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Abstract A climate model is used to investigate the influence of Weddell Sea open ocean deep
convection on anthropogenic and natural carbon uptake for the period 1860-2100. In a three-member
ensemble climate change simulation, convection ceases on average by year 1981, weakening the net
oceanic cumulative uptake of atmospheric CO, by year 2100 (—4.3 Pg C) relative to an ocean that has
continued convection. This net weakening results from a decrease in anthropogenic carbon uptake

(=10.1 Pg C), partly offset by an increase in natural carbon storage (+5.8 Pg C). Despite representing only
4% of its area, the Weddell Sea is responsible for 22% of the Southern Ocean decrease in total climate-driven
carbon uptake and 52% of the decrease in the anthropogenic component of oceanic uptake. Although this
is a model-specific result, it illustrates the potential of deep convection to produce an intermodel spread in
future projections of ocean carbon uptake.

1. Introduction

The high-latitude Southern Ocean (SO) is thought to play a pivotal role in the preindustrial air-sea parti-
tioning of carbon because of its ability to connect the atmosphere to the vast volume of the deep ocean
through the formation of Antarctic Bottom Water (AABW) [Sarmiento and Toggweiler, 1984; Sarmiento and
Orr, 1991; Marinov et al., 2006; Séférian et al., 2012]. However, discrepancies among different techniques to
estimate ocean (C,,,,) content are especially pronounced for deep waters of southern origin, making the role
of AABW uncertain [Vazquez-Rodriguez et al., 2009].

AABW presently forms at specific locations on the Antarctic continental shelf [Orsi et al., 1999], while, in the
past, this water mass was also known to form during open ocean deep convection events in the Weddell Sea
(WS) [Martinson et al., 1981; Gordon, 1982; Killworth, 1983]. The open ocean convective pathway of AABW
was well-documented in satellite observations which revealed an ice-free, convective region in the WS with
a size of 2-3 x 10° km? for three consecutive winters in the 1970s [Carsey, 1980]. The absence of this path-
way in the last 40 years coincides with observed freshening and stratification of the SO [de Lavergne et al.,
2014], and warming and volume loss from the AABW layer, possibly linked with a slowdown in its formation
rate [Purkey and Johnson, 2012].

Meanwhile, open ocean convection in the WS is a prominent feature of many climate models under prein-
dustrial forcing [Heuze et al., 2013]. It is important to note that the coarse resolution hampers the correct
representation of shelf processes in global models and therefore may place too much importance on deep
open ocean convection. Nonetheless, deep convection has been shown to weaken and cease in warm-

ing simulations [de Lavergne et al., 2014], raising the specter of a warming-induced perturbation to ocean
carbon uptake and storage. These models vary significantly in the strength and duration of open ocean con-
vection and its sensitivity to warming. Importantly, the timing of the slowdown may give rise to intermodel
spread in the evolution of the modeled air-sea exchange of CO,. Although previous studies have used a
water mass framework to characterize the SO carbon uptake [e.g., Séférian et al., 2012], the specific role of
subpolar SO deep convection on air-sea CO, exchange in models has yet to be explored.

Here we use a coupled climate model to understand the role of WS convection and its disappearance on
the ocean’s storage of natural and anthropogenic carbon. Because our model simulates WS convection
events under preindustrial conditions [Galbraith et al., 2011] and their abrupt cessation under warming
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[Bernardello et al., 2014; de Lavergne et al., 2014], it provides an ideal tool for exploring these potential
feedbacks to the simulated carbon cycle.

The response of ocean carbon uptake to changes in deep ocean convection is complex. During Weddell
Sea convection AABW is formed through heat loss from Circumpolar Deep Water (CDW) exposed

to the atmosphere. CDW has, on average, been isolated from the surface of the ocean for millennia
[DeVries and Primeau, 2011]. During this time, CDW accumulates high dissolved inorganic carbon (DIC)
concentrations as a consequence of the remineralization of sinking particulate organic matter. Because of
these high DIC concentrations, a WS convection event would be expected to produce a transient rise in
atmospheric CO, via natural carbon (C,,,) outgassing from newly exposed, supersaturated CDW prior to the
anthropogenic addition of CO, to the atmosphere. This transient rise in atmospheric CO, would be coun-
terbalanced partly by the reestablishment of an equilibrium between the atmosphere and surface mixed
layer and partly by the accumulation of remineralized carbon in the deep global ocean, leading to a steady
state on timescales longer than those of convection. Thus, the suppression of convection-driven outgassing
under anthropogenic warming might represent a negative feedback on atmospheric CO, by allowing the
ocean to retain an increasing load of remineralized DIC. However, there is also a positive feedback that
occurs from reduced oceanic uptake of C,,, in a nonconvecting ocean, as will be described below. Hence,
the expected net cumulative effect of the suppression of open ocean deep convection on global ocean CO,
uptake is far from obvious.

