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More than three decades have
passed since Roger Revelle and
Hans Suess (1957) drew scientific at-
tention to a planetary-scale “‘experi-
ment” in which mankind is “return-
ing to the atmosphere and oceans the
concentrated organic carbon stored in
sedimentary rocks over hundreds of
millions of years.” In the years since
that warning, we have begun to
grasp the significance of this un-
planned and uncontrolled experi-
ment. We are witnessing a dramatic
increase in carbon dioxide in the at-
mosphere, and we now recognize the
potential climatic impact of that in-
crease. What began as speculation
among scientists about the interac-
tions between CO, and climate is
today a popular subject for govern-
ment reports, Congressional hear-
ings, newspaper articles and interna-
tional policy debates.

The debates are set against a
backdrop of new findings about CO,
in the atmosphere. In recent years
we have gained information on the
contribution of land clearing to atmo-
spheric CO, levels. We have found
that long-term records of atmo-
spheric’ CO, concentrations can be
obtained from ice cores. And we have
better estimates of how carbon is
stored and exchanged by oceanic, at-
mospheric and terrestrial reservoirs.

But the research of the past few
years has uncovered more complexi-
ties than were previously appreci-
ated. We are unable to balance all the
fluxes of the global carbon cycle over
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The dynamic responses
of natural systems to CO,
remain a puzzle—
and the earth’s climate may
hang in the balance.

the period from 1800 to the present,
and different mathematical models
give results that are hard to reconcile.
Moreover, recent studies have added
to our awareness of the sensitive
feedback relationships between the
concentration of CO, in the atmo-
sphere and the terrestrial and oceanic
processes that regulate exchanges
with the atmosphere. The popular
phrase “greenhouse effect” describes
one part of the interaction between
CO, and climate, in which a higher
concentration of CO, is expected to
bring about a global warming. Feed-
back processes, however, could ei-
ther moderate the increase in CO,—
and thereby stabilize the global
system—or turn a gradual rise into
an even more rapid climb. Hence,
while we can document the growing
human contribution of carbon diox-
ide to the atmosphere, and the poten-
tial for additional increases, we are in
a poor position to predict how con-
tinued increases will affect the global
carbon cycle.

Writing in American Scientist in
1977, Charles F. Baes, Jr., and his
colleagues accurately articulated
what was then known about CO,
and climate. In this article we present
what we believe are the most impor-
tant advances in carbon-cycle re-
search since that article appeared. We
take inventory of the world’s carbon
reservoirs, and we discuss what is
known about the role of oceanic and
terrestrial systems in exchanging CO,
with the atmosphere. Finally, we de-
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scribe a new global systems ap-
proach, which shows promise in re-
solving current difficulties.

Carbon Reservoirs and Fluxes

The carbon dioxide that makes up a
small (but vitally important) constitu-
ent of the atmosphere is part of a vast
planetary cycle, in which carbon cir-



culates among three active reservoirs
and undergoes several changes of
chemical form. The reservoirs are the
atmosphere, the oceans and a terres-
trial system that includes a variety of
stocks, such as forests and the or-
ganic carbon found in soil (Figure 6).
Of the three reservoirs the oceanic
one contains by far the largest
amount of carbon. The atmosphere is
the smallest in terms of carbon stor-
age, but it plays a significant role in
the cycle as a conduit between the
other two reservoirs. The flux of car-
bon among the reservoirs is influ-
enced by the current inventory of

carbon in each reservoir and by the
turnover rates, which vary as func-
tions of environmental factors.

The size of the atmospheric car-
bon reservoir has been accurately
known since 1958, when Charles
Keeling began continuous measure-
ments of the atmospheric concentra-
tion of CO, at the Mauna Loa Obser-
vatory in Hawaii. In 1958 the average
annual concentration in the atmo-
sphere was 315 microliters of CO, per
liter of air, which works out to a
concentration of about 0.03 percent
and a total of 671 gigatons (billions of
metric tons) of carbon in the atmo-

sphere. Since then the amount of
carbon in the atmosphere has grown
exponentially (Figure 3b). In 1988 the
concentration was 351 microliters per
liter, or 748 gigatons of carbon. In
contrast, analysis of air trapped in
polar ice shows that over the past
160,000 years, atmospheric CO, has
varied from 200 microliters per liter at
the height of the last glaciation to
between 260 and 300 microliters per
liter during interglacial periods. Ice-
core measurements for recent times
agree well with the Mauna Loa data
and suggest that concentrations dur-
ing the period from 1750 to 1800 were

Figure 1. Burned Amazonian rainforest, crossed by an unpaved road, suggests the impact of human activities on the global carbon cycle.
As a result of deforestation, as much as 2.6 gigatons of carbon stored in vegetation returned to the atmosphere as carbon dioxide in 1980.
Estimates of this flow, the size of the carbon stocks in tropical vegetation and the impact of past land-use activities on the global carbon cycle

are the subjects of considerable debate.




Figure 2. Trapped air bubbles, analyzed to provide a record of atmospheric CO,
concentrations, are visible in samples of recently formed ice. This photograph, made

between crossed polarizers, shows a section of a Byrd Station Antarctic ice core, half a
millimeter thick and 61 millimeters across in this picture. The section was taken from a

depth of 56 meters, where the trapped air is estimated to be 450 years old. The bubbles
appear amber-colored and are located primarily at crystal grain boundaries. Ice-core
measurements have replaced the less-reliable technique of analyzing **C in tree rings to /
compare current atmospheric CO, levels with those of the recent past. (Photograph courtesy;""
of A. J. Gow, U.S. Army Cold Regions Research and Engineering Laboratory.)

approximately 279 microliters per li-
ter, an important benchmark for esti-
mating the impact of recent human
activity.

