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[1] Several recent papers have demonstrated a decrease in atmospheric pCO, resulting from barriers to
communication between the deep sea and the atmosphere in the Southern Ocean. Stephens and Keeling [2000]
decreased pCO, by increasing Antarctic sea ice in a seven-box model of the world ocean, and Toggweiler [1999]
showed a similar response to Southern Ocean stratification. In box models the pCO, of the atmosphere is
controlled by the region of the surface ocean that fills the deep sea [Archer et al., 2000a]. By severing the
Southern Ocean link between the deep sea and the atmosphere, atmospheric pCO, in these models is controlled
elsewhere and typically declines, although the models range widely in their responses. “Continuum models,”
such as three-dimensional (3-D) and 2-D general circulation models, control pCO, in a more distributed way and
do not exhibit box model sensitivity to high-latitude sea ice or presumably stratification. There is still
uncertainty about the high-latitude sensitivity of the real ocean. Until these model sensitivities can be resolved,
glacial pCO, hypotheses and interpretations based on Southern Ocean barrier mechanisms (see above mentioned
references plus Elderfield and Rickaby [2000], Francois et al. [1998], Gildor and Tziperman [2001], Sigman
and Boyle [2000], and Watson et al. [2000]) are walking on thin ice. INDEX TERMS: 4842 Oceanography: Biological
and Chemical: Modeling; 4835 Oceanography: Biological and Chemical: Inorganic marine chemistry; 4805 Oceanography: Biological
and Chemical: Biogeochemical cycles (1615); 4806 Oceanography: Biological and Chemical: Carbon cycling; 4572 Oceanography:

Physical: Upper ocean processes; KEYWORDS: glacial pCO2, Southern Ocean, sea ice, stratification
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1. Model Intercomparison

[2] It is straightforward to test the sea ice hypothesis in
any ocean carbon cycle model, and we have attempted to do
so (Figure 1). We simply put a mask to prevent gas
exchange poleward of 55°S, in six different models ranging
from simple box models to primitive equation GCMs.
Consistent with the box model experiments, and for sim-
plicity, we held circulation and biological uptake unaffected
by the addition of the ice. CLIMBER-2 is an intermediate
complexity coupled ocean atmosphere model [Petoukhov et
al., 2000], the ocean component of which is a set of 2-D
zonal mean circulation models which converge at the
Southern Ocean [Stocker et al., 1992]. Bern is the current
version of the Stocker et al. [Stocker et al., 1992] 2-D
model. HAMOCC?2 is an implicit offline tracer advection
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scheme used for many geochemical studies [Maier-Reimer,
1993]. The version we use here is the water-only model
from Archer et al. [2000b]. POP is a primitive equation
model on a traditional C-grid, using Gent and McWilliams
[1990] and KPP [Large et al., 1994] mixing parameter-
izations . The biological component of this model conforms
to the OCMIP-2 [Orr, 1999] specifications. POP and the
Bern model restore sea surface nutrients toward observed
seasonal values, remineralize at depth, and take up and
release dissolved carbon and alkalinity according to stand-
ard Redfield ratios. CLIMBER-2 and HAMOCC2 predict
sea surface nutrients rather than restoring to observations,
but the overall effect on carbon cycling is similar.

[3] The results (Figure 1) are clear; we only see signifi-
cant CO, draw down in the Stephens and Keeling [2000]
and the Toggweiler [1999] box models. Other standard box
models, the 3-box model and Pandora, show slight draw
down but nothing as dramatic as these two (Figure 1a). All
but one of the “continuum” models (3- and 2-D GCMs)
show, if anything, a slight increase in pCO, with increasing
ice cover (Figure 1b).

2. What Controls pCO, in Box Models

[4] Although the Southern Ocean barrier theory relies
on the biological cycle in the ocean to work, we can
understand the mechanism most easily by starting with
abiotic model experiments. Figure 2, reprinted from
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Figure 1. Atmospheric pCO, over global ocean carbon
cycle models, plotted as a function of sea ice cover in the
Southern Ocean (defined as poleward of 55°S in the gridded
general circulation models). (a) Box models. (b) General
circulation models.