After describing the model and our simulation design (section 2), we synthesize the impact of convection
on C,,, storage in the WS under preindustrial conditions (section 3) and the implications of a climate-driven
convective shutdown on air-sea CO, fluxes (section 4). Finally, we offer conclusions and explore additional
questions left for future study in section 5.

2. Model and Simulation Design

All simulations were carried out using CM2MC [Galbraith et al., 2011], the Geophysical Fluid Dynamics
Laboratory Climate Model version 2 with Modular Ocean Model version 4p1 at coarse resolution. CM2Mc
uses the same physical oceanic and atmospheric code as the Earth System Model with the Modular Ocean
Model (ESM2M) [Dunne et al., 20121, with minor alterations as required to adjust to the coarser discretization.
The CM2Mc ocean uses a tripolar grid with nominal 3° resolution and 28 vertical levels with a finer resolu-
tion toward the surface. Eddy mixing is parameterized following Gent and McWilliams [1990] with a spatially
varying diffusion coefficient [Griffies et al., 2005]. Ocean biogeochemistry is solved by the Biogeochemistry
with Light, Iron, Nutrients, and Gases model, with a representation of carbon chemistry [Galbraith et al.,
2010; Bernardello et al., 2014].

The model was initialized as described in Galbraith et al. [2011] and spun-up for 4500 years. In order to
account for sensitivity to initial conditions, we extracted atmospheric and oceanic conditions at three points
during the last 1000 years of the spin-up: immediately before, during, and after a convection period. These
three states were used to initialize three independent simulations, producing an ensemble, under each of
the following four scenarios:

A. Warming_increasingCO,: A climate change simulation using prescribed atmospheric concentrations
for greenhouse gases and aerosols recommended by the Coupled Model Intercomparison Project Phase
5 (CMIP5). We use the historical forcing (1860-2005) and the Representative Concentration Pathway 8.5
(2006-2100), detailed in Meinshausen et al. [2011]. Ozone, including contemporary depletion and its
predicted future recovery, is also prescribed [Cionni et al., 2011].

B. Warming_constantCO,: In this simulation, the climate responds to the radiative forcing due to histori-
cal+RCP8.5, but the ocean chemistry is not affected by the rise in atmospheric CO,.

C. Control_increasingCO,: A preindustrial climate simulation, where greenhouse gases, aerosols, and ozone
are kept at the value of year 1860. However, ocean chemistry is affected by the increase in atmospheric CO,
according to Historical+RCP8.5, allowing C,; to invade the ocean through air-sea gas exchange.

D. Control_constantCO,: A preindustrial control simulation, in which radiative forcing is at preindustrial level
(as in Control_increasingCO,) and ocean chemistry responds to a constant preindustrial atmospheric CO,
concentration (as in Warming_constantCO,).
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Figure 1. Yearly averaged Weddell Sea convection cycles in a 500 year segment of preindustrial simulation. (a) Area of
study; (b) area-integrated CO, flux and total mass of DIC inside the study area; averages of the study area for (c) sea ice
concentration and salinity (average 0-50 m depth); (d) water temperature and mixed layer depth.

By comparing the air-sea CO, fluxes (¢), integrated over the area of study (Figure 1a), in these simulations,
we can quantify the direct impact of the suppression of WS convection on the ocean’s ability to retain

C,at and absorb C, .. The difference between Warming_increasingCO, and Control_increasingCO, (A — C)
reveals the influence of WS convection (among other climate-driven changes in the area) on the total
carbon (C,; + C,,,;) ocean uptake (A¢q,), while Warming_constantCO, minus Control_constantCO, (B — D)
reveals the impact on the C,_, flux only (A@y,rar)- Thus, the difference ((A — C) — (B — D)) reveals the impact
of climate change on the C,,; uptake (Adroy — APyaryral = APanthropogenic)- FOT the last 1000 years of the
spin-up we saved yearly averaged outputs to investigate the characteristics of regular convective cycles.
Monthly averages were saved for simulations A, B, C, and D. Since open ocean convection occurs in win-
ter, we defined a convective year as any year in which the September mixed layer was deeper than 2000 m
over any portion of the study area in simulations A, B, C, and D. By comparing the September mixed layer
with its annual average, we found that annually averaged mixed layer for nonconvective years was never
deeper than 60 m. Therefore, during the 1000 year segment, we used a mixed layer depth threshold of 60 m
to distinguish convective from nonconvective years.

