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IN SEARCH OF
THE GREENHOUSE |
FINGERPRINT

by William R. Moomaw
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e greenhouse effect may seem to have

sprung fll-blown inte the public conscious-

ness i@ remarkably shot time. In fact,

the notion first appeared injprint over 160
Ahadb ;

the scientific community at least four times. Thus, in

addition to its signifi as the most f: hi
enwmtumﬂsodmlnssuewhavcynm
the greenhouse effect provides a fascinating example

Swedish&mmﬁvameﬁxdmlookﬂﬁemb’

American Samuel P Langley's measurement of solar
intensity to produce the first good quantitative cal-
culation of atmospheric warming. He correctly con-
cluded that although their presence was minute,
water and carbon dumud: lqum:uI:s together

bsorbed warm the earth

of how science constantly refines itself through the
“interplayof theoretical ideas, observations, and con-
tinual testing for consistency.
Questions and speculations about the origin and
molﬂteeaﬂllmksnmdspeacswemwu]

by nearly sixty degrees Fahrenheit. Instead of being
an ige-bound, frozen planet, the earth had a climate
amenable to the carbon-based biochemistry that Tas
given rise to approxdmately ten million Eving species.

Mol satisfied with establishing the correctness of

developed by the fi of the ni h cen- mohr wenlonmhnspmr
tury, even though the scientific knowledge needed to ddress the q f what

address these issues was largely i CE-  trial societies to add carbon dioxide to the
matology perhaps began when physicists became shere through the burning of fossi h

intrigued with the question of how the earth managed
to maintain ltsrela‘twdyw:nn temperature. It was
the great French ist Jean Fourier

coal, oil, natural gas, and peat. After a rather detailed
analysis, Arrhenbus concluded that a doubling of

{d. 1830} who argued that the atmosphere acted like
the glass of a greenhogse by letting in the visible rays
and energy of the sun, but impeded the radiation of
heat from the warm earth back into cold outer space.
Wuuner missed the point that glasa helps green-

urbon dioxide would raise the average
whobal o E me
later revised this to seven degrees). His calculations
come very close to the best current estimate of three
to eight degrees F, which is based upon better data
and more elaborate analysis. In other words,

v keeping the warm, solar-
heated air within frofn mixing with the cooler air
wldmmmﬂmﬂmbymmraﬂmlmt Nev-
el'lheless...... i
warming by b jon of radiant heat is
s‘uﬂcomnmlym&rmdruasﬂngrmweﬁecl

‘The realization that the bulk of the atmosphere, 99
percent of which congiats of Mitfogen and ofygen;
absorbed none of the sun's rays nor the earth's radiant
heat was difficult to reconcile with Fourier’s notion. It
was found, however, that the job of ing radiant

A i cnrmlly deduoed that increasing the
amount of i in the can turm
the greenhouse into a “heat trap,” as Norway's Prime
Minister, Ms. Gro Harlem Brundtland, recently
termed this overheating.

After Arrh little additional di of the
greenhouse issue appears to have taken place until a

“British engineer, G:D. Callendar, in1938 carried out

the first direct comparison between the measured
growth of carbon dicedde in the atmosphere and long-
term records from 200 meteorological

heat, or infrared radiation, as it came to be known,
rested with trace amounts of atmospheric water
vapor and carbon dioxide. In 1896, the productive

stations. Using improved data, he updated Arr-
henius's caleulation and showed that his estimated
temperature riseof 0.5 degrees F per century was in

G Hilini Brifiind,
Prime Minister of Nor-
way.

