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Carbon dioxide and oxygen fluxes in the Southern
Ocean: Mechanisms of interannual variability

A. Verdy,1 S. Dutkiewicz,> M. J. Follows,? J. Marshall,? and A. Czaja3
Received 20 December 2006; accepted 15 February 2007; published 31 May 2007.

[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

"MIT—WHOI Joint Program in Oceanography, Massachusetts Institute
of Technology, Cambridge, Massachusetts, USA.

Department of Earth, Atmospheric and Planetary Sciences, Massachu-
setts Institute of Technology, Cambridge, Massachusetts, USA.

3Space and Atmospheric Physics Group, Department of Physics,
Imperial College London, London, UK.

Copyright 2007 by the American Geophysical Union.
0886-6236/07/2006GB002916$12.00

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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Figure 1. Dissolved inorganic carbon concentration at 100 m
from (a) the global circulation model (GCM) simu-
lation and (b) Global Ocean Data Analysis Project (GLODAP),
calculated as total CO, minus anthropogenic CO,.

addressing the respective roles of ENSO and SAM. Varia-
tions in these climatic indices reflect large-scale patterns in
anomalous surface heat fluxes, convective mixing, and
entrainment of DIC and oxygen into the mixed layer.
Comparing the response of the two gases, which have
different air-sea equilibration timescales, affords a more
complete picture of the ocean-atmosphere interactions reg-
ulating the variability of air-sea fluxes in a global physical-
biogeochemical model.

[6] We then apply a Lagrangian theoretical framework to
investigate the mechanisms responsible for air-sea fluxes of
CO, and O,. Using a highly simplified model of tracers
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propagating in the ocean mixed layer, we are able to idealize
the physical and biogeochemical systems and focus on the
key mechanisms. The idealized Lagrangian model captures
the behavior of the complex three-dimensional system and
clearly illustrates how changes in entrainment due to mixed
layer depth variations are the primary driver of the large-
scale variability in gas fluxes in the region of the ACC.

2. Air-Sea Fluxes of Carbon and Oxygen in a
Global Ocean Model

2.1. Model Description

[7] Air-sea fluxes of CO, and O, are simulated in a global
numerical ocean model (hereinafter referred to as global
circulation model (GCM)) for the period 1993-2003.
Temperature, salinity, and flow fields are obtained from
the Estimating the Circulation and Climate of the Ocean
(ECCO) state estimation project [Wunsch and Heimbach,
2006], which uses available observations to constrain the
MIT general circulation model [Marshall et al., 1997]. An
iterative data assimilation procedure serves to determine the
initial conditions, surface fluxes, and model parameters that
minimize the misfit between data and model; the data sets
used are listed in the appendix of Wunsch and Heimbach
[2006] and include measurements of sea surface tempera-
ture and salinity, altimetry data, and float profiles.

[8] The model has a horizontal resolution of 1°; there are
23 vertical levels whose thickness ranges from 10 m near
the surface to 500 m at depth, with 13 levels in the top
kilometer of the water column. We use the GM/Redi
parameterization of geostrophic eddy fluxes [Gent and
McWilliams, 1990; Redi, 1982] and the K profile parame-
terization (KPP) vertical mixing scheme [Large et al., 1994]
to account for subgrid-scale processes. The flow fields
transport biogeochemical tracers of inorganic and organic
forms of carbon, phosphorus, iron, and oxygen as well as
alkalinity. We do not resolve the ocean ecosystem; instead,
the biogeochemical model adopts a simple carbon export
scheme with limitation by phosphate, iron, and light avail-
ability. The net community production of organic matter is
given by

PO, Fe )7 (1)

min ,
ﬁl + A (P04 + Kpos Fe + kpe

where § is maximum community production and Ky, Kpog,
and kg, are half-saturation coefficients. Two thirds of net
production is assumed to enter the dissolved organic pool,
the remaining fraction of organic production being exported
to depth as sinking particles. Surface carbonate chemistry is
explicitly solved [Follows et al., 2006], and air-sea transfer
of CO, and O, is parameterized following Wanninkhof
[1992]. Aspects of this model are described in more detail
by McKinley et al. [2003], Dutkiewicz et al. [2005], and
Parekh et al. [2006]. Modeled phosphate, oxygen, iron,
DIC, and alkalinity distributions capture the observed large-
scale horizontal and vertical gradients; in Figure 1 the
annual mean DIC concentration at 100 m in the GCM is
shown next to observations from the Global Ocean Data
Analysis Project [Key et al., 2004].
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Figure 2. Geostrophic streamlines in the Southern Ocean.
Contour interval is 2 x 10> m?s. Thick curve indicates
streamline along which the simulated variability is plotted in
Figures 3 and 4.

