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• Although Antarctic stratospheric ozone has decreased in the past, it is anticipated 
to increase in the future due to the implementation of the Montreal Protocol. 

Ozone Hole & Montreal Protocol

thick black line: observations

From SPARC/CCMVal-2 report
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What is the impact of the Antarctic ozone depletion and 
recovery on the Southern Hemisphere (SH) climate change? 

As Antarctic ozone hole has occurred at high altitudes (15 km above 
the ground) and very high latitudes (poleward of 60S), far away from 

the extratropical troposphere and surface, its impact on climate 
systems is not trivial.

Fundamental Question



• Shown is multi-model 
mean trends of polar-
cap ozone, temperature 
and mid-latitude zonal 
wind as a function of 
pressure and month. All 
plots are based on 
SPARC/CCMVal-2 
model output.

SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CIRCULATION CHANGE X - 41

Figure 3. Linear trends of (a,d) the monthly-mean [O3] and (b,e) [T] integrated south of 64◦S,

and (c,f) [u] integrated from 70 to 50◦S. The multi-model mean trends are computed (a-c) for the

time period of 1960-1999 in the CCMVal2 REF-1 runs, and (d-f) for the time period of 2000-2079

in the CCMVal2 REF-2 runs. Starting month in the x-axis is July, and contour intervals are

(a,d) 0.05 ppmv/decade, (b,e) 0.5 K/decade, and (c,f) 0.5 ms−1/decade. Zero lines are denoted

with thick solid lines, and multimodel mean values exceeding one standard deviation are shaded.
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Does the Ozone Hole Really Matter?
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Does the Ozone Hole Really Matter?

• The ozone hole in the 
stratosphere significantly 
influences tropospheric 
circulation.
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Does the Ozone Hole Really Matter?

• The ozone hole is one of the most important 
anthropogenic forcings in the SH-summer climate change 
(Thompson and Solomon, 2002; Gillett and Thompson, 
2003; Shindell and Schmidt, 2004; Arblaster and Meehl, 
2006; Miller et al. 2006; Cai and Cowan, 2007; Perlwitz et 
al. 2008; Son et al. 2008,2009,2010; Polvani et al. 2011; 
McLandress et al. 2011).

• The ozone hole in the 
stratosphere significantly 
influences tropospheric 
circulation.
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How does the SH climate systems, from the stratosphere to the 
surface (and to the Ocean), respond to the ozone hole? 

How much important is the ozone hole? Is it comparable to the 
anthropogenic GHG forcing?

Questions to be Addressed

What is the possible mechanism?



Data
a)	
  CMIP3	
  (IPCC/AR4)	
  data

X - 44 SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE

Table 2. The AR4 models used in this study. They are identical to those used in Son et al.

[2009a] and described in Randall et al. [2007]. The parenthesized Y or N in the second and third

columns denote the presence or absence of time-varying stratospheric ozone in each model.

Model 20C3M A1B
Name (1960-1999) (2000-2079)

CSIRO Mk3.0 2 (Y) 1 (Y)
GFDL CM2.0 3 (Y) 1 (Y)
GFDL CM2.1 3 (Y) 1 (Y)
INGV SXG+ 1 (Y) 1 (Y)

MIROC3.2(medres)+ 3 (Y) 3 (Y)
MPI ECHAM5/MPI-OM+ 4 (Y) 4 (Y)

NCAR CCSM3.0+ 8 (Y) 7 (Y)
NCAR PCM1+ 4 (Y) 4 (Y)

UKMO HadCM3+ 2 (Y) 1 (Y)
UKMO HadGEM1+ 2 (Y) 1 (Y)

GISS EH+ 5 (Y) 3 (N)
GISS ER+ 9 (Y) 5 (N)

BCCR BCM2.0 1 (N) 1 (N)
CCCma CGCM3.1(T63) 1 (N) 1 (N)

CNRM CM3∗ 1 (N) 1 (N)
GISS AOM 2 (N) 2 (N)

IAP FGOALS-g1.0 3 (N) 3 (N)
INM CM3.0 1 (N) 1 (N)
IPSL CM4 2 (N) 1 (N)

MRI CGCM2.3.2 5 (N) 5 (N)
+ Models have prescribed ozone depletion and have 7 or more vertical levels between 300 hPa

and 10 hPa (see Karpechko et al. [2008]).