The ocean stores carbon in three
forms: dissolved inorganic carbon
(consisting of dissolved CO, and the
bicarbonate and carbonate ions
HCO;™ and CO3"), dissolved organic
carbon (consisting of both small and
large organic molecules) and particu-
late organic carbon (consisting of live
organisms or fragments of dead
plants and animals). Based on data
from the Geochemical Ocean Sec-
tions Study, about 37,000 gigatons of
dissolved inorganic carbon is found
in the oceans. In 1979 Kenneth Mop-
per and Egon Degens estimated that
the oceans contain an additional
1,000 gigatons of dissolved organic
carbon and 30 gigatons of particulate
organic carbon. New measurement
techniques, however, may substan-
tially increase the estimates of organic

arbon.

There is considerable uncer-
tainty about how much carbon is
stored on land. Estimates of the car-
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Figure 3a. Carbon dioxide concentrations in the atmosphere have varied over the glacial cycles of the earth’s history, peaking at just under
300 microliters per liter of air during the interglacial period approximately 130,000 years ago and reaching that level again at the end of the
last glaciation 10,000 years ago. This graph shows CO, measurements from air bubbles trapped in Antarctic ice sampled at Vostok and Byrd

stations (Barnola et al. 1987, Neftel et al. 1982).
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bon in plants range widely, from 420 6
to 830 gigatons, depending on the
methods used to classify ecosystems
into types, to determine the area of
each type, and to measure the carbon
stocks of each type. The same prob
lems arise in estimating the storage of
carbon in litter and soil organic mat-
ter; the most probable range for soil
carbon is between 1,200 and 1,600
gigatons.

Since the Industrial Revolution,
people have contributed carbon to
the atmosphere primarily through
the burning of fossil fuels such as
coal, petroleum and natural gas. This
activity injects into the cycle annually
a substantial amount of carbon—
equivalent to 0.8 percent of the cur-
rent carbon content of the atmo-

sphere—from the earth’s geological 0 . .
reservoir, which otherwise would not 1860
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play a role in the global carbon cycle
in the short term. Carbon emissions
from fossil-fuel burning are estimated
to have increased at a rate near 4.3
percent per year from 1860 until 1973,
except for brief periods during the

Figure 4. Fossil-fuel burning, cement production and natural-gas flaring have released
increasing amounts of carbon into the atmosphere since 1860. With the exception of short
periods during the Great Depression and world wars, emissions grew about 4.3 percent
annually until 1973. Following the 1973 oil embargo and a decline induced by sharp oil
price increases in the early 1980s, the amount of carbon entering the atmosphere in these
ways resumed its steady increase in the mid-1980s and reached 5.9 gigatons in 1988 (Marland

Great Depression and the world et al. 1989).
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Figure 3b. Atmospheric CO, began increasing in the 18th century, and direct measurements made at Mauna Loa Observatory in Hawaii since
1958 indicate that the increase has accelerated. In 1988 the atmospheric carbon reservoir was estimated at 748 gigatons, equivalent to a CO,
concentration of 351 microliters per liter and larger than at any time during the past 160,000 years. The South Pole and Siple ice-core data are

from Neftel et al. 1985, Friedli et al. 1986 and Siegenthaler et al. 1988.
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wars. The 1973 oil embargo halted
this growth, but emissions have been
increasing again since the mid-1980s,
and the amount of carbon contrib-
uted to the atmosphere from fossil-
fuel burning was about 5.9 gigatons
in 1988 (Figure 4). Remaining re-
serves of recoverable fossil fuels total
more than 4,000 gigatons.

To evaluate the cumulative im-
pact of fossil-fuel burning, we must
place it in context with other contri-
butions to the carbon cycle—includ-
ing human land use, which transfers
carbon from the terrestrial reservoir

to the atmosphere. While fossil-fuel
burning contributed about 5.9 giga-
tons of carbon to the atmosphere in
1988, the atmosphere annually ex-
changes more than 100 gigatons of
carbon with terrestrial ecosystems
and a similar amount with the
world’s oceans. Thus the overall
flows of carbon into and out of the
atmosphere amount to more than 25
percent of the total atmospheric res-
ervoir (Figure 5).

This article will discuss these
processes in terms of net fluxes—the
difficult-to-measure balances and

imbalances in exchanges of carbon
between and within the reservoirs.
Determining how human activities
affect the concentration of atmo-
spheric CO, requires understanding
the effects of the natural fluxes and of
feedbacks between increased atmo-
spheric CO, and changes in these
fluxes.

Ocean Mixing and Circulation

The largest pool of carbon in the
world cycle, the oceanic reservoir,
has a major part in determining the
concentration of CO, in the atmo-

geological reservoir

‘biological
pumping

circulation

Figure 5. Massive flows between reservoirs make up the global carbon cycle. Plants on land take in carbon dioxide through photosynthesis.
The terrestrial biosphere returns carbon to the atmosphere through plant respiration, the decomposition of plant residues and natural fires.
The clearing of land for human activities also transfers carbon from the terrestrial system to the atmosphere. Meanwhile, gases are exchanged
rapidly at the ocean surface; carbon is transferred to the deep ocean by circulation and by biological production (the use of carbon by surface
organisms to produce compounds that enter the food chain of marine life). The ocean is believed to accumulate about two gigatons of carbon
per year; most of this carbon is eventually dissolved in deep-ocean waters. Fossil-fuel burning transfers carbon from the geological reservoir
to the atmosphere. All carbon fluxes are 1980 estimates, in gigatons.
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sphere through physical processes
(mixing and circulation), chemical
processes (carbon chemistry and
buffering effects) and biological pro-
cesses (production and decomposi-
tion of organic matter and the forma-
tion and dissolution of carbonate
shells). Biological processes maintain
the carbon structure of the oceans:
deep-ocean water is richer in dis-
solved inorganic carbon than surface
water, in which the dissolved carbon
is reduced by photosynthesis and the
subsequent sinking of the organic
matter produced. These vertical gra-
dients help to stabilize the atmo-
spheric CO, concentration, as does
ocean alkalinity, which regulates car-
bonate chemistry.

