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ABSTRACT

Climate change over the last several decades is suggested to cause a decrease in the magnitude of the
uptake of CO2 by the Southern Ocean (Le Quere et al.). In this study, the atmospheric fields from NCEP
R1 for the years 1948–2003 are used to drive an ocean biogeochemical model to probe how changes in the
heat and freshwater fluxes and in the winds affect the Southern Ocean’s uptake of carbon. Over this period,
the model simulations herein show that the increases in heat and freshwater fluxes drive a net increase in
Southern Ocean uptake (south of 40°S) while the increases in wind stresses drive a net decrease in uptake.
The total Southern Ocean response is nearly identical with the simulation without climate change because
the heat and freshwater flux response is approximately both equal and opposite to the wind stress response.
It is also shown that any change in the Southern Ocean anthropogenic carbon uptake is always opposed by
a much larger change in the natural carbon air–sea exchange. For the 1948–2003 period, the changes in the
natural carbon cycle dominate the Southern Ocean carbon uptake response to climate change. However, it
is shown with a simple box model that when atmospheric CO2 levels exceed the partial pressure of carbon
dioxide (pCO2) of the upwelled Circumpolar Deep Water (�450 �atm) the Southern Ocean uptake re-
sponse will be dominated by the changes in anthropogenic carbon uptake. Therefore, the suggestion that the
Southern Ocean carbon uptake is a positive feedback to global warming is only a transient response that will
change to a negative feedback in the near future if the present climate trend continues.

Associated with the increased outgassing of carbon from the natural carbon cycle was a reduction in the
aragonite saturation state of the high-latitude Southern Ocean (south of 60°S). In the simulation with just
wind stress changes, the reduction in the high-latitude Southern Ocean aragonite saturation state (�0.2) was
comparable to the magnitude of the decline in the aragonite saturation state over the last 4 decades because
of rising atmospheric CO2 levels (�0.2). The simulation showed that climate change could significantly
impact aragonite saturation state in the Southern Ocean.

1. Introduction

The Southern Ocean (SO, oceans south of 40°S) has
the highest annual-averaged winds over the oceans.
These strong westerly winds help drive the Antarctic
Circumpolar Current (ACC) eastward around Antarc-
tica. These winds through Ekman transport also pro-
duce a northward flow, creating a divergent driven
deep upwelling south of the ACC. In this region, the
upwelling of middepth (2–2.5 km) water to the surface

provides a unique connection between the deep ocean
and the atmosphere. This deep-ocean connection
makes the Southern Ocean extremely important in con-
trolling the storage of carbon in the ocean and in setting
atmospheric CO2 levels.

Atmospheric reanalysis products suggest that there
has been a poleward movement and intensification of
winds over the Southern Ocean since the 1970s
(Thompson and Solomon 2002), which has been linked
to a decline in SO carbon uptake over the last 3 decades
(Le Quere et al. 2007). The observed wind changes are
consistent with most of the Fourth Assessment Report
(AR4) climate models, which simulate a poleward shift
of the westerlies in the twentieth century but underes-
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timate the magnitude of the observed change (Yin
2005). The AR4 climate models also have a tendency to
project further poleward movement and intensification
of westerlies under future global warming simulations
(Russell et al. 2006b; Cai and Cowan 2007; Fyfe and
Saenko 2006; Miller et al. 2006). Given the importance
of the SO for the air–sea exchange of carbon and the
uptake of anthropogenic CO2, a key issue is how these
circulation changes will impact the air–sea exchange of
carbon.

Previous studies have shown that the Southern
Ocean uptake of carbon is impacted by climate change
through the combined effects of ocean CO2 solubility
changes, anthropogenic uptake changes, and natural
carbon cycle changes (Bopp et al. 2001; Matear and
Hirst 1999; Sarmiento et al. 1998). As demonstrated by
Matear and Hirst (1999), each of these terms can be of
comparable magnitude. A recent study by Russell et al.
(2006a) concluded that a change in the strength of the
westerly winds over the SO would increase upwelling in
the SO and lead to increased carbon storage in the
ocean. It is important to emphasize that their conclu-
sions on the change in the ocean storage of carbon were
based only on how the anthropogenic carbon uptake
changes. The analysis of Russell et al. (2006b) is missing
a very important response—the natural carbon cycling
response to climate change, which does impact the
ocean carbon content and the air–sea carbon fluxes.
Here, we explore how the changes in the strength and
latitude of the westerly winds and in the heat and fresh-
water fluxes impact the exchange of carbon between
the atmosphere and the SO. In the next section, we
describe our ocean model and the model experiments.
The following section presents the key results of the
simulations. The final section discusses how the simu-
lations can be used to assess both the past and future
carbon uptake response of the SO to climate change.
One key result of our modeling work is that for past
climate change any atmospheric forcing field associated
with an increase in anthropogenic CO2 uptake is asso-
ciated with a much greater outgassing of carbon result-
ing from changes in the natural carbon cycle.

