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INTRODUCTION 

The recent notes by Broecker [1991] and by Smith and 
Mackenzie [1991] rightfully point out that many oceanogra- 
phers do not have a clear grasp of the relationship between the 
oceanic biological pump and anthropogenic CO2 transient. 
This misunderstanding has unfortunately led some scientists to 
make misleading claims as to the importance of the biological 
pump in the anthropogenic transient. It is remarkable that 
someone who contributed as much to our understanding of the 
oceanic carbon cycle as Revelle could have incorrectly stated 
that the biological pump takes up anthropogenic CO2 
[Revelle, 1990]. However, both notes go too far when they 
dismiss the biological pump as being of minimal relevance to 
global change, with a particular indictment by Broecker of the 
Joint Global Ocean Flux Study (JGOFS) as having been 
guilty of "tarnishing the integrity of global change research" 
by "hitching their wagons to the greenhouse star." The fol- 
lowing brief overview of issues that are important in estimat- 
ing oceanic uptake of anthropogenic CO2, and where the bio- 
logical pump fits into them, is offered as an attempt to strike a 
more balanced point of view. Sarmiento and Siegenthaler 
[ 1991] give a more detailed discussion. 

THE BIOLOGICAL PUMP 

Broecker qualifies his downgrading of the importance of the 
biological pump in global change by stating that his assess- 
ment applies if one ignores (1) the potential for increased bio- 
logical stripping of nutrients from the surface ocean if thermo- 
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cline and deep ocean ventilation are slowed as a consequence of 
global warming, and (2) the iron fertilization scenario. In fact, 
one of the greatest uncertainties we have in predicting future 
oceanic uptake of anthropogenic CO2 is how this will be af- 
fected by the modifications in ocean circulation and biology 
that will almost certainly occur with climate warming. I agree 
with Broecker that the most important effect of ocean circula- 
tion changes such as those found by the greenhouse warming 
simulations of Manabe et al. [1991] will be on the direct pas- 
sive uptake of CO2 by gas exchange, dissolution, and trans- 
port. For this we need better ocean circulation and coupled 
air-sea models. However, the biological pump will also be af- 
fected in ways that we do not yet clearly understand. 

An important clue as to the potential impact of changes in 
the biological pump comes from the remarkable observation 
from trapped air bubbles in ice cores that atmospheric pCO 2 
was of the order of 80 to 100 ppm lower during the last ice age 
[e.g., Neftel et al., 1982; Barnola et al., 1987]. Additional 
constraints on this phenomenon come from the ocean sedimen- 
tary record. We do not have the final answer as to how this 
CO2 reduction occurred, but most of the postulated mecha- 
nisms involve the biological pump. Smith and Mackenzie er- 
roneously point to one of my papers [Sarmiento et al., 1990] 
as having said something similar to Revelle [1990] as to the 
relationship between anthropogenic CO2 and the biological 
pump. In fact, my paper was referring to one of the mecha- 
nisms which has received considerable attention as an explana- 
tion for the ice age pCO 2 reduction: removal of nutrients from 
the vast areas of the southern ocean that have very high surface 
nutrients at the present time [e.g., Knox and McElroy 1984; 
Siegenthaler and Wenk 1984; and Sarmiento and Toggweiler 
1984]. Such a removal might have occurred either by in- 
creased export of organic matter or by reduced upward supply 
of nutrients. 

Reduction of the high nutrients in the southern ocean can 
give atmospheric CO2 uptakes of as much as 1 to 2 GT C/yr 
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over time scales of a century [e.g., Peng and Broecker 1991; 
Joos et at., 1991 ]. Upper limit scenarios of the effect of a to- 
tal depletion of southern ocean nutrients on atmospheric pCO 2 
give a reduction of the order of 20% in the 100 year high 
emission "business as usual" anthropogenic emissions sce- 
nario of the IPCC [Houghton et at., 1990] over what the at- 
mospheric pCO 2 would be in the absence of nutrient deple- 
tion, and as much as 50% in a low emission scenario with to- 
tal anthropogenic emissions fixed at their 1990 value 
[Sarmiento and Orr, 1991]. While such extreme scenarios of 
nutrient depletion are highly unlikely, it is imprudent to argue 
that an improved grasp of southern ocean carbon cycling dy- 
namics is of minimal relevance to global change. 
Furthermore, such an understanding is essential if we are to 
provide wise counsel to those who might wish to push for 
mitigation strategies such as the southern ocean iron fertiliza- 
tion scenario. JGOFS is developing plans for both a southern 
ocean process study and iron fertilization experiment. Surely 
these must be considered as highly relevant to global change. 

