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Fate of Fossil Fuel Carbon Dioxi4 
and the Global Carbon Budg 

W. S. Broecker, T. Takahashi, H. J. Simpson, T.-H. P 

Claims have recently been made that 
the cutting and burning of forests is cur- 
rently a major source of carbon dioxide 
(CO2) (1-4). These claims come as a 
shock to those of us engaged in global 
carbon budgeting, as we have been call- 
ing for a modest increase in the size of 
the terrestrial biosphere (5-8) in order to 
achieve a balance in the carbon budget. 
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Summary. The fate of fossil fuel carbon dioxide released into the 
pends on the exchange rates of carbon between the atmosphere < 
carbon reservoirs, namely, the oceans, shallow-water sediments, ar 
biosphere. Various assumptions and models used to estimate the glo 
get for the last 20 years are reviewed and evaluated. Several versions 
sphere-ocean models appear to give reliable and mutually consiste 
carbon dioxide uptake by the oceans. On the other hand, there is no 
dence which establishes that the terrestrial biomass has decreased 
parable to that of fossil fuel combustion over the last two decades, 
cently claimed. 

In this article we review the elements of 
the carbon budget and attempt to recon- 
cile these seemingly conflicting views. 

The carbon budgeting strategy is as 
follows. Since 1958, it has been possible 
to measure the secular trends in the at- 
mospheric CO2 concentration with suf- 
ficient accuracy to permit a quantitative 
assessment of the buildup of CO2 in this 
reservoir (see Fig. 1) (9, 10). We have 
good records over this time period of the 
amount of CO2 released through the 
combustion of fossil fuels, that is, coal, 
oil, and gas (see Fig. 2) (11, 12). These 
inventories show that the CO2 content of 
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0.89 + 0.06. As we explain below, the 
reaction of carbon atoms with anthropo- 
genic phosphorus atoms to form organic 
residues accounts for about 0.02 of the 
amount of fossil fuel CO2 released since 
1958. Adding this contribution to the 

de ocean and atmosphere inventories, we 
achieve a total of 0.91 + 0.07. 

Fet Estimates of forest cutting and burning 
i9 ~ ~suggest that the amount of CO2 released 

by these processes since 1958 ranges 
'eng from 20 to 100 percent of that released 

by the burning of fossil fuels (1-4). 
If true, the unaccounted for residual 
[that is, (fossil fuel C02) + (forest cut- 

i by about one- back CO2) - (CO2 taken up by the 
e the case if all ocean) - (CO2 taken up in organic resi- 
fossil fuel com- dues)] then lies in the range from one- 
the air (assum- quarter to the total amount of fossil fuel 
in the terrestrial CO2 released (see Table 1). Thus, if the 
uncertainties in forests are decreasing in biomass at any- 
I consumed and where near the rates claimed, there must 
ease, the actual be a major error in our budgeting. 
raction of CO2 We examine below the assumptions 

associated with estimates of the transfer 
of excess CO2 from the atmosphere to 

atmosphere de- other reservoirs. We do not review the 
and three major fuel consumption or atmospheric in- 
id the terrestrial crease estimates, as they have been dis- 
ibal carbon bud- cussed and reevaluated by several inves- 
of recent atmo- tigators (9-12). Rather, we will start with 

nt estimates for a discussion of uptake of CO2 by the 
compelling evi- ocean. Our conclusion will be that cur- 

I at a rate com- rent estimates of ocean uptake are suffi- 
as has been re- ciently firm to exclude the possibility 

that appreciably more excess CO2 is dis- 
solved in the sea than has been estimated 
through the use of existing models (5-8). 

range from 0.48 This being the case, we will look to the 
the value of biosphere (living and dead) for resolution 

Oeschger et al. of the budgetary contradiction. We con- 
clude that the regrowth of previously cut 

account for the forests and the enhancement of forest 
,sibilities exist. growth resulting from the excess CO2 in 
in the terrestri- the atmosphere have probably roughly 
wood and soil balanced the rate of forest destruction 
ly as dissolved during the past few decades. 

shallow-water 
;anic residues). 
ige must domi- Seawater Uptake of Carbon Dioxide 
in uptake mod- 
>elow) indicate Existing estimates of the amount of 
fossil fuel CO2 fossil fuel CO2 that has thus far been 
and the present taken up by the ocean are based entirely 
he sea. Adding on modeling. The secular increase in the 
borne fraction dissolved inorganic carbon content of 
in a total of seawater is as yet too small to be mea- 
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sociation constant is important because 
ig. 1. The records of the atmospheric CO2 borate ion competes with C032- for the 
oncentrations (by volume in dry air) (a) athydrogen ions present in seawater; the 
ie Mauna Loa Observatory, Hawaii, and (b) 
t the South Pole over the period from 1958 excess CO2 entering the sea will perturb 
Irough 1975. These measurements were the boric acid speciation as well as the 
iade by Keeling and his coworkers (9, 10). carbonic acid speciation. Although there 

is some uncertainty about the values of 
these constants, the error in the static ca- 

ured. The models suggest that since the pacity estimate due to the residual uncer- 
nset of the industrial revolution the in- tainties in the equilibrium constants is no 
rease in the dissolved inorganic carbon more than + 5 percent (14). 
ontent of surface water has been about The static capacity for any given 
.3 percent (13) and that at present the sample of seawater can be expressed in 
ate of increase is about 0.35 percent per terms of the Revelle factor, R, which is 
ecade. Historical oceanic data on dis- defined as follows: 

solved CO2 are accurate to only a few 
percent; the accuracy of recent measure- 
ments is about 0.3 percent. Thus, unless 
measurements that are more accurate by 
an order of magnitude can be made, at 
least a decade will pass before a direct 
confirmation of the model-based esti- 
mates will be obtained. Fortunately, as 
outlined below, the basic assumptions 
needed for modeling are reasonably well 
grounded. 

Three basic components are needed in 
the oceanic model. The first is the static 
capacity of seawater to take up excess 
CO2. For any given increase in the atmo- 
spheric CO2 content, by how much will 
the CO2 content of a cubic meter of sea- 
water maintained at chemical equilibri- 
um with the atmosphere increase? The 
second component is the rate of CO2 
transport across the air-sea interface. 
This rate determines how rapidly the dis- 
solved inorganic carbon content of sur- 
face seawater responds to changes in the 
atmospheric CO2 content. Finally, the 
rate of vertical mixing within the sea 
must be known. The amount of CO2 
taken up by the sea depends on the ra- 
pidity with which the CO2 taken up is 
stirred into the body of the sea. As all 
three of these factors show geographic 
and seasonal variations, the model must 
either average these variations or treat 
various oceanic regions and seasons of 
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R APCO2/pCO2 
A[ICO2/[C02CO 

where pCO2 is the partial pressure of 
CO2 in seawater and [ECO2] is the con- 
centration of dissolved inorganic carbon 
(that is, [CO2] + [HCO3-] + [CO32-]) in 
seawater. This definition of R assumes 
that the temperature, salinity, and alka- 
linity of the seawater remain constant 
and that A[ECO2] is much less than 
[ECO2]. Figure 3 shows R values at vari- 

Table 1. Summary of the carbon budget (in 
units of 1015 moles) for the period 1958 to 
1975. 

