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An empirical estimate of the Southern Ocean air-sea CO, flux
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[1] Despite improvements in our understanding of the Southern Ocean air-sea flux of
CO,, discrepancies still exist between a variety of differing ocean/atmosphere
methodologies. Here we employ an independent method to estimate the Southern Ocean
air-sea flux of CO, that exploits all available surface ocean measurements for
dissolved inorganic carbon (DIC) and total alkalinity (ALK) beyond 1986. The DIC
concentrations were normalized to the year 1995 using coinciding CFC measurements in
order to account for the anthropogenic CO, signal. We show that independent of season,
surface-normalized DIC and ALK can be empirically predicted to within ~8 pmol/kg
using standard hydrographic properties. The predictive equations were used in
conjunction with World Ocean Atlas (2001) climatologies to give a first estimate of the
annual cycle of DIC and ALK in the surface Southern Ocean. These seasonal
distributions will be very useful in both validating biogeochemistry in general circulation
models and for use in situ biological studies within the Southern Ocean. Using

optimal CO, dissociation constants, we then estimate an annual cycle of pCO, and
associated net air-sea CO, flux. Including the effects of sea ice, we estimate a
Southern Ocean (>50°S) CO, sink of 0.4 + 0.25 Pg C/yr. Our analysis also indicates a
substantial CO, sink of 1.1 + 0.6 Pg C/yr within the sub-Antarctic zone (40°S—50°S),
associated with strong cooling and high winds. Our results imply the Southern Ocean
CO; flux south of 50°S to be very similar to those found by Takahashi et al. (2002), but
on the higher end of a range of atmospheric/oceanic CO, inversion methodologies. This
paper estimates for the first time basic seasonal carbon cycle parameters within the
circumpolar Southern Ocean, which have up to now been extremely difficult to measure
and sparse. The application of such an empirical technique using more widely available

hydrographic parameters in the Southern Ocean provides an important independent
estimate to not only CO, uptake, but also for other future biogeochemical studies.
Refining and testing these empirical methods with new carbon measurements will be
important to further reduce uncertainties and extend our understanding of Southern Ocean

CO, dynamics.
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1. Introduction and Background

[2] One of the most pressing issues in understanding the
present-day carbon budget is determining the role of the
Southern Ocean. A discrepancy currently exists between
models and observations in estimating the Southern Ocean
CO, air-sea flux. General ocean circulation models [Matear
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and Hirst, 1999], atmospheric inverse models [Gurney et al.,
2002; Patra et al., 2005]; oceanic inverse models [Gloor
et al., 2003] all suggest the Southern Ocean (south of 50°S)
maintains a contemporary CO, sink of 0.1 to 0.5 PgClyr,
while oceanic pCO, measurements suggest a CO, sink of
0.5 to 0.7 PgCl/yr [Takahashi et al., 2002] (hereinafter
referred to as T02). It is important to note however that
the original manuscript from T02 used the 0.995 sigma
winds instead of the 10 m winds which was required in the
gas transfer relationships. Since the paper was published
T02 have revised their global air-sea fluxes using the 10 m
wind speeds (see http://www.ldeo.columbia.edu/res/pi/CO,/
carbondioxide/pages/air_sea flux revl.html). The cor-
rected flux estimates (herein referred to as T02corr) suggest
a Southern Ocean sink of ~0.35-0.45 PgC/yr south of
50°S. Atmospheric inverse modeling predictions are subject
to biases due to sparse regional atmospheric CO, record in
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the Southern Ocean and possibly unrealistic Southern
Hemispheric atmospheric transport [Gurney et al., 2002].
The pCO, observational network accumulated by TO02 in the
Southern Ocean is subject to sparse sampling and measure-
ment bias since most measurements have been taken during
the Austral summer. In order to fill the gaps throughout the
year, surface circulation vectors from a three-dimensional
ocean general circulation model were used. The seasonal
biases in the coverage of the data and the introduction of a
model adds uncertainty to the air-sea flux of CO, in the
Southern Ocean via direct pCO, measurements.

[3] Here we present an independent method for estimating
Southern Ocean CO, uptake that exploits empirical extrap-
olations of surface dissolved inorganic carbon (DIC) and
total alkalinity (ALK) from which pCO, can be calculated.
Although the methodology does not use pCO, directly, the
advantages to using DIC and ALK are two-fold. First, DIC
and ALK are mostly measured using discrete CTD Rosette
samples upon which a multitude of other parameters are
also measured including temperature, salinity, oxygen and
nutrients. Even though DIC and ALK are sampled sporad-
ically in space and time, direct relationships with these
other standard hydrographic parameters can be determined.
There are at least ten times as many hydrographic measure-
ments carbon, and these hydrographic data are explicitly
used to estimate a seasonal/annual cycle for DIC and ALK
thereby reducing the spatiotemporal biases. Continuous
pCO, measurements generally do not have corresponding
biogeochemical measurements. Secondly, DIC/ALK is
simpler to interpolate/extrapolate. Since the correlation
length/timescales are longer than for pCO,, they are less
sensitive to small-scale variability. The main disadvantage
in our approach is the requirement to calculate pCO, using
CO, dissociation constants, however a new analysis of over
1500 measurements provides considerable insight into the
uncertainty from this calculation.

