some additional things that ought to be cause for headlines in
every newspaper in America tomorrow morning because, after all,
we're going to have to have a lot of political support for this.
Nobody wants to take on the automobile industry. Nobody wants to
take on any of the industries that produce the things that we
throw up into the atmosphere. They don’t want that stopped, and
that’s understandable. But what you have are all these competing
economic interests pitted against our very survival.

Thank you, Mr. Chairman.

Senator WIRTH. Thank you very much, Senator Bumpers.

Before we begin, there are about eight or nine seats down here.
Maybe those of you who are standing up behind the table over here
might want to come down. There is no point in standing up
through this on a hot day or any day.

Thank you all. I'm delighted to have with us such a distin-
guished group of witnesses.

What I would like to do, if we might, today is to start with Dr.
James Hansen, the Director of the Goddard Institute for Space
Studies, whose climate data have demonstrated what Senator
Bumpers was pointing out, the four warmest years during this
decade, and who I believe has a number of other interesting revela-
tions from recent research that might set the scene for this after-
noon’s discussion. If we could then move to Dr. Michael Oppen-
heimer, Senior Scientist with the Environmental Defense Fund;
and Dr. George Woodwell, Director of the Woods Hole Research
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Center in Woods Hole; Dr. Manabe from NOAA, Geophysical Fluid
Dynamics Laboratory in Princeton; Dr. Dudek, a senior economist
with the EDF; and finally Dr. William Moomaw, Senior Associate
of WRI, World Resources Institute.

All of your statements will be included in full in the record, and
we would ask you to summarize in the way that you think would
be most beneficial. And after you have all had a chance to testify,
we will then go to questions and discussions with the members of
the Senate. So, gentlemen, thank you very.much for being here.
Dr. Hansen, if you would start us off, we’d-appreciate it.

STATEMENT OF DR. JAMES HANSEN, DIRECTOR, NASA GODDARD
INSTITUTE FOR SPACE STUDIES

Dr. HANSEN. Mr. Chairman and committee members, thank you
for the opportunity to present the results of my research on the
greenhouse effect which has been carried out with my colleagues at
the NASA Goddard Institute for Space Studies.

I would like to draw three main conclusions. Number one, the
earth is warmer in 1988 than at any time in the history of instru-
mental measurements. Number two, the global warming is now
large enough that we can ascribe with a high degree of confidence
a cause and effect relationship to the greenhouse effect. And
number three, our computer climate simulations indicate that the
greenhouse effect is already large enough to begin to effect the
probability of extreme events such as summer heat waves.

My first viewgraph, which I would like to ask Suki to put up if
he would, shows the global temperature over the period of instru-
mental records which is about 100 years. The present temperature
is the highest in the period of record. The rate of warming in the
past 25 years, as you can see on the right, is the highest on record.
The four warmest years, as the Senator mentioned, have all been
in the 1980s. And 1988 so far is so much warmer than 1987, that
barring a remarkable and improbable cooling, 1988 will be the
warmest year on the record.

Now let me turn to my second point which is causal association
of the greenhouse effect and the global warming. Causal associa-
tion requires first that the warming be larger than natural climate
variability and, second, that the magnitude and nature of the
warming be consistent with the greenhouse mechanism. These
points are both addressed on my second viewgraph. The observed
warming during the past 30 years, which is the period when we
have accurate measurements of atmospheric composition, is shown
by the heavy black line in this graph. The warming is almost 0.4
degrees Centigrade by 1987 relative to climatology, which is de-
fined as the 30 year mean, 1950 to 1980 and, in fact, the warming is
more than 0.4 degrees Centigrade in 1988. The probability of a
chance warming of that magnitude is about 1 percent. So, with 99
percent confidence we can state that the warming during this time
period is a real warming trend.

The other curves in this figure are the results of global climate
model calculations for three scenarios of atmospheric trace gas
growth. We have considered several scenarios because there are
uncertainties in the exact trace gas growth in the past and espe-
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cially in the future. We have considered cases ranging from busi-
ness as usual, which is scenario A, to draconian emission cuts, sce-
nario C, which would totally eliminate net trace gas growth by
year 2000,

The main point to be made here is that the expected global
warming is of the same magnitude as the observed warming. Since
there is only a 1 percent chance of an accidental warming of this
magnitude, the agreement with the expected greenhouse effect is of
considerable significance. Moreover, if you look at the next level of
detail in the global temperature change, there are clear signs of
the greenhouse effect. Observational data suggests a cooling in the
stratosphere while the ground is warming. The data suggest some-
what more warming over land and sea ice regions than over open
ocean, more warming at high latitudes than at low latitudes, and
more warming in the winter than in the summer. In all of these
cases, the signal is at best just beginning to emerge, and we need
more data. Some of these details, such as the northern hemisphere
high latitude temperature trends, do not look exactly like the
greenhouse effect, but that is expected. There are certainly other
clfifmate change factors involved in addition to the greenhouse
effect.

Altogether the evidence that the earth is warming by an amount
which is too large to be a chance fluctuation and the similarity of
the warming to that expected from the greenhouse effect repre-
sents a very strong case. In my opinion, that the greenhouse effect
has been detected, and it is changing our climate now.

Then my third point. Finally, I would like to address the ques-
tion of whether the greenhouse effect is already large enough to
affect the probability of extreme events, such as summer heat
waves. As shown in my next viewgraph, we have used the tempera-
ture changes computed in our global climate model to estimate the
impact of the greenhouse effect on the frequency of hot summers in
Washington, D.C. and Omaha, Nebraska. A hot summer is defined
as the hottest one-third of the summers in the 1950 to 1980 period,
which is the period the Weather Bureau uses for defining climatol-
ogy. So, in that period the probability of having a hot summer was
33 percent, but by the 1990s, you can see that the greenhouse effect
has increased the probability of a hot summer to somewhere be-
tween 55 and 70 percent in Washington according to our climate
model simulations. In the late 1980s, the probability of a hot
summer would be somewhat less than that. You can interpolate to
a value of something like 40 to 60 percent.

I believe that this change in the frequency of hot summers is
large enough to be noticeable to the average person. So, we have
already reached a point that the greenhouse effect is important. It
}nay also have important implications other than for creature com-

ort.

My last viewgraph shows global maps of temperature anomalies
for a particular month, July, for several different years between
1986 and 2029, as computed with our global climate model for the
intermediate trace gas scenario B. As shown by the graphs on the
left where yellow and red colors represent areas that are warmer
than climatology and blue areas represent areas that are colder
than climatology, at the present time in the 1980s the greenhouse
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warming is smaller than the natural variability of the local tem-
perature. So, in any given month, there is almost as much area
that is cooler than normal as there is area warmer than normal. A
few decades in the future, as shown on the right, it is warm almost
everywhere.

However, the point that I would like to make is that in the late
1980’s and in the 1990’s we notice a clear tendency in our model for
greater than average warming in the southeast United States and
the midwest. In our model this result seems to arise because the
Atlantic Ocean off the coast of the United States warms more
slowly than the land. This leads to high pressure along the east
coast and circulation of warm air north into the midwest or the
southeast. There is only a tendency for this phenomenon. It is cer-
tainly not going to happen every year, and climate models are cer-
tainly an imperfect tool at this time. However, we conclude that
there is evidence that the greenhouse effect increases the likeli-
hood of heat wave drought situations in the southeast and midwest
United Stats even though we cannot blame a specific drought on
the greenhouse effect.

Therefore, I believe that it is not a good idea to use the period
1950 to 1980 for which climatology is normally defined as an indi-
cation of how frequently droughts will occur in the future. If our
model is approximately correct, such situations may be more
common in the next 10 to 15 years than they were in the period
1950 to 1980.

Finally, I would like to stress that there is a need for improving
these global climate models, and there is a need for global observa-
tions if we’re going to obtain a full understanding of these phenom-
ena.

That concludes my statement, and I'd be glad to answer ques-
tions if you'd like.

[The prepared statement of Dr. Hansen follows:]
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PREFACE

This statement is based largely on recent studies carried out with my
colleagues S. Lebedeff, D. Rind, 1. Fung, A. Lacis, R. Ruedy, G. Russell and
P. Stone at the NASA Goddard Institute for Space Studies.

My principal conclusions are: (1) the earth is warmer in 1988 than at any
time in the history of instrumental measurements, (2) the global warming is now
sufficiently large that we can ascribe with a high degree of confidence a cause
and effect relationship to the greenhouse effect, and (3) in our computer climate
simulations the greenhouse effect now is already large enough to begin to affect
the probability of occurrence of extreme events such as summer heat waves; the
model results imply that heat wave/drought occurrences in the Southeast and
Midwest United States may be more frequent in the next decade than in
climatological (1950-1980) statistics.

1. Current global temperatures

Present global temperatures are the highest in the period of instrumental
records, as shown in Fig. 1. The rate of global warming in the past two decades
is higher than at any earlier time in the record. The four warmest years in the
past century all have occurred in the 1980's.

The global temperature in 1988 up to June 1 is substantially warmer than the
like period in any previous year in the record. This is illustrated in Fig. 2,
vhich shows seasonal temperature anomalies for the past few decades. The most
recent two seasons (Dec.-Jan.-Feb. and Mar.-Apr.-May, 1988) are the warmest in
the entire record. The first five months of 1988 are so warm globally that we
conclude that 1988 will be the warmest year on record unless there is a
remarkable, improbable cooling in the remainder of the year.

2. e bal w nd greephouse effect

Causal association of current global warming with the greenhouse effect
requires determination that (1) the warming is larger than natural climate
variability, and (2) the magnitude and nature of the warming is consistent with
the greenhouse warming mechanism. Both of these issues are addressed
quantitatively in Fig. 3, which compares recent observed global temperature
change with climate model simulations of temperature changes expected to result
from the greenhouse effect.

The present observed global warming is close to 0.4°C, relative to
‘climatology’, which is defined as the thirty year (1951-1980) mean. A warming
of 0.4°C is three times larger than the standard deviation of annual mean
temperatures in the 30-year climatology. The standard deviation of 0.13°C is a
typical amount by which the global temperature fluctuates annually about its 30
year mean; the probability of a chance warming of three standard deviations is
about 1%. Thus we can state with about 99% confidence that current temperatures
represent a real warming trend rather than a chance fluctuation over the 30 year
period.
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We have made computer simulations of the greenhouse effect for the period
since 1958, when atmospheric CO; began to be measured accurately. A range of
trace gas scenarios is considered so as to account for moderate uncertainties in
trace gas histories and larger uncertainties in future trace gas growth rates.
The nature of the numerical climate model used for these simulations is described
in attachment A (reference 1). There are major uncertainties in the model, which
arise especially from assumptions about (1) global climate sensitivity and (2)
heat uptake and transport by the ocean, as discussed in attachment A. However,
the magnitude of temperature changes computed with our climate model in various
test cases is generally consistent with a body of empirical evidence (reference
2) and with sensitivities of other climate models (reference 1).

The global temperature change simulated by the model yields a warming over
the past 30 years similar in magnitude to the observed warming (Fig. 3). 1In both
the observations and model the warming is close to 0.4°C by 1987, which is the
99% confidence level.

It is important to compare the spatial distribution of observed temperature
changes with computer model simulations of the greenhouse effect, and also to
search for other global changes related to the greenhouse effect, for example,
changes in ocean heat content and sea ice coverage. As yet, it is difficult to
obtain definitive conclusions from such comparisons, in part because the natural
variability of regional temperatures is much larger than that of global mean
temperature. However, the climate model simulations indicate that certain gross
characteristics of the greenhouse warming should begin to appear soon, for
example, somewhat greater warming at high latitudes than at low latitudes,
greater warming over continents than over oceans, and cooling in the stratosphere
while the troposphere warms. Indeed, observations contain evidence for all these
characteristics, but much more study and improved records are needed to establish
the significance of trends and to use the spatial information to understand
better the greenhouse effect. Analyses must account for the fact that there are
climate change mechanisms at work, besides the greenhouse effect; other anthropo-
genic effects, such as changes in surface albedo and tropospheric aerosols, are
likely to be especially important in the Northern Hemisphere.

We can also examine the greenhouse warming over the full period for which
global temperature change has been measured, which is approximately the past 100
years. On such a longer period the natural variability of global temperature is
larger; the standard deviation of global temperature for the past century is
0.2°C. The observed warming over the past century is about 0.6-0.7°C. Simulated
greenhouse warming for the past century is in the range 0.5°-1.0°C, depending
upon various modeling assumptions (e.g., reference 2). Thus, although there are
greater uncertainties about climate forcings in the past century than in the past
30| years, the observed and simulated greenhouse warmings are consistent on both
of these time scales.

'

Conclusion. Global warming has reached a level such that we can ascribe
wiéh a high degree of confidence a cause and effect relationship between the
greenhouse effect and the observed warming. Certainly further study of this
issue must be made. The detection of a global greenhouse signal represents only
a first step in analysis of the phenomenon.

1
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3. Greenhouse impac summer heat waves

Global climate models are not yet sufficiently realistic to provide reliable
predictions of the impact of greenhouse warming on detailed regional climate
patterns. However, it is useful to make initial studies with state-of-the-art
climate models; the resulcs can be examined to see whether there are regional
climate change predictions which can be related to plausible physical mechanisms.
At the very least, such studies help focus the work needed to develop improved
climate models and to analyze observed climate change.

One predicted regional climate change which has emerged in such climate
model studies of the greenhouse effect is a tendency for mid-latitude continental
drying in the summer (references 3,4,5). Dr. Manabe will address this important
issue in his testimony today. Most of these studies have been for the case of
doubled atmospheric COz, a condition which may occur by the middle of next century.

Our studies during the past several years at the Goddard Institute for Space
Studies have focused on the expected transient climate change during the next few
decades, as described in the attachment to my testimony. Typical results from
our simulation for trace gas scenario B are illustrated in Fig. 4, which shows
computed July temperature anomalies in several years between 1986 and 2029. 1n
the 1980's the global warming is small compared to the natural variability of
local monthly mean temperatures; thus the area with cool temperatures in a given
July is almost as great as the area with warm temperatures. However, within
about a decade the area with above normal temperatures becomes much larger than
the area with cooler temperatures.

The specific temperature patterns for any given month and year should not be
viewed as predictions for that specific time, because they depend upon unpre-
dictable weather fluctuations. However, characteristics which tend to repeat
warrant further study, especially if they occur for different trace gas
scenarios. We find a tendency in our simulations of the late 1980’'s and the
1990‘’s for greater than average warming in the Southeast and Midwest United
States, as illustrated in Attachment A and in Fig. 4. These areas of high
temperature are usually accompanied by below normal precipitation.

Examination of the changes in sea level pressure and atmospheric winds in
the model suggests that the tendency for larger than normal warming in the
Midwest and Southeast is related to the ocean’'s response time; the relatively
slow warming of surface waters in the mid-Atlantic off the Eastern United States
and in the Pacific off California tends to increase sea level pressure in those
ocean regions and this in turn tends to cause more southerly winds in the eastern
United States and mnre northerly winds in the western United States. However,
the tendency is too small to be apparent every year; in some years in the 1990's
the eastern United States is cooler than climatology (the control run mean).

Conclusjon. It is not possible to blame a specific heatwave/drought on the
greenhouse effect. However, there is evidence that the greenhouse effect
increases the likelihood of such events; our climate model simulations for the
late 1980’'s~and the 1990's indicate a tendency for an increase of heatwave/
drought situations in the Southeast and Midwest United States. We note that the
correlations between climate models and observed temperatures are often very poor
at subcontinental scales, particularly during Northern Hemisphere summer
(reference 7). Thus improved understanding of these phenomena depends upon the
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development of increasingly realistic global climate models and upon the
availability of global observations needed to verify and improve the models.
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Fig. 1. Global surface air temperature change for the past century, with the
zero point defined as the 1951-1980 mean. Uncertainty bars (95% confidence
linits) are based on an error analysis as described in reference §; inner bars
refer to the 5-year mean and outer bars to the annual mean. The analyzed un-
certainty is a result of incomplete spatisl coverage by measurement stations,

primarily in ocean areas. The 1988 point conpares the January-May 1988 temperas-
ture to the mean for the sane 5 months in 1951-1960.
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Fig. 2. Global surface air tempsrature change at seasonal resolution for the
past 30 years., Figures 1 and 2 are updates of results in reference 6.
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Fig. 3. Annual mean global surface air temperature computed for trace gas scenarios
A, B and C described in reference 1. [Scenario A assumes continued growth rates of
trace gas emissions typical of the past 20 years, i.e., about 1.5% yr'l emissfion
growth; scenario B has emission rates approximately fixed at current rates; scenario
C drastically reduces trace gas emissions between 1990 and 2000.]) Observed
temperatures are from reference 6. The shaded range is an estimate of global
temperature during the peak of the current and previous interglacial periods, about
6,000 and 120,000 years before present, respectively. The zero point for
observations is the 1951-1980 mean (reference 6); the zero point for the model is
the control run mean.
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ATTACHMENT A

Global Climate Changes as Forecast by the GISS 3-D Model

J. HANSEN, L FUNG, A.LaCts, D. RIND, S. LEBEDEFF, R. RUEDY, G. RUSSELL
NASA Goddard Space Flighi Center, Instinute for Space Studies, New York

P. STONE
Massachusens Instimute of Technology, Cambridge

We use a threc-dimensional climate model, our Model 11 with 8° by 10° horizontal resolution, to
simulate the global climate effects of time dep of heric trace gases and acrosols.
Horizontal beat transport by the ocean is fixed at values estimated for today’s climate and uptake of
heat perturbations by the ocean benuth the mixed layer is approximated as vemul diffusion. We
make a 100 year contro! run and p forlhree of P
'lhmexpenmenubepnml%l!mdmdnde d d ch pheri CO CH,,
N,0, CFCs and stratospheric acrosols for the period from 1958 to the pmenl Scenario A lssumes
contmuedexpooenlldttlcepspmh B duced linear growth of trace gases, and

(o] a rapid i of trace gas tlmss:ons such that the net climate forcing ceases
to increase after 2000. Principal results from the experiments are: (l) Glo\nl warming to the level
atiained at the peak of the current interglacial and the p | occurs in all three

there are & ic differences in'the levels of future wlrmmg depending on trace
gas growth. (2) The greenhouse warming should be clearly identifiable in the 1990s; the global warming
wnhm the next several years is predicted to reach and maintain a level at least three standard
ions sbove the cli gy of the 1950s. (3)R:ponswhen|n b
earliest are jow latitude oceans, China and interics arcas m Asia, and ocean areas near Antarctica and
the North Pole; aspects of the spatial and temp of p ing are clearly mode!-
dependent, implying the pombuuy of model discrimination by the 1990s and thus mpmved predictions,
quired. (4) The temperature changes are sufficiently large to have
mjor nnp.m on people lnd other parts of the bnosphem. as shown by computed changes in the
frequency of extreme events and by eompanson with previous climate trends. (5) The model results
suggest eome nnmrm nponl climate vlmuoas, du-pxte the fixed ocean heat transport which
| climate dunng the late 1980s and in the
1990 umz is - tendenq for greater than ng in the South and Central U.S. and
relatively cooler conditions or less than .venge warming in the western U.S. and much of Europe.
Principa) inties in the dicti involve the equilibrium sensitivity of the model to climate
forcing, the assumptions nptdmg heat uptake and transport by the ocean, and the omission of other
less certain climate forcings.

to appear in J. Geophys, Res,
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changes, and Section 53 examines short-term

Studies of the climate impact of i
COo, hzvebunmdebymmofapenmmuwuhmree-
dnncns:ona! (3-D) dmme models invh:ch the amount of
CO, was i doubled drupled, with the
mod:l thenimcgnedfmdmnmelolnzwnudy state
(Manabe and Wetherald, 1975; Manabe and Stouffer, 1980;
Hansen et al., 1984, Washington and Meeh!, 1984; Wilson and
Mitchell, 1987]. These models all yield a large ciimate
impact at equilibrium for doubled CO,, wnhgloba!mmn
nrmmgofmrfwembawemnboutﬂmdi'c

However,obsemﬁom:hwlhatco is increasing
gradually: iuabundannemBlSppm(pampermiﬂionby
volume) in 1958 when Kecling initiated accurate measure-
ments and is now about 345 ppm, with current mean annual
increments of about 1.5 ppm [Keeling et al., 1982] Also
there are at least rwo other known global radi i

and local temperature changes. In the final section, we
ize the model p and discuss the principa)
uvuxsundmmpnom upon vlnd: the tuulu dcpend
Our climate exp were d in early
1983, being run as & background job on the GISS mainframe
np & general purp chine (Amdahl V-6) of mid-
1970s vintage. Results for scenario A were reported at a
conference in June 1984 (proceedings published by Shands
and Hoffman, [1987]) and results from all scenarios were
presented at several later conferences.

2. CLIMATE MODEL

‘The atmospheric component of the global climate mode]
we employ is described and its abilities and limitations for

of comparable magnitude: growth of several other l:rue
gases [Wang et al., 1976; Lacis et ol 1981Ranm¢rhmd
al., 1985] and variati in due to
volcanic eruptions [Lamb, 1970, Mitchell, 1970; Schneider and
Mass, 1975; Pollack et al, 1976, Hansen et al., 1978, 1980,
Robock, 1981} su‘notherndimvefomnp.mchu
chlnsesofsohx' di s and land
surface properties may also be ngruﬁnm, but quantitative
information is insufficient to define the trends of these
forcings over the past several decades.

In this paper we study the response of a 3-D global
climate mod:l to realistic rates of change of radiative
forcing The p of the climate
system on decadal time scales depends crucially on the
response of the ocean, for which adequate understanding

today’s climate are documented as model II
[Hansen anl 1983, hereafter referred to as paper 1). The
model solves the simultanecus equations for conservation of
energy, momentum, mass and water vapor and the equation
of state on a coarse grid with nine atmospheric layers and
hotimmal molution g hmude by 10' lcmgnude The
i the ificant

and cloud p Cloud cover

and he:gm-remmputed,butduud opautyu:peufcdua
function of cloud type, alitude and thickness. The diurnal
and seasonal cycles are included. The ground hydrology and
surface albedo depend upon the local vegetation. Snow
depth is computed and snow albedo includes effects of snow
age and ing by vegetation. The equilibrium sensixivity
of this mode! for doubled CO, (315 ppm = 630 ppm) is 4.2°C
fot global mean surface air tempmmre [Hansen e al., 1984,

mdaynma\!model.smnot Ourp isto
use simple assumptions about ocean heat mspon specili-
cally we assume that during the next few decades the rate
and pattern of hori ocean heat sport will remain
unchanged and the ratc of heat uptake by the ocean
benu(hthemnedhyetmnbenppmxmmedbydnffnﬂve

mixing of heat perturb
uuonofmemnprwldnlfvnmauofmeglobal
transient climate response which can be compared to both
observations and future simulations developed with a
dynamically interactive ocean. We include in this paper a
iption of the i and an analysis of computed
ch P quanﬂﬂa.mchu

P .

other

fi to as paper 2J. msuwuhm,bulneav
lheupperendoflhenngeS:l.S‘Cesnmaxedforchmme
of Sci
[CJmmey lm&nmmxky lm],whm their range is a
based on climate
modghng studies |nd unpinm! evidence for climate sen-
sitivity. The sensitivity of our model is near the middle of
the range obtained in recent studies with GCMs [Washington
and Meehl, 1984; paper 2, 1984; Manabe and Wetherald, 1987,
Wilsan and Mitchel], 1987).
Ocean temperature and ice cover were specified climatol-
ogically in the version of model I documented in paper 1.
In the experiments described here and in paper 2, ocean

dlmgu in the general
and sea ice cover will be pmaued elsewhere.
‘The climate model employed in our studies is described in
Section 2. Results of a 100 year control run of this model,
with the atmospheric composition fixed, are briefly described
in Section 3. Three scenarios for atmospheric trace gases
and stratospheric acrosols are defined in Section 4. Results
of the climate model simulations for these three scenarios
are presented in Section §; Section 5.1 examines the
predicted global warming and the issue of when the global
werming should exceed natural climate variability, Section
52 examines the spatial distribution of predicted decadal

P

and jce cover are computed based on energy
nge with the h ocean heat transport, and

the occan's heat capacity. The treatments of ocean
temperature and ice cover are nearly the same here as in
paper 2, with the following exception. In paper 2, since the
objective was to study equilibrium (t - «) dimate changes,
computer time was saved by specifying the maximum mixed
layer depth as 65m and by allowing no exchange of hear
between the mixed layer and the decper ocean. In this
paper, since we are concerned with the transient climate
response, we indude the entire mixed layer with seasonally
varying depth spedified from observations as described in
Appendix A and (except in the control run) we allow



diffusive vertical heat transport beneath the level defined
by the annual-maximum mixed layer depth. The global mean
depthoflmlevclunboutllimmdthceﬂeaweglobal
diffusion coefficient beneath it is about 1 am?s™).

The horizontal transport of heat in the ocean is specified
fxom esmmlu for lodxy's ocean, varying seasonally at each
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temperature each year; this heat storage and release can
affect the interannual variability of surface temperature.

The variation of the global-mean annual-mean surface air
temperature during the 100 year conirol run is shown in
Figure 1. The global mean temperature at the end of the
run is very nmunr to that at the beginning, but there is

Lo o I‘“"l’l’

ix A. In our ep
with ,,' h nposition we keep the ocean
horizontal heat mnspoﬂ {and the mixed layer depth)
identical to that in the contro! run, ie, no feedback of
dnmuechangemomnhmmn:ponupemnncdmmse

Our for this app as a first step
umnhpummnmhmcnmoqahmcdmuhnonmd
mphﬁu ml)yns of lhe p Initial
with an idealk focea model suggest
lhalxhemmpnnnofnofwdbad:mnybeagoodﬁm
sppraximation for small climate perturbations in the
direction of a warmer climate [Bryan er al., 1984; Manabe
and Bryan, 1985}. In addition, experiments with a zonal
aversge heat balance model suggest that the global average
climate sensitivity does not depend strongly on the feed-
back in the ocean heat transport [ng e ad, 1984)

d variability on all time scales that can
be examined, that is, up to decadal time scales. Note that
an unforced change in global temperature of about 0.4°C
(03°C if the curve is smoothed with & 5 year running mean)
occurred in one 20 year period (years 50-70). The standard
deviation about the 100 year mean is 0.11°C. This unforced
variability of global tempersture in the model is only
slightly smaller than the observed varisbility of global
surface air tcrnpcmure in the past cemury, 83 discussed in
Section 5. The that unforced (and unpredi
climate variability may account for a large portion of past
climate change has been stressed by many researchers; for
example, Lorenz [1968), Hasselman [1976) and Robock [1978].
The spatial distribution of the i varisbility of
temperature in the model is compared with observational
data in Plate 1. The geographical distribution of surface air

However, we stress that this P
of!heouanamdnmdfmol‘nnurﬂnmbimyof
ocean transports and the possibility of switches in the basic
mode of ocean circulation. Broecker et af. {1985), for
example, have suggested that sudden changes in the rate
of deep water formation may be associated with oscil-
lations of the climate system. Discussions of the transient
ocean response have been given by Schncider snd Thomp

varigbility is shown in Plate la for lhe model
and Flate 15 for The d:

ranges from about 0.25°C at low latitudes to more than 1°C
at high latitudes, in both the model and observations. The
model's variability tends to be larger than observed over
continents; this arises mainly from unrealistically large
model variability (by sbout a factor of two) over the

[1981), Bryan et al. [1984], and others. We consider our
simple treatment of the ocean to be only » first step in
studying the climate response to a slowly changing: climaie
forcing, one which must be compared with results from

jcally interactive ocean models when such models are
applied to this problem.

3.100 YEAR CoNTROL RUN

Almywuonmlmnofthemodelwasmwdoutvmh
ition fixed at d 1958 values.
Speuﬁnﬂy. mnoq)hmcgamwmchmmne dependent in
later experiments are set at the values 315 ppm for CO,,
1400 ppb for CH,, 2926 ppb for N,O, 158 ppt for
CCLyF (F11), and 503 ppt for CCLF, (F12). .
The ocean mixed layer depth V:Iﬂﬂ geographically and
ly based on clis logical data specified in Appendix
A. No heat exchange scross the level defined by the annual
maximum mixed layer depth was permitted in the contro) run
described in this section. The purpose of this constraint
was to keep the response time of the model short enough
that it was practical to extend the model integration over
several time constants, thus assuring near equilibrium con-
ditions. The isolated mixed layer response time is 10-20
years for a climate sensitivity of 4°C for doubled CO,, as
shown in paper 2. Note that the seasonal thermodline (i.e.,
the water between the base of the scasonal mixed layer and

the annual-maximum mixed layer depth) can have a different .

in summer, as shown by the seasonal graphs of
Hansen and Lebedeff [1987). The interannual variability of
the zonal mean surface air temperature, as a function of
latitude and month, is shown in Plate 1c and 1d for the
model and observations. The seasonal distribution of
variability in the model is generally realistic, except that
the summer minimum in the Northern Hemisphere occurs
about one month early. The interannual variability of
temperature as & function of height is more difficult to
check, because observations of sufficient accuracy are
limited to radiosonde data. J. Angell (private communica-
tion) has analyzed data from 63 radiosonde stations,
averaged the temperature change zonally, and tabulated the
data with a resolution of seven latitude bands and four
heights, the lowest of these heights being the surface air;
the interannual variability of the results is shown in Plate
1f. Reasons for smaller variability in the model, Plate le,
probably include: (1) identical ocean heat transport every
" year, which inhibits occurrence of phenomena such as El
Nifio and the associated variability of upper air temperature,
and (2) stratospheric drag in the upper model layer of the
9-layer model II, which reduces varisbility in the strato-
sphere and upper troposphere as shown by experiments with
a 23-layer version of the model which has its top at 85 km
[Rind et al., 1988].
We use these interannual variabilities in Section 5 to help
estimate\ the significance of predicted climate trends and to
study where it should be most profitable to search for early



evidence of greenhouse climate effects. We defer further
discussion of mode] variability and observed variability to
that section.

4. RADIATIVE FORCING IN SCENARIOS A, B AND C
4.1. Trace gases
We define three trace gas scenarios to provide an
i of how the pi climate trend depends upon

trace gas growth rates. Scenario A assumes that growth
rates of trace gas emissions typical of the 1970s and 1980s

will itely, the d annual growth
averages sbout 1.5% of aurrent exmmons, so the net
h forcing i Ily. S io B has

Meanng trace gas growth mas such fhat the annual
increase of the greenhouse climate forcing remains epproxi-
mately constant at the present level. Scenario C drastically
reduces trace gas growth between 1990 and 2000 such that
the greenhouse climate forcing ceases to increase after 2000
The range of climate forcings covered by the three
scenarios is further increased by the fact that scenario A
indudes the effect of several hypothetical or crudely
estimated trace gas trends (ozone, stratospheric water vapor,
and minor chlorine and fluorine compounds) which are not
included in scenarios Band C.

These scenarios are designed to yield sensitivity experi-
ments for a8 broad range of future greenhouse forcings.
Scenario A, since it is exponential, must eventually be on
the high side of reality in view of finite resource con-
straints and environmental concerns, even though the
growth of emissions in Scenario A (= 1.5% yr‘)ulessthan

Appendix B).

