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Abstract. The long-term response of CO2 fluxes to climate
change at the ocean surface and within the ocean interior
is investigated using a coupled climate-carbon cycle model.
This study also presents the first attempt to quantify the evo-
lution of lateral transport of anthropogenic carbon under fu-
ture climate change. Additionally, its impact on regional
carbon storage and uptake is also evaluated. For the 1850–
2099 period, our climate change simulation predicts oceanic
uptake of anthropogenic carbon of about 538±23 Pg C. An-
other simulation indicates that changes in physical climate
and its associated biogeochemical feedbacks result in a re-
lease of natural carbon of about 22±30 Pg C. The natural
carbon outgassing is attributed to the reduction in solubil-
ity and change in wind pattern in the Southern Hemisphere.
After the anthropogenic carbon passes through the air-sea in-
terface, it is predominantly transported along the large scale
overturning circulation below the surface layer. The spatial
variations in the transport patterns in turn influence the evo-
lution of future regional carbon uptake. In the North Atlantic,
a slow down in the Atlantic Meridional Overturning Cir-
culation weakens the penetration strength of anthropogenic
carbon into the deeper ocean, which leads to a reduced up-
take rate in this region. In contrast, more than half of the
anthropogenic carbon taken up in the high latitude South-
ern Ocean region (south of 58◦ S) is efficiently and con-
tinuously exported northward, predominantly into interme-
diate waters. This transport mechanism allows continuous
increase in future carbon uptake in the high latitude South-
ern Ocean, where the annual uptake strength could reach
39.3±0.9 g C m−2 yr−1, more than twice the global mean of
16.0±0.3 g C m−2 yr−1 by the end of the 21st century. Our
study further underlines the key role of the Southern Ocean
in controlling long-term future carbon uptake.
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1 Introduction

The World Ocean is a major sink for the anthropogenic car-
bon emitted since 1750 (Sabine et al., 2004; Le Qúeŕe et al.,
2009). Air-sea carbon fluxes depend on physical, chemical,
and biological processes. They change with increasing atmo-
spheric CO2 concentrations in a complex adjustment process.
Climate change resulting from higher atmospheric CO2 con-
centration induces different feedback mechanisms that could
further complicate the prediction of future strength and dis-
tribution of oceanic carbon sinks.

A historically important climate-carbon cycle feedback is
the variability of the ocean circulation associated with past
climate change. This feedback has been shown to play a ma-
jor role in controlling the distribution of deep ocean carbon
storage, and therefore the regional air-sea CO2 fluxes (Wal-
lace, 2001; Olsen et al., 2006; Takahashi et al., 2006; Tog-
gweiler et al., 2006; Watson and Naveira-Garabato, 2006;
Smith et al., 2008; Thomas et al., 2008; Cao et al., 2009).
Understanding how current and future climate variability af-
fects the time-evolving ocean circulation and the associated
distribution of deep ocean carbon is important to understand
future net air-sea CO2 fluxes.

In previous years, several studies have estimated the lateral
transport of carbon in different ocean regions (Sarmiento et
al., 1992; Stoll et al., 1996; Holfort et al., 1998; Álvarez et al.,
2003; Macdonald et al., 2003; Mikaloff Fletcher et al., 2006;
Gruber et al., 2009; Ito et al., 2010). These studies in gen-
eral were limited by the consideration of fixed present-day
internal oceanic carbon transport rates. They thus neglected
the potential change of carbon transport rates in response to
anthropogenic climate change. Currently, an Earth system
model is the only tool that can simulate the complex inter-
actions and long-term feedback effects between the global
climate and carbon cycle. In this study, we apply such a
model to quantitatively estimate the long-term response of
oceanic carbon fluxes, transports, and storage. In addition,
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Table 1. List of all performed experiments for the 1850–2099 pe-
riod. PRE represents preindustrial (i.e., 284.7 ppm) whereas HA2
represents historical and IPCC-A2 emission scenario-based atmo-
spheric CO2 concentration.

Experiment Climate CO2

EXP1 PRE PRE
EXP2 HA2 HA2
EXP3 HA2 PRE

the implication of regional transport and storage variability
on the future regional air-sea CO2 fluxes and inventories will
be determined.