Smith and Mackenzie incorrectly assert that the only way 
the oceanic biological pump can play a direct role in taking up 
anthropogenic CO2 is if a fresh supply of land-derived nutri- 
ents is added to the ocean. While it is true that land-derived 

nutrients will increase CO2 uptake (if the addition occurs in a 
nutrient limited region of the ocean), the potential impact of 
this process is quite small. Sabine and Mackenzie [1991] es- 
timate that direct uptake of carbon by consumption of excess 
nutrients being added to the oceans by rivers at the present is 
of order 0.3 GT C/yr. However, the chemical buffering effect 
of the oceanic carbon system results in only-17% of this CO2 
coming from the atmosphere [e.g., Maier-Reimer and 
Hassetmann 1987; Sarmiento et at., 1991]. The equilibrium 
effect of riverine excess nutrients on atmospheric pCO2 will 
thus be a relatively insignificant -0.05 GT C/yr. The south- 
ern ocean nutrient depletion scenario, which was ignored in 
Smith and Mackenzie's note, has a potential impact more than 
an order of magnitude larger than this. 

THE SOLUBILITY PUMP 

Smith and Mackenzie also state that a change in the supply 
of nutrients to the surface by vertical circulation will not affect 
atmospheric CO2. In the nutrient-limited regions of the 
ocean, which occur primarily in low latitudes, an increased 
supply of nutrients by upwelling would amplify biological up- 
take, which would strip out the additional nutrients being added 
to the surface and reduce carbon according to the Redfield ratio. 
To the extent that the nutrients and biologically utilized carbon 
are locked into the Redfield relationship during production and 
regeneration of organic matter, Smith and Mackenzie are cor- 
rect in their assertion that the carbon thus removed would be 

equivalent to the excess carbon in the deep waters brought to 
the surface, and that the average surface carbon content would 
remain unaltered by a change in upwelling. 

However, the evidence for a constant Redfield ratio in regen- 
eration of organic matter is weak at best, a problem the 
JGOFS process studies should provide help with. In addition, 
even if the constant Redfield ratio assumption is correct and we 
leave out the southern ocean biological pump mechanism al- 
ready discussed above, the nutrient and carbon budgets are not 

exactly in balance with each other because of the effect of tem- 
perature on CO2 solubility. The low-latitude upwelling areas 
of the ocean have excess CO2 due in part to the warming of 
the cold waters being brought to the surface (e.g., the equator); 
these areas of CO2 loss to the atmosphere are compensated by 
areas of CO2 gain in high latitudes where cooling of surface 
waters leads to CO2 deficits relative to the atmosphere (e.g., 
the North Atlantic [cf. Keeling, 1968; Tans et at., 1990]). 
This "solubility pump" [Votk and Hoffert, 1985] would in- 
crease atmospheric pCO2 with augmented low- latitude up- 
welling, because such upwelling would bolster the influence of 
low-latitude high pCO2 waters in the overall atmospheric CO2 
balance [e.g., Sarmiento and Toggweiter, 1984]. Reduced up- 
welling (a more likely scenario in the case of global warming) 
would reduce atmospheric pCO2. The magnitude of these ef- 
fects has not been adequately explored as yet. 

CARBON SYSTEM MEASUREMENTS 

Broecker's critique of the JGOFS program in the context of 
a discussion of the biological pump fails to recognize that 
JGOFS is not confined to biological process studies alone. 
Other major components of the JGOFS program are the 
Department of Energy funded carbon system measurements 
that are being carried out on World Ocean Circulation 
Experiment (WOCE) cruises, as well as extensive carbon sys- 
tem measurements being carried out on JGOFS cruises and the 
time series stations at Bermuda and Hawaii. Such monitoring 
is essential if we are to obtain direct corroboration of model 

assessments of oceanic anthropogenic CO2 uptake and im- 
prove our understanding of how this carbon enters the ocean. 