Roger B.D. Revelle,
Scripps Institution of
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close agreement with the measured value of 0.9
degrees F per century. The response to Callendar’s
paper following its presentation to the British Royal
Society was highly skeptical of the proposed Enk
between increased atmospheric carbon dicxade and

one-fifth to the annual increase,

Extrapolating these data backward, it is estimated
that we h ek ing i hier
carbon dioxide since the beginning of the Industrial
Revolution, around 1800, Because of the accelerating

global warming. Callendar was und: d and more-
over imistic that the added carbon dioxide was
“likely to prove beneficial to mankind in several
ways,” as increased “mean temperature would be
important at the northern margin of cultivation.” He
also felt that plant growth would improve with
increased carbon dioxide in the atmosphere, and “in
any case the return of the deadly glaciers should be
delayed indefinitely.”
Although sporadic of

rat Justover hatfof
this increase has occurred in the thirty vears since
Keeling began his measurements in 1958, If current
trends continue, with atmospheric carbon dioxide
increasing by 0.4 1o 0.5 percent per year, pre-indus-
trial levels will have doubled before 2075,

During the 19705, attention was focused on
atmospheric problems such as urban air pollution and
the depletion of the stratospheric ozone kver that

carbon dicside had been made 1870, it was not until
1958 that anyone began to develop a continuous rec-
ord to measure just how fast it was accumulating,
Roger Revelle of the Scripps Institution of Ocean-
ography in California teamed up with a young chem-
ist, Charles David Keeling, to measure carbon
dioxide at a remote site far from human activity in
order o determine what changes were occurring in
the uncontaminated atmosphere. Keeling's conting-
ous, thirty-year record of carbon dioxide at the
Mauna Loa Observatory in Hawail is one of the most
striking sets of natural data ever gathered.

Figure 1 displays the remarkable interplay between
ecology and economics revealed in the carbon dioxide
record. The anmual oscillations reflect the processes
of gas exchange of the entire northern hemisphere,
During spring and summer. green plants convert
more carbon dioxide into sugars and celluose than
they require for their own metabolism, and atmo-
spheric levels of carbon dioxide decrease. During fall
and winter, when many trees lose their leaves, more
carbon dioxide is released than is meorporated into
plants, and atmospheric levels increase. That is the
ecological side of the story. Superimposed upon
these annual oscillations is an nexorable rise in car-
bom dioade levels that reflects the activity of human
societies, The b

ng of fossd fuels is for

seemed Jated to global warming. It was only a
decade later that their significance for the green-
house effect would be fully recognized. An atmoas-
pheric scientist at the University of Chicago, Verab-
hadran Ramanathan, first pointed out in the
mid-1970s that the chlorofluorocarbons (CFCs), con-
firmed as stratospheric ozone depleters, shared with
carbon dioxide the radiant-heat-absorption proper-
ties that cause global warming. His indtial claim went
largely unnoticed because the concentration of car-
bon dioxide was five hundred thousand times greater
than that of CFCs; it was thought that CFCs would
have only a negligibde effect on global warming, Over
the next ten years, Ramanathan and Ralph Cicerone
of the National Center for Atmosphenic Rescarch at
Boulder, Colorado, showed that each CFC molecule
produced a warming effect roughly ten thousand
times that of an added molecule of carbon dioxide.
Morcover, measurements revealed that the additions
of these commercial chemicals to the atmosphere
were increaging at ten times the carbon dioxide
growth rate. These researchers further demon-
strated that methane, nitrous oxide, and oxidants
such as ozone formed in the photechemical smog of
wrban air pollution were also greenhouse gases that
were ing rapidly in the i

“Their findings have startling impbcations. These

messt of the carbon entering the atmosphere, some
5.9 ballion tons each year, or one ton for each person
living on the planet. During the past two decades,
George Woodwell at the Woods Hole Research Cen-
ter has ished that def ¥ ially in
the tropics, is the other major contributor of carbon
dioxide to the atmosphere, adding approximately

Iditional gases now contnibute as much to gobal
warming as does carbon dioxide, and will soon sur-
pass it in heating effect. Projecting into the future, the
combination of growth in all of the greenhouse gases
means that the warming predicted to result from a
doubling of carbon dioxide alone in 2075 will ocour as
early as 2030. This is well within the lifetime of many
people living today,




But has the carth warmed? In some locations,
temperatures have been recorded continually for
over 100 vears. Two ch groups, one in England
under Thomas Wigley and a second in the United
States under James Hansen at NASA, have analyzed
mallions of individual measurements from all over the

