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In the context of past and present climate change, the Southern Ocean (SO) has been identified as a crucial region modulating the concentration of atmospheric CO2. The sustained upwelling of carbon-rich deep waters and inefficient nutrient utilization at the surface of the SO leads to an outgassing of natural CO2, while anthropogenic CO2 is entrained to depth during the formation of Antarctic Bottom water (AABW), Antarctic intermediate water (AAIW) and sub-Antarctic mode water (SAMW). Changes to the SO circulation resulting from both dynamic and buoyancy forcing can alter the rate of upwelling as well as formation and subsequent transport of AABW, AAIW and SAMW, thus impacting the air-sea CO2 exchange in the SO. Models of all complexity robustly show that stronger southern hemispheric (SH) westerlies enhance SO upwelling, thus leading to stronger natural CO2 outgassing, with a sensitivity of 0.13 GtC/yr for a 10% increase in SH westerly windstress. While the impact of changes in the position of the SH westerly winds was previously unclear, recent simulations with high-resolution ocean/sea-ice/carbon cycle models show that a poleward shift of the SH westerlies also enhances natural CO2 outgassing with a sensitivity of 0.08GtC/yr for a 5° poleward shift. While enhanced AABW transport reduces deep ocean natural DIC concentration and increases surface natural DIC concentration, it acts on a multi-decadal timescale. Future work should better constrain both the natural and anthropogenic carbon cycle response to changes in AABW and the compound impacts of dynamic and buoyancy changes on the SO marine carbon cycle.
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1 Introduction

Despite covering only about 25% of the world’s ocean surface, the Southern Ocean (SO, south of 35°S) is one of today’s largest sink of both anthropogenic carbon and excess heat, accounting for ∼40% of the oceanic anthropogenic carbon uptake and ∼72% of the excess heat uptake (Sabine et al., 2004; Mikaloff-Fletcher et al., 2006; Shi et al., 2018). This oversized role is due to the unique overturning circulation of the SO that brings deep water up to the surface and leads to the formation of deep and intermediate water masses. A key driver of this overturning are the strong westerly winds that peak in strength around 55°S and are bounded by easterly winds on their Antarctic and subtropical flanks. These winds create a divergent surface flow and steeply tilted isopycnals that outcrop south of the maximum westerly wind stress to allow old, nutrient rich Circumpolar Deep Water (CDW) to upwell from mid-depths to the surface (Figure 1A). Due to Ekman transport within the westerly wind belt, Antarctic surface waters move equatorwards, freshen and warm. As a result, there is an outgassing of natural CO2 south of the sub-Antarctic front and particularly south of the polar front. As CDW equilibrates with the atmosphere, its dissolved inorganic carbon (DIC) is consumed by phytoplankton, thus decreasing the surface water pCO2, leading to an oceanic uptake of atmospheric CO2, a process referred to as the biological pump (Talley, 2013).




Figure 1 | Schematic showing zonally averaged Southern Ocean (A) natural DIC and (B) anthropogenic DIC concentration (µmol/L) averaged over years 2017-2021 in the ACCESS-OM2-01 simulation. Blue and red arrows at the ocean’s surface represent the natural and anthropogenic CO2 fluxes, respectively, and the westerly wind is represented by a circle above. PF, SAF and STF are the positions of the Polar Front, Subantarctic Front and Subtropical Front, respectively. Thick black arrows in the ocean interior represent the circulation of water masses: Dense Shelf Water (DSW), Antarctic Bottom Water (AABW), Lower Circumpolar Deep Water (LCDW), Upper Circumpolar Deep Water (UCDW), Antarctic Intermediate Water (AAIW), and Subantarctic Mode Water (SAMW).