2 Experimental design

Here, we use the Bergen Earth system model (BCM-C)
(Tjiputra et al., 2010), which is based on the extension of
Bergen Climate Model (Furevik et al., 2003; Otter̊a et al.,
2009). The atmosphere component is the spectral atmo-
spheric general circulation model ARPEGE from Meteo-
France (Déqúe et al., 1994). The physical ocean compo-
nent is based on the Miami Isopycnic Coordinate Ocean
Model (MICOM) and is documented inBleck and Smith
(1990) andBleck et al.(1992). Updates to our model code
are described inBentsen et al.(2004) and Assmann et al.
(2010). For the carbon cycle interactions, the Lund-Potsdam-
Jena model (LPJ) represents the terrestrial biosphere (Sitch
et al., 2003) and the marine carbon cycle is represented by
the Hamburg Ocean Carbon Cycle model (HAMOCC5.1)
(Maier-Reimer et al., 2005). Note that the LPJ model does
not include a land-use change parameterization. The marine
biogeochemical model HAMOCC5.1 was adapted for use in
the isopycnic physical ocean model MICOM (Assmann et
al., 2010). The horizontal resolution of the model is approxi-
mately 2.8◦×2.8◦. A more detailed description of the model
components is available inTjiputra et al.(2010).

The BCM-C is applied in three multi-century simulations
for the period of 1850–2099 (see Table 1): (1) “EXP1”,
where all physical and atmospheric CO2 forcings are held at
preindustrial level (PRE, i.e., a constant value of 284.7 ppmv
value is used for both the carbon fluxes and radiative forc-
ing computations), (2) “EXP2”, with interactive climate and
carbon cycle evolution based on a prescribed historical and
the SRES-A2 CO2 emissions scenario (Marland et al., 2005;
Houghton and Hackler, 2002), and finally (3) “EXP3”, where
we prescribe the atmospheric CO2 concentration from EXP2
for the radiative forcing computation, but a preindustrial CO2
concentration is used for the terrestrial and oceanic carbon
fluxes computation.

Here, EXP1 represents the control climate simulation
with atmospheric CO2 concentration reference from the year

1850. Therefore, EXP1 simulates only the natural car-
bon variability between different reservoirs under preindus-
trial climate conditions. EXP2 represents the fully coupled
simulation, which includes all feedbacks including biolog-
ical, physical, and chemical feedbacks with increasing at-
mospheric CO2 concentration. Both the natural and anthro-
pogenic carbon variabilities are simulated together in EXP2.
Similar to EXP1, EXP3 only represents the variability of nat-
ural carbon fluxes for both the terrestrial and ocean, but un-
der the climate change condition. The three experiments are
thus designed such that the quantitative carbon difference be-
tween EXP3 and EXP1 represents the approximate change in
natural carbon (Cnat) resulting from climate change, whereas
the difference between EXP2 and EXP3 represents the re-
sponse of anthropogenic carbon (Cant) under the projected
future climate change.

For the analysis, we compute the regional and temporal
variations of Cnat and Cant uptake at the air-sea interface. In
addition, the lateral transports of Cant within different ocean
basins are quantified. For each latitude, the meridional car-
bon transport is computed by summing up the net northward
dissolved inorganic carbon (DIC) transport over all vertical
layers:

9CO2 (j,t) =

∫
x

∫
z

C · V dz dx. (1)

wherej represents latitudes,t represents time, andx, z rep-
resent the zonal and vertical distribution of model grid points.
Here,C andV are the prognostic DIC concentration and the
net northward volume transport leaving the grid cell, respec-
tively. Thus, the meridional anthropogenic carbon transport,
Cant at a specific latitude and time, is simply the difference
of computed9CO2 between EXP2 and EXP3. Note that
the model simulates a reasonable range of present-day maxi-
mum Atlantic Meridional Overturning Circulation (AMOC)
strength of 19–22 Sv, consistent with a multi-GCMs study
(Schmittner et al., 2005).

