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Abstract

The rapid increase of atmospheric CO, resuiting trom anthropogenic activites has stimulated a great
deal of interest in the carbon cyvele. [mportant decisions need to be made about future tolerable levels
of atmosphenie CO. content. as well as the land und fossii fuet use strategies that will permit us to
achieve these goais. The vast amount of new data on atmospheric CO. content and ancillarv properties

that has become available during the last decade.

and the development of models to interpret these

data. have led to significant advances in our capacity to deal with such issues. However. a major
continuing source of uncertainty is the role ol photosynthesis in providing a sink ftor anthropogenic
emissions. 11 is thus appropriate that a new evaluation of the status of our understanding ot this issue

should be made at this time.

The wim of this paper is to provide a sctting tor the papers that tollow by giving an overview ot the
role of carbon dioxide in climate. the biogeochemical processes that control its distribution. and the
evolution of carbon dioxide through time trom the onigin of the carth 1o the preseat. We begin with a
discussion of relevant processes. We then proceed o a more detaled discussion ot the time periods
that are hest documented: the late Pleistocene (dunng which ume large continental ice sheets waxed
and waned) and the modern era of anthropogenic impact on the carbon cvele.

The greenhouse effect

The Earth receives short-waveiength radiation
emitted from the sun. and re-radiates this energy
to space at longer wavelengehs. In the absence of
an atmosphere. the Earth’s surface temperature
would be fixed at that value where the surfuce ot
the planet radiated heat to space at the same rate
as 1t intercepts heat trom the sun. This tempera-
ture 15 given by the equaton Q =T, where
Q = heat flux. i = Stefan-Boltzmann constant.
and T = temperature (degrees Kelvin). and 5
¢qual to 236 K. The higher value of the Earth’s
average temperature. 288 K. retlects the fact that
water vapor. CO.. methane. ozone. and other
radiatively active gases in the atmosphere absorb
radiation emitted at the Euarth's surface then

re-emit radiation from within the atmosphere.
Earth's equilibrium radiative temperature s thus
reached in the atmosphere at some clevation
well above the Earth's surface. Because air is
compressible.  the atmosphere warms as one
descends from this clevation to the surface.
Temperature at the surtace of the carth is thus
37 K warmer than the radiative cquilibrium
iemperiture.

The flux of energy emitted to space from the
Earth's surface is a strong functfon of wave-
jength. Figure 1 shows the tlux as a tunction of
wavelength for a site with a surface temperature
of 294 K. The solid line is the calculated radia-
tion Aux for ua clear-sky with the ecffect of
greenhouse gases included. The mimmum in
outgoing radiauon centered at 15 um is due to
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SHEK ashine otoal 1990 The dashed lines show the
hvpothetical energy flux which woutd be otserved 1f none of
the outgoing radiabion were intercepted in the atmosphere.

absorption by CO,. und that near Y to 10 wm s
due 1o absorption bv ozone. Emission to the
atmosphere of trace gases which absorb radiation
at wavelengths where the atmosphere s now
transparent have an important ceffect on  the
radiative balance even at verv low fevels of
concentraton. The atmosphenc CO. concentra-
tion. on the other hund. 15 already absorbing
most ot the radiation in 1ts absorpuon band. A
proportonally farger increase i the atmospherce
CO. burden s thus necessary to significantly
atfect the radiative balance of the atmosphere.
which would be  achieved by increasing  the
absorption towards the vdges of the band. The
relative efficiencies of the major reenhouse
gases. expressed as torcing per motecuie normai-
1zed to CO.. are given in Table |
Anthropogenic activitics are increasing atmos-
pheric burdens of the naturatty occurring radia-
tively active gases CO.. CH,. and N.O. as well
as chlorofluorocarbons which are produced in-
dustrially and do not occur in nature. The
changes in the contributions of each of these
gases 1o the radiative balance of the atmosphere
due to their concentration increases between
1765 und 1990 are summanzed in Table |.
Desprite its high background concentration. O,
is being added in such large amounts that
accounts for about 614 of the enhanced capacity

Fuble 1. Effect of vancus anthropogenic gases on the radia-
tve baiance o1 air. Middle column: efficiency of radiative
torcing. expressed as u tunction of absorption per added
molecule. with €O, = | Right-hand column: chunges o
fadiative toreing between 1765 and 1990 due o INCreasing
concentratons (Shine et al. 1990). The methane tforcing
change also inciudes the indirect effect due (o formation of
witer vipor i the stratosphere

Cras Normalized Forcimg change
loreing per added L765-1990
motecule tWm )

O 1 .50

CH, 21 136

NLO 206 01

CFC-11 12400 1).062

CFC-12 13 X00 .14

Uither CECy 0085
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of the atmosphere to absorb long wavelenpth
radiaion ¢mutted from the surface. CH, und
N.O account for about 2777 of the total anthro-
pogenic radiative torcing, and chlorottuorocar-
bons tor the remaining 1272, Because of is
primary role in anthropogenic forcing of the
Larth’s radiative balance. a great deal of effort is
being invested in understanding the biogeochem-
istry of CO.. its role in natural climate changes
ot the Earth during geologic time. and the wavs
CO. s released to. and removed from. the
atmosphere at the present time.

Carbon cvcle processes
Time scales of 10”10 107 vears

The Earth, ulong with the rest of the solar
svstem. tormed 4.6 % 107 vears before present by
the accretion of gases and particles which were
concentrated in our region of space. During and
after 1ts accreton, two processes worked to
enrich the surface of the planet in the volatile
elements and compounds (H,O. CO.. N,. noble
gases) which are present in much higher abun-
dances on the surface than in the interior of the
planet. The first was differential accretion. with
volatiles accumulating last., after most of the
planet had formed. and hence being concen-
trated at the surface (e.g., Chyba 1987). In the
extreme case, this process would cause the Earth
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to start out with its atmosphere and ocean intact.
although not necessaniv with  their  current
chenucal configuration. The second process 1s
Earth degassing. 1n which tcctonie phenomena
such as volcanism transter volatiles from the
Earth's interior to the occan and atmosphere
throughout geologicai time. This process 0o i
capable of producing high atmospheric CO.
levels early in the Earth's history.

How high was the atmospheric CO. concen-
tration carly in Euarth’s historv? A constraint
comes from the climate of the planet and the
¢volution of the sun. Almost since its formation.
the sun’s heat has denved from hvdrogen burn-
ing (a series of nuclear reacuons in which 4
protons and 2 clectrons are transtormed mto da
‘He nucleus and energy ). As the HyHe ratio ot
the sun has dropped. the sun has decreased in
size and given off progressively more  heat.
raising the rate at which heat s received at the
Earth's surtace. The lumnosity ot the voung sun
was about 257 less than todav. requiring that
the Earth's greenhouse ctfect carly in the history
of the solar svstem should have been much
greater than todav if. as thought. water was
present at the surface (c.g.. Kasung [98S).
Kasting { 19851 und others. who have argued that
CO . was probably always responsible tor most ot
the wreenhouse ctfect not duc to water vapor
Vtoday water vapor s the dominant greenhouse
aas). have construined the Q. concentration
carly in Earth's history as the level necessary to
raive the temperature of much of the planet
above U O, I this wav, Kasting (1985) esu-
mated that the CO. concentration of the vouny
Earth was X0-600 times the present value.

The subsequent evolution of the atmospheric
CO. concentration is a4 matter of much specula-
ton. The last 360 < 107 vears ot Earth history
has been more extensively studied than carlier
tmes. Three tvpes of observations suggest large
vartations of CO. during this nme (Fig. 2). as
well as a link between tugh €O, and warm
climates. The first type involves vanous tech-
niques for directly estmaung past atmosphernc
CO. levels. Cerling and others have studied the
&'C of CaCO, and organic carbon deposits
found i sonls (Cerling et al. 1991, Cerling 1991,
Mora ot b 1991, and Cerling 1992). 3'°C
expresses variations in the abundance ratio of
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Fig 2. The ratuo ot Phunerozow atmospherte carbon dioxide
ty the present level plotted versus ume (Berner 1992) The
wwhd hne and dushed uncertammty hines are from the theoret-
eub muodel o1 Berner 11991 The honzontal hars along the
ibsessa indicate penods o glacinon. which comerde with
low CO L levels except duning the late Ordovicran, The
vertical bars are sanous estimates of palea-COr, levels (Y =
Yapp (19921 M = Mora et al. (1991E C = Cerling (1991
F = Freeman and Haves $1992)0 A = Arthur et al. 119913
H = Hollunder and McKenzie (19911)

the rure. heavv. stable 1sotope of carbon. e
i~1.1 atom 7). to the other stable 1sotope C
(—-4%.9 atom 7). It 1s presented in umits of
permil (). detined by the formula:

& C {per mal)
e (A SR G T A ar S R | Ul
The o' C of soil CO. is intermediate between

the atmosphenc vajue ot about —6.5%¢ and the

value of about —26%¢ in CO. which is released
by resprration of C-3 plants (C-4 plants. which
have a smaller tractionation, did not come into

being until the Miocene: Thomason et ab. 1988).

57'C values closer to air indicate that the CO,

concentration of air was high in the past. while

5 *C values closer to organic matter indicate that

atmospheric CO, was low. The 8''C of CO, in

s0il gas 15 sometimes imprinted in the 8"C of

CaCO, precipitated in soil. The difference be-

tween the & C of these CaCQO, deposits and

their associated organic carbon deposits holds a

clue to past variations in the concentration of

CO. in air. The data along this line have been

mterpreted as indicauing that the atmospheric

by
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CO, concentration dunng the Cretaceous Era
(~100 x 10° vears before present} was 5 to 11
times higher than today. The soil results for the
Cretaceous are confirmed bv measurements of
37C in organic matter and CaCO, deposits in
ocean sediments (e.g.. Freeman and Haves
1992). The difference between these reflects
photosynthetic fractionation. which is observed
to be significantly lower in low CO. waters. and
higher in high CO, waters. An additional con-
straint comes from the fact that the concen-
tration of CO3  in the mineral goethite
(FeOOH) depends on the cocentration of CO,
in air. Using this contraint., Yapp (1992) sug-
gested that atmospheric carbon dioxide content
at 440 x 10° vears was ~16 times higher than
today.