The CDW that rises to the SO surface is replaced by downward flows of surface waters in other regions. In the current context of elevated atmospheric CO2 concentration, these downward flows entrain carbon, and particularly anthropogenic carbon, as well as heat in the SO interior (Frölicher et al., 2015; Gruber et al., 2019), primarily within Antarctic Intermediate Water (AAIW), but also within Antarctic Bottom Water (AABW) and sub-Antarctic Mode Water (SAMW) (Figure 1B). AAIW subducts along isopycnals into the SO interior equatorward of the sub-Antarctic front where wind driven surface flows converge. Winter deepening of the mixed layer north of the Antarctic Circumpolar Current (ACC) leads to the formation of SAMW, which overlays AAIW (Morrison et al., 2022). Closer to Antarctica, dense shelf waters, the precursor of AABW are formed on the Antarctic continental shelf in the Ross Sea, Weddell Sea, Prydz Bay, and Adelie Land (Purkey et al., 2018), through brine rejection and ocean/ice-shelf interactions.

Observational products suggest that the SO total (sum of anthropogenic and natural) CO2 fluxes exhibit large decadal-scale variability (LeQuéré et al., 2007; Matear and Lenton, 2008; Landschützer et al., 2015; Bushinsky et al., 2019; Gruber et al., 2019; Keppler and Landschützer, 2019; Gruber et al., 2023), with a lower than expected total CO2 uptake in the 1990s and early 2000s (LeQuéré et al., 2007; Landschützer et al., 2015; Gruber et al., 2019) and probably during the mid-2010s (Bushinsky et al., 2019; Gruber et al., 2019; Keppler and Landschützer, 2019; Landschützer et al., 2020). The main hypothesis to explain the stagnation in the CO2 uptake observed in the 1990s and early 2000s is the concurrent positive SAM trend (LeQuéré et al., 2007; Lovenduski et al., 2008; Resplandy et al., 2015; Gruber et al., 2023), which corresponds to a strengthening and poleward shift of the SH westerlies. As the CO2 uptake re-invigorated, particularly between 2002 and 2012, other hypotheses to explain the variability emerged such as regional wind variability associated with the zonal wave number 3 pattern (Keppler and Landschützer, 2019), solubility effects (Landschützer et al., 2015) and changes in atmospheric CO2 growth rate (McKinley et al., 2020). While hindcast experiments support a dominant role of the SAM in modulating the SO CO2 fluxes (Gruber et al., 2019; Hauck et al., 2020; Menviel et al., 2023), they underestimate the observed SO CO2 flux variability. This could be due to an under-estimation of Southern Ocean stratification (de Lavergne et al., 2014), potentially linked to enhanced Antarctic basal melt rates (Adusumilli et al., 2020), which would weaken AABW formation and transport (Li, 2023). The individual and compound roles of changes in SH westerly wind strength and position, and AABW formation and transport on the marine carbon cycle need to be fully understood to constrain changes in SO CO2 fluxes.

While overall the SO has mitigated the rise in atmospheric CO2 since at least the 1980s, SO CO2 outgassing has been suggested to induce an increase in atmospheric CO2 during deglaciations as well as past abrupt climate change events (Anderson et al., 2009; Skinner et al., 2010; Watson et al., 2015; Rae et al., 2018; Shuttleworth et al., 2021; Gray et al., 2023). SO stratification during glacial periods, potentially arising from a large sea-ice cover, weaker and/or equatorward shifted SH westerlies would allow a carbon accumulation in the deep ocean (Toggweiler et al., 2006; Menviel et al., 2017). The breakdown of this stratification during deglaciations and Antarctic warm events, i.e. millennial-scale warm periods over Antarctica and the Southern Ocean (Buizert and Members, 2015), would lead to a SO CO2 outgassing and an increase in atmospheric CO2 of up to 20 ppm (Ahn and Brook, 2008; Marcott et al., 2014; Menviel et al., 2018; Bauska et al., 2021). An improved understanding of the interplay between SO circulation and marine carbon cycle is however needed to refine our understanding of these past climate change events.