3 Model validation

The model captures the general characteristics of observed
climate variability. It also simulates realistically the large
scale structure of the global ocean stream function (Fure-
vik et al., 2003). The simulated climate change and car-
bon fluxes are well within range of other earth system mod-
els (Friedlingstein et al., 2006; Tjiputra et al., 2010). In the
simulation of the 1990s, the annual mean anthropogenic car-
bon uptake across the air-sea interface is 2.35±0.1 Pg C yr−1,
well within the range of independent estimates from an inver-
sion study of 2.2±0.25 Pg C yr−1 (Mikaloff Fletcher et al.,
2006) as well as recently publishedpCO2 climatology-based
estimates of 2.0±1.0 Pg C yr−1 (Takahashi et al., 2009).
Here, the model error estimates represent the standard de-
viation of the residuals between the model simulated annual
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variability and the respective model five-year running mean
curve. The model also reproduces well the observed esti-
mates of the large-scale distribution of air-sea carbon fluxes.
Regions of mean outgassing comprise the familiar upwelling
regions such as the tropical regions, with strongest outflux
in the eastern Equatorial Pacific. Uptake regions are simu-
lated in the temperate regions between 30◦ and 60◦ latitudes
of both hemispheres. For the Antarctic polar region (south of
58◦ S), BCM-C simulates a contemporary net carbon sink of
0.25±0.01 Pg C yr−1. For the same region, an observation-
based study suggest a net carbon source of 0.04 Pg C yr−1

(Takahashi et al., 2009), whereas inversion studies suggests
a similar sink of∼0.2±0.1 Pg C yr−1 (Mikaloff Fletcher et
al., 2006, 2007).

The accumulated global anthropogenic carbon uptake for
the period from 1850–1999 is 106.5±8.9 Pg C. During this
period, more than 48% of the anthropogenic carbon uptake
through the air-sea interface occurs in the Southern Ocean
(south of 18◦ S). The greatest per-unit-area uptake occurs in
the North Atlantic (18◦ N–66◦ N) region, where it is respon-
sible for nearly 13% of the total uptake, despite represent-
ing only 8% of the World Ocean area. As expected, the
equatorial regions take up least anthropogenic carbon. These
spatial variations in anthropogenic CO2 uptake across differ-
ent regions are generally in good agreement with estimates
from other studies (Sabine et al., 2004; Gerber et al., 2009;
Vázquez-Rodrı́guez et al., 2009). A more complete evalua-
tion of the model’s performance and validation is also dis-
cussed inTjiputra et al.(2010).

We acknowledge limitations within the BCM-C model.
For example, due to the nature of the fully coupled earth
system model, the simulated temporal variabilities in the air-
sea CO2 fluxes are not directly comparable with the recently-
reported variabilities in the Southern Ocean (Le Qúeŕe et al.,
2007), North Atlantic (Schuster and Watson, 2007), Tropical
Pacific (Feely et al., 2006), and North Pacific (Takahashi et
al., 2006; Keeling et al., 2004), although the internal variabil-
ity simulated by the model is realistic in a statistical sense.
The model generates well the spatial and temporal variabil-
ity of climate metrics such as temperature, salinity, sea level
pressure, and precipitation as compared to the observation
estimates (Tjiputra et al., 2010). As a result, while the model
is capable of simulating the internal climate variability such
as the El Nĩno-Southern Oscillation or the North Atlantic Os-
cillation, the timing and strength may disagree with the ob-
servations.

In addition, we also note that the carbon fluxes in the high
latitude Southern Ocean also depend strongly on the ability
of the model to simulate the sea-ice extent, temperature, as
well as changes in solubility of CO2 gas in sea water. Gen-
erally, the model slightly underestimates the sea-ice extent
in the South Pacific Sector, especially during the winter pe-
riod as compared with observations (shown in supplemental
Fig. 1). This discrepancy is mainly due to the stronger mix-
ing in this region as described inTjiputra et al.(2010). As a
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Fig. 1. Latitudinal distribution of(a) difference (EXP3-EXP1) in
time-integrated air-sea Cnat fluxes for the 1850-2099 period, dif-
ference between EXP3 and EXP1 in(b) surface solubility of CO2,
(c) surface wind speed, and(d) sea ice cover computed at the end
of the 21st century (2095–2099).

potential consequence, a recent multi-model study byRoy et
al. (2010) shows that, in the polar Southern Ocean, the BCM-
C simulates stronger warming than the other models. For
the 2010–2100 simulation period, they show that the BCM-C
simulates changes in SST and CO2 solubility of 1.88◦C and
−0.003 mol kg−1 ppm−1 as compared to the multi-model av-
erage of 0.89±0.67◦C and 0.0017±0.0009 mol kg−1 ppm−1,
respectively in the region south of 58◦ S.
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4 Results