Our climate model computes explicily the radiative |
forcing due to each of the above trace gases, using the
correlated k-distribution method [paper 1]. However, we
anticipate that the climate response to a given global
radiative forcing AT, is similar to first order for differem
gases, as supported by calculations for different climate
forcings in paper 2. Therefore, results obtained for our
three scenarios provide an indication of the expected
climate response for a very broad range of assumptions
about trace gas trends. The forcing for any other scenario
of atmospheric trace gases can be compared to these three
cases by computing AT, () with formulas provided in
Appendix B

42. Strataspheric aerosols
Stratospheric aerosols provide a second variable climate
forcing in our experiments. This forcing is identical in all
three experiments for the period 1958-198S, during which
time there were two substantial volcanic eruptions, Agung in
1963 and El Chichén in 1982 In scenarios B and C,
dditional large vol in 1995 (identical in
properties to El Chichén), in 2015 (identical to Agung), and
in 2025 (ldcnm:il to El Chxch(m), while in scenario A no
Is are included after those from El
Chichén have decayed to the background stratospheric
acrosol level. The stmosphen’c aerosols in scenario A are
thus an g to an p that the
next few deades will be similar to the few decades before
1963, which were free of any volcanic eruptions creating
large ph optical depths. Scenarios B and C in

the rate typical of the past century (s 4% yrl). S
C is a more drasuc curtailment of emunom lhan has
lly been ined; it rep of
chlorofluorocarbon emissions by 2000 and reduction of CO,
and other trace gas emissions to 8 level such that the
annual growth rates are zero (i.e., the sources just balance
the sinks) by the year 2000. Scenario B is perhaps the
most plausible of the three cases.

The abundances of the trace gases in these three
scenarios are specified in detail in Appendix B. The net
greenhouse forcing, AT,, for these scenarios is illustrated in
Figure 2; 8T, is the eomputed temperature change at equih-

effect use the assumption that the mean stratospheric
scrosol optical depth during the next few decades will
be comparable to that in the volcanically active period
1958~1985,

The radiative forcing due to stratospheric aerosols
depends upon their physical properties and global distri-
bution.  Sufficient observational data on stratospheric
opacities and aerosol properties is available to define the
stratospheric aerosol forcing msombly well dunng the past
few decades, as described in A dix B. )j ly
uumate the uncertainty in the g}obal mean forcmg due to

brmm((--)formcyvcndungehmcegu
with no climate feedbacks included [paper 2]. io A
reaches a climate forcing equivalent to doubled CO, in
about 2030, scenario B reaches that level in about 2060, and

C never app: that Jevel. Note that our

A goes app: ly through the middle of the
range of likely climate forcing estimated for 2030 by
Ramanathon et al. [1985], and scenario B is near the lower
limit of their estimated range. Note also that the forcing
in scenario A exceeds that for scenarios B and C for the
period from 1958 to the present, even though lhe forcing in
that penodu inally based on 3 this is
because scenario A includes a forcing for some speculative
trace gas changes in addition to the measured ones (cl.

as about 25% for the penod from 1958
to the presem It should be possib
the estimated aerosol forcing for the 1980s, as dxscussed in
Appendix B.

The global radiative forcing due to zerosols and green-
house gases is shown in the Iowet panel of Figure 2.

have a ial effect on the net

fomng for a few years after major eruptions, but within a
few decades the cumulative CO,/trace gas warming in
scenarios A and B is much greater than the aerosol cooling.

S. TRANSIENT SIMULATIONS
5.1. Global Mean Surface Air Temperature
The global mean surface air temperature computed for



scenarios A, B and C is shown in Figure 3 and compared
with observations, the latter based on analyses of Honsen
and Lebedeff {1987) updated 1o include 1986 and 1987 data.
Figure 3a is the annual mean result and Figure 3b is the
five year running mean. In Figure 32 the temperature range
05°-1.0°C above 1951-1980 climatology is noted as an
estimate of peak global temperatures in the current and
previous interglacial periods, based on several climate
indicators (NAS, 1975); despite uncertainties in recon-
structing global temperatures at those times, it is signifi-
cant that recent interglacial periods were not much warmer
than today.

Interpretation of Figure 3 requires quantification of the
magnitude of natural variability, in both the model and

associated with an EI Nifio event which was present for the
full year. Analyses of the infl of p El Nifios on
Northern Hemisp upper air [Peixoto and
Oort, 1984] sugges: that global lempemure may decrease in
the next year of two.

The model predicts, however, that within the next several
years the global temperature will reach and maintain a 3¢
leve!l of global il vhidl is obviously signiﬁanx.
Although this ion o cenain
such as the climate :cnmivny of the model and the nbsence
of large volcanic eruptions in the next few years, as
discussed below in Section 6, it is robust for a very broad
range of assumptions sbout CO, snd trace gas trends, s
illustrated in Figure 3.

ns, and the in the As
in the ip of Figure 1, the standard
deviation of the model's global mean temperature is 0.11°C
for the 100 year contro) run, which does not include the
thermocline. The model simulations for scenarios A, B and
C incude the thermodline heat capacity which slightly
reduces the model's shon-term variability; however, judging
from the results for scenario A, which has a smooth
varistion of climate forcing, the models’s standard deviation
remains about 0.1°C. The standard deviation about the 100
year mean for the observed surface air temperature change
of the past century (which has a strong trend) is 0.20°C;
it is 0.12°C after detrending [Hansen et al., 1981). The
0.12°C detrended variadility of observed temperatures was
obtained as the sverage standard deviation about the ten
10-year means in the past century; if, instead, we compute
the average standard deviation about the four 2S-year
means, this detrended variability is 0.13°C. For the period
1951-1980, which is used as 8 ref period,
the dard of annual temp about the 30-
year mean is 0.13°C. It is not surprising that the var-
lhﬂaxyoflheobzrvedgjobalmnpemturemme
variability in the GCM oontrol run, since the latter conmm
no variable climate forcings such as nges of
or solar irradi slso specification of ‘ocean
hmmnsponrmmmmnnualvambﬂnymxomd:
as El Nifo/Southern Oscillation events. Finally,
wenoteuunhe one-sigma error in the observations due to
incomplete coverage of stations is about 0.05°C for the
period from 1958 1o the present {Hansen and Lebedeff,
1987), which does not contribute apprecisbly to the vari-
ability (standard deviation) of the observed global tempera-
ture. We conclude that, on 8 time scale of 8 few decades
or less, 8 warming of about 0.4°C is required to be signi-
ficant st the 30 level (99% confidence level).

There is no obviously si warming trend in either
the model or cbservations for the period 1958-1985. During
the single year 1981 the observed tempersture nearly
reached the 0.4°C level of warming, but in 1984 and 1985
the observed temperature was no greater than in 1958.
Early reports show that the observed temperature in 1987
again spproached the 0.4°C level [Hansen and Lebedef],
1988], principally as a result of high tropical temp

is that global warming to the level
attained at the peak of the current interglacial and the
previous interglacial nppean lo be m:vnuble, even with the
drastic, snd of gr

forcmpinwemnoc nwarmingofo.s‘Cunmmed
within the next 15 years. The eventual warming in this
scenario would exceed 1°C, based on the forcing illustrated
in Figure 2 and the feedback factor f = 3.4 for cur GCM
[paper 2]. The 1°C level of warming is exceeded during the
next few decades in both scenarios A and B; in scenario A
that level of warming is reached in less than 20 years and
in scenario B it is reached within the next 25 years.

52. Spatial Distrib of Decadal Temp Changes
52.1. Geographical distributi The geograp distri-
buuon of me surface air temp change for
io B is il} d in the left column

of Plate 2 for the 1980s, 1990s and 2010s. The right column
is the ratio of this decadal temperature change to the inter-
snnual variability (standard deviation) of the local tempere-
ture in the 100 year contro! run (Plate 1a). Since the
interannual variability of surface air temperature in the
model is reasonably similar to the variability in the real
world (Plate 1b), thn ratio provndes Y prucutal measure of
when the predi mean ng is locally
significant.

Averaged over the full decade of the 1980s, the model
shows a tendency toward warming, but in most regions the
decadal-mean warming is less than the interannual vari-
lbﬂnyofthcmnlm In the 1990s the decadal-mean

is p to the b variability for
mmyrepon;mdbythemuhﬂmwlheenmglobelm
very substantial warming, as much as several times the
interannual variability of the annual mean.

The warming is generally greater over land than over the
ocean, snd greater at high Iatitudes than ar low latitudes,
being especially large in regions of sea ice. Regions where
the warming shows up most prominently in our model,
relative to the interannua! variability, are: (1) low latitude
ocean regions where the surface response time is small
(Figure 15 of paper 2) due to a shallow ocean mixed layer
and small thermociine diffusion, specifically regions such as

the Caribb East Indies, Bay of Bengal, and large pans



of the Indian, Atlantic and Pacific Oceans near or just
north of the equator, (2) China, where the model’s varia-
. bility is rwice as large as the observed variability, (cf. Plate
1) and the interior downwind portion of xh: Eurasmn

middle and low latitudes in both hemispheres, with
signal/noise in summer being as great or greater than in
winter.

523 Latiude-height distrib The dependence of

continent, especially the Kazakh-Tibet~-Mong ia
region, and (3) ocean arcas near Antarctica and the North
Pole, where sea ice provides a positive climate feedback.
The rtgnons predxaed to have carlient detectability of
ng are und: dly model d dent 10

some extent; as dm:uscd ‘below, this model dcpendcnce, in
eon;unmon with global obsevvnuons, may soon provide

ion on climate mech

The predicted signal/noise ratio (AT /o) is generally smaller
8t any given geographical location than it is for the global

the predi changes on altitude is investigated
in Plate 4, which shows the predi upper air P

change as a function of premr! and latitude (left side) and
the ratio of this to the model’s interannual variability (right
side). Although the predicted greenhouse warming in our
climate model is greater in the upper troposphere at low
latitudes than it is at the surface, the signal/noise ratio
does not have a strong height dependence in the tropo-
sphm The dominant characeristic of the predicted
i change is pheric cooling with
“This ch istic could be a useful

P P

mean (Figure 3), because the noise is significantly reduced

m the global average. Thus for the single purp of
a ing trend, the global mean
tempemmre pravldes the best signal. The geographical
of the p d global temp change also
can be used for opximal weighting” of global data to
enhance early detection of a climate trend [Bell, 1982], but
the impact of such weighting is modest and model depen-
dent.

Our results suggest that the geographical patterns of
model predicted temperature change, in combination with
observations, should become valuable soon for discriminating
among alternative mode) results, thus providing information
on key climate processes which in turn may help narrow the
range for predictions of future climate. For example, Plate
2 shows a strong warming trend in sca ice regions bordering
the Antarctic continent; on the contrary, the ocean atmos-
phere model of Manabe and Bryan (private communication)
shows cooling in this region for the first few decades after
an instant doubling of pheric CO,.  The y
results probably arise from different heat transports by the
oceans in the GISS and GFDL models. As a second example,
our model yields a strong trend at low latitudes as
does the BMO model [Wilson and Mitchell, 1987), while the
GFDL and NCAR models [Washingion and Meehi, 1984] yield

g at low L d The Y ruulu in
this case may anse from the of moist
as the GISS and BMO models use penetrative convection
schemes and the GFDL and NCAR models use a moist
adiabatic adjustment. Judging from Plate 2, the real world
{aboratory may provide empirical evidence relating to such
climate mechanisms by the 1990;

522, Latitud The d of
the predicted temperature changes on season |s investigated
in Plate 3, which shows the predicted surface air temp
ture change for scenario B us @ function of latitude and
month (left side) and the ratio of this to the model’s inter-
annual variability (right side). Although the largest AT's are
at high latitudes and in the winter, the variability is also
largest at high latitudes and in the winter. Considering also
the differences berween the model’s variability and observed
variability (Plate 1), Plate 3 suggests that the best place to
lock for greenhouse warming in the surface air may be

ic for the greenh effect, since, for example, a
heri ,due(o' d solar irradi
should be nwompamed by only a slight stratospheric cooling
(cf. Figure 4 in paper 2). However, the large signal/noise
for the stratospheric cooling in Plate 4 is pantly an anifact
of the unrealistically small variability at stratospheric levels
in our S-layer model; the model predictions there need to be
studied further with a model which has more eppropriate
vertical structure.

524. Comparisons with observations. Global maps of
observed surface air temperature for the first seven years
of the 1980°s show warming, 1o obser-
vations for 1951-1980, especially in central Asia, northern
North America, the tropics, and near some sea ice regions
[Hansen et al., 1987). There are general similarities between
these observed patterns of warming and the model resuits
(Plate 2); the magnitude of the warming is typically in the
range 05-1.00 defined in Plate 1. Perhaps a more quanti-
tative statement wuld be mnde by using the observational
and model data in d i which optimally weight
different hical regions (e.g., Bell, 1982, Bameu,
1986). The significance of such comparisons should increase
after data are available for the last few years of the 1980s,
which are particularly warm in the model. However,
information from the pattern of surface warming is limited
by the fact that similar patterns can result from different
climate forcings [Manabe and Wetheruld, 1975; paper 2).

Comparisons of temperature changes as a function of
height may be more diagnostic of the greenhouse effect, as
mentioned above. is of radiosonde data for the period
1960-1985 by Angell {1986) suggests a global warming of
about 03°C in the 300-850 mb region and a cooling of about
0.5°C in the 100-300 mb and 50-100 mb regions over that 25
year period. Although the warming in the lower tropo-
sphere and cooling in the stratosphere arc consistent
with our model results (Plate 4), the upper tropospheric
(100-300 mb) cooling is not. The temperature changes are
about 0.5-10, based on the natural variability in the model
and observations (Plate 1). Note that our illustrated mode)
results are for the period 1980-1989.

None of the climate models which have been applied to
the greenhouse climate problem yield upper tropospheric




cooling as found in obscrvahum by Angell [1986). If this
of the persists over the next
several years, as the modeled temperature changes reach
higher levels of mathematical significance, it will suggest
¢cither a common problem in the models or that we need to
include additional climate forcing mechanisms in the
analyses. Although the trend in the observations is not yet
clear, it is perhaps worthwhile to poml out examples of
mechanisms which could produce a
model and obscrvalwnx
ibl modet 1S, a prime
npnan unduhtewmﬂdbelhemodelmgofmom convec-
tion, since it is 8 principal process determining the vertical
temperature jent. However, the treatment of convection
in the models (GFDI.. GISS, NCAR lnd BMO) ranges from
moist i top n, and all
of these models obtain :trong upper n'opoqhenc wlrmmg,

regional climate fluctuations.

We ilhmme here umples nf model results ai seasonal
and and we esti the
effect of the umpanmre changes’ on the frequency of
extreme temperatures at specific Jocales. The object is not
to make predictions for specific years and locations, but
rather to provide some indication of the magnitude of
practical impacts of the predicted temperature changes.

53.1. Summer and winter maps. We compare in Plate S
the computed temperature changes in scenarios A, B and C
for June-July-August and December-January-February of
the 1990s. In both scasons the warming is much greater in
scenario A than in scenarios B end C, as also illustrated
in Figure 3. The relative warmings are consistent with the
global radiative forcings for the three scenarios shown in
Figure 2; the greater forcing in scenario A arises partly
from greater trace gas abundances nnd partly from the

A more likely candidate among internal model! deficit

may be the cloud feedback. Ahhou@somzoflhzmodels
include ical/radiative cloud feedbadk do not
include opuml/ndmive feedbacks. For example, it is
possible that the opacity of (upper tropospheric) cirrus
couds may incresse in 8 warming climate; this would
increase the greenhouse effect st the surface while causing

a cooling in the upper troposph:re.

A good didate for the temp profile
among climate forcings is dmnge of the vertical profile of
ozone, since some ob suggest ing ozone

amounts in the upper troposphere and stratosphere along
with increases in the lower troposphere {Bolle ei al., 1986).
Another candidate climate farnng is change of the atmos-
pheric serosol di i in Appendix B, n

b: of large ic erup
Features in the predicted i to all
mdudealcndeanm(hegxeaxenwammgmbemsea
ice regions and land arcas, as opposed to the open oceans.
At high latitudes the warming is greater in winter than in
summer. We also notice a tendency for certain patterns in
the warming, for example, greater than average warming in
the eastern United States and less warming in the western
United States. Examination of the changes in sea level
pressure and atmospheric winds suggests that this patiern in
the model may be related to the ocean’s response time; the
relatively slow warming of surface waters in the mid
Atlantic off the Eastern United States and in the Pacific off
California tends to increase sea level pressure in those
ocean regions and this in tumn tends to cause more

'mbeposn’hletospequchanguof
m!hzl?&lsmoremnclylhnnwehlvememptedmthu
paper, but little information is evailable on changes in
" tropospheric acrosols.  Still another candidate climate
forcing is solar varisbility; although changes of total solar
imdhncemchurq)oﬂedbyil"l:onaal[l%ﬂmld
not yield opposite responses in the upper and lower
troposphere, changes in the spectral distribution of the solar
irradiance may have a more effect on

winds in the castern United States and more
northerly winds in the western United States. However, the
tendency is too small to be apparent every year; in some
years in the 1990s the eastern United States is cooler than
climatology (the control run mean) and often the western
United States is :ubstanmny warmer than climatology.
M , these regit in the ng could be

mod:ﬁedifmmmmjm:hangesmmnhur

tare profiles.

These examples point out the need for seversl observa-

tions of climate forcing mechanisms and climate feedback

Mmmmkuyunumemmemu
jal if we are to

rehabryhtupmthzﬂwofdzmmedimgelndm

implications for further change.

53. Short-term and Loca! Temperature Changes

Although long-term large-area averages increase the
signal/noise ratio of greenhouse effects, it is important to
slso examine the model predictions for evidence of green-
house effects on the frequency and global distribution of
short-term  climate disturbances.  Such studies will be
needed to help answer practical questions, such as whether
the greenhouse effet has a role in observed local and

532, July maps. We examine in Plate 6 the temperature
changes in & single month (July) for several different years
of scenario B. In the 1980s the global warming is small
compared to the natural variability of local monthly mean
temperature; thus any given location is about as likely to be
cooler than climatology as warmer than climatology, and, as
shown in Plate 6, the area with cool temperatures in &
given July is about as great as the area with warm tempera-
tures. But by the year 2000 there is an obvious tendency
for it to be warm in more regions, and by 2029 it is warm
llrnon evelywhere.

lies can be readily noticed by

the average pmon or “man-in-the-street®. A calibration
of the magnitude of the mode! predicted warming can be
obtained by comparison of Piate 6 with maps of observations
for recent years, as published by Hansen et al. [1987] using




the same color scale as employed here. This comparison
shows that the warm events predicted to occur by the 2010s
and 2020s are much more severe than those of recent
experience, such as the July 1986 heat wave in the
Southeast United States, judging from the srea and mag-
nitude of the hot regjons.

$33. Frequency of ereme evers.  Although the
greenhouse effect is ususlly measured by the change of
mean tempersture, the frequency and severity of extreme

p events is probably of ter i to the
biosphere. Both plants and animals are affected by extreme
temperatures, and regions of habditebility are thus often
defined by the range of local temperatures.

We estimate the effect of greenhouse warming on the

quency of by adding the model
predxaedwammgfurayvendecadewoburvedloca!daﬂy
temperatures for the period 1950-1979. This procedure is

£
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The results in Figure § illustrate that the prediced
changes in the frequency of extreme events in the 1990s
generally are less than the observed interannual variability,
but.the changes become very large within the next few
decades. ‘The large effects are not a result of unusual local
results in the model’s computed AT. The computed warmings
in the United States are typical of other land areas in the
model. For the case of doubled CO,, which we can compare
with other models, the warming we obtain in the United
States (about 4.5°C, se¢ paper 2) is intermediate between
the warmings in the GFDL (Manabe and Wetherald, 1987)
and NCAR [Washington and Meehl, 1984] models.

Even small temperature changes, less than the interannual
variability, can be to the " and
have significant impacts on the biosphere. As one measure
of the dcteaabi.hry of local greenhouse warming, we

inethe-sti

intended to minimize the effect of errors in the control run
climatology, which are typically several degrees Centigrade.
The principal wption in dure is that the shape
of the temperature distribution about the mean will not
change much as the greenhouse warming shifts the mean to
higher values. We tested this assumption, as shown in
Figure 4 for the 10 gr which ap ly cover the
United States, and found it to be good The illustrated case
is the most extreme in our scenarios, the decade 2050s of
scenario A, for which the global mean warming is about
4°C. Note in panticular that there is no evidence that the
distribution toward high temperstures in the summer
becomes compressed toward the mean as the mean increases;
indeed the small change in the distribution which occurs is
in the sense of greater varisbility, suggesting that our
lsumpnon of no change in the distribution will yield a

i for the i in the fi of

hot events.

We also examined the effect of the greenhouse warming

on the amplitude of the diumnal cyde of surfacc air

In our doubled CO, experi lpaper 2] the
d:umﬂcyd:werlandmdeaﬁsedbyorc.wxm
greatest changes at low latitudes, for gridbaxes in the
United States the changes of diumnsl amplitude ranged from
ldecrmeoforcwlnmeaseoforc Thechmps
of diurng! amplitude in the varied
txomymboxmmd‘box.butdxdnotuuedmuﬂtmm
of a degree centigrade.  Thus for simplicity we neglected
this effect in our cstimates of changes in the frequencies of
extreme temperatures.

The estimsted change in the mean number of days per
year with temperature exceeding 95°F (35°C), minimum
temperature exceeding 75°F (» 24°C), and minimum tempera-
ture below 32°F (0°C) is shown in Figure S for several
cties. The scenario results were obtained by adding the
mean decadal warming (relative to the last nine years of the
control run) of the four model gridpoints nearest each city
to the 1950-1979 observed temperatures. We employ a
tm)ad-uea l(&yeer mean change, s that the variability is
ipally by the d Y.

\ P P

the frequency of warm We arbitrarily
define the 10 warmest summers (Jure-July-August) in the
period 1950-1979 as “hot”, the 10 coolest as “cold”, and the
middte 10 as *normal”. The impact of the model-compuxed
ng on the frequency of hot is it
Figure 6 for the region of Washington D.C,, based on rhe
four gridboxes wvmng the castern part of the United
Suws, and for the rcg:on or Omaha, based on the four
west-central gr . In both regions by the
1990's the chance of a hot summer exceeds 50% in all three
scenarios, and exceeds 70% in scenario A.

With hot, normal and cold summers defined by 1950-1979
observations as described above, the climatological proba-
bility of a hot summer could be represented by two faces
(say painted red) of a six-faced die. Judging from our
mode), by the 1990s three or four of the six dic faces will
be red. It seems 1o us that this is a sufficient “loading” of
the dice that it will be noticeable to the “man-in-the-
street”. We note, however, that, if say 8 blue die face is
used for a cold summer, there is still one blue dic face in
both the 1990s and the firm decade of the next century.
Thus there remains a substantial likelihood of a cold scason
a1 any given location for many years into the future.

We concluded above that the magnitude of global mean
greenhouse warming should be sufficiently large for scien-
tific identification by the 1990s. We infer from the
computed change in the frequency of warm summers that
the “man-in-the-street” is likely to be ready to accept that
scientific chusi We also tude that, if the world
follows a course between scenarios A and B, the tempera-
ture changes within several decades will become large
enough to have msjor effects on the quality of life for
mankind in many regions.

The computed temperature changes are sufficient to have
a large impaat on other parts of the biosphere. A warming

“of 05°C/decade implies typically a poleward shift of

isotherms by SO to 75 km per decade. This is an order of
magnitude faster than the major climate shifts in the
paleodimate record, and faster than most plants and trees
are thought to be capable of naturally migrating [Davis,
1988). Managed crops will need to be adapted to more



extreme conditions in many locales, For example, following

suffi nently large 1o have major impacts on man and his

the suggestion of S. S (private ication), we

estimated the effect of greenhouse warming on the likeli-
hood of a run of five ive days with i
temperature above 95°F. Observations at Omaha, Nebrasks
for the 30 year period 1950-1979 show 3 years/decade with
at least one such run of 95°F temperatures. With the
warming from our model this becomes 5 years/decade in the
1990s in scenario A (4 years/decade in scenarios B and C), 7
years/decade in the 20205 in scenario A (6 years/decade in
scenario B and 4 years/decade in scenario C), and 9
years/decade for doubled CO,. Such temp

are thought to be harmful to corn productivity {Meams e
al., 1984]; thus these results unyly that the impact on crops
cn be very i with i ing mean
Another le of nonli

P

p by the biosphere to
g p is evidi that many coral
populations expell their symbiotic algae when water
temperature rises above about 30°C, leading to death of the
coral if temperatures remain in that range, as evidenced by
recent events in the tropics [Roberts, 1987).
Negative impacts of gr ng on the b
are undoubtedly greatest in regions where species are close
to p limits. Snch n-npacu may
be at least partially bals by i PP for
productive ll!'e in other regions. Also the “fentilization™
effect on crops due to increasing stmospheric CO, {Lemon,
1983] and other greenhouse climate effects such as changes
in precipitation [Manabe and Wetherald, 1987} may have
i besides that of the temperature change. Our
intention here is only to show that temperature changes
themselves can have a major impact on life, and that these
effects may begin to be felt soon. We emphasize that it is
the possibility of rapid climate change which is of most
concern for the biosphere; there may not be sufficient time
for many biosystems to adapt to the rapid changes forecast
for scenarios A and B.

6. DiscussioN

Our simulations of the global climate response to realistic
time-dependent changes of atmospheric trace gases and
gerosols yield the following results: (1) global warming
within the next few decades at least to the maximum levels
achieved during the last few interglacial periods occurs for
all the trace gas scenarios which we consider, but the
magnitude of further warming depends geauy on fumre

as shown by computed changes in the fre-
quency of extreme events and by comparison with previous
climate trends; (5) some near-term regional climate varia-
tions are suggested; for example, there is a tendency in the
mode] for greater than average warming in the Southeast
and Central U.S. and relatively cooler conditions or less
than average warming in the western US. and much of
Europe in the late 19805 and i in the 19905

In this section we ions upon
which these resulis depend. In the final subsection we
stress the need for global and the lop

of more realistic models.

6.1. Climate Sensitivity

The dimate mode] we employ has a global mean surface
air equilibrium sensitivity of 4.2°C for doubled CO,. Other
recent GCM's yleld equim:num sensmvmes of 2&55’C and

we have g the range
25-5C lpaper 2). Reviews by lhe National Audemy of
Sciences [Chamey, 1979; Si insky, 1982] ded

the range 15-4.5°C, while  more recemt review by
Dickinson [1986] recommended 1.5-5.5°C.

Forecast temperature trends for time scales of a few
decades or less are not very sensitive to the model’s
equilibrium climate sensitivity [Hansen e al. 1985).
Therefore climate sensitivity would have to be much smaller
than 4.2°C, say 15-2°C, in order to modify our conclusions
significantly. Although we have argued [paper 2] that such
a small sensitivity is unlikely, it would be useful for the
sake of comparison to have GCM simulations analogous to
the ones we presented here, but with 8 low climate sensiti-
vity. Unti such a study is completed, we can only state
that the obal trend is
with the “high® climate mmuvny of the present model
However, of the p
on climate sensitivity will tequu'e observations to reduce
other uncertainties, as described below. The needed
observations include other climate forcings and key climate
processes such as the rate of heat storage in the ocean.

6.2. Climate Forcings

Climate forcing due to i i i h
gases in the period from 1958 to me pmem is uneenam by
perhaps 20% (Appendix B); the uncertainty about future

trace gas growth rates; (2) the global gr
should rise sbove the level of uamnl climate vanabﬂny
within the next several yesars, and by the 1990s there should
be a noticeable increase in the local frequency of warm
events; (3) some regions where the warming should be
apparent carliest are low latitude oceans, certain continenta)
areas, und sea ice npons. the three-d:menﬂonal panern of

the p del-d g that
appropnate obsewanons can provnde d;smnunanun among
ive model ions and thus lead to improved

climate pudmnons. 4) the lempemmre changes are

greenh forcing is iderably greater. Therefore our
procedure has been to consider a broad range of trace gas
scenarios and to provide formulae (Appendix B) which allow
caiculation of where the climate forcing of any altcrnative
scenario fits within the range of forcings defined by our
scenarios A, B and C.

We emphasize that as yet greenhouse gas climate forcing
does not necessarily dominate over other global climate
forcings. For example, measurements from the Nimbus 7
satellite show that the solar irradiance decreased by about
0.1% over the period 1979 to 1985 [Wilson er al., 1986;



Frohlich, 1987). As shown by formulae in Appendix B, this
represents a negative climate forcing of the same order of
magnitude as the positive forcing due to the increase of
trace gases in the same period. The observed trend implies
the existence of significant solar irradiance variations on
decadal time scales, but does not provide information over a
sufficient period for inclusion in our present simulations.
The greenhouse gas forcing has increased more or less
monotonically, at least since 1958; thus the greenhouse gas
climate forcing in the 1980s including the “unrealized”
warming [Hansen et al., 1985] due to gases edded to the
atmosphere before the 1980s probably exceeds the solar
irradiance forcing, unless there has been a consistent solar
trend for two decades or more. If the solar irradiance
continues to decrease at the ratc of 1979-1985 it could
reduce the warming predicted for the 1990s; on the other
hand, if the decline of solar irradiance bottoms out in the
late 1980's, as recent data suggest [Hickey er al., 1987}, and
if the irradiance begins an extended upward trend, it is
possible that the rate of warming in me next deeade could
exceed that in our present i

of the solar irradi is for i of
near-term climate change and early identification of
greenhouse

warming.

Stratospheric acrosols also provide a significant global
dlimate forcing, as evidenced by the effects of Mt Agung
(1963) and El Chichén (1982) acrosols on our oompuled
global temperatures. Thus, if a very large volcanic eruption
occurred in the next few years, it could significantly reduce
the projected warming trend for several years. On the
other hand, if there are no major volcanic eruptions in the
remainder of the 1980s or the 1990s, that would tend to
favor more rapid warming than obtained in scenarios B and
C, which assumed an eruption in the mid 1990s of the
magnitude of El Chichén. Interpretation of near term

59

1o that of passive tracers simulated as a diffusive process.
We belicve that these assumptions give a global result which
is as reliable as presently possible, given available know-
ledge and modeling abilitics for the ocean; in any case this
approach provides a ﬁm reeulx against which later results
btai with oceans can be
compared.

Howrever, we stress that our ocean mode! yields relatively
smooth 1 trends. It the

mtyofsmfumomnmmlmonormthemeof
deep water f i There is
records that such ocean fluctuations have occurred in the
past [Broecker et al., 1985), especially in the North Atlantic,
where, for example, a reduction in the rate of deep water
formation could reduce the strength of the Gulf Siream and
thus lead to a cooling in Europe. We caution that our
ocean mode! assumptions exclude the possibility of such
sudden shifts in regional or global climate.

We also stress the importance of measuring the rate of
heat storage in the ocean. As discussed above and by
Hansen et al. [1985], on the time scale of a few decades
there is not necessarily a great difference in the sur-
face temperature response for a low climate senitivity (say
15-2°C for doubled CO,) and a high climate sensitivity
(s2y 4-5°C for doubled CO,). However, the larger climate
sensitivity leads to a higher rate of heat storage in the
ocean. Since theoretical derivations of climate sensitivity
depend so sensitively on many possible climate fecdbacks,
such as cloud and acrosol optical properties [Somerville and
Remer, 1984; Charlson et al., 1987), the best opportunity for
major imp in our ding of climate sensi-
tivity is probably monitoring of internal ocean temperature.
Such measurements would be needed along several sections
crossing the major oceans. In principle, the measurements
would only be needed at decadal intervals, but continuous

climate change will require ng of s
aerosols, as well as solar irradiance.