The second generai approach to estimating
past levels of atmospheric CO, comes from
modeling. Berner et al. (1983), Lasaga et al.
(1985), Berner (1991). and others built a mathe-
matical model of the global CO, cycle to hind-
cast the vanation of CO, through time (Fig. 2).
The basic processes invoked by this model in-
volve the organmic carbon cvele of burial in
sediments and subsequent exposure to weather-
ing as part of the great tectonic (mountain-buiid-
ing} cvcles within the Earth. and the silicate
cvele outlined in simplified form in Fig. 3.
CaCO, and SiO. are produced as skeletal ma-
terial in the oceans and precipitated in marine
sediments. This material is buried deeply within
the Earth and heated. CaCO. and SiO. ure
transtormed to CaSiO, and CO. in the process
known as metamorphism. The CO, thus pro-
duced percolates through the Earth’s crust to the
atmosphere, resulting in a CO, flux to air that is
proportional to the rate of tectonics. Meanwhile.
metamorphic rocks (represented by CaSiQ,) are
uplifted back to the Earth’s surface. where they
are decomposed by attack of the CO, in air. This
decomposition (termed weathering) consumes
CO,; and produces Ca’". HCO,, and SiO.
which dissolve in rivers and flow back to the
oceans. The rate of weathering will rise as the
CO. concentration increases. due primarily to
the warming that results from the CO, increase.
This simple negative feedback will force CO, to
that level where removal by weathering equals
input of CO, to the atmosphere by tectonic

processes. Climate wiil thus be warmest during

umes when tectonic cvcles are most intense.
Data retlecting past rates of sea floor spreading
indicate that the Cretaceous and the period
between the Cambrian and Devonian Epochs
(~350 X 10° to 350 x 10" years before present)
were such times (Gaffin 1987). Berner (1991)
shows that the high CO, levels of the Cretacea-
ous are due primarily to the high spreading at
that time. with an enhanced effect due to the
predominance of more rapidly recycled deep
water carbonates after the Jurassic ended about
150 x 10° years ago {Wilkinson and Walker
1989).

The development of vascuiar plants during the
Silurian-Devonian about 400 x 10° years ago
and of angiosperms during the Cretaceous about
(30 = 10" vears ago (Taylor and Hickey 1990)
are thought to have led to a sigmificant increase
in weathering rate (Volk 1989). The increase
resulted from higher soil CO, levels. which
today are about 3000 to 10000 ppmV (Brook et
al. 1983), greatly in excess of the atmospheric
level of 350 ppmV. The direct feedback between
atmospheric CO. and weathering rate is thus
very small today. as contrasted with the indirect
feedback through greenhouse warming. The
situation prior to the advent of vascular plants
probably involved a stronger direct feedback.

Berner’s (1991) simulations led him to con-
clude that the drop in atmospheric CO. levels
that vccurred during the Carboniferous and the
generally lower levels since then are due primart-
lv 1o the advent of vascular plants.

The third refers 10 strong evidence. based on
studies of plant and animal fossiis. that climate in
mid-latitude and high latitude regions during the
Cretaceaous was much more equable than today
{Barron 1983). Barron and Washington (1985).
among others. have used sophisticated climate
models to investigate what factor(s) may have
caused these warmer climates. They conciuded
that the only plausible explanation was a greater
greenhouse effect induced by past atmospheric
CO, concentrations about 4 times higher than at
present.

The tectonic. weathering, and evolutionary
processes invoked in the long term carbon cycle
models fix the mean levels of CO, which must be
attained over periods of millions of years. How-
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Fie. i A highly simphified representation ot the hnk between geochemical processes and average CO, concentration of air on a
ume scale ot 107 vears or longer. Kev processes are: 1) “weathening” of crvstalline rocks at the Earth's surface (the decomposition

ot crvstalline rocks by carbon dioxide to give cations, HCO!

. and Si0, which are then transported to the oceans bv nvers): (2)

precipitation of skeletal CaCO, and SiO. by manne urganisms: (3) incorporation of skeletal matenal into manng sediments: t4)
burial and heaung ot sediments and the consequent chemical transformations known as metamorphism. and (3) uphit of
crystaliine metamorphic rocks to the Earth's surtace to complete the cvele.

ever, natural fluctuations about these mean
levels are possible: thev can be induced by
changes in ocean circulation and biological car-
bon cyching. We now turn our attention to the
question of how oceanic processes can cause
vanations in the CO, concentration of air.
Time scales of 107 to 10° vears

Among the most remarkable aspects of the CO,
distnbution 1s that the vast majority of the
combined atmosphere and ocean inventory is in
the oceans: 98.5%% prior to the industrial revolu-
tion (Fig. 4) and 98.1% today. By contrast. a

more typical atmospheric gas such as O, has only
0.6% of its combined atmosphere and ocean
inventory in the ocean. Because of this unique
behavior of CO., natural levels of atmospheric
pCO. are controlled almost entirely by oceanic
processes on a time scale of about 10° to 10° y.
In this section we discuss the relevant oceanic
processes and the potential for them to be
modified by biology and climate change.

One reason for CO.’s unique behavior is that.
due to hydrogen bonding, CO, is very soluble in
water (e.g., CO, is about 30 times as soluble as
0,). However. the primary reason is that the
vast majority of dissolved CO, exists in the
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hydrolyvzed and dissociated forms. as bicarbonate
and carbonate ions. Global mean surface sea
water (temperature of 17.64 °C, salinity of 3478
parts per thousand by weight, alkalinity of 2.31]
milliequivalents per kg. and total carbon of 2.002
millimotes per kg) has only (.59 of its total
carboa as CO.. Bicarbonate ion and carbonate
10N account for the remaining ¥8.8% and 10,777
respectively

The concentration of the total dissoived inor-
ganic carbon (DIC. which 15 the sum of CO. und
bicarbonate and carbonate wons) min the oceans is
about 129% higher betow | km depth than at the
surface. This increase ot total DIC with depth is
dn extremely important feature of ocean chemis-
try. About 3% of the 12% difference is due to
the fact that CO, is more soluble in the coid
deep waters which fill the abvss than in warmer
surface waters. The “solubutity pump’ (Volk and
Hoffert 1985) is effected by release of CO. 1w
the atmosphere from warm waters  at  low
latitudes. poleward transport through the atmos-
phere. and uptake by cold water at high
latitudes. The cold carbon rich high latitude
waters are dense. primarily because of their
temperature. and sink into the abyss. These deep
waters fill the abyssal ocean below a few hundred
to a thousand meters below the sea surface. ali
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the way to the ocean floor at a mean oceanic
depth of 4000 meters.

The remainder of the increase of DIC with
depth in the oceans is due (o biclogy. Organic
matter  produced by photosvnthesis  in the
cuphotic zone (upper ~100 meters) is exported
to the abvss by sinking of large particles. It also
reaches the deep sea bv passive transport of
dissolved organic matter and suspended partcles
In waters mixed and advected downward into the
vcean interior. The vast majority of this organic
matter is re-mineralized by bacteria. [n this
process CO. 1s ‘pumped’ from surface water to
deep water by the combined effects of photo-
synthesis. sinking and respiration.

How do the biological and solubility pumps
affect the air-sea fAux of CO,? Perhaps the most
fmportant point to emphasize is that these pumps
invoive fluxes in carbon from one FESErvoIr to
another. If the fluxes in and out of a given
reservorr are not in equilibrium. the amount of
CO. n that reservoir will change through time.
Later we show atmospheric CO. data which
demonstrate a near constant concentration for g
millenium prior to the industrial revolution.
Based on these data we believe that the bio-
logical and solubility pumps were in a near
steady state which invoived no significant giobai
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net flux across the air-sea interface except for the
loss required to balance the net infiow from
rivers (see Fig. 4). In other words. on a global
scaie. the carbon being removed from or added
to the surface bv the biological and solubility
pumps must be balanced primarily by transport
of carbon within the ocean, not across the air-sea
interface. The nature of this flux is discussed in
the next paragraph.

The requirement for no net flux across the
air-sea interface must be satisfied globally, but
not necessarily locally. Thus. the solubility pump
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drives a flux of CO. from low latitude to high
tatitude waters. The biological pump also has a
major impact on air-sea fluxes. The excess total
morganic carbon content of the deep ocean that
results from the input due to the biological pump
is continually transported back to the surface by
upwelling. convective overturning driven by win-
tertime cooling. and mixing. Figure 5 shows the
locations where the two most important of these
processes. upwelling and wintertime convective
overturning, predominate. Biological uptake
eventually strips out the excess carbon that

tal
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Fig 3 1a) Upwelling velocity at a depth of 50 meters as determined by the ocean general circulation model of Toggweiler et al.

1 1989} farced with the annual mean ciimatic winds of Hellerman and Rosenstein (1983). Units are 10" m s~

', with downweiling

areas indicated by suppling. (b) Depth of the winterime mxed laver {January, February, and March in the Northern
Hemisphere: fulv. August, and September in the Southern Hemisphere) as estimated by Levitus (1982). Units are m.
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arrives at the surface, thus closing the steadv
state conveyor beit. However. on the average.
the upwelling and deep convection regions tend
to have excess carbon levels at the surface. in
part because it takes ume tor the biology to strip
it all. and in part because other processes limit
the efficiency of photosynthetic uptake tn some
of these regions. The overall result is a large tlux
ot CO. out of the Equatorial regions due to the
combined effect of warming and the upwelling of
waters rich in excess carbon. In high iatitude

regions the soiubility pump uptake which results
trom cooling is counteracted in many places by
upwelling und deep convective input of waters
rich in excess carbon. The subtropical gyres arc
generallv regions of cooling and downward ad-
vection of water. Thus thev usuallv take up CO.
from the atmosphere. All these features arc
lustrated in the cstimated air-sea CO. differ-
ence map ot Takahashi shown in Fig, 6.