4.1 Changes in natural carbon fluxes across the air-sea
interface

Understanding the interplay mechanisms between natural
and anthropogenic carbon is essential in predicting future
oceanic uptake. Several studies have indicated that the long-
term balance of Cnat fluxes will be altered in the future due to
climate change (Le Qúeŕe et al., 2007; Zickfeld et al., 2007).
Here, the response of Cnat fluxes across the air-sea interface
to future climate perturbation is estimated by computing the
difference between the results from EXP1 and EXP3. For the
1850–2099 period, the time-integrated Cnat fluxes amount to
about 22±30 Pg C outgassing.

Figure 1 shows that the main Cnat outgassing regions are
located in the tropical and mid-latitude regions and most of
the Southern Ocean. We attribute part of the future out-
gassing of Cnat to SST warming, which results in reduction
of gas solubility in seawater across all latitudes (see Fig. 1b).

Figure 1c also shows that our climate change simulation
indicates a southward shift in the Southern Ocean westerlies
wind by about five degree of latitudes (see also supplemental
Fig. 2). Such feature is consistent with other studies (Fyfe
and Saenko, 2006; Zickfeld et al., 2007), which also indi-
cate a poleward shift in maximum zonal wind stress in the
Southern Ocean toward the end of the 21st century. In their
study,Zickfeld et al.(2007) show that similar changes in the
Southern Hemisphere winds lead to increased upwelling of
DIC-rich waters and hence ventilation of Cnat south of 55◦ S.
In our model, the 40◦ S latitude band represents a mean in-
flux of Cnat into the ocean. Therefore, the poleward wind
shift weakens the gas transfer rate across most of this latitu-
dinal band, which results in reduced uptake strength of Cnat
(i.e., a global net outgassing).

While the study byZickfeld et al.(2007) also resulted in
net outgassing of natural carbon, it is important to note that
the mechanism that is acting in their model is slightly differ-
ent to the one in this study, despite a similar poleward wind
shift perturbation. These discrepancies can be attributed to
the spatial difference in the air-sea CO2 fluxes simulated by
the two models. In addition to the zonal wind shift in our
climate change simulation, a substantial retreat of sea-ice in
the southern polar latitudes (shown in Fig. 1d) leads to an
additional uptake of Cnat (see alsoTjiputra et al., 2010).

4.2 Anthropogenic carbon uptake and storage

The accumulated air-sea uptake of Cant during the 1850–
2099 period amounts to about 538±23 Pg C. Most of this up-
take is confined to the dominant Cant uptake regions similar
to the present day. These regions include the North Atlantic
sub-polar gyre, northwestern Pacific, Equatorial Pacific, and
most of the Southern Ocean (south of 30◦ S), as shown in
Fig. 2a. Once the anthropogenic carbon passes through the

Fig. 2. Spatial distribution of(a) accumulated (1850–2099) Cant
uptake across the air-sea interface (kmol C m−2), (b) column in-
ventory of Cant at the end of experiment period (kmol C m−2), and
(c) latitudinal distribution of total uptake (blue-line) and storage
(grey shading) of Cant (Pg C deg−1), also at the end of experiment
period.

air-sea interface, it is predominantly transported along the
large scale overturning circulation below the surface layer.
This circulation, in turn controls the future distribution of
Cant in the deep ocean. Figure 2 illustrates that Cant is not
necessarily stored in the region where it is taken up by the
ocean and highlights the role of Cant lateral transport in the
ocean interior.

Figure 2c shows substantial uptake of Cant between 30◦ S
and 65◦ S, a considerable amount of which is subsequently
stored outside this region. This high-uptake-low-inventory
feature in the high latitude Southern Ocean region is consis-
tent with recent observations and modeling studies (Caldeira
and Duffy, 2000; Sabine et al., 2004; Ito et al., 2010). In the
Northern Hemisphere, there is a net influx of subsurface Cant
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into the northern mid-latitude regions (i.e., between 10◦ N
and 50◦ N). To better understand the role of lateral transport
below the surface layer, in the next subsection, we attempt
to quantify the regional and temporal evolution of Cant trans-
port.