" Other climate forcings, such as changes in tropospheric
aerosols or surface albedo, are also potentially significant
(Appendi B),but,‘“,nre' munryona

i acrosol

p

desi 1o average out the effect
of local ﬂumutions.

6.4. Initial Conditions .
Because of the long response time of the ocean surface

basis. of ging

mclude the arctic haze, long-range transport of desert
acrosols, and perhaps urban and rural aerosols of anthro-
pogenic origin. Significant surface albedo variations may be
associated with large scale deforestation and desertification,
but uvailnble information on trends is not sufficiently
itative for inclusion in our global simulations. It is
desirable that calibrated long-term monnonng of tropo-
spheric aerosols and surface albedo be ined in the

the global surface temperature can be in
mhnanml disequilibrium with the climate forcing at any
given time. By initiating our experiments in 1958 after a
long control run with 1958 atmospheric composition we
implicitly assume that the ocean temperature was approxi-
mately in equilibrium with the initial atmospheric composi-
tion. Our results could be significantly modified by a

future.

63. Ocean Heat Storage and Transport

Our ocean model is based on the assumption that, for the
small climate forcings of the past few decades and the next
few decades, horizontal transport of heat by the ocean will
not change significantly and uptake of heat perturbations by
the ocean beneath the mixed layer will be at a rate similar

10

d:ﬂ'zrem For ple, if there were
Ii & ing in 1958 due to a steady
of greenh f b the 1800s and 1958,

orang
hnotpomuon of that disequilibrium in our initial conditions
would have caused me global temperature to rise raster than
it did in our exp We our in
1958 principally because that is when accurate CO2 measurc-
ments began. However, 1958 also appears to be a good
starting point to minimize the possibility of a major dis-
equilibrium between the initia] ocean surface temperature




and the atmospheric forcing. Global temperature. peaked

about 1940 and was level or declined slightly in the twp.

decades between 1940 and 1958. Regardles of whether the
1940 was an d v of temp or

horizontal ice extent of Walsh and Johnson [1979), the
Southern Hemisphere ice extent of Alexander and Mobley
[1974] and mixed layer depths compiled from NODC bathy-

due to 8 maxdmum of some climate forcing, one effect of
that warm period is to reduce and perhaps eliminate any
unrealized greenhouse warming in 1958.

It would be useful to also carry out simulations which
begin in say the 1800s, thus reducing uncertainties due to
possible disequilibrium in the initial.- conditions. These

would be particularly iate for

mpmml information on dlimate nennnvuy from the
observed warming in the past century. Such experiments
were beyond the capability of our computer (circs 1975
Amdahl). Moreover, because of greater uncerteinties in
climate forcings before 1958, such experiments probably
would not yield more reliable predictions of future climate
trends.

65. Summary

Our mode! results suggest that global greenhouse warming
will s00n rise above the level of natural climate variability.
nednglebwphutomtmmmwdfea
sppears to be the global mean surface air temperatuse. If u
rises snd remains for a few years above an
significance level, which we have argued is lboul 04‘C fnr
9% confidence (30), it will i
of a cause and effeat relationship - a mokmg gun”, in
current vernacular.

Confirmation of the giobal warming will enhance the
urgency of innumerable questions about the pnmul lmpam

h data [NOAA, 1974). The surface heat flux was
medfrom:twoyurmnofModel[l[paperl]whxchused
the above monthly ocean surface temperature as boundary
conditions. Figure 1 of paper 2 shows this surface heat
flix.  The calculation of the ocean heat s
described in more- detail by Russell et ol [1985), whose
Figure 5§ shows the geographical distribution of the mixed
layer depths for February and August. The global area-
weighted value of the annual maximum mixed layer depth is
127m.

The gross characteristics of the ocean surface hear flux
and implied ocean heat transport appear to be realistic, with
heatgammdmnd:vezgenczulwhnmdu, and hesat loss
and flux

B
comparison of the nnnual ocean hut tnnspon byM:Ileru
al. [1983] shows that the i

in each ocean basin is
of actual transports.

In our 100 year control run, there is no exchange of heat
at the base of the mixed layer. In the experiments with
varying atmospheric composition we mimic, as a diffusion
process, the flux of temperature anomalies from the mixed
layer into the th cli The th line, taken to be
the water below the annual maximum mixed layer, is .
structured with eight layers of geomerrically increasing
thickness, with a tota} thickness of about 1000 m.

An cffective diffusion coefficient, k, is estimated below
the annual maximum mixed layer of uch gndpoml using an
relation b the of ient inent

'llh o ¥ Aol

of future climate change. Answers to these q
dcpenduponthedﬂnﬂxoflhcnmmg.mmnudemdglobal
distribution of the changes of many climate parameters,
information of a specificity which cannot presently be
ided. Major imp are needed in our under-
mmngofmed:mnesyncm-ndournbﬂuytopxm
climate change.
We conclude that there is an urgent need for global
to imp viedge of dimate forcing
mechanisms and climate feedback The exp
chmntedunguhthclmpmuunoncenyw
scientific opportunity, because they will provide a chance to
discriminate among alternative model and a
gxwmnﬁcchanmge.beamofdwundsmvrﬂlbe
d for improved climate and i

APPENDIX A: OCEAN MODEL AND OCEAN DATA
The seasonal transport of heat in our ocean model is
specified by the convergence (or divergence) of heat at each
ocean gridpoint, determined from energy balance as the
difference between the time rate of change of heat storage
and the heat flux at the gir sea interface. The heat
storage is calculated from the Robinson and Bauer [1981)
H

ocean surface p s, the P

tracers and the local water column stability [paper 2], the
latter being obtained from the annual mean density dist:
bution calculated from Lewius [1982]. The resulting global
distribution of k is shown in Figure 15¢ of paper 2. There
is a low exchange rstc (k ~ 02 cu/sec) at low latitudes
and a high exchange. rate in the North Atlantic and
southern oceans where convective overturning occurs. Note
that k is constant in time and in the vertical direction.
neocnnmnpcnmremdlhzoeunxcewemme

are d based on energy balance.
mq)eaﬁedmvugedomhmmdthedﬂunonmxo
ited into or from the

ammixedhyer 'l'heurlaufmths(oreools)me
open ocean and ocean ice in proportion to their exposed
areas. In sddition there is a vertical exchange (conduction)
of beat between the ocean and the ice above it.

When the surface fluxes would cool the mixed layer below
-15°C, the mixed layer stays at -1.6°C and ice with 1 m
thickness is formed growing horizontally, at a rate deter-
mined by energy balance. When the surface fluxes would
warm the ocean above 0°C, the ocean stays at 0°C until ali
ice in the gridbox is melted horizontally. Conductive
cooling 8 the ice/water interface thickens the ice if the
ocean temperature is at -16°C. Leads are crudely repre-
sented by requiring that the fraction of open water in a



gridbox not be less than 0.1/z,,, where 2, is the ice
thickness in meters-{paper 1].

APPENDIX B: RADIATIVE FORCINGS
Radiative forcing of the climate system can be specified
by the global surface air temperature change 4T, that would
be required to maintain energy balance with space if no
climate feedbacks occurred [paper 2). Radxanve forcm&s for
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and subsequently. with 1.5% yr'! growth of the annual
increment. CCLF (F11) and CCl,F, {F12) emissions are
from reported. rates. (CMA, 1982) and assume 3% yr?!

increased emission in the future, with atmospheric lifetimes
for the gases of 75 and 150 years, respectively. CH,, based
on estimates given by Lacis et al, [1981), increases from 14.
ppb in 1958 at a rate of 0.6% yr'! untl 1970, 1% yr! in
the 1970s and 15% yr! thereafter. N,O increases

a variety of ch: of climate b Y are
compared in Figure Bl, based on calculations with a 1.-D
radmwo-conveawe (1-D RC) mode] [Lacis er al., 1981).
The the aT, from the 1-D
RC model within about 1 petcenx for the indicated ranges of

The Y of these forcings |s of
i in the

the order of 10% due to
coefficients and approxi

COy AT (x) = f(x) ~ f{x,);
f(x) = In (1 + 1.2x + 0.005x2 + 1.4x10°%x3);
X, = 315 ppmv, x 5 1000 ppmv

CCLFy: AT (x) = 0.084(x-x,); x-x,s2ppbv

CClHF: 8T (x) = 0.066(xx,); x-x, s 2 pptv

CHi AT, = glxyo) Blko¥o)

N,O: AT, = g(x,.¥) -8(XoYo)

where

P

in the 1-D

xysSppmv

- 0394:°%4 016 L T11008+3.5)
Bexy) = 1+0.169x0€2 * 15561“[H 00 + 0.14y% ]

0.014 In [1+0.636(y)°™ + 0.007x(xy)152];
H,S0, acrosols (20km): 8T (7) = -5.87; 7 (A = 550nm) s 0.2
H,SO, aerosols (0-2km):  8Ty(7) = -6.57; 7 (A = 550nm) s 0.2

Solar irradiance: 8To(x) = 067 x = 85,(%) s 1%
Land albedo: 8T,(x) = 0.12x;

x = A albedo of land area s 0.1
Trace gas scenarios

Trace gas trends beginning in 1958 (when accurate
measurements of CO, began) were estimated from measure-

ding to the J: formula of Wel:: [1981),
the rate being 0.1% n in 1958, 0.2% yr? in 1980, 0.4% yr}
in 2000 and 0.9% yr! in 2030. Potential effects of several
other trace gases (such as O,, stratospheric H,0, and
hlorine and other than CCLF and
CCLF,) are approximated by multiplying the CCI,F and
CCLF, amounts by two.

In scenario B the growth of the annual increment of CO,
is reduced from 15% yr? today to 1% yr! in 1990
0.5% yr'! in 2000 and 0 in 2010; thus afier 2010 the annual
increment in CO, is constant, 19 ppm yr’. The ennual
growth of CCL,F and CCl,F, emissions IS reduced from 3%

yr! today to 2% yr! in 1990, 1% yr! in 2000 and O in
2010. The methane annual growth rate decreases from 1.5%
yr! today to 1.0% in 1990 and 0.5% yr’ in 2000. N,0
increases are based on the formula of Weiss [1981], but
the parameter specifying annual growth in anthropogenic
emission decreases from 3.5% today to 2.5% in 1990,
15% in 2000 and 0.5% |n 2010. No increases are included
for other fl 0. ic H;O or any
other greenhouse gases.

In scenario C the CO, growth is the same as in scenarios
A and B through 1985; between 1985 and 2000 the annual.
CO, increment is fixed at 15 ppm yr‘ after 2000 CO,
ceases to il its ab fixed at 368
ppm. CCLF and CCLF, abundances are the same as in
scenarios A and B until 1990; thereafter CCLF and CCle2
emissions decrease linearly to zero in 2000. CH, abundance
is the same as in scenarios A and B until 1980; berween
1980 and 1990 its growth rate is 1% yr'}; berween 1990 and
2000 its growlh rate is 05% yr’ after 2000 CH, ceases to

bund: g fixed at 1916 ppb As in
scenario B. no increases occur for the other chloroftuoro-
carhons, O,, stratospheric HyO or any other greenhouse
gases.

»

P

spheric aerosol
The ndmnve forcing due to stratospheric aerosols

memdaulvaﬂablemearlylm"henwe"' our
Reft to the are

given in Shands and Hop‘mm [1987}. Figure B2 ark

the decadal to global greenhouse

forcing. The forcings shown by dotted lines in Figure B2
are speculative; their effect was included in scenario A, but
ududadmmnosBdeTthH forcing in the 1980s
represents a 1.5% yr! g’ovn.hme,rwemdam[Bolleaal
1986] suggests that a 1.1% yr! growth rate probably is
more realistic.

Specifically, in A CO, i as by
Keeling for the interval 1958-1981 [Keeling et al 1982)

89-338 O - 88

3

12

ipally upon their optical thickness at visible
wavelengths. their opacity in the thermal infrared region,
and their global distribution. Because of the small size of
long-lived stratospheric aerosols, their effect on planetary
albedo generally exceeds their effect on infrared trans- .
mission [Hansen et al, 1980). Thus the most important
acrosol radiative parameter is the' optical thickness at
visible wavelengths, 7. We base ule unmmed 7 before El
Chichén pri on solar at
Mauna Loa (M 1979) with

with




a threo-dimensional tracer model [Russell and Lemer, 1981).
The measured optical depth at Mauna Loa, after subtrac-
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to make use of the full data now svailable for a compre-
henﬂve study of the climate impaa in that period.

tion of the mean 1958-1962 value which is to
the local background value, is shown as the light

line m Fxgm B3. An art arbitrary amount of tracer substance
was i d in the p o!’ the tracer model at
the time and } of the vol p of Agung
(1963), Awu (1966), Fernandina (1968) and Fuego (1974).
The computed amount of tracer at Mauna Loa was then
multiplied by lhe uale factor required such’ that the
Jed the mean measured trans-

mission at Mauna Loa in the two years following the
eruption; the modeled aerosol opacity is illustrated by the
heavier line in Figure B3. The tracer model thus defined
the global distribution of aerosol optical depth for the

period 1958-1979.
The aerosol optical depths for Ei Chu:hon. based on early
reports (McCormick, private ion), later published

by McComnick et al., [1984), were specified as l’ollows For
(he ﬁrsx nx months after the eruption the opacity was
d the equator and 30°N,

increasing linearly from 7=0 at the time of eruption to
7=025 three months afier the eruption and remaining
constant for the next three months. Subsequently the
opacity was uniform from 90°N to 30°N and from 30°N to
90°S, but with two times greater 7 in the northem region
than m the southem region. Beginning 10 months after the
7 with a 12 month time

constant. A
‘The optical prop of the ph ls before
1982 are based on of Agung is. The

med:mibuuonwcmduthmgvcnbthmd}’ollack
[1976), which is based on measurements by Massop [1964]; it
has mean effective radius and variance [Hansen and Travis,
1974] of 14 = 02um &nd vq ~ 0.6. These acrosols are
assumed to be spheres of sulfuric acid solution (75% acid by
weight) with refractive index given by Palmer and Williams
[1975]. We used size data for the El Chichén aerosol
based on measurements of Hoffman and Rosen {1983). Their
May 1982 data had 1y = ldum, v 4 = 04, while their
October 1982 data had rq = 0.Sum, v, = 0.1S. We
interpolated linearly between these two size distributions for
the six month period April 1982 to October 1982, and
thereafter used the small particle (October 1982) size
distribution. These various size distributions yield the same
cooling at the earth’s surface as & function of v (A =
550nm), within a few percent, a5 computed with the 1-D RC
model, but the large particles cause a greater stratospheric
heating. For example, the May 1982 distribution yields a
warming of 5°C st 23km, the October 1982 distribution
yields 2°C, md the Mossop (1964} nerosoh ylelds 1.5°C.

An d after
thelChnchénempuonthwhichwﬂlaﬂowamm
precise ion of the geographical and altitute distri-
bution of the radiative forcing than for any previous
volcano. We are working with J. Pollack and P. McCormick

, the in our present simulations were
defined in early 1983 when only skeichy data on the E!
Chichén ls was $0 the in the
acrosol forcing after El Chichén in our present simulations
is comparable to that in the prior years.
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Plate 1. Interannual variability i ) of in the 100 year control run (lcft side) and as
estimated from observations (right side). (a). (b), (r) and (d) show lbe interannual vlnabllny of surface air tempera-
ture, and (c) and (f) show lhe interannual vanab:luy of lhc longi! d upper ai (b) and (d) are
based on 1951-1980 at fyzed by ‘Hansen and Lebedej]’ 1987} (/) is based on

1958-198S radiosonde data analyzed by Angell |1986] Regions without data are black.

Plate 2. Left side: decadal mean change obtained for io B, relative to the control run, for the
decades 1980s, 1990s and 2010s. Rnxhl side: ratio of the computed temperature change to the interannual variability of
the annual mean temperature in the 100 year control run (Plate 1a).

Plate 3. Left side: decadal mean temperature change for io B ax a function of latitude and season, for the
decades 1980s, 1990s and 2010s. Right side: ratio of the computed temperature change to the interannual variability of
the monthly mean temperature in the 100 year control run (Plate 1¢)

Plate 4. Left side: decadal mean temperature change for io B as a function of and latitude, for the
decades 19805, 1990s and 2010s. Right side: ratio of the computed temperature change 10 the interannual variability of
the annual mean temperature in the 100 year control run (Plate le).

Plate 5. Simulated June-July-August (left sidc) and December-January-February temperature anomalies in the 1990s,
compared 1o the 100 year control run with 1958 aimospheric composition.

Plate 6. Simulated July surface air temp ies for six individual years of io B. p to the 100
year control run with 1958 atmospheric composition. .
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Senator WiRTH. Fine. Thank you very much, Dr. Hansen. I think
what we will do is run through the whole panel, if we might. If we
might then go in the order in which I introduced the witnesses; Mr.
g)dppenheimer, Mr. Woodwell, Mr. Manabe, Mr. Dudek, and Mr.

oomaw.

STATEMENT OF DR. MICHAEL OPPENHEIMER, SENIOR
SCIENTIST, ENVIRONMENTAL DEFENSE FUND

Dr. OppENHEIMER. Thank you, Mr. Chairman. My name is Dr.
Michael Oppenheimer. I'm an atmospheric physicist and senior sci-
entist with the Environmental Defense Fund.

Mr. Chairman, it is hot out today and unless we change our ways
of producing energy, as we have just heard, it is going to continue
to get hotter.

I would like to thank the committee for giving us the opportuni-
ty at this particularly appropriate time to testify about a recent
report developing policies for responding to climatic change, which
I will refer to as the Bellagio Report published two weeks ago by
the World Meteorological Organization and the United Nations En-
vironment Program. I participated, along with Dr. Woodwell, in
the preparation of that report.

This project that led to the Bellagio Report was developed in the
wake of the publication in 1985 of a report, sometimes called the
Villach 1985 Report also by UNEP and WMO, in which experts on
climate from around the world produced a consensus that global
warming, due to the emissions of greenhouse gases, was indeed un-
derway. An examination of policy options was recommended. The
Bellagio Report based on deliberations at two meetings by scien-
tists and policy makers found that the time for action to respond to
the impending warming is now.

In particular the report recommends several steps to be under-

taken immediately with the goal of slowing global warming. Other
measures to cushion the consequences of unavoidable change and
to develop a coordinated international response are also recom-
mended in the report, including consideration of an international
convention or law of the atmosphere.
- In my personal opinion greenhouse warming presents the most
important global challenge of the next few decades on a par with
defense, disarmament and economic issues. With warming appar-
ently now measurable, as we have just heard, we are already play-
ing catch-up ball. The midwest drought is a warning. Whether or
not it is related to global changes, it provides a small taste of the
dislocation society will face with increasing frequency if we fail to
act. If measures are not undertaken soon to limit the warming,
humans face an increasingly difficult future while many natural
ecosystems may have no future at all.

To illustrate the magnitude of the problem, I was going to briefly
describe the greenhouse warming. I'm sure most of you have heard
about it, so I don’t need to repeat it. But it is due to the emissions
of a variety of gases into the atmosphere which trap heat and lead
to a warming of the surface. Primary among those is carbon diox-
ide. And remember also that the sea level will rise in lock step
with the increasing temperature due to the expansion of the oceans
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and the melting of land ice. As long as the amounts of greenhouse
gase(si increase in the atmosphere, this process will continue una-
bated.

There will be no winners in this world of continuous change,
only a globe full of losers. Today's beneficiaries of change will be
tomorrow’s victims as any advantages of the new climate roll past
them like a fast moving wave. There will be a limited ability-to
adapt because our goals for adaptation will have to change continu-
ously. The very concept of conservation on which environmenta-
lism in this country was originally built does not exist in a world
which may change so fast that ecosystems, which are slow to
adjust, will wither and die.

The technical findings of the Villach-Bellagio workshops include
the following. Global mean temperature will likely rise at about 0.6
degrees Fahrenheit per decade and sea level at about 2.5 inches per
decade over the next century. As we have heard, the temperature
trend will be more extreme at the higher latitudes. These rates are
three to six times recent historical rates. By early in the next cen-
tury, the world could be warmer than at any time in human expe-
rience. Furthermore, as long as greenhouse gases continue to grow
in the atmosphere, there is no known natural limit to the warming
short of catastrophic change. Thus, at some point these emissions
must be limited.

Because the oceans are slow to heat, there is a lag between emis-
sions and full manifestation of corresponding warming, a lag which
some estimate at 40 years. The world is now 1 degree Fahrenheit
warmer than a century ago and may become another 1 or more de-
grees warmer even if conditions are curtailed today. These changes
are effectively irreversible because greenhouse gases are long-lived.
We cannot go back if we don’t like the new climate. So, action to
slow the warming must be taken before full consequences of cur-
rent emissions are manifest and understood.

This already committed warming means some adaptation meas-
ures such as sea defense and even coastal abandonment are inevi-
table. But effective adaptation will be costly and for many nations,
such as Bangladesh for instance, infeasible. In fact, it will be infea-
sible in some parts of the United States.

The natural environment cannot adapt effectively to such rapid
changes. The impending warming must be viewed as a disaster for
natural ecosystems. The mountaintop declines of red spruce in the
eastern United States, for instance, which are generally ascribed to
air pollution or local climatic variability, pale in comparison to the
scope of change impending if warming continues. For instance, one
model by Dr. Schugard at the University of Virginia predicts essen-
tially biomass crashes in southeast pine forests over the next 40
years if warming continues with declines of up to 40 percent occur-
ring over only decadal periods. The recent dispute over oil explora-
tion in the Arctic National Wildlife Refuge may be beside the point
if the Arctic ecosystem is driven off the north coast of Alaska by
climatic change.

If climate changes rapidly, agriculture and water resources may
be stressed. Even if global food supplies are maintained, one need
only look to the current great plains’ drought to see the human
and economic cost associated with hot, dry weather in the grain
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belt. Weather of this sort we can expect with increasing frequency
in the future.

Although some change is inevitable and, in fact, appears to be
already underway, unacceptable warming is not inevitable if action
is begun now. Every decade of delay and implementation of green-
house gas abatement policies ultimately adds perhaps a degree
Fahrenheit of warming and no policy can be fully implemented im-
mediately in any event.

The experts assessing this situation at Bellagio thought that the
limitation of warming to recent historical rates of about 0.2° Fahr-
enheit per decade for some finite time would at least give societies
and natural ecosystems a fighting chance at adjustment. But un-
limited warming at any rate is ultimately problematic.

I hasten to say that the foregoing picture in some sense is good
news. The bad news is that climate change may not occur smooth-
ly. Rather, it could occur discontinuously which would render fruit-
less any attempts at planned adaptation. The advent of the ozone
hole should make us cautious in assuming that atmospheric change
will be gradual.

My testimony contains a list of policy recommendations from the
Bellagio Report, but let me make only one point. With permission
of the Chairman, I'll use the figure over here.

Slow warming at an acceptable rate—well, let me describe these
two curves first. The green curve is the current trajectory of green-
house gases of carbon dioxide emissions projected into the future
and corresponds roughly to case B, which Dr. Hansen was referring
to before. The yellow curve represents an emissions trajectory
based on an attempt to slow warming to this point, 2° Fahrenheit
per decade that I discussed before that would give us a fighting
chance. It actually might ultimately stabilize carbon dioxide con-
centrations in the atmosphere and climate change.

The difference between those two trajectories—what we are in
for if we do business as usual and a trajectory that might stabilize
the atmosphere—TI'll call the greenhouse gap. That’s the gap that
has to be closed if we are to have a fighting chance. That repre-
sents about a 60 percent reduction of current carbon dioxide emis-
sions and, unfortunately, perhaps an 80 percent reduction from
future emissions in the year 2025, just 40 years hence because
emissions are projected to grow with business as usual.

As I said, given this projected doubling in emissions over the
next 40 years if we do nothing, we have a daunting task ahead. It
is a task we must begin today.

Thank you.

[The prepared statement of Dr. Oppenheimer follows:]
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My name is Dr. Michael Oppenheimer. I am an atmospheric
physicist and senior scientist with the Environmental Defense
Fund, a private, non-profit organization. I would like to thank
the Committee for giving me the opportunity to testify about the
recent report, DEVELOPING POLICIES FOR RESPONDING TO CLIMATIC
CHANGE, (referred to hereafter as the "Bellagio Report"),
published by the World Meteorological Organization and the
United Nations Environment Programme. The Environmental Defense
Fund, along with the Beijer Institute of the Royal Swedish
Academy and the Woods Hole Research Center, was an originator of
the project which produced this report. 1 served on the
steering committee for the two international conferences which
provided the basis for the réport, and I also contributed to its
preparation.

This project was developed in the wake of publication of
the report of the 1985 UNEP/WMO/ICSU Villach meeting in which
experts on climate from around the worlq produced a concensus
that global warming due to the emissions of greenhouse gases was
indeed underway. An examination of policy options was
recommended. The Bellagio Report, based on deliberations by two
meetings involving scientists and policy-makers (called the
Villach 1987 and Bellagio workshops), finds that the time for

action in response to impending warming is NOW. In particular,
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the report recommends several steps to be undertaken immediately
with the goal of slowing global warming. Other measures to
cushion the consequences of unavoidable change, and to develop a
coordinated international response, are also recommended,
including consideration of an international convention or "law
of the atmosphere®.

In my personal opinion, greenhouse warming presents the
most important global challenge of the next few decades, on a
par with defense, disarmament, and economic issues. With
warming apparently now measurable, we are already playing
catchup ball. The Midwest drought is a warning: whether or not
it is related to global changes, it provides a small taste of
the dislocations society will face with increasing frequency if
we fail to act. If measures are not undertaken soon to limit
the warming, humans face an increasingly difficult future while
natural ecosystems may have no future at all.

To illustrate the magnitude of the problem, let me briefly
describe the causes of greenhouse warming. Certain gases which
occur in the atmosphere in small amounts are growing rapidly in
concentration due to human activities related to industry and
agriculture. Primary among these is carbon dioxide, a product
of coal, oil, and natural gas combustion. These "greenhouse
gases" trap heat radiating from the surface of the earth which
would normally escape into space, resulting in a warming of the
surface. This increase in global temperature causes a

concommitant rise in global sea level as ocean water expands and
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land ice melts. As long as the amounts of greenhouse gases
increase in the atmosphere, this process will continue unabated.

There will be no winners in this situation, only a globe
full of losers. Today's beneficiaries of change will be
tomorrow’s victims as the changing climate rolls past them like
a wave that first sweeps you up, then drops you in the trough
behind it. The very concept of conservation does not exist in a
world which may change so fast that ecosystems, which are slow:
to adjust, will wither and die.

The technical findings of the Villach-Bellagio workshops

include:

Global mean temperature will likely rise at about 0.6
degrees Fahrenheit per decade and sea level at about 2.5 inches
per decade over the next century. These rates are 3 to 6 times
recent historical rates. By early in the next century the world
could be warmer than at any time in human experience.
Furthermore, there is no known natural limit to the warming
short of catastrophic change, for as long as greenhouse gas
growth continues in the atmosphere. At some point, these
emissions MUST be limited.

Because the oceans are slow to heat, there is a lag
between emissions and full manifestation of corresponding
warming -- a lag of perhaps 40 years. The world is now 1 degree
F warmer than a century ago and may become another one or more

degrees warmer EVEN IF EMISSIONS ARE ENDED TODAY. These changes
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are effectively irreversible because greenhouse gases are long
lived. WE GCAN'T GO BACK IF WE DON'T LIKE THE NEW CLIMATE. So
action to slow the warming must be taken before full
consequences are manifest.

This committed warming means some adaptation measures,
such as sea defense and coastal abandonment, are inevitable.
But effective adaptation will be costly and for many nations,
such as Bangladesh, infeasible.

The natural environment cannot adapt effectively to such
rapid changes. The impending warming must be viewed as A
DISASTER FOR NATURAL ECOSYSTEMS. The mountaintop declines of
red spruce In the eastern United States, generally ascribed to
air pollution or climate variability, pale in comparison to the
scope of change impending if warming continues. For instance,
one model predicts biomass crashes in southeast pine forests in
the next century if warming continues, with declines of up to
40% occuring over decadal periods. The recent dispute over oil
exploration in the Arctic National Wildlife Refuge may be beside
the point if the Arctic ecosystem is driven off the north coa;t
of Alaska by climatic change.

. 1If climate changes rapidly, agriculture and water
resources will be stressed. Even if global food supplies are
maintained, one need only look to the current Great Plains
drought to see the human and economic cost associatéd with hot
and dry weather in the'grain belt, weather of the sort which we

can expect with increasing frequency in the future.
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. Although some change is inevitable, and in fact appears
to be already underway, unacceptable warming is not inevitable
if action is begun NOW. Every decade of delay in implementation
of greenhouse gas abatement policies ultimately adds about a
degree F of warming; and no policy can be f;lly implemented
immediately in any event. Limitation of warming to historical
rates (about 0.2 degree F/decade) for some finite time would
give societies and natural ecosystems a fighting chance at
adjustment. But unlimited warming at any rate is ultimately
problematic.

The foregoing picture is the good news. The bad news is
that climate change may not occur smoothly; rather it could
occur in jumps which would render fruitless any attempts at
planned adaptation. The advent of the ozone hole should make us
cautious in assuming that atmospheric change will be gradual.

Slowing warming to an acceptable rate and ultimately
stabilizing the atmosphere would require reductions in fossil
fuel emissions by 60% from current levels, along with similar
reductions in emissions of other greenhouse gases. Given the
projected doubling in emissions over the next 40 years (see
Figufe 1) in "business-as-usual® scenarios, we have a daunting

task ahead.

Certain immediate policy responses can set us along the
path toward climate stability. Measures recommended for
| immediate implementation include:
. Ratification, implementation and consideration of

strengthening of the Montreal Protocol on CFC emissions.
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Development of national energy policies which encourage .
efficiency in generation, transmission and use.

Investments in research and development of non-fossil
fuel alternative energy systenms.

Encouragement of use of low-CO, fuels such as natural
gas as a bridging measure.

Control of nitrous oxide, methane and tropospheric ozone
emissions where technology is currently available (such as
tapping solid waste landfills for methane). Funding research
and development on control methods where uncertainties remain.

Reversal of the current deforestation trend since
forests serve to store carbon which would otherwise aggra$ate
the geenhouse problem.

Consideration of a global convention on greenhouse
gases.

. Planning for coastal protection and abandonmént.

Research support for global change basic science
initiatives. i

Policy research on "how to get the job done".

The United States government should take the lead now with
a series of measures in each of these areas. We still have a

window of opportunity to limit these changes to acceptable

levels., The deﬁelopment of these policies, their implementa-
tion, and the diffusion of these solutions to the rest of the
world, should largely define the framework for scientific and
technological development over the next few decades. Thus the
problem of global warming presents both challenges and
opportunities. But the pursuit of solutions and their

implementation must begin today.
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Senator WirTH. Thank you very much, Dr. Oppenheimer.
Dr. Woodwell?

STATEMENT OF DR. GEORGE M. WOODWELL, DIRECTOR, WOODS
HOLE RESEARCH CENTER

Dr. WoopweLL. Thank you. I am George M. Woodwell, Director
of the Woods Hole Research Center. I wish to add strength to the
assertions of the two previous speakers who have articulated things
so splendidly and accurately.