Because of the effectiveness of
winds over the oceans’ vast surface
area, CO, is exchanged rapidly across
the sea-air interface, resulting in an
approximate equilibrium between
the partial pressures of CO, in the
atmosphere and in the surface ocean
water. As a result, little CO, can be
taken up by surface seawater without
a process that transfers carbon to the
deeper water, lowering the concen-
tration of CQO, at the surface.

The rate at which carbon in
ocean surface water is mixed into
deeper layers was poorly known un-
til both radioactive and stable chemi-
cal tracers could be used for making
estimates. Since the 1970s natural '*C
and both tritium (*H) and '*C pro-
duced by atmospheric tests of nuclear
weapons have served as tracers in
studies of ocean mixing and circula-
tion. These tracer data permit calibra-
tion of models of carbon turnover in
the oceans. Such models typically di-
vide the oceans into a well-mixed
surface layer exchanging carbon with
the atmosphere and with deeper wa-
ters, and a deep-water reservoir that
is further subdivided to represent
mixing and circulation effects. The
most widely applied model based on
such layers, or boxes, describes verti-
cal transfer in terms of diffusion; it
is therefore called a box-diffusion
model. The calibrated model sug-
gests that the net carbon uptake by
the oceans lies in the range from 23 to
30 gigatons for the years between
1958 and 1980—or 26 to 34 percent of
the fossil-fuel carbon put into the
atmosphere during that period. This
considerable range between the up-
per and lower estimates indicates

how inadequately we understand
mixing processes in the ocean.

In addition to the vertical mixing
emphasized by the box-diffusion
model, larger-scale advective flows
(currents) transport carbon in the
ocean. This transport often follows
contours of equal density, called
isopycnals. At low and middle lati-
tudes the densest water is at the
greatest depths; at high latitudes,
however, such dense waters occur at
shallow depths. They can even be
exposed to the atmosphere under po-
lar low temperatures. Direct contact
of excess atmospheric CO, with
dense, cool water in polar outcrop
areas such as the North Atlantic cre-
ates a shortcut for
amounts of carbon to enter waters
that sink to form the deep waters for
much of the world’s oceans. It is not
known what fraction of excess CO,
has entered the ocean through this
process, however, because very little
is known about high-latitude ocean-
ography and deep-water formation.

Biological Pumping

In a box-diffusion model, carbon up-
take is calculated by deriving a coef-
ficient of vertical diffusivity, which is
actually a surrogate for several im-
portant water-mixing effects: up-
welling, downwelling, vertical diffu-
sion, advection and the gravitational
drift of biogenic materials. Under-
standing the ocean carbon cycle lies
in determining the effects of such
controlling processes, which also in-
clude biological production and de-
struction.

Marine life flourishes near the
ocean surface. Through photosyn-
thesis, organisms take up dissolved
inorganic carbon and manufacture
both inorganic compounds (such as
the carbonate of foraminifera shells)
and the organic matter that provides
energy to the marine food chain.
Many of the substances created
through this process, which is called
primary production, sink to the
deeper ocean, often in the form of
fecal pellets and dead organisms. The
sinking materials undergo remineral-
ization and bacterial decomposition,
and a minor fraction is deposited on
the floor of the open ocean. The
transport mechanism that carries car-
bon from the upper ocean to deep
waters is called biological pumping.

The rate at which biological

significante

pumping transfers organic material
from the surface to the deeper ocean
is called new production. New pro-
duction is hard to measure directly,
and therefore it is estimated as 15 to
20 percent of net primary production
(carbon assimilated through photo-
synthesis less what is released by
respiration of photosynthetic organ-
isms). Until recently, the magnitude

748 atmospheric

2,000 - terrestrial

38,000

4,000 geological

Figure 6. Major active reservoirs in the
natural global carbon cycle are the oceans,
terrestrial system and atmosphere. The
oceans are the largest active reservoir; the
atmosphere, the smallest. Geological stores
of recoverable fossil fuels form a reservoir
that was relatively inactive in the carbon
cycle before people began mining and
burning fossil fuels. Reservoir sizes are
expressed in gigatons of carbon.
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of new production was thought to be
approximately 3.4 gigatons per year

(Koblentz-Mishke, Volkovinsky and -

Kabanova 1970). But many investiga-
tors now believe that sampling and
incubation procedures used in esti-
mating ocean production have inhib-
ited the growth of phytoplankton,
resulting in a systematic underesti-
mate of oceanic production. Recent
measurements that eliminate this in-
hibition indicate that new production
may be as much as 8.3 gigatons per
year, or 2.4 times as large as the
estimates derived from the work of
Koblentz-Mishke and her colleagues.
The lack of agreement among ocean-
ographers about these revisions adds
uncertainty to our understanding of

this important flux in the global car-
bon cycle.

Special attention has been di-
rected to the important role of polar

-oceans in biological pumping; more-

over, the polar seas offer us a glimpse
of ocean activity under extreme climat-
ic conditions. In upwelling areas of the
Antarctic Ocean, nutrient sup-
plies—with the possible exception of
iron—do not limit primary produc-
tion, as they do in most of the world’s
oceans. Instead, there are other limit-
ing factors such as reduced incident
solar radiation during seasonal ex-
tensions of sea ice. This suggests that
by reducing the extension of sea ice,
warming at high latitudes might en-
hance biological production and in-

<

sediment

warm, less-salty, shaliow current

cold, salty, deep current

Figure 7. Flows of carbon in the world’s oceans can be depicted as movements within and
between box-shaped ocean compartments. The blue arrows in this vertical cross section
indicate global circulation: upwelling of deep waters in the northern Indian Ocean and
equatorial Pacific, downwelling in the North Atlantic. Horizontal transport occurs in both the
deep, cold ocean layers and the warm surface waters. Wavy arrows represent biological
pumping, which transfers carbon to the deep waters. Diffusion also moves carbon between
layers. Model calculations considering these flows, calibrated with measurements of the
movements of chemical tracers, suggest that the oceans took up between 26 and 34 percent of
the fossil-fuel carbon put into the atmosphere between 1958 and 1980. (After Broecker 1985.)
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crease the downward flux of carbon.