∗ Model documentation claims the inclusion of time-varying stratospheric ozone, but the

Antarctic polar-cap temperature does not show the ozone impact in either the 20C3M or A1B

scenario integrations (see Fig. 3c of Son et al. [2008]).

D R A F T March 27, 2010, 7:53am D R A F T



Data
a)	
  CMIP3	
  (IPCC/AR4)	
  data

X - 44 SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE

Table 2. The AR4 models used in this study. They are identical to those used in Son et al.

[2009a] and described in Randall et al. [2007]. The parenthesized Y or N in the second and third

columns denote the presence or absence of time-varying stratospheric ozone in each model.

Model 20C3M A1B
Name (1960-1999) (2000-2079)

CSIRO Mk3.0 2 (Y) 1 (Y)
GFDL CM2.0 3 (Y) 1 (Y)
GFDL CM2.1 3 (Y) 1 (Y)
INGV SXG+ 1 (Y) 1 (Y)

MIROC3.2(medres)+ 3 (Y) 3 (Y)
MPI ECHAM5/MPI-OM+ 4 (Y) 4 (Y)

NCAR CCSM3.0+ 8 (Y) 7 (Y)
NCAR PCM1+ 4 (Y) 4 (Y)

UKMO HadCM3+ 2 (Y) 1 (Y)
UKMO HadGEM1+ 2 (Y) 1 (Y)

GISS EH+ 5 (Y) 3 (N)
GISS ER+ 9 (Y) 5 (N)

BCCR BCM2.0 1 (N) 1 (N)
CCCma CGCM3.1(T63) 1 (N) 1 (N)

CNRM CM3∗ 1 (N) 1 (N)
GISS AOM 2 (N) 2 (N)

IAP FGOALS-g1.0 3 (N) 3 (N)
INM CM3.0 1 (N) 1 (N)
IPSL CM4 2 (N) 1 (N)

MRI CGCM2.3.2 5 (N) 5 (N)
+ Models have prescribed ozone depletion and have 7 or more vertical levels between 300 hPa

and 10 hPa (see Karpechko et al. [2008]).

∗ Model documentation claims the inclusion of time-varying stratospheric ozone, but the

Antarctic polar-cap temperature does not show the ozone impact in either the 20C3M or A1B

scenario integrations (see Fig. 3c of Son et al. [2008]).

D R A F T March 27, 2010, 7:53am D R A F T

• Only 12 (out of 20) models 
prescribed ozone depletion in 
the 20C3M integrations
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• Only 12 (out of 20) models 
prescribed ozone depletion in 
the 20C3M integrations

• Only 10 (out of 20) models 
prescribed ozone recovery in the 
SRES A1B integrations.
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• Only 12 (out of 20) models 
prescribed ozone depletion in 
the 20C3M integrations

• Only 10 (out of 20) models 
prescribed ozone recovery in the 
SRES A1B integrations.

• Others simply used climatological 
ozone for the past and future 
climate integrations.
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• Only 12 (out of 20) models 
prescribed ozone depletion in 
the 20C3M integrations

• Only 10 (out of 20) models 
prescribed ozone recovery in the 
SRES A1B integrations.

• Spatio-temporal distribution of 
stratospheric ozone is NOT 
archived and NOT even 
documented well.

• Others simply used climatological 
ozone for the past and future 
climate integrations.



Data (Cont.)

SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 43

Table 1. The CCMVal-2 models used in this study. Number of ensemble members is denoted

in the second and third columns. See Morgenstern et al. [2010] for the details.