CM2Mc response to historical+RCP8.5 forcing is discussed in Bernardello et al. [2014] while de Lavergne et
al. [2014] compare CM2Mc to CMIP5 models and to observations for aspects related to SO deep convec-
tion. For the present study we have also calculated mean CM2Mc water masses characteristics following the
procedure described by Sallée et al. [2013] as a further model evaluation (see supporting information).

3. Effects of the Simulated Weddell Polynya on Climate and Natural Carbon Storage

Under preindustrial conditions, deep convection in the Weddell Sea is characterized by a regular period-
icity in CM2Mc, as illustrated by the vertical homogenization of temperature from the surface to 4000 m
(Figure 1d). Non-convective periods occur, on average, every 60 years and last for approximately 20 years.
During these non-convective periods, warm and salty water originating from CDW is transported into the
WS at depth and accumulates between 200 m and 3000 m, creating a temperature inversion that is sta-
bilized by the halocline. Reduced vertical mixing between the surface and this warmer and saltier layer
contributes to cooling and freshening at the surface and coincides with an expansion of sea ice (Figure 1c).
Because the surface freshening dominates in setting the evolution of the pycnocline during non-convective

BERNARDELLO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7264



QAGU

Geophysical Research Letters 10.1002/2014GL061313

Air-sea CO2 flux during convection events

Sep. 1950, pCO_=311 ppm Sep. 2022, pCO_=422 ppm Sep. 2090, pCO_=845 ppm
2 2 2

-20
-40
Nimbus—5 ESMR September Sea Ice concentration
Sep. 1974 Sep. 1975 Sep. 1976
100
g 50
0

Figure 2. (top row) Modeled air-sea CO, flux during September for the Control_increasingCO, simulation. Black con-
tours indicate the convecting area (mixed layer depth >2000 m). Three convective years are shown to illustrate how the
increase of atmospheric CO, gradually weakens the outgassing of CO, and eventually turns convective areas to a sink
for atmospheric CO,. (bottom row) Observed Nimbus-5 Electrically Scanning Microwave Radiometer September sea ice
concentrations for the three years characterized by the Weddell Sea polynya.

periods, density stratification increases in spite of the subsurface warming. In our model, WS convection is
periodically triggered by changes in the precipitation-evaporation balance, which lead to a low-frequency
modulation of surface salinity [Galbraith et al., 2011]. Once convection begins, the upward flux of heat from
the subsurface ocean prevents the formation of winter sea ice, and a large polynya develops, qualitatively
similar to the polynya observed in the 1970s, though often significantly larger (up to 8 times, Figure 2). Its
position migrates within the trapezoidal area depicted in Figure 1a, which defines our area of study.

During convective periods, CM2Mc global surface air temperatures rise by 0.4°C relative to nonconvective
periods, linked to the heat released from the deep ocean (not shown). A similar response was described
for another model that simulates WS convection events with centennial scale variability [Latif et al., 2013].
Furthermore, by exchanging with the vast C,,, pool of the deep ocean, each WS convective period pro-
motes an average CO, outgassing of about 6.1 Pg C. Over the 60 years of a convective period, this amount
of CO, corresponds to about 0.1 Pg Cyr~! (Figure 1b) and contributes a considerable fraction of the total
variability in the preindustrial control simulation: the standard deviation of the globally integrated annual
flux of CO, in Control_constantCO, is just 0.16 Pg C yr~'. Following the heat release, the erosion of the
temperature inversion promotes the stabilization of the water column and the reestablishment of a sur-
face halocline. This allows the transition to a nonconvective period, the expansion of sea ice, the steady
subsurface accumulation of heat and carbon, and the beginning of a new cycle.

