
Today:

Me:  
• Overview of SH annular variability (context for later talks). 
• Annular-like trends in the Southern Hemisphere. Possible causes. 

Laura Ciasto: 
• Linkages between the Equatorial Pacific and SH teleconnections.

Ed Gerber: 
• The relative role of ozone vs. GHG forcing in circulation trends in the SH. 
• Sensitivity of the responses. Implications for the dynamics.

Francis Cordron: 
• Seasonality of the SAM. Relationship of SAM with mean state. Basic dynamics/feedbacks, model 

biases.

David Schneider: 
• Tropical teleconnections over Antarctica and the Southern Ocean.
• Recent trends over Antarctica. 

John Fyfe: 
• Southern Ocean response to GHG increase. 
• Southern Ocean role in response to ozone depletion. Antarctic sea response to ozone depletion.



• Structure/basic dynamics of SH annular 
variability. 

• Why we care: Climate impacts. Trends. 

• How GHGs and ozone depletion (might) 
force SH annular variability.



  

The Southern annular mode

850-hPa height and U regressed on the SAM

e.g., Kidson, Karoly, Trenberth, Hartmann, Thompson/Wallace, etc.
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FIG. 4. Summary statistics for z and m. Power spectrum of (a) z and (b) m. Vertical axis is power spectral density in (a) m2 s�2 (b) and
m2 s�2 day�2; Autocorrelation of (c) z and (d) m.

FIG. 5. Cross correlation between z and m.

zonal-mean wind by 0� to 90�. Therefore, composites
of zonal index ‘‘events’’ will always show the largest
eddy momentum fluxes prior to the largest zonal-mean
wind anomalies (Robinson 1994, 1996; Feldstein and
Lee 1996, 1998).
A summary of the basic characteristics of the time

series z and m is given in Fig. 4. The most obvious
difference between z and m is the characteristic time-
scale: z is much lower frequency than m (Figs. 4a,b).
This is the expected relationship between a quantity, z,

and its forcing, m. Looking at Fig. 4d we see that the
eddy forcing autocorrelation is not a simple impulse;
instead it has negative values at low lags. This feature
is represented in the power spectrum (Fig. 4b) by the
broad maximum centered at a frequency of 0.1 day�1.
Since z varies at such long timescales and, moreover,
since there is no similar maximum in z (Fig. 4a), this
feature is most likely an intrinsic characteristic of the
eddy momentum forcing independent of the zonal-mean
wind variability. To diagnose the effect of z on m, we
look at the cross correlation between z and m (Fig. 5).
First note that although the cross-spectrum analysis in-
dicated that the two time series are very coherent, the
correlations in Fig. 5 are small—the highest correlation
is 0.5—because of the large differences in the timescale
between z and m (Figs. 4a,b). As expected from (2), the
strongest correlations are at short negative lags where
the eddy forcing leads the zonal wind anomalies. The
negative correlations at positive lags do not represent a
negative feedback but are an artifact related to the eddy
forcing only: the eddy forcing anomalies are negatively
autocorrelated at small lags (Fig. 4d). To find evidence
for a feedback, one must look for nonzero correlations
at large positive lags. In this case, the correlations are
small but consistently positive at large lags. These cor-
relations implying a positive feedback are significant at
the 95% level for lags of 6–13 days (see appendix B)
and, moreover, are reproducible in subsamples of the
7305-day time series (not shown). We will show in the

positive feedback

Correlations between the wind and forcing associated with the 
SAM. From Lorenz/Hartmann 2001.



why we care (I): Climate impacts
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Figure 4. The signature of the SAM in austral summertime climate variability. Results show 
regressions on the SAM index using DJF monthly-mean data. (a and c) surface temperatures (shading) 
and 925 hPa winds (vectors). (b) sea surface temperatures (shading) and 925 hPa winds (vectors). (d 
and 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. 

Regressions on the SAM during summer. 
eg Thompson and Solomon 2002; Sen Gupta and England 2006; Ciasto and Thompson 
2008.
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Figure 4. The signature of the SAM in austral summertime climate variability. Results show 
regressions on the SAM index using DJF monthly-mean data. (a and c) surface temperatures (shading) 
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and e) precipitation (shading) and 925 hPa winds (vectors). Shading interval is (a and c) 0.1 K, (b) 0.04 K, 
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why we care (I): Climate impacts

Regressions on the SAM during summer. 
eg Hendon et al. 2007; Ummenhofer et al. 2009; Thompson et al. 2011. 



