














Table 2. Energy supplied and CO2 released by fuels.

Energy C02 Airborne C02 Potential

supplied release CO2 added airbomn
Fuel in 1980* per unit

added in through virgin
Fuel in 1980* perunit 1980* 1980 virst

(1019J) (%) (oil = 1) (%) (ppm) (ppm) (ppm)

Oil 12 40 1 50 0.7 11 70
Coal 7 24 5/4 35 0.5 26 1000
Gas 5 16 3/4 15 0.2 5 50
Oil shale, tar sands, 0 0 7/4 0 0 0 100
heavy oil

Nuclear, solar, wood, 6 20 0 0 0 0 0
hydroelectric

Total 30 100 100 1.4 42 1220

*Based on late 1970's. tReservoir estimates assume that half the coal above 3000 feet can be recovered
and that oil recovery rates will increase from 25 to 30 percent to 40 percent. Estimate for unconventional
fossil fuels may be low if techniques are developed for economic extraction of "synthetic oil" from deposits
that are deep or of marginal energy content. It is assumed that the airborne fraction of released CO2 is fixed.

evidence is too weak to support any
specific solar variability.
The general agreement between mod-

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

Projections into the 21st Century

Prediction of the climate effect of CO2
requires projections of the amount of
atmospheric C02, which we specify by
(i) the energy growth rate and (ii) the
fossil fuel proportion of energy use. We
neglect other possible variables, such as

changes in the amount of biomass or the
fraction of released CO2 talken up by the
ocean.
Energy growth has been 4 to 5 percent

per year in the past century, but increas-
ing costs will constrain future growth (1,
4). Thus we consider fast growth (- 3
percent per year, specifically 4 percent
per year in 1980 to 2020, 3 percent per

year in 2020 to 2060, and 2 percent per
year in 2060 to 2100), slow growth (half
of fast growth), and no growth as repre-
sentative energy growth rates.

Fossil fuel use will be limited by avail-
able resources (Table 2). Full use of oil
and gas will increase CO2 abundance by
< 50 percent of the preindustrial amount.
Oil and gas depletion are near the 25
percent level, at which use of a resource

normally begins to be limited by supply
and demand forces (4). But coal, only 2 to
3 percent depleted, will not be so con-

strained for several decades.
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The key fuel choice is between coal
and alternatives that do not increase
atmospheric CO2. We examine a synfuel
option in which coal-derived synthetic
fuels replace oil and gas as the latter are

depleted, and a nuclear/renewable re-

sources option in which the replacement
fuels do not increase C02. We also ex-

amine a coal phaseout scenario: after a

specific date coal and synfuel use are

held constant for 20 years and then
phased out linearly over 20 years.

Projected global warming for fast
growth is 3° to 4.5°C at the end of the
next century, depending on the propor-

tion of depleted oil and gas replaced by
synfuels (Fig. 6). Slow growth, with de-
pleted oil and gas replaced equally by
synfuels and nonfossil fuels, reduces the
warming to - 2.5°C. The warming is
only slightly more than 1°C for either (i)
no energy growth, with depleted oil and
gas replaced by nonfossil fuels, or (ii)
slow energy growth, with coal and syn-
fuels phased out beginning in 2000.

Other climate forcings may counteract
or reinforce CO2 warming. A decrease of
solar luminosity from 1980 to 2100 by 0.6
percent per century, large compared to
measured variations, would decrease the
warming 0.7°C. Thus CO2 growth as

large as in the slow-growth scenario
would overwhelm the effect of likely
solar variability. The same is true of
other radiative perturbations; for in-
stance, volcanic aerosols may slow the
rise in temperature, but even an optical
thickness of 0.1 maintained for 120 years
would reduce the warming by less than
1.00C.
When should the CO2 warming rise

out of the noise level of natural climate
variability? An estimate can be obtained
by comparing the predicted warming to
the standard deviation, a, of the ob-
served global temperature trend of the
past century (50). The standard devi-

ation, which increases from 0.1°C for 10-
year intervals to 0.20C for the full centu-
ry, is the total variability of global tem-
perature; it thus includes variations due
to any known radiative forcing, other
variations of the true global temperature
due to unidentified causes, and noise due
to imperfect measurement of the global
temperature. Thus if To is the current 5-
year smoothed global temperature, the 5-
year smoothed global temperature in 10
years should be in the range To ± 0.1°C
with probability - 70 percent, judging
only from variability in the past century.
The predicted CO2 warming rises out