Here we provide a perspective on past, present and future relationship between changes in atmospheric CO2 and SO circulation arising from both changes in surface wind and buoyancy. We also present recent advances and future work.




2 Southern hemispheric westerly winds

There is a general consensus that stronger SH westerly winds enhance SO natural CO2 outgassing by increasing the upward transport of DIC-rich CDW, thus leading to an increase in atmospheric CO2 (Gottschalk et al., 2020). This DIC increase mostly arises from the advective upwelling of CDW along isopycnals into the mixed layer, although increased vertical diffusion at the base of the mixed layer could also significantly contribute to the higher surface DIC (Dufour et al., 2013). Enhanced upwelling of CDW can also enhance primary production, which acts to increase the export of organic carbon to depth, thus lowering atmospheric CO2 (Menviel, 2008; Hauck et al., 2013). However, most studies found this negative feedback to only have a small impact on the CO2 fluxes (Dufour et al., 2013) and to mostly impact carbon uptake north of the sub-Antarctic front (Menviel et al., 2023).

Depending on the pCO2 of the upwelled water, the magnitude of the negative biological feedback as well as the resolution of the ocean model used, which can impact the outcrop area of deep water and SO circulation response, a 10% strengthening of the SH westerly wind stress has been found to lead to a 2.7 ppm +/- 0.5 ppm CO2 increase (Menviel et al., 2008; Menviel et al., 2015; Huiskamp et al., 2016; Lauderdale et al., 2017; Menviel et al., 2018; Gottschalk et al., 2019). While Toggweiler et al. (2006) hypothesized that a poleward shift of the SH westerly should enhance the SO CO2 outgassing, simulations performed with coarse resolution models led to mixed results, with a poleward SH westerly shift leading to both an increase and a decrease in atmospheric CO2 depending on the model used (Gottschalk et al., 2019).

Most modelling studies that assessed the impact of SH westerly changes on the marine carbon cycle were performed with models that could not resolve mesoscale eddies (Lenton and Matear, 2007; Lovenduski et al., 2007; Lovenduski et al., 2008; Menviel, 2008; Tschumi et al., 2011; Dufour et al., 2013; Hauck et al., 2013; Völker and Köhler, 2013; Huiskamp et al., 2016; Lauderdale et al., 2017). Mesoscale eddies are prevalent in the SO, particularly downstream of topographic features that intercept the path of the Antarctic Circumpolar Current (ACC) (Sokolov and Rintoul, 2009; Frenger et al., 2015). In the SO, eddy induced transports oppose the Ekman-driven overturning transport via eddy compensation. Eddy-permitting and eddy-rich models have thus highlighted the role of eddy compensation in mitigating the Southern Ocean overturning change due to increased wind stress (Meredith et al., 2012; Morrison and Hogg, 2013). It has further been suggested that climate models that did not use a variable eddy parametrization coefficient most likely overestimated the wind-driven response (Gent, 2016).

A recent study (Menviel et al., 2023) assessed the impact of changes in the strength and position of the SH westerlies on SO CO2 fluxes, associated with a positive trend of the SAM over the last 42 years in a global eddy-rich model (ACCESS-OM2-01, 0.1° resolution, 75 vertical levels) forced by the 55-year Japanese Reanalysis for driving oceans (JRA55-do) (Tsujino et al., 2018). This simulation shows that positive phases of the SAM (stronger and poleward shifted SH westerlies) lead to enhanced SO CO2 outgassing south of the polar front, and reduced CO2 uptake north of the sub-Antarctic front. The CO2 outgassing is maximum over topography features such as over the eastern part of the Southeast Indian Ridge, east of the Drake Passage and over the Southwest Indian Ridge, which could be due to enhanced eddy mixing over topography linked to the merging of multiple jets.