4.3 Anthropogenic carbon transport

To analyse the large scale response of anthropogenic carbon
lateral transport across different ocean basins, we compute
the latitudinal meridional mass transport of Cant following
Eq. (1). Figure 3 summarizes the simulated mean-decadal
meridional migration of anthropogenic carbon across differ-
ent ocean sections for the period 1850–2099 together with
available present observation-based estimates as well as re-
sults from previous modeling studies.

For the early anthropocene, there is a weak and consis-
tent meridional transport of Cant, northward within both the
Atlantic and Pacific, and southward in the Indian Ocean.
In the Atlantic Ocean, the northward Cant transport ranges
from negligible amounts in the Northern Hemisphere to
∼0.02±0.004 Pg C yr−1 in the Southern Hemisphere. The
northward conveyance is due to the fact that the upper ocean
waters of the Atlantic Ocean, where most of the anthro-
pogenic CO2 resides, move predominantly northward.

Meridional transport in the Pacific Ocean occurs mostly
with a similar magnitude. Near the equator, the meridional
transport is very close to zero, suggesting dominant west-
ward transport of Cant passing the Indonesian archipelago
into the Indian Ocean. Consequently, the meridional trans-
port of Cant in the Indian Ocean is uniformly southward with
increasing magnitudes toward the south.

Figure 3 also shows that the model simulates an increas-
ing strength of the meridional Cant transport as compared
to the preindustrial period in most regions. This is ex-
pected as the ocean is continuously taking up further Cant.
For present day conditions (i.e., 1990s, solid black line in
Fig. 3), the northward transport in the Atlantic Ocean in-
creases significantly to nearly 0.2 Pg C yr−1 for the region
south of 15◦ N, and decreases toward the Arctic. Sim-
ulated northward Cant transports for the region south of
15◦ N are in general agreement with independent estimates.
Estimates from both data assimilation and inverse studies
(Mikaloff Fletcher et al., 2006; Gerber et al., 2009; Gruber
et al., 2009) suggest a similar pattern of northward trans-
port of Cant in the Atlantic Ocean that is maximized in the
Southern Hemisphere. An observation-based study (Hol-
fort et al., 1998) suggests northward transport (0.11±0.03–
0.26±0.03 Pg C yr−1) in the region between 11◦ S and 30◦ S.
Previous studies have offered considerably diverging esti-
mates of present day northward transport strength across
the 24.5◦ N: 0.24±0.04 Pg C yr−1 (Álvarez et al., 2003),
0.19±0.07 Pg C yr−1 (Macdonald et al., 2003), and about
0.08 Pg C yr−1 (Gruber et al., 2009). Our estimates are in the
centre of that range, 0.15±0.04 Pg C yr−1. Disagreements
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Fig. 3. Simulated meridional transport strength of Cant in the(a) At-
lantic, (b) Pacific, and(c) Indian Oceans basin for the 1850–2099
period, plotted as a function of latitude. Each lines represents
decadal-averaged northward fluxes. Units are in (Pg C yr−1). All
observational based estimates represent the present day (1990s–
2000s) periods. H98:Holfort et al. (1998), A03: Álvarez et al.
(2003), M03: Macdonald et al.(2003), dark grey squares are from
inversion study (Mikaloff Fletcher et al., 2006; Gruber et al., 2009),
and light grey circles are from mean reconstruction estimates using
the Ensemble Kalman Filter (Gerber et al., 2009).

can be attributed to spatial variation in the carbon uptake esti-
mates and the large month-to-month variation in the observed
meridional overturning circulation strength (Cunningham et
al., 2007). In the high latitude North Atlantic, our estimates
are in good agreement with other studies as shown in Fig. 3.

In the Pacific, our present day Cant transport estimate also
lies between that of an inverse study and that of data-based
estimates. The model simulates maximum northward trans-
port of 0.15 Pg C yr−1 in the South Pacific and relatively
weak northward transport in the North Pacific. In the Equa-
torial Pacific, the model simulates almost no meridional con-
veyance, indicating westward transport toward the Indian
Ocean.