why we care (II): Trends
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Figure 1. The signature of the ozone hole 
in observed and simulated changes in the 
Southern Hemisphere polar circulation. 
(a, b): Observed composite differences 
between the pre-ozone hole and ozone hole 
eras in (a) polar ozone from Syowa station 
(69°S, 40°E; similar results are obtained for 
other stations within the ozone hole region) 
and (b) polar-mean geopotential height from 
radiosonde data. (c, d) Simulated differences 
in polar geopotential height between the pre-
ozone hole and ozone hole eras from the 
experiments in refs. 30 and 32. Contour 
intervals are (a) 10% depletion for values of 
20% and greater and (b-d) 40 m (-60, -20, 
20, ….). Positive contours are solid, negative 
contours are dashed. Shading indicates 
trends significant at the 95% level based on a 
one-tailed test of the t-statistic. See Methods 
for details. 
 
#

Observed and simulated 
trends from the pre-ozone 
hole to ozone hole eras.



why we care (II): Trends

Observed and simulated trends from the pre-ozone hole to ozone 
hole eras
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Figure 2. The signature of the ozone hole in observed and simulated changes in the austral 
summertime circulation. (a) Observed composite differences between the pre-ozone hole and ozone 
hole eras in December-February (DJF)-mean 500 hPa geopotential height from the NCEP-NCAR 
Reanalysis. (b) Simulated differences in 500 hPa geopotential height between the pre-ozone hole and 
ozone hole eras from the experiments in ref. 30. (c) As in (b), but for surface pressure from the 
experiments in ref. 32.  The contour interval is (a and b) 5 m and (c) 0.5 hPa, and values under (a and b) 
10 m and (c) 1 hPa are not contoured.  



why we care (II): Trends

SAM indices from a coupled chemistry climate model forced 
with increasing ODSs and GHGs.
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Figure 3. Time series of the Southern annular mode from transient experiments forced with time-
varying ozone depleting substances (top) and greenhouse gases (bottom). The SAM index is 
defined as the leading principal component time series of 850 hPa geopotential height anomalies 20S-
90S: positive values of the index correspond to anomalously low geopotential height over the polar cap, 
and vice versa. Lines denote the 50 year low-pass ensemble mean response for summer (DJF; solid 
black) and winter (JJA; dashed blue). Grey shading denotes +/- one standard deviation of the three 
ensemble members about the ensemble mean (see Methods for details). The long-term means of the 
time series are arbitrary and are set to zero for the period 1970-1975. Results are from experiments 
published in ref. 28. Past forcings are based on observational estimates; future forcings are based on 
predictions reviewed in ref. 28.  



Why is the SAM response to anthropogenic 
forcing so robust? Increasing GHGs and ODSs 
can presumably influence the jet and its eddy 
fluxes of heat and momentum by: 

• Altering the direction of wave propagation in 
the free troposphere. 
e.g., By changing the index of refraction (Chen and Robinson 1992; Simpson et 
al. 2009; etc); the eddy phase speed (Chen and Held 2007); the baroclinic 
lifecycle (Wittman et al. 2007); the eddy length scale (Kidston et al. 2011).

• Altering the generation of wave activity near 
the surface.
e.g., Ring and Plumb 2008; Brayshaw et al. 2008; Chen et al. 2010; Butler et al. 
2011.



surface

high latitudes

Warm Cool

tropics

e.g., Green 1970; Held 1999

...viewing response in terms of diffusive fluxes

downgradient eddy heat flux ~ dT/dy

downgradient PV flux ~ dPV/dy
High PVLow PV
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Chapter 9 Understanding and Attributing Climate Change

Figure 9.1. Zonal mean atmospheric temperature change from 1890 to 1999 (°C per century) as simulated by the PCM model from (a) solar forcing, (b) volcanoes, (c) well-
mixed greenhouse gases, (d) tropospheric and stratospheric ozone changes, (e) direct sulphate aerosol forcing and (f) the sum of all forcings. Plot is from 1,000 hPa to 10 hPa 
(shown on left scale) and from 0 km to 30 km (shown on right). See Appendix 9.C for additional information. Based on Santer et al. (2003a).

Figure 9.2. The zonal mean equilibrium temperature change (°C) between a present day minus a pre-industrial simulation by the CSIRO atmospheric model coupled to a 
mixed-layer ocean model from (a) direct forcing from fossil fuel black carbon and organic matter (BC+OM) and (b) the sum of fossil fuel BC+OM and biomass burning. Plot is 
from 1,000 hPa to 10 hPa (shown on left scale) and from 0 km to 30 km (shown on right). Note the difference in colour scale from Figure 9.1. See Supplementary Material, 
Appendix 9.C for additional information. Based on Penner et al. (2007).