Here, we synthesize these results and merge them with other experiments performed with the suite of ACCESS-OM2 models. This includes the ACCESS-OM2 (1° and 50 vertical levels) and ACCESS-OM2-01 (0.1° and 75 vertical levels) forced by the JRA55-do reanalysis over the period 1958 to 2021 (Tsujino et al., 2018; Kiss et al., 2020) as well as four idealized perturbation experiments performed with the ACCESS-OM2-025 (0.25° and 50 vertical levels), in which the SH near surface wind speeds are abruptly modified (Hogg et al., 2017). The zonally uniform and temporally steady perturbations are applied to the CORE-NYF 6-hourly wind field between 27°S and 70°S with smoothing within 5° latitude of the perturbation boundaries. The perturbations include i) a 20% increase in SH westerly windstress between 32°S and 65°S, ii) a 20% increase with a 4° poleward shift, iii) a ∼16% decrease, and iv) a ∼4° equatorward shift of the SH westerly windstress. The first three idealized experiments are integrated for 42 years, while the last one is run for 125 years (Gray et al., 2023).

In all the simulations performed with the suite of ACCESS-OM2 models, stronger and poleward shifted SH westerlies lead to enhanced CO2 outgassing south of the polar front (Figure 1). A robust linear relationship is obtained between the natural SO CO2 flux and mean SO windstress (Figure 2A). The SO CO2 outgassing increases by 13 ± 3 GtC/yr per N/m2 (therefore ∼0.13 GtC/yr per 10% windstress increase). These results show that an eddy-rich model displays a similar sensitivity to changes in SO upwelling than a coarse-resolution model with a varying isopycnal thickness diffusivity (Kiss et al., 2020).




Figure 2 | Relationship between SO natural CO2 flux (south of 35°S) and SO windstress as simulated in experiments performed with ACCESS-OM2 models at 0.1° (black stars, ACCESS-OM2-01), 0.25° (blue circles, ACCESS-OM2-025) and 1° (red triangles, ACCESS-OM2) resolution. (left) SO natural CO2 flux as a function of SO windstress (averaged between 35°S-65°S), with a slope of 13 ± 3 GtC.m2/N across all experiments and R values of 0.97, 0.6 and 0.63 for the experiments performed with the ACCESS-OM2-025, ACCESS-OM2-01 and ACCESS-OM2, respectively. (right) SO residual natural CO2 flux as a function of location of the maximum SO windstress with a slope of 0.016 ± 0.04 GtC/° latitude. The R values are of 0.99, 0.3 and 0.22 for the experiments performed with the ACCESS-OM2-025, ACCESS-OM2-01 and ACCESS-OM2, respectively. The residual natural CO2 flux was calculated by subtracting the impact of changes in the strength of the westerly windstress as per the relationship defined on the left.



While the relationship between the position of the maximum SO windstress and SO CO2 fluxes is weak, there is still a significant relationship, with enhanced SO CO2 outgassing as the SH westerlies shift poleward, with a sensitivity of 0.016 ± 0.04 GtC/° latitude (Figure 2B). As the SH westerlies move poleward, so does the divergence, which leads to a steepening of heavier isopycnals, thus increasing the upwelling pathway of carbon-rich deep-waters (Toggweiler et al., 2006; Gray et al., 2023).

While many modelling studies assessed the impact of SH westerly changes on natural CO2 fluxes, the impact on anthropogenic CO2 fluxes has been less studied. Nevertheless, the results suggest that stronger SH westerlies also enhance the uptake of anthropogenic CO2 in the SO, but the amplitude of this enhanced SO anthropogenic CO2 uptake is only one third of the associated enhanced natural CO2 outgassing (Lovenduski et al., 2008; Menviel et al., 2023). As such stronger SH westerlies reduce the total SO CO2 uptake.