Atmospheric CO, Variations 1958—1986

globe. They have had to exercise great care, since not
all data are equally reliable, and higher urban tem-
peratures must be corrected for the local heat islands
ereated by the concentrated rele: from
cars and buildings. After carefully evaluating all such
factors, both groups independently concluded that

Concentration in ppm




Global Temperature Trend
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there has been a rise of about one degree Fahrenhedt
during the past century, and that nearly half of that
rise has occurred since 1965 (sce Fymre 2), Hansen
caused a major stir in June of 1988 when he testified
before Congress that, based upon a statistical analy-
sis of the data, there was 2 99 percent certainty that
the recent increases lay outside the range of normal
temperature fluctuations, In other words, the earth’s
climate, which is defined as the thirty-year average of
temperature (and weather), may be changing.

At this point it is important te ask a question: is the
observed temperature rise caused by the buildup of
greenhouse gases? The answer is a resounding

“maybe.” It is enormously difficult to 'pfn:l\-'\. case md
effect, especially when they
linked by a complex set of interactions. It is even
mare difficult to convince policymakers and the public

house gases, and the second is the measured rise in

by about th icted by theory.

We know, however, that there is uncertainty in the ear-

lier tcmpl. rature mrasuren-ems. and no one has a

pl li d it decline

OCCir

Thie four warmest years in the kst Ilowr_mnwrded

inthe 1980, with the fi

. The yole of clowds is one of the greal unknowns
n predicting climate change associated with the

buildup of greenhouse gases.

aof the connection, when many of the
and the theory linking them are known only to a
relatively small group of scientists. Just remember
Tow hard it was to convince governments and indus-
try that the benign ch Is (CFCs) used to operat

our refrigerators and air conditioners, to provide us
with insulation and foam for our mattresses and
chairs, and to keep our computers and communica-
tions systems (um:tmnmg, Mm: lJu. cause of ozone
loss. in the bled

ing all ds. Whereas cl Jogists I defined
one-third of the summer days between 1951 and 1980
a3 hotter than normal, recent records suggest thatin
the 19905 we can expect two-thirds of summer days to
fallin tlual category. Does this prove that we areina
d? If1989i: ler, does that
mean the warming trend is over? The answer to both
questions is probably not. What else can we look for?
The greenhouse theory predicts that we will see a

many pieces of evidence over mone than a decade to
persuade governments that a problem existed, and it
required the discovery of the Antarctic ozone hole to
capture the attention of the world. We cannot afford
to wait for a similar event to dramatize the danger of
house gases. By the time the greenh fiect
lsnotlctabk to the person on the street, we will have
o ial sdditional warm-

ing that will take many decades to reverse.
What is clearly needed is a greenhouse early
\ﬁrmni system. To develop such a system we must
what addi I can be
expected to arise from global w’armmg. We could
then search for a pattern of such events, which
would define a kind of “greenhouse warming fin-
gerprint,” We must build a plausible case based upon
a collection of factors, no one of which may be con-
vincing by itself, but which taken together provide a
framework for judging whether or not our atmo-

sphere has become a heat trap.

Tiwo principal elements are already in place. The
first is the direct observation of anincrease in green-

warming of the globe, with greater tem-
perature increases at the poles, since heat flows
spontaneously from the large, warm equatorial
regions to the smaller, cold polar areas, Also, as
warming cocurs one would expect melting of highly
reflective ice and snow and greater heat absorption by
the newly exposed, darker land and water. While
there are relatively few long-term temperature data
from the polar regions, indirect information suggests
that permafrost in some areas may have warmed up
by as much as seven degrees E, substantially more
than the global averages, during the past century,
The observed warming does have the general lati-
tudinal distribution predicted by theory, but differs in
some details, Certainly we should carefully observe
the distribution of warming and pay special attention
o high and low latitudes, where larger, more easily
observed increases in temperature are likely.
Another clue we should search for in the greenhouse
fm-rpnnl s the poeleward migration of plant and

ies, and the boss of heat-intolerant species
near the warmer margins of their range. Similarly, we
can anticipate that warming will vary with altitude
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Goddard Institute for
Space Studies.

