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[1] We investigate the multidecadal and decadal trends in the flux of CO2 between the
atmosphere and the Southern Ocean using output from hindcast simulations of an
ocean circulation model with embedded biogeochemistry. The simulations are run with
NCEP-1 forcing under both preindustrial and historical atmospheric CO2

concentrations so that we can separately analyze trends in the natural and anthropogenic
CO2 fluxes. We find that the Southern Ocean (<35�S) CO2 sink has weakened by
0.1 Pg C a�1 from 1979–2004, relative to the expected sink from rising atmospheric
CO2 and fixed physical climate. Although the magnitude of this trend is in
agreement with prior studies (Le Quéré et al., 2007), its size may not be entirely robust
because of uncertainties associated with the trend in the NCEP-1 atmospheric forcing.
We attribute the weakening sink to an outgassing trend of natural CO2, driven by
enhanced upwelling and equatorward transport of carbon-rich water, which are caused
by a trend toward stronger and southward shifted winds over the Southern Ocean
(associated with the positive trend in the Southern Annular Mode (SAM)). In contrast,
the trend in the anthropogenic CO2 uptake is largely unaffected by the trend in the
wind and ocean circulation. We regard this attribution of the trend as robust, and show
that surface and interior ocean observations may help to solidify our findings. As
coupled climate models consistently show a positive trend in the SAM in the coming
century [e.g., Meehl et al., 2007], these mechanistic results are useful for projecting the
future behavior of the Southern Ocean carbon sink.
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1. Introduction

[2] Many aspects of the Southern Hemisphere climate
have exhibited trends over the past few decades. Thompson
et al. [2000] observed a 30-year positive trend in the
strength of the westerly winds at subpolar latitudes. A trend
toward warming on the Antarctic Peninsula and cooling on
the interior of the continent has also been observed over this
time period [Thompson and Solomon, 2002]. Additionally,
observations of sea ice cover point toward positive trends in
the Ross Sea sector and negative trends in the Bellingshausen/
Amundsen sector [see, e.g., Parkinson, 2004]. It has been
suggested by Thompson and Solomon [2002] and others that
a large fraction of these seemingly heterogeneous trends is
closely linked to the positive trend in the Southern Annular

Mode (SAM). There has been considerable debate about the
robustness of the SAM trend, particularly in the period prior
to 1979 [see, e.g., Marshall, 2003], but there is little doubt
that the trend exists in observations and reanalyses since 1979
[Thompson and Solomon, 2002; Archer and Caldeira, 2008],
even if its magnitude may differ among the reanalyses
products (e.g., between NCEP-1 and ECMWF) because of
imperfect models ingesting incomplete data.
[3] A positive trend in the SAM is characterized by a

trend toward falling atmospheric pressure over the pole and
rising pressure over the midlatitudes of the Southern Hemi-
sphere [Thompson et al., 2000]. This corresponds to a
positive trend in the strength of the wind speed at �55�S,
and could therefore cause trends in the circulation and
biogeochemistry of the Southern Ocean, ultimately impact-
ing the air-sea flux of CO2 in this region. This connection
between the trend in SAM and a possible change in the
trend in the Southern Ocean air-sea CO2 flux was first
described by Wetzel et al. [2005] on the basis of an ocean
model simulation. Le Quéré et al. [2007] confirmed this
finding with results from an inversion of atmospheric CO2

observations, identifying a weakening of the Southern
Ocean (<45�S) CO2 sink of 0.008 Pg C a�2 from 1981 to
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2004, relative to the expected sink strength under a constant
physical climate (i.e., the situation in which the Southern
Ocean CO2 sink becomes stronger with time owing to the
rise in atmospheric CO2 and the increased atmosphere-
ocean gradient in pCO2). A very similar reduction in the
CO2 flux trend was identified in our ocean model-based
study [Lovenduski et al., 2007], but only briefly discussed
there. Here, we analyze, for the first time, the processes
driving this change in the CO2 flux trend by separately
examining the trends in the natural and anthropogenic
components of the total flux. This permits us to attribute
the change in the total contemporary trend in the CO2 flux
and to establish an understanding of the mechanisms driving
it. We will demonstrate that this change in trend is almost
entirely driven by an enhanced outgassing of natural CO2,
which is the result of circulation changes within the South-
ern Ocean. These circulation changes bring additional
carbon-rich waters to the surface, where CO2 remains
unconsumed by biology, permitting it to escape to the
atmosphere. In contrast, the uptake trend of anthropogenic
CO2 is largely unaffected by the trends in the wind and
ocean circulation, very nearly following that expected from
the rise in atmospheric CO2 alone. Although the exact
magnitude of the Southern Ocean flux trend may not be
robust because of uncertainty in the magnitude of the wind
changes, the mechanistic results presented here will help to
project the future behavior of this climatically important
region.