Model REF-B1 REF-B2 References
Name (1960-1999) (2000-2079)

AMTRAC3 1 Austin and Wilson [2010]
CAM3.5 1 1 Lamarque et al. [2008]

CCSRNIES 1 1 Akiyoshi et al. [2009]
CMAM 3 3 Scinocca et al. [2008], de Grandpré et al. [2000]

CNRM-ACM 2 1 Déqué [2007], Teyssédre et al. [2007]
E39CA 1 Stenke et al. [2009], Garny et al. [2009]
EMAC 1 Jöckel et al. [2006]

GEOSCCM 1 1 Pawson et al. [2008]
LMDZrepro 3 Jourdain et al. [2008]

MRI 4 2 Shibata and Deushi [2008a, b]
Niwa-SOCOL 1 Schraner et al. [2008], Egorova et al. [2005]

SOCOL 3 3 Schraner et al. [2008]
UMETRAC 1 Austin and Butchart [2003]

UMSLIMCAT 1 1 Tian and Chipperfield [2005], Tian et al. [2006]
UMUKCA-METO 1 1 Morgenstern et al. [2008, 2009]
UMUKCA-UCAM 1 Morgenstern et al. [2008, 2009]

WACCM 4 3 Garcia et al. [2007]
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b)	
  SPARC/CCMVal-­‐2	
  data

 • Stratospheric ozone chemistry is fully interactive with circulations.



Methods

20C3M runs with ozone depletion (1960-1999): 12 models
20C3M runs with no ozone depletion (1960-1999): 8 models

 A1B scenario runs with no ozone recovery (2000-2079): 10 models
 A1B scenario runs with ozone recovery (2000-2079): 10 models

Multi-model Averaging and Intercomparison

REF-B1 runs with ozone depletion (1960-1999): 17 models
REF-B2 runs with ozone recovery (2000-2079): 10 models

CMIP3

CCMVal-­‐2



Methods (Cont.)
 • For all variables of interest, linear trends are computed using least square 

fit for the time periods of 1960-1999 and 2000-2079 (or 2000-2049).

 • Results are primarily shown for December-February when ozone impact is 
maximum. 

SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 45

Table 3. Variables analyzed in the study. Here Ψ denotes mass-stream function and angle

bracket denote a latitudinal, longitudinal and seasonal average.

Acronym Content

〈O3〉50 Polar-cap [O3] at 50 hPa integrated south of 64◦S
〈TP〉100 Polar-cap [T] at 100 hPa integrated south of 64◦S
〈ptrp〉 Extratropical zonal-mean tropopause pressure integrated south of 50◦S
[u]max Jet strength defined by maximum [u] at 850 hPa
[u]lat Jet location defined by location of maximum [u] at 850 hPa
[H]lat Location of the Hadley-cell boundary defined by zero [Ψ] at 500 hPa
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Strato. Trend: ONDJ [T]100hPa (<64°S) 

 • Both CMIP3 and CCMVal-2 models show similar temperature trends at 100 hPa 
over Antarctica: i.e., significant cooling (warming) in response to ozone depletion 
(recovery).

 • Simulated cooling is quantitatively similar to the observations.
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Tropo. Trend: DJF SH Jet & Hadley Cell

 • The extratropical jet and subtropical Hadley-cell boundary have shifted poleward in 
response to ozone depletion. This change is comparable to the one associated 
with anthropogenic warming.

 • Both jet location and Hadley-cell boundary are predicted not to change in the future 
due to large cancellation between anthropogenic warming and ozone recovery effects.

Negative trend: 
poleward displacement 
of the SH-summer jet or 
poleward expansion of 
the SH-summer Hadley 
cell boundary



Tropo. Trend: DJF Trend Relationship
SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 51

Figure 6. The trend relationship between SOND 〈O3〉50 and several variable of interest for each

CCMVal-2 model: (a) ONDJ 〈TP〉100, (b) DJF [u]max and (c) DJF [H]lat. Linear trends based on

the time period of 1960-1999 for the CCMVal-2 REF-B1 runs and 2000-2079 for the CCMVal-2

REF-B2 runs are shown with red circles and blue squares, respectively. Correlation between

the two variables is calculated for both all models and only REF-B1 models, and shown at each

panel. The correlation coefficients (r) which are statistically significant at the 95% confidence

level are indicated with an asterisk.
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 • A quasi-linear relationship is found in all variables 
of interest: i.e. stronger ozone depletion results in 
stronger stratospheric cooling, stronger 
poleward jet shift and stronger Hadley-cell 
expansion in the SH summer.

