
DOI: 10.1126/science.1149077 
, 570a (2008); 319Science

  et al.Rachel M. Law,
 Sink Due to Recent Climate Change"2

Comment on "Saturation of the Southern Ocean CO

 www.sciencemag.org (this information is current as of December 15, 2009 ):
The following resources related to this article are available online at

 http://www.sciencemag.org/cgi/content/full/319/5863/570a
version of this article at: 

 including high-resolution figures, can be found in the onlineUpdated information and services,

found at: 
 can berelated to this articleA list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/cgi/content/full/319/5863/570a#related-content

 http://www.sciencemag.org/cgi/content/full/319/5863/570a#otherarticles
, 1 of which can be accessed for free: cites 4 articlesThis article 

 http://www.sciencemag.org/cgi/content/full/319/5863/570a#otherarticles
 1 articles hosted by HighWire Press; see: cited byThis article has been 

 http://www.sciencemag.org/cgi/collection/tech_comment
Technical Comments 

 http://www.sciencemag.org/cgi/collection/oceans
Oceanography 

: subject collectionsThis article appears in the following 

 http://www.sciencemag.org/about/permissions.dtl
 in whole or in part can be found at: this article

permission to reproduce of this article or about obtaining reprintsInformation about obtaining 

registered trademark of AAAS. 
 is aScience2008 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
 (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience

 o
n 

D
ec

em
be

r 
15

, 2
00

9 
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/cgi/content/full/319/5863/570a
http://www.sciencemag.org/cgi/content/full/319/5863/570a#related-content
http://www.sciencemag.org/cgi/content/full/319/5863/570a#otherarticles
http://www.sciencemag.org/cgi/content/full/319/5863/570a#otherarticles
http://www.sciencemag.org/cgi/collection/oceans
http://www.sciencemag.org/cgi/collection/tech_comment
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org


Comment on “Saturation of the
Southern Ocean CO2 Sink Due to
Recent Climate Change”
Rachel M. Law,1* Richard J. Matear,2 Roger J. Francey1

Unlike Le Quéré et al. (Reports, 22 June 2007, p. 1735), we do not find a saturating
Southern Ocean carbon sink due to recent climate change. In our ocean model, observed wind
forcing causes reduced carbon uptake, but heat and freshwater flux forcing cause increased
uptake. Our inversions of atmospheric carbon dioxide show that the Southern Ocean sink trend
is dependent on network choice.

Le Quéré et al. (1) reported that the South-
ern Ocean sink of CO2 has weakened
since 1981 despite the increase in atmo-

spheric CO2 levels. To further test their assess-
ment, we estimated the carbon flux from the
Southern Ocean using a Bayesian synthesis
inversion method (2, 3). The inversion gives
very similar results to (1) for the trend and in-
terannual variability (IAV) in the Southern Ocean
CO2 sink provided that the same network of
atmospheric CO2 data is used. However, we also
found that the estimated trend is de-
pendent on the network choice.

Our control inversion used nine data
records (4, 5) from five locations (6) [a
smaller network than (1)], and we com-
pared this with inversions that added
Amsterdam Island (AMS) and Ascension
Island (ASC) data used in (1). Inversions of
synthetic data (7) indicated that any of
these cases should give estimates of South-
ern Ocean CO2 flux IAVand trend that are
consistent with the fluxes used to generate
the synthetic data. Figure 1 shows the three
estimates of the annual mean Southern
Ocean carbon flux and the annual mean
uncertainty for the control case. The inter-
annual variations are similar between cases,
but the trend in sink between 1981 and
2004 [the period used in (1)] is not. The
control case gives an increasing CO2 sink
with a trend of –0.092 ± 0.084 petagrams
of carbon (Pg C) year−1 decade−1 (8).
Adding the AMS data to the inversion
weakens the negative trend (–0.012 ±
0.081 Pg C year−1 decade−1), whereas adding both
AMS andASC data gives a positive trend (0.049 ±
0.076 Pg C year−1 decade−1) similar to (1).