Recent research has also shaken
long-held assumptions about another
aspect of the biological transfer of
carbon in the oceans. Recently sev-
eral geochemists using a new tech-
nique for the oxidation of organic
compounds in seawater (Sugimura
and Suzuki 1988) have found a large
quantity of dissolved organic com-
pounds, largely carbohydrates and
proteins, in the world’s oceans. The
new estimates of dissolved organic
carbon in both surface and deep wa-
ter are at least twice as large as pre-
viously accepted values. These com-
pounds, which are likely produced
by photosynthetic organisms at the
ocean surface, are transported by ad-
vection or mixing rather than by sink-
ing. The presence of such large quan-
tities of newly detected dissolved and
actively decomposing organic carbon
complicates the interpretation of
depth profiles of oxygen and carbon,
which are used for making ocean
carbon-flux estimates.

There have been some difficul-
ties in reproducing the results of
Sugimura and Suzuki, but the mea-
surements made using this method
remain striking. Their apparatus, a
complete combustion column, can
extract large amounts of dissolved
organic carbon from water samples
from which it was thought all dis-
solved organic carbon had been re-
moved. If a much larger pool of this
carbon exists, and if it has a mean
lifetime of 100 years as they suggest,
then the mean production rate of
dissolved organic carbon would be
about 4.3 gigatons per year—compa-
rable to the conventional estimate of
new production. The estimated pool
of dissolved organic carbon based on
the new measurements is probably at
least twice the size of either the atmo-
spheric CO, pool or the carbon pool
represented by terrestrial plants. Its
production and dispersal is a poten-
tially significant biologically induced
flow of organic matter from the ocean
surface to deep water. Small changes

-in such a pool would appreciably

alter the ocean-atmosphere CO, ex-
change rate.

The Terrestrial Carbon Cycle

Terrestrial carbon dynamics have also
presented daunting challenges to
those seeking to understand the
global carbon cycle. As in marine



Figure 8. Qutcrop of cold, dense waters in the North Atlantic provides a direct path for atmospheric carbon invading deep ocean water. The
outcrop is seen in purple near the top of this three-dimensional image of an isopycnal surface, or equal-density horizon, in the Atlantic. The
computer-generated image, which shows the area between the equator and 55 degrees north, is produced by a model based on principles of
ocean dynamics and forced with seasonally varying wind stress, heating and fresh-water fluxes at the sea surface. Colors show the “age” of
water on the isopycnal surface—the time since it was last exposed to the atmosphere. The vertical dimension of the box indicates the depth—
descending from the surface to 500 meters—at which water of this density is found in the ocean. Near the equator, water on this isopycnal
has not been exposed to the atmosphere for a decade. The model was constructed by Frank O. Bryan and William R. Holland of the National

Center for Atmospheric Research.

biological pumping, the cycle on land
begins with primary production by
photosynthetic plants that take up
inorganic carbon as CO, and make
organic compounds, which serve as
the source of chemical energy in the
food chain. Terrestrial ecosystems re-
turn carbon to the atmosphere by
respiration, decay and fires. The ter-
restrial carbon reservoir is actually a
collection of carbon pools with a wide
range of net primary production
rates, respiration rates and carbon
turnover times.

Data from the International Bio-
logical Program, an effort to assess
biological productivity worldwide,
became available in the late 1970s.
Jerry Olson and his colleagues used
this information in 1983 in construct-
ing a new global estimate of terres-
trial carbon pools. Their estimate con-
sidered both human influences and
natural factors and accounted for pe-

riodic disturbances that might cause
regional variations from pristine con-
ditions in which ecosystem carbon
fluxes are thought to be in balance. In
calculating the net uptake of carbon
by terrestrial vegetation, Olson dis-
tinguished three components of live
vegetation: low vegetation, woody
parts of trees and nonwoody parts of
trees. While the net primary produc-
tion amounts for the three pools are
similar, tree wood and low vegeta-
tion are larger pools with slower
turnover rates than tree leaves.

The total net primary production
of terrestrial vegetation has been es-
timated at 62 gigatons per year. This
is assumed to be approximately bal-
anced, over a period of several years,
by an equivalent return of carbon to
the atmosphere from decomposition
of litter and soil organic matter. The
return flow comes from two pools of
“dead” organic matter: the detritus/

decomposer pool, made up of litter
and decomposers at the soil surface,
and the active soil carbon pool, which
consists of that fraction of the carbon
in soils, and the associated decom-
poser organisms, that are in relatively
active exchange with the atmo-
sphere. Figure 10 shows the relation-
ship of these pools to other compo-
nents of the terrestrial ecosystem.
The global totals do not illustrate
the wide variations in the activity of
these pools. The rates of input for
different ecosystem types, such as
temperate forest and tundra, vary
over several orders of magnitude.
The turnover time of carbon in the
detritus/decomposer pool can range
from less than a year in moist tropical
forests to decades in cold, dry boreal
forests. Soil contains both active car-
bon pools and relatively inactive
ones; the activity of soil organic mat-
ter varies with depth, soil texture,
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climate and the chemistry of the or-
ganic matter. For example, the closer
the organic matter is to the surface,
the more readily decomposed it is,
and, therefore, the greater its impact
on annual or seasonal CO, cycles.
Pools that are larger but have lower
exchange rates may regulate long-
term trends. In addition, some soils,
even though undisturbed by human
activities, are not currently in a

steady state. Globally, peatland and
wetland soils may be accumulating
0.1 to 0.3 gigaton of carbon per year,
and desert soils may store 0.01 giga-
ton of carbon per year in the form of
carbonates.