 • A significant deviation from the linearity, however, is 
also present.
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Figure 2: SH summer climate changes in 4 subsets of IPCC/AR4 models: The long-term trends
are shown for (top) sea level pressure, (middle) precipitation, and (bottom) skin temperature
during December-February. From left to right, trends are shown for models with and without
ozone depletion in the past and those without and with ozone recovery in the future. Multimodel
ensemble mean trends are generated by linearly interpolating each model’s trend to the specified
grid points, and values greater than or equal to one standard deviation are hatched.
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the presence of ozone recovery, however, the trend is
predicted to be substantially weakened.
[11] The positive trend in the SAM index or the poleward

shift in westerly jet are known to accompany a poleward
shift in the storm tracks [Gillett and Thompson, 2003; Yin,
2005], which results in more precipitation in high latitudes
and less precipitation in mid latitudes. This precipitation
change is well captured in Figure 1f and Figure 3 (middle).
Notice again how the projected ozone recovery is likely to
reverse and possibly cancel the trends of the past few
decades.
[12] Finally, sensitivity to stratospheric ozone is also

found in Antarctic skin temperatures (Figure 1g). Ozone
depletion appears to have weakened the greenhouse gas
warming in the last several decades, and greater warming
will accompany the expected ozone recovery (Figure 3,
bottom). Although the models fail to reproduce the recent
sharp warming over the Antarctic peninsula, the overall
result is consistent with recent finding [Steig et al., 2009]. In
order to validate these results, identical analyses were
performed for surface climate in the SH winter; as expected,
multimodel averages do show no systematic variation
between model sets in that season (Figure S3).
[13] In sum, the IPCC/AR4 models show a broad and

systematic impact of stratospheric ozone on the SH summer
climate system. Ozone depletion has likely contributed to
decreasing lower-stratospheric temperatures, increasing tro-
popause height, poleward shifting of the westerly jet in
midlatitudes, expanding the Hadley cell poleward, increas-

ing high-latitude precipitation, and increasing the SAM
index. In addition, model predictions indicate that these
effects will likely be reversed by the ozone recovery in the
next several decades.
[14] These results however are only qualitative since

ozone data are not available and the number of models is
limited. More quantitative studies, using larger number of
models or multiple realizations with and without time-
varying ozone in a same model, are needed to confirm
and corroborate our findings.
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 • In general Ozone depletion strengthens SAM-like SLP trend but weakens Antarctic 
surface warming. The opposite is largely true for ozone recovery.
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Surface Trend: DJF Precip. (P) & Evap. (E)
Precip. Trend Evap. Trend P-E Trend

 • Trends are estimated 
with decadal difference: 
1990’s-1960’s. Unit is 
mm/ season/ decade.

 • P-E trends are 
dominated by 
precipitation trends. 
This result suggests 
that Antarctic ozone 
hole has likely helped 
freshening of the 
Southern Ocean in the 
recent past.
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Surface Trend: DJF Extreme Precip.
Very Light P. 

(0.1-1 mm/day)
Light P.

 (1-10 mm/day)
Mod.-Heavy P.
 (>10 mm/day)

 • Precipitation trends are dominated by light precipitation; no noticeable change 
in extreme precipitation. Unit is mm/ season/ decade.
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Surface Trend: Revised Analysis

 • Individual models show significant 
difference in climatology.

 • Multi-model average should 
take this difference into 
account. Simple average could 
result in average of wet (poleward 
side of the jet) and dry regions 
(equatorward side of the jet), 
misleading ozone-related 
precipitation change.