Component Carbon 

Model I (excludes forests) 
Atmosphere 2.7 + 0.2 
Ocean 1.9 ? 0.4 
Phosphorus matching -0.1 

Total 4.7 + 0.5 
Fossil fuel 5.2 + 0.6 
Unaccounted for residual 0.5 + 0.8 
Model 2 (includes forests, with other entries 

the same as for model 1) 
Terrestrial biomass decrease 

Bolin (1) 2 + 1 
Woodwell and Houghton (2) -5 
Stuiver (31) ~0 

Unaccounted for residual 
Bolin (1) 2 + 1 
Woodwell and Houghton (2) -5 
Stuiver (31) ~0 

1860 1890 1920 1950 

Fig. 2. Production rate of CO2 from fossil 
fuels between 1860 and 1974 as reconstructed 
from the production of coal, oil, natural gas, 
and cement (11, 12). The estimate for the peri- 
od from 1860 to 1941 was made by Keeling 
(11); that for the period from 1950 to 1974 was 
made by Baes et al. (12). 

ous points on the sea surface as part of 
the Geochemical Ocean Section Study 
(GEOSECS) program (14); the Revelle 
factor is a function of the ratio of [ECO2] 
to the alkalinity and of temperature. 
Since the geographic variations in the 
chemical composition of surface sea- 
water correlate with water temperature, 
the R for surface ocean water correlates 
well with temperature. The range is from 
8 for the warmest surface waters to 15 
for the coldest surface waters. The best 
choice of a value to be used in an average 
ocean model is 10. This is the value cho- 
sen by Oeschger et al. (8) in their oceanic 
model for CO2 uptake as a result of fossil 
fuel combustion. Because of the uncer- 
tainty with regard to the appropriate av- 
erage temperature of the seawater which 
has partially equilibrated with the atmo- 
sphere during the industrial revolution, 
the choice for R could be anywhere in 
the range from 9 to 11. Thus, in order to 
produce an increase of 1 percent in the 
equilibrium total content of dissolved in- 
organic carbon of average surface sea- 
water, the partial pressure of CO2 in the 
atmosphere must rise between 9 and 11 
percent. 

From this result an upper limit can be 
set on the fraction of the fossil fuel CO2 
produced to date that has entered the 
sea. Per square meter of ocean surface, 
the preindustrial atmosphere contained 
about 145 moles of CO2 and the ocean 
about 8740 moles (15). Taking the aver- 
age R to be 10, the fraction f0 of CO2 
taken up by the sea after equilibration 
with the atmosphere is 

_f = 8740/10 0.86 
(8740/10) + 145 

As we shall see, the actual fraction taken 
up is much smaller. 

There are two methods by which the 
transfer rate of CO2 between the atmo- 
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sphere and the surface ocean has been 
estimated. The first method is based on 
the requirement that the net invasion of 
naturally produced 14CO2 into the ocean 
be just fast enough to balance the rate of 
decay of 14C residing in the sea (5). The 
decay rate of 14C within the sea can be 
estimated from SCO2 contents and 14C/C 
ratios measured in the major oceanic wa- 
ter masses. The net influx of 14CO2 de- 
pends on the fractionation-corrected dif- 
ference between the 14C/C of atmospher- 
ic CO2 and the mean 14C/C ratio in sur- 
face waters and on the gas exchange 
rate. Thus, from a knowledge of the 
whole ocean 14C inventory and of the dif- 
ference between the 14C/C ratio of atmo- 
spheric CO2 and of the surface ocean wa- 
ter, the gas exchange rate can be calcu- 
lated. The result is 19 + 6 moles of CO2 
per square meter per year. The major 
source of error in the estimate is the un- 
certainty in the fractionation-corrected 
difference in the 14C/C ratio of atmo- 
spheric CO2 and of the surface waters for 
the time prior to the industrial revolution 
(-45 + 15 per mil) (16). 

The second approach is based on the 
deficiency of radon gas observed in the 
surface ocean mixed layer (17). This 
method takes advantage of the fact that 
radon gas (half-life, 3.9 days) is being 
generated within the sea by the decay 
of its parent, 22Ra, that the atmosphere 
over the sea is sufficiently free of radon 
to be considered an infinite sink, and that 
the rate of interchange between surface 
mixed-layer water and the stratified wa- 
ter beneath the mixed layer is so slow 
that the transfer of radon from the upper 
thermocline to the depleted mixed layer 
can be neglected. The amount of radon 
found within the mixed layer averages 
about 70 percent of that expected at 
equilibrium with the 226Ra dissolved in 
the mixed layer water. Thus, during their 
mean lifetime of 6 days, about 30 percent 
of the radon atoms generated within the 
mixed layer escape to the air. For the 100 
stations measured in the GEOSECS pro- 
gram in the Atlantic and Pacific, the av- 
erage stagnant film thickness obtained by 
the radon method is 35 micrometers (18). 
The application of this radon result to 
CO2 requires a knowledge of the ratio of 
the molecular diffusivities of the two 
gases, of the dependence of the transfer 
coefficient on diffusivity, and on the as- 
sumption that an increase in the CO2 flux 
caused by the reaction between CO2 and 
water is negligible. The transfer coeffi- 
cient is linearly related to the diffusivity 
if the stagnant film model is used to de- 
scribe the gas-water interface (19), 
whereas it is related to the square root of 
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Table 2. Distribution of fossil fuel CO2 be- 
tween the atmosphere and the ocean as a 
function of mixing depth and the gas exchange 
rate, E. In the calculations we assumed in- 
finitely rapid mixing within the upper mixed 
layer and no fossil fuel uptake by the lower 
layer; R = the Revelle factor. 

Fraction of the 
Fraction total fossil fuel 

Depth of the CO2 taken up 
of the ocean by the oceans 
upper volume 
layer in the E = 16 
(m) upper E = o, (mole m-2 

layer R = 10 year-l), 
R = 10 

76 0.2 0.136 0.132 
380 0.10 0.441 0.406 
950 0.25 0.663 0.591 

1900 0.50 0.798 0.695 
3800 1.00 0.886 0.761 

diffusivity if the surface renewal model is 
considered (19). The best radon-based 
estimate for the CO2 exchange rate is 16 
moles per square meter per year (18). 
This result is close to that obtained with 
the natural radiocarbon model. In mak- 
ing this comparison, we must point out 
several reasons why these estimates 
might not agree. 