The balance between these pro-
cesses—assimilation by photosyn-
thesis and the release of carbon from
both living and dead material—deter-
mines the magnitude of the net ex-

change of carbon between the atmo-
sphere and the world’s terrestrial
systems. Over time periods shorter
than a decade, carbon fluxes may be
out of balance at specific locations,
shifting with the availability of nutri-
ents, changes in the weather, and
sporadic disturbances. But over long
periods, for reasonably undisturbed
ecosystems, uptake and loss are gen-
erally assumed to be in balance, so

Figure 9. Polar oceans are the sites of abundant biological activity, as shown in these composite images produced by the Coastal Zone Color
Scanner, which operated on the Nimbus-7 satellite from 1978 to 1986. Phytoplankton blooms in both the Arctic and Antarctic oceans are
highly seasonal, limited by the availability of sunlight. The images are based on cumulative radiometric measurements of phytoplankton
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that the average standing crop of car-
bon reaches a steady-state level.

We shall assume, as do the au-
thors of nearly all studies of human
disturbance of vegetation, that the
exchange of carbon between the at-
mosphere and undisturbed terrestrial
ecosystems is more or less in balance
over annual or decade time scales.
Some investigators, notably Ariel
Lugo and Sandra Brown (1986), ar-

gue that we cannot assume there are
enough reasonably undisturbed re-
gions of the terrestrial world for such
an assumption to be usefully applied
to carbon-cycle calculations. Never-
theless, if care is taken to incorporate
some natural disturbances into what
we consider to be equilibrium carbon-
pool sizes, this assumption provides
a basis for estimating the net flux of
carbon between the atmosphere and

terrestrial systems due to human ac-
tivities—a flow that has been impos-
sible to measure directly.

Impact of Human Land Use

Several methods have been devel-
oped to estimate the recent effect of
land use, such as forestry and agri-
culture, on the net flux of carbon
between the atmosphere and the ter-
restrial ecosystem. One approach,

pigment concentrations, an index of photosynthetic activity near the surface. Yellow to red hues indicate the highest concentrations, blues
and purples the lowest. Regions where no measurements were taken or where the sensor’s view was obscured by clouds are colored gray.
(Images by Gene Carl Feldman, National Aeronautics and Space Administration Goddard Space Flight Center.)
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called reconstruction, relies on data
recording changes in land use, from
which one can estimate changes in
the amount of carbon stored in vege-
tation and soil. A second approach
attempts to deduce the flux from car-
bon pools on land into the atmo-
sphere through the technique called
deconvolution.

During the 1980s several studies
attempted to reconstruct the impact
of land-use changes on the net re-
lease of carbon into the atmosphere.
Studies focusing on land clearing for
cropping in specific regions produced
estimates of the flow of carbon to the

atmosphere in the range from 0.4 to
2.6 gigatons for 1980. Almost all of
this amount came from the tropics;
the analyses lacked comprehensive
treatments of the impacts of fire sup-
pression in the Northern Hemi-
sphere (which results in increased
carbon storage within extant forests
and forest expansion into sparsely
wooded areas) or of logging, harvest-
ing of fuel wood, deliberate burning,
and grazing in tropical savannas.
Other studies have attempted to
reconstruct a time series of the net
biotic flux of carbon since 1800 by
using land-use data. The most recent

estimate (Houghton 1989) recon-
structs yearly changes in the amount
of carbon in terrestrial systems by
considering 10 geographic regions,
each with up to 14 types of ecosys-
tems and seven types of land-use
changes. The analysis tracks the area,
age and carbon content of each dis-
turbed ecosystem, using response
curves to describe the change in car-
bon stocks after a disturbance. It also
computes the oxidation of fuel wood
and wood products. The reconstruc-
tion yields an estimate that the total
net flow of carbon to the atmosphere
as a result of changes in land use

net assimilation

: of carboh by photosynthesis~ : o

litterfall

jow vegetation
" sog

turnover time
(years)

Figure 10. Terrestrial flows of carbon are determined by varying rates of photosynthesis, respiration and decay, and by the turnover times of
the carbon reservoirs in the biosphere. Carbon is assimilated from the atmosphere by the woody and nonwoody parts of trees and by ground
vegetation such as grasses and low bushes. An estimated 62 gigatons of carbon in plant material falls to the ground as litter or enters the soil
by root mortality each year. The carbon contained in litter and soil is returned to the atmosphere through decomposition. While the woody
parts of trees represent the largest active reservoir of terrestrial carbon, they exhibit very slow turnover; nonwoody tree parts store less carbon
but turn over rapidly. As a result, these reservoirs assimilate similar amounts of carbon over time. The illustration represents the flows of
carbon within the system and sizes of terrestrial carbon compartments in gigatons.
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between 1800 and 1980 amounted to
between 90 and 120 gigatons.

But the estimates derived by the
reconstruction approach are inconsis-
tent with the observed increase in
atmospheric carbon. If the estimated
release of carbon due to changes in
land use (90 to 120 gigatons) is added
to recorded releases from burning
fossil fuels (150 to 190 gigatons), and
if estimated ocean uptake (40 to 78
gigatons) is subtracted, the increase
in atmospheric carbon for the period
from 1800 to 1980 should, using the
extremes, lie in the range from 162 to
270 gigatons. The observed increase
is approximately 150 gigatons—be-
low the minimum calculated using
the reconstruction estimates. Since
the ranges of predicted and observed
increases in atmospheric carbon do
not even overlap, many scientists re-
main skeptical that we can analyze
the impact of fossil-fuel burning on
the global carbon cycle.