Stephen H. Schneider,
National Center for
Abmspheric Research.

Sykura Manabe,
National Oceanic and
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tiom Ewur

above the earth ina manner that depends on the dis-
tribution of greenhouse gases.

A highly likely outcome of global warming is a rise
in seq levels, not only because water expands as it
warms, but alse because of added volume from the
melting of snow and glaciers on land. In fact, records
show that sea level is rising at a rate of a bit more than
one-half an inch per decade. If greenhouse warming is
occurring, this rate can be expected to accelerate to
the point where sea level could be one to four feet
higher by 2050, Because there is a lag before the
effects of atmospheric warming are fully realized,
contmued additions of greenhouse gases at the pres-
ent rate will have committed the earth by as early as
2030 to this increase in sea-level rise. Coastal areas
will be seriously affected. The United States is cur-
rently experiencing beach erosion along three-quar-
ters of its coastline and can expect further bosses,
Research by Stephen Leatherman at the University
of Marylamd shows that barrier islands, which protect
coasts, are especially vulnerable to sea-level rises of
this magnitude. Other researchers lave warmned of
the: potential loss of highly productive estuaries and
coastal wetlinds and the wildlife and marine fisheries
they support. Saltwater intrusion inte coastal urban
groundwater supplics, as well as loss of valuable
coastal buildings and damage to highways, sewage
treatment plants, and other infrastructure of coastal
cities are also lkely.

The largest and fastest computers in the world are
now trying to model the complex n:latlnn:lupq
between th I
is exceedingly difficult to predict the dc[mled regional
effects of the projected warming pattern on the
weather, researchers foresee significant changes in
precipitation and in the mtensity and frequency of
storm events. We know for certain that the tem-

and th

q
plays an important role in determining continental
weather patterns, Most of the computer models pre-
dict that as this temperature differe nee dccrca ses,

precipitation will decline i the mid.

the United States grain belt. While the 1988 droughts
in the United States and China are consistent with the
madels, it is not possible to link single-season events
to the global warming. Droughts of this magnitude
Tave occurred before; but they would have to happen
with increasing frequency to be considered part of the
mreenhouse fingerprint. It will also be useful to deter-
mine the extent to which desertification can be linked
o global warming.

Scientists such as Stephen Schneider at the
National Center for Atmospheric Research are just
beginning to try to model the effect of global warming
on storm intensity and frequency. Because tropical
storms such as hurricanes and typhoons derive their
Tresat from the oceans, it seems reasonable that they
should increase in severity as the oceans warm, Dur-
ing the 1983 El Nifio oscillation in the southern
Pacific, the altered interaction between ocean cur-
rents and the atmosphere produced weather changes
around the globe, inchiding drought in Africa and
Australia, changing monsoon patterns for the Indian
subcontinent, and torrential flooding along the Cal-
iformia coast.

Fmally, there are uncertainties and possible com-
plex interactions that the fertile minds of scientists
have conjured up but not vet placed within the context
of the greenhouse fingerprint. For example, what
function will clowds have in 2 warmer world? One
would assume that more water would evaporate as
the oceans heated up, producing more clouds that
would reflect sunlight. The lessened sunlight should
help reduce the warming, Recent studies have found,
however, that while kw-lying clouds do have this
effect, thp infrared-absorbing property of higher ones

the reflective b d has 2 net warming
effect. But because no one is certain whether warm-
g oceans will mean more high clouds or low ones,
the role of clouds is one of the great unknowns in
predicting chimate change associated with the buildup
of greenhouse gases.