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

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

Potential Consequences of

Global Warming

Practical implications of CO2 warming
can only be crudely estimated, based on
climate models and study of past cli-
mate. Models do not yet accurately sim-
ulate many parts of the climate system,
especially the ocean, clouds, polar sea
ice, and ice sheets. Evidence from past
climate is also limited, since the few
recent warm periods were not as ex-
treme as the warming projected to ac-
company full use of fossil fuels, and the
climate forcings and rate of climate
change may have been different. Howev-
er, if checked against our understanding
of the physical processes and used with
caution, the models and data on past
climate provide useful indications of pos-
sible future climate effects (51).

Paleoclimatic evidence suggests that
surface warming at high latitudes will be
two to five times the global mean warm-
ing (52-55). Climate models predict the
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larger sensitivity at high latitudes and
trace it to snow/ice albedo feedback and
greater atmospheric stability, which
magnifies the warming of near-surface
layers (6-8). Since these mechanisms
will operate even with the expected ra-
pidity of CO2 warming, it can be antici-
pated that average high-latitude warming
will be a few times greater than the
global mean effect.

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

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

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

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

Danger of rapid sea level rise is posed
by the West Antarctic ice sheet, which,
unlike the land-based Greenland and
East Antarctic ice sheets, is grounded
below sea level, making it vulnerable to
rapid disintegration and melting in case
of general warming (55). The summer
temperature in its vicinity is about -5°C.
If this temperature rises - 5°C, deglacia-
tion could be rapid, requiring a century
or less and causing a sea level rise of 5 to
6 m (55). If the West Antarctic ice sheet
melts on such a time scale, it will tempo-
rarily overwhelm any sea level change
due to growth or decay of land-based ice

4

Fig. 6. Projections
of global tempera-
ture. The diffusion
coefficient beneath
the ocean mixed
layer is 1.2 cm2
sec', as required
for best fit of the
model and observa-
tions for the period
1880 to 1978. Esti-
mated global mean
warming in earlier
warm periods is in-
dicated on the right.
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sheets. A sea level rise of 5 m would
flood 25 percent of Louisiana and Flori-
da, 10 percent of New Jersey, and many
other lowlands throughout the world.

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

Floating polar sea ice responds rapidly
to climate change. The 5° to 10°C warm-
ing expected at high northern latitudes
for doubled CO2 should open the North-
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temperatures in Fig. 3. Carbon dioxide change is from the slow-growth scenario. The effect of
other trace gases is not included.
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west and Northeast passages along the
borders of the American and Eurasian
continents. Preliminary experiments
with sea ice models (56) suggest that all
the sea ice may melt in summer, but part
of it would refreeze in winter. Even a
partially ice-free Arctic will modify
neighboring continental climates.

Discussion

The global warming projected for the
next century is of almost unprecedented
magnitude. On the basis of our model
calculations, we estimate it to be
- 2.5°C for a scenario with slow energy
growth and a mixture of nonfossil and
fossil fuels. This would exceed the tem-
perature during the altithermal (6000
years ago) and the previous (Eemian)
interglacial period 125,000 years ago
(53), and would approach the warmth of
the Mesozoic, the age of dinosaurs.
Many caveats must accompany the

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

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

(58) to gradually increasing CO2 amount.
Political and economic forces affecting

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

pogenic release of CO2 is likely to be the
most fascinating global geophysical ex-
periment that man will ever conduct.
The scientific task is to help determine
the nature of future climatic effects as
early as possible. The required efforts in
global observations and climate analysis
are challenging, but the benefits from
improved understanding of climate will
surely warrant the work invested.
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