2. Model description and experiments

We used a prognostic global 3D biogeochemical
ocean general circulation model (BOGCM) to investi-
gate changes in air–sea CO2 fluxes under changing at-
mospheric forcing. The ocean general circulation mod-
ule (OGCM) was based on the Z-coordinate Modular
Ocean Model (MOM), version 3 (Pacanowski and Grif-
fies 1999). The model grid has a horizontal resolution of
0.94°N–0.94°S and 1.9°E–1.9°W at the equator, with a

tapering of longitude as a function of cosine (T63–2),
and 31 nonregular vertical levels, with 15 levels in the
upper 500 m. To represent the effects of eddies not
simulated in the model, the eddy parameterization of
Gent and McWilliams (1990) was implemented. Upper-
ocean mixing was parameterized by using the Chen et
al. (1994) mixed layer scheme. The biogeochemical
module of the BOGCM predicted dissolved inorganic
carbon (DIC), alkalinity, oxygen, and phosphate fields,
and is based on Lenton et al. (2006) and Matear and
Hirst (2003). This same model configuration was used
to investigate the interannual variability in the air–sea
flux of CO2 associated with the Southern Annular
Mode (SAM; Lenton and Matear 2007) and the partial
pressure of carbon dioxide (pCO2) ocean sampling
strategy for estimating Southern Ocean CO2 uptake
(Lenton et al. 2006). In general, the model reproduces
the observed phosphate, oxygen, and carbon seasonal-
ity in the Southern Ocean. However, for a more de-
tailed comparison of the model simulations with obser-
vations refer to Lenton et al. (2006) and Lenton and
Matear (2007).

The model was initialized in 1850 with the values of
preindustrial DIC and alkalinity from the Global
Ocean Data Analysis Project (GLODAP; Sabine et al.
2005), and temperature, salinity, oxygen, and phos-
phate fields from the World Ocean Atlas 2001 (WOA
2001; see Conkright et al. 2002). The model simulations
used in this study followed the protocols set out in the
Northern Ocean Carbon Exchange Study (NOCES)–
International Carbon Cycle Model Intercomparison
Project Phase 3 (OCMIP3), designed to simulated in-
terannual variability in ocean biogeochemical models
(Aumont et al. 2004). In the simulation we included two
DIC tracers. The first DIC tracer, total DIC, was influ-
enced by the observed atmospheric pCO2 concentra-
tion from the 1850 to 2002 period (Enting et al. 1994).
The second DIC tracer, preindustrial DIC, only sees an
atmospheric pCO2 concentration of 280 �atm. For
these two DIC tracers, the air–sea gas exchange of CO2

was calculated following the relationship of Wan-
ninkhof (1992), using daily wind speed from National
Centers for Environmental Prediction–National Center
for Atmospheric Research (NCEP–NCAR) Global Re-
analysis 1 (NCEP-1). To account for the impact of sea
ice, the net CO2 flux was scaled by the fraction of ob-
served sea ice cover, interpolated from the global
monthly climatological fields of Walsh (1978) and
Zwally et al. (1983). In this study, we define a positive
CO2 flux as a flux into the ocean.

The model was forced between the years 1850 and
1948 with daily NCEP-1 wind stresses, heat, and fresh-
water fluxes of the year 1948 (Kalnay 1996) with both

15 NOVEMBER 2008 M A T E A R A N D L E N T O N 5821

Unauthenticated | Downloaded 06/11/21 06:22 AM UTC



sea surface temperature and salinity restored with a
30-day time scale to observed sea surface temperature
(SST) from 1948 (Reynolds and Smith 1994) and an-
nual sea surface salinity (SSS) climatology (Conkright
et al. 2002). From the years 1945–47, the mean seasonal
freshwater fluxes associated with the surface salinity
relaxation were computed and applied to the subse-
quent years of the simulation (1948–2002). For the
years 1948–2002, no additional salinity restoring was
used in contrast to the Lenton and Matear (2007),
which included a weak restoring to SSS climatology
(2-yr restoring time scale). For the 1948–2002 period,
SST was restored to the observed daily SST values
(Reynolds and Smith 1994) with a 30-day time scale.
We refer to the experiment where all forcing fields are
varying as our “total” experiment (Table 1). Using the
heat and freshwater fluxes and wind stresses from the
“total” experiment, we performed additional runs
where either the freshwater fluxes, heat fluxes, or wind
stresses were individually allowed to vary from the 1948
values. In addition, we performed a control run where
1948 forcing fields of the total run were applied to years
1949–2002.