4, Collapse of the Weddell Polynya and Response of the Air-Sea CO, Fluxes

In our simulations, surface freshening, resulting from an increased precipitation minus evaporation bal-
ance over most of the SO, suppresses deep convection in the WS under historical+RCP8.5 forcing (Figure 3).
The last convective year for each of the three ensemble members is 1952, 1987, and 2005. Following

this cessation, heat continuously accumulates at depth, but the surface freshening provides increasing
stability and prevents the onset of convection until the end of the simulations in 2100. Under preindustrial
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Figure 3. DIC concentration averaged over the study area for

the three ensemble members of the Warming_increasingCO,
simulation. September mixed layer is superimposed (black line).
Precipitation-evaporation flux and salinity (average 0-50 m depth)
for the same area are also shown for each ensemble member.
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Figure 4. (a) Air-sea CO, flux integrated over the area of study

for the four simulations. (b) Cumulative climate-driven changes in
CO, fluxes, calculated from the ensemble averages as: Appatural =
Warming_constantCO, — Control_constantCO, (B — D), A¢oa =
Warming_increasingCO, — Control_increasingCO, (A — C),

A anthropogenic=APTotal = APNatural- IN both panels thick lines refer
to the ensemble mean while thin lines show + 1 standard deviation
relative to the three-member ensemble.

atmospheric CO, concentrations, sim-
ulated WS deep convective events
cause outgassing of C,,, (Figure 4a,
Control_constantCO,) because the pCO,
at the sea surface during these events is
higher than its atmospheric counterpart,
as expected.

However, in addition to its impact on
C,at» the suppression of convection in
the WS impacts the uptake and storage
of anthropogenic CO, from the atmo-
sphere. If open ocean convection persists
in spite of rising atmospheric CO,, as

is simulated in Control_increasingCO,,
the CO, outgassing during convective
events gradually weakens. This weak-
ening begins as soon as anthropogenic
emissions start to rise, due to the reduc-
tion in the air-sea CO, gradient during
convective events. When atmospheric
pCO, climbs to the pCO, of the exposed
deep waters, the sign of the total flux
reaches zero, after which convective
events become net ingassing events
(Figure 2). Essentially, the pCO, of water
exposed during deep convection is set
by the deep ocean carbon reservoir,
which increases very slowly compared
to atmospheric pCO,. Because the atmo-
spheric pCO, rises while the pCO, of
exposed deep waters stays relatively
constant, this part of the ocean becomes
a sink of anthropogenic CO,, relative to
the preindustrial baseline. The very same
deep mixing that released carbon under
preindustrial pCO, then becomes a con-
duit that transfers absorbed carbon to
depth. This redistribution allows for the
continued uptake of anthropogenic CO,
throughout the duration of the convec-
tion event. Thus, anthropogenic CO,
uptake in the WS is 46% lower when
convection is suppressed (last two rows
of Table 1).

Additional outgassing regions are vis-
ible in the September 1950 snapshot
(Figure 2), mainly between 60°E and
120°E in the Indian Ocean sector of the
SO. The southernmost area, between
60°S and 48°S, lies within the region of
Ekman-driven upwelling where CO,-rich
CDW is transported into the surface
mixed layer. Between 48°S and 36°S, the
mixed layer deepens along the path of

BERNARDELLO ET AL.

©2014. American Geophysical Union. All Rights Reserved.

7266



@AG U Geophysical Research Letters 10.1002/2014GL061313

Table 1. Cumulative Ocean CO, Uptake (Ensemble Average 1981-2100) for the Weddell Sea (WS), the Southern Ocean (SO),
and the Global Ocean (GO); Effect of Climate Change on Cumulative Ocean CO, Uptake Components; and Anthropogenic CO,
Uptake Without and With Climate Change (Units are Pg C)

WS SO GO
Cumulative Ocean CO, Uptake Between 1981 and 2100
Warming_increasingCO, (A) +8.9+0.6 +181.9+2.2 +495.4+2.2
Warming_constantCO, (B) —2.8+1 —18.1+2.5 —-30.4+2.9
Control_increasingCO, (C) +13.2+1.4 +201.2+24  +574.6+2.1
Control_constantCO, (D) —8.6+0.9 —-18.1+1.9 —6.3+2.3
Effect of Climate Change on Cumulative Ocean CO, Uptake
A¢natural (B —D) +5.8+1.9 —0.0+4.3 —24.1+5.2
Adanthropogenic (A — C) — (B — D) -10.1+3.9 -19.3488  —55.149.6
Aprotal (A —C) —4.3+1.9 —19.3+4.5 —79.2+43
Anthropogenic CO, Uptake Without and With Climate Change
Adcontrol (C = D) +21.8+2.3 +219.3+42  +580.9+4.4
Adwarming (A — B) +11.7+1.5 +200.0+4.6  +525.8+5.1

the Antarctic Circumpolar Current. Here the CO, absorbed upstream is inducted into the deepening mixed
layer as described by Sallée et al. [2012]. Both mechanisms lead to the strong outgassing seen in the winter
of 1950. In the presence of increasing anthropogenic CO,, the outgassing associated with these mechanisms
is reduced and eliminated (Figure 2).