Archer et al. [2000a], shows a super-simple box model of
the ocean, with two identically sized surface boxes at
warm and cold temperatures, and a deep box. The flow
consists of an overturning circulation only. The model is
initialized with an inventory of alkalinity and CO, and run
to equilibrium. The pCO, of the atmosphere in equili-
brium reflects which of the surface boxes exerts control of
atmospheric pCO,: if the cold surface box is in charge,
then atmospheric pCO, will be low because CO, is more
soluble in cold water. When the circulation is normal, i.e.,
downwelling from the cold box and upwelling to the
warm, atmospheric pCO, is low, reflecting atmospheric
control by the cold surface box. When the circulation is
reversed, the warm surface box controls pCO,, which rises
to nearly twice the normal circulation value. The atmos-
phere equilibrates with the ocean at the temperature of the
downwelling box.
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[s] This behavior can be understood as follows. First, the
deep box is large and its chemistry remains close to that of
the ocean mean (more on this conceptual approximation
below). Second, the steady state solution to the model has
the chemistry of the downwelling box equal to the chem-
istry of the deep sea. It must be so, or else the chemistry of
the deep sea would be changing, which is not the steady
state. The downwelling box CO, concentration is therefore
required to be close to the ocean mean. On the other hand,
the chemistry of the upwelling box is free to yield to
atmospheric forcing. In the end, the atmosphere comes
close to equilibrium with the mean chemistry of the ocean,
at the temperature of the downwelling box. The crucial
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Figure 2. A simple abiotic ocean carbon cycle box model
showing that the surface ocean box that fills the deep box
also controls the pCO, of the atmosphere. The plot shows
temperatures, total CO, concentrations, and fluxes in Sv. (a)
With normal overturning circulation. (b) With reversed
overturning circulation.
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Figure 3. Schematic of box models from (a) Stephens and Keeling [2000] and (b) Toggweiler [1999].
Arrows represent water flows in Sverdrups, and italicized numbers show sea surface PO, concentrations.

South is to the left.

conclusion is that the downwelling surface box controls the
pCO, of the atmosphere. We will further demonstrate and
test this conclusion below.

3. Stephens and Keeling Sea Ice Model

[6] The Stephens and Keeling box model (Figure 3a) is
more complex than the simple three-box model in two
regards. First, the deep ocean is filled from two sources,
the Southern Ocean and the North Atlantic. Abiotic experi-
ments (Figure 4) allow us to work out the implications of
this. When the Southern Ocean surface is exposed to the
atmosphere, the deep sea CO, concentration is a weighted
mean of the surface concentrations from the Southern
Ocean and the North Atlantic (Figure 4a). Atmospheric
pCO, equilibrates with the deep sea CO, concentration at
a temperature between that of the two surface downwelling

boxes. The colder box picks up CO, from the atmosphere,
and the warmer one loses a bit, relative to the deep-sea
value.

[7] When sea ice is increased to 99% coverage (as found
by Stephens and Keeling [2000]), the Southern Ocean
surface box essentially becomes a subsurface extension of
the deep ocean, and both CO, concentrations converge to
the concentration of the North Atlantic surface (Figure 4b).
Covering the Southern Ocean forces the atmosphere to
equilibrate with the deep sea at the temperature of the
North Atlantic. The effect of sea ice on abiotic CO, is
small, because the only difference between Southern Ocean
and North Atlantic is a temperature contrast of a few
degrees.

[8] With the addition of nutrients and associated meta-
bolic carbon, sea ice becomes more important, because
nutrient concentrations are higher in the Southern Ocean
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Figure 4. Abiotic carbon cycle results using the Stephens and Keeling [2000] box model. (a) When the
Southern Ocean is exposed to the atmosphere, the atmosphere equilibrates with the chemistry of the deep
sea at a temperature intermediate between that of the high South and North latitudes. (b) When the Southern
Ocean is cut off from atmospheric contact, the atmosphere is controlled solely by the North Atlantic.

than in the North Atlantic. Complete ice cover shifts
atmospheric pCO, control from the high nutrient Southern
Ocean to the lower nutrient North Atlantic, drawing down
atmospheric pCO,. We can test this idea by lowering the
nutrient concentration in the Southern Ocean and increas-
ing its temperature to that of the North Atlantic, eliminat-
ing the contrast in pCO, forcing. Atmospheric pCO, drops
to 201 ppm, but more to the point, changes in sea ice have
no further effect on pCO,, because the contrast between
Southern Ocean and North Atlantic has been eliminated.
With no nutrient contrast between north and south, the

sensitivity to sea ice disappears (Figure 5). This demon-
strates that the sea ice mechanism for CO, drawdown is
seen to be a variant of a sea surface nutrient drawdown
scenario.

