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A response to trends in surface winds? 
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How ozone depletion is linked to the SAM
The observed and modelled linkages between the ozone hole 
and tropospheric circulation anomalies resembling the SAM are 
robust. But the underlying mechanisms remain unclear. The prin-
cipal problem is the following. We understand how the Antarctic 
ozone hole cools the polar stratosphere (mainly through reduced 
absorption of shortwave radiation). We understand why the polar 
cooling should lead to a strengthening of the Southern Hemisphere 
stratospheric polar vortex during spring (through geostrophic bal-
ance). But we do not fully understand the mechanisms whereby 
changes in the stratospheric polar vortex are coupled to variability 
in the tropospheric flow in the form of the SAM.

As noted earlier, the SAM owes its existence to internal tropo-
spheric dynamics. Variability in the SAM is driven by changes in the 
fluxes of heat and momentum by synoptic-scale (1,000-km-scale) 
atmospheric waves10–14. In the case of the high-index polarity of the 
SAM, the changes in the wind field are driven by anomalous pole-
ward wave fluxes of heat in the lower troposphere near 60° S and 
anomalous poleward wave fluxes of momentum at the tropopause. 
The link between the ozone hole and the SAM is thought to hinge 
critically on the effects of ozone depletion on these wave fluxes of 
heat and momentum.

One line of reasoning holds that stratospheric ozone deple-
tion influences the SAM by means of its effect on the wave fluxes 
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Figure 4 | Signature of the SAM in austral summertime climate variability. Results show regressions on the SAM index using DJF monthly mean data. a,c, 
Surface air temperatures (SAT; shading) and 925-hPa winds (vectors). b, Sea surface temperatures (SST; shading) and 925-hPa winds (vectors).  
d, e, Precipitation (shading) and 925-hPa winds (vectors). Shading interval is (a and c) 0.1 K; (b) 0.04 K; and (d and e) 0.08 mm day–1. Data sources and 
analyses details are given in Methods.
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Figure 4 | Signature of the SAM in austral summertime climate variability. Results show regressions on the SAM index using DJF monthly mean data. a,c, 
Surface air temperatures (SAT; shading) and 925-hPa winds (vectors). b, Sea surface temperatures (SST; shading) and 925-hPa winds (vectors).  
d, e, Precipitation (shading) and 925-hPa winds (vectors). Shading interval is (a and c) 0.1 K; (b) 0.04 K; and (d and e) 0.08 mm day–1. Data sources and 
analyses details are given in Methods.
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Figure 4 | Signature of the SAM in austral summertime climate variability. Results show regressions on the SAM index using DJF monthly mean data. a,c, 
Surface air temperatures (SAT; shading) and 925-hPa winds (vectors). b, Sea surface temperatures (SST; shading) and 925-hPa winds (vectors).  
d, e, Precipitation (shading) and 925-hPa winds (vectors). Shading interval is (a and c) 0.1 K; (b) 0.04 K; and (d and e) 0.08 mm day–1. Data sources and 
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Fig. 13. Response of SST (�C) averaged over the first year (top) and years 11-20 (bottom)
after an abrupt ozone depletion in the CCSM3.5.
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Pattern of temperature change associated with a (theoretical) 

0.75° poleward shift in climatological isotherms 

discussed previously. To further test this hypothesis,
we take the corrected climatological temperature field
(Wijffels et al. 2008) and shift the latitudes poleward by
0.58 and 0.758, respectively, to form two shifted fields.
The difference between the shifted and the original field
reflects what such shifts would do in altering ocean
temperatures. They are shown in Figs. 4a and 4b, to be
compared with observed trends based on Wijffels et al.
(2008), as shown in Fig. 4c. For a comparison, we per-
form a similar manipulation on the all-model ensemble
mean climatology, with the results plotted in Figs. 4d–f.

The pattern after such a shift (Fig. 4a for a 0.58 shift
case and Fig. 4b for a 0.758 shift) is indeed similar to
the actual warming pattern (Fig. 4c), including a fast
warming rate in the 358–508S midlatitude band, a hint
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pattern centered at approximately 438S. Sensitivities to
the amount of the poleward shift—for example, by 0.758
and 1.58 (not shown)—reveal that the maximum warming
always occurs at approximately 438S, where the meridi-
onal temperature gradient in the climatology is a maxi-
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FIG. 7. The thin lines are contours of mean salinity. The region of
no shading marks fresh AASW and AAIW, salinity ,34.4 psu; the
darkest shading marks salty NADW, salinity .34.7 psu. The dark
solid lines are contours of the residual circulation with the arrows
showing the direction of flow.