2. Methods

[4] We achieve this attribution of the CO2 flux trend by
using two hindcast simulations from a coupled ocean
biogeochemical-physical model (POP/CCSM), representing
the years 1958 to 2004. In the first simulation, atmospheric
CO2 is kept constant, while atmospheric forcing is permitted
to vary with time. In the second simulation, atmospheric
CO2 also varies with time, following the observed historical
trajectory. The fluxes from the first simulation are that of
natural CO2, while the fluxes of the second are that of
contemporary CO2, with their difference constituting the
anthropogenic CO2 fluxes. The model simulations are
forced at the surface with a combination of NCEP version
1 atmospheric reanalysis and satellite data products from
1958 to 2004 [Doney et al., 2007]. The model captures
the observed variability in sea surface temperature [see
Lovenduski et al., 2007, Figure 2] and sea surface height
[see Doney et al., 2007]. For further details regarding
simulation configuration and analysis, please see Lovenduski
et al. [2007].
[5] The skill of this model in representing mean Southern

Ocean CO2 fluxes was found to be quite reasonable [see
Lovenduski et al., 2007, Table 1]. However, despite the 600-
year spin-up period for these simulations, the model had not
yet come into equilibrium with preindustrial atmospheric
CO2 when the variable forcing was introduced, resulting in
a globally integrated ingassing of 0.15 Pg C a�1. When
correcting for this disequilibrium flux, we assume that it is
spatially uniform. This correction only applies to the mean
natural and contemporary CO2 fluxes, and does not impact

the trend analysis. The global disequilibrium flux is changing
at a very slow rate (2�10�4 Pg C a�2) during the 47 years of
output that we analyze, equivalent to less than 5% of the trend
that we report for the Southern Ocean.
[6] All trends described in this paper represent the slope

of a straight line which exhibits the best fit to the deseason-
alized data in a least squares sense. We report both long-
term (multidecadal) and 10-year trends. In order to take
possible errors in the wind forcing into consideration, we
computed trends in our model results for the entire period
(1958–2004) and also for the more data-rich recent period
(1979–2004). Here we focus on the recent period, owing to
the greater confidence in the atmospheric forcing, and refer
to Table S11 and Figures S1–S7 for the results from the
entire period. Long-term trends are determined by fitting a
straight line to the time series from 1979 to 2004. Ten-year
trends are calculated using a sliding window method,
whereby the trend is determined for 120 months of data at
a time.
[7] The trend in the SAM manifests itself as a trend in the

surface wind. In order to investigate the ocean’s response to
this change in forcing more directly, we create a monthly
wind speed index by averaging the deseasonalized, monthly
wind speed forcing over the Southern Ocean south of 35�S.
We use the technique outlined by Thompson et al. [2000] to
estimate the congruence of the trends with this wind speed
index. The trend in the deseasonalized data, D0, is the slope
of the best fit line to the deseasonalized data. The fraction of
this trend that is linearly congruent with the wind speed,
D0

cong, is estimated as

D0
cong ¼ R�WS0; ð1Þ

where R is the regression coefficient of the deseasonalized
data with the wind speed index, and WS0 is the linear trend
in the wind speed index. Significance of trends is calculated
as by Santer et al. [2000], whereby the ratio of the estimated
trend and its standard error is compared to a t value for the
95% significance level and a given effective sample size,
while accounting for autocorrelation in the time series
[Bretherton et al., 1999]. Uncertainty estimates for the
trends are reported as 95% confidence intervals.

3. Trends in Simulated Air-Sea CO2 Fluxes

[8] The timeseries of the Southern Ocean (<35�S) inte-
grated natural air-sea CO2 fluxes in Figure 1 reveals a
positive long-term trend, corresponding to more outgassing
with time. From 1979 through 2004, the trend has a
statistically significant value of 0.004 ± 0.005 Pg C a�2,
with a total increase in the outgassing flux of 0.1 Pg C a�1.
The mean 10-year sliding window trend for this period is
also positive (0.009 Pg C a�2; Figures S1–S2). The spatial
pattern of the long-term natural CO2 flux trend is shown in
Figure 2a. The trend is positive throughout a large fraction
of the Southern Ocean and largest in the region between
45�S and 60�S.

1Auxiliary materials are available in the HTML. doi:10.1029/
2007GB003139.
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