Ocean forcing fields

Because the forcing fields play a crucial role in the
response of the oceanic uptake of carbon we will first
review how the NCEP-1 forcing fields change in the SO
over the 1948–2002 period. Shown in Fig. 1 are the
SO-averaged forcing fields of the total experiment,
which we refer to as historical climate change. Over this
period all three forcing fields display a systematic trend.
Both the heat and freshwater fluxes into the ocean in-
crease while the zonal and meridional wind stresses
over the ocean also increase. Note that the freshwater
fluxes are the sum of the seasonal mean climatology
flux calculated by relaxing the SSS values to the clima-

tology SSS field during the spinup of the model plus the
NCEP-1 freshwater fluxes. The heat fluxes are the com-
bination of a restoring flux associated with the restora-
tion of the SST to observations and the NCEP-1 net
heat flux (Fig. 1). If we plot just the heat fluxes of the
NCEP-1 forcing field the trend is even greater (Fig. 2).
With the relaxation term, the trend in the heat flux into
the ocean is reduced because the observed SST displays
no obvious trend; hence, the relaxation flux tries to
reduce the heat flux going into the ocean (Fig. 2).

The NCEP-1 wind stresses display a clear trend over
the 1948–2002 period (Fig. 1). The trend in the zonal
wind stresses reflects both an intensification of the zon-
ally averaged westerly maximum and a poleward move-
ment in the zonally averaged westerly wind stress maxi-
mum (Fig. 3). This wind response is the dominant com-
ponent of a more positive SAM over this period and it
is attributed primarily to changes in stratospheric ozone
and greenhouse gases (Arblaster and Meehl 2006). Al-
though a more positive SAM is associated with wind
changes in the SO, as discussed by Hall and Visbeck
(2002) there are also clear trends to increased heat and
freshwater fluxes into the SO with a more positive
SAM.

NCEP-1 fields from the 1948 to 2003 period over the
SO display a systematic increased and poleward shift in
the westerly winds that are similar to global warming
projections (Russell et al. 2006b). Although there is
some question as to the validity of these changes (Mar-
shall 2003), we use them as a proxy to explore how the
oceanic uptake of carbon may change under the pro-
jected strengthening of SAM displayed in many of the
AR4 climate model simulations of global warming (Yin
2005; Cai and Cowan 2007: Fyfe and Saenko 2006:
Miller et al. 2006).

3. Results

The model experiments were set up to explore how
both the anthropogenic and the total carbon uptake in
the SO changes under varying heat fluxes, freshwater
fluxes, and winds.

Over the 1948–2002 period, the model experiments
displayed significant differences in their annual SO car-
bon uptake (Fig. 4). For total carbon uptake, the up-
take for year 1948 was about 0.45 Gt C yr�1 (all experi-
ments). By 2003, the uptake had increased to 0.95 GtC
yr�1 for the 1948 experiment. The experiments that
when either heat or freshwater fluxes only varied the
uptake by 2003 and were 1.0 and 1.3 Gt C yr�1, respec-
tively. In comparison, when only the winds changed
(tau experiment) the uptake by 2003 was 0.4 Gt C yr�1

a small decrease from the uptake in 1948. For the com-

TABLE 1. The daily forcing fields used to drive the model from
1948 to 2002 for the various experiments. Variable forcing refers
to the use of forcing fields from 1948 to 2002, while 1948 denotes
the use of forcing fields from only 1948. For cases where the winds
are allowed to vary (total and tau), the interannually varying wind
speeds are used in the calculation of the gas exchange coefficient
for the air–sea CO2 fluxes; otherwise the 1948 winds are used.