In the Indian Ocean, our present day transport estimates
agree well with the inversion study (Mikaloff Fletcher et al.,
2006), with approximately 0.15 Pg C yr−1 southward trans-
port in the Southern Hemisphere and small lateral trans-
port north of 8◦ S. The former transport pattern is consistent
with the zonal transport in the near-equatorial Pacific region,
which carries Cant passing the Indonesian throughflow into
the Indian Ocean. The data assimilation study byGerber et
al. (2009) assumed zero net transport across the Indonesian
throughflow, which resulted in large discrepancies with our
transport estimates across the South Pacific and South Indian
sections. In the Indian Ocean, southward transport patterns
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are also consistent with observation based estimates (Sabine
et al., 1999), which reported maximum anthropogenic CO2
concentrations south of 30◦ S.

By the end of the 21st century, the latitudinal gradient
in meridional anthropogenic carbon transport becomes more
apparent. In the Atlantic, there is a net northward trans-
port of anthropogenic carbon, with the greatest amplitude
(0.65 Pg C yr−1) in the southern portion. In the northern por-
tion, the northward transport is weaker, which could be at-
tributed to the horizontal and vertical return flows associ-
ated with the overturning circulation. This negative gradient
in latitudinal transport of anthropogenic carbon in the At-
lantic basin resulted in large amount of anthropogenic carbon
(∼101.4±5.7 Pg C) stored between 18◦ N–66◦ N by the end
of this century (see also Figs. 2c and 4).

The northward transport of Cant from the Southern
Ocean into the Pacific Ocean also increases significantly
(0.65 Pg C yr−1) toward the end of the model simulation.
This northward flux is approximately offset by the southward
transport from the Indian Ocean into the Southern Ocean,
which resulted in relatively small net gain (i.e., in the mid-
latitude Southern Ocean) in carbon storage due to lateral
transport to and from both the Pacific and Indian Oceans,
respectively.

5 Discussion

In this section we discuss some implications of the Cant trans-
port variations on the future uptake and storage of anthro-
pogenic carbon. Figure 4 shows a large-scale overview of fu-
ture time-integrated transport and inventory of anthropogenic
carbon. It quantitatively illustrates the long-term accumula-
tion of anthropogenic carbon due to the combined effects of
air-sea gas exchange and lateral transport for the period of
1850–2099 in different ocean basins.

By the end of the century, in the Indian Ocean, the Cant
inventory is roughly equal to the anthropogenic carbon up-
take through the air-sea interface, since there are nearly equal
lateral inflow (from the Indonesian throughflow) and lateral
outflow (to the Southern Ocean) rates of anthropogenic car-
bon into and out of this region.

The model simulation shows that the Equatorial Pacific is
one of the only two regions (the high latitude Southern Ocean
is the other) having a net Cant outflow. This is reflected
by more Cant transported into the Indian (−44.6±7.0 Pg C)
and North Pacific (−18.0±8.1 Pg C) as compared to input
from Southern Ocean (37.4±7.2 Pg C). Here, the Indonesian
throughflow is an important mechanism in transporting most
of the Cant taken up across the air-sea interface (in the Equa-
torial Pacific) to the Indian Ocean. A smaller portion of Cant
is transported northward to the North Pacific.

Both the North Pacific and North Atlantic Oceans exhibit
similar Cant flux patterns. This is intriguing because of the
fact that both the North Pacific and the North Atlantic are

on the opposite ends of the global meridional overturning
circulation. While most of the Cant inventory in these re-
gions originates directly from the atmosphere, considerable
amounts are imported from the southern portion of the re-
spective ocean basins. Additionally, in the North Atlantic,
the simulated climate change leads to a weakening of the At-
lantic Meridional Overturning Circulation (AMOC) strength
by approximately 7 Sv. Since deep water formation associ-
ated with the AMOC is the principal mechanism for trans-
porting Cant from surface to the deep ocean (e.g., in the
North Atlantic), the weakening leads to weaker penetration
of Cant into deeper layers. These mechanisms (i.e., influx of
near surface Cant from the south and reduced export strength)
could alter the atmospheric Cant uptake strength in the North
Atlantic. For example, a recent study bySteinfeldt et al.
(2009) indicates that in the subpolar North Atlantic, weak-
ening in the formation of Labrador Sea Water has led to a
decrease of the Cant inventory in this region.