One way of monitoring the oceanic invasion of CO2 is by 
estimating the air-sea flux directly. This requires not only ac- 
curate air-sea pCO2 difference measurements, but also a mea- 
sure of the gas exchange coefficient. There continues to be 
considerable uncertainty as to the magnitude of the gas ex- 
change coefficient in the ocean [e.g., Watson et at., 1991b] 
which has not yet been adequately addressed. However, the 
primary reason that many oceanographers have not previously 
been optimistic about estimating air-sea fluxes directly is that 
the total oceanic uptake of anthropogenic CO2 (-2 GT C/yr) 
requires a very small globally averaged air-sea CO2 difference 
of only 8 ppm. It is extremely difficult to make air-sea CO2 
measurements with the accuracy of order a few ppm that would 
be required to resolve this number. Two recent developments 
show promise for improving this situation. One is a result of 
atmospheric transport model studies such as those of Tans et 
al. [1990] and Keeling et at. [1989] which place strong con- 
straints on the geographic distribution of oceanic CO2 uptake. 
The Tans et at. and Keeling et at. estimates of total oceanic 
uptake differ by approximately a factor of 4, with disparities of 
the order of 10 to 20 ppm in the air-sea CO2 differences they 
require over regions of the ocean such as the southern ocean, 
North Atlantic, and North Pacific. The measurement accuracy 
required to differentiate between these scenarios should be read- 
ily attainable. The second development may help with the 
problem of time variability in the air-sea CO2 difference re- 
sulting from seasonal changes in temperature and biological 
processes. The strong correlation that Watson et at., [199 l a] 
found between chlorophyll and pCO2 in the JGOFS North 



Sarmiento: Uncertainties in Oceanic CO2 Uptake 311 

Atlantic Bloom Experiment suggests the possibility of using 
satellite based estimates of chlorophyll, coupled with satellite- 
based temperature and gas exchange coefficient estimates, to 
aid in monitoring the oceanic pCO2. Such an approach will 
work only with extensive ground validation studies. This is a 
valuable contribution that can be made by JGOFS process 
studies in various regions of the ocean such as the North 
Atlantic, and upcoming studies in the Equatorial Pacific and 
Indian Ocean. 

The recent Tans et al. [1990] study gives an excellent illus- 
tration of the value of air-sea flux estimates, and their potential 
for teaching us important new things about how the oceans 
take up anthropogenic CO2. Tans et al. made use of atmo- 
spheric models and observations, combined with air-sea fluxes 
obtained from measurements of the air-sea CO2 difference, to 
obtain an estimated air-sea CO2 flux of 0.3 to 0.8 GT C/yr, 
very much smaller than estimates of 1.7 to 2.8 GT C/yr ob- 
tained from ocean circulation models [e.g., Houghton et al., 
1990; Sarmiento et al., 1991]. A resolution to most of the 

inconsistency raised by the Tans et al. study may be that there 
was a large pre-anthropogenic outward CO2 flux required to 
balance the net river inflow [e.g., Sabine and Mackenzie, 
1991 ]. It appears that this flux must be incorporated in the to- 
tal anthropogenic CO2 budget [Sarmiento and Siegenthaler, 
1991; J. L. Sarmiento and E. Sundquist, Oceanic uptake of an- 
thropogenic CO2: a new budget, submitted to Nature, 1991 ]. 

Another way of monitoring the oceanic invasion of anthro- 
pogenic CO2 directly is by measuring the increase in oceanic 
total carbon content with time. The invasion of anthropogenic 
CO2 is increasing surface total carbon concentrations by the 
order of 1/2 to 1 gmol/kg per year. Present measurement pre- 
cisions are of the order of 1.5 gmol/kg or better; although in- 
terlaboratory differences of as much as 10 to 20 •mol/kg were 
found in a recent intercalibration exercise [UNESCO, 1991], 
suggesting that accuracy is still a serious problem. Work 
which is presently underway should greatly improve the accu- 
racy to the point where one can expect to obtain reasonable es- 
timates of changes in total carbon standing crop by making 
measurements separated by 1 or 2 decades. 

There has also been an interest in using total carbon mea- 
surements made at one point in time to estimate the increase 
in standing crop due to the anthropogenic invasion [Brewer, 
1978; Chen and Millero, 1979]. This requires a correction of 
the total carbon concentration for organic carbon regeneration 
and CaCO3 dissolution, for which one can use apparent oxygen 
utilization estimates and alkalinity measurements. The accu- 
racy of this technique is very low because of the difficulty of 
making these corrections. It is thus unlikely that it will be of 
use for more than providing a qualitative view of anthro- 
pogenic CO2 uptake. More promising is the possibility of 
using total carbon measurements to estimate transport of car- 
bon across various sections of the ocean [e.g., Brewer et al., 
1989]. One of the most important recent advances in our un- 
derstanding of the carbon cycle is the use of atmospheric trans- 
port models and observations to constrain the geographic dis- 
tribution of the air-sea CO2 flux [e.g., Tans et al., 1990]. 
These models imply a large southward transport of carbon 
from the northern to southern hemisphere [Sarmiento et al., 
1991] which one should be able to estimate directly using in- 
verse modeling techniques such as those of Rintoul and 
Wunsch [ 1991 ]. 