Experiment

Forcing

Heat flux Freshwater flux Winds

Total Variable Variable Variable
1948 1948 1948 1948
Hflx Variable 1948 1948
Fflx 1948 Variable 1948
Tau 1948 1948 Variable
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FIG. 1. SO annually averaged heat flux (W m�2), freshwater flux (mm day�1), longitudinal wind stress (dynes), and latitudinal wind
stress (dynes) into the ocean. The experiments shown are the total experiment (thin line) and the 1948 experiment (bold line). For the
wind stresses, the thin line is just the NCEP-1 fields while for the heat and freshwater fluxes the thin line is the NCEP-1 fields plus a
restoring term.
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bined response of heat flux, freshwater flux, and wind
stress variability (total experiment) the oceanic uptake
in 2003 was 0.95 Gt C yr�1, which was similar to the
value from the 1948 experiment. The consistency be-
tween the total and the 1948 experiments at the end of
the simulation was not representative of the whole pe-
riod. In general, the total experiment had less uptake
than the 1948 experiment (Fig. 4a).

To elucidate how changes in the forcing fields impact
the SO carbon uptake we show the annual mean uptake
of the preindustrial carbon tracer and anthropogenic
carbon (Figs. 4b,c). The anthropogenic carbon uptake
was calculated as the difference between the total up-
take and the uptake of the preindustrial carbon tracer.
As expected for all experiments the anthropogenic car-
bon uptake increased from 1948 to 2003 as CO2 levels
in the atmosphere increased. The uptake in year 2003
varied between 0.65 and 1.1 Gt C yr�1. The greatest
uptake occurred with just wind forcing variability while
the smallest uptake occurred with just freshwater flux
variability. Consistent with Russell et al. (2006a), the
stronger the winds were, the greater the anthropogenic
carbon uptake. The uptake of the preindustrial carbon
tracer showed that the natural carbon cycle responded

to climate change. The freshwater flux experiment had
the greatest increase in the natural carbon uptake while
the wind stress experiment had the greatest decrease in
the natural carbon uptake. The model simulations dem-
onstrated the changes in the natural carbon uptake,
which are neglected in the Russell et al. (2006a) study,
did influence the SO carbon uptake. As shown by the
correlation coefficient between changes in anthropo-
genic carbon uptake and changes in natural carbon up-
take, for all simulations the change in the natural car-
bon uptake were always opposite to the change in the
anthropogenic carbon uptake (Table 2).

4. Discussion

The atmospheric changes did alter the total ocean
uptake of carbon. The variability in the SO uptake of
carbon reflected the variability in natural carbon cy-
cling and the uptake of anthropogenic carbon. The at-
mospheric forcing fields that increased anthropogenic
carbon uptake were also associated with the outgassing
of carbon by the ocean from the natural carbon cycle.
The strong anticorrelation between changes in the an-
thropogenic uptake versus the changes in the natural

FIG. 2. SO annually averaged (a) sea surface temperature (°C) observed (black line; Reynolds and Smith 1994) and simulated by the
total experiment (red line); (b) net heat flux into the ocean (W m�2) from the NCEP-1 fields (black line), from the total experiment
(red line) and just the restoring heat flux term from the total experiment (green line), which is the red line � the black line.
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carbon uptake relative to the 1948 experiment was evi-
dent in all forcing experiments (Table 2). The anticor-
relation was strongest in the individual forcing experi-
ments, but it was still significant when all forcing vari-
ability was included. The reduced correlation of the
total experiment reflected the nonlinear nature of the
carbon chemistry in the ocean and the SO response to
atmospheric forcing, which allowed the sum of the
three individual forcing experiments to deviate from
the total experiment response. The regression value for
the change in anthropogenic uptake versus the change
in natural carbon uptake showed that for all forcing
experiments the anthropogenic response was opposite
and 10%–26% of the magnitude of natural carbon
cycle response. Hence, over the 1948–2003 period,
the total change in SO carbon uptake with climate
change was dominated by changes in the natural carbon
cycle.

From the total experiment, our simulations suggested
little change in the ocean uptake of carbon from the
1948 experiment. Our results disagree with the recent
study of Le Quere et al. (2007), which suggested that
the SO uptake had declined over the last three decades
because of changes in atmospheric forcing, but they
were consistent with the results of Lovenduski et al.
(2007, 2008). Given the competing effects of heat, fresh-

water, and wind variability on the SO carbon ex-
changes, how heat and freshwater fluxes are applied to
the BOGCM may change the character of the SO re-
sponse to climate change. In addition, when the uncer-
tainty in the heat and freshwater fluxes were considered
along with the uncertainty in the air–sea fluxes estimate
of the atmospheric inversions one cannot conclude that
a decline in the SO carbon uptake has occurred (Law et
al. 2008). It would be useful with different ocean mod-
els to investigate the SO carbon uptake response to the
different atmospheric forcing terms and assess the ro-
bustness of our simulated relationship between changes
in anthropogenic and natural carbon uptake (Table 2).