In the Arctic, approximately equal amounts of the accu-
mulated Cant (7.7±1.3 Pg C) in the region come from the lat-
eral transport and through the air-sea interface. Our transport
estimates in the region are consistent with an earlier study
(Lundberg and Haugan, 1996), which indicates that the total
carbon flux to the Nordic Seas and Arctic Ocean is dominated
by the influx through the Bering Strait.

By the end of the century, the largest time-integrated
(1850–2099) Cant uptake from the atmosphere, about
185.9±12.2 Pg C, occurs in the Southern Ocean, between
18◦ S–58◦ S. In addition, there are accumulated inflows of
44.0±7.6 and 43.9±11.8 Pg C from the Indian and high
latitude Southern Oceans, and outflows of 37.4±7.2 and
45.5±3.2 Pg C into the Pacific and Atlantic Oceans, respec-
tively. These lateral fluxes combine for a net influx of only
5 Pg of Cant over the experiment period, and make the South-
ern Ocean (18◦ S–58◦ S) the dominant region for Cant storage
with 191.8±18.6 Pg C.

Finally, the high latitude Southern Ocean region (SOC2
in Fig. 4) appears to be the only region with significant and
continuous uptake and outflow of anthropogenic carbon. Fig-
ure 4 illustrates that approximately half of the Cant absorbed
in this region is subsequently transported into regions fur-
ther north. This northward anthropogenic carbon transport
mostly occurs along the subduction pathway of the interme-
diate water masses with maximum conveyance at approxi-
mately 400–500 m depth. A similar mechanism is hypoth-
esized for the present day condition (Caldeira and Duffy,
2000; Gerber et al., 2009; Gruber et al., 2009; Vázquez-
Rodŕıguez et al., 2009; Ito et al., 2010). Our model sim-
ulation demonstrates that this Cant export pattern is robust
and will continue toward the end of the 21st century. In
the model, the opening of sea ice also contributes to the in-
crease in Cantuptake across the air-sea interface in the region.
Tjiputra et al.(2010) estimated that the sea-ice retreat could
increase the oceanic carbon uptake by an order of 20 Pg C for
the same experiment period.
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Fig. 4. Accumulated Cant fluxes from the atmosphere (blue-line) as compared to lateral fluxes (red-line) into different ocean regions for
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To link the potential role of regional lateral transport with
the future Cant uptake, we compute the evolution of regional
Cant uptake for the same ocean regions discussed above, as
illustrated in Fig. 5. For the present day period, the high-
est anthropogenic carbon uptake occurs in the North Atlantic
and high latitude Southern Ocean. By the end of the cen-
tury, the uptake rate in the high latitude Southern Ocean
continues to increase, reaching 39.3±0.9 g C m−2, more than
twice the global mean of 16.0±0.3 g C m−2. This is con-
sistent with our previous transport analysis, which indicates
efficient transport of Cant out of the high latitude Southern
Ocean into deepwater areas further north. On the other hand,
Fig. 5 also shows a noticeable slowing down of Cant up-
take rate in the North Atlantic and North Pacific, which can
partly be attributed to the significant lateral influx of Cant
into the regions. We note that a near stabilization of anthro-
pogenic carbon uptake in all ocean regions will only occur
after a multi-century equilibration period (between different
carbon reservoirs) following the stabilization of Cant emis-
sions (Archer et al, 2009), which is beyond our experiment
periods. In addition to the different transport mechanisms,
the water masses in the high latitude regions are generally
less exposed to the anthropogenic carbon as compared to the
younger mid latitude water masses. Furthermore, high bio-
logical production during Spring, strong winter cooling, and
mixing could lead to larger deltapCO2 values in high lati-
tude regions (shown in supplemental Fig. 3), allowing more
efficient anthropogenic carbon uptake (e.g. see also studies
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Fig. 5. Time series of area-weighted annual Cant uptake for differ-
ent ocean regions. Region definitions are given in Fig.4. Units are
in (g C m−2 yr−1).

by Sarmiento et al., 1992, Sarmiento et al., 1998, Mignone et
al., 2006, andTakahashi et al., 2009). It is also important to
note that warm tropical water masses have lower Revelle fac-
tor, which implies a higher CO2 equilibrium given the same
atmospheric CO2 perturbation (Sabine et al., 2004).