We are embarked on a period of drastic climate change. We have
lived through and developed our civilization in a period of substan-
tial stability of climate. We are now entering a period when cli-
mates globally will change substantially.

The rate of change is of particular importance. The average
changes in temperature of the earth that you heard described just
a few moments ago are, of course, made up of extremes. The
changes in the tropics will be very little. The changes in high lati-
tudes will be substantial perhaps two and a half times, maybe two
times, the amount of change described as the average change in
the temperature of the earth or whatever amount of infrared ab-
sorptive gas accumulates in the atmosphere.

The amount that is usually settled on is the equivalent of the
doubling of the carbon dioxide content. We expect that that would
occur sometime early in the next century, certainly before the
middle of the next century, 2030 or so. At that time the tempera-
tures in the middle and high latitudes may be two times or so
above the means we have heard discussed. We expect the means to
run for the earth as a whole somewhere between 1 and a half and
5 and a half degrees Centigrade. So, we could have over the next
decades changes in the temperature in the middle and high lati-
tudes where we live and farther north, considerably farther north,
that might approach a half a degree Centigrade to well over a
degree Centigrade per decade. Those are very big changes meas-
ured in any calculus.

They are much larger than the capacity of forests, say, to adapt
to climatic change. Forests are easily destroyed and not very easily
rebuilt. A temperature change of the order of 1 degree Centigrade
is the equivalent of moving northward under present climatic re-
gimes roughly 100 to 150 kilometers. That would be 60 to 100 miles.
That sort of change in a decade in the high latitudes is entirely
conceivable as something that can occur in the next decades. That
change has the potential for destroying forests over large areas at
a high rate.

Now, why is that important? Well, it’s important for several rea-
sons, not the least of which is that we use forests very heavily, but
also because forests contain a large amount of carbon. It is con-
tained in the plants of the forest and in the soils. There is in the
middle and high latitudes at least as much carbon stored in forests
and their soils as there is in the atmosphere at the moment.
Warming the earth at rates approximating those described and an-
ticipated for the next years has the potential for speeding the re-
lease of that carbon by stimulating the decay of organic matter in
soils much in excess of any potential for those forests for taking
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carbon out of the atmosphere and putting it back into soils and the
bodies of plants.

That’s a positive feedback system that has not been worked into
the calculus. It’s the kind of surprise that we can anticipate, the
kind of surprise we have already observed in the ozone hole and in
other aspects of global change. It has the potential for making the
problem substantially worse, a much more rapid change than we
have expected.

Well, these problems are big problems. The climatic change prob-
lem is totally entwined in the energy problem, the challenge of
energy policy, where we get our energy from and how we use it
and how efficiently we use it.

It is also tied up in the population problem. We forget that in
1950 there were just about half as niany people around as there
right now, and we have the potential for producing twice as many
by 2030 or thereabouts. There are 5 billion people in the world at
the moment. We use probably more than half of all the energy that
is fixed by green plants globally in support of those 5 billion
people. What will we do with 10 billion? We have the potential, as
Dr. Oppenheimer just pointed out, of changing climatic zones, al-
tering the productivity of agriculture and changing the potential of
thﬁ earth for fixing carbon in green plants and changing it drasti-
cally.

If we can address these problems successfully—and I believe that
we can—we have the potential for a very comfortable and promis-
ing future for the human enterprise. The problems unaddressed
have the potential for turning the world into a form of chaos not
greatly different from that produced by global war.

Let me show two graphs briefly to emphasize aspects of this
problem that seem particularly important. This graph shows what
is probably the most famous set of geophysical data ever produced.
On the left margin of the graph is the concentration of carbon di-
oxide in the atmosphere. The abscissa, the lower margin that runs
across the bottom, starts in 1958 and runs through the 1980’s. The
line shows the concentration of CO. over that period. The data
were started by Dr. David Keeling of the Scripps Institution of
Oceanography.

You can see and appreciate the upward trend in the data. That
particular graph goes from about 315 parts per million on the left
to about 350 which is where we are right now. The upward trend is
caused by the net accumulation of carbon dioxide in the atmos-
phere, carbon dioxide produced by burning fossil fuels and by de-
stroying forests.

Now, there is probably a third component in that accumulation
caused by the warming itself, and that’s this further component
due to the decay of organic matter in soils. If the warming proceeds
rapidly enough to destroy forests, that component can expand con-
siderably.

The second point I would make here is the oscillation. The peaks
all occur at the end of the northern hemisphere winter. These data
were taken in the northern hemisphere at Maunaloa in the Hawai-
ian Islands. The minima, those lower numbers, occur in each year
at the end of the northern hemisphere summer. We wondered for
many years just why that occurred that way. We know now that
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that’s the metabolism of forests which carry on-a net of photosyn-
thesis above the decay that I mentioned, above the respiration, and
that that is conspicuous during the summer. It.pulls the carbon di-
oxide content down globally. It actually pulls the carbon dioxide
content down by 100 billion tons, which is about a seventh of the
total amount of carbon in the atmosphere each year, and it re-
leases that back into the atmosphere annually through respiration
leading to the peaks you see.

Well, a small change in the ratio of photosynthesis to respira-
tion, the two fundamental physiological processes that determine
heavily the balance of gases in the atmosphere, has the potential
for changing the carbon dioxide content of the atmosphere. I make
this point simply to hammer home the scale of the influence of
living systems on the human habitat and the scale of the influence
of forests in particular on the composition of the atmosphere and
therefore this climatic problem. There isn't a solution to the cli-
matic change problem that does not consider the forests of the
earth and other biotic systems.

If we could look at the second viewgraph which shows the same
sort of data over a longer period of time—we are starting now way
back in 1740 and running through the 1980s—we see that upward
trending curve is a characteristically exponential curve, the same
kind of curve that population growth follows. It’s a compound in-
terest curve, a curve generated by a process that feeds on itself.
Many, perhaps most, of the curves describing processes in nature
follow such trends.

That curve is being produced at the moment. That upward trend
is being produced at the moment by a net accumulation in the at-
mosphere of 3 billion tons of carbon in excess of the amount that is
absorbed into the oceans and any other systems that absorb carbon
including forests and other biotic systems. So, the net imbalance
right now is 3 billion tons. We release through burning fossil fuels
about 5.6 billion tons. There is a further release destruction of for-
ests in the range of 1 to 3 billion tons of carbon.

If there are other releases, we are not able to measure them.
There is probably a release due to the warming itself. We don't
know what that is, but it doesn’t matter. We do know that the im-
balance is 3 billion tons right now.

If we could magically reduce the emissions by 3 billion tons, we
could instantaneously stabilize the composition of the atmosphere.
It would be a temporary stabilization, very temporary probably,
but nonetheless that is the scale of the challenge. It is well within
reach. We can do something about it.

What has to be done? There isn’t any question, no question in
the eyes of the group that met in the Villach and Bellagio meetings
that Dr. Oppenheimer reported on, no question in the eyes of
others who think about this problem. We must reduce the use of
fossil fuels on a global basis, a reduction of the order of 50 to 60
percent is probably appropriate, and the sooner the better.

It is also true that cessation of deforestation on a global basis is
completely appropriate to solve the climatic change problem and
for many other reasons.

It is possible to store carbon in forests by rebuilding forests, by
reforesting areas around the world. The rate of storage is about 1

89-338 0 - 88 - 4
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billion tons for roughly 2 million square kilometers of forests. So, if
we can start forests going over 2 million square kilometers, a very
large area, that area will continue to store carbon at the rate of
approximately a billion tons a year for 40 or 50 years as that forest
grows toward maturity.

Those three steps are clear and immediate. If we were looking
for a single, simple signal policy that would lead the world—and
we must lead the world. We, the United States, are the global lead-
ers. We have greater potential in that realm than any other
nation, greater flexibility to take that sort of initiative—that step
would be to establish a policy immediately of reducing our emis-
sions of fossil fuels by 50 percent over the course of the next years,
perhaps a decade or so. That objective is totally consistent with
continued economic welfare. It is totally consistent with other ob-
jectives in preserving environmental quality. It is totally consistent
with economic strength——

Senator MURKOWSKI. Are you prepared to recommend how,
Doctor?

Dr. WoopweLL. How would we do that? Simply through conser-
vation, through changing standards, for instance, of efficiency for
automobiles, by super-insulating houses, by building houses that
don’t require as much energy. And there are many, many ways of
doing that.

So, 'm not at all doubtful that such an objective is realistic. If
we could establish that as a signal step in the process of reducing
reliance on fossil fuel globally, I would think that we would have
done one of the strongest and wisest things possible.

Thank you.

[The prepared statement of Dr. Woodwell follows:]
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TESTIMONY OF G.M. WOODWELL
BEFORE THE SENATE COMMITTEE ON ENERGY AND NATURAL RESOURCES,
WASHINGTON, D.C.
THURSDAY, JUNE 23, 1988

Rapid Global Warming:
Worse with Neglect

I. Introduction: The Villach-Bellagio Report

I am a scientist, Director of the Woods Hole Research Center
in Woods Hole, Massachusetts. I am also a member of the Board of
Trustees of the Natural Resources Defense Council, a conservation
law group with more than 75,000 members around the country. I
appear before you in both capacities. My colleagues and I in
science have done research on various aspects of climatic change
for more than 25 years; my colleagues and I in the NRDC have made
formal efforts spanning nearly two decades to make better
connections in public affairs between what we know and what we
do.

I am reporting on experience gained through two conferences
held during the fall of 1987 in Europe dealing with climatic
change. The first was in Villach, Austria, and was a review by
scientists of the details of the global climatic warming that
appears to be underway. The second, held in Bellagio, Italy, was
an exploration of the implications of the changes in climate for
governmental policies. A report of these conferences has been
published by the World Meteorological Organization (WMO 1988) and
is available to you. I am emphasizing in what follows the biotic
interactions involved in climatic change because those
interactions affect people most directly and have the potential
for affecting the course of the climatic changes. I am also
giving emphasis to the need for general solutions to the regional
and global problems that will become increasingly acute through
the next years. I find it necessary to do so because we tend to
overlook the fact that 5 billion people now occupy the globe,
twice the number present as recently as 1950. Before 2030 the
human population could be 10 billion. The 5 billion we now have
use half or more of the energy available from plants globally.
Big changes in the human condition will be occurring without
climatic changes. The climatic changes will compound the
difficulties in accommodating such extraordinary rates of growth.

II. A Corsensus among Scientists

Several points about climatic change now constitute a
consensus held by meteorologists and other scientists who have
worked on the problem. Most of these points have been made in
slightly different form in the Villach-Bellagio report.
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1. The dominant influence on global climate for the
indefinite future is expected to be a continuous warming caused
by the accumulation in the atmosphere of infra-red absorptive
gasses, especially carbon dioxide and methane, but including
nitrous oxide and the CFC's.

2. The warming marks the transition from a period of stable
climates to climatic instability. Stable or very slowly changing
climates have prevailed during the development of civilization.
We are now entering a period of continuous warming accompanied by
changes in precipitation. The changes in climate are predictable
in general at continental and broad regional levels; they are not
predictable locally.

3. The rate of the warming is uncertain. Estimates based on
models suggest that a doubling of the carbon dioxide content of
the atmosphere (or the equivalent through increases in other
gasses) above the levels present during the middle of the last
century will produce a global average warming of 1.5-5.5 degrees
C. Such an effect is expected by the period 2030-2050.

4. The earth has warmed between 0.5 and 0.7 degree C over
the past century and the rate appears to be accelerating.

5. The warming in the tropics will be less.than the mean for
the earth as a whole; in the middle and high latitudes the
warming will exceed the mean by two fold or more and will fall in
the range of 0.5-1.5 degrees C/decade.

6. The current sources of carbon dioxide are the combustion
of fossil fuels and deforestation. The dominant source of methane
is anaerobic decay.

7. A rate of warming in the middle and high latitudes that
approaches 1 degree C/decade exceeds the rate at which forests
can migrate and will result in the destruction of forests at
their warmer and drier margin without compensating changes
elsewhere. Such destruction of forests and soils release
additional carbon into the atmosphere as carbon dioxide.

8. It is possible that the warming already experienced is
stimulating the decay of organic matter in soils globally,
increasing the total releases of carbon dioxide and methane.

9. No stimulation of the storage of carbon in forests or
soils that is large enough to compensate for such rapid releases
is known.
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' 10. The warming will cause accelerated melting of glacial
ice and an expansion of the water in the oceans. The effect will
be an increase in sea level of 30 cm to 1.5m over the next 50-100
years.

11. The changes in climate anticipated over the next decades
extend beyond the limits of experience and beyond the limits of
accurate prediction. Surprises such as the discovery of the polar
ozone holes are common in such circumstances. The possibility
exists that a rapid warming will change the patterns of
circulation of the oceans and produce sudden but profound changes
in climate in regions such as western Europe, now kept warm by
the Gulf Stream. The same changes may have equally surprising
effects on the storage or release of carbon from forests and
soils.

The warming will move climatic zones generally poleward,
shift the arable zones of the earth continuously, cause large and
continuous dislocations of natural vegetation, and cause flooding
of low-lying areas globally. The arid zones of the northern
hemisphere will expand because there is more land at higher
latitudes in the northern hemisphere. The warming will be
greatest in winter and will be accompanied by increased
precipitation in high latitudes.

A one degree C change in temperature is equivalent to a
. change in latitude of 100-150 km, 60-100 mi. Rates of warming, if
they occur as anticipated over the next decades, will exceed the
capacity of forests to migrate or otherwise adapt. In that
circumstance forest trees and other plants will die at their
warmer and drier limits of distribution more rapidly than forests
can be regenerated in regions where climates become favorable.
The destruction of forests will add further to the releases of
carbon to the atmosphere. The seriousness of this problem will
depend heavily on the rate of warming. There is sufficient carbon
; in forests and so0ils of middle and hxgh latitudes to affect the
atmosphere significantly. While there is no proof of this process
!and there will probably not be proof until the changes are well
underway, the process will hinge heavily on rates of warming.
|Rates that approach 1 degree per decade exceed by a factor of 10
|or more the capacity of forests to accommodate the changes.

|

III. What Can be Done?

The earth will warm as a result of the changes in the
lcomposition of the atmosphere that have already occurred. But an
open-ended, continuous warming that speeds the rise in sea level
and destroys forests over large areas is so thoroughly disruptive
of the human enterprise as to preclude any thought that
civilization might "muddle through". Can the warming be checked?
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The annual increase in the atmospheric burden of carbon
dioxide alone is about 3 billion tons currently. The global
warming has the potential for increasing this net accumulation by
speeding the release of carbon from forests and soils without
causing an equivalent increase in the rate of storage. No
estimate is available of the extent to which this additional
source of carbon dioxide is likely to compound the problem. But
the new source will diminish as the warming diminishes.

At least three possibilities exist for reducing or eliminating
the imbalance and moving toward long-term stability of climate:

1. a reduction in the use of fossil fuels globally, now
estimated as the source of about 5.6 G-tons of carbon annually;

2. a reduction in or cessation of deforestation, now
estimated as releasing 1-3 G-tons annually;

3. a vigorous program of reforestation that would
remove from the atmosphere into storage 1n plants and soils about
1 G-ton of carbon annually for each 2x10° km® tract in permanent
forest.

Further adjustments in emissions will be appropriate as
experience accumulates. Such steps are appropriate now and
possible. They will bring widespread ancillary benefits to the
human enterprise. Further delay increases the accumulation of
greenhouse gasses in the atmosphere, the severity of the warming
that must be accommodated, and the risk of unexpected
consequences that lie beyond the limits of current prediction.

These changes are possible now. They will require
adjustments in the efficiency of use of energy in the
industrialized nations and imaginative and far-reaching changes
in the patterns of development of the less industrialized
nations. Recognition of the need for the trarsition to a new era
in the management of the earth's resources opens new
opportunities for industry and governments to pursue new paths
for sustainable economic development on a global basis.

References

WMO. 1988. Developing Policies for Responding to Climatic
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Senator WIRTH. Thank you very much, Dr. Woodwell.

We have been joined by Senator Chafee who is advertised as our
first witness this afternoon, and I had promised Senator Chafee
that as soon as he arrived—I know he has been involved in this for
a long time. We are delighted to have you with us, John, and if you
have any kind of opening remarks or statement that you might
like to make, please do so.

STATEMENT OF HON. JOHN H. CHAFEE, U.S. SENATOR FROM
RHODE ISLAND

Senator CHAFEE. Well, thank you very much, Mr. Chairman. And
I want to commend you for holding these hearings, and certainly
you have got a list of excellent witnesses. I apologize for not being
here when I was meant to be. It is one of those days that we all
have where we are meant to be several places at once. But certain-
ly there is no better time to hold these hearings than right now.

Destruction of the earth’s climate system through the burning of
fossil fuel, as was just mentioned, and the release of manufactured
chemicals which I am sure will be touched on later, has been treat-
ed as a distant threat or some kind of theoretical problem. But I
think people are beginning to wake up to this. You can look at
Ocean City, Maryland and see the sea levels are already rising.
The drought which we are enduring, particularly in the midwest
and in the central part of the country, typifies the kind of changes
in rain patterns that are predicted to occur as a result of the green-
house effect.

If there is one point I could make, Mr. Chairman, it is this.
There are a great many questions about the greenhouse effect that
can’t be answered today. But I don’t think we ought to let scientific
uncertainty paralyze us from doing anything. It is always conven-
ient to find an excuse not to do something, and there’s always an
excuse out there not to do something. But I think the issue before
us is what steps should we be taking today to help solve the prob-
lem in addition to doing more scientific research.

On March 31 of this year, 41 Senators joined me in a letter to
the President urging him to call upon all nations of the world to
begin the negotiations of a convention to protect our global climate.
And that proposal is under review, but the upbeat sign is we are
seeing progress on the international level. This matter of the global
climate change was discussed at both of the two meetings between
the President and Secretary Gorbachev here in Washington and in
Moscow. The UNEP, the United Nations Environmental Programs,
and the World Meteorological Organization are establishing an
intergovernmental panel to work on this.

I noticed Senator Baucus here who has been so active on this in
the Environment Committee and who spoke earlier. He and I have
worked together on this. I remember chairing the first hearings I
think in June of 1986 on this matter.
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I want to congratulate you and urge you onward. With everybody
paying attention to this, I'm glad it’s getting a high level of visibili-
ty. Certainly it has a good turnout. I hope we can continue this
struggle because it is up to us to do something. As was pointed out
by Dr. Woodwell, the U.S. is the leader, and we have got to take
the lead on these matters.

Thank you, Mr. Chairman.

[The prepared statement of Senator Chaffe follows:]
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STATEMENT OF SENATOR -JOHN H.. CHAFEE'
BEFORE THE SENATE COMMITTEE ON ENERGY "AND NATURAL RESOURCES :
HEARING ON GLOBAL CLIMATE CHANGE-
JUNE 23, 1988

.

Mr. Chairman. You have selected one of the world's most
important and difficult environmental problems as the topic of
this hearing. 1 want to congratulate you for your efforts and
for your wisdom. What better time to hold a hearing on global
watﬁing than during a 100 degree plus heat wave and a world-wide
drought?

Many jokes can be made about the timing of this hearing and
the current problems with excessive heat and lack of rain but
this is no laughing matter. So far, destruction of the earth's
climate system through the burning of fossil fuels and the
reiease- of manufactured chemicals has been treated as a distant
;hreat or as a theoretical problem.

Finally, people are waking up to the fact that the problem
is real and, whether we like it or not, we are going to have to
deal with it. We are going to have to deal with it soon!

We éan look at Ocean City, Maryland and see that sea levels
are already rising. The drought typifies the kind of changes in
rain patterns that are predicted to.occur as a result of the
greenhouse effect. The heat obviously gives us a preview of what
can be expected if we continue to stick our head in the sand and

deny that we have a problem.
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Mr. Chairman. Clearly, there are a great many questions
apOut the greenhouse effect that cannot be answered today. But
we should not let scientific uncertainty paralyze us. The issue
for us is "what steps should we be taking today to help solve
this problem in addition to more scientific research?"

On March 31 of this year, 41 Senators joined me in a letter
to President Reagan urging him to call upon all nations of the
world to begin the negotiation of a convention to protect our
global climate. That proposal is still under review and, in the
meantime, we are seeing progress at the international level.

At our urging, the problem of global climate change was
discussed by the world's leaders at the two Reagan-Gorbachev
summits, here in Washington and again in Moscow, as well as at
the economic summit recently held in Toronto. At the same time,
the United Nations Environment Program (UNEP) and the World
Meteorological Organization (WMO) are establishing an
intergovernmental panel to work on the matter.

We are maﬂing progress -but we have a long way to go and can
be doing:a better job here at home. The way we waste energy in
this country is a crime. There are numerous things we can do
that would not only help solve the greenhouse problem but would
make economic sense as well. Improved energy conservation and
a requirement that autos run more efficiently would be two good

items to consider. !

P
!
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In the Environment Committee, I chaired a series of hearings
on this problem in June 1986, We have come a long way since then
and, with the help of you and your Committee, the press,
dedicated scientists, and a host of interested professionals, we
are managing to capture the attention of people all over the
world. That kind of grassroots support is critical if we are
going to succeed in our battle, ‘

. Mr. Chairman, Again, I commend you for your interest and
commitment to working on this matter and I look forward to

working with you as we go forward.
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Senator WirTH. Thank you very much, Senator Chafee. You have
certainly been very active in the lead in so many aspects of this
issue.

Let me ask Senator Murkowski, who has joined us, if he has any
kind of a statement or comments that he might like to make.

STATEMENT OF HON. FRANK H. MURKOWSKI, U.S. SENATOR
FROM ALASKA

Senator Murkowski. Well, thank you very much, Mr. Chairman.

First of all, I am fascinated, as we all are, by the significance of
the information. And I think particularly Dr. Woodwell's presenta-
tion certainly stimulated my thought process to how we’re going to
do this, and his response to my question that by instituting CAFE
standards and insulation in homes and so forth could make a sub-
stantial reduction in the hydrocarbons. But indeed, Doctor, when
you were talking about a 50 or 60 percent reduction, it is inconceiv-
able to me that you can achieve that kind of reduction from those
limited capabilities in those narrow areas.

And I am just wondering if, indeed, we're not looking at some
more significant alternatives such as realistically increasing a de-
pendence on nuclear power generation which is something that our
country has got a phobia over for reasons that we don’t have to go
into. But considering and being practical, we only have so many al-
ternatives. And I'm just wondering if realistically the scientific
community is prepared to address whether one of those alterna-
tives has to be nuclear or whether we can achieve your percentage
reduction some other way.

And I think there was a reference to my State of Alaska with
regard to the question of the Arctic ecosystem changing. And I look
at these projections here, and it’s really alarming. I noticed the red
has moved up to our area where it is still nice and cool. But there
is no question about it. Things are getting warmer. The winters are
becoming more mild.

So, my question is a general one. Is it, indeed, a reality that we
must look more aggressively to nuclear as a release because I don’t
see the public demanding any reduction in the power requirements
that our air conditioners run off of, everything else that we enjoy.

Senator WIRTH. Senator Murkowski, if we might hold the specific
questions till we finish the three witnesses, if we might, because I
know there are policy pieces that will be reflected in each of the
statements of the three people here.

Senator MURKOWSKI. I'm going to have to excuse myself. So, I
would appreciate it if one of my colleagues would be sure and see
that perhaps one of the witnesses could respond.

Senator Forp. You can depend on it.

Senator WIRTH. Frank, this will be the first of a number of hear-
ings that we are going to be having on where we go from here. And
certainly alternatives to fossil fuels are going to be one of the
major focuses of this committee’s concerns.

We have three remaining members of the panel: Dr. Suki
Manabe, who has been with us before. We are really delighted to
have you back. Dr. Manabe, as I understand it, is going to focus
particularly on soil precipitation. We will then move to Dr. Dan
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Dudek from EDF who is going to talk particularly about the agri-
cultural implications of the issues being discussed this afternoon.
And finally, we will end up with Dr. William Moomaw who is
going to bring us back to some broad policy concerns once more.

So, Suki, thank you very much for being here. And once more,
we look forward to having your testimony.

STATEMENT OF DR. SYUKURO MANABE, GEOPHYSICAL FLUID
DYNAMICS LABORATORY, NATIONAL OCEANIC AND ‘ATMOS-
PHERIC ADMINISTRATION

Dr. MANABE. Mr. Chairman and members of the committee, I ap-
preciate the opportunity to appear before you today. As I did before
this committee last November, I would like to discuss the large-
scale change in soil wetness. These changes which may have pro-
found practical implications have received attention at various re-
search institutions in North America and Europe. I shall begin my
discussion by referring to the results obtained from the mathemati-
cal model of climate developed at the Geophysical Fluid Dynamics
Laboratory of NOAA.

Now, the first viewgraph shows the change in soil wetness in re-
sponse the doubling of greenhouse gases in the atmosphere. And
this is a model-produced result. This figure indicates that in the
summer soil dryness is reduced over very extensive mid-cost re-
quired regions over the North the and Eurasian continents. The
yellow indicates a region of a modest reduction, and the pink indi-
cates a region where the reduction is relatively large.

In high latitudes, this midcontinental drying in summer is
mainly due to the change in the seasonable variation of snow pat-
terns. As you know, in winter, of course, snow prevails over the
major part of the high latitude part of the continent until it melts
in the spring. The snow reflects a large fraction of solar radiations
so that when snow disappears, a larger fraction of insulation is ab-
sorbed by the ground which makes more energy available for evap-
oration, so that when the snow melting season ends, then the rapid
drying of the soil begins from spring to summer.

Now, in the very warm climate spring to summer begins earlier
as the snow melting season ends earlier. Therefore, the soil wet-
ness in summer is reduced. This is one of the important mecha-
nisms in higher latitude drying.

In the middle latitude a similar mechanism involving snow cover
occurs particularly in high elevation regions. However, in middle
latitudes there is another factor which is more important. That is a
change in the precipitation in the middle latitude rain belt. This is
illustrated by a schematic diagram. That blue line in the diagram
indicates how the middle latitude rain belt moves with respect to
season. In the abscissa you will see the different months of the
year starting from January and ending December. And this rain
belt is at the southern most latitude in winter. And as you go to-
wards summer, it moves northward although the summer rain belt
becomes a little more obscure by the convective rain which goes
around. And in Autumn it starts to shift southward again.

Now, in the CO, rich or greenhouse gas rich case, the atmos-
phere is warmer and air can contain more moisture. So, the warm,
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moisture-rich air can penetrate into higher latitudes, thereby
bringing more precipitation over there. Thus, in the northern half
of the rain belt, you get much more rainfall in the greenhouse gas
rich case. In the southern half, it does not. And so what happens in
the warmer climate the ground surface is warmer and pollution
not longer almost such everywhere. On the other hand, the precipi-
tation increases much more in the northern half of the rain belt,
but not in the southern half. Let’s assume that you happen to live
in a middle latitude location as season proceeds from January to
April, you gradually get into the southern half of the rain belt
where it is drier. This is another mechanism which gives you drier
summer soil in the mid-continental region in the middle latitudes.

As soil gets drier, the relative humidity and cloudiness in the
lower atmosphere, thus very dry. Thus more sunshine hits the
ground. Therefore, there is more energy available for evaporation,
and the soil gets even drier. Clouds are reduced further and soil
becomes. As the ground gets drier, and hotter, the lower atmos-
phere becomes hotter, thus over continental sector jet stream tends
to move northward, thereby further reducing the precipitation in
the mid-continental regions. These are the mechanisms of mid-con-
tinental summer drying as determined by a mathematical models
of climate.

The summer reduction of soil wetness does not continue to
winter. The model-produced discussed drought here is a rather sea-
sonal phenomenon.

If you look at the next picture, the winter soil is mostly wetter in
the warmer climiate. The rain belt is located at the farthest south
in the winter so that you are in the northern half of the rain belt
where the increase of precipitation makes the soil wetter. Other
mechanisms are also involved in a warmer climate a larger frac-
tion of precipitation falls as rain. Futhermore, accumulated snow
tends to melt easier in warmer climate, thereby making the soil in
winter wetter.

But one of the interesting things, which Jim Hansen mentioned
earlier, is that soil wettness is reduced in the southwestern part of
the United States in particular, in Southern California and its
neighborhood where—you get most of rainfall in winter. As I noted
earlier, the winter rain belt is located at the southern most lati-
-tude in winter. So, southern California is at the southern fringe of
this rain belt where it has become drier in a warm climate so that
you can see dry regions up here in the southwestern part of North
America in winter. This is a result which appears in most of the
modfling experiments, not only in our own, but also in many other
results.

In short, these soil moisture changes substantially in the very
crucial region of the United States. I have to emphasize, however,
that modeling results about the soil wetness change are less robust
than the temperature change which Jim Hansen discussed ex-
plained. It’s important to note that the results obtained by various
modeling groups are not in complete agreement though more
recent results indicate mid-continental summer dryness. In my
opinion, some uncertainty in the estimate of future hydologic
changes stems from summer dryness.
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And I think this is due to our inability to make sufficient by re-
alistic models which correctly incorporate, the various physical
processes, in particular, the treatment of the land surface process
is highly rudimentary at the present time. For example, the proc-
esses of the biosphere-climate interclim that Dr. Woodwell thinks
are very important are not included in the model. So, it is very
urgent to improve the climate models in order to gain more confi-
dence in our predictims.

These results clearly indicate that summer reduction of mid-con-
tinental soil moisture results from global warming and is a very
large scale phenomenon. The physical processes responsible for this
enhanced dryness appear reasonable. In summary it is likely that
severe mid-continental summer dryness will occur more frequently
with increasing atmospheric temperatures as warming becomes
larger and larger toward the next century.

One is tempted to ask whether the current dry condition in the
United States results from the general warming trend in the north-
ern hemisphere which Dr. Hansen mentioned earlier.

Unfortunately, I have not analyzed the current drought enough
in sufficient detail to discuss this topic with confidence. However,
since the past increase of global mean surface temperature during
this century is only several tenths of a degree so far, natural varia-
bility of surface conditions can easily overshadow any surface re-
duction of soil moisture induced by this much warming. So, it is
more likely that the current drought is a manifestation of the nat-
ural fluctuation of soil dryness rather than greenhouse-induced.
However, I suspect that the process of dryness which I identified by
our numerical experiment may be involved in aggravating current
dry conditions. And I feel that this current drought provides an ex-
cellent example of the kind of drought which occurs more frequent-
ly as the global warming becomes larger.

In concluding my testimony, I believe it is essential that in-
creased research efforts be devoted to improving the basic compo-
nent of climate models in order to improve the reliability of our
predictions. One common shortcoming of the current models is the
coarseness of their computational resolution. This not only distorts
the dynamics of a model atmosphere, but also prevents us from
predicting geographical details of future climate change. When you
try to ask what is a climate change in a State, e.g.) Colorado, we
are helpless. The additional computer resources, including the su-
percomputer, are desired for this purpose.

Obviously, prediction of future climate change should be continu-
ously verified and updated through continuous monitoring of the
climate and the factors inducing climate change. In order to do’
this, a major commitment of resources are needed for satellite and
in-site observation of our environment.

Mr. Chairman, this completes my present statement.