Onc of the consequences of the continual
addition of DIC to deep ocean water bv re-
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mineralization 1s that the oldest ocean waters
have the highest DIC concentrations. Thus. the
rotal carbon concentration is in effect a snapshot
of the giobal ocean circulation., with the voldest
deep Pacific waters (age ~10° v) having the
highest concentrations in the world (Fig. 7).
An intriguing rony of ocean chemistry and
bioiogy 1s that the concentration of total carbon
is in great excess over that which is utilized bv
photosynthesis. vet the concentration ot dis-
sotved CO.. which is the tform of carbon used in
the carboxvlation reaction with RuBisCO. s

lower than that required for maximum ¢tficiency
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of this reaction. However. oceanic phytoplank-
ton on the whole appear to have evolved mecha-
msms (o compensate for this deficiency (Raven
1994y,

What then does Limit the uptake of toual
carbon by phvtoplankton in the surface ocean?
Oceun hoegeochemists look first to the supply of
the major nutrients. phosphate and nitrate. The
surtace map in Fig. 8 shows that phosphate 13
depleted nearly evervwhere in the surtace ocean
except in the North and Equatortal Pacitic and a
vast region in the Southern Ocean. A nitrate
map would be very similar. Thus. a finite major

GEOSECS Atlanuc

Prepthiinn

400

1t) n [4) 20 Al 4 0

[ atituue

CROSECY Paoite

N -
) S0 B ) 26}
- S e— - . —_—
I - =
L i
e e
g T —
200 — . w
z ca
o TN
‘f— hit] .
M)
LY

) -5 -4) i) 220

Fig. 7. North-south total totat dissolved norgame carbon (DLC) sections in the western Atlanuce (Baunbridge 1976) and Pacific
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Lalitude

Oceans (Craig et al. 19811, The contour tntervai switches trom 40 mmol kg below 2180 mmol kg 1o 20 above 1140 mmeol kg

i the Atlanuc. In the Pacitic the switch 1o contour interval oceurs ot 2280 mmol kg
concentrauons as one progress southwards from the regiens of fresh deep water tormation in the North Atlantic to the Southern
Ocean. and then northwards to the videst deep waters at intermediate depth in the North Paatic. This results from the addition of

carbon by reminerabization of organic matter.

Note the increase in deep water
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Levitus et al. (1993). The countour interval is .23 mmol L~
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nutrient supply can explain the limited uptake of
total carbon over most of the ocean. We do not
vet know why uptake of the major nutrients 1s
incomplete in other regions. A number of hv-
potheses exist and are betng actively explored. as
discussed in the paper by Falkowski in this issue
{ Falkowski 1994).

It 15 interesting to examine how the ocean-
atmosphere carbon balance would be affected if
the biological pump were to be altered. Such
speculations are not idle. Alterations of the
biological pump are the most likely explanation
tor documented modifications ot atmospheric
pCO. that have occurred in the past 10° vears,
and it has been suggested that thev may piav a
role in future modifications. The resuits of a
range of scenarios for alterations of the bjo-
logical pump are summarized in Table 2. These
scenarios nvestigate the impact of depleting
nutrients in the four major regions of the world
where they are high. We emphasize two major
aspects of these resuits: (1) of the high nutrient
regions, the Southern Ocean biological pump has
by far the largest effect on the atmosphere-ocean
carbon balance. The reason for this is that it is
through the surface waters of the Southern
Ocean that the vast majority of sea water. the
cold dense waters of the abyss. come into contact
with the atmosphere. (2) Changes in the South-
¢rn Ocean biological pump can alter atmosphenc
pCO, between a lower limit of 165 ppmV and an
upper limit of about 450 ppmV. compared with
the pre-industnai levet of 280 ppmVv. As we shall

t the surtace of the ocean us determined from a global data set by
" with changes in shading every 0.50 mmol L' The gtobal mean

see. these alterations are within the range ot
recent (order 10)° year) variations. but as the
upper portion of Table 2 shows. they are reia-
tivelv. modest compared to scenarios of the
anthropogenic increase over the next century.

An (mportant consequence of the farge
oceamic capacity for CO, is that atmospheric
pCO., is swongly buffered by oceanic processes
on the several century time scale of ocean
arcutation. If. for example. enough CO, were
added to the atmosphere (e.g., from the terres-
trial biosphere or fossil fuel burning) to double
the CO. content from its pre-industrial value of
600 Pg. only 104 Pg would rematn there. bring-
ing the total to 704 Pg. The remaining 496 Pg
would be taken up by the ocean. at which point
the atmosphere und ocean would be in equilib-
rium. except for the slow reaction of oceanic
CO. with CaCO, in ocean sediments {CO, +
CaCO, + H,O=Ca’" +2HCO; ).

However. this uptake would occur over a
relatively long tme scale. Oceanic uptake of
such a pulse occurs in two steps. The first is gas
exchange across the air-sea interface. This pro-
cess results in equilibration between the atmos-
phere and the surface mixed layer (the upper few
tens of meters of the ocean which winds continu-
ously stir and homogenize). The second is verti-
cal exchange of the surface mixed layer with
interior waters of the ocean. Although the sur-
face mixed layer equilibration takes longer for
CO. than for other comparable gases due to the
fact that so much of the carbon is in the form of
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Tabie 2. Sensiuvity of atmospheric pCO, to the oceanic biologicat pump: scenarios of the impact on atmospheric pCO. of surface
nutrient depletion for various regions that have high surface nutrients today (Sarmiento and OQrr 1991). The baseline [PCC
Rusiness as Usual Scenario has an increase in atmosphenc pCO. content to about 785 ppmV from its present value of 355 ppmV
over the next 100 vears. The 3pCO. vaiues shown tor the [PCC scenarios represent the impact of 100 vears of nutrient depletion.
The ApCQ. values shown for the box models are for models that are run out 1o equilibrium over a period of a few thousand years

Scenano ApCO,
(ppmV)
1PCC Business as Usual (1990-2090)
{1) Basehne +430
i 2y Effect of nutrtent depletion on top of baseline
(a) Southern Ocean {south of 31.12°§) -71.8
(b) North Atlantic {31.12° N — 80.06° N) —12.7
{c) North Pacitic (31.12°N - 66.69° N} —649
(d) Equatonai Region (17.78°S — 17.78° N} —2.8
Box models of impact of Southern Ocean biological pump
Biologicai pump:
Off (no stripping of nutrients) +170
Partial ( pre-industnai scenario. for which pCO. =280 ppmV'} “(S}

Full fall nutnents stripped out)

bicarbonate and carbonate ions. it is suil fast
enough that the rate limiting step 10 oceanic
uptake is vertical exchange of the mixed laver

ith interior waters.

i'he rate of vertical exchange between the
mixed laver and interior waters has been studied
using three dimensional models of the general
circulation of the oceans (Ocean General Circu-
lation Model or OGCM: Maier-Reimer and
Hasselmann 1987. and Sarmiento et al. 1992).
The results of studies in which the atmospheric
CO, content was doubled from its pre-industnal
value of 600 Pg carbon show that the rate of
oceanic CQ. uptake decreases with ime in a way
that can be approximated by a sum ot exponen-
tial terms. In their study, Sarmiento et al. (1992)
found that 5.4% of the CO. pulse is taken up by
the oceans with a mean life of 0.9 vyears due
primarily to equilibration with the mixed laver.
18.9% of the remainder enters with a mean life
of 10.7 vears. 30.7% with a mean life of 67.7
vears. and 27.5% with a mean life of 376.6 vears.
The remaining 17.4% stays in the atmosphere
until the excess CQO, dissolved in the ocean
begins to react with CaCO, in ocean sediments.
This reaction increases the capacity of the oceans
to take up CO. and reduces the airborne fraction
even further (Broecker and Takashashi 1977). It
is because of the long time scale of oceanic
uptake that the release of CO, to the atmos-
phere by fossil fuel burning is leading to such a
large increase in atmospheric pCO,. At present.

about 46% of the net anthropogenic CO, addi-
tion to the atmosphere by fossil sources and the
terrestrial biosphere is airborne and 29% 1s in
the ocean {Table 3).

What is the potential role of the terrestnial
carbon reservoir in all this? On time scales in
excess of 107 to 10’ years, any carbon released or
taken up by the terrestrial biosphere will have
only a relatively modest impact on atmospheric
CO.. This is because of the strong diluting effect
of the oceans. However. on shorter time scales
the slow oceanic uptake does permit the terres-
trial biosphere to play a significant role. which
probablyv accounts for the missing sink in Table
3.

Warming of sea water causes the dissociation
of HCO, to CO, and CO; and a decrease in

Table 3. The 1980 1o 1989 anthropogenic CO, budget: based
on [PCC (Watson et al. 1990} wath the atmospheric increase
modified per Peter Tans (personal communication) and
acean error modified per Siegenthaler and Sarmiento ( 1993)

Average perturbaton

{Pg/yrof C)
Sources to atmosphere
(1) Fossil 5.4 =145
{2) Changes in land use 1.6x1.0
Total 70=1.2
Sinks
(1) Atmosphere 3.2x0.1
(2) Oceans 20+0.6
Total 5.2x06
Missing stnk 1.8x13

(.