1) The exchange of CO2 may be en- 
hanced by chemical reactions within the 
stagnant film. Although kinetic studies in 
the laboratory suggest that these reac- 
tions are normally too slow to be signifi- 
cant (20), they may be catalyzed in the 

0 

cJ 

0) 

a) 
cr 

sea as suggested by Berger and Libby 
(21). 

2) The radon measurements in temper- 
ate and high latitudes were made mainly 
under summer conditions (that is, during 
periods of lower than average wind ve- 
locity). In view of the fact that laborato- 
ry studies indicate that the gas exchange 
rate increases with wind velocity, the 
GEOSECS radon measurements may 
underestimate the global average ex- 
change rate. 

3) The CO2 exchange rate based on the 
distribution of natural radiocarbon is 
based on the assumption that the decay 
of 14C in the deep sea is balanced entirely 
by the input of 14C through the warm sur- 
face ocean. If, on the other hand, a sub- 
stantial portion of this input is through 
the high latitude outcrops of deepwater 
masses, then the CO2 exchange rate 
needed for maintaining the 14C in the 
ocean at steady state would be lower 
than the 19 mole m-2 year-l given above 
(22). 

In the calculations we will carry out 
below, we adopt a CO2 exchange rate of 
16 mole m-2 year-1, the value chosen by 
Oeschger et al. (8) in their model calcu- 
lations. A feeling for the importance of 
this exchange rate can be obtained from 
the calculations summarized in Table 2. 
In each calculation the ocean is divided 
into two reservoirs; the upper reservoir 
is stirred with infinite rapidity, and the 
lower reservoir is isolated from the at- 

0 10 20 
Temperature (?C) 

30 

Fig. 3. Revelle factor for the surface waters of the Atlantic, Pacific, and Indian oceans. The 
values presented here have been calculated on the basis of the alkalinity and total CO2 data 
obtained by the GEOSECS program. The first and second apparent dissociation constants of 
carbonic acid in seawater of Mehrbach et al. (54), the apparent dissociation constant of boric 
acid in seawater of Lyman (55), and the solubility of CO2 in seawater as determined by Weiss 
(56) have been used for the calculation. The dashed curves represent the effect of temperature 
on the Revelle factor for a typical surface water (salinity = 35.00 per mil and alkalinity = 2.320 
milliequivalents per kilogram) at constant pCO2 values of 320 and 370 x 10-6 atm, respectively. 
The total CO2 varies from 1.95 millimoles per kilogram at 26?C to 2.19 millimoles per kilogram at 
0?C. 
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mosphere. For each such case the ocean 
uptake of fossil fuel CO2 to date is calcu- 
lated, based on the use of an infinite gas 
exchange rate and the CO2 exchange rate 
of 16 mole m-2 year-'. As will be shown 
below, the case with an upper mixed-lay- 
er thickness of 380 m lies closest to the 
true situation. For this case the finite rate 
of gas exchange reduces the amount of 
CO2 taken up by the ocean by 10 per- 
cent. Had the value based on natural ra- 
diocarbon (19 mole m-2 year-1) been 
chosen, the reduction would have been 
about 8 percent. Thus, although a sizable 
uncertainty does exist in the mean oce- 
anic CO2 exchange rate, its influence on 
the results of calculations of the ocean 
uptake of CO2 is no larger than 5 percent. 

The rate of vertical mixing within the 
sea can best be understood in the context 
of the large-scale density structure. For 
our purpose, a three-layer subdivision of 
the ocean is adequate. Capping the 
ocean is a layer averaging about 75 m 
thick, which is completely stirred on a 
time scale of hours to days. This layer is 
underlain by the thermocline, which av- 
erages about 1000 m thick. Ventilation of 
this layer occurs on a time scale of years 
to decades. Beneath the thermocline is 
the deep sea, which averages about 2700 
m thick. Radiocarbon data on deep sea- 
water indicate that it is ventilated on 
time scales ranging from a few hundred 
years for the Atlantic (23) to more than 
1000 years for the North Pacific (24). The 
average is about 1000 years (16). On the 
other hand, the mean age of fossil fuel 
CO2 is 28 years (25). During the 28 years, 
the average fossil fuel CO2 molecule has 
penetrated only about 28/1000 of the 
ocean system, or 2.8 percent of the deep 
sea has been ventilated. This corre- 
sponds to a characteristic depth of 75 m. 
Thus, the surface mixed layer (75 m 
thick) and the deep sea together contrib- 
ute a total of 150 m to the characteristic 
mixing depth for CO2 in the uppermost 
and deep-sea layers. To this must be 
added that fraction of the thermocline 
ventilated on a time scale of several dec- 
ades. In view of the thickness of the 
thermocline, the potential range in the 
overall characteristic depth is quite large 
(150 to 1150 m). The corresponding static 
oceanic uptake fractions range from 0.18 
to 0.63. 

The best current means of calibrating 
models for thermocline ventilation is 
through the distribution of bomb-pro- 
duced tritium (3H). The injection of this 
radioactivity to the sea surface occurred 
primarily during the years 1962 through 
1964, with lesser inputs prior to and sub- 
sequent to this period (26). As part of the 
GEOSECS program, the depth distribu- 

412 

Table 3. Tritium penetration as of the time of 
the GEOSECS survey (July 1972 to June 
1974) (27). 

Depth 

Frac- Mean spread tion mix- spread 
Latitude tlon mx- over 

of the ing the 
oceanic depth 

e 
entire area (m) ocean 

(m) 

0?-15? 0.28 130 36 
15?-45? 0.45 500 225 
Arctic 0.04 200 8 
North Atlantic 0.03 1000 30 

> 450 
North Pacific 0.03 300 9 

> 45? 
Antarctic 0.17 300 51 

> 450 

Total 1.00 360* 360* 

*Area-weighted mean; M; (fraction of the oceanic 
area) x (mean mixing depth) = 360 m. 

tion of tritium was determined through- 
out the Atlantic and Pacific oceans (27). 
As this program was carried out during 
the period July 1972 to June 1974, it pro- 
vides an estimate of the extent of mixing 
during roughly a 10-year period. As sum- 
marized in Table 3, the mean depth of 
penetration of tritium was 360 m. 