[The prepared statement of Dr. Manabe follows:]



108

STATEMENT OF
SYUKURO MANABE
GEOPHYSICAL FLUID DYNAMICS LABORATORY
NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION
U.S. DEPARTMENT OF COMMERCE
BEFORE THE

COMMITTEE ON ENERGY AND NATURAL RESOURCES
UNITED STATES SENATE

JUNE 23, 1988

Mr. Chairman and Members of the Committee:

I appreciate the opportunity to appear before you today to
comment on climate changes due to the future increase of
greenhouse gases. As I did before this Committee last November,
I would like to discuss the large-scale changes in soil wetness.
These changes, which may have profound practical implications,
have received increased attention at various research
institutions in North America and Europe. I shall begin my
discussion by referring to the recent results (1,2) obtained from
the mathematical models of climate developed at NOAA’s

Geophysical Fluid Dynamics Laboratory.

The mathematical model of climate used for this study is a
three-dimensional model of the atmosphere coupled with models of
the land surface and a simple mixed layer ocean. It includes the
effects of solar and terrestrial radiation and the hydrologic
cycle and explicitly calculates the general circulation in the

atmosphere using the hydrodynamical equations. It has been shown
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that this type of climate model successfully simulates the =
seasonal and geographical distribution of climate parameter. The
impact of increased greenhouse gases on climate was evaluated by
comparing climates of the model which have the normal and above-

normal concentrations of atmospheric carbon dioxide.

A map of the COj-induced change of soil moisture for the
June-July-August period is illustrated in Fig. la. This figqure

indicates that in summer, soil becomes drier over very extensive,

nid-continental..regions of North America, Southern Burope and
R T 2B Sy SHES a
. mr%&;n zmwtmmm
dioxide. 1In some regions, the reduction amounts to a substantial

fraction of the soil moisture present in the normal-co; casés. '3

Over Siberia and Canada, changes in snow cover are
responsible for the COj-induced reduction in soil moisture. 1In
these regions extensive snow cover prevails during winter before
melting in the late spring. Since snow cover reflects a large
fraction of incoming sunshine, its disappearance increases the
absorption of solar energy by the land surface to be used as the
latent heat for evaporation. Thus the end of the spring snowmelt
season marks the beginning of the seasonal drying of the soil

tnar Cakeh P et A ez, Tn the yermer high-g: WeE3d, the. - -
snowmelt season ends earlier, bringing an earlier start of the
spring to summer reduction of soil moisture. As a result, the

soil becomes drier in summer.
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Over the Great Plains of North America the earlier snowmelt

season also contributes to the COp-induced reduction of soil

_ wetness in summer. In addition, changes in the mid-latitude

. precipitation pattern also contribute to the reduction of soil
wetness in summer over North America and Southern Europe. Both
of these regions are under the influence of a rainbelt associated
with the typical path taken by mid-latitude low pressure systems.
In the high CO, atmosphere, warm moisture-rich air penetrates
further north than in the normal-CO, atmosphere. Thus the
precipitation rate increases significantly in the northern half
of the mid-latitude rainbelt whereas it decreases in the southern
half. Since the rainbelt moves northward from winter to summer,
a mid-latitude location lies in the northern half of the rainbelt
in winter and in its southern half in summer. At such a location
the COy-induced change in precipitation rate becomes negative in
early summer, contributing to a reduction of soil moisture. The
summer dryness is enhanced further due to the increased sunshine
reaching the ground as reduced evaporation from the drier

continental surface causes a decrease in cloudiness.

The summer reduction of soil wetness discussed above does
1not continue through winter. 1In response to the increase of
atmospheric carbon dioxide, soil wetness increases in winter over
extensive mid-continental regions of middle and high latitudes
(as indicated in Fig. 1b). In middle latitudes, this is mainly

due to the increase of precipitation in the northern half of the
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middle latitude rainbelt. In high latitudes, a larger fraction
of precipitation is realized as rainfall, making soil wetter.
Fig. 1b also indicates that soil wetness is reduced in winter
around Southern California and Mexico. The reduced rainfall in
the southern half of the middle latitude rainbelt is again

responsible for this enhanced dryness.

Upon inspecting Fig. 1, one should keep in mind that only
these very broad scale features of the soil moisture changes are
‘significant. For example, many of the small scale features in
the tropics and Southern Hemisphere are not regarded with much-
confidence. This is partly because the climate models used in
this study have coarse computational resolution and fail to
simulate the small scale features of the hydrologic change.
Furthermore, the detailed features of the COz-induced change are
often obscured by large natural fluctuations of soil wetness,
Lthereby making the 1dentif1c§tion of these features very
difficult.

One should also note that the various research groups have
not reached unanimous agreement (3,4) on the issue of the mid-
continental summer dryness. Results from more recent studies
(5,6) appear to agree better with those presented here (7,8). 1In
my opinion, some uncertainty in the estimate of the future
hydrologic change stems from the difficulty of reliably

incorporating into a climate model various relevant physical
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processes, such as the land surface water budget and ocean-
atmosphere interaction. Nevertheless, the above discussion
clearly indicates that the summer reduction of mid-continental
soil moisture results from the global warming and is a very large
scale phenomenon. The physical process responsible for this
enhanced dryness appears reasonable. In summary, it is likely
that severe mid-continental summer dryness will occur more

frequently with increasing atmospheric temperature.

One is tempted to ask whether the current dry condition in
the United States results from the general warming trend in the
Northern Hemisphere. Since the past increase of global mean
surface air temperature during this century is about several
tenths of a degree Celsius, natural variability of surface
conditions can easily overshadow any summer reduction of soil
moisture induced by the warming. Nevertheless, it is likely that
the processes identified by our numerical experiments are

involved in aggravating the current dry condition.

In concluding my testimony, I believe it is essential that
increased research effort be devoted to improving the basic
components of climate models in order to improve the reliability
of our predictions. One common shortcoming of the current models
is the coarseness of their computational resolution. This not
only distorts the dynamics of a model atmosphere, but also
prevents us from predicting the geographical details of future
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climate change. Improved computer support is required for better

computational resolution.

Obviously the prediction of future climate change should be
continuously verified and updated through continuous monitoring
of the climate and the factors inducing climate change. In order
to do this, increased observations of our environment are

required.

Mr. Chairman, this completes my prepared statement. I would

be glad to answer any questions you might have.
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Fig. 1 The geographical distributfon of the difference in soi) moisture (cm)
between the high CO2- and the normal CO2-experiments. See (2) for
further details. (a) June-dJuly-August period. (b) December-January-
February perfod.
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Senator WIRTH. Thank you very much, Dr. Manabe.

Dr. Dan Dudek from the Environmental Defense Fund will focus
in particular on the agricultural implications of global warming.
Dr. Dudek, thank you for being here.

STATEMENT OF DR. DANIEL J. DUDEK, SENIOR ECONOMIST,
ENVIRONMENTAL DEFENSE FUND

Dr. Dupek. Thank you for inviting me, Mr. Chairman. My name
is Dan Dudek. I'm a senior economist with the Environmental De-
fense Fund, but more importantly, I'm an agricultural economist
both by training and avocation.

I don’t think we need to be reminded by current headlines of the
incredible sensitivity of agriculture to weather. It is the most
weather-sensitive sector of our economy. At the same time, I'm not
here to tell you that current drought conditions are, in fact, evi-
dence of a global climate change. Rather, I think that the drought
that we are currently suffering is an opportunity to help us con-
ceive of what a greenhouse world would look like.

What I will present today in my testimony are results from anal-
yses that we have conducted at EDF concerning what agriculture
might look like under a changed climate. I would emphasize that
these changed climatic conditions are normal conditions under a
changed climate and not abnormal drought conditions as we are
experiencing them now.

If T could have the first slide please. What we have done is to
integrate both changes in atmosphere as manifested in terms of
temperature and changes in evapotranspiration, water demand by
plants with agronomic models which describe the relationship of
crop productivity to temperature increases. Crop productivity is
measured on the vertical access; temperature on the horizontal. As
you can see, this is clearly a case where more is not better. In fact,
for corn we have estimated for one particular climate scenario,
that of the scenario A, corn yield reductions ranging between 22
and 27 percent depending upon both location and the treatment of
carbon dioxide effects.

Other than temperature, there will be a whole host of additional
stresses on crops in agriculture. These include traditional environ-
mental pollutants, ozone and perhaps also increases in ultraviolet
light associated with stratospheric ozone depletion. The soil mois-
ture changes described by Dr. Manabe are important. These are
not included in the model. Increases in concentration in carbon di-
oxide have a positive effect.

So, the results I will present today emphasize three different as-
pects of the problem. First is the carbon dioxide effect; second, that
associate with climate change impacts; and third, the combination
of these two. I will emphasize the latter two—that is, the climate
change effects and the combination of the two—as being the most
likely outcome.

If I could have the second slide please. In our work we integrated
the biologic changes with an economic model, one developed by the
U.S. Department of Agriculture and adapted for this purpose. It is
a national model. And these results show aggregate production
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changes for the U.S. economy under a changed climate, in this case
one associated with a doubling of the CO. concentration.

If we look at the two sets of bars—that is, those in the middle
and those on the far right, one for climate change and one for com-
bined—let’s, for example, look at the yellow bar. That is that asso-
ciated with corn. Current estimates are that the corn crop right
now is suffering about an 11 percent decline in production. We are
entering a critical period for corn in the next 10 days. We know the
number of days above 95 degrees, as well as the amount of mois-
ture available for corn, is a critical determinant of its yield. The
range of yield reductions for corn predicted from our analysis are 9
to 14 percent.

For wheat, oats and barley, two other crops which have been
mentioned as being significantly stressed currently in the drought
situation in the middle west and great plains, we have predictions
of changes in yield ranging between 1 and 20 percent. Current
USDA estimates are for 22 percent national reduction in the pro-
duction of those three commodities. So, again, we are in roughly a
similar range of agreement.

If we step back and take a look at this question from an aggre-
gate standpoint and ask what are the impacts in terms of the
bottom line, dollars, the range of impacts here for both the com-
bined and the net effects run between $1 billion and $12 billion on
an average annual basis. Now, how can we stack that up against
current conditions. Currently we are estimating that drought losses
will run, as of right now, about $3 billion.

We can also get a rough magnitude of the size of these damages
by comparing them with other environmental stresses on agricul-
ture. It has been estimated that damages due to tropospheric ozone
or smog are about $2 billion annually. Those associated with ultra-
violet light and its increase from stratospheric ozone depletion are
about $2 billion and a half annually. So, this is a very severe and
drastic change indeed. I would emphasize that these are under
normal conditions of a future climate.

Associated with the production declines, we would expect price
increases reflecting reduced availability and scarcity of crops. We
can also compare the predictions from these modeling studies with
current events right now. For example, the purple bars show the
response for soybeans, showing roughly about a 75 percent increase
in price under the climate change only scenario. That compares
with the jump in July soybean prices on the future markets of
about 100 percent currently. If we look at July corn in the futures
market, that's about a 72 percent increase. We’re showing some-
thing around the order of a 65 percent increase, et cetera. We can
continue to make these comparisons.

The point is here, first, that we have seen a rekindled interest in
fear of inflation in the markets overall and a weakening of confi-
dence in financial markets as a result.

The third slide please. One of the responses that we would expect
to occur for climate change is a shifting cropping pattern, shift in
location of crops in responding to the differential environmental
stresses of climate change, as well as the availability of water re-
sources. On this slide the yellow and red bars similarly show for
climate change and for the net effect increases in dry land crop
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acreage that would be stimulated in the northwestern part of the
United States associated with climate change. That is, one of the
compensations for the yield reductions is to increase the intensity
of agricultural development. In fact, one of the problems associated
with such shifts and such increased acreage is whether resources,
like soil moisture, as Dr. Manabe indicated, will be adequate to
support that. Those changes have not been included in this analy-
sis.

The next slide please. One of the other results that we observe is
a shift in cropping methods—that is, from dry land systems to irri-
gated agriculture. This slide shows the associated changes in irriga-
tion water demand. As you can see, in the northern tier states in
particular increases of roughly 40 percent or more in terms of irri-
gation water demand are forecast.

The question again is whether supplies will be available. As we
have precipitation changes, we will change the mix between rain
and snowfall. In one study that has been done in California, for ex-
ample, the result is an earlier spring snow melt. There is a greater
runoff, but that runoff is not able to be captured by the existing
dams. They were sized for normal historic climates and not for
changed climates. In order to maintain their flood control capabili-
ties, those releases have to be increased. The result is a reduction
in the free water storage provided by the snowpack and a reduction
in the deliveries of irrigation water supplies to state water project
areas in particular in California. On an average annual basis, these
run up to 30 percent; under adverse conditions, they could be as
high as 50 percent.

A conservative estimate of the value of investments in California
water supply works is roughly $15 billion to $20 billion. A question
here is since water supply investments have been politically con-
tentious—one recent example is the Two Forks Dam proposed in
Colorado, one that has been called the dinosaur—we might ask le-
gitimately whether, in fact, climate change will resurrect the dino-
saurs.

In conclusion, the results that we are demonstrating here today
are, in fact, robust across a wide range of model studies, some of
which are being conducted by the Environmental Protection
Agency now under the auspices of the Global Climate Protection
Act. They lead to several recommendations.

First, perhaps what is most appropriate is the current advice
being pandered on Wall Street; that is, we ought to diversify our
portfolio. We ought to hedge against these kinds of risks. By that 1
mean we ought to expand the range of choices that we have avail-
able to us.

If we look to the success of achieving cooperative international
agreement to manage the problem of stratospheric ozone depletion,
in part that was facilitated by the existence of alternative chemi-
cals that we could turn to. Those alternatives lessened the sharp-
ness of the tradeoff between economic wellbeing and environmen-
tal quality. It is important that we develop those options now
before crisis situations are upon us.

Next, productivity research and development is very important.
One way to think about the kinds of productivity impacts in agri-
culture that we have been showing is to think about what kinds of
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increase in productivity would be required to compensate. Over the
past several decades, we have averaged about a 1 and three-quarter
percent per year increase in agricultural productivity. For some
crops, it would take nearly two decades of that kind of sustained
effort just to stay even with the kinds of yield reductions that we
have been showing.

Efficiency has been mentioned both with respect to energy, in
particular end use, and in generating energy. One of the important
compensations that we predict is an expansion of groundwater use.
Groundwater use is critically dependent upon energy pricing. It de-
termines its feasibility and thus the ability of the use of that re-
source to compensate for these kinds of agricultural stresses.

Water efficiency is also important. And in that regard, one of the
very important things that we can do is to give citizens in general
the correct signals, give them the right incentives. This is true for
both energy and for water. In the water area, we can develop water
markets which would both facilitate the flexible movement of
water in response to changes in crop location, as well as to give ex-
isting water users reasons to conserve water.

In particular in the energy arena, including environmental ef-
fects or environmental costs in energy investment decision making
would be an important contribution to assuring that we make the
correct choices about our energy future.

I thank you for the opportunity to address the committee today.

[The prepared statement of Dr. Dudek follows:]
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" Mr, Chairman and members of the committee, thank you for the
opportunity to testify at this hearing concerning global climate change. The
committee’s interest in this problem at this time is a strong signal of the
active concern and priority attached .to this problem. One of the difficulties
involved is conceiving the problem. We are fortunate that the science allows
us to simulate, however uncertainly, possible alternative futures with
computer models. As vivid as their pictures of the future might be, they fail
to capture those changes in a human day-to-day context. The daily headlines
concerning the high temperatures and drought currently scourging the mid

western part of the nation help to complete the picture.

The buffeting that agricultural communities are suffering is a tangible
reminder of our vulnerability to weather and the stakes involved in the
threat of global climate change. My testimony today centers on a study
undertaken by the Environmental Defense Fund, a copy of which will be
submitted for the record, to describe the implications of climate change for
u.s. agriculture and its customers. While the study examines only one
possible future climate outcome representing normal weather, the results have
broad similarity to current conditions. Ctép prices would rise, production
would fall, and competition for water would increase dramatically. Domestic
consumers would pay higher prices and foreign importers would be fortunate to
receive any crop. N

As stewards of the future and managers of today’s resources, we should
ensure that the nation possesses a diversified portfolio of strategies to
respond to these threats. Agreement in Montreal on brotecting the ozone layer
was possible because feasible, practical alternatives existed. We need

investments and instituional changes that will broaden our alternatives,
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lessen the burden of response, and hedge against catastrophic surprise.
Cc;ntinuing with business as usual is a huge gamble that market forces or
future policy-makers will have enough vision, time, or resources to produce

cost-effective alternatives for responding to climate change.

ASSESSING THE IMPLICATIONS OF CLIMATE CHANGE FOR AGRICULTURE

General, Approach

The basic approach in our study was to integrate basic physical,
biological, and economic processes. Predictions of important climatic
factors like temperature, precipitation, and evaporation are taken from
general circulation models (GCMs) such as those developed at NASA's Goddard
Institute of Space Studies (GISS) and the General Fluid Dynamics Laboratory
(GFDL). Results from the GISS GCM were used in this study (Hansen, et
al., 1986). Crop growth depends critically upon both the magnitude and
tining of changes in these climatic factors. Agronomists have long studied
these interrelationships and developed models to predict crop yields in
response to changes in climate. The predictions from the GCMs can be
combined with these agronomic models to produce estimates of yield changes

under different future climate regimes.

|

| Most previous studies of the impact of climate change on agriculture

I
have stopped there. However, several key ingredients are missing. As most
of :us know, farmers are astute entrepreneurs. They are not likely to be
passive in the face of such change, but rather will adjust and respond to

market forces. Crop locations will shift and production techniques will be

altered in response to market outcomes driven by the productivity changes.
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In order to capture these-economic responses, we have adapted a national
model of agriculture originally developed by the Economic Research Service
of the U.S. Department of Agriculture (Hotm}r, et al., 1983). Coupling
this economic model with crop productivity changes allows us to estimate
both the role of market forces and the- resulting geographic cropping

patterns.

Although only one climate scenario from one GCM was analyzed (the GISS

scenario A), different a ptions: ning the crop productivity effects of

those climate changes were estimated. Crop ylelds will be affected by 4 main
factors: temperature, CO, concentration, evapotranspiration, and
precipitation. While minimum temperatures are necessary for crop growth (see
Figure 1), temperature increases will be the main source of yield reductions.
Soil moisture changes from altered precipitation patterns and temperature
increases will also be an important determinant of yields. CO,

concentration increases will have an inadvertent fertilization effect and tend
to increase yield. However, crops vary in their abilitgy to use the increased

Co, Corn and sorghum, for example, would benefit less than other crops.

-
Thus, the relative impacts of both climate and atmospheric changes will vary
by crop. Agronomists are currently working to integrate both effects in their
models of crop growth. Crop productivity impacts for this study. were taken
from a range of estimates in the published literature and are cited in the

report submitted for the record. The study reported here today analyzes co,

and climate change effects separately and then combined.
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SUMMARY OF RESULTS

The yield reductions evaluated {n this study varied among crops and
scenarios. For example, in the corn belt, corn yleld reduction were
estimated to range from 22-27% depending upon whether €O, effects are
included or not. Experts in that region have been recently quoted as
predicitng a drop of 11% In national average corn yields currently
(Maidenberg, 1988). Other crops currently affected by drought, wheat, oats,
and barley, are also expected to suffer yield reductions ranging from 1-25%
depending upon location and CO, effect. Soybean yields are estimated to

span a range between 0.5-27% lower.

In the aggregate, these yield changes were estimated to cause a loss in
economic welfare from agriculture of between $0.6-$11.6 billion in 1982
dollars in average annual terms. In contrast, current estimates of the
effects of the drought are approximately $3 billion for three major crops
(Associated Press, 1988). The estimates of damage to agriculture from ther
environmental problems are also useful comparisons. Tropospheric ozone or
smog is estimated to cost the agricultural economy approximately $2 billion
annually (Adams and McCarl, 1985. Stratospheric ozone depletion and the
increased ultraviolet radiation that it would generate would cost about $2.5
billion (Adams and Crocker, 1987). The climate change impacts upon
agriculture can be several times larger than the damages caused by these

environmental stresses.

While the economic welfare effects may be substantial, Americans are not

expected to have difficulty feeding themselves. Foreign consumers will face
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the bulk of the supply reductions as exports contract due to reduced supplies.
Figure 2 displays the aggregate national production changes estimated under
the alternative scenarios. Wheat, barley, and oat production is currently
expected to be reduced by 22% as a result of the drought (Schneider, 1988).
Under climate changes, barley production is estimated to decline between
1-19.5%, while wheat would be off 1.5-7%, and oats from 1-14%. It is
important to remember that the results of this analysis also allow for
long-run shifts in the location of crop production in response to changes in
competitive advantage, whereas the drought impacts are shocks to crops and

investments in place and so reflect short-run impacts.

The severity of the current, drought for the corn crop will be determined
in the next 10 days as we enter a critical phase of crop development. The
number of days above 95° F have been shown to be a critical determinant of
corn ylelds (Mearns, et al., 1984). Corn is expected to be severely
affected by climate change due to its relatively poor utilization of CO,

increases. As shown in Figure 3, corn production could decline between 9-1l4%.

Production declines will be met by price rises, a phenomena we are
witnessing now in agriculture due to the drought. Soybeans have hit their
highest price in 11 years. On the futures market July soybeans have jumped
nearly 100% this year. July corn ifs up 72% and September wheat has risen
55%. The price changes predicted in this study under some scenarios are
roughly the same magnitude (see Figure 3). Much of the concern about these
price hikes focuses on their impact in rekindling inflation and weakening

the confidence of financial markets.
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REGIONAL CHANGES IN CROPPING PATTERNS AND RESOURCE USE

The results previously described are generally robust in the direction of
changes that they describe. Similar studies being prepared under the Global
Climate Protection Act, in their preliminary form, describe the same patterns
across a wider of GCMs, scenarios, and more detailed crop productivity
assessments. One of the more notable general results is a geographic shifting
of agriculture and a shift to irrigation. Figures 4-8 decribe these acre;ge
changes. Note that in Figures 4 and 6, substantial increases in dryland
acreage are estimated. These are exactly the regions that are being hit
hardest by the drought. As indicated in the limitations section of this
testimony, precipitation and soil moisture impacts of the sort described by
Manabe and Wetherald (1986) were not included in this analysis. In those that
have included these changes, the shifts described here are intensified and

the losses greater.

One of the important shifts that might occur under these conditions is an
intensification of irrigation throughout the nation, but particularly in the
northwest and northern Great Plains (see Figure 8). While increased
irrigation particularly from groundwater has been a historic response to
drought conditions, it 1s uncertain whether groundwater resources in the
future will be economically available. Current incentives to farmers
encourage groundwater mining in excess of recharge rates. Future physical
supplies of the resource into the future are uncertain on this basis alone.
Further, the impact of changes in precipitation and runoff in a greenhouse
world have not been determined for groundwater. Energy prices are also an

important determinant of the economic feasibility of groundwater pumping and
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present another critical element of uncertainty which could limit the

effectiveness of irrigation in mitigating climate change impacts.

WATER SUPPLY AND INVESTMENT

The shifts to groundwater are illustrated in Figure 9 which displays the
results of a similar analysis focused on the state of California alome.

The Central Valley regions (Sacramento, Northern andd Southern San Joaquin)
show marked changes in groundwater use. In part, these are driven by changes
in surface water supplies. Although runoff is expected to be increased, it
cannot be captured by existing facilities built upon assumptions of an
unchanged climate. The result is average annual reductions in state

water project deliveries of 25-28%. At an average cost of $500 per acre-foot,
a rough approximation of the value of the investment in California water
projects alone is $15-20 billion. An important question underlying the
geographic adjustments previously described is whether new investments of this
magnitude are possible given the controversial nature of dams.

Public strife over water is not new, but climate change could raise it
to a new level. The controversy surrounding the proposed Two Forks Dam in
Colorado 1s an good case in point. Opponents have called the project a
"dinosaur”. Giben the predicted impacts of the greenhouse effect, we might
well ask whether climate change will resurrect the dinosaurs.

The critical importance of water to agriculture is also demonstrated by
the transportation bottleneck caused by low Mississippi River flows. While
agricultural development in adjustment to climate change may not be limited

by land, infrastructure such as transport and water supply may be lacking
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Figure 9. Regional Resource Changes
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and limit such adjustments.

LIMITATIONS

The results presented in this testimony are computer experiments
designed to describe the current agricultural economy if it were subjected
to the types of climate changes predicted from the GCMs. No attempt has
been made to forecast agricultural technologies of the future. The tastes
and preferences of consumers are those expressed today. Exports are
maintained at present levels despite the fact that climate change is a
global phenomenon which affect agricultural regions around the world and

thus the international markets for commodities.

Resources essential for agricultural production such as water and land
will also be affected by climate change. For example, warmer temperatures
will alter the mix of precipitation between snow and rain as well as
shifting the timing of the spring melt. In western regions dependent upon
irrigation, the loss of reservoir storage provided by the snowpack can mean
reduced water supplies. Even if stream flow is increased in some locations,
existing reservoirs have been sized to match the size and timing of historic
flows. Increased early season runoff would force water supply operators to
increase releases downstream in order to maintain the flood control
capabiliites of their facilities. Changes in precipitation and runoff
patterns will also affect groundwater recharge and availability. None of
these water supply impacts have been included in this study, although
estimates of changes in groundwater pumping are pade. Similarly, land

resources are presumed to be available for agricultural production.

17
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CHALLENGES AND IMPLICATIONS

Technical Change and the Importance of R&D Investments

Another useful way to think of the implications of the agricultural
changes that could occur is to relate them to the changes in productiviy that
we have observed in the past. Over the past several decades agricultural
productivity in the form of increased yields has averaged about 1 3/4% per
year. For some crops under some of the scenarios, sustaining this rate for
more than a decade would be required to roughly balance the negative

productivity impacts.

The importance of research and development investments was one of the
critical lessons from stratospheric ozone protection efforts. The scope
of feasible policy actions had been significantly expanded by private
investments in the 70’s to investigate alternative chemical formulations.
The existence of these alternatives reduced the threat of radical lifestyle

changes and eased the way for international agreement.

The limited responses available to policy makers concerned with the
drought demonstrate the importance of developing choices well before they are
needed. In addition, including climate change among the reasons for action on
other environmental problems is only prudent. Given the importance of market
signals to all actors in the economy, distortions in those incentives whether
due to market failure or government intervention should be removed if we
expect private citizens to make informed decisions. For example, linking

income transfers to agriculture to production maintains more resources in

18
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agriculture and increases the stakes in the climate gamble. Efficiency in
water can be encouraged by promoting the development of water markets. Such
markets would improve present efficiencies, reduce pollutant loadings, and
facilitate resource transfers in response to climatic change. The failure to
include environmental effects as a factor in public utility investment
decisions concerning energy production alsolincreases our risks. End

use and generating efficiencies would be improved by this change. There

are many good reasons to hedge our bets, not the least of which is the damage

mounting up in the Middle West.

19
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Senator WirTH. Thank you, Dr. Dudek.
Finally, Dr. William Moomaw. Bill, thank you for being with us.

STATEMENT OF DR. WILLIAM P. MOOMAW, DIRECTOR, CLIMATE,
ENERGY, AND POLUTION PROGRAM, WORLD RESOURCES IN-
STITUTE

Dr. Moomaw. Senator Wirth, I want to thank you for the oppor-
tunity to testify at this hearing.

The testimony by those who have preceded me represents a truly
remarkable consensus. The evidence is quite conclusive that carbon
dioxide and other greenhouse gases are increasing as the result of
human activity. The majority of this increase, it is agreed, is relat-
ed to fossil fuel combustion, and additional amounts of warming
may be occurring as a result of the release of chlorofluorocarbons
from deforestation and from agricultural practices.

The data presented by Dr. Hansen convincingly demonstrates
that the global average temperature is, indeed, rising by an
amount that exceeds expected fluctuations from the climatic mean.
The implication of this analysis is that the global climate is warm-
ing. For some who may not be as familiar with statistical analysis,
the question remains how confident can we be that this is really
the case.

As a physical chemist who has carried out basic research in the
laboratory over the last 24 years where I can control all the varia-
bles, I expect to get data that is good to the 95 to 99 percent confi-
dence level. From the work I have done over the last half a dozen
years on acid rain out in the field, I feel fortunate when I see a
correlation that is in the range of 60 percent of probability that
that is not a chance event. So, for his analysis to show a deviation
with 99 percent certainty is remarkable, at least in my experience
in terms of measurements that are made out in the environment.
At least in statistical terms, it is a very impressive correlation, and
it is very convincing.

But in some ways these facts—because I think the temperature
rise and the gas rise are really facts that are not really debated—
still beg the question. Is there a link? Can we establish a definite
link between the rise in the greenhouse gases and the rise in tem-
perature? You have heard evidence here from several of the wit-
nesses, including those who were involved in the Bellagio-Villach
meetings, that concludes very strongly that, indeed, a link does
exist, that there is a strong body of convincing evidence that we
are heading into an early greenhouse effect, and that warming
rates exceed anything that we have ever experienced before by a
large margin.

Now, I realize that there are people who are still doubters, and I
think it is always healthy. Having been through the ozone deple-
tion issue in the mid-1970’s, as have Senator Domenici and Senator
Bumpers, I'm aware of this problem. How do we make decisions
which have potentially enormous consequences in the face of some
uncertainty?

Well, let me suggest that in this particular case, if I may use an
analogy, that the findings to date suggest to me that our society is
like a high-speed automobile that has just seen a traffic light way
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down the road change from green to amber. I would argue that
what we should do—we have two impulses when that happens. The
first, of course, is to step on the gas and see if we can beat the
light. I would suggest that we not follow that impulse, that instead
of doing that, that we slow down. And if we are fortunate enough
and we slow down in the right way, the light may again turn green
by the time we reach the intersection. If we don’t follow that strat-
egy, we may get to the intersection and our whole economy may be
up against a full stop.

I believe that we can begin now, even with the uncertainties, to
begin taking precautionary action. These actions need not be dras-
tic. They need not be disruptive of our economy or of the economies
of other nations of the world. Some of these actions are already un-
derway and many of them will have multiple benefits.

It has already been mentioned, for example, that chlorofluorocar-
bons contribute to the greenhouse warming effect. Now, the Mon-
treal Protocol says that we will all agree to cut these by 50 percent
by 1999. One of the things we have to be certain of is that the gases
that will be substitutes for the chlorofluorocarbons that we are now
using, which will be designed to protect the ozone layer, that those
gases, those substitutes, will not be released into the atmosphere in
a way that will increase the greenhouse effect. There has been vir-
tually no discussion of that particular possibility, and I think it is a
matter of some concern. We could accelerate the rate at which we
phase out chlorofluorocarbons, and we could also recapture and
reuse chlorofluorocarbons. )

I am shocked to discover that every spring I get a notice from my
automobile dealer urging me to come and have my air conditioner
flushed out and to have the chlorofluorocarbons replaced. That is
an absolute, total waste of chlorofluorocarbons in most cases be-
cause most air conditioners don’t need to be flushed out. They only
need to be flushed out if there has been a problem. And yet, it’s a
very effective way of marketing additional chlorofluorocarbons.

So, there are very simple things we could do to reduce chloro-
fluorocarbons, not that that one item is going to solve all the prob-
lems. But there are some things like that we should take a look at.

Promoting energy efficiency has been mentioned as an option
that we should be engaged in. Certainly it is the fastest and most
cost effective method of reducing the rate of carbon dioxide emis-
sions, and it’s essential to use our fossil fuels more efficiently.
And I think we have to look at both end-use efficiencies, lighting,
automobiles and the like, as well as production efficiencies. And
there are some very exciting new technologies which will mark the
production of electricity, for example, much more efficient than it
is now even when we are using highly carbon dioxide producing
fuels such as coal.