3 Antarctic bottom water transport

AABW is the densest large-scale water mass in the global ocean and it fills roughly 35% of the global ocean volume. As AABW moves northward in the abyss, it upwells through diapycnal mixing in the sub-tropics and tropics into deep waters (Talley, 2013). These deep waters, i.e. North Atlantic Deep Water (NADW), Indian Deep Water (IDW) and Pacific Deep Water (PDW) are then often upwelled at the surface of the Southern Ocean as CDW. Changes in AABW formation and transport, can arise from changes in SH westerlies, but also changes in sea-ice cover and polynya opening. For example, a poleward strengthening of the SH westerlies in the ACCESS-OM2-025 enhances the northward transport of sea-ice, thus leading to enhanced AABW formation and transport (Hogg et al., 2017; Menviel et al., 2018). On the contrary, stronger polar easterlies increase the build-up of sea ice over the continental shelf, which reduces AABW formation (Jeong et al., 2022; Schmidt et al., 2023). Changes in buoyancy forcing resulting from changes in sea-ice formation can also affect AABW formation and transport. Polynya openings in the Antarctic coastal zone trigger large deep-ocean convection events, which strengthen the lower overturning cell (Hogg et al., 2017; Jeong et al., 2022). On the other hand, reduced sea-ice formation and associated warmer conditions can decrease the density of surface waters, thus increasing stratification and decreasing the formation of AABW (Choudhury et al., 2022; Zhou et al., 2023).

In turn, changes in AABW formation and transport affect the oceanic DIC concentration and atmospheric CO2. Figure 3 shows zonally averaged DIC anomalies in two experiments which feature stronger AABW transport, but one is generated by surface SO salinification in an Earth system model of intermediate complexity, LOVECLIM (Menviel et al., 2015) (△AABW=+14 Sv, Figures 3A, B) and the other by a poleward strengthening of the SH westerlies in the ACCESS-OM2-025 (△AABW=+11 Sv, Figures 3C–F). In both cases, enhanced AABW transport leads to a natural DIC decrease in the deep ocean (Figures 3A, C). This arises i) from a decrease in remineralized DIC (Figures 3B, D), i.e. a decrease in the amount of carbon that can accumulate in the deep ocean resulting from a lower residence time of AABW; and ii) from a larger proportion of southern sourced waters with lower DIC concentration being advected to the deep North Pacific. The deep North Pacific indeed host the oldest watermass with the highest DIC concentration. As this enhanced lower overturning cell reduces deep ocean DIC concentration, it leads to an increase in DIC concentration above 1500m depth north of 40°S and in the mixed layer of the Southern Ocean (Figures 3A, C), thus resulting in a weaker vertical DIC gradient.




Figure 3 | Zonally-averaged (A) natural DIC and (B) remineralized DIC anomalies (mmol/m3) after 100 years for the SO salinification experiment performed with the Earth system model of intermediate complexity LOVECLIM (Menviel et al., 2015). Zonally-averaged (C) natural DIC, (D) remineralized DIC, (E) anthropogenic DIC and (F) total DIC anomalies (mmol/m3) after 50 years for the poleward intensified SH westerlies (+20% and 4° poleward shift) experiment performed with the ACCESS-OM2-025 (Menviel et al., 2018). Overlaid are the global overturning streamfunction anomalies (Sv).



The differences in simulated DIC anomalies between the SO salinification and SH westerly poleward strengthening experiments could be attributed i) to the different length of the experiments (100 years vs 50 years): the DIC anomaly needs more than 50 years to reach the deep North Pacific; ii) the poleward strengthening of the winds enhance the upper overturning cell (Hogg et al., 2017) (Figure 3C); and iii) the poleward strengthening of the SH westerlies leads to the opening of a polynya, which triggers a large deep-ocean convection event in SO.

Even though the preformed carbon entrained in the downwelling branch of AABW can increase, thus also leading to a significant increase in anthropogenic DIC concentration in the Southern Ocean (Figure 3E), this cannot compensate for the loss of natural DIC (Figure 3C) thus leading to negative total DIC anomalies (Figure 3F).