- T ow  rmw
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the solubility of COQ,. Warming therebyv parti-
tions CO, into the atmosphere. However, the
CO, uptake capacity of the large oceanic reser-
vOIr is relatively insensitive to this direct impact
of climate change. The partial pressure of co,
increases by about 4.3% for every degree change
in sea water temperature. Thus the global mean
equilibrium warming of 2.5 °C which models
predict for an atmospheric pCO, doubling from
280 to 360 ppmV would release on the order of
60 ppmV to the atmosphere. increasing the
atmospheric load by onlv |1%.

Time scales of 10" 10 10° vears

Monthly observations of atmospheric CO. dis-
play the remarkable pattern of seasonal oscilla-
tions ilustrated in Fig. Y. There 1s a great
richness of detail in these data. Most noteworthy
15 the aimost continuous increase in magnttude of
the seasonal oscillation with increasing latitude
o the north. superimposed on the global in-
crease in the CO. concentration of air due
largely to the burning of fossil fuel. The seasonai
oscillaton is due primarilv to terrestrial bio-
logical processes. During late spring and the
summer atmospheric CO. 15 drawn down by a
positive net biological production. During the
fall. winter. and early spring the release ot CO,
1o the atmosphere by decaying orgamc matter
exceeds photosynthetic uptake. and atmospheric
CO. rises. The jow magnitude of the signal in
the Southern Hemisphere is a result primanly of

CO, Concentration (ppm)

1986 1987 1988

Year

Fig. v Smoothed atmosphernc CO. data as measured by the National Oceanic
Monitoring and Diagnostics Laboratory's Flask Sampling Program {Conwav et al.

1989

the smail land area relative to ocean. The north-
wards increase in the signal in the Northern
Hemisphere is due in part to increasing climate
seasonality. and in part to the increasing pre-
dominance of land over ocean.

Biological production in the ocean is also
highly seasonal and comparable in magnitude to
terrestrial production (Fig. 4). Seasonality of
ocean biology results from seasonal changes in
the supply of light due to the angle of the sun
(lower in winter), the depth of the mixed laver.
and the supply of nutrients by seawater mixing
and advection. Fall and winter coonling of the
surface mixed layer in many high latitude regions
of the ocean leads to de-stabilization and convec-
tive overturning to depths exceeding those at
which light is adequate to support positive net
growth of phytoplankton (= ~100 m: cf. Fig. 3
of mixed laver depth). This deep mixing also
primes the biological pump by bringing up a
fresh supply of nutrients that can be utilized once
the mixed layer shallows and sun angle rises so
that the light supply becomes adequate. The
nutnient rich waters are also carbon rich. Thus
the overall effect of mixed layer deepening is to
ennich surface waters with CO.. During spring
and summer the mixed layer becomes stabilized
and shallows. This permits photosynthesis to
increase and take up the new nutrients as well as
the CO, that was brought up from below.

[n most regions of the ocean the seasonal
varniations in temperature play an even greater
role in the seasonality of the ocean carbon
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system than does biology. The direct impact of
temperature on carbon chemistry gives a 4.3%
reduction in the saturation partial pressure of
CO, for every degree centigrade of warming.
Some of the CQO, that i1s present in water before
a warming occurs thus becomes available for
evasion into the atmosphere. Cooling has the
opposite effect. The indirect effect of tempera-
ture on the carbon cycle through its impact on
ocean biology has been empirically determined
by Eppiey (1972}, who gave a relationship for
the temperature sensitivity of the maximum
growth rate of phytoplankton which shows a
range of ~ 7 over the entire oceanic temperature
range of about 30°C. Locally the range in
temperature and growth rate would be far small-
er. We have found in model simulations that this
temperature effect has only a modest impact on
new production.

The overall impact of these seasonal changes
on the parual pressure of CQO, in the ocean
mixed layer can be quite large (e.g., Fig. 10).
but, as previously noted. very little of this signal
actually affects the atmosphere. The small im-
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pact of ocean seasonal process on the atmos-
pheric seasonal signal is a consequence of the
effect of carbon chemistry on the time scale for
CO, equlibration between the atmosphere and
ocean. The flux of a gas into or out of the ocean
contributes to the surface mixed layer concen-
tration of that gas (defined as C) according to the
following time dependent equation:

aC

. k
acean — (C

at D, -C

atmosphere m:ean)

k is the gas exchange coefficient and D, the
thickness of the mixed layer at the surface of the
ocean. (k/D,, )" ' defines a time constant which
is the e-folding equilibration time scale for the
mixed layer with respect to the atmosphere. The
global mean of k is esimated to be 17.5 ¢cm h™*
from radiocarbon measurements (Siegenthaier
1986). For a typical mixed layer of thickness
50 m. the time scale for equilibration would thus
be about 12 days.

However, for C=C0O,, the above equation
becomes:

Bermuda Time-Series

20

110

T

—T T AL N S A R

r ]
100 k- _
v 1 . 1
0 - K ? 4
r . H 4
380 - i Pﬂ) —~
- a i ro!
- . v -
‘ . 9
— " r o :
= |
£ l6i) — ! ! EJ , -
= r i [ |
2 k0| A Y : -
4 b : l| | q
sy Y oomy B
¥ i 1 oy :
[=% r \ g I h
10 - AT . S -
L 4 ; 5\ ‘T’ ]
120 e ) .
N YA B ﬂ
310 |- Sﬁfé g%ﬁ 4
L = N
300 }'_ Staion "3 Samples '{
290 - 2 2 Meter Depth | Pai j
g = 10 Meter Depth Symbols Represent Bottle Pair Averages
280 ¢ " - R 1 PRI DR PR " S R 1
83 34 85 86 87 38 89 90 91

Sample Date

Fig. 10. Surface ocean carbon dioxide parual pressure off Bermuda as calculated by C.D. Keeling (personal communication)
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where DIC is the total concentration of the three
forms of inorganic carbon which are in chemical
equilibrium with each other, namely CO,. and
the carbonate and bicarbonate ions (Najjar
1992). The equilibration time scale for CO, Yocean
thus  becomes (4DIC/3CO, ... )-(kiDy, ) "
The carbon system thumodvnamic equations
give a value of about 20 for (¢DIC/aCO,, . ).
Thus. the mixed layer equilibration time for CO,
is about 8 months for a 50 m thick laver. This
time scale is too long for oceanic processes to
have a significant impact on the atmospheric
€O, seasonal time scale vartability.

Later we shall show some atmospheric oxvgen
measurements. The appropriate time scale for
cquilibration of O, produced by photosvathesis
and consumed by remineralization is the afore-
mentioned time  of about two weeks. Thus,
atmospheric O, shows a far larger seasonal
signal than one would infer trom the predomi-
nantly terrestrial CO. vanations. and the South-
ern Hermisphere seasonality 1s of comparahic
magnitude to that in the Northern Hemisphere.

It is important to recall that the equilibration
of the oceanic mixed laver with the atmosphere
is rapid cnough that gas exchange is not a rate
limiting step for uptake of a longer time scale
atmospheric perturbation such as the addition of
tossil CO.. As noted previously, the rate limiting
step in such cases is mixing of the perturbation
from the mixed laver down into the deeper
lavers of the ocean.

There are also sigmficant interannual varia-
tons in atmospheric CO, due to the global scale
chmate changes known as the El Nino-Seuthern
Oscillution phenomenon (e.g.. Keeling et al.
1989a). One of the most noticeable phenomena
of El Nino periods is the reduction in Equatorial

Pacific upwelling. This decreases the flux of CQ.
out of the Equatorial Pacific without affectmg
the oceanic sinks for this carbon. The net effect
1 to turn the ocean into a net sink for CQ.
However, this sink is more than counterbalancced
by a terrestrial source which Keeling et .
(1989a) attribute to collapse of the Southeast
Asian monsoon: net carbon fixation decreases
because precipitation is lower in El Nifio years.
During non-El Nifio periods the situation is
reversed. thus leading to a long term oscillation
with a several year time scale.

In the following sections we examine in more
detail the two best documented time periods: the
glacial-intergiacial cycles of the last few hundred
thousand years. and the time since the beginning
of the industrial revotution.

Glacial-interglacial carbon cycle

There is abundant evidence in the sedimentary
record that Earth’s climate has varied through-
out geologic time. In the most basic terms.
natural chmate variations are described as
changes 1n average global temperatures and
changes in the area of the continents covered by
glacters. Both these properties are expressed
most elegantly in the oxygen isotope composition
of the CaCO, skeletons of foraminifera in deep
sea sediments. The ratio of O (0.27% natural
abundance) to O (Y9.8 % natural abundance)
15 expressed in units of per mil (%e):

30 (per mil)

:[(IH(‘)‘JI’\O) /(iKO/lhO) 71])( lUi

sample reference

Oxygen isotopes are fractionated during many
chemical reactions, and the fractionation is tem-
perature dependent. CaCO, precipitated from
sea water has a higher § O than the water. and
the O enrichment increases as sea water tem-
perature decreases. Glaciers grow by the transfer
of water from ocean to ice sheets. Oxygen
isotope fractionation occurs when water in air
torms rain or snow and causes glacial ice to have
a3 "*0 much Iess than that of sea water. By mass
balance, the 4'*0 of sea water must increase.
High values for the § 'O of foraminifera of a
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certain age imply cold sea water temperatures
and large glaciers, while low 6 '*O values indi-
cate warm temperatures and smail glaciers.

5'"0 values for foraminifera during the last
100 x 10° years are plotted vs. age in Fig. lla.
These data show that. as indicated above.
Earth’s climate in polar and temperate regions.
which was very warm during the Cretaceous, has
been cooling (slowly and with reversals) ever
since. Decreasing levels of atmospheric CO,.
associated with a slower rate of tectonic activity.
are thought to be one process responsible for this
long term climate deterioration. The slowly
shifting position of the continents {(i.e.. continen-
tal drift) is thought to be the other. 100 x 10°
vears ago. the continents were aligned in a way
that would allow the atmosphere and oceans to
have transported much more heat than today
from low to high latitudes ( Barron and Washing-
ton 1985).