In order to apply this result to fossil 
fuel CO2, two differences between the in- 
puts of these substances must be consid- 
ered. First, the mean age of the tritium at 
the time of the GEOSECS survey was 10 
years, whereas that of fossil fuel CO, is 
currently 28 years. Second, the tritium 
was delivered to the sea within a year or 
two after its production (actually the age 
of 10 years is measured from its arrival at 
the sea surface). On the other hand, 
much of the fossil fuel CO2 still resides in 
the air. To see the influences of this ef- 
fect, let us approximate the tritium input 
as a delta-function (in 1963) and that of 

CO2 as diffusion into the sea from a res- 
ervoir (the atmosphere) held at a con- 
stant concentration. In this case, the ra- 
tio of the mean penetration depths h3H 
and hco2 of these two tracers would be 

hco, 2 2 

h3H Tir 

mean age of fossil fuel CO2 
mean age of tritium 

=2 /28 1 
7r10 

where the mean penetration depth is de- 
fined as follows: 

h = Cdz 
.0 Csurf 

where C is the concentration at a depth z 
and Csurf is the concentration at the 
ocean surface. Thus, as a rough approxi- 

mation, the mean depth of penetration of 
fossil fuel COs into the thermocline can 
be taken to be the same as that for tri- 
tium. This result strengthens the argu- 
ment for using tritium to calibrate CO2 
mixing models. 

In order to obtain more precise esti- 
mates of the amount of CO2 that has en- 
tered the sea, a model combining vertical 
mixing and gas exchange must be used. 
Oeschger et al. (8) developed such a 
model. It is one-dimensional and is based 
on vertical diffusion into the body of the 
sea from a well-mixed reservoir 75 m 
thick. They selected the vertical dif- 
fusivity of 1.25 square centimeters per 
second used in their model to provide a 
best mutual fit for the distribution of nat- 
ural and bomb-produced radiocarbon. 
The tritium data referred to here were 
not available at the time the paper of 
Oeschger et al. was published. Were the 
tritium data used to obtain the dif- 
fusivity, a value of 0.90 cm2 sec-1 would 
be obtained (in order to explain the mean 
depth of penetration 285 m beneath the 
surface mixed layer 75 m thick). Were 
0.90 cm2 sec-~ used for the diffusivity in- 
stead of 1.25 cm2 sec-' the mean depth of 
penetration of CO2 into the ocean below 
the mixed layer would have been re- 
duced by about the factor (0.90/1.25)112 
or 0.85. This would reduce the mean 
penetration depth (beneath the mixed 
layer) from 325 to 275 m. 

However, Oeschger et al. (8) did not 
consider the direct ventilation of the 
deep sea by way of its high latitude 
source regions. This ventilation is equiv- 
alent to an oceanwide layer about 75 m 
thick. Hence the extra CO2 invasion ob- 
tained by including deep ventilation 
would more or less balance the reduction 
in thermocline uptake that would have 
been obtained had Oeschger et al. (8) 
been able to use the tritium results. Thus 
their value for the ocean uptake of CO2 is 
probably as good a value as can be ob- 
tained with our present state of knowl- 
edge. They obtained a 60-40 atmosphere- 
ocean distribution of the fossil fuel CO2 
for the present (that is, if 52 percent of 
the CO2 has remained in the air, 35 per- 
cent has gone into the sea). 

Cross-Checks on the Ocean 

Uptake Models 

Two cross-checks on the parameters 
selected for the ocean mixing model are 
available. Both involve perturbations in 
the 14C cycle. The first, often referred to 
as the Suess effect, concerns the dilution 
of atmospheric CO, with '4C-free CO2 
from fossil fuel burning. The change in 
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Fig. 4. Values of A'4C for atmospheric CO2 
from 1950 through 1975. The large increase 
over the steady-state value (A14C = 0) was 
the result of radiocarbon produced during nu- 
clear weapons tests (33). 

the atmospheric 14C/C ratio caused by 
this dilution has been recorded by tree 
rings. The decrease between 1850 and 
1950 was about 2.4 percent (5, 28). 

This reduction was only about one- 
fifth of the amount expected had there 
been no communication with other reser- 
voirs (5, 28, 29). The observation thus re- 
quires that, since their release as CO2 to 
the atmosphere, the fossil fuel carbon 
atoms have mixed with a carbon reser- 
voir five times larger than the atmo- 
sphere alone. Whittaker and Likens (30) 
have estimated that the living biosphere 
has a carbon mass 1.35 times that in the 
atmosphere and that its mean replace- 
ment time is 16 years. In the 28 years 
that the average fossil fuel C02 molecule 
has had to wander, a mass of biospheric 
carbon about 1.1 times that in the atmo- 
sphere has been replaced by new 
growth. The combined reservoir con- 
sisting of the atmosphere plus the living 
biosphere would thus give a carbon mass 
2.1 times that in the atmosphere alone. A 
layer of ocean water 425 m thick 
(75 + 275 + 75 m) contains 5.6 times as 
many carbon atoms as the atmosphere. 
Had this reservoir completely exchanged 
its carbon with the atmosphere, then the 
total reservoir (replaced living biosphere 
plus exchanged ocean plus atmosphere) 
would have a carbon mass 7.8 times that 
in the atmosphere. This value exceeds 
the observed value of 5 + 1. The prob- 
lem lies with the ocean reservoir. If a 
small, well-stirred reservoir of surface 
seawater is placed in contact with the at- 
mosphere, its isotopic equilibration time 
will be 10 (the mean Revelle factor) times 
longer than its chemical equilibration 
time (22). Because the carbon content of 
the available ocean reservoir is not small 
compared to that of the carbon content 
of the atmosphere, the actual time con- 
stant ratio is smaller than 10 (22). The 
calculations of Oeschger et al. (8) show 
that, whereas as of 1950 the surface 
ocean had reached 85 percent of chem- 
ical equilibrium with the excess CO2 in 
the atmosphere, it had reached only one- 
third of isotopic equilibrium. Moreover, 
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the measured bomb 14C content of the 
surface ocean carbon in 1972 was only 
about one-third of that for atmospheric 
carbon (31). Hence the reservoir of oce- 
anic carbon equilibrated with the atmo- 
sphere will be only about one-third of 
that estimated from the characteristic 
depth of fossil fuel CO2 penetration. Tak- 
ing one-third of 5.6 (that is, 1.9) atmo- 
spheric carbon masses and combining it 
with the mass of atmospheric and 
exchanged biospheric carbon, one ob- 
tains 4.0 atmospheric masses. This value 
lies within the permissible range (5 ? 1). 

The Suess effect is unlikely to put 
more stringent constraints on the ocean 
mixing depth for the following reasons: 

1) As the fraction of isotopic equilibri- 
um in surface ocean water is a nearly lin- 
ear function of the gas exchange rate, the 
uncertainty in this rate does constitute 
an important source of error for carbon 
isotopic budgets. 