Simulated changes in temperature due to increasing CO2 and O3 depletion: 
1890-1999. Maximum is ~1K/century.  IPCC FAR (Santer et al. 2003).

T CO2 ext T Ozone ext

locally large thermal forcing in tropical troposphere and polar stratosphere

Application to tropical heating



From Butler, Thompson, Birner 2011. 

Application to tropical heating

Simulations with dry dynamical core of the CSU GCM run in the Held/Suarez configuration.
Loosely resembles tropical heating in IPCC-class climate change simulations. 
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Figure 2. (a) The response of the zonal wind to the thermal forcing, where the response is 

defined as the difference between the ensemble-mean of the forced experiment and the 

ensemble-mean of the unforced experiment.  The response is averaged over days 100-

150. (b) As in (a) but for isentropic coordinates.  The solid black line indicates the 

contour where PV=2 PVU.  Contour interval is 2 m/s.  The zero line is omitted. 

 

 

 

 

 

 

 

 

 

response days 100-150. From Butler, Thompson, Birner 2011. 

Heating and wind response
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Figure 3.  The response of the zonal wind as a function of time and latitude at (a) 350 K 

and (b) 700 hPa. The heating is turned on at day 10 (indicated by the solid vertical line).  

Contour interval is 2 m/s.  The zero line is omitted. 

 

 

 

 

 

 

 

 

 

Heating and near-surface wind response



surface

high latitudestropics

e.g., Eady 1948; Lindzen and Farrell 1980; Lu et al. 2010; Kushner and Held 1998; Held 1999

At lower levels

Generation of eddies (and thus eddy heat flux) is determined by the 
meridional slope of the isentropes

310Keddy heat flux
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Butler, Thompson, Birner 2011

anomalously poleward 
heat fluxes (shading)

anomalously steep 
isentropic slopes (contours)

heating turned on 



surface

high latitudestropics
e.g., Green 1970; Held 1999

downgradient PV flux ~ dPV/dy
High PVLow PV

 At upper levels:



  

!

   Control                               Response

(PV contours; v*PV* shading)

Butler, Thompson, Birner 2011
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Figure 8. Schematic of the response to tropical tropospheric heating (indicated by the 

light red shading) in terms of the anomalous eddy fluxes of heat and PV (top) and the 

anomalous EP fluxes and their divergences (bottom). The heating intersects the isentropic 

surface denoted by the dashed line in the subtropics. Thus, the heating increases 

(decreases) the isentropic slope (i.e., the baroclinicity) poleward (equatorward) of the 

region where the isentrope intersects the heating. At the same time, the reduction in static 

stability above the heating leads to low PV there. The heat fluxes are anomalously 

poleward where the baroclinicity is increased, and vice versa, whereas the anomalous PV 

fluxes are down-gradient as indicated. The down-gradient PV fluxes are consistent with a 

diffusive model of the eddy fluxes at the tropopause, as indicated in the top panel. But 

they are also mandated by the vertical derivative of the heat flux, which is indicated in 

terms of the anomalous EP flux in the bottom panel. See text for details. 

 

Eastward surface flowWestward surface flow

Understanding the barotropic component
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Figure 7. The response to the heating as a function of time and latitude.  (a) Contours: 

The meridional gradient in PV at 326 K.  Contour interval is .25x10
-12

 PVU/m. Shading: 

The eddy PV flux at 326 K.  (b) Reproduced from Figure 4b.  Contours: The response of 

the isentropic slope at 310 K.  Positive values denote increasing height with latitude.  

Contour interval is 0.2 m/km (m in the vertical direction/km in the meridional direction).  

Shading: The response of the eddy heat flux at 700 hPa. (c) Contours: The response of 

the zonal wind at 700 hPa.  Contour interval is 2 m/s.  The zero line is omitted.  Shading: 

The response of the eddy heat flux at 700 hPa. The units of eddy PV fluxes is PVU m s
-1

; 

the units of eddy heat fluxes is K m/s. 

anomalously poleward 
heat fluxes (shading)

anomalously eastward 
surface flow (contours)

Butler, Thompson, Birner 2011
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Application to stratosphere/troposphere coupling 

Regressions on an index of stratospheric variability (ERA Interim; daily data)
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links to momentum fluxes are still under investigation



• Robust linkages between the tropospheric 
isentropic slope, wave generation and the near-
surface flow (ie, the momentum flux 
convergence aloft).

• Linkages predict closely the response of the 
eddy fluxes of heat (and thus wave generation) 
to tropical heating and stratospheric variability.

• Linkages (likely) also relevant for atmosphere/
ocean interactions in the Southern Ocean 
region.