Because changes in terrestrial
carbon pools are difficult to measure,
it is often assumed that reconstruc-
tion of the terrestrial flux is in error.
This may or may not be correct, but
recent work suggests several possible
sources of error in the reconstruc-
tions. The amount of carbon in initial,
undisturbed ecosystems may have
been overestimated, so that projec-
tions of the amount released by
changes in land use were too high.
An even larger problem may lie in
the simplifying assumption that hu-
man influences on many ecosystems
were negligible before land-use con-
version. Carbon stocks may have
been gradually lowered over long pe-
riods before land areas were com-
pletely converted to crops or shifting
cultivation.

An alternative method for esti-
mating the land-use flux of carbon is
deconvolution. The essential idea is
to subtract fossil-fuel emissions from
measured changes in atmospheric
carbon, making allowances for the
uptake of carbon by the oceans; the
difference should be the contribution
of the terrestrial system. Given our
assumption of carbon balance in nat-
ural systems, this flux is equivalent to
that from land-use changes.

Deconvolution studies have pro-
duced a wide spectrum of results.
Studies done in the early 1980s used
measurements of °C in tree rings to
estimate atmospheric carbon levels in

the period, before the Mauna Loa
record begins. However, local envi-
ronmental conditions influence the
relationship between *C in tree rings
and atmospheric CO, levels, compli-
cating this method. Analysis of bub-
bles trapped in ancient glacial ice now
provides a direct means of measuring
historical levels of *C and CO, par-
tial pressure. Depending on which
ocean model is employed, deconvo-
lution based on the ice-core record

planation, given the vast scale on
which tropical forests are being de-
stroyed today. One line of specula-
tion suggests there was substantial
land clearing in the northern temper-
ate zones in the 19th century, and
much of this area may now be serv-
ing as a CO, sink. Analyses of key
regions indicate, however, that vege-
tation regrowth is unlikely to be large
enough to account for most of the
discrepancies.

1gure

o1l carbonate, or caliche, serves as a carbon reservoir 1n dry ecosystems, rorming

£

at a global rate of about 0.01 gigaton per year. Caliche in the desert landscape of La Mesa,
near Las Cruces, New Mexico, is clearly visible as a white layer in the soil profile.
(Photograph by William H. Schlesinger, Duke University.)

gives a cumulative release of from 90
to 150 gigatons of carbon from 1800 to
1980.

The deconvolution estimates
suggest a historical pattern that does
not agree with the pattern derived
from historical reconstruction. Figure
13 compares the results of studies
done by the two techniques. The re-
construction estimate shows an expo-
nential increase in carbon release
since 1900, due largely to the in-
creased rate of tropical-forest clearing
over the past 50 years. The deconvo-
lution estimate suggests a steadily
declining land-use flux, making the
terrestrial system a CO, source in the
19th century and a sink in the latter
part of the 20th century. This lack of
apparent increase demands some ex-

If the reconstruction method
turns out to be correct, attention will
focus on adjustments to the ocean
models as a means of achieving con-
sistency. Could any conventional
ocean model reconcile the estimated
rate of land-use release with the
Mauna Loa and ice-core measure-
ments? lan Enting and J. V. Mans-
bridge (1987), using a linear-pro-
gramming technique to answer this
question, concluded that the discrep-
ancy is too large. They mention four
possible remedies, one of which is
particularly worthy of notice here:
the possibility of nonlinear effects in
the uptake of CO, by the oceans. This
notion is strengthened by other lines
of evidence suggesting that the com-
plex dynamics of the global circula-
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Figure 12. Carbon stores in the terrestrial ecosystem are dispersed unevenly around the globe. These images show plant activity during two-
month periods in 1987 using the Global Vegetation Index, which is compiled with data from sensors mounted on National Oceanic and
Atmospheric Administration satellites. The images show the cycles of photosynthetic activity in the Northern and Southern hemispheres.

tion of ocean waters are important in
describing CO, uptake. Such consid-
erations are leading to the develop-
ment of three-dimensional general-
circulaion models of the oceans,
which can accommodate nonlinear
effects.

Much of the progress in under-
standing the global carbon cycle has
been accomplished by a divide-and-
conquer strategy, in which scientists
from many disciplines work sepa-
rately on separate pieces of the prob-
lem. Although this approach will
continue to refine our knowledge of
the global carbon cycle, the pieces do
not always fit together. Over the past
decade, a new perspective has
emerged. This approach recognizes
that the oceans, terrestrial ecosys-
tems, the atmosphere and climate
form an interconnected system that
can be studied in its entirety. Com-
ponents of this global system interact
through the hydrologic cycle of evap-
oration and precipitation, through
the flow of carbon and nutrients in
food chains, and through biological
and geochemical reactions that result
in trace-gas exchanges. All of these
phenomena in turn have an influence
on climatic conditions at the earth’s
surface. It is just such feedback rela-
tions—where the output of a system
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affects its own input—that give rise
to complex responses.

Three kinds of research are im-
portant to this approach: global mod-
eling, which couples system compo-
nents that were previously considered
separately; spatial studies, which ex-
plore regional differences in carbon
exchanges; and the analysis of tem-
poral patterns of CO, variation in
the atmosphere.

Global System Modeling
Mathematical models of carbon flow
between the oceans and the atmo-
sphere and between terrestrial eco-
systems and the atmosphere have
long been useful tools in carbon-cycle
research. In the area of ocean-atmo-
sphere dynamics, recent models
have improved our understanding by
incorporating three spatial dimen-
sions and by allowing for the simul-
taneous transfer of heat and carbon,
thus coupling the biogeochemical
system with the climate system.
One step in this direction is the
lateral-transport model of the global
oceans proposed by Wallace Broecker
and his colleagues in 1985. The model
divides the Atlantic and Pacific
oceans into five latitudinal zones and
the Indian Ocean into three latitudi-
nal zones. It incorporates upwelling

coupled with a divergence of surface
waters in the tropics, the Antarctic
regions and the North Pacific. A cor-
responding convergence of surface-
water flow coupled with down-
welling is necessary in the temperate
regions of all the oceans and in the
North Atlantic.