2) There may be a significant contribu- 
tion of nonliving organic material to the 
exchangeable reservoir (soil organics are 
being replaced on the time scale of cen- 
turies). 

3) As the 14C/C ratio in atmospheric 
CO decreased by 2 percent during the 
200-year period prior to 1850 (32), the as- 
sumption that it remained constant since 
1950 is certainly open to question. 

Thus, although the observed Suess ef- 
fect is broadly consistent with the ac- 
cepted size of the living biosphere and 
the depth to which the ocean has mixed 
during the fossil fuel era, it does not 
place a primary constraint on ocean 
modeling. 

The other cross-check arises from the 
distribution of bomb radiocarbon be- 
tween the ocean and the air. As of 1955, 
bomb-produced '4C became measurable 
in the atmosphere (33); between 1952 
and 1964, the atmospheric '4C/C ratio al- 
most doubled (33). Since 1965, it has 
slowly declined and is now only about 40 
percent higher than it was in 1950 (Fig. 4) 
(33). 

Measurements made as part of the 
GEOSECS program show that the bomb 
radiocarbon concentration in the surface 
ocean carbon averaged about 33 percent 
of that in the atmospheric carbon (27). 
This ratio is a function of both the air-sea 
gas exchange rate and the vertical mixing 
rate within the sea. In Table 4 the ratio of 
bomb 14C in the surface ocean carbon to 
bomb "4C in atmospheric carbon is given 
as a function of the gas exchange rate 
and the mean mixing depth (assuming in- 
finitely rapid mixing to this depth and no 
transfer to deeper levels). Several com- 
binations of mixing depth and exchange 
rate can reproduce the observed ratio. 

Table 4. Prediction of the ratio of the bomb- 
produced radiocarbon in carbon from the sur- 
face ocean to that in carbon from the atmo- 
sphere (as of 1973) for various choices of mix- 
ing depth and gas exchange rate. 

CO2 exchange Mixing depth (m) 
rate (mole 

m-2 year-') 190 380 570 

10 0.29 0.16 
16 0.48 0.29 0.20 
24 0.50 0.37 

The bomb '4C distribution is equally sen- 
sitive to both of these parameters and 
provides a measure of their product. The 
important point is that the combination 
of the tritium-derived mixing depth and 
the gas exchange coefficient adopted 
here (16 mole m-2 year-') have the re- 
quired product. Thus the distribution of 
bomb-produced 14C between air and sur- 
face seawater is consistent with the mod- 
el used to distribute the fossil fuel CO2. 
Once the vertical distribution of bomb- 
produced radiocarbon within the sea as 
obtained by the GEOSECS program be- 
comes available, this tracer can be used 
to independently define the mixing rate 
and the gas exchange rate. 

One other potential cross-check should 
be mentioned. It is conceivable that the 
net flux of CO2 into the sea could be di- 
rectly monitored as a result of measure- 
ments of the difference between the par- 
tial pressure of COs gas in the atmo- 
sphere and that in the surface ocean and 
of the gas exchange rate at a number of 
ocean stations. The CO2 fluxes deter- 
mined in this way could then be averaged 
to take into account regional and season- 
al variations. The expected oceanwide 
average pCO2 difference between atmo- 
sphere and ocean can be calculated as 
follows: If 40 percent of the CO2 pro- 
duced by fossil fuel burning each year is 
indeed entering the sea, then the net CO2 
flux must currently average 0.4 mole m-2 
year-'. The average exchange flux of 
CO2 to the sea is 16 mole m-2 year-'1. 
Thus the difference between the atmo- 
spheric and surface ocean pCO2 (34) 
must be 

ApCO2 = 

0.4 
16 x 320 x l0-atm = 8/ atm 

The best estimate of ApCO2 (as of 1973) 
is 8 + 8 /jatm (35). 

The following considerations make 
flux measurements by this approach dif- 
ficult: 

1) The current experimental error on 
air-sea ApCO2 measurements is about 
+ 3 tiatm. 

2) The sea srifface pCO2 ranges from 
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220 to 420 /xatm (Fig. 5). The pCO2 
changes 4.5 percent per degree Celsius 
(36). During blooms, the rate of fixa- 
tion of carbon by plants can become 
as high as the gas exchange rate (37). 
Large seasonal changes in the surface 
water pCO2 are to be expected at any 
given high latitude location as a result of 
seasonal cycles in temperature and plant 
productivity. The response time of the 
oceanic mixed layer to equilibration with 
the atmosphere lies in the range of sever- 
al months to several years (17). Hence 
the seasonal pattern inpCO2 of high lati- 
tude surface waters is bound to be com- 
plex and will have to be monitored if a 
valid integration is to be performed. 

3) Air injection supersaturations of 
several percent are not uncommon for 
gases such as nitrogen and argon (38-40). 
Translated to CO,, partial pressure ex- 
cesses of 3 to 10 xLatm might be expected 
as a result of this effect alone. 

If this cross-check is ever to be ef- 
fectively carried out, a decade of prepa- 
ration and measurements will be re- 
quired. It is a complex task. 

Dissolution of Marine Sedimentary 
Carbonate Minerals 

The surface ocean is supersaturated 
(41) with respect to the mineral calcite by 
a factor of 5.5 in the warm equatorial 
oceans and by a factor of 2.5 in the cold 
polar oceans (Fig. 6). For the mineral 
aragonite, the saturation factor ranges 
from 3.7 to 1.7. This supersaturation per- 
sists to considerable depths (Fig. 7) (42). 
Using the depth distribution of tritium as 
a rough guide to the depth distribution of 
fossil fuel CO,, we have estimated the 
change in the CO32- content between 
1850 and today. This calculation sug- 
gests that fossil fuel CO2 has not yet pen- 

etrated into the sea far enough to alter 
the natural rate of calcite dissolution 
(that is, it is confined to waters super- 
saturated with calcite). For aragonite, 
there may be a thin band of Pacific sedi- 
ments that formerly was in supersaturat- 
ed water but now is in undersaturated 
water. We estimate that the area of sedi- 
ments so affected constitutes no more 
than 0.1 percent of the sea floor. Much of 
this sediment is free of carbonate miner- 
als. Thus, accelerated dissolution of nei- 
ther calcite nor aragonite from shallow 
marine sediments can currently be en- 
hancing the uptake of CO2 by the sea. 