The control inversion trend is consistent with
that produced by an ocean carbon model (9) run

with constant 1948 wind, heat flux, and fresh-
water flux forcing but with increasing atmospher-
ic CO2 (Fig. 1). This produces a trend for the
period 1981 to 2002 of –0.088 ± 0.003 PgCyear−1

decade−1. Hence, our control inversion does not
produce a trend that is significantly different from
that expected due to increasing atmospheric CO2.
Our inversion case closest to (1) (with AMS and
ASC) is significantly different from the ocean
model trend at the 95% level. The significance is
less than in (1) because we included the flux

uncertainty from the inversion in the calculation of
the trend standard deviation. The inversion flux
uncertainty (Fig. 1) is determined primarily from
the data uncertainty used in the inversion [0.3 to
0.5 parts per million (ppm)] (10), which encom-
passes the ability to model CO2 at the sites and
measurement error (estimated to be 0.2 to 0.4 ppm
based on differences between colocated CO2

records at the South Pole and Samoa).
Figure 1 also shows the Southern Ocean

carbon uptake simulated by the ocean carbon

model forced with observed winds (11) and heat
and freshwater fluxes from 1948 to 2002. The in-
crease in sink over the last two decades is slightly
larger (–0.139 ± 0.043 Pg C year−1 decade−1), but
not significantly different from that seen in the
constant forcing ocean run and in the control
inversion. In the variable forcing case, we find
compensating trends from the wind forcing and
from the flux forcing; variable wind forcing gives
the saturating Southern Ocean sink found by (1) in
their ocean model simulation. In contrast to the
findings of Le Quéré et al. (1), variable flux
forcing increases CO2 uptake in the Southern
Ocean. Our fluxes (12) differ from (1), but it is
difficult at present to determine which flux fields
are more reliable. Clearly, the ocean model simu-
lations are highly sensitive to the choice of flux
fields and how they are used in the model.

The ocean model results suggest that the con-
trol inversion trendmay bemore realistic than the
trend from the inversions including AMS and
ASC. This is supported by inspection of the CO2

records for ASC (13) and AMS (14). High
proportions of positive outliers in ASC samples
before 1991 result in poor definition of the sea-
sonal cycle and increased uncertainty in annual
averages. Also, differences from South Pole
(ASC-SPO) compare well with Samoa-South
Pole differences (SMO-SPO) after 1989, but from

1982 to 1986 the ASC data appear 0.7 ±
0.4 ppm higher than expected if SMO and
ASC are responding to the same long-term
trends. At AMS, after 1999, springtime
values tend to be lower than those from
other Southern Hemisphere sites by up to
0.5 ppm, with the August-September
2004 data appearing low by an additional
0.7 ppm.

To assess the impact of these apparent
anomalies, we performed an inversion
with ASC data reduced by 0.5 ppm from
1981 to 1986, and AMS data increased by
0.2 ppm from 1999 to 2005. The Southern
Ocean source increased by about 0.12 Pg
C year−1 from 1981 to 1986 and decreased
by about 0.08 Pg C year−1 from 1999 to
2005. These differences are smaller than
the source uncertainty from the inversion
(0.23 Pg C year−1) but change the 1981 to
2004 sink trend from positive to negative
(–0.037 Pg C year−1 decade−1). Unless we
can be confident that the changes in CO2

at AMS and ASC relative to SPO are
driven by changes in surface fluxes rather than
measurement or sampling errors, we cannot
estimate a robust trend in the SouthernOcean sink.

Both our inversion of atmospheric CO2 and
our ocean model indicate that the Southern Ocean
trend found by (1) is not robust and that there is
insufficient evidence to conclude that the Southern
Ocean sink of CO2 has saturated as a result of
recent climate change. The inversion of atmo-
spheric CO2 remains a vital method for monitor-
ing the response of the natural sources and sinks
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Fig. 1. Annual mean Southern Ocean CO2 flux from inversions
using the control network (black), adding AMS (solid blue), and
adding AMS and ASC (dotted blue) and from an ocean model
forced with observed winds and fluxes (solid red) and constant
wind and fluxes (dotted red). The shaded region shows the ±1 SD
uncertainty on the fluxes for the control inversion. The long-term
mean flux cannot be reliably estimated from the inversions (7), so
the mean offset between the ocean model with variable forcing
and inversion fluxes is not considered significant.
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of CO2 to anthropogenic emissions and climate
change, but the ability to detect long-term trends
requires careful use of the atmospheric measure-
ments and greater resources to provide a denser
network in space and time. Our ocean model
simulations show that changes in heat fluxes,
freshwater fluxes, and winds all substantially
affect the trend in Southern Ocean CO2 uptake,
and how these fields are used in the ocean model
is important. Obtaining consistent interannual
variations in ocean fluxes from the ocean model
and atmospheric inversions would increase con-
fidence that model processes are well represented.
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