
Zonally asymmetric patterns in isopycnal outcropping and 
surface buoyancy forcing are critical for closing the global 
overturning circulation.

The patterns of and changes to this surface forcing are 
localized and modulated by flow-topography interactions.

The connection between the ACC and the Antarctic margins 
experiences different regimes, most of which remain 
dynamically under-explored.
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Fig. 2. (Left) Schematic of the meridional overturning circulation in depth-latitude space.
The green and blue curves are typically viewed as distinct overturning cells associated with
North Atlantic Deep Water formation and Antarctic Bottom Water formation, respectively.
(Right) Idealized three-dimensional schematic of the overturning circulation following Talley
(2013). Here the overturning cycles through both Atlantic and Pacific basins, either through
the Antarctic Circumpolar Current or the Indonesian Throughflow, before closing. Rather
than two distinct cells, the overturning more closely approximates a single figure-of-eight
loop.
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Conclusions

et al. 2008; Cerove!cki et al. 2013). Air–sea heat flux shows
large spatial inhomogeneity in the ACC; as a result, heat
fluxes are a major contribution to the impact of buoyancy
fluxes on the overturning circulation in the ACC. How-
ever, our knowledge about air–sea fluxes has been severely
limited due to a lack of direct observations (Bourassa et al.
2013), and air–sea heat fluxes have been identified as the
largest contributor to uncertainty in the upper ocean heat
budget (Dong et al. 2007; Faure et al. 2011).
Recently developed air–sea flux products that con-

strain the heat fluxes with additional observations and
reduce the global long-term surface heat imbalance
(Large and Yeager 2009) as well as adjusted fluxes from
state estimates constrained to observations (Figs. 1a,b)
show agreement in large-scale patterns of air–sea heat
fluxes in the Southern Ocean (Cerove!cki et al. 2011).
These improved heat flux products reveal a robust, large-
scale zonally asymmetric pattern in the ACC of broad

ocean heat gain in the Indian and Atlantic basins and a
broad region of ocean cooling in the Pacific basin
(Fig. 1b). The impact of this zonal dipole on the over-
turning circulation has been explored in an idealized
model (Radko and Marshall 2006), showing a stronger
residual overturning circulation in the region of larger
buoyancy gain due to stronger ocean heat gain in the
Indian and Atlantic sectors. From in situ ocean obser-
vations, Sun andWatts (2002) show that the ACC warms
where it flows equatorward in the Atlantic and Indian
sectors, and cools where it flows poleward in the Pacific
sector. The zonal dipole air–sea heat flux pattern in Fig. 1
matches their inference of warming and cooling, although
the Southern Ocean State Estimate (SOSE) and Large
and Yeager’s (2009) heat flux pattern are zonally much
broader than in the proposal by Sun and Watts (2002).
Dong et al. (2007) used observations and a simple

model to estimate the mixed layer heat budget in the

FIG. 1. SOSE 2005–10mean of (a) zonal anomaly of sea surface temperature (8C), (b) net air–sea heat flux (Wm22; with positive defined
as heat flux into the ocean), (c) zonal anomaly of net air–sea heat flux, (d) zonal anomaly of net shortwave heat flux, (e) zonal anomaly of
net longwave radiation (incoming2 outgoing), (f) zonal anomaly of net latent heat flux, and (g) zonal anomaly net sensible heat flux. We
havemasked the temperature and fluxes in the region south of the 2005–10 annual mean sea ice boundary where the fluxes are significantly
influenced by sea ice as this region will not be considered in this analysis.
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• What is the role of submesoscale processes on ventilation 
and subduction in the Southern Ocean?

• How are physical transport and biogeochemical cycling 
coupled near topographic hotspots?

• Are process models able to mechanistically explain 
transitions in the overturning structure?

• How does the ACC - marginal gyre - bottom water 
formation site system respond to climate change (buoyancy 
forcing and wind stress)?
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Fig. 2. (Left) Schematic of the meridional overturning circulation in depth-latitude space.
The green and blue curves are typically viewed as distinct overturning cells associated with
North Atlantic Deep Water formation and Antarctic Bottom Water formation, respectively.
(Right) Idealized three-dimensional schematic of the overturning circulation following Talley
(2013). Here the overturning cycles through both Atlantic and Pacific basins, either through
the Antarctic Circumpolar Current or the Indonesian Throughflow, before closing. Rather
than two distinct cells, the overturning more closely approximates a single figure-of-eight
loop.
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et al. 2008; Cerove!cki et al. 2013). Air–sea heat flux shows
large spatial inhomogeneity in the ACC; as a result, heat
fluxes are a major contribution to the impact of buoyancy
fluxes on the overturning circulation in the ACC. How-
ever, our knowledge about air–sea fluxes has been severely
limited due to a lack of direct observations (Bourassa et al.
2013), and air–sea heat fluxes have been identified as the
largest contributor to uncertainty in the upper ocean heat
budget (Dong et al. 2007; Faure et al. 2011).
Recently developed air–sea flux products that con-

strain the heat fluxes with additional observations and
reduce the global long-term surface heat imbalance
(Large and Yeager 2009) as well as adjusted fluxes from
state estimates constrained to observations (Figs. 1a,b)
show agreement in large-scale patterns of air–sea heat
fluxes in the Southern Ocean (Cerove!cki et al. 2011).
These improved heat flux products reveal a robust, large-
scale zonally asymmetric pattern in the ACC of broad

ocean heat gain in the Indian and Atlantic basins and a
broad region of ocean cooling in the Pacific basin
(Fig. 1b). The impact of this zonal dipole on the over-
turning circulation has been explored in an idealized
model (Radko and Marshall 2006), showing a stronger
residual overturning circulation in the region of larger
buoyancy gain due to stronger ocean heat gain in the
Indian and Atlantic sectors. From in situ ocean obser-
vations, Sun andWatts (2002) show that the ACC warms
where it flows equatorward in the Atlantic and Indian
sectors, and cools where it flows poleward in the Pacific
sector. The zonal dipole air–sea heat flux pattern in Fig. 1
matches their inference of warming and cooling, although
the Southern Ocean State Estimate (SOSE) and Large
and Yeager’s (2009) heat flux pattern are zonally much
broader than in the proposal by Sun and Watts (2002).
Dong et al. (2007) used observations and a simple

model to estimate the mixed layer heat budget in the

FIG. 1. SOSE 2005–10mean of (a) zonal anomaly of sea surface temperature (8C), (b) net air–sea heat flux (Wm22; with positive defined
as heat flux into the ocean), (c) zonal anomaly of net air–sea heat flux, (d) zonal anomaly of net shortwave heat flux, (e) zonal anomaly of
net longwave radiation (incoming2 outgoing), (f) zonal anomaly of net latent heat flux, and (g) zonal anomaly net sensible heat flux. We
havemasked the temperature and fluxes in the region south of the 2005–10 annual mean sea ice boundary where the fluxes are significantly
influenced by sea ice as this region will not be considered in this analysis.
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Open questions