In discussing how the SO carbon uptake will change
under global warming it is important to consider both
the anthropogenic and natural carbon cycle responses.
The projected global warming increase in the uptake of
anthropogenic carbon presented by Russell et al.
(2006a) will be countered by an outgassing carbon from
the ocean resulting from changes in the natural carbon
cycling.

a. Ocean ventilation impact

We hypothesize that the link between changes in at-
mospheric forcing and carbon uptake was primarily
through how the atmospheric forcing fields alter SO

FIG. 3. In the SO: (a) the maximum zonally averaged westerly wind stress and (b) the latitude of the zonally averaged westerly
wind stress maximum. The experiments shown are the total experiment (thin line) and the 1948 experiment (bold line).
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ventilation and subduction of mode and intermediate
waters. The ventilation of the ocean (exposure to the
atmosphere) depends on two opposing forces: the
strength of the wind-driven divergence and the strength
of the stratification resulting from warming and fresh-
ening. We used the surface outcrop area of water
denser than 27.1 (�) to quantify the ventilation of the
Southern Ocean (Fig. 5). This definition defines the re-
gion where the Antarctic Intermediate Water (AAIW),

or denser water, is exposed to the atmosphere. Our
simulated outcrop area was comparable to the 3.1 � 106

km2 area estimated from climatological data (Conk-
right et al. 2002). From our experiments, the wind stress
variability increased the outcropping area by about
40% while freshwater flux variability reduced the area
by nearly the same amount (Fig. 5b).

For all forcing experiments, interannual variability in
the SO natural carbon flux was strongly negatively cor-

FIG. 4. Annually averaged SO uptake of (a) total carbon, (b) natural carbon, and (c)
anthropogenic carbon. The different experiments use the following color coding: total experi-
ment (black line), 1948 (red line), tau (green line), Hflx (blue line), and Fflx (cyan line).
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related with ocean ventilation (Table 2). This reflected
the fact that DIC concentrations in the SO increased
with depth (e.g., Sabine et al. 2005) and the increased
ocean ventilation increased the supply of DIC-elevated
deep water to the surface ocean, increasing the outgas-
sing of CO2 from the ocean. The strong correlation for
all of the forcing experiments supported our hypothesis
that variability in ocean ventilation controlled SO car-
bon uptake variability. Further, ocean ventilation vari-
ability may provide a means of quantifying SO carbon
uptake variability. For such an approach, it would be
interesting to investigate the relationship between ven-
tilation changes and SO carbon uptake with different
ocean models.

For the wind stress, heat flux, and freshwater flux
experiments the interannual variability in the SO an-
thropogenic carbon uptake relative to 1948 experiment
were also strongly positively correlated with variability
in ocean ventilation (Table 2). However, the total ex-
periment, which includes variability in all three forcing
terms, showed a much poorer correlation with ocean
ventilation variability. The following two reasons may
explain the poor correlation: First, the opposing re-
sponse of changes in the winds to changes in freshwater
and heat fluxes produced much less variability in the
total experiment’s carbon uptake compared to either
the wind or the freshwater experiment; hence, the mag-
nitude of the response was small and it may be more
difficult to detect. Second, the ocean ventilation diag-
nostic may be a poor proxy for the key process that
drives anthropogenic carbon uptake variability: the
subduction of mode and intermediate waters (McNeil
et al. 2003). The ability to use this diagnostic proxy held
for the individual forcing experiments but failed for the
total experiment. In an attempt to define a better proxy
for variability in the subduction of mode and interme-
diate water we correlated the variability in the cross-
sectional area at 30°S of water with a �� between 26.8
and 27.2 with variability in anthropogenic carbon up-

take. This gave a much higher correlation (0.6) support-
ing the hypothesis that changes in the subduction of
mode and intermediate waters was a key process in
driving the variability in the uptake of anthropogenic
carbon in the total experiment. The simulations showed
that the subduction changes were more influenced by
the wind changes than by either the heat or the fresh-
water flux changes.

b. Export production variability

The simulated changes in SO carbon uptake were
dominated by the physical response of the ocean to
variability in atmospheric forcing. In the simulation,
changes in export production were small (Fig. 6) and
the increased nitrate supply associate with increased
DIC supply did not stimulate enough new production
to overcome the elevated carbon in the surface water.
The simulated increases in export production only oc-
curred on the northern boundary of the high-nutrient
low-chlorophyll (HNLC) area of the SO where the in-
creased upwelling of nutrients did relieve the nutrient
limitation and enhance export production (Fig. 6b).
This occurred in the simulation because export produc-
tion did not depend on iron, and because south of 50°S
the surface ocean was not macronutrient limited; inject-
ing more macronutrients into the upper ocean did not
stimulate increased export production.