FIG. 8. The thin lines are contours of the mean dissolved oxygen.
The region of no shading marks high-oxygen AASW and AAIW,
dissolved oxygen .5.75 mL L21; the darkest shading marks low-
oxygen NADW, dissolved oxygen ,4.5 mL L21. The dark solid lines
are contours of the residual circulation with the arrows showing the
direction of flow.

proaches lead to a similar pattern and position of the
convergence zone.
It should be noted that Speer et al. (2000) argued that

eddies do not play an important role in the water trans-
formation of the ACC. Our calculations support this
conclusion at the poleward boundary of the ACC, where
eddy fluxes are weak and to leading order surface fluxes
balance Ekman transport. However, this is certainly not
true on the equatorward flank of the ACC where the
eddies are very strong and appear to balance the Ekman
transport.

d. Tracer transport
In this section, by making reference to the distribution

of salinity and oxygen, we examine whether our cal-
culated residual circulation is consistent with these trac-
er fields. We choose salinity and oxygen because cli-
matological datasets are available from Levitus and
Boyer (1994) and because their structure differs con-
siderably from the buoyancy.
In Fig. 7 the salinity field is presented using a gray-

scale. The light region at the surface poleward of the
ACC marks freshwater formed as ice melts. The signal
of this freshwater is seen as a tongue of low salinity
water that extends equatorward under the ACC. This
tongue clearly marks the subduction of low salinity wa-
ter to form AAIW. There is also evidence of high salinity
NADW upwelling to the surface. Superimposed in the
figure are the streamlines of the residual circulation with
arrows indicating the direction of flow. They suggest
that the freshwater formed by ice melt is advected equa-
torward and then subducted near the center of the ACC.
The path of the flow suggested by the residual circu-
lation agrees remarkably well with the observed salinity

tongue. The upwelling tongue of NADW, however, ap-
pears to lie slightly deeper than the upwelling limb of
our residual circulation. We believe this is clear evi-
dence that the large-scale pattern of the residual cir-
culation calculated here is plausible.
In Fig. 8, we superimpose the distribution of dis-

solved oxygen with the residual circulation. The oxygen
distribution shows two striking features. First, the low
temperature surface waters poleward of the ACC have
a very high concentration of oxygen. This region of
well-oxygenated water also extends equatorward as a
tongue under the ACC, tagging AAIW as freshly ven-
tilated water. Second, there is a tongue of low oxygen
water extending poleward at greater depths and rising
almost to the surface marking unventilated NADW.
Again the pattern of dissolved oxygen is in broad

agreement with our pattern of residual circulation. Low
oxygen waters are transported poleward at depth across
the ACC, rising upward until they are brought to the
surface poleward of the ACC. These waters are oxy-
genated as they return equatorward at the surface to be
subducted near the axis of the ACC forming well-ven-
tilated AAIW.
It has long been postulated that such overturning cell

must exist in order to explain the observed water masses
and the transformation of NADW to AAIW (see the
discussions in Speer et al. 2000). We see here how this
circulation pattern might come about and the importance
of eddies in contributing to it. The fact that our inferred
circulation agrees well qualitatively with the salinity and
oxygen distributions adds credence to the methods used
to infer it.

Karsten and Marshall (2002) 
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!  Ocean-only simulation with the MITgcm 
!  global ocean with realistic land geometry, 1° resolution 

!  no atmosphere 
 

!  Model run to equilibrium with air-sea fluxes prescribed through bulk 
formulae -- CORE protocol of Griffies et al (2009), with an annually 
repeating cycle 
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!  Abrupt, uniform surface forcing of R = 4 Wm-2 

!  Uniform radiative feedback of equal to -1 Wm-2K-1 

!  No other surface flux changes (wind, fresh water, etc) 

Any spatial structure in warming must arise from ocean circulation 
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!  Ocean-only simulation with the MITgcm 
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!  Compare to passive tracer uptake (units of temperature, initialized to 
background temperature distribution, forced and damped at the surface 
as in the greenhouse gas forcing experiment) 

Any spatial structure in warming must arise from ocean circulation 
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!  Ocean-only simulation with the MITgcm 
!  global ocean with realistic land geometry, 1° resolution 

!  no atmosphere 
 

!  Model run to equilibrium with air-sea fluxes prescribed through bulk 
formulae -- CORE protocol of Griffies et al (2009), with an annually 
repeating cycle 

!  Wind forcing experiment 
!  Abrupt perturbation to Southern Ocean surface winds (response to a step 
change in the Southern Annular Mode) 

!  Wind stress on ocean only, no direct heat flux forcing, but uniform 
radiative feedback of equal to -1 Wm-2K-1 

Ocean-only MITgcm simulation 
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!  Composite of 30 year sea-surface temperature trends congruent with 
large 30 year trends in surface winds (internal SAM variability), normalized 
to observed wind trend over last 30 years 
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Supplementary Figure 3. As in Suppl. Fig. 2 but for sea surface temperature. Unit is 237 

deg C. 238 
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Bintanja et al 2013 
(but see Swart and Fyfe 2013) 
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