It is sobering to note that an average new American automobile
which meets the CAFE standards, if driven 10,000 miles a year,
which is roughly the average that a car is driven in this country,
that during the year it is being driven, it will release into the at-
mosphere its own weight in carbon as carbon dioxide. It's an enor-
mous amount, on the order of a ton or more of carbon, that will be
released. Yet, we know that there are cars being sold in this coun-
try right now that get double the gas mileage of the CAFE stand-
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ard, and there are additional automobiles in the prototype stage
which are on the road now, unfortunately mostly in other coun-
tries, that can get three or four times the gas mileage of the CAFE
standard in the United States.

I should point out that energy efficiency may, in fact, improve
our productivity. Japan produces a dollar of gross national product,
or the equivalent in yen, with using about half of the energy per
dollar of GNP as we produce. And I think there is a lesson in that
in terms of their efficiency.

We need to move fairly rapidly into renewable energy technol-
ogies. We need to accelerate the development of those. And I think
it is an obligation for wealthier nations like the United States to
carry out the necessary research. We have cut way back in that
kind of research over the last few years. Yet, it is very clear that
the United States and a few other nations are the only ones who
can afford to do that kind of research into renewable technologies
that do not add to the greenhouse effect.

Not only will this investment increase our economic competitive-
ness, but it will also make possible the economic development of
third world countries.

And I might just add that since I put this testimony together, I
was speaking with Gus Speth, who 1s the president of the World
Resources Institute who is just back from a trip to Japan and
China. And he had a meeting with people in Japan at MITI, which
is the organization that has been so successful in bringing together
government and business in Japan. They are actively beginning to
think in these terms and are viewing this as a potential market.
That is, if the greenhouse effect is really going to be a major issue,
they see themselves poised as having the products, the energy effi-
cient automobiles, the energy efficient light bulbs, for example,
which unfortunately are not made in this country, but are made in
Japan and Europe, to be able to move into those markets very rap-
idly. And they see it as a business opportunity. I think there is,
again, an important opportunity for us economically in the same
way.

We need to examine fuel switching and the efficiency with which
we use high carbon-emitting fuels. As I'm sure all of you have
heard before—and I know that Senator Ford may not be happy to
hear this again—that coal produces about twice the carbon dioxide
for the amount of energy that we obtain from it as does natural
gas. It is clear that we are not likely to stop using coal, since it is
our most abundant fossil fuel, but we should probably think in
terms of reserving the use of coal for ways in which it can be more
efficiently used. If we attempt to move in the direction of synthetic
fuels, the problem becomes even worse. And particularly if we
make synfuels from coal, we end up producing in many cases three
or three and a half times the amount of carbon dioxide per unit of
energy that we get back compared to natural gas.

I think it is important to take a look at pricing options because it
is very clear that in terms of using fossil fuels efficiently, we use
them much more efficiently when prices were rising rapidly than
we are using them right now. We need to take a look at pricing
options, tax options, fees, market options, that would be most effec-
tive in reducing the greenhouse emissions from particularly fossil



145

fuels. And I think in this we could learn a great deal from the Eu-
ropean and Japanese experience where the price of gasoline, for ex-
ample, in West Germany is double that in the United States, and
in Italy it is three times what it is in the United States. And virtu-
ally all of that is due to extra taxes. And it does have a significant
effect on the rate at which we use these fossil fuels. That is obvi-
ously going to be controversial, but it is something that we really
must take a look at and decide whether or not it is important to
stop using as much fossil fuel. This is certainly one way in which
we can help achieve that through the marketplace.

I would echo George Woodwell’s statement that we need to look
at forestry and reforestation as an important direction to go.

And in answer to an earlier question about nuclear power, cer-
tainly I think we should reexamine the nuclear option. But I think
most people don’t realize what a small fraction of total energy pro-
duction electricity is in the whole world. No one of these things I
am suggesting can solve the whole problem. Each one may be able
to contribute something to it. And so, I think we do have an obliga-
tion to look at all of them.

To conclude, I would just say that the options I have suggested
can be implemented as a precautionary means of slowing global
warming while we increase our understanding of the issue. I want
to emphasize that there is still a great deal of needed field and lab-
oratory research in order to understand the sources of some of
these greenhouse gases. As was mentioned by a couple of the earli-
er witnesses, we need to do considerable development of the cli-
mate models to make them better predictors because I think as this
process goes along, we're going to be constantly wanting to fine-
tune our policies and we're going to need those models in order to
be able to know where we are and where we are heading.

Finally, we need to expand our monitoring efforts in order to
detect at the earliest possible time an unequivocal connection be-
tween greenhouse gases and climate change. I think it has really
been very dramatic what the discovery of the Antarctic ozone hole
has done to people’s willingness to accept depletion of stratospheric
ozone from chlorofluorocarbons. And it is because there was a real
measure out there that people could look at. Unfortunately, it is a
measurement of a phenomenon that will—well, I heard a group
discussing this. Someone said it would take 100 years to heal even
if we stopped producing chlorofluorocarbons now. And Sherry Row-
land who was there said, oh, you're an optimist. A hundred years is
the optimistic view. We expect it will probably take 300 years
before it will heal itself.

The greenhouse effect is likewise one of these largely, at least on
reasonable time scale, irreversible effects. So, I think it is impor-
tant that we make some changes now, to begin shifting resources
within the fiscal year 1989 Federal budget to support research that
needs to be done, and to begin attempting to implement some of
these policy suggestions which I and others here have made. I
think these strategies have the advantage that not only do they ad-
dress the greenhouse effect, they also address acid rain, urban air
pollution, stratospheric ozone depletion. And I think it is these
multiple benefits that we will get by moving to energy efficiency,
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phasing out CFC’s faster and so on to which greenhouse effect
makes just a more compelling case.

I would agree with George Woodwell that we have an important
opportunity for the United States to provide leadership on the fuli
range of global change issues that face us, and that the changes
that are being suggested will, in fact, help provide responsible solu-
tions to the problems that have been raised.

Thank you, Mr. Chairman.

[The prepared statement of Dr. Moomaw follows:]
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Senator Wirth, I wish to thank you for the opportunity to
testify at this hearing.

The testimony presented by those who have preceded me
represents a truly remarkable consensus. The evidence is
conclusive that atmospheric levels of carbon dioxide and other
greenhouse gases are rising inexorably as the result of human
activity. The majority of this increase is associated directly
or indirectly with the combustion of fossil fuels along with

significant contributions from chlorofluorocarbon release,
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deforestation and agriculture.

The data presented by Dr. Hansen convincingly demonstrates
that the global average temperature is indeed rising by an amount
that exceeds expected fluctuations from the climatic mean. The
implication of this analysis is that the global climate is
warming. How confident can we be that this warming 1is really

taking place?

As a physical chemist who has carried out basic research in
the laboratory where I can control most of the variables, I am
used to obtaining data that is correlated in some fashion at the
95-99 percent cbnfidence level. My experience in field research
on acid rain is that natural variability over which one has no
control yields data that is, at best, significant at the 63
percent confidence 1level. Hence, Dr. Hansen's finding of a
global temperature rise at his reported 1level of statistical

significance is truly impressive -- and convincing.

But, in some ways, these facts beg the real question. Is
the observed global temperature rise caused by the increased:

concentration of greenhouse gases?

The report which you heard from the Bellagio Villach
meetings concludes that there 1s. a strong body of convincing

evidence that we are heading into an early greenhouse effect with
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warming rates that exceed anything we have yet experienced.

What these findings say to me is that our society is like a
high-speed automobile that has just seen a traffic l1ight far down
the road change from green to yellow. I would argue that we
should respond to this caution signal by slowing down rather than
by accelerating and attempting to run the light before it turns
red. To press the analogy further, if we slow down far enough in
advance, the 1l1ight may have again turned green by the time we
arrive at the intersection. Otherwise, our economy may come up

against a full stop.

I believe that we can begin to take precautionary action
now. These actions need not be drastic, nor need they be
disruptive of our economy or of the economies of the other
nations of the world. Some actions are already underway and will

have multiple benefits.

1. Reduce Chlorofluorocarbons

The Montreal Protocol on Substances that Deplete the Ozone
Layer will reduce CFC emissions to protect stratospheric ozone,
but we must be certain that the substitutes -- that may also be
released into the atmosphere -- do not contribute significantly
to global warming. We should also examine ways to capture and

reuse CFCs and find ways to eliminate their use on an accelerated

3
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schedule.

2. Promote Energqy Efficiency

The fastest and most cost effective method of reducing the
rate of CO, emissions is to use our fossil fuels more
efficiently. Both end-use and generating efficiencies can be
improved greatly in the near-term. It is sobering to note that
an average new American automobile driven 10,000 miles per year
will release its own weight in carbon as CO, into the atmosphere.
Yet cars getting double that mileage are for sale in the U.S.
this year and prototype automobiles which are three to four times

as energy-efficient are being tested on the road right now.
I should point out that Japan currently produces more than
twice the GNP for each energy unit as does the U.S. so there is

much we can still do in this area.

3. Renewable Enerqy Technology

We need to accelerate the development of renewable energy
resources. It is an obligation for wealthier nations 1like the
U.S. to carry out the necessary research. This will not only
increase our international economic competitiveness, but will
also make possible economic development in an environmentally

sound way for third world countries.
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4. Fuel Switching

We need to examine options for switching from high CO,-
emitting fuels 1like coal to 1low CO,-emitting fuels such as
natural gas. Since we will certainly continue to use coal, we
should develop technology that will utilize it most efficiently.
it is also cx;itical to avoid synfuel programs which greatly
increase CO, emissions above those produced by direct burning of

coal, oil or natural gas.

5. Pricing Options

It 1s necessary to determine which pricing, tax, fee or
market options will be most effective in reducing greenhouse
emissions. We can learn a great deal from the European and
Japanese experience of establishing fees which more fully

incorporate the environmental costs of fuel use.
6. Conclusion

The options I have suggested can be implemented as a
precautionary means of slowing global warming while we increase
our understanding of the issue. I want to emphasize that there
is still a large amount of field and laboratory research that
needs to be done to understand the sources of several rapidly

growing greenhouse gases. Considerable development of climate
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models also remains to be done so that we can better predict the
consequences of the greenhouse effect in order to best shape
future policies. Finally, we need to expand our monitoring
efforts in order to detect, at the earliest possible time, an
unequivocal connection between greenhouse gases and climate
change. I would hope that shifting resources within the FY89
federal budget to support more global change research would be a
high priority for the Congress. While we need to carry out more
policy research, the options that I have suggested have multiple
benefits in reducing climate warming, air pollution, acid rain
and stratospheric ozone depletion. At the same time these
strategies will improve American economic competitiveness and
enhance our own domestic energy security. We have an important
opportunity for the United States to provide leadership on the
full range of global change issues that face us, and to help

provide responsible solutions to the problems they raise.
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Senator WirTH. Dr. Moomaw, thank you very much. We thank
all of you.

We have a number of Senators here, and we might move very
rapidly into questions. Let me just first of all ask a short one of
you, Dr. Hansen, and then ask others to comment if they would
like.

I think the question that everybody is asking today with all of
the heat and everything going on across the middle west and the
southwest and so on is the current heat wave and drought related
to the greenhouse effect. And a subpart of that is how sure are you
of your response. [Laughter.]

Dr. HANSEN. Well, I mentioned in my testimony that you cannot
blame a particular drought on the greenhouse effect. You can say,
at least our climate model seems to be telling us, that the green-
house effect impacts the probability of having a drought. And in
particular I tried to emphasize that even in the late 1980’s and the
1990’s, the greenhouse effect is already large enough to impact the
probability of having a drought in the southeast and the midwest
United States.

Senator WirTH. So, you would say that the heat wave and the
drought is related to the greenhouse effect. Is that right?

Dr. HanseN. Yes. If you look over a time period of, say, 10 years,
the number of droughts you get in that period, it appears that it
will be larger because of the greenhouse effect. But whether you
get a drought in a particular year depends upon the weather pat-
terns that exist at the beginning of the season, and that is a noisy
phenomenon which is basically unpredictable. So, I can’t tell you
whether next year is going to have a drought or not. All that we
are trying to say is that the probability is somewhat larger than it
was a few decades ago.

Senator Bumpers. Well, Mr. Chairman, if you would yield on
that just to ask a slightly separate question on the same line. Is
there a correlation between the warming and the amount of mois-
ture we get? Are they tied together?

Dr. HanseN. Yes. That is certainly true, and the answer is differ-
ent depending on which part of the globe you’re asking about. At
low latitudes and at very high latitudes, the greenhouse warming
will tend to increase the amount of moisture both falling and avail-
able on the surface. But at mid-latitudes, particularly in the
summer, the answer seems to be the opposite, that there tends to
be a mid-latitude continental drying which Dr. Manabe discussed
in some detail.

Senator WirtH. Dr. Oppenheimer, do you want to take a shot?
Any of the others of you want to answer the question? I think it is
a perfectly logical question to ask, isn’t it? I mean, the American
public is out there. It is getting very, very warm. They hear about
the greenhouse effect. It's on the cover of Sports Illustrated. It is
the lead editorial in the New York Times. It is in Fortune Maga-
zine, the newest issue, a long study of the implications of this. And
people are saying is, in fact, that’'s what’s going on. Are we having
the drought because of the greenhouse effect? And it seems to me
we have to be in a position of saying yes, no. I suppose there’s a
maybe factor, or we say yes with a certainty of such and such a
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percent. You all do this day in and day out. Tell us how we respond
to that question.

Dr. OprENHEIMER. I think I would just sort of recapitulate and
maybe restate what Jim and Suki have said which is that no one
episode, no one drought, no one heat wave can be ascribed uniquely
to the greenhouse warming so that that part of the question has to
get a maybe.

But you have to approach the question in a broader context. In-
creasing frequency of drought and heat waves is the sort of change
that we would expect as the world warms, and as Jim said, it is the
sort of change we might already expect to occur more frequently.
But as Jim has noted, as several of us have noted, the global mean
temperature has risen over the last 100 years. Four of the last 7
years have been the hottest on record, and this year appears al-
ready to be headed to be the hottest on record. So, it is reasonable
to assume that the greenhouse effect is here. It is happening. The
warming has begun. It has started. But no one I don’t think in
their right mind is ever going to say this one climate event in par-
ticular is related.

Senator WIRTH. Do any of the others of you want to comment?
Dr. Moomaw?

Dr. Moomaw. Maybe one way of stating it is that certainly the
events that we have seen in the 1980’s and so on are consistent
with all the predictions of the greenhouse effect. That is different
from saying that any one event is, in fact, ascribable to it. But it is
certainly consistent with the predictions that have been made.

Senator McCLURE. Could I ask one question at this point, Mr.
Chairman? I think the question is absolutely logical, and I think
the probability answer is the right answer. But that doesn’t explain
the droughts of the 1930’s. Was the drought in the middle 1930’s a
result of the greenhouse effect?

Dr. HanseN. You will notice in the climate simulations which I
presented we began the simulations in 1958. That was the interna-
tional geophysical year. The measurements of atmospheric compo-
sition began at that time and have been accurate since that time.

It is more difficult to go back and simulate the 1930s because we
don’t know exactly how the climate forcings were changing. We
don’t know what caused the 1930s to be warmer than the preceding
decades. So, it is really difficult to say what caused the droughts in
the 1930s.

Dr. ManNaBe. May I comment? According to our modern calcula-
tions that these model generated drought which we get don’t have
to be due to greenhouse gases. So long as you have general warm-
ing, you tend to get more of a likelihood of getting mid-continental
summer dryness. However, a magnitude of—the 1930 was the
warmest. It happened to be a relatively warm period also, as it is
at the present time so that from this sense that during a warm
period you expect more likelihood of dryness. So, in that sense it is
consistent with expectations.

However, when we look at the magnitude of drying which is in-
duced by about a half of a degree Centigrade warming, which it
was in 1930—and presently—the magnitude of drying is smaller
than the natural fluctuation of the dry/wet cycle which is induced
by natural cause, not by greenhouse gases so that these drying



155

forces are not large enough to say that it is due to the greenhouse
gases. However, I suspect that the likelihood of this type of mid-
continental drying will increase as the warming gets larger and
larger into the next centuries.

Dr. OpPENHEIMER. I would like to make one more point. One of
the reasons you can get a couple of climatologists out here saying
that the greenhouse effect has already been detected in some sense
is the string of warm years and the general trend. This year, as
Jim said, is much hotter than previous years so far. I think what
you will need to get scientists up here to say this particular
drought might be due to the greenhouse effect or it is likely. If this
drought continues or gets worse or becomes the worse drought ever
in some sense, then I suspect you would have more people ready to
ascribe it directly to greenhouse warming.

Senator WIRTH. As a summary point, let me say I have read a lot
of studies, met with a great number of the people in this field and
have become convinced myself that the probability of a greenhouse
effect having a significant impact is about 99 percent, and that
what we ought to be doing is moving aggressively on programs of
energy conservation, alternative energy sources, reforestation and
so on, and that even if that 99 percent is wrong and the 1 percent
is right, those policies of reforestation, alternative energy pro-
grams, energy conservation and so on are good for us anyway in
terms of economic and environmental policy. So, no matter what
we do, we are going to end up doing the right kinds of things if we
can aggressively pursue that kind of a program as laid out in a lot
of the recommendations that you all had today.

And I think it is in pursuit of that with the uncertainty that is
out there and doing more research and getting a better sense of
that, but we also have to start to understand very clearly what the
alternatives are and the policy implications are going to be. And I
think that is what we are about here.

Senator Ford?

Senator Forp. Dr. Hansen, explain something to me if you can. I
live along the Ohio River and Ohio Valley. And that belt through
there and the south has been getting drier and drier, but the win-
ters have become severe. They are not the dry winters. We been
having severe winters, and you find the ice and snow in Florida.
But from that whole belt south, the winters are becoming very
severe. Now, explain that to me versus the dry summer and the
harsh winters.

Dr. HanseNn. I don’t think that is very surprising. Now, the
mechanism for the dry summers in our model is due to the tenden-
cy of the ocean to warm more slowly than the land which tends to
set up high pressure in the summer over the east coast of the
United States, and the circulation around the high pressure brings
up warm air northward to the middle west and southeast region.
Now, in the winter, as Suki showed on one of his charts, is quite a
different story. And some warming in the winter, especially at low
latitudes, tends to put more moisture in the air. And if you are in
regions where temperatures are still cold enough for condensation,
it is not surprising to get more precipitation and snowfall in the
winter.
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Also, it should be pointed out that the natural variability in the.
winter is much larger than-in the summer so that the first place
we look to see the greenhouse signal is in the summer. So, regard--
less of what effects you predict for the winter, you don’t expect to
see those as soon as you do for the summer.

Perhaps Suki would like to elaborate on that.

Dr. MaNABE. There may be some exception in' certain regions,
but in general our model indicates that winter would become
milder, particularly in high latitudes over Canada and the Soviet
Union. And I understand over Alaska, winter temperatures have
gone up much more than other places so that I understand your
experience may not be typical—that is, winters are more severe—
because there are many other places where winter has become
milder, such as Alaska I understand.

Senator Forp. We are beginning to get the winters now that you
used to have in the Great Lakes region.

Dr. Manasg. Pardon?

Senator Forp. We are beginning to have in our area the same
type of winters that the Great Lakes region used to have 15 years
ago.

You're going to expect some kind of policy from this group, and
it will come out of this committee. And I would like to have as
much knowledge and as much background as I possibly can.

Now, Dr. Moomaw, tell me which gives the atmosphere more
problems. Natural gas or nuclear?

Dr. Moomaw. Well, it is clear that natural gas gives more carbon
dioxide emissions than nuclear power.

Senator Forp. So, you would suggest that we go to nuclear then.

Dr. Moomaw. Well, not necessarily.

Senator Forp. Well, half of this group, I bet you, a few years ago
was against plutonium. I suspect that many of them who are sit-
ting at this table—or several of them anyhow—were against pluto-
nium a few years ago. And now we have come 180 degrees.

Dr. Moomaw. Well, not necessarily. I think there is a danger in
all of these issues of viewing them one at a time. I think we have
made that mistake just within the atmosphere alone of looking at
the greenhouse effect as though it were something totally unrelat-
ed to the acid rain problem or the urban air pollution problem.
And I think it is even more important that we not solve one prob-
lem at the expense of something else. I think we have to make a
value judgment. And I think the value judgment on nuclear power
is a very important one to make, and it has to be addressed.

I have argued that we need to reassess nuclear power in this
country because I in all honesty do not see nuclear power in its
present form going much beyond the current group of plants that
are already scheduled to be completed.

Senator Forp. Since you were the only witness that singled me
out by name, let me ask you a question. Is there any type of clean
coal technologies that would solve your problem or this panel’s
problem as it relates to emissions of clean air because you are
moving toward acid rain. I listened to you and that’s the underly-
ing bubble.

And I'm trying to find ways to use the resources that we have.
We have an energy policy today that has been laid out pretty clear,
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and that is dependency. That is our energy policy today: dependen-
cy. And what I want to do is try to take the resources we have and
quit depending on other countries. Now, how do we use the re-
sources we have abundantly that would eliminate your problem as
it relates to the greenhouse effect?

Dr. Moomaw. I would certainly argue that the resource we have
in greatest abundance in this country is: the potential for using
fossil fuels more efficiently. And I think we can actually move—
and I will be glad to supply members of the committee with a
study that makes this argument—substantially in that direction in
the very near term at much lower cost than we can either by build-
ing any kind of additional power stations regardless of whether
they are nuclear powered or fossil fuel powered.

In terms of coal technologies, which I think is your direct con-
cern, there certainly are new coal technologies that are both clean-
er and more efficient than the coal technologies we have been
using.

Senator WIRTH. If I might just suspend for a moment. We have a
live quorum and then a vote on the substitute on the plant closing
bill. So, we're going to be I gather about 20 or 25 minutes. Is it the
pleasure of Senators to come back?

Senator DoMEeNICI. I can't.

Senator Forp. I can’t come back. I've got a 4:30——

Senator WirTH. Do you want jump in very quickly before we go?
Bill was answering that question. I'm sorry. We'll finish that
answer for the record, if we might, Dr. Moomaw.

Senator DoMENIcI. I wasn’t here when you all gave your detailed
statements and I am not one who is going to suggest that I had a
chance to read them because I didn’t.

I had an experience in this field, as you already know, many,
many years ago quite by accident with Senator Bumpers when we
were both assigned to an innocuous subcommittee that was given
to us as freshmen, and it was going to disappear in a year. One of
the assignments was the fluorocarbons, and we happened to find
out then that we had some problems. And from that came the aero-
sol issue that was ultimately resolved rather beneficially here and
I think it is beginning to be resolved worldwide.

To me it seems that we as a people and probably peoples all over
the world are very skeptical to move in areas such as this until we
either have a disaster or we have absolute concrete proof of some-
thing. And even when we have that, it seems that we need a game
plan of some type. I mean, it isn’t going to do a lot of good to theo-
rize. We have some tremendous evidence that the earth is warm-
ing, and I guess the evidence indicates that that is surely going to
cause some real problems for us and for the world. And I assume
your testimony has indicated that you are getting more and more
confident that that warming is substantially related to the green-
house effect as it applies to gases going up and heat not being able
to leave as it should. Am I correct to this point?

Dr. HANSEN. Yes.

Dr. OPPENHEIMER. Yes.

Senator WirTH. Senator Domenici, we have seven minutes left on
the vote.

Senator DoMENiIcI. Did you want to ask a question?

89-338 O - 88 - 6
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Senator WirTH. No. I was going to adjourn the hearing.

Senator DoMENic1. Can I adjourn it and take my chances?

Senator WirTH. Why don’t you.

Gentlemen, thank you very much. We will be back in touch with
you very shortly. I greatly appreciate it and we will leave this to
Senator Domenici. Thank you, Pete.

Senator DoMmENIct. You want to chicken out because you want to
get there. You go ahead. I'll run there and get there. [Laughter.]

Senator Domenici [presiding]. I just want to finish this thought.

Therefore, we conclude that we ought to do what we can to inhib-
it the warming. Is that correct?

Dr. Hansen. Yes, that’s right.

Dr. Moomaw. Yes.

Senator DoMENICI. Have any of you put forth a concrete proposal
which I assume would involve both further investigations and a
course of action? Have any of you individually or collectively put
such a plan for further evolution of data accumulation and a sug-
gested game plan that might be followed?

Dr. OpPENHEIMER. Let us answer that. This hearing was partly
about a report which in at least a general way put forward such a
game plan.

And I would like to—in response to Senator Ford’s question
which is really related to this, you don’t think about solving the
greenhouse problem by talking about whether we’re going to have
a total nuclear society in 50 years. That isn’t the question. The
question is what are we going to do tomorrow. We are not going to
go 100 percent to nuclear energy tomorrow even if that were the
only option, which it isn’t. There are lots of other options, such as
solar energy. The real question is what can we do tomorrow? And
what we can do tomorrow, the first step is conservation and effi-
ciency. Then let’s worry about the longer term.

Senator DoMENICI. Let me just ask my last question. Is part of
your assessment for us and for those who are trying to establish
policy—is part of it also an assessment of the incremental increases

in—or the opposite—incremental diminution in this problem by
certain steps? Do we have that?

Dr. MooMaw. Yes.

Dr. OPPENHEIMER. Yes.

Senator DoMENICI. So that if this happens we could expect a
minimal positive response and that has been researched sufficient-
ly where we have data on that.

Dr. OppENHEIMER. Nothing is ever researched sufficiently, but
the process is underway.

Senator DomENICI. What I am very fearful of is that if we have a
very difficult problem, it requires a difficult answer. The question
is going to be asked regularly is whether that which we are being
called upon to do is going to have an ameliorating effect and how
do you know it is and to what extent. And if we can’t get that kind
of thing rolling, we are going to do a lot of talking, and we're going
to do a lot of assuming, but we’re not going to get this country or
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any country to take the kind of steps that are necessary. So, I
assume the beginnings of a game plan or optional beginnings also
carry incremental assumed benefits directed at this problem.

Dr. OpPENHEIMER. That’s correct.

Dr. WoopwELL. Yes.

Senator DoMENICI. Thank you very much.

[Whereupon, at 4:15 p.m., the hearing was adjourned.]
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July 27, 1988

‘The Hon. J. Benmett Johnston

Chairman
Committee on Energy & Natural Resources
Washington, DC 20510

Dear Senator Johnston:

Thank you for your letter requesting responses to
questions pursuant to my 23 June testimony on the
greenhouse effect. I shall respond in order.

From Senator Murkowski:

1) My remarks seem to have been misconstrued by
the questioner. My reference to conservation applies
to conservation of nature, while Dr. Woodwell'’s refers
to energy conservation.

According to several authoritative studies, energy
conservation can achieve reductions from current use
levels at a rate of about 2% per year up to a total
reduction of about 50% in energy use (see Goldemberg,
et al., Energy For A Sustainable World, and Energy
For Development, World Resources Institute, 1987).

Such reductions will not totally avoid greenhouse
warming but would provide a good start at solving the
problem and may save some money along the way, too.

Nuclear fission could provide a non-fossil fuel
alternative to produce energy. But the safety, waste,
and weapons proliferation issues associated with
nuclear fission technology in its current form cast
doubt on its ultimate technical and political
feasibility. Instead, efforts should focus on the
development of renewable energy sources such as solar
photovoltaics. If private industry would like to
pursue the nuclear fission option, exploring whether
the aforementioned difficulties might be overcome, that
option is open to them. However, given the scale of
public subsidies to nuclear energy over the last few
decades, and given its mixed record, future public
funding should focus on R&D seed money for renewables.

(16D
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Page 2

There is no physical limit to the potential of renewables as a substitute
for fossil fuel. The limit is one of cost. The objective of an R&D program
should be to bring down the cost. Nuclear, of course, faces this same
obstacle, as well as several others.

2) At the current time, aircraft do not appear to play a significant
role in either the greenhouse or ozone depletion problems. However, future
fleet increases, changes in engine type or altitude of operation could alter
this conclusion. As a result, the potential contribution of supersonic or
hypersonic craft to ozone depletion in particular merits detailed
investigation before any committments are made.

3) The specific research disciplines I would fund are:

a) ocean heat storage studies

b) ocean carbon cycle studies

c) ozone depletion studies, field and laboratory

d) long-term forest research

e) tree responses to pollutant/CO, enriched atmospheres
f) photovoltaics materials

From second list of questions:

1) The current drought and heat wave may or may not be directly related
to the increasing greenhouse effect. Whether it is or not, the types of
stress we are experiencing such as volatile commodity prices, low rivers,
record smog and forest fires, are a foreshadowing of things to come if
greenhouse gases are not constrained. Such episodes can be expected with
increasing frequency from here on out.

2) Ve should obtain greenhouse gas reductions wherever we can. The
problem cannot be solved without carbon dioxide limitation, but controls on
other gases are also required. For instance, the Bellagio report notes that a
reduction of about two-thirds in both CO, and non-CO, gases is needed to
slow warming to the recent historical rate. Since half the warming comes from
€0,, a large reduction in that gas can have an important effect, So can a
large reduction of the other gases in aggregate but not individually.

3) The global community should move toward developing a framework or
convention for an international response. Such a framework would permit the
assessment of scientific information and the evaluation of policy options.
After a period of such assessment and perhaps a series of workshops, proposals
for international protocols to limit emissions may be drafted.

4) We know of no limit to the warming as long as emissions of CO.
continue at even half of current levels. Above that level, warming will be
continuous, and there will be no steady state. Even a 50% cut may not be
adequate to bring about a steady state. For the U.S., continuous emissions at
current levels or higher means continuous change, loss of ecosystems, and
probably loss of farm productivity, wetlands, beaches and coastal
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infrastructure. The security of the nation depends on stabilization of the
atmosphere.

I hope these responses are adequate. Let me know if you require further

information.
Michael Oppenheimer

Senior Sclentist

MO:gp
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Answers to the questions submitted by

J. Bennett Johnston
Chairman, Senate Committee on Energy and Natural Resources

Date: August 10, 1988

Question #1: Halting of global warming will require that the
gaps between emissions and greenhouse gas sinks be closed. Do we
have the ability to increase the earth's C02 sink capacity? If
not, what percentage of the burden for controlling global warming
will fall on reducing C02 and trace gas emissions?

Answer: There is currently a net accumulation annually of about
three billion tons of carbon in the atmosphere. This three
billion tons represents the difference between the total
emissions and the total absorption by the oceans and the
terrestrial biota. We do not know what the total absorption by
the oceans and the terrestrial biota is globally; we know only
the net accumulation. The most effective approach to reducing
the imbalance appears to be a reduction in emissions,
specifically a reduction in emissions from combustion of fossil
fuels and from deforestation. If, however, we wished to increase
the absorption of carbon from the atmosphere to speed the process
of reducing the current imbalance, the most effective step would
be to increase the area of successional or developing forests.

An area of one to two million square kilometers of rapidly
developing forest will store in plants and soils about one
billion tons of carbon annually. The storage will continue for
forty to fifty years until the processes of respiration and decay
reach an equilibrium with gross photosynthesis. At that point
there i3 no further storage. Destruction of the forest will
release the carbon back into ‘the atmosphere.