Our simulated biological response can be justified in
three ways. First, in most of the SO phytoplankton are
not nitrate limited and at present the subducted AAIW
and SAM water (SAMW) do contain nonzero nitrate
concentrations (Trull et al. 2001). Therefore, supplying
more nitrate to the surface water was not expected to
stimulate more production. The observed high nitrate
concentrations in the SO surface water and the iron
fertilization experiments suggest that iron (Fe) limita-
tion is the cause of the high nitrate concentrations. Sec-
ond, the upwelling of more Fe-rich deep water would
not alleviate the iron limitation and increase biological

TABLE 2. The correlation coefficient of the annual mean SO carbon fluxes with annual mean outcrop area of water denser than 27.1
�� (ocean ventilation proxy). Also given is the correlation coefficient and regression value of the changes in the annual mean SO
anthropogenic carbon uptake vs the change in the annual mean SO natural carbon fluxes. The changes in the carbon fluxes are
determined by subtracting the fluxes from the 1948 experiment. The regression value gives the change in the anthropogenic carbon
fluxes per unit change in the natural carbon fluxes.

Experiment

Correlation with ocean ventilation Changes in SO anthropogenic carbon fluxes versus natural carbon fluxes

Natural Anthropogenic Correlation Regression

Total �0.8165 0.1050 �0.52 �0.10
1948 — —
Hflx �0.8888 0.8507 �0.81 �0.12
Fflx �0.9612 0.9542 �0.96 �0.22
Tau �0.9617 0.9045 �0.91 �0.26
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utilization of macronutrients because the nitrate–iron
ratio of the upwelled water still has excess nitrate rela-
tive to Fe (A. Bowie 2008, personal communication).
Therefore, even if extra Fe is brought into the system it
will not be sufficient to draw down the additional ni-
trate and carbon supply. Third, although upwelling of
deep water would supply more Fe to increase export
production, the additional export of carbon from the
upper ocean would be small given the observed range
in SO deep-water Fe concentrations of 0.4–2.8 nM
(Löscher et al. 1997) and the observed carbon–iron
(C:Fe) ratio of organic matter (Buesseler et al. 2004).
Hence, these three conditions all supported a weak link

between atmospheric forcing and export production
and our small simulated interannual variability in ex-
port production. As in our model, we expect in the SO
that export production is decoupled from the nutrient
supply.

The increased nutrient supply translates to increased
nutrients in the subducted SAMW and AAIW. The
increased nutrient concentration in the subducted
mode and intermediate water will eventually elevate
export production outside the SO (Sarmiento et al.
2004), but this will be delayed until these water masses
return to the upper ocean in the equatorial region
(Rodgers et al. 2003). Hence, the ocean carbon cycle is

FIG. 5. (a) Annually averaged sea surface density for the year 1948. The black line denotes
27.1 contour line. (b) Outcrop area in the SO (km2) of water with a density greater than 27.1.
The color coding of the experiments follows Fig. 4.
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temporally decoupled from the nutrient cycle. This al-
lows for a reduction in the SO carbon uptake to occur,
which will eventually be partially offset by increased
carbon uptake when the some of the elevated nitrate in
the SAMW and AAIW is returned to the surface where
it can stimulate more export production and cause the
uptake of carbon from the atmosphere.

c. Sensitivity of carbon–climate response

To explore the simulated relationship in which the
changes in the anthropogenic uptake are much smaller
and opposite in sign to the changes in the natural car-
bon uptake, and to predict the future relationship be-
tween the natural and anthropogenic carbon uptake,

we used a simple box model representation of the SO
(Fig. 7). In the SO box model, carbon-rich water is
upwelled in the divergence region at a rate of q (s�1),
transported northward, and then subducted. In the
surface box where this upwelling occurs we assumed
that the carbon content of the box equilibrates with the
atmosphere. The water is then subducted into the
ocean interior. We used the box model to explore how
changes in ocean ventilation (q) affect the anthropo-
genic and natural carbon uptake. Consistent with our
BOGCM simulations we neglected the effect of
changes in carbon export on the carbon uptake.