Figure 8 shows the concentrations of 
CO~2- and total dissolved CO2 as a func- 
tion of the partial pressure of CO2 in a 
typical tropical seawater at 24.0?C. The 
tropical surface ocean water will not be- 
come undersaturated with respect to arag- 
onite and calcite until the partial pres- 
sure of CO2 is increased to 5.3 and 8.5 
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Fig. 5. Partial pressure of CO2 (pCO2) exerted by the surface ocean water and that in the marine atmosphere along the GEOSECS tracks: (a) the 
Atlantic western basin data obtained between August 1972 and January 1973; (b) the central Pacific data along the 180? meridian from October 
1973 to February 1974. The equatorial areas of both oceans give up CO2 to the atmosphere, whereas the northern North Atlantic is a strong sink 
for CO2. 
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Fig. 6. Concentration of COa2- in the surface ocean water along the GEOSECS tracks: (a) the Atlantic western basin data obtained from August 
1972 through January 1973; (b) the central Pacific data obtained from October 1973 through February 1974 along the 180? meridian. The concen- 
trations of CO32- in equilibrium with calcite and aragonite are shown to illustrate that the surface waters of both oceans are supersaturated 
with respect to these calciurr carbonate minerals by two to five times. The calcite solubility values are based on Ingle et al. (57), and the aragonite 
value is 1.48 times the cal ^,- value. 4S N V. 
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times, respectively, the present atmo- 
spheric value. Such a condition is not 
likely ever to be reached and certainly 
not during the next several decades. 

Broecker and Takahashi (43) have 
shown that the dissolution of even the 
most vulnerable deep-sea sediments 
(namely, those in the northern Atlantic) 
will not become a significant contributor 
to ocean uptake for at least a century. 
Thus, whereas the dissolution of calcite 
(and to some' extent of aragonite) are 
necessary components of oceanic mod- 
els for the era after the exhaustion of fos- 
sil fuels, they'need not be considered in 
budgets for the last few decades or in 
budgets for the next few decades. 

Garrels (44) has raised the interesting 
possibility that the high magnesian cal- 
cite (magnesium content of 11 to 13 mole 
fraction), which constitutes a major frac- 
tion of the'carbonate in shallow-water 
sediments, is very close to saturation 
with seawater. In fact, he gives reasons 
to believe that the magnesium content of 
these carbonates may be that corre- 
sponding to exact saturation with mean 
preindustrial surface seawater. If so, 
then the decrease in the CO:2- content of 
the surface ocean water (15 to 20 micro- 
moles per kilogram) caused by the in- 
crease in the atmospheric CO2 content 
from 1850 to the present has subjected 
this material to dissolution. We estimate 
that the area of the ocean floor shallow 
enough to be affected and rich enough in 
carbonate minerals is no more than 
about 2 percent (that is, 7 x 1012 m2). If 
we were to apply the Holocene rates of 
calcite dissolution observed for deep-sea 
sediments (43) subjected to the same 
CO,2- undersaturation (- 10 ,/mole/kg), 
we would obtain a rate of 0.7 x 1012 
mole of dissolution per year. As the cur- 
rent production rate of fossil fuel CO2 is 
about 300 x 1012 moles per year, this 
process can be significant (it removes at 
least 10 percent of the fossil fuel CO2) 
only if the rate of dissolution of high- 
magnesian calcite is at least 40 times 
faster than that for deep-sea calcite 
subjected to the same extent of under- 
saturation. 

On the other hand, if the high-magne- 
sian calcite is recrystallized to a lower 
magnesian calcite which is in equilibrium 
with current seawater, then no net re- 
lease of CO32- would occur. In this case, 
magnesian calcite can have no effect on 
the fate of fossil fuel CO2. Until more re- 
search has been done on the geographic 
distribution, solubility, and dissolution 
kinetics of high-magnesian calcite, this 
mineral must remain a low probability 
candidate for the missing sink. 

We do not see any likelihood that the 
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amount of excess CO2 stored within the 
sea is appreciably greater than that cal- 
culated on the basis of existing models. 
The answer to the controversy outlined 
above must lie with the biosphere. Cur- 
rent forest cutting and burning must be 
more or less balanced by expanded stor- 

age of organic matter in the remaining 
forest, in soils, and in shallow-water 
sediments. These possibilities are dis- 
cussed below. 

Phosphorus Matching 

Garrels et al. (45) have pointed out 
that any phosphate released to the aque- 
ous environment by the activities of man 
(soil fertilization, water softeners in de- 

tergents, sewage) tends to be incorporat- 
ed by plants and ultimately converted in- 
to organic residues which accumulate in 
sediments. These residues have atomic 
ratios of carbon to phosphorus ranging 
from 100 to 600. Thus, the release of 
phosphorus leads to a sequestering of 
CO2 from the atmosphere. Mackenzie 
(46) has noted that the fossil fuel burned 
and the total phosphorus mined on a 
global basis are currently in approxi- 
mately the ratio of carbon to phosphorus 
found in terrestrial plants; this result sug- 
gests that perhaps all the CO2 from the 
combustion of fossil fuel during recent 
years could potentially have been stored 
as woody organic detritus. Unfortunate- 
ly, we lack information about the fate of 
the phosphorus being mined and about 
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Fig. 7. Concentration of CO:2- and tritium (in tritium units, T.U.) as a function of depth at the 
GEOSECS stations in the North Atlantic and the eastern equatorial Pacific oceans. The tritium 
data at stations 30 and 347 were obtained by Ostlund et al. (27) and represent the tritium distri- 
bution in September 1972 and June 1974, respectively. The solubility curves for aragonite and 
calcite are based on Ingle et al. (57), and a volume change of - 35.6 cm3 for dissolution of 
calcite. The intersections of the solubility curves and the C032- concentration curves indicate 
the saturation depth for the respective minerals. (a) In the North Atlantic, tritium has penetrated 
to a depth of about 1500 m. This indicates that the fossil fuel CO2 has not reached below this 
level, and the aragonite and calcite saturation depths are not affected by fossil fuel CO2. (b) In 
the eastern equatorial Pacific, tritium has penetrate, to about 400 m in 10 years. Since the 
aragonite saturation depth is quite shallow (- 500 m) in this area, fossil fuel CO2 will soon begin 
to affect the aragonite saturation depth. 
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surface seawater becomes pC02 (l0-6atm) 
undersaturated with respect to 
aragonite and calcite. Thus, the tropical oceans will not become undersaturated with respect to 
aragonite and calcite until the atmospheric pCO2 is increased to 5.3 and 8.5 times its present 
value, respectively. The apparent dissociation constants of carbonic acid determined by Mehr- 
bach et al. (54), that of boric acid determined by Lyman (55), and the solubility of CO2 gas in 
seawater determined by Weiss (56) have been'used for the calculations. 
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the mean carbon/phosphorus ratio in or- 
ganic residues formed. Stumm (47) has 
estimated the quantities of fertilizer and 
municipal waste phosphorus which 
reach natural waters in Europe (- 7 per- 
cent of the total applied as fertilizer and 
produced as municipal waste). Using this 
data compiled for Europe and the aver- 
age amount of phosphorus mined in the 
world since the mid-1950's (- 0.25 x 
1012 mole/year) (47) and assuming a 
carbon/phosphorus ratio of 250/1, the 
sink for fossil fuel CO2 stored with anth- 
ropogenic phosphorus released to natu- 
ral waters would be somewhat less than 
2 percent of the total combustion source. 

