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A perspective on budgeting the global ocean
carbon since the last glaciation
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The world ocean is a key component of the global climate system, because the oceans hold
very large amounts of both heat and carbon compared to other surface reservoirs. Therefore, it
is likely that large, geologically documented changes in atmospheric CO. content and global cli-
mate during the latter half of the Pleistocene are strongly associated with some changes in the
oceanic carbon budget. This likelihood and a growing recognition that the presently rising at-
mospheric CO: content may induce dangerous levels of global warming in the near future
heighten our drive to better understand the oceanic carbon cycle. Yet there is sizable gap in our
knowledge of this very important and challenging field. Given the opportunity to introduce my
work here, I provide a perspective on the state of our knowledge in three aspects of the ocean
carbon cycle in which I have done some research. My perspective is not meant to be comprehen-
sive, as the enormously diverse body of knowledge in this field has benefited from many and
only marginally from my work. The three aspects are: (1) oceanic role in accounting for the low
atmospheric CO: content during the last glacial maximum; (2) oceanic uptake of anthropogenic
carbon since the preindustrial period; and (3) oceanic sequestration of anthropogenic carbon by
direct injection. In each, I present the state of our knowledge (including gaps) as I see it, touch
on my contribution, and lay out possible future directions. In order to give some sense of coher-
ency, I limit the introduction of my work to those involving numerical ocean biogeochemistry
models of various levels of complexity.

Key words: global carbon cycle, ocean, biogeochemistry, numerical modeling, last glacial maxi-
mum, anthropogenic carbon, carbon sequestration
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Tabled] A Summary of Glacial Atmospheric pCO: Hypotheses (after Archer et al. (2000a))

Hypothesis Description (reference)

Potential problems

1) Macronutrient

inventory

Assuming the same levels of surface nutrient depletion | It is unclear that macronutrient inventory can change significantly
everywhere as today, increased oceanic inventory of POy or NOy™ | over millennial timescale. If continental shelves are involved, sea

would enhance the biological pump everywhere (Broecker, 1982). | level change must precede pCO; change but Vostok ice core indicates

otherwise (Petit et al., 1999).

2) Fe fertilization

or NO;™ pools now exist (Martin, 1990).

Increased input and availability of micronutrient Fe would | Box models show sufficiently large pCO; response, but ocean general

enhance biological pump in high-latitudes, where abundant POy | circulation models do not (Broecker et al., 1999). Also, the box

model response is often accompanied by unrealistically low, deep

water oxygen levels,

3) Coral reef

The shift requires an increased, whole-ocean pH.

A destruction of coral reefs as a result of sea level lowering | The deposition of CaCOyj in the deep ocean during glacial periods

demise would shift CaCOs deposition to deeper waters (Berger, 1982). | seems insufficient to account for the required shift in whole-ocean pH

(Catubig et al., 1998).

4) Rain ratio

reduction

ocean.

A decrease in the export production of CaCOj; relative to organic | Sedimentary evidence suggests that calcite lysocline change was not
carbon would diminish the carbonate pump (Archer and | large (Farrell and Prell, 1989). Given that saturation horizon and
Maier-Reimer, 1994). Changes in the carbonate pump would be | the lysocline are not easily decoupled (Sigman et al., 1998), the effect

accompanied by changes in the calcite saturation horizon in the | of compensation is likely limited. The most serious problem is

identifying the rain ratio trigger.

5) Polar alkalinity

and Peng, 1989).

Cessation of the North Atlantic Deep Water (NADW) formation | Various paleoceanographic evidence suggests that deep water
would reduce the downward transport of alkalinity to the deep | formation in the North Atlantic did not cease (Yu et al., 1996) but

water and thereby increase its surface concentrations (Broecker | continued at somewhat shallower depth (Duplessy et al., 1988).

6) Polar

stratification

Siegenthaler and Wenk, 1984).

Reduced, high-latitude ventilation of CO,-laden, deep waters | Sedimentary nitrogen isotope records provide paleoceanographic
would prevent them from venting CO; into the atmosphere (Knox | support for polar stratification (Francois et al., 1997), but there is

and McElroy, 1984; Sarmiento and Toggweiler, 1984; | ambiguity (Sigman and Boyle, 2000). Also, polar stratification in

box models predict, very low oxygen in the deep ocean.

Biological pump is the surface removal of dissolved inorganic carbon (DIC) by downward transport
of particulate organic carbon. An enhanced biological pump reduces the surface DIC and pCO.,
and thus draws down CO. from atomosphere. Carbonate (or alkalinity) pump is the surface re-
moval of alkalinity by downward transport of particulate CaCOs. A weakened carbonate pump in-
creases the surface alkalinity relative to DIC, reduces the surface water pCO., and thus draws
down CO, from the atmosphere. Carbonate compensation refers to the way ocean adjusts the
depth of the lysocline, so as to balance the input of alkalinity by rivers and its output by sedimen-

tary burial of CaCO:s.
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Figlll Schematic diagram of the silicic acid leak-
age hypothesis (Matsumoto et al., 2002).
During the Holocene, the preferential up-
take of silicic acid (H.SiO.) relative to ni-
trate in the Southern Ocean leaves its sur-
face waters depleted in Si. Today this low
silicic acid water mass (Si: NO 1) is ex-
ported out of the Southern Ocean into
lower latitudes (Sarmiento et al., 2004). Ac-
cording to our scenario, during the last gla-
cial maximum, the uptakeand export of Si
relative to N (uptake ratio ofl] 1:1) in the
Southern Ocean was less efficient and left
behind at the surface excess Si, which then
“leaked” out into low latitudes and pro-
moted a greater diatom production at the
expense of carbonate-bearing organisms.
This lowers the CaCOs: organic carbon ex-
port ratio, thereby weakening the carbon-
ate pump.
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CFC-11 Inventory (108 Moles)
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tory is split at 40°S. Observation is indi-
cated by solid circle with error bars. Num-
bers designates predictions by the 19 mod-
els that we examined from 13 modeling
groups (see text and Matsumoto et al.,
2004).
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