Among still other uncertainties is where nearly half

and move toward the poles and the coasts.

goes, It is assumed that it dissolves in the ocean, but

M-nn!x of 1h¢ National Oceanic and A

Kesearch Laboratories,
Priseeton University.

|1

v at Princeton has d i
extensive models that predict changes in soil moisture
<|l|dl‘. mperature and he projects considerable mid-

ocean circulation and the biological cycling of carbon
are still not very well understood. We know even less
about the sourcesof the isingamounts of atmospheric
muham- Part of the increase appears to be rv.-lamito

| drymessformost of th
food-growing regions of the middle Lititudes, including

our

tices. be




metabolic activity or thawing tundra begins to release
the vast stores of trapped methane? Are there sur-
prises ahead for us like those that occurred with the
Antarctic ozone hole? Walter Broecker at Columbia
University has raised the possibility that changes may
ot be gradual, but sudden and discontinuous. He has
suggested that ocean currents may suddenly shift (as
happened in the El Nifio event) in response to tem-
pmmnm.changcﬁ Were the G ulf‘dmam Im'mmmple

forces, but by the wm\gﬂﬁﬂ-degree -E tempentul’e
o[[tu un heat trap, Even were we
ves,

ide of our own atmusphut five- tottnﬁﬂd. we would
raise the v afew

cent. While this would increase the carth's ttm
perature by several tens of degrees rather than the
hundreds observed on Venus, relatively few species

h, we could wi ¥
Europe ina warmer world,
Over time the range of conjecture can be cxpuu-d
tonarrow, s researchers obtain new i and

puildup of &

refine and test their models. There are in fact two
very important observations that help to put the
greenhouse effect into a larger context.

The first came tolight recently (1987) whena Soviet

team drilled an two th | meters deep
near its research station at \nstnk m.‘\nnrrlwa
French hers ¢ i i sam-

inthe ice and d d theirage. From

Botope data it ms:lummsubk lotslnna[t‘lhl. global

trapped. The
findings were intriguing. Over the past 160,000 years,
carban dioxide levels have vaned directly with tem-
perature. During a very warm interglacial period
130,000 years ago, carbon dioxide levels were just
unider 300 parts per million (ppm), Levels droppedto
around 200 ppm during the last great ice age, then
climbed to 280 ppm as the world entered the current
interglacial warm spell. In only 150 vears, we have
raised the level to 350 ppm, with more than half of this
niseacourning in the past thirty vears, [tisnot possible
todetermine from the ice core data whether atmo-
sphenic carbon dioxide levels cause or [nlkvw temper-

resounding “may

. Is the observed temperature vise caused by the
house gases? The answer is a

would beable teadapt to sucha change, Instead of wor-
rying that we might one day run cut of fossil fuels, we
might take a kesson from our sister planet and realize
that we cannot afford to burn all we have.

We must keep such lessons in mind as we conduct
our own planet’s greenhouse experiment. While we
watch for an unambiguous greenhouse warming sig-
nal, we need to call on the knowledge we have to
fashion a response, Learning to use fossil fuels twice
as efficiently as we now do would put our economy
and standard of living on the same basis that Western
Europe now enjoys. This improved energy-efficien-
cy—<combined with replacing coal with natural gas.
which produces half the carbon dioxide per unit of
energy, and rapidly reducing the use of CFCs during
the next decade—would show the rate of global warm-
ing while we develop solar and other noncarbon-dox-
ide-producing energy technologies. These actions
\\w.ld place our socicty on a pal.h of sustainable and

lly sound Itis

u,scnual that we begin this task immediately as the

furech but that the twoare cor an
be nodoubt. What th uggest is
thaat the moo[chmumn:unpemlun pm)u.h:dby the

theoryis three thanany

of which we have knowledge —and that by 2000 we
may well have brought about temperatures higher than
have occurred in 160 millennia,

The second eritical natural greenhouse experiment
has also been completed with unambiguous results,
The atmuesphere of our sister planet, Venus, is 95 per-
cent carbon dioxide. Several probes from earth have
traversed that atmosphere and reached the planet's
surface, which lies beneath a heavy layer of clowds.
Each of the probes was destroyed—not by hostile

we need, just in case the greenhouse fin-
gerprint appears clearer and sooner than expected.
L]

William Moo is the divector of the Clintate, Energy
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