




The circulation of the Southern Ocean is one of the primary sources of error in
 projecting climate change.

A. 85% of the anthropogenic carbon currently entering the atmosphere will dissolve
 in the ocean - the rate is limited by the rate at which deep waters are exposed to
 the surface.

B.The Southern Ocean accounts for about 40% of the total oceanic uptake and
 controls the air-sea gas fluxes associated with the biological pump.

C. Source of crucial water mass formation - SAMW, AAIW, and AABW.

D. There is significant disagreement between models about the rate at which water
 masses are transformed within the Southern Ocean. 
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John Austin: The animation shows the evolution of northern and southern hemisphere 
ozone as simulated in the GFDL coupled chemistry-climate model. 



Seidel et al., 2007



Column inventory of anthropogenic CO2 in the oceans (after Sabine et al. 2002).
High inventories are associated with deep water formation in the North Atlantic 
and intermediate and mode water formation between 30°S and 50°S
(Feely and Sabine, http://www.pmel.noaa.gov/co2/PressConference.html)



Sarah Gille’s reconstruction
Of Southern Ocean 
temperature trends from
ALACE/hydrography 
Differences (Science, 2002)

Fig 3. Temperature trends computed from ALACE
 hydrography differences bin-averaged in 1° by 1° squares.
 For this analysis, ALACE/hydrography pairs were used if the
 hydrographic measurements were collected after 1930, and
 they were separated from the ALACE observations by at least
 10 years in time and by less than 220 km in space.



Figure 1. Schematic depiction of the
 high-latitude ice-atmosphere
 response to +SAM 

The base image is from T. Mitchell
 (http://www.jisao.washington.edu
/sam) and shows the regression of
 SLP anomalies onto a SAM-derived
 index (see transcom.colostate.edu for
 details). 

The arrows schematically depict wind
 anomalies during a +SAM scenario

Stammerjohn et al. (2007)









Maximum westerly wind stress vs ACC strength

Russell et al.,
2006a



Russell et al., 2006a



Zonally-averaged wind stress (N/m2). 
Observed (black), GFDL-CM2.1 (blue, circle), GFDL-CM2.0 (blue, triangle)





The Subtropical Front is defined as a Salinity of 34.9-35.0 at 100m. 
The southern boundary of the ACC is defined as σ0 of 1027.6 at 200m. 
(After Orsi, 1999)





1.  About Right (ACC strength and position, Westerly Winds, Freshwater and
 heat fluxes, NADW heat and salt transport the Southern Ocean) -
 GFDL CM2.1, MIROC3.2(hires)

2. Wind stress errors that lead to incorrect ACC transports
a)  Too high wind stress over ACC (CSIRO-Mk3.0, MIROC(medres),
 UKMO-HadGEM1

 b) Too weak wind stress produce weak ACC (CNRM and IAP)
 c) Equatorward displacement of strong winds (GFDL CM2.0, 

 BCCR-BCM2.0, MRI-CGM2.3.2a, both CCMA models)
 d) Equatorward displacement of weak winds (GISS-AOM, GISS-ER)

3. Incorrect formation of NADW
 a) NADW too warm, fresh or weak (INM-CM3.0, IPSL-CM4)
 b) NADW too large (UKMO-HadCM3)





Subtropical Front (salinity between 34.9 and 35.0 at 100m)  
Subantarctic Front (temperature between 4°C and 5°C at 400m)  
Polar Front (temperature minimum in the upper 200 meters between 1°C and 2°C)  
Southern Boundary of the ACC (sigma-0 between 27.55 and 27.65)  
All definitions are after Orsi et al. (1995). 

 























           Red=CM2.0, Black=CM2.1                 

…as CO2 increases (~doubles), the S. Hemisphere’s �
westerly winds strengthen (max zonal wind stress + ~10%) Russell et al., 2006b



As one might expect in a warming world, the area over which potential densities exceed 27.1
 (σθ) at 100m depth (shown in yellow) is reduced as surface waters warm, and the depths at
 which the σθ 27.1 surface lie become deeper.



The outcrop area
 decreases as the
 surface waters
 warm.

…decreases by 
~8x106 km2 (~33%) in
 CM2.1

… decreases by 
~7x106 km2 (~50%) in
 CM2.0

           Red = CM2.0, Black = CM2.1             



Yet the amount of water
 that has been in contact
 with the surface less
 than 50 years prior
 grows because of more
 Southern Ocean
 ventilation. �
(due to more surface
 divergence)

…increases by 
~6% in CM2.1…

…less so in CM2.0

           Red = CM2.0, Black = CM2.1             



Courtesy C. Sweeney



Northward transport of light water (σθ ≤ 27.5) at 40°S plotted against the ACC transport at Drake Passage for each of the  
models considered in this study. The blue circle is GFDL-CM2.1, the red circle is GFDL-CM2.0, the green circle is  
MIROC-3.2(hires), and the purple circle is MRI-CGCM2.3.2. The northward transport is a rough measure of the dense-to- 
light water transformation occurring in the Southern Ocean; b) time series of the northward transport of light water at 40°S  
(the conversion rate) for the GFDL-CM2.1 (blue), GFDL-CM2.0 (red) and MRI-CGCM2.3.2 (purple) coupled climate  
models. These time series are of the annual mean conversion rate, smoothed with a centered-mean 9-year running smoother.  

  



Heat and solubility-related carbon inventory grows over time

More so in CM2.1 (solid) than CM2.0 (dash) as time goes on & effects of deep
 ventilation differences become more apparent.



Carbon Storage Difference (mol/m2)Heat Storage Difference (109 J/m2)





 

From Stouffer, Russell & Spelman, 2006



Surface air temperature difference, perturbation integration minus
 the 1860 control integration (oK).  

CM2.0

CM2.1

SRES B1 SRES A1B SRES A2

Stouffer, Russell & Spelman (2006)



Poleward-Intensification of the Southern Hemisphere Westerlies:
Ecosystem Impacts (with D. Ainley, C. Tynan & A. Drain)















After K. Speer







After Petit et al, 1999



Fresh water flux shown (mm/day)





After Petit et al, 1999
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Change in ∂13C between the modern and glacial Atlantic due to the  buildup of respired CO2 at depth. 
 The figure was constructed by subtracting the ∂13C of the water overlying 56 sediment cores in the
 eastern Atlantic from the ∂13C of benthic foraminifera of glacial age (after Duplessey et al., 1988, 
 Kroopnick, 1985, and Boyle, 1992, with additional data from Curry et al., 1988,  Flower et al., 2000,
 Hodell et al., 2003, and Mackensen et al., 2001).  A value of  0.3 per mil was added to the difference to
 remove the effect of isotopically light  terrestrial carbon that invaded the ocean at the time of the LGM. 
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From Hodell et al., 2004



Anderson et al, 2009



  The Southern Hemisphere Westerlies determine the
 partition of carbon between deep ocean and atmosphere by
 controlling the rate of global deep ocean ventilation.

  Poleward intensification of the SH Westerlies decreases
 stratification in the Southern Ocean allowing the deep
 ocean to equilibrate with the atmosphere.

*** To see this effect in a model requires a good simulation of
 S.H. westerlies & NADW.***