During the last hundred million vears. and
during earlier times as well, much of the variance
in climate has been periodic. Fluctuations in
indicators of past climates. such as the 3'"O of
forams, can be described by sine waves with
periods of 19 kyr (thousand vears). 23 kyr, and
41 kyr {e.g. Imbrie et al. 1992). These periods
correspond to periods of vanation in the orienta-
tion of Earth as it orbits the sun. the so-called
‘Milankovitch® cycles. The Earth’s axis of spin is
tilted with respect to the plane of its orbit. The
tilt varies from 21 to 24° with a period of 41 kyr.
The Earth's axis precesses (wobbles) about a line
perpendicular 10 the plane of its orbit around the
sun and going through the center of the Earth.
Earth precesses with periods of about 19 and 23
kyr. These so called orbital changes do not affect
the total amount of the sun’s radiation inter-
cepted annually by the Earth. but they do
change seasonality. For example. when the tlt of
the Earth’s axis increases. temperate and boreal
areas are pointed more towards the sun in
summer, and days are warmer durning that
season. These <changes n seasonality have
profound effects on climate. For example, warm
summers at high latitudes cause ice sheets to
melt. and warm summers at low latitudes heat
the Tibetan plateau and strengthen the summer
{southwest) monsoon in India and the Arabian
Sea. Such effects are manifested in the strong
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periodicities of 19. 23, and 41 kyr which are so
prominent in records of gilobal climate change
throughout geological time. Climate changes
associated with these periodicities are superim-
posed on the long-term cooling trend. discussed
above, which occurred during the last 100 x 10°
years.

During the last ~700 kyr B.P. (before pres-
ent), Earth’s climate has varied with a period-
icity of about 100 kyr, as well as with the shorter
periodicities described above (Fig. 11b). The 100
kvr periodicity tends to be sawtooth rather than
sinusoidal in nature (Broecker and Donk 1970),
with long coolings and an increase in the
glaciated area of the Earth’s surface followed by
rapid warmings and terminations of glaciation.
The origin of the 100 kyr cycle is hotly debated.
Imbrie et al. (1992)., among others. invoke
orbital variations (the eccentricity of Earth's
orbit around the sun varies with this period),
while Saltzman and Sutera (1984) for example,
suggest that this periodicity is fixed by the
interaction of various elements of Earth’s climate
system.

The observation that cvcles of Earth’s climate
have the same period as orbital variations is
compelling evidence that these variations pace
chimate change (Hays et al. 1976). However, one
cannot invoke orbital variations alone to account
for the difference between glacial and intergla-
cial climates. First, as noted above. orbital
variations affect only the seasonal distribution of
radiation at the Earth’s surface. not its average
value. Second, some seasonal changes induced
by insolation are out of phase between the two
hemispheres (i.e.. precession causes warm north-
ern hemisphere summers to accompany cold
southern hemisphere summers). but glacial/in-
terglacial climate change is svnchronous between
the hemispheres. Therefore, we need to invoke
other factors in explaining glacial-intergiacial
changes in climate.

The most important such factors appear to be
ocean circutation, albedo., and the atmospheric
concentration of greenhouse gases. The flow of
warm water northward in the North Atlantic
Ocean is much reduced during glaciai periods,
maintaining Greenland, eastern North America,
and northern Eurasia in a condition favorable to
the growth and maintenance of ice sheets. Dur-
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ing glacial periods. large ice sheets reflect an
important fraction of the sun’s radiation back 1o
space. thereby maintaining a cold climate. Final-
ly, during glacial periods. the atmospheric con-
centration of CO, and other greenhouse gases is
lower.

Our knowledge of glacial-interglacial varia-
tions in greenhouse gas concentrations comes
from studies of the trapped gas content of
samples from ice cores drilied in polar regions.
As snow falls on a glacier, it becomes buried to
progressively greater depths and is compacted by
the overburden. By a depth of 50-100 m below
the surface. the compaction is great enough that
individual crystals of ice are sintered together.
trapping an amount of air comprising about 109
of the volume of the enclosing ice. This air is
nearly identical in composition to the contem-
poraneous atmosphere. The ice. and its
contained air. will continue to be buried. but will
reside in the ice sheet for very long periods
betore being transported to the oceans. By
drilling through the thickest ice sheets in Green-
land and Antarctica. we have recovered 7 deep
ice cores extending back in time as far as 230 kyr
or more. Melting or milling ice samples in a
vacuum releases the trapped gases and allows us
to collect sumples of trapped air for analysis
(Ravnaud et al. 1993).

In Fig. 12. we plot the CO. concentratton ot
air (as measured in the Vostok ice core) vs. age.
We also plot the temperature at Vostok. mnterred
from the isotopic composition of the ice. and the
isotopic composition of sea water. which s 4
measure of ice volume. In general. low atmos-
pheric CO, concentrations are contemporancous
with cold temperatures and large volumes of
continentat ice. Many other indicators of cotd
climate vary in a simtlar way.

CO. concentrations at Vostok are about 180-
190 ppmV during glacial times and 280 ppmV
during “pre-industrial times’ of the present inter-
glacial period in which we tive. This change in
CO, concentration alone would account for a
change of roughly 1°C in global average tem-
perature. Feedbacks associated with the atmos-
pheric concentration of water vapor (itself a
greenhouse gas), changes in cloud cover (which
affect the fraction of incoming solar radiation
reflected back to space. and variations in the
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Fig. 12. CO. concentration of air and relative temperature at
Vostok Station. East Antarctica. vs. age before present in
thousands of vears (from Jouzel et al. 1993). The CO.
concentration 1s determined by the analysis of air trapped in
old ice. and relative temperature is deduced from the oxygen
or hydrogen isotopic composition of the ice. Note warm
perinds at about 220400, 130000 and D-10000 vears before
present characterized by warmer temperatures at Vostok. low
&0 of benthic foraminifera. and high concentrations of
atmosphernc CO..

extent of (reflective) sea ice and snow cover
ampliify direct radiative forcing by CO, alone.
The global temperature change attributable to
glacial-interglacial CO, variations is about 2 °C,
or J0-30% of the global temperature change of
about 5 °C which occurred between glacial and
interglacial times (Lorius et al. 1990).

The geochemical causes of variations in the
CO. concentration of air are currently a matter
of vigorous debate. Two basic explanations have
been proposed to explain the glacial-interglacial
difference. The first is that biological productivi-
ty was enhanced during glacial times. so that
organisms near the sea surface removed more
CQO, from the atmosphere and. by sinking.
carried it to the deep ocean. Knox and McElroy
{1984). Sarmiento and Toggweiler (1984), and
Siegenthaler and Wenk (1984). have emphasized
the importance of the Southern Ocean in this
regard. because this region of the ocean contains
a very large nutrient pool that would allow
enhanced production if other necessary ingredi-
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ents were supphied (cf. Table 2), The second is
that the oceans might have been more alkaline.
thereby drawing down atmospheric CO, as re-
quired by the physical chemistry of the carbonate
svstem. Boyle (1988). for example. has pre-
sented evidence that the deep glacial oceans
contained a higher concentration of metabolic
CO, than the modern ocean. He argued that this
would have led to increased dissolution of
CaCO, from sea floor sediments and, therefore a
higher sea water alkatinity. The higher alkalinlty
would lower the partial pressure of CO. in the
surface ocean and. hence, in the atmopshere.
Many variations on these hvpotheses have been
proposed. along with intriguing discussions of
the detailed behavior of CO, in the oceans and
atmosphere during the transitions between pla-
cial and interglacial climates (e.¢.. Broecker and
Denton 199%)).

An important related question 1s the role of
CO, in inducing natural climate change. Severai
lines of evidence suggest that, during the penulti-
mate glacial termination (at about 130 kyr B.P.).
the atmospheric CO, concentration began rising
about 3 kyr before the ice sheets melted (Sowers
et al. 1991, Curry and Crowley 1987). suggesting
that radiative forcing mayv have helped trigger
the end of the ice age. During the last termina-
tion {beginning about 17 kyr B.P.). CO. rose
stmultaneously with the melting of the ice sheets
and the rise in sea level. At the present time. we
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recognize that orbital variations, greenhouse gas
variafrons. ocean circulation changes, and certain
other effects drive glacial-interglacial climate
change. but we do not understand how these
forcings interact to produce the changes onc
abserves,

Anthropogenic perturbations to the carbon cycle

Figure 13 shows atmospheric pCO, over the last
thousand vears. The primary aspect of this figure
which will be discussed below is the large
27% increase that has occurred since the begin-
ning of the industrial revolution. However.
equally dramatic from a carbon cvele point of
view is the stability of CO, concentrations prior
to the industrial revolution {variations are less
than *10 ppmV). The latter imply thar thc
natural carbon cycle was very close to a steady
state over a long time span that included several
major climatic episodes such as the Medieval
Warm Period and the subsequent Little Ice Age.
The present climate is thought to be within the
range of these climate episodes. It thus seems
reasonable to assume that the tmpact of recent
climate fluctuations on the naturai global carbon
cycle has been minimal.