4. Stratification and the Toggweiler Model

[o] The Toggweiler [1999] Southern Ocean stratification
model operates similarly (Figure 3b). Here the barrier
between the atmosphere and the deep sea is midwater
column stratification, rather than sea ice. As found by
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Figure 5. Effect of South/North high-latitude surface
ocean nutrient contrast on the pCO, sensitivity to Southern
Ocean barriers (sea ice in the case of Stephens and Keeling,
and stratification for Toggweiler). In both cases, when the
nutrient concentrations are specified to be equal between
North Atlantic and Southern Ocean, the models lose their
sensitivity to their respective Southern Ocean barriers.

Stephens and Keeling, the model relies on a competition for
the link between the atmosphere and the deep sea. Increas-
ing the stratification between the Southern Ocean surface
and the deep sea shifts control of the atmosphere to the
North Atlantic. As with the Stephens and Keeling model,
when nutrient and temperature contrasts between the North
Atlantic and the Southern Ocean are eliminated, the pCO,
sensitivity to stratification disappears (Figure 5). This shows
that the stratification hypothesis is also based on a nutrient
drawdown mechanism.

5. Box Model Intercomparison

[10] The four box models tested (3 box, Pandora, Stevens
and Keeling, and Toggweiler 7 box) responded quite differ-
ently to the imposition of sea ice in the Southern Ocean. We
can use these differences to demonstrate and test the
downwelling-box-controls-the-atmosphere theory described
above. According to this theory, the surface ocean box that
fills the deep sea will control the pCO, of the atmosphere. If
more than one box fills the deep sea, then the chemistry of
the deep sea will be a weighted average of sources from the
downwelling boxes. By analogy we expect the atmosphere
to be controlled by the downwelling surface boxes weighted
by the total downwelling fraction coming from each box.

[11] The oceanographic pCO, forcing from each surface
ocean box can be computed by running the model to
equilibrium in the absence of gas exchange. These no-gas-
exchange end-members are determined by a combination of
the soft and hard-tissue biological pumps and by temper-
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ature, and are shown for each model in Figure 6. The
downwelling-weighted average pCO, values, with and
without the Southern Ocean, are also shown in Figure 6.
In all cases isolating the Southern Ocean from the atmos-
phere decreases the pCO, of the atmosphere, but the
mechanism of drawdown differs between the models. In
the 3 box model in particular, the imposition of Southern
Ocean ice shifts the control of atmospheric pCO, to the
tropical surface ocean rather than a cold North Atlantic.
Low nutrients in the tropics pull pCO, down lower than in
high latitudes in this model. The mechanisms and extent of
CO, drawdown with sea ice are idiosyncratic among the
various box models.

[12] With one exception, the downwelling-weighted aver-
age pCO, effect of sea ice in each model correlates well
with the response of the full box models (Figure 1a), with
the highest sensitivity from the Stevens and Keeling model,
and the lowest for the 3 box model (Figure 7). The
exception is the Toggweiler 7 box model, which differs
from the others in that the deep box of this model does not
dominate the volume of the ocean, as we had assumed in
section 2. When most of volumes of the Thermocline and
the North Atlantic boxes are donated to the deep box, the
modified Toggweiler model conforms to the correlation
exhibited by the rest of the models (Symbol “Tm” in
Figure 7). The Toggweiler model was developed to explore
the implications of a deep chemical divide in the ocean
[Toggweiler, 1999], and we see here one interesting impli-
cation of this structure.

[13] We note also that the downwelling-weighted average
pCO,s are more sensitive to sea ice than the full box model
pCOgs. This sensitivity arises from the implicit assumption
in the downwelling-weighted calculation that the sizes of
the atmospheric and the warm upper ocean carbon reser-
voirs are negligible relative to the larger deep sea. A no-gas-
exchange end-member pCO, would impose itself quantita-
tively upon an infinitesimal atmosphere/surface ocean, but
in the real models an increase in atmospheric pCO, results
in a decrease in the pCO, of the deep sea. The atmosphere
and the deep sea ultimately compromise. The magnitude of
this effect can be estimated from the relative sizes of the
deep sea and atmosphere/tropical surface ocean reservoirs.
CO, addition experiments show an eventual ocean CO,
uptake of ~75% in the absence of CaCO; compensation;
i.e., a partitioning of 1:3 between the atmosphere and ocean
[Archer et al., 1997]. If the warm tropical upper ocean is
bundled with the atmospheric reservoir, then the partition-
ing between the deep sea and the atmosphere/surface ocean
becomes more balanced, say 1:2 or 1:1. Disequilibrium
between the atmosphere and the downwelling outcrop may
also contribute to a decrease in atmospheric pCO, sensitiv-
ity (J. Toggweiler et al., manuscript in preparation, 2003).
We can allow for these effects by decreasing by some factor
the deviation of pCO, from the initial value of 270 p atm; a
factor of about 40% brings the simplistic forcing predictions
into line with the box model results (Figure 7).