In Broecker’s model the oceans
can take up 35 percent of the CO,
released from fossil-fuel burning dur-
ing the period from 1958 to 1980—
slightly more than traditional globally
averaged models suggest. Oceanog-
raphers have hoped to build more
complex ocean models that would
help balance the global carbon cycle,
but preliminary results do not show
significant increases in carbon uptake
from these models. Still more detail
could be included in models based on
real-world measurements of temper-
ature, salinity and currents, and on
data describing the distribution of
tracers in the sea. More work is
needed to ascertain that the ocean-
circulation models describe the ocean
adequately and to include biological
processes.

General-circulation models of
the atmosphere have been coupled
with similar models of fluid and heat
transport in the oceans to understand
the exchange of heat and moisture



Deep green represents the highest “greenness index.” Yellow indicates moderate vegetation, and browns and grays show minimal activity.
Data values were omitted for the areas in white because of cloud cover and other technical problems. (Images courtesy of Kevin P. Gallo,
NOAA/National Environmental Satellite, Data, and Information Service, and the U.S. Geological Survey/EROS Data Center.)

between the oceans and atmosphere.
And a convergence of efforts is
linking models of atmospheric and
oceanic circulation, and incorporat-
ing carbon exchanges and flows into
the ocean models. This combined ap-
proach promises to be a powerful tool
in developing an understanding of
the complex relationship between
ocean biogeochemistry and climate
dynamics.

Carbon-cycle models that at-
tempt to describe terrestrial processes
currently do not include a central
feature of the dynamics of the sys-
tem—the dependence of its major
processes on environmental condi-
tions such as temperature, moisture
and CO, concentration. All ecological
processes are sensitive to tempera-
ture and moisture. These environ-
mental conditions control the faster-
responding biological processes of
the carbon cycle: photosynthesis, res-
piration, translocation and transpira-
tion in plants, and the turnover of
microbial decomposers. Photosyn-
thesis and respiration also can be
affected by increases in atmospheric
CO,. Such fast responses are con-
strained by slow ecosystem dynamics
that allocate carbon to various com-
partments (leaves and fine roots,
wood, litter and soil organic matter),

decompose dead organic matter and
alter ecosystem composition through
replacement of plant species.
Feedback mechanisms (in which
CO, emissions lead indirectly to
greater carbon uptake) could produce
changes in terrestrial production
large enough to compensate, at least
in part, for decreased production and
storage caused by human land use.
This could, in turn, account for some
or all of the inconsistencies in histor-
ical reconstructions of carbon flows.
But in order to describe realistically
how terrestrial carbon dynamics re-
spond to varying environmental fac-
tors, two classes of terrestrial models
must be merged: physiological mod-
els of the fast carbon dynamics and
ecosystem models of the slow carbon
dynamics. This is not a simple mat-
ter. Models of fast processes are de-
signed for small time intervals and
small spatial extents—hours and cen-
timeters. Because of nonlinearities
and complex spatial variations, the
models cannot simply be integrated
to take in a larger scope. Further-
more, computational errors grow un-
acceptably when small deviations ac-
cumulate over long periods.
Another significant challenge is
the wide variation of environmental
conditions across the earth’s surface.

Global-scale analyses of carbon
dynamics that take into account the
spatial distribution of terrestrial bio-
logical and environmental factors
have only recently been attempted.
These models offer provocative re-
sults. For example, Gerd Esser (1987)
incorporates a terrestrial CO, “fertili-
zation” response function that, in his
simulation, increases net primary
production by about 5 gigatons per
year by 1980. In the model, the addi-
tional production stimulated by ex-
cess atmospheric CO, over the pe-
riod from 1860 to 1980 is responsible
for an additional terrestrial uptake of
73 gigatons of carbon, offsetting a
significant portion of the impact of
land clearing during the same period.

It is not yet possible to indepen-
dently evaluate the results of such
models by direct observations. A
promising direction in global model-
ing is offered by model formulations
that would simulate certain observ-
able variations in the global system,
such as the seasonal and latitudinal
variation of CO, and *C in the atmo-
sphere.

Spatial and Seasonal Patterns

The spatial distribution of CO,
sources and sinks is an important
area of study. Annual mean atmo-
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spheric concentrations of CO, vary
continuously with latitude and are
higher at the North Pole than at the
South Pole. It is thought that this
gradient is maintained by the geo-
graphical distribution of sources and
sinks in the oceans and on land,
coupled with atmospheric mixing.
The fact is, however, very little is
known about this distribution.
Recently, some information on
the distribution of sea-surface CO,
concentrations has been compiled.
These studies locate sources of CO,
in the equatorial Pacific and Atlantic,
the northwestern Pacific and the
northwestern Indian oceans, where
there is upwelling of deep waters.
The subantarctic Southern Ocean
and the northern North Atlantic
Ocean are sinks of CO,, with low
surface concentration. To incorporate
these geographic variations into a
model of the global carbon cycle, we
need to know the exchange rate
across the air-water interface, which
depends not only on CO, concentra-
tion but also on temperature and
wind speed. Given data on these
quantities, the spatial information

yields an estimate of the global up-
take of CO, by the ocean. An esti-
mate made by Pieter Tans, Inez Fung
and Taro Takahashi (1990) using this
method is 1.6 gigatons per year, con-
siderably lower than estimates ob-
tained by other methods. Sensors
aboard future satellites should im-
prove these estimates by mapping
sea-surface roughness (an indicator
of wind speed) and color (an indica-
tor of chlorophyll or phytoplankton
concentration). The satellite observa-
tions in turn will need to be calibrated
with ground-truth experiments.
During the past decade it has
become clear that estimates of re-
gional and global terrestrial carbon
dynamics must also take into account
their variability across space and
time. Currently, our knowledge of
carbon dynamics involving vegeta-
tion is limited to fairly simple extrap-
olations of measurements made in
relatively small plots. Even if such
measurements could be made ex-
actly, they would fail to account for
year-to-year variations in climate, or
the effects of longer-term distur-
bances and successional changes.