The observed increase in atmospheric pCO.
must have been accompanied by a substantial
oceanic uptake. Figure 14a shows an estimate ol
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Fig 13, Atmospheric carbon dioxide over the last 10" vears as measured at Mauna Loa by C.D. Keeling {Boden et al. 1991).
Siple Stanon by Neftel et ai. { 19%83) and Friedlj et al. (1986). and South Poie by Stegenthaler et al. (1988).
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Fig. 14, (1) Time history of the anthropogenmie CO. budpet as
determined by the ocean model of Sarmiento et al (19921,
combined with the atmosphenc observatiens of Fig. 13, and
the fossii fuel production history (Marland et al 1989). The
residuat curve i thought to be due primarily to terrestnal
processes. (b) Estimated net release of CO. o the atmos-
phere resulting from land use changes (R. Houghton 1992)
compared with the residual from (a). The ‘missing’ sink s
estimated by differencing the residual and land use terms

the cumulative magnitude of this uptake as
obtained by a three-dimensional ocean general
circulation model following the technique of
Sarmiento et al. {1992). The figure also shows
the industrial release of CO. by fossil fuel
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burning and cement production as estimated
from records of fuel and cement production. The
release of fossil CO, 1o the atmosphere differs
from the total increase in the atmosphere and
ocean by a relatively modest amount. This differ-
ence reflects slow net release or uptake of CO,
by the global terrestrial biosphere.

Figure 14b shows that estimates of CO, re-
lease to the atmosphere by land use changes (R.
Houghton. personal communication) can account
for most of the calculated net biosphere release
until the early part of this century. In more
recent decades, however, the estimated land use
source is much larger than the net biosphere
release. This discrepancy implies a so-called
‘missing’ sink which amounts today to a cumula-
tive total of about 100 Pg of carbon. Table 3
shows the annual anthropogenic budget averaged
over the last decade. We see from this that the
missing sink is 1.8 £ 1.3 Pg of carbon per year.
The very high uncertainty arises primarily from
the uncertainty in land use change estimates.
Despite  this  large  uncertainty. biogeo-
chemists take the missing sink very seriously and
have put a great deal of effort into attempting to
determine its nature.

Many of the papers in this volume explore
mechanisms which could account for the missing
sink. We thus limit ourselves here to a descrip-
tion of the temporal and spatial structure of this
sink as inferred from a consideration of the
carbon budget. First. however, a comment on
why we believe the sink is most likely terrestriai
in origin. A major reason is that measurements
of 8'°C of CO. in air, discussed below, require a
terrestrial sink. There is still some dispute about
the accuracy of these measurements. but by far
the best fit to them is obtained with models that
put the missing sink into the terrestrial bio-
sphere.

The other major reason is that ocean models
of the potential impact on atmosphenic CO, of
modification of the oceanic carbon cycle show it
to be very small (cf. Table 2). Even the most
dramatic scenarios. such as total depletion of
surface nutrients throughout the entire Southern
Ocean. can only remove of order 70 ppmV of
carbon from the atmosphere over a period of a
century. Examination of the potential impact of
the Equatorial Pacific, North Pacific, and North
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Atlantic can account for far less removal. and
coastal regions appear to have only a modest
potential impact as well (Orr and Sarmiento
1992). There is no observational evidence to
suggest that changes of such a magnitude have
occurred anywhere in the ocean where their
impact on atmospheric CO. would be sufficient
to account for the missing sink.

Despite the large uncertainty in the missing
sink. one cannot help but be intrigued by its
strong correlation with the increasing level of
CO.. as well as with the temperature record
since about 1950 as shown in Fig. 15. Prior to
1950 the correlation with temperature is of the
Opposite sign. but the CO. increase by 1950 was
only about 40% of the total increase to the
present time. Potential mechanisms for this cor-
relation are explored in various of the following
papers in this issue.

An additional strong hint as to the narure of
the missing sink is provided by an estimate of jts
spatial distribution during the last decade. In a
pair of pathbreaking papers Keeling et al.
(1989b) and Tans et al. (1990) showed how one
could use the north-south atmospheric pCO.
gradients together with atmosphenc  transport
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Fig. 15 "Missing’ carbon sink compared with the CO. data of Fig.

Lebedeff ( 1987).

1910

models to estimate the spatial distribution of al)
the carbon sources and sinks in combination,
Subtracting off other sources and sinks for which
we have some knowledge of the spatial dis-
tribution led both Tans et al. and Keeling et aj,
to conclude that a very large fraction of the
missing sink is in Northern Hemisphere temper-
ate latitudes. Since then additional such studies
have been carried out. of which the work by
Enting et al. (1993) is perhaps most notable in
that it uses a data fitting approach which makes
effective use of all observational constraints and
gives error estimates.

Variations in the carbon isotopic composition
of (5'°C) of CO, in air. and in the ratio of
O,/N, in air. provide additional information
about the anthropogenic carbon balance. The
8'C of CO,in air varies mainly because organic
matter has a lower ratio of ""C/'"*C than CO,in
air or total CO, dissolved in seawater. Addition
of CO, to air by the burning of fossil fuel or
biomass thus causes the §''C of atmospheric
CO, to decrease. Removal of CO, by plant
growth causes 8 ''C 10 rise, because plants as-
stmilate “C preferentially. Release or uptake of
CO, by the oceans leaves the 8"C of air
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unchanged or nearly so. In qualitative terms,
these generalizations readily explain variations in
the 87C of CO, in air. 5"°C in the global
atmosphere is decreasing with time due to the
addition of *C-depleted fossil fuel to the atmos-
phere. At any one time, burning of the fossil
fuels mainly in the northern hemisphere causes
51°C of CO, to be lower in temperate northern
latitudes and to rise as One goes south. Ex-
amined in more detail, 5 °C allows us to de-
termine whether regional sources and sinks of
CO, are associated with the land biosphere or
the ocean.

We can estimate fluxes of CO, into and out of
the atmosphere from gradients in the CO, con-
centration of air in time or space (higher CO,
reflects addition. lower CO. indicates removal).
We can use § °C data to infer whether sources
and sinks of CO. are associated with orgamc
carbon. Keeling et al. (198%9a.b) have made the
most detailed studies of the distribution of CO,
in air and its implications for the global carbon
cycle. Three important resuits have emerged.
First. data on variations in the concentration and
carbon isotopic composition of CO, in air indi-
cate that. around 1980. about 60% of the fossil
fuel input remained as CO, in air and 40%
dissolved in the ocean. To within about +0.3
Gigatons of C. the land biosphere was in bal-
ance: release of CO, from deforestation
occurred at about the same ruate ds enhanced
CO, uptake by reforestation CO, fertilization.
and other processes. Second, & BC data confirm
that changing weather patterns during El Nino
years can cause an increase in the net rate of
carbon release from the land biosphere to the
atmosphere. Third, the north-south gradient in
the 8 *C of CO, in air indicates that the removal
of CO, in temperate and boreal regions of the
northern hemisphere. inferred from the CO.
distribution in air, is due primarily to uptake by
the ocean (mainly the North Atlantic) rather
than by the land biosphere.

The changing 51°C of seawater is transmitted
to the ocean by chemical exchange of CO,
between the atmosphere and surface seawater.
As a result, the 8 °C of total dissolved CO, in
seawater has been decreasing with time. The rate
of this decrease is related to the rate at which the
oceans are taking up CO,. Quay et al. (1992)
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first recognized that the oceanic 8 '*C decrease
could be used to constrain the anthropogenic
CO, balance. and presented data on the change
in the 6 "C of CO, in seawater between 1970
and 1990. They calculated that, during this
period. the ocean was taking up CO, at the rate
of 1.5+ 0.4 Gt/yr, with 0.6 0.4 Gt/yr going
into the biosphere. Their mass balance was thus
in rough agreement with other recent estimates.
Broecker and Peng (1993) and Tans et al. {1993)
have recently reinterpreted their data from other
perspectives and suggested that uncertaintics in
oceanic CO, uptake rates estimated from this
approach must be very large. The utility of
seawater &'°C data in constraining the anthro-
pogenic CO, mass balance Is a matter of vigor-
ous discussion.

Another emerging approach to constraining
the anthropogenic carbon balance comes from
studies of the changing O, concentration of air
(Keeling 1988). This approach invokes the fact
that O, is so insoluble in the oceans that air-sea
exchange does not affect the inventory of this gas
in the atmosphere over times longer than a year
or so. Burning of fossil fuel and deforestation
consume O,, while enhanced growth of the land
biosphere produces O, (along with biomass).
The change in the O, concentration of air
reflects the sum of the fluxes associated with
these three processes. By measuring the rate of
change of the O, concentration of air and
subtracting the {known) rate at which Q, is
consumed by burning fossil fuel, one can calcu-
late the net rate of change of the biomass of the
land biosphere. These rates, together with the
rate of increase of the CO, concentration of air,
constrain the rate at which fossil fuel CO,
dissolves in the ocean.

The natural processes of photosynthesis and
respiration in undisturbed land ecosystems turn
over much larger amounts of carbon and O, than
anthropogenic perturbations (cf. Fig. 4 and
Table 3). However. natural rates of photo-
synthesis and respiration are almost perfectly in
balance over the course of a year. The same is
true of marine ecosystems. These natural pro-
cesses cause the O, concentration of air to vary
on a seasonal time scale, and even on interannu-
al time scales in response to perturbations such
as E1 Nifio. but the signal that will predominate
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over the long term s that due to the anmthro-
pogenic perturbation.

Keeling and Shertz (1992) and more recently
Bender et al. (1993) measured the O./N. ratio
of air at La Jolla. California. and other locations
(Fig. 16). Units of per meg are defined by the
equation

${O./N.), per meg
=[(O./N,) sample (O,/N,) standard — 1]
x 107

For reference. a change of about 5 per meg
corresponds to approximately | ppmV O, out of
210.000. Between 1989 and 1992. the O./N,
rauo decreases at the rate of 1% per meg per
year. Keeling and Shertz calculated that this
decrease corresponds to a net flux of 0.2 + 1.7 Gt
Ciyr CO, out of the land biosphere. and 2.5 =
L7 Gt Cryr CO, from the atmosphere into the
oceans. These fluxes are in line with other recent
estimates. but again uncertainties are large. It
will take another 5-10 vears before O./N, data
will constrain anthropogenic carbon fluxes within
small uncertainties.