Most of the phosphorus mined is used 
as fertilizer and remains bound in soils. 
This phosphorus is generally thought to 
be inorganically bound and therefore 
does not contribute to the removal of at- 
mospheric CO2. However, as the actual 
data available in support of this general- 
ization are quite meager, it is possible 
that the amount of CO2 removed in this 
manner is significantly greater than 2 
percent of the fossil fuel consumed. 

Forest and Soil Storage of Carbon 

The major active reservoirs of bio- 
spheric carbon are the forests and soil 
humus. The forests contain 1.3 ? 0.3 
times the amount of carbon in the atmo- 
sphere (30) and the soil humus 4 ? 2 
times this amount (31, 48). As a result of 
man's efforts in agriculture and forestry, 
these reservoirs have undergone consid- 
erable change and cannot in any sense be 
considered to be at steady state. In addi- 
tion to these changes in land use, man 
has released to the atmosphere large 
amounts of plant nutrients (fixed nitro- 
gen and gaseous carbon) and plant toxins 
(sulfuric acid, heavy metals, pesticides). 
The overall response of the nonagricul- 
tural terrestrial biosphere to these re- 
leases is not known. Forest cutting and 
burning during the last two decades do 
not constitute the only perturbation to 
this system; rather, it is the only per- 
turbation that lends itself to ready quan- 
tification. 

To get a feeling for the overall effects 
of land use, we must assess the temporal 
effect of the following alterations; forest 
to farm, farm to forest, and forest to for- 
est. As forests store more living carbon 
than farmland by more than an order of 
magnitude (30) and since forest soils gen- 
erally contain more humus than the 
farmland generated by their cutting, for- 
est-to-agriculture and agriculture-to-for- 
est transitions involve large net shifts of 
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first would be to combine response func- 
Time (years) tions like those in Fig. 9 with historical 

Fig. 9. Hypothetical response of the biomass land use data. The cutting history for 
in a forest cut for lumber and then allowed tomost of the wors forested land could most of the world's forested land could 

be reasonably well reconstructed. If ade- 
quate response functions could be gener- 
ated, then one could determine the net 

carbon between the atmosphere and the effect of tampering with forested land by 
terrestrial biosphere. Where forests are summing the current response of all the 
cut and allowed to regrow, there is a affected parcels of land. Only through 
temporary transfer of carbon from the this procedure would it be possible to de- 
biosphere to the atmosphere. Depending termine that the change in the mass of 
on the biomass of the second-growth for- wood occurred during the period from 
est, the net long-term change could be ei- 1958 to the present. To our knowledge, 
ther positive or negative. such an integration has never even been 

Figure 9 shows diagrammatically the attempted. 
nature of these transitions. In order to The history of the soil humus biomass 
quantify this diagram, details specific to will prove more difficult to obtain. Pres- 
any given site would be needed. Was the ently, the independent estimates for the 
wood present burned, used for paper, or gross photosynthesis rate (50) and for the 
used for structures? How long does it total soil respiration rate of the terrestrial 
take for the roots to decay? Does a sig- ecosystem can only be balanced within 
nificant net oxidation of soil humus ac- 25 percent (48). Ten percent of the land 
company the temporary removal of for- is now subject to agriculture. This 
est cover? How rapidly is the forest bio- amount has not changed greatly during 
mass reestablished? How rapidly is the this century. Nevertheless, agricultural 
lost soil humus replaced? How do the practice has evolved very rapidly. 
new steady-state forest biomass and soil Changes in the method of plowing, in the 
humus content differ from those that pre- crops grown, and in the amount of ferti- 
vailed at the time of cutting? lizer used have certainly altered the hu- 

If we are to assess the net effect of mus contents of the agricultural soil. 
land use during the period from 1958 to Since these soils contain 0.5 + 0.2 (51) 
the present, we must consider not only atmospheric carbon masses, a change of 
the cutting and burning of forests but al- 1 percent per decade in this storage 
so the recovery of forested lands cut or would be significant to budgeting. A min- 
burned at earlier times. The implication imum requirement for progress in this 
of the most extreme estimates of bio- area would be the gathering together of 
mass reduction is that during the period the available soil carbon analyses; the 
from 1958 to the present forest carbon next step would be the analyses of soil 
losses due to cutting and burning greatly samples collected and stored during the 
exceeded forest gains resulting from re- last century matched with analyses on 
growth. In our opinion, the significance present-day samples collected in the 
of regrowth has not been adequately same manner from the same sites. 
treated. The main value of the dis- This direct biomass inventory will ne- 
cussions of biomass destruction up to cessitate an enormous amount of effort. 
now has been to point out that, because The prognosis for its success will be- 
forests are being destroyed at a rate that come apparent only after the first such 
is not negligible in comparison to that at inventory has been attempted. Our guess 
which fossil fuels are being burned, is that the uncertainty in the results will 
changes in the forest biomass must be be sufficiently large to void the use of the 
considered in carbon budgeting. We be- inventory for the purpose proposed here. 
lieve that at this time it is possible to Nevertheless, such an analysis must be 

place only very uncertain limits on the attempted before a firm judgment can be 
net change. Assessing the forest biomass made. 
on the basis of a consideration of only In the other approach we take advan- 
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tage of an integration performed for us 
by nature. The idea, as outlined by Stui- 
ver (31), is to use the record of the atmo- 

spheric ratio of the stable carbon iso- 
topes, 13C/12C, in tree rings as an index of 
the net transfers of carbon between the 
biosphere and atmosphere. The logic is 
as follows. During photosynthesis '2C is 
fixed more rapidly than 13C. For the C-3 
plants which dominate our forests, the 
fractionation is such that the carbon of 
the plant matter has a 13C/12C ratio lower 

by 17 ? 2 per mil than the carbon in at- 
mospheric CO2. Any net storage of car- 
bon in wood or soil will leave behind 1:C 
in the atmosphere, raising its 13C/'2C ra- 
tio. Such atmospheric 1'C/'2C changes 
are recorded in the tree rings. 