To summarize, in the full climate change simulation (Warming_increasingCO,), the suppression of WS con-
vection causes reduced cumulated anthropogenic CO, uptake (—10.1+3.9 Pg C, Table 1) but simultaneously
promotes the added storage of natural CO, (+5.8+1.9 Pg C). The net balance is a decrease of cumulative
CO, uptake of 4.3+1.9 Pg C between 1981 (the last convective year in the ensemble mean) and 2100. The
cumulative time evolution of the A¢p components in Figure 4b shows how A¢,., becomes negative when
the decrease in Agpnnropogenic dUe to the absence of convection exceeds the increased storage effect on
A(j)NaturaI by year 2055.

5. Discussion and Conclusions

To put in context the carbon uptake reduction (A¢y,,) induced by the cessation of WS convection, one
must consider that, despite representing only 4% and 1% of the Southern and global ocean areas, respec-
tively, this region contributes 22% and 5% to their respective climate-induced reduction of CO, uptake

in our simulations (Table 1). When considering the anthropogenic component alone (A@anropogenic): this
contribution goes up to 52% and 18%, respectively.

This large contribution to the modeled reduction in ocean carbon uptake highlights the diversity of pro-
cesses that lead to a changing ocean carbon sink in our model. As a point of comparison, Le Quere et al.
[2007] used atmospheric CO, observations and an inverse method to diagnose a weakening of the SO CO,
uptake of 0.08 Pg C yr~' per decade for the period 1981-2004. They attributed this trend to strengthened
westerly winds, enhanced upwelling of carbon-rich CDW, and attendant CO, outgassing. The influence of
the WS convection of the 1970s preceded their analysis. Our ensemble shows a similar weakening of the
SO CO, uptake of 0.05 Pg C yr~' per decade over the same period. However, over half of the SO carbon sink
weakening in our simulations is due to outgassing of C, ., during convective events. Thus, while the decline
in our ensemble mean ocean carbon uptake is similar to that calculated by Le Quere et al. [2007], at least one
mechanism for this simulated decline is distinct.

We argue here that SO deep convection in our model (and also in nature in the recent past) represents an
alternative route by which C,,, exits and C,,; enters the ocean, which could be likened to a trap door, directly
accessing the deep ocean from the surface. In contrast to the door provided by the wind-driven upwelling
[Russell et al., 2006], this trap door is held shut by surface freshening under global warming in many models
and has remained shut since the 1970s in nature [de Lavergne et al., 2014].

Considering the wide spectrum of intensity and frequency of SO deep convection in CMIP5 models and
the range of their response to climate change [Heuze et al., 2013; de Lavergne et al., 2014], a similarly wide
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spectrum in total carbon uptake and C,,,, interior distribution is to be expected. Roughly a third of mod-

els have no SO deep convection during their preindustrial simulations; of the two thirds that do convect,
the strength of preindustrial convection and the sensitivity to anthropogenic climate change vary widely
[de Lavergne et al., 2014]. The longer simulated deep convection persists in the face of warming, the more
C,nt is taken up in the SO. Similarly, models with larger areas of convection expose more of their interior
ocean volume to high atmospheric pCO, and store a higher fraction of the absorbed C,,,, in AABW. We sug-
gest that variability in SO deep convection could be a major source of intermodel spread for the carbon
cycle. Although our results are based on one coarse-resolution model only, our model is near the multi-
model average of CMIP5 simulations with respect to the percentage of convective years (66% for CM2Mc
and 63% for CMIP5 average) and the size of the convective region during the preindustrial (7.6 x 10° km? for
CM2Mc and 9.3 x 10° km? for CMIP5 average) [de Lavergne et al., 2014], suggesting the impact on

the carbon cycle may be fairly representative of the convecting models. However, convection collapses early
in the period of historical forcing relative to many of the models, which we would expect to lead to large
weakening of the oceanic C,,; sink.