[14] Atmospheric pCO, control by the ocean is a complex,
nonlinear topic, and different researchers seem to conceptu-
alize its behavior in different ways. Here we have demon-
strated that the downwelling-box-controls-the-atmosphere
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Figure 6. Sea surface temperature, phosphate, no-gas-exchange pCO,, and downwelling velocity of the
downwelling surface boxes of four box models. Above each model, an atmospheric pCO, is predicted by
averaging the no-gas-exchange pCO,s of the surface boxes, weighted by their downward velocities.
When the Southern Ocean is eliminated from the averaging, the predicted pCO, of the atmosphere drops
in all cases; the effect is largest for the Stevens and Toggweiler models and smallest for the 3 box model.

theory is able to predict very simply the widely disparate used to calculate the fraction of high-latitude control. If one

effects of sea ice over a range of ocean box models. square meter of sea surface in the tropics had the same

influence over atmospheric pCO, as an average square
6. Why a Southern Ocean Barrier Does Not meter of the sea surface (including high latitudes), then
Work in GCMs the HBEI index of that model would be 1. In the 3-box

model, the low latitudes cover 85% of the ocean surface, but
[15] Broecker et al. [1999] and Archer et al. [2000a]

showed that control of the atmospheric pCO, is more 80

diffuse with GCMs than in box models. Broecker’s Har- Ji
vardton Bear Equilibration Index (HBEI) is an indicator of N 70 A T
the intensity of low-latitude control of pCO,, and can be 8 /m
s 60 -
Figure 7. (opposite) Downwelling-weighted average D 50 1 é
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to eliminating gas exchange in the Southern Ocean. P = O 40
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the volume of the volume of the Atlantic and Thermocline (@) /
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to 0.3 - 10" m® and 0.7 - 10'® m’, respectively. Down- < 10 - /
welling-weighted average pCO,s correlate with the real 3
impact of sea ice. Steady state model results are less sensitive 0 f . .
to Southern Ocean gas exchange than predicted by the
downwelling-weighted average pCO,s; this is a consequence 0 200 400 600

of the nonnegligible size of the atmospheric and warm

surface ocean carbon reservoirs (see text). A Wh. AVg pCO2 FOFCing
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their influence is lower than would naively be expected, by
a factor of the HBEI, which for this model is 0.11. The low
latitudes therefore exert 0.85 * 0.11 = 9% control, leaving
the balance (91%) to the high latitudes. Estimates for GCM
behavior generally place the control more evenly between
high and low latitudes. The HBEI index of GCMs is
typically three times higher than in the 3-box model,
breaking the high-latitude monopoly on determining the
pCO, of the atmosphere. In this type of model, the effects of
a barrier in the Southern Ocean become considerably less
important, because the Southern Ocean itself is less impor-
tant to determining atmospheric pCO,.

7. GCMs, Box Models, and the Real Ocean

[16] The reason for the discrepancy between box models
and GCMs is still far from clear. Archer et al. [2000a]
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invoked vertical diffusivity as one factor, although diffu-
sion is insufficient to make a box model reproduce GCM
behavior, and lack of diffusion is insufficient to make an
isopycnal ocean circulation model, MICOM, reproduce the
behavior of a box model. J. Toggweiler et al. (submitted
manuscript, 2002) points to a smaller area of convection
in GCMs than in box models to explain the discrepancy,
which limits the equilibration between high-latitude sur-
face ocean and the atmosphere. We will not resolve the
issue here, but simply note that the high-latitude sensitiv-
ity of the real ocean is even more elusive than the reason
for the difference between the different model types. It
could turn out, in the end, that box models were right all
along. However, until we know for sure, we advise
skepticism in the sea ice and stratification Southern Ocean
barrier theories applied to questions of glacial/interglacial
pCO; cycles.
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