Surface Trend: DJF Zonal-Mean Precip.

 • Multi-model average with respect to climatological jet confirms that ozone hole 
affects mean precipitation trend by modifying light precipitation trend. No 
significant impact on extreme precipitation is found.
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Summary: DJF vs. JJA Trends

DJF



Summary: DJF vs. JJA Trends

DJF

• No systematic variation in JJA when stratospheric ozone is inactive. This indicates that 
systematic difference in DJF climate change by Antarctic ozone forcing is indeed caused by 
ozone forcing rather than model bias or other forcings.

JJA



Mechanism(s)
How does the ozone hole influence tropospheric circulation and 
surface climate?



Mechanism(s)
How does the ozone hole influence tropospheric circulation and 
surface climate?

Why does tropospheric response to a given ozone forcing 
“quantitatively” differ among the models? 

SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 51

Figure 6. The trend relationship between SOND 〈O3〉50 and several variable of interest for each

CCMVal-2 model: (a) ONDJ 〈TP〉100, (b) DJF [u]max and (c) DJF [H]lat. Linear trends based on

the time period of 1960-1999 for the CCMVal-2 REF-B1 runs and 2000-2079 for the CCMVal-2

REF-B2 runs are shown with red circles and blue squares, respectively. Correlation between

the two variables is calculated for both all models and only REF-B1 models, and shown at each

panel. The correlation coefficients (r) which are statistically significant at the 95% confidence

level are indicated with an asterisk.

D R A F T March 27, 2010, 7:53am D R A F T

Significant scatter 
about the linearity



Ozone-related Climate ChangeSON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 53

Figure 8. The multimodel mean EP flux vectors and divergence in the SH summer: (a)

climatology and (b) linear trend between 1960 and 1999. The vertical component of EP flux

vector is multiplied by the aspect ratio, and a reference vector is shown in each panel with units

of kg s−2 in (a) and kg s−2/ decade in (b). The contour intervals of EP flux divergence are 80 kg

m−1s−2 in (a) and 4 kg m−1s−2/ decade in (b). The zero lines are omitted. Superimposed orange

lines are DJF [u] (a) climatology and (b) multimodel trend in the same time period. Contour

intervals are 10 ms−1 and 0.4 ms−1/ decade, and the zero lines are omitted. Here multimodel

mean values are calculated using the 7 CCMVal-2 REF-B1 models which archived zonal-mean

eddy fields. They are CMAM, E39CA, GEOSCCM, LMDZrepro, Niwa-SOCOL, SOCOL, and

UMUKCA-METO (see Table 1).

D R A F T March 27, 2010, 7:53am D R A F T

 •  Downward control (and its amplification in the 
troposphere via eddy feedback): Unlikely, as 
wave drag in the stratosphere would result in 
surface easterly instead of westerly in 
CCMVal-2 past climate simulations.

Orange:	
  [u]	
  trend
Black:	
  EP	
  flux	
  div	
  trend

•  Radiative forcing - ozone-induced long wave 
cooling (Grise et al. 2009): Unlikely, as polar-
cap cooling in the troposphere is negligible in 
CCMVal-2 past climate simulations. 

 • Eddy-mean flow interaction - changes in 
phase speed (Chen and Held, 2007) or 
propagating direction of baroclinic waves 
(Simpson et al., 2009): Questionable.

• Need further studies  



Different Response Among the Models

X - 54 SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE

Figure 9. The relationship between the climatological jet location in the CCMVal-2 REF-

B1 scenario and (a) the tropospheric jet response to ozone depletion, and (b) time scale of the