In summary, we have shown that deep convection in the polar SO has a strong impact on the global ocean
carbon uptake in transient climate simulations with a climate model. Considering that deep convection in
the polar SO is a common and widely variable feature among the latest generation of climate models we
stress here the necessity to better understand its role in determining the intermodel spread in ocean carbon
uptake. The development of proxy records for past variability in Southern Ocean deep convection would
allow better characterization of this process in the real world.

References

Bernardello, R., I. Marinov, J. Palter, J. Sarmiento, E. Galbraith, and R. Slater (2014), Response of the ocean natural carbon storage to
projected twenty-first-century climate change, J. Clim., 27, 2033-2053, doi:10.1175/JCLI-D-13-00343.1.

Carsey, F. (1980), Microwave observation of the Weddell Polynya, Mon. Weather Rev., 108(12), 2032-2044,
doi:10.1175/1520-0493(1980)108<2032:MOOTWP>2.0.CO;2.

Cionni, I, V. Eyring, J. F. Lamarque, W. J. Randel, D. S. Stevenson, F. Wu, G. E. Bodeker, T. G. Shepherd, D. T. Shindell, and D. W. Waugh
(2011), Ozone database in support of CMIP5 simulations: Results and corresponding radiative forcing, Atmos. Chem. Phys., 11(21),
11,267-11,292, doi:10.5194/acp-11-11267-2011.

de Lavergne, C,, J. Palter, E. Galbraith, R. Bernardello, and I. Marinov (2014), Cessation of deep convection in the open Southern Ocean
under anthropogenic climate change, Nat. Clim. Change, 4, 278-282, doi:10.1038/nclimate2132.

DeVries, T.,, and F. Primeau (2011), Dynamically and observationally constrained estimates of water-mass distributions and ages in the
global ocean, J. Phys. Oceanogr., 41(12), 2381-2401, doi:10.1175/JPO-D-10-05011.1.

Dunne, J. P, et al. (2012), GFDL's ESM2 global coupled climate-carbon Earth system models. Part I: Physical formulation and baseline
simulation characteristics, J. Clim., 25(19), 6646-6665, doi:10.1175/JCLI-D-11-00560.1.

Galbraith, E. D., A. Gnanadesikan, J. P. Dunne, and M. R. Hiscock (2010), Regional impacts of iron-light colimitation in a global
biogeochemical model, Biogeosciences, 7(3), 1043-1064.

Galbraith, E. D, et al. (2011), Climate variability and radiocarbon in the CM2Mc Earth system model, J. Clim., 24(16), 4230-4254,
doi:10.1175/2011JCLI3919.1.

Gent, P. R, and J. C. McWilliams (1990), Isopycnal mixing in ocean circulation models, J. Phys. Oceanogr., 20(1), 150-155,
doi:10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2.

Gordon, A. L. (1982), Weddell deep water variability, J. Mar. Res., 40(S), 199-217.

Griffies, S. M., et al. (2005), Formulation of an ocean model for global climate simulations, Ocean Sci., 1(1), 45-79.

Heuze, C., K. J. Heywood, D. P. Stevens, and J. K. Ridley (2013), Southern Ocean bottom water characteristics in CMIP5 models, Geophys.
Res. Lett., 40, 1409-1414, doi:10.1002/grl.50287.

Killworth, P. (1983), Deep convection in the world ocean, Rev. Geophys., 21(1), 1-26, doi:10.1029/RG021i001p00001.

Latif, M., T. Martin, and W. Park (2013), Southern Ocean sector centennial climate variability and recent decadal trends, J. Clim., 26(19),
7767-7782, doi:10.1175/JCLI-D-12-00281.1.

Le Quere, C, et al. (2007), Saturation of the Southern Ocean CO, sink due to recent climate change, Science, 316(5832), 1735-1738,
doi:10.1126/science.1136188.

Marinov, I., A. Gnanadesikan, J. Toggweiler, and J. Sarmiento (2006), The Southern Ocean biogeochemical divide, Nature, 441(7096),
964-967, doi:10.1038/nature04883.

Martinson, D., P. Killworth, and A. Gordon (1981), A convective model for the Weddell Polynya, J. Phys. Oceanogr., 11(4), 466-488,
doi:10.1175/1520-0485(1981)011<0466:ACMFTW>2.0.CO;2.

Meinshausen, M., et al. (2011), The RCP greenhouse gas concentrations and their extensions from 1765 to 2300, Clim. Change, 109(1-2),
213-241, doi:10.1007/510584-011-0156-z.