For the natural carbon cycle, the total carbon flux
into the ocean was

FIG. 6. Integrated SO annually averaged export production (Gt C yr�1) for the various
experiments following the color coding given in Fig. 4. For the year 2002, the difference in the
annual averaged export production between the total experiment and 1948 experiment (g C
m2 yr�1).
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FN � q�DICPIA � DICdeep	, �1	

where DICdeep and DICPIA represented the DIC of the
deep-ocean box and the DIC value of the surface in
equilibrium with a preindustrial atmosphere, respec-
tively. Changing the rate of ocean ventilation changed
the natural carbon cycle flux by

�FN � �q�DICPIA � DICdeep	. �2	

Now, if the atmospheric CO2 was increasing resulting
from the emissions of anthropogenic CO2, the DIC of
the surface box would also increase. Assuming that the
increase in DIC of the surface box was A(t), the total
flux of carbon into the ocean is

FT � q
�DICPIA � A�t	 � DICdeep�, �3	

where the anthropogenic flux and the change in the
anthropogenic flux were given by

FA � q�A�t	, �FA � �q�A�t	, �4	

respectively. Therefore, the change in anthropogenic
flux divided by the change in natural carbon flux was

�FA��FN � �A�t	��DICdeep � DICPIA	. �5	

If we rewrite the equation in terms of pCO2 we get

�FA��FN � ��pCO2
A�t	 � 280��pCO2

Deep � 280	, �6	

where 280 �atm was the preindustrial pCO2 atmo-
spheric value. For the period of the BOGCM simula-

tions, pCOA
2 varied between 310 and 370 �atm. An

estimate of the maximum deep-water pCO2 value was
approximately 430 �atm (McNeil and Matear 2007); in
comparison the BOGCM simulations gave a value of
about 450 �atm. Using 450 �atm for the deep-ocean
value gave a range from �0.17 to �0.55 for the ratio of
the change in anthropogenic to natural carbon flux with
an average value of �0.32. For the past and for the next
several decades the anthropogenic change in the oce-
anic uptake will be smaller and have the opposite sign
to the change in the natural carbon uptake. The anthro-
pogenic uptake change will only exceed the natural car-
bon change when the pCO2 of the atmosphere is
greater than the pCO2 of the upwelled water. Our box
model suggested that the anthropogenic response will
dominate when atmospheric CO2 exceeds 450 �atm,
which will occur in 2030 under emission scenario
IS92A, which is consistent with future projections of
SO carbon uptake (Zickfeld et al. 2007).

In developing the box model, there are three poten-
tial issues that may impact the ratio of changes in
anthropogenic uptake to changes in natural carbon
uptake given by Eq. (6). We now explore these three
issues.

First, we assumed complete equilibration. In the SO,
this may not occur because recently upwelled water
may be subducted before being equilibrated with the
atmosphere. The nonequilibration of the subducted wa-
ter would have a greater effect on the anthropogenic
carbon uptake than the natural carbon uptake because

FIG. 7. Idealized box model of the SO representing the upwelling of carbon-rich deep
water and its subsequent subduction.
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the peak in anthropogenic carbon uptake occurs north
of where the peak in the natural carbon uptake occurs.
Hence, the time the subducted water has to absorb the
anthropogenic signal would be less than the time avail-
able to equilibrate the natural carbon cycle with the
atmosphere. Therefore, we expect it would reduce the
absolute value of the ratio.

Second, the surface ocean solubility of CO2 may de-
cline because of temperature, salinity, and alkalinity
changes as simulated by the heat flux (Hflx) and fresh-
water flux (Fflx) experiments. This would be equivalent
to increasing the deep-ocean pCO2 value and this

would reduce the absolute value of the ratio of changes
in anthropogenic uptake to changes in natural carbon
uptake. In the BOGCM simulations, the solubility
changes of the Hflx and Fflx experiments explain the
reduction in ratio from �0.26 in the tau experiment to
�0.12 and �0.22 in the Hflx and Fflx experiments, re-
spectively. The solubility changes were greatest in the
Hflx experiment, which produced the smallest absolute
value of the ratio.

Third, the export of carbon from the upper ocean
may change with ocean ventilation. However, as dis-
cussed in the previous section, increases in export pro-

FIG. 8. For the year 1995, the aragonite saturation state calculated from the (a)
observations and (b) 1948 experiment.
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duction (EP) with increased ocean ventilation were ex-
pected to be small. An increase in EP with increased
ocean ventilation would increase the natural carbon up-
take by more effectively transporting the carbon to the
deep ocean rather than to the atmosphere. This would
cause the absolute value of the ratio to decrease.