[4] The World Ocean Circulation Experiment (WOCE)
and Joint Global Ocean Flux Study (JGOFS) measuring
programs for carbon (1991-1998) were the most extensive
attempt to understand the global oceanic carbon cycle. Even
so, carbon sampling in the Southern Ocean was sporadic in
both space and time. Considering that it is currently
infeasible to implement a Southern Ocean carbon measuring
program dense enough to cover seasonal variations, it is
important to explore empirical relationships that could be
used to predict carbon parameters via more widely available
properties such as temperature, salinity and nutrients.

[5] Oceanic dissolved inorganic carbon (DIC) and total
alkalinity (ALK) are carbon measurements that are best
suited to empirical relationships since during WOCE/
JGOFS they are taken on discrete bottles with coinciding
temperature, salinity, nutrients and oxygen measurements.
Wallace [1995] introduced the concept of using multiple
linear regression to predict DIC using various standard
hydrographic measurements within the interior of the ocean.
Goyet and Davis [1997] used this methodology to predict
DIC from temperature, salinity and oxygen measurements
below 500 m in the North Atlantic. A multiple linear
regression was used to develop an equation for DIC and
resulted in a standard error of about 7 pmol/kg using DIC
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measurements from the mid-1980s from the TTO program.
Lee et al. [2000b] extended this approach to the global
surface ocean using DIC measurements from the OACES
program (late 1980s) and some of the WOCE program
(early 1990s). By using temperature and nitrate they found
DIC to be predicted to within about 8 mol/kg and ALK to
within about 15 pumol/kg on an area-weighted average.
Although these studies highlight the potential use of
empirical techniques to predict DIC on large scales, the
effects of anthropogenic CO, uptake was not included and
only a sparse amount of carbon data could be used for the
Southern Ocean. The storage of anthropogenic CO, in the
Southern Ocean (south of 40°S) has been shown to be up to
0.8 pumol/kg/yr [McNeil et al., 2001], which would imply a
DIC change of up to about 9 umol/kg over the period used
by Lee et al. Considering the winter to summer changes of
DIC within the Southern Ocean to be of the order of 20—
30 pmol/kg, the bias due to inadequately correcting for the
anthropogenic CO, increase is not negligible. Recently,
Bates et al. [2006] used a linear empirical technique in
the Indian Ocean to estimate air-sea fluxes and net commu-
nity production. By using carbon measurements taken
between December 1994 and January 1996, avoids the
previous problem of requiring to correct for the anthropo-
genic CO, signal since over 1 year the changes to DIC
would be particularly small. However, if one uses carbon
data collected over a 10 year period, then correcting for the
anthropogenic CO, signal is warranted.

[6] Our methodology (and the structure of this paper) to
estimate the air-sea CO, flux in the Southern Ocean follows
a stepwise procedure.

[7] 1. A predictive empirical relationship for DIC
and ALK is developed that uses all available carbon
measurements over the past two decades where DIC has
been normalized to a common year (1995) using CFC
measurements.

[8] 2. The predictive relationship is exploited by using all
available hydrographic properties from the World Ocean
Atlas 2001 in order to estimate an annual cycle of DIC and
ALK for the year 1995.

[¢] 3. We then use over 1500 new measurements with
corresponding DIC, ALK and pCO, to determine the
optimal CO, dissociation constants to use for our study.

[10] 4. The annual cycle of pCO, for 1995 is then
calculated using the optimal CO, dissociation constants
and compared to the pCO, climatologies of T02.

[11] 5. The final step was to use global wind products and
gas exchange velocities to estimate a net uptake of CO, in
the Southern Ocean including the effects of sea ice. A
careful uncertainty analysis precludes a final estimate of
CO, uptake in the Southern Ocean and a comparison to
other independent results.

2. Data and Consistency

[12] For this study we use all available DIC measurements
that have con-current temperature, salinity, oxygen and
nutrient observations south of 40°S since 1986 (Figure 1).
The cruises used cover both Austral summer and winter in
the Southern Ocean with about 68% of samples being in the
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