Orsi, A., G. Johnson, and J. Bullister (1999), Circulation, mixing, and production of Antarctic bottom water, Prog. Oceanogr., 43(1), 55-109,
doi:10.1016/50079-6611(99)00004-X.

Purkey, S. G., and G. C. Johnson (2012), Global contraction of Antarctic bottom water between the 1980s and 2000s, J. Clim., 25(17),
5830-5844, doi:10.1175/JCLI-D-11-00612.1.

Russell, J. L., R. J. Stouffer, and K. W. Dixon (2006), Intercomparison of the Southern Ocean circulations in IPCC coupled model control
simulations, J. Clim., 19(18), 4560-4575.

Sallée, J.-B., R. J. Matear, S. R. Rintoul, and A. Lenton (2012), Localized subduction of anthropogenic carbon dioxide in the Southern
Hemisphere oceans, Nat. Geosci., 5(8), 579-584, doi:10.1038/NGEO1523.

BERNARDELLO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7268


http://dx.doi.org/10.1175/JCLI-D-13-00343.1
http://dx.doi.org/{10.1175/1520-0493(1980)108<2032:MOOTWP>2.0.CO;2}
http://dx.doi.org/10.5194/acp-11-11267-2011
http://dx.doi.org/10.1038/nclimate2132
http://dx.doi.org/10.1175/JPO-D-10-05011.1
http://dx.doi.org/10.1175/JCLI-D-11-00560.1
http://dx.doi.org/10.1175/2011JCLI3919.1
http://dx.doi.org/10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2
http://dx.doi.org/10.1002/grl.50287
http://dx.doi.org/10.1029/RG021i001p00001
http://dx.doi.org/10.1175/JCLI-D-12-00281.1
http://dx.doi.org/10.1126/science.1136188
http://dx.doi.org/10.1038/nature04883
http://dx.doi.org/10.1175/1520-0485(1981)011<0466:ACMFTW>2.0.CO;2
http://dx.doi.org/10.1007/s10584-011-0156-z
http://dx.doi.org/10.1016/S0079-6611(99)00004-X
http://dx.doi.org/10.1175/JCLI-D-11-00612.1
http://dx.doi.org/10.1038/NGEO1523
file:raffer@noc.ac.uk

@AG U Geophysical Research Letters 10.1002/2014GL061313

Sallée, J.-B., E. Shuckburgh, N. Bruneau, A. J. S. Meijers, T. J. Bracegirdle, Z. Wang, and T. Roy (2013), Assessment of Southern Ocean water
mass circulation and characteristics in CMIP5 models: Historical bias and forcing response, J. Geophys. Res. Oceans, 118(4), 1830-1844,
doi:10.1002/jgrc.20135.

Sarmiento, J., and J. Orr (1991), Three-dimensional simulations of the impact of Southern Ocean nutrient depletion on atmospheric CO,
and ocean chemistry, Limnol. Oceanogr., 36(8), 1928-1950.

Sarmiento, J.,, and J. Toggweiler (1984), A new model for the role of the oceans in determining atmospheric pCO,, Nature, 308(5960),
621-624, doi:10.1038/308621a0.

Séférian, R, D. ludicone, L. Bopp, T. Roy, and G. Madec (2012), Water mass analysis of effect of climate change on air-sea CO, fluxes: The
Southern Ocean, J. Clim., 25, 3894-3908, doi:10.1175/JCLI-D-11-00291.1.

Vazquez-Rodriguez, M., F. Touratier, C. Lo Monaco, D. W. Waugh, X. A. Padin, R. G. J. Bellerby, C. Goyet, N. Metzl, A. F. Rios, and
F. F. Perez (2009), Anthropogenic carbon distributions in the Atlantic Ocean: Data-based estimates from the Arctic to the Antarctic,
Biogeosciences, 6(3), 439-451.

BERNARDELLO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7269


http://dx.doi.org/10.1002/jgrc.20135
http://dx.doi.org/10.1038/308621a0
http://dx.doi.org/10.1175/JCLI-D-11-00291.1

	Impact of Weddell Sea deep convection on natural and anthropogenic carbon in a climate model
	Abstract
	Introduction
	Model and Simulation Design
	Effects of the Simulated Weddell Polynya on Climate and Natural Carbon Storage
	Collapse of the Weddell Polynya and Response of the Air-Sea CO2 Fluxes
	Discussion and Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