OCEAN CIRCULATION 

The most important and reliable information we have regard- 
ing oceanic uptake of anthropogenic CO2 in the past and pre- 
sent comes from estimates using ocean circulation models. 
The key aspect of these models that gives us confidence is 
their calibration or validation with bomb produced radiocarbon 
estimates based on GEOSECS observations, and, to a lesser 
extent, estimates of the natural bomb carbon distribution based 
on the same data set. Tracers are essential because none of the 

models gives an accurate representation of oceanic transport 
processes. Two other sets of tracers have the global scope and 
relatively simple boundary conditions that make radiocarbon so 
powerful: chlorofluorocarbons and argon 39. However, their 
use has been limited to date because we lack a global set of 
measurements. 

The World Ocean Circulation Experiment is well on the 
way to providing global coverage of chlorofluorocarbon mea- 
surements. WOCE is also obtaining an extensive number of 
small volume water samples for accelerator mass spectrometry 
(AMS) measurements of radiocarbon at the new Woods Hole 
facility. However, it is disconcerting that an exclusive com- 
mitment has been made to the AMS approach without the 
Woods Hole facility having made its first measurement. In ad- 
dition, the AMS procedure is a factor of 2 to 5 less precise 
than large volume beta counted measurements [Sarmiento, 
1988], a difference which is important in the deep ocean. We 
need a balanced tracer measurement program which includes a 
modest number of large volume radiocarbon measurements 
concentrated in the deep ocean, as well as measurements that 
can be used to calibrate the old beta techniques with the new 
AMS technique. 

Estimating the oceanic uptake of anthropogenic CO2 in the 
future requires development of coupled air-sea models, a sub- 
ject already mentioned in the section on the biological pump. 

CONCLUSION 

In conclusion, I would return to what I see as the central 

theme of Broecker's editorial, with which I agree: that it is 
important for scientists to always have in mind that the work 
of pinning down the budget for anthropogenic CO2 does not 
occur in a vacuum, no more than any of the other important 
global warming issues. Almost all industrial countries of the 
world have already adopted measures to control CO2 emissions 
in direct response to concerns about global climate change 
[Schmidt, 1991]. The next decade will very likely see the 
forging of global protocols for anthropogenic CO2 emissions 
aimed at attaining specific targets for future atmospheric CO2 
levels. This will greatly increase the pressure on the scientific 
community to provide predictions of CO2 levels for various 
emissions scenarios, as well as assistance in evaluating scenar- 
ios for mitigating that increase. It is this specter that we must 
have in mind as we advise government agencies on how to 
channel global change carbon cycle research funding, funding 
for which they have every right to expect meaningful results. 

On the other hand, it would be unwise for us to prematurely 
jump to conclusions that aspects of the carbon cycle which we 
poorly understand at present are irrelevant. A narrowly focused 
research program will very likely miss important things that 
may be of considerable importance. Perhaps we can draw a 
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lesson from two experiences of the last decade which have 
completely reshaped our thinking of the carbon cycle. Prior to 
the discovery of reduced atmospheric pCO2 levels during the 
last ice age, most geochemists were convinced that changes 
such as these could not occur. In fact, my own early views on 
the stability of atmospheric pCO2 were developed under very 
strong influence from Broecker. Now we have a long catalog 
of possible mechanisms, though no final choice or set of 
choices which fits all the observational constraints. A second 

lesson comes from the Tans et al. [1990] study discussed 
above. It forced us to look hard at just how the carbon cycle 
works and to realize that there were important aspects of it that 
we had previously ignored. Are there other surprises awaiting 
us? Is our understanding of what controls siliceous versus cal- 
careous production adequate to dismiss the possibility of sig- 
nificant climate induced shifts? Might the large oceanic dis- 
solved organic carbon reservoir of the order of 1600 GT C 
(Pelzer et al., personal communication) change in response to 
changes in ocean temperature or ecology? We have very little 
idea how to answer questions such as these at the present time. 
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