Various other techniques have been suggested, including the
possibility of capturing stack gas effluents, compressing the C02
to make dry ice, and sinking the dry ice in the oceans. Such
techniques require considerable energy and reduce the value of
fossil fuels as a source of energy.

There is no alternative to a reduction in the sources of
carbon dioxide and other trace gases.

Question #2: What changes do you feel must be made in park and
wilderness area planning to adapt to warming that is already %"in
the bank®"? What scenario do you forecast for the nation's publiec
lands and wilderness areas in the next 50 years? 100 years?

Answer: Assuming that we move rapidly to stabilize the
composition of the atmosphere and limit the global warming to the
two degrees or thereabouts expected from the current increases in
heat trapping gases, we can expect, in the middle and high
latitudes, a change in the mean temperature of three to four or
more degrees centigrade. Such a change is substantial and can be
expected to produce changes in the climatic zones in the range of
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100 to 500 miles with the greater changes in the higher latitudes,
Such changes are enough to increase the mortality of trees
substantially throughout North America and to start successional
processes leading to quite different types of vegetation
throughout much of the region. The fact that these areas tend to
be insular, isolated from one another by agricultural or other
developed lands, means that the migration of species between
refuges is problematic. Specific steps may be required to manage
biotic resources under these conditions. The steps will have to
be developed within each region. The greatest pressures will
occur in the next 50 years unlesas we are not successful in
stabilizing the composition of the atmosphere. In that
circumstance, there is virtually no action that can be taken to
assure the continuity of natural communities. Forests , for
instance, will be destroyed on their drier and warmer marginjs
mnuch more rapidly than they can be regenerated.

Question #3: The greenhouse phenomenon has been well documented,
yet 1ittle has been said regarding the effect of climate change
on our environment and landscape as we know 1t. Can you paint us
a picture of what the farm belt or sequoias might look like in 50
years?

Answver: No simple diagnosis is possible. 1In general, areas that
are now arable in the farm belt will become warmer and drier
during the growing season. Climatic and edaphic zones now
suitable for grain crops will migrate poleward; arid zones can be
expected to expand in North America. There 1s, of course, no
possibility of finding a new Iowa on the Canadian Shield.

I am not able to predict what will happen in a zone such as
that occupied by the redwood trees that you refer to as sequoias.
It 1is possible that the giant sequoias of the Sierra Nevada will
enjoy a climate not greatly different from its current climate.
The coastal region may be wetter. These, however, are
speculative observations based on a very loose interpretation of
meterologists' models, which are much too general to be used
reliably in such a context. Changes in temperature, however,
that lie in the range of 0.10 to 1.0 degree or more per decade
are extraordinarily destructive of biotic systems. Large bodied
slowly reproducing organisms such as trees are at a clear
disadvantage. Forests are severely threatened. The action to
correct such difficulties is to reduce the cause, the buildup of
greenhouse gases in the atmosphere.

Question #4: Dire predictions have been made regarding the fate
of U.S. island territories in the Pacific, nations such as
Bangladesh, and states like Louisiana, if sea level rise takes
place as believed. Are there any measures that can be taken to
protect these regions? What time frame are we currently working
in?

Ansver: The most effective steps involve checking or deflecting
warming. Whatever is done to reduce the warming will not prevent
increases in sea level over the next 50 to 100 years. The
increases are variously estimated as lying between 0.30 of a meter
.and 1.5 meters, possibly more. Dikes are expensive and not
necessarily effective in areas as large and heavily populated as
the Ganges Delta in Bangladesh. Recognition of the hazards of
living in such places includes the recognition of the possibility
of storm surges of novel proportions on a continuous basis. Such
lands may have to be abandoned. Such is the cost of our current
pattern of use of global resources.
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Questions for the Panel, submitted for the record from Senator
Murkowski. :

Question #1: Dr. Woodwell suggests conservation as a means to
reach the needed 40-60 percent reduction in fossil fuel
consumption. Another witness Dr. Oppenheimer concedes that "the
greenhouse effect” is so advanced that "the very concept of
conservation does not exist in a world that may change so
fast..."

- Can conservation alone achieve the necessary reductions?

- Is a greater reliance on nuclear energy one of our best
alternatives to dependence on fossil fuels burning?

- If not nuclear energy, then what?

- What percentage of fossil fuel reductions can we
reasonably expect from the alternatives you are suggesting?

Answer: I am uncertain of the basis of apparent contradiction
presented by Dr. Oppenheimer, who agrees with my suggestion on
fossil fuel consumption. Oppenheimer may have been referring to
the conservation of natural communities including the management
of parks and reserves. Management of such areas becomes very
difficult under rapidly changing climate.

My statement about conservation dealt with energy.
Improvements in the efficiency in use of energy and in the
conservation of energy offer the very best hope for an immediate
reduction in the emissions of the heat trapping gases. A
reduction in the use of energy from fossil fuels of the order of
fifty percent i3 certainly possible over the next years in the
industrialized nations simply by reducing trivial uses of energy,
by conserving energy through insulation and the use of more
efficient appliances, through improvements in the fuel efficiency
of automobiles, and through systematic efforts to shift certain
uses of energy to reliance on enduring sources, especially solar.
The combination of conservation and improved efficiency with
innovations in applications of solar emergy can produce a 50%
reduction in the total use of fossil fuels in the developed
nations. In the lesser developed world the challenge may be
greater in that the nations of the low latitudes see their
futures as heavily dependent on increased use of energy. There
is, however, no reason that the evolution of technology in those
nations must follow the same patterns that it followed in the
presently industrialized nations. There is every reason to
believe that a much more efficient industrialization is possible
with heavy reliance on solar energy. Such a transition will
require further innovations in applications of efficiency in use
of energy and in ways of harnessing solar energy. Those
applications offer virtually infinite possibilities for
industrial development.

Nuclear energy does not offer immediate promise in solving
the heat trapping gas problem. Nuclear energy is very
complicated, expensive, dangerous, and requires a long lead time
for development. My present interpretation of the potential for
nuclear energy is that a dollar spent on it would be much better
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spent in developing more efficient uses of solar energy. This
conclusion is supported by a recent and detailed review of this
topic by William Keepin of the staff of the Rocky Mountain
Institute in Colorado.

I am especially troubled that the climatic change problem is
likely to be used by the proponents of nuclear energy as the
basis for arguing for a massive program in the redevelopment of
the nuclear technology. Several factors argue against it. The
most conspicuous is the expense. The least expensive energy can
be developed through conservation and improved efficilency. My
experience leads me to the conclusion that nuclear energy should
play no role in this transition because of: 1) the intrinsie
weakness of the technology, 2) our failure to find a solution to
the high-level waste problem, 3) the hazards associated with the
operation of reactors, 4) the current trend in technology that
seems to be making energy production by large central power
plants obsolete, 5) the dangers associated with terrorists, and
6) the fact that there is no way to guarantee that the very large
inventory of radionuclides in reactors that have been operating
for even a short time can be contained in a serious accident.

The reactor industry has promoted a most burdensome law, the
Price-Anderson Act, that limits the 1iability of the industry and
of government in the event of an accident. This law puts the
burden of the accident on those that happen to be living near the
reactor and are most likely to be affected by any release of
radiocactivity. Such a law offers the public no confidence
whatever that the.technology is as safe or reliable as the
industry would have us believe.

Question #2: To what extent does fossil fuel used by aircraft
contribute to excessive atmospheric carbon dioxide or ozone
depletion? Does the fact that the fuels are burned aloft result
in aircraft making a proportionately larger contribution to the
problem than say, home heating, automobile emissions, or other
"ground level®™ activities?

- Are there valid scientific reasons for limiting the
development of supersonic or hypersonic transports or other
aircraft that fly higher, farther and faster than current day
aircraft?

Answver: The lower atmosphere, called the troposphere, is
thoroughly mixed in a matter of weeks to months and it makes
little difference at what elevation or in what region emissions
occur. The upper atmosphere, the stratosphere, usually in excess
of 30,000 feet, is partially isolated from the troposphere and
noxious substances such as oxides of nitrogen emitted by high
flying aircraft bave a longer residence time there an a greater
opportunity for interacting with the ozone layer. While I am not
an atmospheric chemist and hesitate to offer a technical analysis
of the chemistry of the stratosphere, I have had enough
experience in following the problems generated by nuclear weapons
and volcanoes to know that the introduction of particulate matter
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into the stratosphere in any form as well as changes in the
chemistry of the stratosphere, have far reaching implications for
climate. I would take a most conservative approach in
encouraging the further development of high flying aireraft that
have the potential for affecting the composition of the
stratosphere. The immediate challenge is to stabilize the ozone
layer, a challenge that under the best of circumstances will
require decades to a century or more. No steps should be taken
that could in any way compound this problem.

Question #3: If you sat on the appropriations committee, and had
the opportunity to appropriate funds for specific research
disciplines, what would you fund if you wanted to get a better
handle on this problem?

Answer: The immediate need is for a rapid reduction in reliance
on fossil fuels. That reduction can come through conservation of
energy. I would seek innovation in ways to reduce the use of
energy in the industrialized societies. Those innovations can
come through research in universities, various research
institutions, and through agencies of government., Virtually
every aspect of socilety is affected, not only those dealing
direcétly with energy. I would seek to see the following
suprrted:

I. Research on Energy:
A. Conservation: how to meet needs for energy with less; tax
and other policies affect this realm. DOE, NSF, Dep't Commerce.
B. .[Efficiency: DOE, NSF programs designed to reduce energy
use without reducing services. The research is far-reaching,
involves standards of efficiency for household appliances and
industrial equipment as well as technological innovation.
C. Solar: DOE, NSF
1. Photovoltaics
2. Hot water, air and other solar
3. Energy storage systems, especially hydrogen
D. Wind, Tidal
E. Hydraulic
F. Other innovations
G. Biotiec: NSF, DOE, USDA

II. Research on Energy Systems
A. Co-generation
B. Transmission Lines
C. Domestic and Industrial Systems

III. Research on Indirect Sources of Energy: USDA, DOE
A. Improved efficiency in water use, sewage treatment
B. Improved efficiency in transportation
C. Efficiency in Agriculture
D. Waste Treatment
E. Air conditioning living spaces

IV. Subsidies:
After study, subsidies are appropriate to speed the
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development of technology appropriate to sﬁpport further economic
development in the tropiecs.

V. Population Control:
Energy research and conservation measures are nullified
unless population growth globally is slowed drastically.

There is an equally important 1ist of steps to be taken to
avoid-doing further harm. Those steps include reducing subsidies
for the further development of fossil fuel sources of energy.

The need at the moment is to reduce the availability and use of
fossil fuels. All governmental and international actions that
encourage the use of fossil fuels should be reviewed and most
of them revoked.

These are small costs in proportion to military expenses and
in proportion to the cost of failure to stabilize the global
babitat.

Submitted by:

G.M Woodwell, Director
Woods Hole Research Center
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August 3, 1988 R/E/GF

Honorable Senator B. Johnston, Chafrman
Committee on Energy and Natural Resources
United States Senate

Dirksen Senate Office Building - Rm. SD-304
Washington, DC 20510

Dear Senator Johaston:

This is in response to your letter of 22 July 1988 requesting my response to
your questions posed in connection with the hearing of your committee on
global warming and greenhouse effect.

I have enclosed in this mail my responses to the two sets of questions from
you and Senator Murkowski.

Thank you again for giving me an opportunity to testify before your committee
on this important issue.

Sincerely yours,

1
cjzldl/ ‘,J {egtic <.’L,5~,Q(
kuro Manabe

encl. 2

)
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Response to the Questions from Senator Johnston

Syukuro Manabe

Q. 1) A great deal of attention has focused recently on the relationship
between the current drought in the Plain States and the Greenhouse Effect.
Do you feel that a correlation exists between the two phenomena? If so, what
type of weather situations can we expect in the next 10 years? 50 years?

A. 1) In my testimony, I discussed how the warming of climate due to the
future increase of Greenhouse gases induces a reduction of mid-continental
soil wetness in summer. Since the increase of global mean surface air
temperature during this century is only several tenths of a degree Celsfus,
the natural variation of surface hydrology can easily overshadow any summer
reduction of soil wetness induced by the warming. However, it is likely that
severe mid-continental summer dryness will occur more frequently as the
warming becomes greater towards the middle of the next century. The current
drought has given us a foretaste of what may happen in the future.

Q. 2) Could you explain the cloud feedback process to us in simplified terms?
Could the Greenhouse Effect cause an increase in cloud cover through enhanced
evaporation rates?

A. 2) Cloud cover exerts a cooling effect on climate by reflecting a
substantial fraction of incoming solar radfation. On the other hand, it warms
climate by reducing outgoing terrestrial radiation from the atmosphere. As
the atmospheric ctrculation changes in response to the warming due to the
future increase of Greenhouse gases, the global distribution of cloud cover
changes in such a way that one of these two opposing effects overshadows the
other, thereby enhancing (or suppressing) the warming. This interaction among
clouds, radiative transfer and climate is called the cloud feedback process.

According to the numerical experiments conducted by various groups, the
change of cloud cover accompanying the warming is quite complex. In response
to the enhanced evaporation, the amount of lower level stratus cloud increases
in high latitudes. However, the total cloud amount is reduced in middle and
Tow latitudes. As the cumulus convection extends up to higher altitudes, the
overall altitude of high cloud also increases. The net effect of these
changes is an enhanced warming due to the cloud feedback process.

Unfortunately, the ability of current climate models to reproduce the
global distribution of cloud cover is far from satisfactory. Although the
C02-induced changes of cloud cover from various numerical experiments agree
qualitatively with each other, they are quite different quantitatively.
Recently, it has been suggested that the increase of liquid water content of
clouds accompanying the warming may increase the reflectivity of the
clouds, thereby reducing the warming. Because of the difficulty in modeling
the cloud 1iquid water variation, this negative feedback effect is not
incorporated in most of the current models. Our inability to develop a
realistic treatment of the cloud feedback process is one of the main reasons
why our estimate of future warming has a large range of uncertainty.
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Q. 3) Are some latitudes or regions of the United Staies going to benefit in
terms of precipitation and soil moisture, from changes in the mid-latitude
precipitation pattern?

A. 3) The impact assessment of a given climate change is not the topic of my
expertise. Nevertheless, I feel it is important to make every effort to adapt
to and exploit future climate change. In a warm climate with higher
concentrations of Greenhouse gases, a larger fraction of precipitation is
realized as rainfall (rather than snowfall) and snowmelt becomes more frequent
in Canada and the Northern United States, thereby making soil wetter and
increasing river runoff during the colder half of the year. As I noted in the
text of my testimony, the snowmelt season begins earlier and snow cover
disappears earlier in spring. It is likely that this information may be very
useful in order to develop a strategy for future management of water
resources.

Q. 4) Should we expect to see a dramatic increase in storm surges and
hurricane activities as a result of global warming?

A. 4) Some theoretical analysis has suggested that the frequency of intense
tropical cyclones may increase in response to the future increase of sea
surface temperature; however, it is essential to confirm this suggestion based
on a comprehensive set of modeling experiments before we can accept such a
possibility. Encouraged by the success of our climate model in simulating the
frequency distribution of tropical storms, we have devoted a major effort
toward the study of the influence of greenhouse gas-induced warming on the
frequency of tropical storms. At present the results from this study are
tnconclusive, but we are continuing to investigate this problem.
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Response to the Questions Posed by Senator Murkowski

Syukuro Manabe

Q. 1) Dr. Woodwell suggests conservation as the means to reach the needed
50-60% reduction in fossil fuel consumption. Another witness, Dr. Oppenheimer
concedes that the "greenhouse effect” is so advanced that “the very concept of
conservation does not exist in a world that may change so fast...”

- Can conservation alone achieve the necessary reductions?

- Is a greater reliance on nuclear energy one of our best alternatives to
dependence on fossil fuel burning?

- If not nuclear energy, then what?

- What percentage of fossil fuel reductions can we reasonably expect from
the alternatives you are suggesting?

A. 1) I am not an expert on this topic and would like to refrain from
responding to this question.

Q. 2) To what extent does fossil fuel use by aircraft contribute to excessive
atmospheric carbon dioxide or ozone depletion? Does the fact that the fuels
are burned aloft result in aircraft making a proportionately larger
contribution to the problem than say, home heating, automobile emissions, or
other "ground level" activities?

- Are there valid scientific reasons for limiting the development of
supersonic or hypersonic transports or other aircraft that fly higher,
farther and faster than current day aircraft?

A. 2) Again, I am not an expert on this issue. However, I solicited the
opinions of Drs. J. D. Mahlman, (Director) and J. Pinto of the Geophysical
Fluid Dynamics Laboratory of NOAA. Their response follows:

In the troposphere, commercial aircraft generate NOy and CO, thereby
contributing to the production of ozone. The expected increase of ozone due
to this mechanism is consistent with the observed ozone increase of 1%/year in
the upper and middle troposphere. It is also expected that such an increase
of tropospheric ozone will contribute to the greenhouse gas-induced warming of
climate.

Although the emission of NOy from SST and/or HST can alter the
concentration of ozone in the lower stratosphere, we prefer to refrain from
discussing this issue pending a careful assessment by experts.

Aircrafts probably do not make any significant contribution to CO2
emissions compared to surface emissions. They can lead to enhanced high
cloudiness through condensation of vapor trails.
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Q. 3) If you sat on the Appropriations Committee, and had the opportunity to
appropriate funds for specific research disciplines, what would you fund if
you wanted to get a better handle on this problem.

A. 3) An important research project which deserves high priority is the
global monitoring of the coupled ocean-atmosphere-land surface system and the
factors causing climate change. Such monftoring is essential not only for
providing the input data for a climate model, but also for validating the
predictions of the future climate change and its impact. Persistent and
long-term support is required for this effort.

In addition to the monitoring discussed above, the improvement and
validation of climate models deserve a high priority. Because of the
limitation of computer resources, the spatial resolution of a current climate
model is too coarse to satisfactorily simulate the geographical details of
climate. Furthermore, some of the basfc physical processes, such as the cloud
feedback process and the ocean-atmosphere interaction are poorly understood
and crudely incorporated in a model. Therefore, the dedications of major
research effort and large computer resources are required in order to improve
our understanding of climate and to predict reliably its change.
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RESPONSES TO SPECIFIC QUESTIONS SUBMITTED TO DR. DANIEL J. DUDEK
IN REGARD TO TESTIMONY BEFORE THE SENATE COMMITTEE ON ENERGY AND
NATURAL REOURCES ON JUNE 23, 1988 CONCERNING CLIMATE CHANGE

1. What can U.S. farmers expect for the 90’s in terms of

cropping cycles as a result of global warming?

As global warming continues, the frequency of drought events
such as those experienced this year will increase. These
stresses will increase the variability of agricultural yields and
affect farm financilal recovery. Dryland operations will be
particularly affected as their options to mitigate drought
impacts are limited. Livestock producers dependent upon
favorable feed prices and limited by the relatively longer
production cycles are likely to be hardest hit by these changes.
Longer term investments in conservation measures will be
increasingly difficult to sustain in the face of climatic change.

Do you believe that domestic agriculture can adapt to the
dramatic changes that may be in store if current warming

scenarios hold true?

Agriculture as we know it will be changed. Cropping
locations and intensity will adjust in response to differential
regional changes. There will continue to be a substantial
domestic U.S. agricultural sector and it is likely to be able to
feed us, albeit at increased prices. However, the U.S. presence
in world export markets may be sharply reduced as available
supplies are used to satisfy domestic demands.

The regional picture is very different from the aggregate
national assessment. The nation as a whole is relatively rich in
agricultural resources. However, the intensity of climatic
changes will vary by state and the relative profitability of
agricultural enterprises will be altered in response. There is a
strong possibility of large regional shifts in the location of
agricultural production. Consequently, the aggregate pilcture
does little to portray the struggles of farmers to retain land
passed down through generations living under a relatively
constant climate.
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2. You suggest in a recent statement that long-term public

investments such as water resource projects and wildlife refuges
should incorporate climate change assumptions in their planning.
How do you suggest the Energy and Natural Resources Committee go

about achieving this goal in their own project planning?

The first imperative of a changing climate for planning is
to abapdon assumptions that the climate will be unchanged. While
the regional uncertainties of predicted climate changes from
general circulation models is still quite high, hydrologists and
others dealing with inherently uncertain events have developed
analytic methods to test the robustness of project designs.

These sensitivity analyses may be of some assistance in decision
making while the climate models are improved.

However, a more important consideration is the need to
design and manage projects for flexibility. For example, much of
the irrigation water in the western United States is not
allocated by market processes. Rather, longterm contracts
specifying fixed nontransferrable entitlements at subsidized
prices are the norm. The upshot is inefficent use of the
resource and substantial environmental degradation from over
development and irrigation return flows. As climate changes,
resources need to be able to be redeployed in response to these
changes 1f impacts are to be mitigated. If climate change
results in surface water supply reductions, water markets can
efficiently reallocate supplies as well as stimulate investments
in more efficient irrigation technology and mangement. More
efficient water use increases the effective supply and lessens
water mangement trade-offs with in-stream uses and values.
Project operating rules could also be evaluated for their
flexibility is responding to altered climatic conditions.

For wildlife, it is imperative that studies be undertaken to
identify potential adjustment corridors to facilitate migration.
However, many wildlife managers are faced with existing severe
threats to the resource. Additional resources devoted to
evaluating changes in critical ecosystem attributes and planning
for climate change are required if existing critical efforts are
not to be diluted. The priority is to include the implications
of a changing climate in land acquisitions. Temperature and flow
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mitigation for fisheries need to be integrated into project
operating rules.

3. Will increases in plant productivity as a result of higher
levels of CO2 mitigate some, or all, of the damage to agriculture

as a result of climate change?

The interaction of CO2 concentration increases and climate
change stresses and their implication for crop yields is not
currently well known. Existing agronomic research has focused
either on the crop productivity effects of CO2 or the impacts of
climatic change. The joint implications of these simultaneous
changes under field conditions have not been analyzed.
Integrating each of these effects in greenhouse, chamber, and
field studies is an area of priority research. ® Some experiments
involving detailed computer simulations of plant growth processes
indicate increases in scme, but not all regions.

In addition, plants vary in their ability to utilize
increased C02. Crops such as corn and sorghum exhibit much
smaller productivity responses to C02, but high vulnerability to
high temperatures and moisture stress. Further, studies
emphasizing climate change effects have only used changes in mean
values, i.e. changes in the underlying variability of climatic
factors have not been assessed. Consequently, the increasing
frequency of drought and precipitation pattern changes will still
have significant impacts upon agriculture, no matter the
associated productivity changes. The implication is a high
degree of spatial adjustment between regions.

My own study of the implications of CO2 and climate changes
which was submitted for the record used estimates of both CO02 and
climate change effects from the existing literature. Each set of
effects was analyzed separately and then combined in an economic
model of U.S. agriculture adapted from the Economic Research
Service of the USDA. The principal grain and commodity program
crops were evaluated (barley, corn, cotton, oats, rice, sorghum,
soybeans, and wheat). The following table summarizes the results
of that analysis in terms of percentage changes in total U.S.
crop acreage for these commodities.
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Table 1. PERCENTAGE CROP ACREAGE CHANGES FROM A 1982 BASE

CO02 only Climate Change Only Combined
Crop Acreage Type

Dryland -13% +18% +5%

Irrigated -12% +8% +2%

As the table indicates, the implications for agriculture will
depend significantly on the relative strength of C02 and climate
change impacts as well as their interaction.

It is also important to note that trace gases other than CO2
are responsible for the other 50% of the warming problem.
Consequently, climatic changes equivalent to those caused by a
doubling of the CO2 concentration in the atmosphere will occur
several decades before the doubling.

4. Will global warming affect dryland farming in a different

manner than it will irrigated farms? If so how?

As indicated in the testimony by Dr. Manabe, precipitation
pattern changes and evapotranspirational changes affect soil
moisture which is critical to the success of dryland agricultural
operations. His modeling results indicate the possibility of
severe mid-continental summer dryness. Traditional dryland
farming regions will have few alternatives in the short-run.
Farmers faced with these conditions can alter crop mix or type,
adopt more drought tolerant varieties, utilize soil moisture
conserving practices, and invest in supplemental irrigation. No
doubt, the land grant system would emphasize both genetic and
agricultural practice mitigation research.

Irrigated operations may be better shielded against some of
the climatic changes particularly those associated with single
season droughts. However, even irrigated agriculture is not
immune from climate change impacts as precipitation pattern or
seasonal changes can affect basic water supplies as well. It is
likely that the relative economic importance of irrigated versus
dryland farming is likely to be altered with greater emphasis on
both permanent and supplemental irrigation. These changes will
place a new urgency on addressing the problems of nonpoint source
pollution from irrigated farm operations.
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Would a renewed emphasis on federally funded water projects.
(Bureau of Reclamation) help to alleviate reliance on irregular

rainfall patterns?

Since we are facing some climate change no matter what
future actions are taken to manage greenhouse gases, mitigation
measures will play an important role in diminishing the ultimate
impacts from climate change. One of the chief impacts of climate
change may be to alter the spatial pattern of demand for
resources, particularly water. It is generally expected that
climate changes will shift the relative intensity of
agricultural operations northward. This shift will be onto lands
currently important as wildlife habitat, for example, the primary
breeding regions known as the prairie potholes and parklands.
Anticipatory expansion of water supply facilities would only
exacerbate existing resource conflicts and increase the current
environmental damage from project construction and operation.

The Bureau has been involved in some nonstructural projects
which would benefit farmers faced with more variable water
supplies. In the west, a technique known as scientific
irrigation scheduling has been developed and applied to the
problem of increasing the efficiency of increasingly scarce water
supplies. This technique involves sophisticated weather
instrumentation networks, computer modeling, and extensive field
contact for calibration on individual fields. The expansion of
such weather driven efficlency measures would be more important
and cost-effective in mitigating climate change impacts than
expanded dam construction.
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WORLD RESOURCES INSTITUTE
A CENTER FOR POLICY RESEARCH

1735 New York Avenue, N.W.,, Washingion, D.C. 20006, Telcphone. 202-638-6300

August 24, 1988

Honorable J. Bennett Johnston

Committee on Energy and Natural Resources
United States Genate

Washington, D.C. 30310

Desr Senator Johnston:

Enclosed are the answers to the follow-up questions submitted
by members of the Energy and Natural Resources Committee.

I greatly appreciated the opportunity to participate in the
greenhouse hearings and hope that my testimony and responses will
be useful as you and the Committee as you address what I feel to
be the greatest challenge we as a nation and a global society have
aver faced.

Sincerely,

Kbtler R P
William R. Moomaw

Director, Climate, Bnergy and
Pollution Program

w/encl.
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Responses to Senator Murkowski's Questions
Dr. Villiam R. Moomaw

Can conservation alone achieve the necessary 50 to 60 percent
reductions?

If by "conservation" we mean improved efficiency in the
use of fossil fuels, it is possible for the United States to
reduce its fossil fuel consumption by 50 percent. I base my
answer on a comparison with Western European countries which
enjoy a comparable standard of living to ours, but use only
half as much energy per capita as we do, and continue to
produce a dollar of gross national product with half the
energy we require. In fact, the only countries that utilize
energy less efficiently than we do are the Soviet Union and
some of its allies, especially Poland, China and a handful of
developing countries.

It is important to recognize that Japan and Western
Europe are energy efficient for economic reasons, which is a
major factor in their international competitiveness. Never-
the-less, patterns of energy use play a major role in the
release of carbon dioxide. The U.S. leads all pations with
26 percent of the total followed by the Soviet Union with 21
percent, Western Europe with 17 percent, China with 11
percent, Japan with 5 percent and the developing world - 18
percent. (1985 data). By improving the efficiency of our
energy use, the United States was able to expand its economy
by 35 percent between 1973 and 1986 with zero increase in
energy. Modest additional efficiency gains could lead to an
actual decrease in energy use.

Is a greater reliance on nuclear energy one of our best
alternatives to dependence on fossil fuel burning?

Since nuclear power emits no carbon dioxide, it would
appear to be an alternative to fossil fuels. It is important
to realize that nuclear power is used solely for the produc-
tion of electricity in the United States. Energy inputs into
the electrical generation system amounted to 36.3 percent of
our energy use in 1987. This produced usable electricity
equal to 11.5 percent of total U.S. energy consumption, the
other two-thirds of the total being lost as heat. Of the
electricity produced, nuclear contributed 17.7 percent of the
U.S. total or 2.0 percent of our end-use energy. Neverthe-
less, because of our heavy use of coal to generate
electricity, approximately 35 percent of U.S. carbon dioxide
emissions come from utilities, just ahead of the 30 percent
contribution from the transportation sector. ‘

If all fossil fuel produced electricity in the United
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States were generated by nuclear power, carbon dioxide would
only be reduced by about nine percent. Replacing all existing
fossil fuel generating stations in the U.S. would require a
more than five-fold expansion of nuclear power. At the
present time, the U.S. has 109 operational nuclear power
plants, 14 construction permits granted, 2 on order and 2,
Shoreham and Seabrook, on indefinite hold. The last time a
new nuclear plant was announced was in 1977. It is very clear
that how ever one feels about the advantages of nuclear power
for offsetting the greenhouse effect, the current generation
of nuclear technology will not contribute much beyond what it
already has to reducing carbon dioxide emissions. It is also
the case that we actually utilize relatively 1little
electricity compared to the direct combustion of fossil fuels.
We would also need a major revolution to shift our
transportation system to electric powered vehicles, and a
similar change in our industrial processes before we could
utilize the expanded output of a nuclear society.

If not nuclear, then what?

Oon the supply side we can improve the efficiency with
which electricity is generated so that we release less carbon
dioxide for each wunit of electricity produced. New
aeroderivative turbines developed originally for large
military and civilian aircraft promise efficiencies as high
as 49 percent when using natural gas, and as high as 42
percent when using coal. These would be major improvements
over current steam boiler technology with numerous clean air
benefits as well. Improved cogeneration technology can also
quickly make a significant contribution to net carbon
releases.

A second near-term strategy over the coming decade would
be to return to the mix of coal and natural gas utilized in
1973. 1In the past 14 years, five quads of natural gas were
replaced by an equivalent amount of coal. Reversing that
change would reduce carbon dioxide emissions by the same
amount as expanding our nuclear power capacity by 50 percent
and using this expansion to replace the equivalent amount of
existing coal plants. A return to gas could be accomplished
at a fraction of the cost of building new power stations of
any kind.

Both of these proposals along with improved energy
efficiency are of course part of a strategy for slowing the
growth of carbon dioxide while we make a transition to non-
carbon based fuels. As I have indicated earlier, the current
generation of nuclear power plants is not likely to make a
significantly greater contribution that it does at present.
If nuclear power is to play a significant role, we are talking
about the next generation of plants which must be designed to

2
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meet the safety, proliferation, waste disposal and, perhaps
most significantly, the economic concerns which currently
discourage further investment. Even if we began now, the
first new generation plants could not appear for 10 years, and
they would not be present in large numbers for 20. By that
time we must ask that other energy sources will be available.

At the present time, solar thermal electricity looks far
more promising that anyone would have imagined even a few
years ago. Several commercial plants are now being
constructed in California and reportedly in Israel. Costs
are said to be comparable to new nuclear plants. Photovoltaic
technology has also improve dramatically in price and
efficiency and is now cost competitive with remote diesel
generated electricity. Another promising application of
photovoltaics is in the generation of hydrogen fuel.