[0] Results used in this 11 year study were obtained after
120 years of spin-up of the biogeochemistry model with
preindustrial atmospheric CO,. The analysis is performed
on monthly averaged fields, from which the long-term trend
and mean seasonal cycle are removed. We focus on the
region of the ACC, where the nonseasonal variability of air-
sea fluxes is largest in our model. In order to examine the
advection of anomalies by the mean flow we analyze the
variability along geostrophic streamlines, estimated from
the mean sea surface height (Figure 2). This procedure will
facilitate the comparison of GCM results with results from
the one-dimensional Lagrangian model (section 4). Here we
will show the variability along the circumpolar streamline
indicated by the thick curve in Figure 2, with a mean
latitude of 52°S.

2.2. Simulated Variability

[10] The variability of CO, and O, fluxes is presented in
Figure 3. The time-longitude diagrams highlight three
features of the simulated variability: First, there is eastward
propagation of the anomalies; second, oxygen fluxes have a
larger amplitude and are more localized in time and space
than carbon fluxes; third, O, and CO, fluxes tend to have
opposite signs.

[11] This anticorrelation in the large-scale patterns of
carbon and oxygen fluxes suggests that the variability is
primarily driven by entrainment [Gruber et al., 2002].
Comparison with surface heat flux (not shown) reveals that
heating of the ocean occurs simultaneously with outgassing
of O, and intake of CO,. If thermal solubility was the

VERDY ET AL.: SOUTHERN OCEAN CARBON AND OXYGEN FLUXES

GB2020

dominant cause of air-sea fluxes, warming would result in
outgassing of both gases. The two fields exhibit more
variance in the Pacific during the austral winter and spring;
this timing and location correspond to that of mode water
formation, associated with the deepest mixed layers, rein-
forcing the idea that entrainment is the dominant term
driving anomalous fluxes.

[12] Dissolved oxygen adjusts rapidly to the atmospheric
concentration, the equilibration timescale being roughly
1 month. This causes large air-sea fluxes and results in
rapid dissipation of the anomalies generated in wintertime,
so the variability of O, appears localized in time and space.
In contrast, carbonate chemistry causes the equilibration
timescale for carbon to be much longer, on the order of
1 year (depending on the depth of the mixed layer); the
amplitude of anomalous carbon fluxes is thus weaker and
relatively constant throughout the year. The slowly decay-
ing anomalies are then able to propagate with the mean
flow. Estimation from Figure 3b suggests that model
anomalies travel eastward at a speed of roughly 8 cm/s,
which corresponds to the observed propagation speed of
SST anomalies and coincides with the mean geostrophic
flow in the ACC [Verdy et al., 2006].

[13] In Figure 4 the variability of simulated mixed layer
depth (MLD) and SST is shown along the same geostrophic
streamline. We identify the MLD from the density profile as
the depth at which potential density exceeds the surface
value by at least 0.15 kg/m®. The similitude between
anomalous MLD and anomalous O, fluxes (Figure 3a) is
most apparent during winter months, when convection
events cause the mixed layers to deepen. Interannual vari-
ability in MLD impacts the strength of convective mixing,
and deeper mixed layers are associated with enhanced
entrainment of oxygen-depleted water into the mixed layer.
Anomalous CO, fluxes (Figure 3b) are also consistent with
changes in MLD, but because of the longer equilibration
time they appear to be more similar to SST variability
(Figure 4b); SST anomalies have a decay timescale of
approximately 8 months for a 100 m thick mixed layer.
Unlike CO,, SST exhibits more variability during the austral
summer, when the mixed layer is shallow; this suggests that
thermal effects are dominant over entrainment in inducing
temperature changes, which is consistent with the results of
Verdy et al. [2006].

[14] The propagation speed of SST anomalies matches
that of CO, anomalies. Despite a decay timescale of a few
months, anomalies are occasionally found to persist for
several years; the interplay between mean oceanic advection
and random heat flux forcing is thought to explain the long
persistence [Verdy et al., 2006, and references therein]. We
also find a hint of propagation of MLD anomalies in the
GCM (Figure 4a) that is likely to result from the same
mechanism since temperature and stratification are both
affected by heat flux variability. In turn, propagation of
the MLD signal explains the persistence of CO, and O,
anomalies, which during some periods, are found to last for
up to 5 years (Figure 3). Successive years of anomalously
large or weak entrainment seem to reinforce air-sea flux
anomalies generated in the previous winter.
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