Projections of future increases of CO, are
frought with great uncertainty resulting primarily
from the wide range of possible cmission
scenarios. This can perhaps be best illustrated by
the attempts of the IPCC to provide authorita-
uve estimates of future CO. growth rates and
resulting climate change as a guide to decision
makers (Houghton ¢t ab. [990). Their (990
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Fig 16, O N, ratwo i ar at La Jolla, Califorma vs, nme
from 1989-1992. Units of per meg are defined in the text.
The ratw increase :n the summertime as land and manne
plants grow. producing .. and falls in the winter due to
respiration. Note the fong term decrease in the O. N ratic
of air. which mainly reflects anthropogenic consempuon of
(). due to the burning of fossil fuels

report gave a wide range of scenarios ringing
from one which assumed that fossil emissiong
continued at present (i.e., 1990} levels. to ,
‘business as usual’ scenmario which projected
present growth rates of fossil fuel burning ing
the future. allowing for the impact of dwindling
tossil fuel reserves as time goes on. Models of
these two scenarios give future CO, levels 4
century from now of about SO0 ppmV in the low
¢cmission scenario versus 800 ppmY in the high
emission scenario (Sarmiento and Orr 1991).

‘the political landscape has evolved significant-
lv since the time that the [PCC 199) report was
prepared. In particular. most developed coun.
tries have recognized the importance of control-
ling emissions at levels that will not permit Q.
to rise above concentrations that would cause
harmtul climate change. Although it is difficul:
to define what CO, concentration levels w j|
cause harmful climate change. this change n
views does suggest an alternative strategy for
scientists to provide input to decision makers.
IPCC s preparing a new report prescribing
range of future upper limit atmospheric CO.
concentrations, and calculating allowable emis-
sions by model calculations of how much CO.
can be taken up by the oceans. terrestrial hio-
sphere. and atmosphere under these particular
scenarios (Enting et al. 1994},

Figure 17 shows the IPCC [994- 1995 scenarios
as well as calculations by Sarmiento. Le Quére
and Puacala {in preparation) of oceanic uptake for
wo of them. The outstanding feature which is ol
relevance to the topic of this special issue is the
large contribution to the carbon budget by the
missing sink. During the last decade, the missing
sink accounts for a third of the fossil emissions
and more than a quarter of the combined land
use and fossit emissions. Projections of the
future behavior of this missing sink are thus a
major uncertainty in the IPCC 1994—1995 emis-
slON scenarios.
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be far larger if the missing sink continues to play a role.

23



232

9314707) and by the US Department of Energy
under contract DE-FGO2-90ER61052. M.L.B.
gratefullv acknowledges financial support from
NSF grant ATM 9214776 and EPA [AG
DW46635603-01-0.

References

Arthur MA. Allard D and Hinga KR {1991) Cretaceous and
Cenozoic atmospheric carbon dioxide variations and past
global climate change. Geol Soc Am Ann Meeting Abstr
A 1TR

Bainbnidge AE {1976) Geosecs Atlantic Expedition, Sections
and Profiles Vol 2. US Government Printing Office.
Washingion DC

Barron EJ (1983) A warm. ¢quable Cretaceous: The nature
of the problem. Earth Sct Rev 19: 35-338

Barron EJ and Washington WM ({1985) Warm Cretaceous
climates: High atmospheric CO. a5 a plausible mechamsm,
In: Sundquist ET and Broeker WS (eds) The Carbon Cyele
and  Atmospheric CO.: Natural Variations Archean 1o
Present. pp S546-333. American Geophysical Union.
Washington DC

Bender M. Tans P and Ellis T (1993) The distribution of O.
tn the Southern Hemisphere air: Implication for the ocean
carbon cvcle. dth Int Conf on CO.. WMO/TD - No 56.
World Meteorological Organization Global Atmosphere
Watch. No 89, Geneva

Berner RA (1991 A model for atmosphene CO. aver
phanerozoic, Am J Sci 291 339-376

Berner RA (1992) Palaeo-COL and chmate. Nature 358: 114

Berner RAL Lasaga AC and Garrels RM (1983) The carbon-
ate-silicate geochemical evele and its effect on atmospherc
carbon dioxide over the past [0 million vears. Am J Su
283 041683

Boden TA. Sepanski RI and Stoss EW (eds) (1991) Trends
41 A compendium of data on global change. ORXNL
CDIAC-36 Carbon Diovide [ntormaton Analvsis Center.
Ouk Ridee National Laboratory. Qak Ridge. Tennessee.
(%) pp

Bovle EA {1988} Vertical occanme nutnent fractonation and
glacial: interglacial CO . cycles. Nature 331 53-56

Broccker WA and Denton GH (1990) What drives glacial
cveles? Scienufic American 262 49-56

Broecker WS and Donk JV (19700 fnsolatnon changes. ice
volumes. and the "0} record in deep sea cores. Ren
Geophys Space Phys 3 169-19%

Broecker WS and Peng TH (1993) Evaluation ot the "C
constraint on the uptake of fossil fuel CO, by the ocean
Global Biogeochemical Cycles 70 619-626

Broecker WS and Takashastn T (1977) Neutralization of
fosst) fuel Q). by marine calcium carbonate. In: Anderson
NR and Malahoff A {eds) The Fate of Fossil Fule CO. in
the Oceans. pp 213-239. Plenum Press, New York

Brook GA. Folkoff ME and Box EO (1953} A world model
of soil carbon dioxide Earth Surt Processes Landforms §:
T9-4¥

Cerling TE (1991) Curbon dioxide in the atmosphere: Evi-
dence from cenozoic and mesozoic paleosols, Am J Sc
291 377-300

Cerling TE (1992) Use of carbon isotopes in paleosols as an
indicator of the P(CO.) of the paleocatmosphere. Global
Biopeochem Cycles 6: 307-314

Cerling TE. Solomon DK. Quade ] and Bowman JR (1991}
On the isotope composition of carbon in soil carbon
dioxide. Geochim Cosmochim Acta 55: 3403-3405

Chyba C (1987) The cometary contribution to the oceans of
the primitive earth. Nature 330: 632-635

Conway TJ. Tans PP and Waterman LS (1991) In: Boden
TA. Sepanski RJ and Stoss FW (eds) Trends '91. pp
44-143. Vol ORNL/CDIAC-46. ESD Publication No 3746
Carbon Dioxide [Information Amnalvsis Center. Environ-
mental Sciences Division. Oak Ridge National Laboratory.
Qak Ridge. TN

Craig H, Broecker WS and Spencer D (I981) Geosecs Pacific
Expedition. Vol 4. Sections and Profiles. US Government
Printing Office, Washington DC

Curry WB and Crowley TJ {1987) The d''C of equatorial
Atlantic surface waters: [mplications for ice age pCO
levels. Paleoceanography 2: 489-517

Enting [G. Trudinger CM. Francev RJ and Granek H (1993}
Synthesis inversion of atmospheric CO, using the GISS
tracer transport model. CSIRO Aust Div Atmos Res Tech
Pap 29: 1-44

Enting 1G, Wigley TML and Heimann M { [994) Assessment
ot the |IPCC CO. modelling study. Technical Paper No 3|
CSIRO Division of Atmospheric Research

Epplev RW 11Y72) Temperature and phytoplankten growth
in the sea. Fish Bull 70: 10631085

Falkowskt PG (1994) The role of phytoplankton photo-
sviithesis in global biogeochemical cycles. Photosynth Res
390 235-258 {this 1ssue)

Freeman KH and Huaves JM {1992) Fractionatien of carboen
isotopes by phyvtoplankton and estimates of ancient €O
levels. Global Biogeochem Cyveles 60 [85-198

Friedh H. Lotscher H. Oeschger H. Siegenthaler U anc
Stauffer B (1986) lce core record of the 'C/C ratio o1
atmospheric carbon dioxide in the past two centunes
Nature 324: 237-23%

Gaffin S (1987} Ridge volume dependence on seafloor
generation rate und inversion using long term sealevet
change. Am J Sci 287: 596-611]

Hunsen J and Lebedetf § {1987} Global trends of measured
surface air temperature. f Geophvs Res 92: 13345~ (3372

Havys ID. Imbne ) and Shackleton NI (1976} Variauons in
the Earth's orbit: Pacemaker of the ice ages. Science 94
F121-1132

Hellerman S and Rosenstern M (1983} Normal monthly wind
stress over the world ocean with error estimates. J Phys
Oceanogr 13: 1093-1104

Hollunder DJ and McKenzie JA (1991} CO, controb on
carbon-isotpe fractionation during aqueous photosynthesis:
A paleo-pCO. barometer. Geology 19: 929-932

Houghton JT. fenkins GJ and Ephraums 1J {1990) Climate
Change, The [PCC Scientific Assessment. Cambridge
University Press. Cambndge

Houghton RA (1992) Effects of land-use change. surface

7

tempe
of car'
tional
Clima
26-29
Imbrie J
al. (1
cycles
Paleo.
Jouzel J
Gentt
JR. R
M. Yi
core
perio«
Kasting
CO, !
and T
pheric
6l12-6
phvsic
Keeling
Heim:
three-
based
in: Pe
Pacitic
pp 5
Keelir 2
dimen
obs
vanat
Varial
Mono
Keeling
gen a:
O, m
Keeling
vartat
alobui
Knox F
intlue
89: 16
Lasaga .
over
Broec
CO.:
Geop!
Levitus
Nati ¢
Levitus
A (v
the w.
Lonius «
(1990
green:
Maier-R
storag
cycle
Marlanc