A West German consortium consisting of Siemans, BMW and
the government are building the first solar photovoltaic-
hydrogen facility during the coming year. Both BMW and
Mercedes have a hydrogen automobile research program and
additional work is being done in the Soviet Union and to a
lesser extent, in the United States. In appropriate
locations, wind turbines can make a contribution (just as
hydropower does) which are now becoming comparable in cost
with currently constructed nuclear plants. Although limited
to particular areas, geothermal power, in which the U.S. is
the world leader, can also be a source of non-carbon based
energy.

Finally, we must examine the role to be played by
biologically based fuels. This is an area that requires close
attention since burning biomass releases a relatively large
amount of carbon dioxide for each BTU of energy generated
(approximately 50 percent more than natural gas) .

‘'Furthermore, the use of energy intensive fertilizers and

cultivation techniques can lower the net energy yield still
further while releasing more carbon dioxide and depleting top
soil. Despite these potential problems, biofuels themselves,
if grown on a sustained basis, utilize the same amount of
carbon dioxide during growth that they release during
combustion. To the extent they rYeplace fossil fuels in areas
such as transportation, they are likely to reduce net carbon
dioxide emissions significantly.

Within the next twenty years, each of the technologies
I have described should be a well-established part of our
energy mix if we support their development now. Nuclear and
the renewables should then be compared on the basis of their .
relative economic costs and environmental and social benefits.

What percentage of fossil fuel reductions can we reasonably

3
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expect form the alternatives I have suggested?

It is difficult to predict market shares of emerging
technologies. It does appear that if we continue to improve
the efficiency with which we continue to use energy, and
introduce the technologies and fuel switches I have described,
the U.S. could reduce carbon dioxide levels by at least 25
percent during the next 20 years. Retiring older, 1less
efficient coal plants in particular and replacing them with
modern gas turbines, cogeneration and renewables will be the
most effective method for introducing these technologies.
Instead we have policies which extend the life of existing
plants thereby locking us into low efficiency, high pollution
an carbon dioxide emitting facilities.

To what extent does fossil fuel use by aircraft contribute to
excessive carbon dioxide or ozone depletion?

a) This is a very interesting question.

Aircraft contribute a relatively small fraction of carbon
dioxide to the atmosphere. The fact that they deliver it high
in the atmosphere makes little difference in overall global
warming. Releasing carbon dioxide at higher altitudes does
marginally alter the distribution of this gas in the
atmosphere and could lead to some slight additional cooling
in the stratosphere. Ordinary aircraft have only a very small
possibility of depleting stratospheric ozone.

b) Are there valid scientific reasons for limiting the
development of supersonic or hypersonic aircraft?

Since both hypersonic and supersonic aircraft fly at
higher altitudes that reach into the stratosphere, one should
examine their role very closely. Both of these types of
aircraft have the potential for releasing nitrogen oxides
which have the capability for depleting ozone, but some of
which can also tie up ozone depleting chlorine. Careful
analysis of the specific characteristics of the exhaust needs
to be done to assess the overall impact on ozone depletion.
Of more serious concern is the addition of water vapor from
the exhaust of these aircraft to the stratosphere. It was
recently found that polar stratospheric clouds play a crucial
role in the dramatic appearance of the Antarctic ozone hole.
Adding more water vapor to the stratosphere could permit such
ice crystal clouds to form at higher temperatures than those
currently found mostly over the south polar region. This
could lead to much greater ozone loss over the arctic and
perhaps elsewhere in the atmosphere.

It is also important to recognize that such high speed
aircraft consume enormous amounts of fuel per passenger mile

4
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and, if the Concord experience is any indication, involve
heavy developmental and operating subsidies.

If I sat on the appropriations committee..., what areas would
I fund?

My first priority would be to fund energy efficiency
programs that can be implemented immediately. I would start
with projects within the federal government in building and
auto fleet efficiency, and then make grants to the states to
make their operations more efficient as well. Then I would
utilize federal purchasing power to create markets for solar
and other renewable technologies to hasten their development.
I would also support research and development in the fields
of production and end-use efficiency, solar, hydrogen and
other renewables and explore a new generation of nuclear
power. Because nuclear research tends to be so expensive,
care must be taken to insure that it does not preempt all of
the other areas.

Funding of new innovative projects by utilities, schools,
hospitals, industries and other parts of the private sectors.
There should also be support for a long-term (at least 10
years) scientific study and monitoring program in global
climate change. This program should also provide training for
young scientists. Policy research should also by supported.
Funds should be made available for both our bilateral and
multilateral foreign aid and loan programs to develop energy
efficient and renewable energy technologies.

Other options that lie outside of the appropriations
process include establishing a carbon tax to discourage the
use of fossil fuels, encourage non-carbon based energy
sources, and raise revenue to finance the transition to new
energy supplies. One might also wish to examine policies that
would enhance automobile efficiency and household, commercial
and industrial efficiencies. One suggestion is to require
specified levels of energy efficiency in order to qualify
homes for a VA or FHA loan.
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Answers to specific questions directed to William R. Moomaw

1.

Do you believe that the nation, and in fact the world, are
mobilizing sufficient economic, scientific, and political
resources to properly address the ramifications of global
warming? If not, what steps must be taken?

No. Despite the fact that global warming from increased
burning of fossil fuels was first described quantitatively 92
years ago by S. Arrhenius, we have just begun to realize the
full implications of global warming for society. While there
are many details of global warming that need to be clarified,
I believe that there is sufficient certainty over its
direction and extent that we must begin the transition to a
less carbon intensive society.

This transition must be guided by up-to-date science and
sound policy analysis. While energy use is directly and
indirectly responsible for the bulk of global warming, finding
the sources of methane and nitrous oxide, gaining a better
understanding of ocean-atmospheric interactions and measuring
the role of plants in the carbon cycle require further
research. I propose that we commit ourselves to a ten to
thirty year scientific research program into global earth and
ecological sciences that will guide our policy as it evolves
over the coming year. As the stratospheric ozone hole has
demonstrated, there are 1likely to be surprises in the
operation of planetary systems, so we must fund a broad range
of investigations and train and support new scientists in
appropriate fields. We must also support policy research,
based upon scientific knowledge, that will guide us along the
least economically costly and most effective transition path.

We should begin that transition by implementing rapidly
those policies that are least disruptive to society, but which
provide large multiple benefits. First on our 1list of
priorities should be improved energy efficiency. Since the
transportation sector releases 30 percent and the electric
utility sector 35 percent of U.S. CO: these are prime targets
for reduction. Second, a rapid phasing out of CFCs could
readily be accomplished during the next decade. Third, a
shift away from coal toward natural gas could also be
accomplished in to near future. Simultaneously we should
begin the transition to carbonless fuels that must be in place
within the next 20 years. This will require major research,
development and marketplace testing of solar thermal, solar
photovoltaic, other renewables including hydrogen production,
and an examination of the nuclear option. The latter will
have to be far more economical and safe than current power
plants to become acceptable.
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What has been done in the policy realm to directly quantify
the economic costs to the United States should a global
warming take place? Are we able to assign numbers to the
possible disruptions to trade, agriculture, commerce, etc. as
a result of global warming?

The quantitative analysis of the costs of the greenhouse
effect are just beginning. Studies have been done on the cost
of sea level rise on Charleston, South Carolina and Galveston,
Texas, for example. One can extrapolate costs of dike
building in the Netherlands and temporary measures taken along
the Great Lakes and Great Salt Lake. One can utilize the
costs of this year's drought to estimate the overall cost to
crops, navigation and power generation. The Bellagio report
suggests that mitigation costs might lie in the range of
several hundred billion dollars by 2030. More work needs to
be done, and some is currently underway.

If you were to draft a bill outlining three Greenhouse gas
reduction policies what would they be in order of importance?

The first would be to introduce energy efficiency into
the society. This would begin with the federal government,
extend to the States and move to the private sector through
improved auto efficiency, building and lighting standards.
We can learn a great deal by examining effective and
ineffective policies introduced in the United States and
abroad during the 1970s. One option that should be seriously
considered is a carbon tax that would raise the price of
fossil fuels enough to encourage their efficient use.

The second area that would reduce warming significantly
would be to phase out CFCs completely during the next decade.
Use specific regulations could be imposed to reduce pure waste
and non-essential uses such as the approximately 19 percent
of total CFC release that comes from leaking automobile air
conditioners each year. Other policies should place a fee on
CFCs to encourage their recycling and early replacement by
alternatives. -

The third policy that could be implemented rapidly would
be fuel switching from coal to natural gas. A return to the
power generation fuel mix of 1973 would reduce carbon dioxide
emissions by as much as a 50 percent expansion of our nuclear
capacity as a replacement for coal. Such a fuel switch would
be far less expensive.

These three strategies are clearly transition policies.
For the long run we must develop a carbonless energy policy
which relies on solar, renewables and possibly a new, safe,
cost effective generation of nuclear power.
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ALTERNATIVE/S/'I‘O COAL COMBUSTION*

Leon Green, Jr.
washington, DC

Abstract. The degree of climatic warming due to buildup of CO. in
the atmosphere may be mitigated by using coal not as fuel but as
feedstock for allothermal gasification by exogenous heat at large
centralized facilities, and controlling the use of the CO. there-
by produced to sequester it or recycle most of it into the bio-
sphere. The CO.; and NHs produced in such a control system would
constitute basic inputs for agricultural or industrial uses at
widely distributed locations. In particular, they would serve as
nutrients for intensive cultivation of biomass which would pro-
vide locally produced food, fiber and fuel, or locally generated
heat and power. The central systems could also produce methanol
or hydrocarbons as required for other industrial or utility power
and for transportation fuels. High-temperature nuclear process
heat technology has been developed in Germany to the point of
readiness for demonstration of coal gasification. Completion of
this program is essential if the technology is to be ready for
deployment when the need for positive action to mitigate global
warming is recognized as critical.

1. Introduction_
It is clear that the greenhouse effect and climate

change are real concerns for the condition of the
planet within our lifetime (Mitchell, 1987).

Having ignored earlier warnings of the need for active measures

to prevent global warming due to buildup of carbon dioxide in the
atmosphere (e.g., Schneider, 1978: Laurmann, 1979), the world now
finds itself facing an inevitable further warming of uncertain
degree. It has been estimated that, even if all CO. emissions
were to cease today, there is already enought CO: accumulated in
the atmosphere to produce an average surface temperature rise of
0.5-1.5 C after equilibration of the oceans in temperature. The

greenhouse effect is now the subject of active investigation by

*Adapted from the introduction to the symposium "Prospects for
Mitigating Climatic Warming by Carbon Dioxide Control" at the
Annual Meeting of the American Association for the Advancement of
Science, Boston, Massachusetts, February 12, 1988.
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;he:internaxional sctentific-community, and summaries of our
current knowledge of the suject have recently been published.
(Farrell, 1987; Edmonds, et al., 1987).

2. Possible Mitigation Strategies

Few of the studies conducted early in this period of increa-
sed international activity considered the possible effects of
deliberate human efforts toward mitigation of- the warming trend.
one study by the National Academy of Sciences advised that near-
term preventive action would be premature ‘and could better await
the findings of ongoing research (NAé, 1983). Even the potential
contributions of yet unknown technologies have been discounted:
"The single largest contributor to fut.re climate change is car-
bon dioxide; no foreseeable technology can deal with the vast
quantities and distributed sources of that 'essential by-product
of the burning of coal, o0il and natural gas" (MacDonald, 1985).
such a pessimistic conclusion has been challenged more recently
in a study whiqh compared the rates of CO: buildup estimated
according to different policy scenarios but which again warned
that "...unless policies are implemented soon to limit greenhouse
gas emissions, intolerable levels of global warming will result"
{Mintzer, 1987).

Since the combustion of fossil fuels is the major source of
COz emissions, constraint on the use of such fuels, particularly
coal, is an obvious measure for limiting these emissions (Rotty
and Weinberg, 1977). Anotﬁér approach is to recycle carbon from
the atmosphere into the biosphere by global reforestation (Dyson,

1977; Dyson and Marland, 1979; Marland, 1988). However, capturing

89-338 0 - 88 ~ 7
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the low concentration of CO. in the normal atmosphere by foresta-
tion is a slow process (but one nevertheless well worth initiat-
ing), and coal is far too important a resource to be abnegated.

Scrubbing CO= from the flue gas of coal-fired power plants
is technically feasible but, except for special applications, not
econqmically practical (Steinberg, 1983). Improvements in the
efficiency of end-use energy technologies (Goldemberg, et al.,
1985, 1987; Cheng, et al., 1986) is an obviously desirable

"approach, but one which, like growing trees, requires a long time

for its effect to be manifested. The substitution of nuclear
| .
power for coal-based central station power is an option now sub-

[ject to a de facto moratorium for reasons which need not be bela-
bored here, and which in any event does not address the problems
of emissions from industrial power and process plants or from use
of transportation fuels.

A complementary approach to limiting CO> emissions could be
to utilize nuclear energy in the form of hiéﬁ-temperaéure process
heat for the gasification of coal or the reforming of hydro-
carbons and to capture the COz thus produced in concentrated form
by scrubbing the process stream (Green, 1967, 1968). Some could
then be sequestered in ﬁhe hydrosphere (Marchetti, 1977) or in
stable chemical compounds, but most of it recycled into the bio-
sphere by photosynthesis under controlled conditions (Green, op.
cit.). such an approach would exploit our combined fossil, solar

and nuclear energy resourceés in an environmentally benign manner.
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3. Nuclear Process Heat

That Leat delivered to a chemical process "...can be worth
several times as much as if it were merely supplied to a heat
engine to generate electricity" was emphasized in 1947 by John J.
Grebe of the Dow Chemical Company, who argued that such an appli-
cation of high-temperature nuclear heat would be "...economically
more attractive than more-or-less marginal competition with coal
for power production" (Nordheim, 1947). Two decades later a
respected economist observed that "..the real economic potential
of nuclear fuel 1s no more captured in its substitution for
fossil fuels in large-scale electric power stations...than was
the economic potential of petroleum realized when kerosene repla-
ced whale o0il in lamps used in the home" (Schurr, 1968). Despite
the importance of these cited .and other‘similAr perceptions,
process applications of nuclear energy never enjoyed the same
'priority as power in the development programs of the U.S. Atomic
Energy Commission (Green and Anderson, 1974) or its successors,
the Energy Researéh and Development Administration and Department
of Energy. Such applications have received only token supbort
during the past several years, and the effort is now dormant.

Fortunately, development of process heat applications of the
high-temperature reactor have proceeded abroad, in Japan, the
USSR, and especially in the Federal Republic of Germany, where
the principal application investigated has been the gasification
of coal (van Heek, et. glf, 1982), sometimes in combination with
other processes (e.g., Barnert, et. al., 1984; Barnert, 1986).

Although the details of the of the FRG program are beyond the
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scope of this paper, it may be stated in brief that the principal
development problem involved has been materials of construction
for helium heat exchangers immersed in fluidized-bed gasifiers,
design of which can also be improved. The upper operational temp-
erature limit of metallic materials has been established to be
950 C, sufficient for present processes. However, even the FRG
process heat development is now jeopardized by budget stringency
(XKlusman and Specks, 1986) and public funding for the ongoing
program at KFA Julich is assured only through 1988. This problem
is compounded by the recent drop in'the price of o0il and coal,
which has temporarily eliminated the economic advantage of
fission heat vs. conventional fossil heat (Schulten, 1985}, thus
rendering nuclear gasification a long~term objective from a pure-
ly economic point of view (Specks, 1987) toward which the KFA
Julich program is now directed (Barnert, 1987). Accordingly, the
environmental desirability of nuclear process heat (Green, 1981)
now constitutes the strongest rationale fﬁé its application to
allothermal gasification technology and its essential role in CO:
control as outlined below.

4. Carbon Dioxide Control System

Use of exogenous heat to replace the heat generated by coal
combustion in conventional "autothermal" gasification eliminates
the carbon dioxide generated by combustion for which synfuel pro-
jects have been criticized (e.g., MacDonald, 1987) and leaves
only that produced by the:éhift reaction in the indirectly~heated
"allothermal" gasifier. Since the gasifier operates at high pres-

sure (about. 40 bars) and the process stream is undiluted by
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nitrogen, the €02 is concentrated and can be scrubbed from the
stream much more efficiently than would be the case in scrubbing
the dilute stack gas of a coal-fired power plant. ¢

The gasification and shift steps constitute the first stage
of the CO= control system diagrammed in Figure 1. As indicated
therein, a major alternative option is not to shift the mixture
of CO and H: from the water-gas reaction to CO. and more Ha, but
to use 1t as synthesis gas for producing methane, methanol and
other organic compounds as suggested in .Figures 2 and 3. This
"syngas option" has been studied (Hifele, et. gl., 1986) in a
system which transfers the burden of heat and power generation

heavily from coal to methanol, thus postponing the combustion
of it and other products until the stage of their final use
{Kaya, 1986). Although this system is billed as one of "zero emi-
ssions" of CO=, it may be described more accurately as one with
reduced and delayéd emissions.

By contrast, the system outlined iﬂ Figure 1 can indeed
approximate a "zéro emissions" system since, in principle, all
the CO. produced can be sequestered or recycled into the
biosphere. To establish the optimum economic vs. climatic balance
among the multiple optians offered by the systems of Figures 1
and 2 will require quantification of mass flows by a systems
analysis for which many of the data fequired are not yet avail-
able. However, it may be surmised a priori that a full transition
to carbonless fuels over ?ﬁe next century as recently proposed by

Hafele (see Barker, 1986) is neither practical nor desirable.
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Hydrocarbons, alcohols and other organic compounds (cf. Figure 3)
are simply too useful for too many human purposes to be abjured.

In the system for effecting maximum carbon recycle (Figure
1) all the intermediate synthesis gas is shifted to CO. and H..
Ammonia is selected as the hydrogen energy carrier because of its
many uses as a basic agricultural and industrial chemical and
major article 'of world-wide commerce which is routinely trans-
ported ported by truck, tank car, barge and ship, and which,
like CO2, can also be economically transmitted over 1long
distances in 1liquid form via pipeline (Green, 1980). For agri-
cultural purposes ammonia can be converted into solid or liquid
fertilizer, dissolved in irrigation water or injected directly
into the soil. It is also a clean-burning fuel whose use has been
demonstrated in piston engines and combustion turbines (Gray, et.
al., 1966; Pratt and starkman, 1967).

For simplicity, Figure 1 indicates only one feedstock appli-
cation of ammonia: conversion into urea, 'another compound with
many industrial aﬁd agricultural uses including a synthetic feed
supplement for ruminant livestock (Virtanen, 1966; Byerly, 1967).
This application also illustrates one of the multiple routes by
which CO2 can be sequestered in solid form (Steinberg, op. cit.).

At this point it is worth digressing to note that the use of
urea as a form of aid to developing countries might alleviate the
counterproductive effect of providing food directly, which dis-
courages domestic agticul;ﬁre and induces movement of farmers off
the land and into overcrowded urban centers. Providing instead a

fertilizer which can also serve as a feed supplement could let
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the farmers conserve for sale some of their crop otherwise
diverted to fodder and thgreby induce them to remain productively
engaged in agriculture. The present paper, however, deals with
biomass technologies applicable primarily by industrialized coun-
tries which are the greatest CO. emitters.

5. Solar Energy Input

Aside from the oceans, the recycling of carbon dioxide into
the biosphere by photosynthesis constitutes the highest-capacity
nonatmospheric "sink" for CO. potentially available. Because of
the immense amount of energy captured annually by photosynthesis
("God's way" of converting thermonuclear energy) this use of CO.
to increase the photosynthetic efficiency of plants is also the
most beneficial in that it provides a means for introducing a
very large-scale input of solar energy into the total systenm.

This objective may be accomplished by _diverting massive
flows of chemical energy from the large, centralized gasification
complex (cf. Figure 1 left) to smaller, disﬁérsed operations
(Figure 1 rightj which convert the biomass grown thereby into
locally produced food, fiber and fuel or into 1locally generated
heat and power. It may thus be seen that the system outlined in
Figure 1 contains both "hard" and "soft" energy paths (Lovins,
1976, 1977) and achieves wide distribution of local sites for
energy conversion and use.

From the viewpoint of mitigating the greenhouse effect it
night seem desirable to maximize the solar energy input to
satisfy local heat and power needs by means of the "soft" biomass

cycle (with its "hard" nutrient inputs). On the other'hand, the
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greater the fraction of biomass converted to energy rather than
‘used to sequester carbon (as wood in lumber products, standing
forests or peat bogs), the more CO:» nutrient is released into the
atmosphere. The optimum balance is not obvious a priori but will
require further analysis.

6. Biomass Technologies

The dual objectives of biomass technology development are to
produce biomass more efficiently and to use it more efficiently
than is now practiced. Except for the low photosynthetic effi-
ciency of its growth, biomass conversion is by far the most effi-
cient route for utilization of solar energy {2racket and Scholl,
1980). Improved production is thus both the more important ob-
jective and the one to which nurturing by selective application
of carbon dioxide can contribute.

Wood is man's original fuel, and the technology for its use
has evolved continuously over the ages. Forestry research activi-
ties sponsored by the International Energy Aéency biomass program
include investigation of the effect of nutrients on growth, but
not that of carbon dioxide because CO: is not conventionally con~
sidered a variable which affects tree growth. This traditional
attitude must change.

There are obvious engineering problems which must be solved
in order to apply the desired CO. amendment to forests. As the
trees grow taller, the more difficult it becomes for a CO.-rich
environment to be economiéally maintained (Allen, et. al., 1985)
even in "conventional" short-rotation forestry. To realize CO=-

nurtured growth outside of a greenhouse environment, trees may
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require frequent coppicing of dense plantings ‘to produce: "wood-
grass” with controlled micrometeorology of the canopied space by
careful "agro-aerodynamic" methods (Lemon, 1967). Alternatively,
COa2 nurturing of seedlings in greenhouses with artificial illumi-
nation can shorten the time required for early growth prior to
outpLantation (Hanover, 1976).

It should be noted here that intensive cultivation of energy
crops by developed countries need not compete with food crops for
limited land resources; most such countries have agricultural
sFrpluses. Marginal land now devoted to needlessly subsidized
aFriculture might well be better utilized for energy crops,
ebpecially if it re§uires irrigation.

on much. -otherwise arid 1land (in, say, the U.S. southwest),
carefully controlled application of water by efficient “"drip*"
irrigation methods could exploit the known behavior of plant
species to respond strongly to COz nurturing under - conditions of
stress due to water limitation (Bjorkman, éﬁ..gl., 1983). An
energy crop (say,' coppiced eucalyptus) would normally require
less water than would most food crops, and the CO. amendment
would increase its efficiency of water usage still further.

Giveﬁ sufficient water, the ultimate factor 1limiting the
output of plant culture is the photosynthetic efficiency of the
crop (Brown, 1967), and under conditions of intense insolation
the rater of growth of high-yielding crops is limited by the
availability of COa (Lemos, et al., 1963). This limitation might
be removed by using a "drip" irrigation system to provide water

at night and carbon dioxide by day.
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Wood, of course, is the energy crop most difficult to
nurture by CO. enrichment for the reason noted above, and other
food and fiber crops are more amenable. A wide program of res-
earch on plant responses to increased carbon dioxide levels init-
iated by the U.S. Departments of Agriculture and of Energy (see
Allen, 1986) emphasizes major food crops such as soybeans (e.g.,
Hrubec, et. al., 1985; Allen, et. al., 1987), the response of
which is shown in Figure 4. Other crops showing good response
include cotton and spinach, as well as aquatic weeds (Spencer and
Bowes, 1986). The possible use of fiber crops cotton and kenaf
(Dempsey, 1975) as COz-nurtured energy crops deserves evaluation.

Another possibly fruitful area of investigation may be
intensive cultivation of algae, for example the filaﬁentous blue-
green Lyngbya (Beer, et. al., 1986), or spirulina, an efficient
protein producer which has been collected and eaten by central
African tribes since ancient times and is now cultivated as a
trendy "health food" in California. A loﬁg-range program now
being conducted by the Biomass Technology Division of the U.s,
Department of Energy is aimed at production of microalgae which
when stressed directly fix lipids, potentially direct suﬁstitutes
for diesel fuels, and the cell growth of such algae requires
large quantities of €0, (wWalter, 1987). Biomass growth is not the
author's field, however, and must be addressed by others.

Biomass utilization,- on the other hand, 1is a more familiar
subject. The production é% ethanol, oil and other products from
corn is a 1long-established, large-scale commercial technology

which needs no elaboration here. In the U.S. midwest ethanol is
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now blended with gasoline for enhancement of octane ratings, and
it is burned "neat" as motor fuel in Brazil. Its use in combus-
tion turbines, like that of methanol, would be straightforward.

Whereas use of fuelwood is ancient, direct combustion of
solid biomass in large installations for industrial and small
utility generation of heat and electric power is a more recent
application, but one which is rapidly spreading in both indus-
trialized and 1less-developed countries. The key to this rapid
development is the commercial availability of the "circulating®
fluidized-bed combustor (e.g., Schwieger, 1985; Makansi and
Schwieger, 1987; Smock, 1987), which is capable of operating
efficiently on a wide range of high-moisture or low-grade fuels
including wood and wood waste, peat, rice hulls, cotton-seed
hulls, bagasse, straw, cattle manure and sewage sludge. Present
wood-burning CFBC boiler installations tend to be in the size
range of 10-50 megawatts (electric), but the upper limit is set
by the radius of economical fuel gathering,.ﬁot by the conversion
technology.

wood and other biomass can also be thermally gasified by
fluidized-bed techniques to produce low-Btu fuel gas or synthesis
gas using commercial technology, but such gasifiers are generally
restricted to special locations where they are competitive with
natural gas. The largest wood gasification plant reported to date
(Makansi, 1987) produces low-Btu gas at a net rate of about 200
million Btu (ca. 200 biiiion Joules) per hour for process heat,
or equivalent to a potential power output of about 20 MW(e).

Research on biological gasification and liquefaction techniques
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for biomass 1is also underway, but such methods have not yet been
developed to practical status.

In the long run, biomass gasification and liquefaction tech-
nologies' will have to be economically competitive with their
equivalent coal technologies discussed earlier. Since the latter
will enjoy economies of 1large scale, this may prove too high a
hurdle except in special situations. On the other hand, present
commercially-proven biomass conversion technologies such as
direct combustion and fermentation/distillation will continue to
be utilized for the foreseeable future. Coal-fired power plants
employing circulating FBC boilers now exceed 100 MW(e) in size,
and biomass-fired plants approaching that size may be anticipated
if improved fuel gathering techniques are developed.

7. Time Phasing of New Energy Systems

The history of energy systems reveals that a period of about
50 yéars is required for market penetration of a new technology
{Marchetti, 1975), and it was noted a decadév ago that this rule
indicates "...an immediate need to implement a revised energy
policy if major climatic changes induced by increased amounts of
carbon dioxide are to be avoided in the next century" (Laurmann,
1979). Estimates of the date by which atmospheric CO= will have
doubled vary, but a rough mean is about 2050. To achieve signifi-
cant deployment by that time, a new, low-emission energy tech-
nology must therefore be commercially available by the year 2000.
The additional warming efﬁéct of other greenhouse gases (Wuebbles
and Edmonds, 1988) makes this timing even more critical (Mintzer,

op. c¢it.; Laurmann, 1987).
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It was mentioned earlier that the development of nuclear
process heat technology, an essential element in the €02 control
system proposed here, has progressed in the Federal Republic of
Germany to the point where demonstration of allothermal coal
gasification is the next step. However, it was also noted that
such demonstration is being Jjeopardized by efforts to justify
such a step on economic grounds alone. Such a critical develop-
ment must be justified more convincingly as one-whose fruition is
not merely desirable but is a bona fide climatic imperative.

Recognition of this fact will come slowly, since public per-
ception of dangers from nuclear reactors is indeed real, whether
justified or not (MacDonald, 1985). Public confidence in techno-
logy "...means that people on Main Street must think it safe...”
(Markey. 1986) and thus requires introduction of new, intrinsi-
cally safe reactors (Beyea, 1986). Nevertheless, despite advocacy
by ééme of abandoning nuclear energy (e.g., Flavin, 1987), this
recognition will come surely as the fact that the consequences of
unmitigated climatic warming constitute "slow catastrophe"
(Lemon, 1983) permeates the public consciousness.

8. Conclusion

The foregoing discussion has envisioned a combination of
fossil, nuclear and solar souyces into a sustainable energy
system capable of controlling net carbon dioxide emissions to the
degree required. for mitigation of climatic warming. With two
notable exceptions, the vé;ious technologies required for this
system are already available. Still missing at the "front end" of

the system is the demonstration of allothermal coal gasification
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using high-temperature nuclear heat, but the necessary elements
of the technology are at hand in the Federal Republic of Germany.
Such a development must proceed under high priority if the proce-~
ss is to be commercially available by the time when the need for
its wide and rapid application is recognized as critical for the
performance of the required "geohygiene" (Sakharov, 1968).

At the "output end" of the system, further research is
needed to establish the degree of enhancement of biomass growth
achievable by selective CO- enrichment of the local environment’
of energy crops, to identify which plant species have the best
energy potential and are most responsive to CO. nurturing, and to
develop techniques for realizing such locally-enriched environ-
ments in practical open-air situations. Commercial technologies
for converting biomass into fuel, heat and power already exist
but can be improved.

The major global €Oz emitters which will need most to
initiate such "geohygienic" practices are tﬁe United States and
other OECD countries, the Soviet-bloc countries, and China, which
is now on the threshold of an intensive, coal-powered economic
development effort. All are fully capable of deploying the tech-
nologies involved, but sufficiently rapid deployment will require
prompt, deliberate national policy decisions. Such a development
will not occur under a "business as usual" scenario determined by
market forces in lieu of policy, since market mechanisms cannot
take the place of govern@ént action (Weiss, 1987). Introduction
of the alternative energy technology needed will require "stra-

tegic investments" based upon a (currently) noneconomic criterion
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analogous to investments in national security (Schneider, 1987)
which, in fact, they will be.

It is interesting to note in closing that the carbon dioxide
cpntrol system outlined above is compatible with a trend away
from direct coal combustion already discernible in the U.sS.
electric utility industry. No new 1large, coal-fired power
stations are being ordered. Instead, some utilities are tending
to add new generating capacity in small increments in the form of
combined~cycle plants "topped" by combustion turbines burning
natural gas, with the option of installing local, dedicated
(autothermal) coal gasification facilities later if these small
gasifiers become economically competitive. Such gas turbines
could operate equally well on low-Btu synthesis gas, substitute
natural gas (SNG) or methanol produced at large, centralized com-
plexes by allothermal gasification, or on ethanol or syngas
produced in smaller, local distilleries or biomass gasifiers.

Other wutilities are adding no new éenerating capacity of
their own, but aré purchasing power from independent cogenerators
or small power producers employing gas-fired combustion turbines
or circulating fluid-bed boilers fired by a variety of low-cost
solid fuels, including wood and wood waste. This trend will con-
tinue as the current restructuring of the electric utility
industry proceeds, and presents an opportunity for introducing
ne&, low-emission energy technologies which should not be lost.
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system for Utilizing Fossil, Nuclear and Solar Energy
Resources with Maximum Recycle of Carbon (Simplified)

Variation of System Utilizing Synthesis-Gas Option

Possible Products of Synthesis Gas Chemistry (courtesy
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Mid-day Net Photosynthesis Rate Response of Soybean
Crop Canopy to CO. Concentration, Normalized to 330 ppm
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