By the end of the century, the global ocean has taken
up 538±23 Pg of Cant in our simulation. Large portions of
this amount reside in the Southern Ocean (between 18◦ S
and 58◦ S), 191.8±18.6 Pg C, and the North Atlantic Ocean
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(between 18◦ N and 66◦ N), 101.4±5.7 Pg C. Both regions
combined account for 55% of the global inventory.

6 Conclusions

Recently, Earth system models have been employed to ana-
lyze the potential vulnerabilities of future ocean carbon up-
take due to changes in the climate system, such as tempera-
ture and atmospheric circulation (Friedlingstein et al., 2006;
Crueger et al., 2008). In this study, we applied the Bergen
Earth system model to analyze the role of ocean circulation in
controlling future distribution of oceanic anthropogenic CO2
concentration and its potential implication on future air-sea
CO2 fluxes.

For the period of 1850–2099, outgassing of natural car-
bon is simulated in our model, which amounts to a total
of 22±30 Pg C. The accumulated uptake of anthropogenic
carbon for the same period amounts to about 538±23 Pg C.
A similar simulation to EXP2 (not shown here) but with-
out climate and other physical changes (see alsoTjiputra et
al., 2010) return an accumulated anthropogenic carbon up-
take of about 560±23 Pg C. Our model study thus implies
that feedbacks from climate change induced circulation and
other physical changes are approximately one order magni-
tude smaller than the ocean capacity to take up anthropogenic
carbon.

Here, we determine the role of the ocean circulation in
transporting the absorbed anthropogenic carbon, and the im-
plications for regional carbon uptake in the future. Our study
shows that the ability of the high latitude Southern Ocean
(i.e., south of 58◦ S) to take up anthropogenic CO2 will con-
tinue to increase in the future, in contrast to other regions
which will see a reduction or slow down of anthropogenic
carbon uptake. We partly attribute this acceleration of up-
take (i.e., in the high latitude Southern Ocean) to the effi-
cient subsurface northward transport of anthropogenic car-
bon into the intermediate waters. We also would like to stress
the still considerable uncertainties about Southern Ocean car-
bon cycling and its variations due to climate change. Lat-
eral transports of anthropogenic carbon in most other re-
gions (i.e., tropical regions) prominently occur within the
surface or near-surface level. Therefore, they generally do
not provide efficient deepwater pathways for export of an-
thropogenic carbon.

In the North Atlantic, despite the high uptake rate across
the air-sea interface, a substantial amount of subsurface an-
thropogenic carbon is transported into the region (i.e., from
the tropics). This northward transport has already altered the
carbon uptake rate in regions such as the Nordic Seas (Olsen
et al., 2006). A continuous inflow of CO2-rich near-surface
water may potentially contribute to the stabilization of car-
bon uptake in the North Atlantic Ocean in the future (see
also Fig. 5).

All of the available observation-based estimates of anthro-
pogenic carbon transport have been conducted in the Atlantic
Ocean so far. Future observations in the Pacific and Indian
Oceans would undoubtedly be useful to constrain future pre-
diction of climate change associated carbon transport.

Supplementary material related to
this article is available online at:
http://www.ocean-sci.net/6/605/2010/
os-6-605-2010-supplement.pdf.
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A. F., and Ṕerez, F. F.: Anthropogenic carbon distributions in
the Atlantic Ocean: data-based estimates from the Arctic to the
Antarctic, Biogeosciences, 6, 439–451, doi:10.5194/bg-6-439-
2009, 2009.

Wallace, D. R.: Storage and transport of excess CO2 in the oceans:
The JGOFS/WOCE Global CO2 Survey, in: Ocean Circulation
and Climate, Elsevier, New York, 489–521, 2001.

Watson, A. J. and Naveira-Garabato, A. C.: The role of South-
ern Ocean mixing and upwelling in the glacial-interglacial atmo-
spheric CO2 change, Tellus B, 58, 73–87, doi:10.1111/j.1600-
0889.2005.00167.x, 2006.

Zickfeld, K., Fyfe, J. C., Saenko, O. A., Eby, M., and Weaver, A. J.:
Response of the global carbon cycle to human-induced changes
in Southern Hemisphere winds, Geophys. Res. Lett., 34, L12712,
doi:10.1029/2006GL028797, 2007.

Ocean Sci., 6, 605–614, 2010 www.ocean-sci.net/6/605/2010/