Moreover, extrapolating from a few
acres to an entire continent has obvi-
ous hazards. In tropical regions,
where most attention has been fo-
cused lately, it is now clear that even
the most recent estimates of the
standing stock of carbon in vegeta-
tion—and perhaps estimates of net
primary production as well—are too
large and should be revised. This
may also be true for other regions of
the world.

Several global maps of contem-
porary terrestrial ecosystems have
been constructed, an exercise that
can serve as a basis for integrating
detailed regional information to make
global estimates. There is also much
promise in using satellite imagery for
assessing current patterns of vegeta-
tion and land-use, and for determin-
ing exchanges of energy, water and
CO, between the terrestrial surface
and the atmosphere. Problems exist,
however, in interpreting remotely
sensed images in terms of carbon
concentrations and land-use change.
So far, the interpretation has been
done only for selected areas. Possible
approaches include the use of remote
sensing to classify vegetation cover,
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to relate observed seasonal photo-
synthetic activity to atmospheric
CO, concentration and to monitor
changes in productivity and, there-
fore, in terrestrial carbon storage.
Another important modeling is-
sue is raised by seasonal and year-to-
year fluctuations in atmospheric CO,
levels. Annual variations, which are
very small at the South Pole, are
strong and regular in the Northern
Hemisphere, reflecting the seasonal
exchange between the atmosphere
and the terrestrial ecosystems (Figure
14). Atmospheric CO, measurements
show significant growth in the ampli-
tude of this seasonal cycle. At Mauna
Loa the annual fluctuation in atmo-
spheric CO, grew from 5.5 to 6.4
microliters per liter from 1958 to 1981,
a mean rate of increase of 0.66 per-
cent per year. Other records over the

past decade exhibit growth rates of

Figure 13. Impact of human land use on the global carbon cycle has proved difficult to

estimate. This graph compares the results of recent studies using the techniques of historical
reconstruction and deconvolution. The reconstruction study (Houghton 1989) used historical
records to calculate changes produced by disturbances of vegetation and soil since 1860. The
results are shown as a range of values between high and low estimates. The dramatic
increase since 1950 is caused primarily by tropical deforestation. The deconvolution method
works differently: it estimates the effect of fossil-fuel emissions and ocean uptake on changes
in atmospheric CO,, then infers that any carbon flows not accounted for must represent the
effects of human land use. This method produces a different historical profile, as illustrated
by results from a deconvolution study based on a box-diffusion model of ocean uptake and
on Siple ice-core and Mauna Loa CO, measurements (Siegenthaler and Oeschger 1987).
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from 1 to 2 percent per year.

An increasing amplitude in the
seasonal oscillation in CO, concentra-
tion indicates increased plant activity,
but not necessarily increased net car-
bon storage. The seasonality of fossil-
fuel use is insufficient to account for
the increase; a more likely explana-
tion lies in the strong temperature
dependence of CO, respiration from
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Figure 14. Seasonal cycles of atmospheric CO, concentrations are illustrated by measurements from four monitoring stations where the
National Oceanic and Atmospheric Administration takes continuous readings. Analysis of the measurements shows that seasonal cycles in
the Northern Hemisphere—which reflect the dominance of photosynthesis in the summer and plant respiration in the winter—seem to be
increasing in amplitude. This may be a result of global warming. The dots represent monthly averages. The data are from Peterson et al.
1986; Komhyr et al. 1989; Thoning, Tans and Komhyr 1989; Waterman et al. 1989; and Gillette et al. 1987.

plants and soils and the observed
warming trend over the past decade
in the Northern Hemisphere.

Understanding Carbon Dynamics

The challenge of future carbon-cycle
research is to understand relation-
ships among the components of the
global biogeochemical-climate sys-
tem. Our inability to balance all of the
carbon fluxes over the period from
1800 to the present may result from
overlooking a dynamic response of
terrestrial vegetation and ocean pro-
cesses to changes in environmental
conditions. The unexplained re-
sponse—whose magnitude is be-
tween +0.5 and -2 gigatons an-
nually, depending on various as-
sumptions—represents about 4 per-

cent of net primary production in the
terrestrial system, or about 3 percent
of the exchange between the ocean
and the atmosphere. Current meth-
ods do not provide a way to detect
the changes in carbon storage that
would accommodate such small net
fluxes. For the purposes of under-
standing the carbon cycle and pre-
dicting future atmospheric levels of
CO,, therefore, it is essential that we
understand how terrestrial vegeta-
tion and ocean processes respond to
changes in CO, and climate. Integra-
tive research tools are now being de-
veloped to directly determine the re-
sponses of these natural systems over
short time scales. In the area of ocean
dynamics, additional data and more
comprehensive models are needed to

link the climatic effects of the atmo-
sphere-ocean system to geochemical
events.

In years to come there will likely
be shifts in carbon storage by terres-
trial ecosystems as small shifts in cli-
mate cause imbalances from year to
year between production and decom-
position-respiration. Observing these
shifts may help to determine the
magnitude of the terrestrial response.
Useful techniques will include re-
mote-sensing measurements of pro-
ductivity changes as well as carbon-
isotope and CO, measurements.
These, too, need further develop-
ment and must be interpreted by
coupled and geographically explicit
process models. Geographically ori-
ented tools also will be important to
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understanding the spatial distribu-
tion of terrestrial ecosystems in rela-
tion to the heterogeneity of climate
changes and geological constraints.

Much has been learned in the
past decade about the global carbon
cycle and how its complexities con-
trol CO, levels in the atmosphere.
The greatest lesson is how dynamic
and interactive are the components of
the global biogeochemical-climate
system.
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