4 Discussion

Both dynamical and buoyancy changes can impact SO circulation and thus the SO CO2 air-sea gas exchange, as well as the oceanic DIC distribution. As changes in the strength and position of the SH westerlies modulate the upwelling of carbon-rich deep-waters to the surface of the SO, it has long been suggested that changes in the SH westerlies could modulate the atmospheric CO2 concentration (Russell et al., 2006; Toggweiler et al., 2006). While coarse resolution models consistently showed that stronger SH westerlies enhance the SO natural CO2 outgassing (Gottschalk et al., 2019), the lack of representation of mesoscale eddies within these modelling framework cast doubts on this result. In addition, due to the misrepresentation of AABW formation and the coarse resolution of the models used, the impact of changes in the position of SH westerlies on SO CO2 flux was debated (Gottschalk et al., 2019). New results obtained with an eddy-rich model, which correctly forms dense-shelf water, show that mesoscale eddies do not significantly diminish the carbon cycle response to the wind-driven circulation and that poleward shifted SH westerlies enhance the SO natural CO2 outgassing (Menviel et al., 2023).

In line with this, present-day hindcast simulations have suggested that changes in SH westerlies associated with the SAM were the dominant factor modulating the SO air-sea CO2 exchange (Lenton and Matear, 2007; Lovenduski et al., 2007; Lovenduski et al., 2008). However, these simulations have not been able to reproduce the observational-based estimates contemporary CO2 fluxes in SO (Lequere et al., 2018; Gruber et al., 2019; Hauck et al., 2020), even with eddy-rich ocean models (Menviel et al., 2023) forced with atmospheric reanalyses. Gloege et al. (2021) found that the decadal-scale variability in SO contemporary CO2 flux could be overestimated by 30% due to undersampling. On the other hand, hindcast simulations could also underestimate the variability due to an overestimation of negative feedbacks (e.g. biological). The impact of changes in the strength and position of the SH westerlies should be further studied in eddy-permitting or eddy-resolving models that include complex ecosystem models.

The underestimation of the decadal-scale CO2 variability could also be due to a poor representation of changes in buoyancy forcing, for example arising from enhanced Antarctic basal melt rates (Adusumilli et al., 2020), that could weaken AABW (Li, 2023). Buoyancy gain on the Antarctic shelf through either increased meltwater or warming will weaken the formation of AABW, and its subsequent transport (Menviel et al., 2010; Bintanja et al., 2013; Li, 2023). As a water mass ages, it accumulates remineralized nutrients. Weaker AABW transport increases the remineralized nutrient content in the deep ocean, which has been shown to increase the vertical DIC gradient and reduce SO natural CO2 outgassing (Ito and Follows, 2005; Menviel et al., 2015). Future hindcast simulations should thus also include changes in Antarctic basal melt rates, with the caveat that the present-day carbon cycle could still be responding to changes that occurred decades ago.

In addition, as most models used to study the impact of changes in the oceanic circulation form AABW through deep-ocean convection, the impact of changes in dense-shelf water formation on the marine carbon cycle needs to be studied. In particular, the transport pathway of carbon from the abyss into deep waters and back to the surface as a function of bottom and deep water masses transport and volume should be better constrained. While both changes in SO upwelling strength and AABW formation can impact atmospheric CO2, the marine carbon cycle response timescales are different: the SH westerlies impact the SO CO2 outgassing within just a few months (Lenton and Matear, 2007; Menviel et al., 2023), while changes in AABW formation and transport only significantly impact air-sea CO2 fluxes on a multi-decadal timescale (Menviel et al., 2018).

Finally, buoyancy and dynamic SO forcing can oppose each other, thus leading to a complex time-evolving oceanic circulation and thus marine carbon cycle response. In the context of past, present and future climate change, the individual and compound effects of changes in SH westerly, sea-ice formation and melt, formation of SO watermasses and the marine carbon cycle need to be better constrained to understand the resultant changes in atmospheric CO2.
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