: ljﬁ
i

I3

!}%

p

iumperature and CO, concentration on terrestrial stores
;of carbon. Paper presented at the IPCC-sponsored interna-
uonal Workshop on Biotic Feedbacks in the Global
Qalmauc System. Woods Hole. Massachusetts, October
9629, 1992

mbrie J, Bayle EA, Clemens 5C. Duffy A. Howard WR et
fal. (1992) On the structure and origin of major glaciation
‘cycles. 1. Linear responses to Milankovitch forcing.
Paleoceanography 7: 701-738

ouzel J. Barkov NI, Barnola JM. Bender M. Chappellaz .
Genthon G, Kotlvakov VM, Lipenkov V. Lorius C, Petit
JR, Raynaud D. Raisbeck G. Ritz C, Sowers T. Stievenard
M. Yiou F and Yiou P (1993) Extending the Vostok ice-
core record of paleoclimate to the penultimate glacial
period. Nature 364: JU7-412

.asting JF (1985) Photo chemscal consequences of enhanced
CO. levels in Earth's early atmosphere. In: Sundquist ET
and Broecker WS (eds) The Carbon Cycle and Atmos-
pheric CO.: Natural Variations Archean to Present. pp
612-622, Vol Geophysical Manograph 32. American Geo-
physical Union. Washington DC

leeling CD. Bacastow RB. Carter AF, Piper SC. Whorf TP,
Heimann M. Mook WG and Roeloffzen H (198%a) A
three-dimensional model of atmospheric CO. transport
based on observed winds: | Analysis of abservation data.
In: Peterson DH (ed) Aspects of Climate Variability in the
Pacific and the Western Americas. AGU Monograph 55.
pp 165-236. AGU., Washington DC

Leeling CD. Piper SC and Heimann M (1989b} A three-
dimensional model of atmospheric CO, transport based on
observed winds: 4 Mean annual gradients and interannual
variations. In: Peterson DH (ed) Aspects of Climate
Variability in the Pacific and the Western Americas, AGU
Monograph 35, pp 305-363. AGU. Washington DC

{eeling RF (1988} Development of an interferometnc oxy-
gen analyzer for precise measurement to the atmaspheric
0, mole fraction. PhD thesis. Harvard University

<eeling RF and Shertz SR (1992) Seasonai and interannual
vanations in atmospheric oxvgen and implications for the
ulobal carbon cyele. Nature 358: 723-727

~nox F and McElrov M ( 1984) Changes in atmospheric CO .
infuence of marine biota at high latitudes. J Geophys Res
49 46294637

{.asaga AC. Berner RA and Garrels RM (1985) Fluctuatons
over the past 100 million years. In: Sundquist ET and
Broecker WS {eds) The Carbon Cycle and Atmospheric
CQ,: Natural Variations Archean 1o Present. pp 397411,
Cieophysical Monograph 32, AGU. Washington DC

Levitus S (1982) Climatological Atlas of the World Ocean.
Natl Oceanic and Atmos Admun, Bouider, CO

[.evitus S. Conkright ME. Reid JL, Najjar RG and Mantyla
A (1993) Distnibution of mitrate, phosphate and silicate 1n
the world oceans. Prog Oceanog 31: 245-273

Lorius C. Jouzet J, Raynaud D. Hansen J and Treut HI
([ 199)) The ice-core record: Climate sensitivity and future
greenhouse warming. Nature 347: 139-145

Maier-Reimer E and Hasselmann K (1987) Transport and
storage of CO, 1n the ocean-an inorganic ocean circulation
cycle model. Climate Dyn 2 63-%)

Marland G. Boden TA. Griffin RC. Huang SF. Kanciruk P

233

and Nelson TR (1989) Estimates of CO, emissions from
fossil fuel burning and cement manufacturing, based on the
US Bureau of Mines cement manufacturing data, ORNL/
CDIAC-25. NDP-030. Carbon Dioxide Information Analy-
sis Center. Qak Ridge National Laboratory, Oak Ridge,
TN

Miller KG. Fairbanks RG and Mountain GS (1987) Tertiary
oxygen isotope synthesis, sea level history, and continental
margin erosion. Paleoceanography 2: 1-19

Mora CI. Driese SG and Seager PG (1991) Carbon dioxide
in the Paieozoic atmosphere: Evidence from carbon-iso-
tope compositions of pedogenic carbonate. Geology 19:
1017-1020

Najjar R (1992) Marine biogeochemistry. In: Trenberth KE
(ed) Climate System Modeling, pp 241-280. Cambridge
University Press. Cambridge

Neftel A. Moor E. Oeschager H and Stauffer B (1985)
Evidence from polar ice cores for the increase in atmos-
pheric CO, in the past two centuries. Nature 315: 45-47

Orr JC and Sarmiento JL {1992) Potential of marine macro-
algae as a sink for CO,: Constraints from a 3-D general
circulation model of the global ocean. Water, Air & Soil
Pollution 64: 405-421

Quay PD. Tilbrook B and Wong CS (1992) Cceanic uptake
of fossil fuel CO,: Carbon-13 evidence. Science 236: 74~
79

Raymo ME, Shackleton WF and Oppo DW (1990} Evolution
of Atlantic-Pacific 8 *C gradients over the last 2.5 m.y.
Earth Planet Sci Lett 97: 353-368

Ravnaud D. Jouzel J, Barnola JM, Chappellaz J. Delmas RJ
and Lorius C (1993) The ice record of greenhouse gases.
Science 259: 926-934

Raven JA (1994) Carbon fixation and carbon availability in
marine phytoplankton. Photosynth Res 39: 259-273 (this
1ssue)

Saltzman B and Sutera A (1984) A model of the internal
feedback svstems involved in late Quaternary chimatic
variations. J Atmos Sci 41: 736-743

Sarmiento JL and Orr JC (1991) Three-dimensional simula-
tions of the impact of Southern Ocean nutrient depletion
on  atmospheric €O, and ocean chemistry. Limnol
Oceanopr 36: 1928-1950

Sarmiento JL and Siegenthaler U (1992} New Production
and the Global Carbon Cycle. In: Falkowski PG and
Woohead AD (eds) Primary Productivity and Biogeoch-
emical Cycles in the Sea, pp 317-332. Plenum Press, New
York

Sarmiento JL and Toggweiler JR (1984) A new model for the
role of the oceans in determuning atmospheric pCO,.
MNature 308: 621-624

Sarmiento J1., Orr JC and Siegenthaler U (1992) A perturba-
tion simulation of CO, uptake in an ocean general circula-
tuon model. ]| Geophys Res 97: 3621-3646

Shine KP, Derwent RG, Wuebbles DJ, Morcrette J-J {1990)
Radiative forcing of climate. In: Houghton JT, Jenkins GJ
and Ephraums JJ {ed} Climate Change. The [PCC Sa-
cntitic Assessment, pp 41-68. Cambridge University Press,
Cambridge

Siegenthaler U {1986) Carbon dioxide: {ts natural cycle and
anthropogenic perturbation. In: Buat-Ménard P (ed) The

25 .

- W WY Y . W



234

Roie of Air-Sea Exchange in Geochemcal Cycling, pp
209-248. D Readel. Dordrecht

Siegenthaier U and Sarmiento JL (1993) Atmospheric carbon
dioxide and the ocean. Nature 365: 119-125

Stegenthaler U and Wenk T (1984) Rapid atmospheric CO.
variations and occan circulation. Nature 308: 624-625

Siegenthaier U. Friedli H, Loetscher H. Moor E. Neftel A.
Oeschger H and Stauffer B (1988} Stable-isotope ratios
and concentration of CO, in air from polar ice cores. Ann
Glaciol 10: 1-6

Sowers TM. Bender M. Raynaud D. Korotkevich ¥S and
Orchardo J (1991) The d'"0 of atmospheric Q. from air
inclusions in the Vostok ice core: Timing of CO, and tce
voiume changes during the penultimaie deglaciation.
Paleoceanography 6. 679-696

Tans PP. Fung 1Y and Takahashi T (1990) Observationat
constraints on the globai atmospheric CO, budget. Science
247 14311438

Tans PP. Berrv JA and Keeling RF (1993) Qceanic 'Cr"C
observations: A new window on ocean €O, uptake.
Global Biogeochemical Cyeles 7: 353-368

Tavlor DW and Hickev LI (1990) An Aptian plant with
attached leaves and flowers: [mplications tor angiosperm
ongin. Science 247 702-704

Thomason IR, Nelson ME and Zakrezewski RJ (1988) A
fossil grass {Gramineae: Chloridoideae) from the Miocene
with Kranz anatomy. Science 233: §76-878

Toggweiler JR, Dixon K and Bryan K (1989) Simulation of
radiocarbon in a coarse-resolution world ocean model. 1
Steady state prebomb distributions. J Geaphys Res 94
8217-8242

Volk T (1989} Rise of angiosperms as a factor in fong-term
climate cooling. Geology 17: 107-110

Volk T and Hoffert MI (1985) Ocean carbon pumps: Analy-
sis of a relative strengths and efficiencies in ocean-driven
atmospheric CO, changes. In: Sundquist ET and Broecker
WS (eds) The Carbon Cycle and Atmospheric CO,:
Natural Vartations Archean to Present. pp 99-110. Geo-
physical Monograph 32. American Geophysical Union,
Washington, DC

Watson RT. Rodhe H, Oeschger H and Siegenthaler U
(1990} In: Houghton IT. Jenkins GJ and Ephraums JJ
{eds) Climate Change, The IPCC Scientific Assessment. pp
[-40. Cambridge University Press, Cambridge

Wilkinson BH and Walker JCG (1989) Phanerozoic cycling
of sedimentary carbonate. Am J Sci 289: 525-548

Yapp CJ (1992} Ancient atmospheric CO, pressures inferred
from natural goethites. Nature 355: 342-344






