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Carbon dioxide and oxygen fluxes in the Southern
Ocean: Mechanisms of interannual variability
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[1] We analyze the variability of air-sea fluxes of carbon dioxide and oxygen in the
Southern Ocean during the period 1993—-2003 in a biogeochemical and physical
simulation of the global ocean. Our results suggest that the nonseasonal variability is
primarily driven by changes in entrainment of carbon-rich, oxygen-poor waters into the
mixed layer during winter convection episodes. The Southern Annular Mode (SAM),
known to impact the variability of air-sea fluxes of carbon dioxide, is also found to affect
oxygen fluxes. We find that El Niflo—Southern Oscillation (ENSO) also plays an
important role in generating interannual variability in air-sea fluxes of carbon and oxygen.
Anomalies driven by SAM and ENSO constitute a significant fraction of the simulated
variability; the two climate indices are associated with surface heat fluxes, which
control the modeled mixed layer depth variability. We adopt a Lagrangian view of tracers
advected along the Antarctic Circumpolar Current (ACC) to highlight the importance
of convective mixing in inducing anomalous air-sea fluxes of carbon dioxide and oxygen.

The idealized Lagrangian model captures the principal features of the variability
simulated by the more complex model, suggesting that knowledge of entrainment,
temperature, and mean geostrophic flow in the mixed layer is sufficient to obtain a
first-order description of the large-scale variability in air-sea transfer of soluble gases.
Distinct spatial and temporal patterns arise from the different equilibration timescales of

the two gases.
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1. Introduction

[2] Deep waters in the Southern Ocean are rich in
dissolved inorganic carbon (DIC) and depleted in oxygen.
When circulation brings these waters into the mixed layer,
the soluble gases are exchanged at the air-sea interface. The
formation of deep mixed layers combined with high
biological productivity makes the Southern Hemisphere
extratropical oceans an important component of the global
carbon cycle.

[3] Variability of the circulation and biology of the
Southern Ocean has been suggested to impact local air-sea
exchange of carbon dioxide. Le Quéré et al. [2003]
described how ocean pCO, responds to changes in stratifi-
cation through variations in supply of DIC and in the
average light available to phytoplankton. Lovenduski and
Gruber [2005] examined how the Southern Annular Mode
(SAM), a dominant mode of local atmospheric variability, is
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related to observed variability in primary production; they
speculate that the biological response to SAM would largely
compensate the supply of DIC resulting from SAM-induced
changes in ocean circulation. More recent modeling studies,
however, suggest that SAM drives about a third of regional
CO, air-sea flux variability on an interannual timescale,
primarily because of changes in the physical circulation
[Lenton and Matear, 2007; Lovenduski et al., 2007]. In the
region of the Antarctic Circumpolar Current (ACC) the
oceanic response to SAM during its positive phase consists
of northward Ekman currents, upwelling near the coast of
Antarctica, and intensification of the geostrophic zonal flow
[Hall and Visbeck, 2002].

[4] While these studies focused on SAM, there is also
evidence for El Nifio—Southern Oscillation (ENSO)-related
physical variability in the Southern Ocean. Both SAM and
ENSO are important sources of sea surface temperature
(SST) variability in the ACC [Verdy et al., 2006]. Sea ice
variability in the Southern Ocean is thought to be strongly
influenced by ENSO teleconnections [Yuan, 2004, and
references therein]. ENSO is also the main driver of CO,
air-sea flux variability in the equatorial Pacific, where it
modulates convective mixing and biological export produc-
tion [Feely et al., 2002; McKinley et al., 2004].

[5] In this study we investigate the interannual variability
of air-sea fluxes of CO, and O, in the Southern Ocean,
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