The use of this method during the peri- 
od of interest (1958 to the present) is 
complicated by the fact that fossil fuel 
use produces an exactly analogous ef- 
fect. Coal, oil, and natural gas show the 
same average 13C depletion as contempo- 
rary wood and soil humus. Fortunately, 
we can use the Suess effect (described 
above) to estimate the fossil fuel influ- 
ence. Unlike modern vegetation and 
soils which have 14C/'2C ratios within a 
few percent of the atmospheric value, 
fossil fuel CO2 is free of 14C. Thus, as 
shown by Stuiver (31), this problem can 
be circumvented. This principle is ex- 
plained graphically in Fig. 10. 

Several other difficulties will have to 
be faced in estimating biomass changes 
from isotope data on tree rings. One is 
that the change in the ':C/12C ratio in at- 
mospheric CO2 is unlikely to be the only 
source of variation in the 1:C/12C ratio in 
any given tree. There are already in- 
dications that the fractionation during 
photosynthesis is temperature-depen- 
dent (52). Such efforts could be coun- 
tered by measuring the 1'C/'2C ratios of 
trees from a variety of areas showing dif- 
ferent temperature histories (as recorded 
by thermometers at nearby meteorologi- 
cal stations). The Northern Hemisphere 
is subject to substantial seasonal varia- 
tions in the CO2 concentration [4 to 6 
parts per million (ppm) at Hawaii and 14 
ppm at Point Barrow, Alaska (53)]. As 
these changes reflect photosynthesis and 
respiration by land plants, there is a cor- 
responding isotope effect (+ 0.4 per mil 
at Hawaii and + 1.0 per mil at Point Bar- 
row). Hence the 13C/12C ratio in organic 
matter produced during different parts of 
the growing season will differ. Changes 
in the ratio of spring to summer growth 
would cause further complication on the 
record. The noise thus introduced could 
either be averaged out or avoided by the 
use of Southern Hemisphere trees, since 
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Fossil fuel effect 
(by way of the14C effect) 

Hypothetical --- 
tree ring curve 

(fossil fuel and biomass effect) 
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Fig. 10. Hypothetical 13C/'2C tree ring record 
(bottom curve) over the past 160 years, simi- 
lar to that obtained by Stuiver (31). The upper 
curve is the expected curve if only fossil fuel 
CO2 were causing the change. The middle 
curve shows what would have been obtained 
had there been no fossil fuel consumption, 
and may be interpreted to mean that the ter- 
restrial biomass decreased from 1820 to about 
1930, stayed nearly constant between 1930 
and 1940, and increased since 1940. 

the seasonal variation in CO2 concentra- 
tions south of the equator is only 1.5 ppm 
(53). Heartwood may differ in its 13C/12C 
from sapwood. This may be true for cel- 
lulose (the best choice for "'C mon- 
itoring) as well as for whole wood. As in 
the earlier case, there are ways around 
this problem if enough trees are investi- 
gated and the results carefully analyzed 
and interpreted. Finally, other growth 
characteristics which influence the 'C/ 
'2C ratio in cellulose may vary with envi- 
ronmental conditions or even with the 
age of the tree. The answer lies in the 
thoughtful analyses of many trees. 

Conversion of the trends in the 13C/12C 
ratio to a temporal history of terrestrial 
biomass poses yet another problem. The 
reason is that, the longer the elapsed 
time since the transfer of any given batch 
of carbon from the biosphere to the at- 
mosphere, the smaller is its isotope ef- 
fect. The reduction is the result of mixing 
with oceanic and biospheric carbon. We 
have already seen an example of this ef- 
fect. The decrease in the '4C/'2C ratio in 
tree rings between 1850 and 1950 was on- 
ly one-fifth of that expected if the fossil 
fuel carbon atoms had not been traded 
back and forth by the atmosphere, bio- 
sphere, and sea. The extent of this re- 
duction will depend on the time available 
for mixing. One year after a given bio- 
spheric change, nearly the full effect will 
be seen. Thirty years later, a fivefold re- 
duction will have occurred. One thou- 
sand years later, a 60-fold reduction will 
have occurred. This temporal blurring 
constitutes a serious deficiency in the 'lC 
approach. For any given observed '3C 
trend, a number of terrestrial biosphere- 
atmosphere transfer scenarios could be 
called upon. In other words, there is no 

unique deconvolution of the 13C message 
carried by tree rings. The best way 
around this problem will probably be to 
use land use reconstructions to guide the 
deconvolution. 

Stuiver (31) has summarized the 
sparse :3C data available to date. His 
conclusion is that there is no evidence 
for any net change in the 13C/12C ratio 
(corrected for the Suess effect) in atmo- 
spheric CO2 between 1945 and the pres- 
ent. However, prior to 1945 the cor- 
rected 13C/12C ratio showed a continued 
gradual decrease, interpreted by Stuiver 
as an indication of a decrease in biomass. 

Until many more trees have been stud- 
ied, Stuiver's conclusion must be taken 
as tentative. However, the preliminary 
results are compatible with the usual 
conclusion of carbon budgeting efforts- 
namely, that neither a large increase nor 
a large decrease in the size of the terres- 
trial biosphere has occurred since 1958. 

Conclusions 

Our analysis of the carbon budget sug- 
gests several conclusions. 

1) The ocean-atmosphere model devel- 
oped by Oeschger and his co-workers (8) 
is consistent with the available data. 
Hence, their estimate of the uptake of 
excess CO2 is as reliable an estimate as 
can currently be made. 

2) There is no compelling reason to be- 
lieve that the earth's biomass has de- 
creased at a rate comparable to the rate 
of fossil fuel combustion over the last 
two decades. Forest cutting and burning 
estimates provide only an upper limit on 
the rate of biomass decrease. The re- 
growth of forests cut in the past may well 
have compensated for much of the re- 
cent cutting. Preliminary ':C results on 
tree rings suggest that the total biomass 
has remained about the same over the 
last two decades (31). 

Despite the fact that we reject the hy- 
pothesis that changes in terrestrial bio- 
mass over the last two decades have con- 
tributed amounts of CO2 significant with 
respect to those generated by the com- 
bustion of fossil fuels, the reexamination 
of the global carbon budget triggered by 
this claim (1-4) makes clear the potential 
of the biosphere. If we are to reconstruct 
the atmospheric CO2 concentrations that 
prevailed before 1958 or predict future 
atmospheric CO2 concentrations, we 
must consider man's impacts on the bio- 
sphere. If, as we conclude, the change in 
forest biomass over the last two decades 
has been small, the reason must be a 
chance compensation of opposed effects 
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rather than an indication that this reser- 
voir is neither big enough nor variable 
enough to play a key role in atmospheric 
carbon budgets. Both its size and its 
complexity testify to its significance. 
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