These three caveats may slightly modify the relation-
ship between changes in anthropogenic carbon up-
take and changes in natural carbon uptake suggested
by the box model. However, none of these caveats will
alter the results that changes in the natural carbon
uptake are greater than and opposite to the changes in

the anthropogenic carbon uptake for the historical
period.

d. Aragonite saturation state

The increased ventilation of the SO did not only alter
the air–sea fluxes of carbon, it also modified the water
properties of the upper ocean and altered the carbon
chemistry of the surface water. A key carbon parameter
is the aragonite saturation state (�A), which does in-
fluence the rate of calcification of marine organisms
(Riebesell et al. 2000; Langdon and Atkinson 2005).
The surface water of the SO has annual mean �A that

FIG. 9. (a) Annually averaged aragonite saturation state of the surface water south 60°S for
the various experiments. The color coding of the lines is the same as Fig. 4. The two red points
in the top panel denote the aragonite saturation state based on observations from 1995 and
from preindustrial estimates of DIC. (b) In the total experiment, the one standard deviation
variability in aragonite saturation state after the removal of decadal trend.
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generally is lowest in the divergence regions (south of
60°S) where the observed 1995 value is less than 1.6
(Fig. 8). The 1948 experiment showed a similar pattern
to the observations but the values were generally about
0.1 less than the observations (Fig. 8). To gauge how the
temporal evolution of �A evolved under various atmo-
spheric forcing experiments we plotted the annual
mean surface �A south of 60°S, where the values were
most influenced by ocean ventilation. All forcing ex-
periments showed a decline in �A with time (Fig. 9).
For comparison we also plotted the �A based on the
observed climatological SST and SSS (Conkright et al.
2002) and the present-day DIC and alkalinity (1995),
and the estimated preindustrial DIC and alkalinity
(Sabine et al. 2005). For the high-latitude SO, where the
water had the lowest �A values, the experiments with
increased winds (total and tau) had the lowest arago-
nite saturation state. In the high-latitude region, DIC
changes dominated the �A differences between the
various simulations (greater than 90% of the response).
The increased DIC caused by increased ventilation of
the SO reduces �A in the surface ocean. The cooling of
the SO in the 1960s produced a decline in �A (blue and
black lines in Fig. 9), and it was associated with in-
creased ventilation of the high-latitude SO (Fig. 5b)
and high DIC in the surface. Under a higher wind re-
gime the transition to an SO that has a surface ocean
that is undersaturated with respect to aragonite will
occur sooner. The atmospheric forcing can also gener-
ate large interannual variability in �A (Fig. 9b). The
simulated interannual variability is highest in the Pa-
cific sector of the SO. The large natural interannual
variability may provide a means to investigate the im-
pact of ocean acidification on SO marine ecosystems.

5. Conclusions

Historical climate change provides an ideal situation
to investigate how the SO carbon uptake varies to pro-
vide insight into how global warming will influence the
future carbon uptake (i.e., the strengthening of the
SAM). The trend in the winds and the heat and fresh-
water fluxes over the 1948–2002 period produced com-
plex and opposing responses on the SO carbon uptake
and on the surface ocean �A. The uncertainty in the SO
atmospheric forcing data makes the SO uptake re-
sponse to historical climate change sensitive to how the
data are used to force the ocean model. The use of
atmospheric data can lead to either our result of little
change in the SO carbon uptake over the last three
decades or to Le Quere et al.’s (2007) results of a de-
cline in the SO uptake.

The results from our box model are consistent with

the BOGCM response that over the historical period
the changes in the natural carbon uptake were greater
and opposite to the changes in the anthropogenic car-
bon uptake. However, if the climate change trends con-
tinue, in the future with higher atmospheric CO2 levels,
the changes in the anthropogenic carbon uptake will
eventually exceed the changes in the natural carbon
uptake leading to increased carbon uptake by the SO.
Improved observational effort to document how the SO
responds to changes in atmospheric forcing is crucial to
understanding how changes in atmospheric forcing will
impact carbon uptake and cycling (IOCCP 2007). The
development and implementation of an observing strat-
egy to monitor interannual variability should be given
high priority given the important role the SO plays in
mitigating the rise in atmospheric CO2 by absorbing
our anthropogenic carbon emissions. Further, model
projections suggest that SO will be driven to aragonite
undersaturation by the end of this century (Orr et al.
2005) and they show how changes in the ability of ma-
rine organisms to calcify will affect the ecosystem is of
great concern. The simulated variability in the SO sur-
face �A suggests that interannual variability could also
be used to investigate how ocean biota respond to the
�A changes.
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