SAM index in the SH summer as simulated by the CCMVal-2 REF-B1 models. In (a), the

tropospheric [u]max trend is normalized by the 〈O3〉50 trend. Only 15 models are used here

excluding two outliers which show too weak 〈O3〉50 trend or negative [u]max trend (see Figs. 6

and 7). In (b), only 11 models are used, as others have not archived sufficiently daily data. Time

scales based NCEP-NCAR reanalysis [Baldwin et al., 2003] are indicated with error bar in (b).
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 • Climatological jet in a higher latitude ⇒ More chances for waves to see the turning latitude 
⇒ Weaker wave breaking ⇒ Weaker wave-mean flow interaction ⇒ Shorter time scale of 
internal variability (Barnes and Hartmann, 2010) 
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Figure 9. The relationship between the climatological jet location in the CCMVal-2 REF-

B1 scenario and (a) the tropospheric jet response to ozone depletion, and (b) time scale of the

SAM index in the SH summer as simulated by the CCMVal-2 REF-B1 models. In (a), the

tropospheric [u]max trend is normalized by the 〈O3〉50 trend. Only 15 models are used here

excluding two outliers which show too weak 〈O3〉50 trend or negative [u]max trend (see Figs. 6

and 7). In (b), only 11 models are used, as others have not archived sufficiently daily data. Time

scales based NCEP-NCAR reanalysis [Baldwin et al., 2003] are indicated with error bar in (b).
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 •  Tropospheric response is weaker if climatological jet is located in higher latitudes. 
This is associated with time scale of internal variability (e.g., SAM index).

 • Scatter is partly associated with model climatology which differs among the models. 



Figure 3: Schematic diagram of the stratospheric ozone impact on the SH summer climate system.
Among many others, changes in extratropical tropopause height, locations of westerly jet and storm
track, and poleward boundary of the Hadley cell are illustrated.
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Among many others, changes in extratropical tropopause height, locations of westerly jet and storm
track, and poleward boundary of the Hadley cell are illustrated.
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• Stratospheric ozone affects the entire climate systems in the SH summer, from the 
polar regions to the subtropics, and from the stratosphere to the surface and possibly 
to the ocean. This result is confirmed by attribution studies for individual components 
of the SH climate system (e.g., Arblaster and Meehl, 2006; Perlwitz et al. 2008; 
Polvani et al. 2011; McLandress et al. 2011).

Summary and Discussion



• Stratospheric ozone depletion (recovery) generally strengthens (weakens) SH-
summer climate change driven by anthropogenic GHGs increase. Exceptions are 
Antarctic surface temperature trends (opposite impact) and extreme precipitation 
trends (no impact). Quantitatively the impact of stratospheric ozone forcing is at 
least comparable to that of GHGs in the SH summer. As such, recent climate 
changes in the SH will likely be substantially weakened in the future due to the 
anticipated recovery of stratospheric ozone. 

• Extreme precipitation events are insensitive to stratospheric ozone change. Further 
attribution studies are needed.

Summary and Discussion

• Dynamical mechanism(s) on how stratospheric ozone communicates with 
tropospheric circulations is still not clear. Further studies are needed.

• Similar results between CMIP3 and CCMVal-2 models suggest that interactive 
ozone chemistry may not be crucial for predicting ozone-related climate change. 
Stratospheric ozone forcing can be prescribed in the model (e.g., CMIP5). 



• Enhanced surface westerly by 
ozone depletion may strengthen 
the overturning circulation in the 
Southern Ocean and modify the 
upper-ocean temperature and sea 
ice distribution. While evidences 
are emerging, further studies are 
needed.

Any impact on the Southern 
Ocean and Antarctic Sea Ice?

Summary and Discussion

erly wind stress in austral summer induces deep anomalous
meridional circulation cells, with anomalous Ekman
pumping (suction) centered around 45°S (65°S). The tem-
perature response in the shallow summer mixed layer is
consistent with changes in upper branch of the anomalous
meridional circulation cells with equatorward (poleward)
flow advecting cold (warm) water near 57°S (40°S). The
warming response directly beneath the surface cooling
around 57°S is consistent with a deepened mixed layer,
reflecting the combined influences of intensified surface
winds and cooler surface temperatures.
[12] Surprisingly, we also find significant ocean temper-

ature changes outside austral summer. The ocean tempera-
ture response beneath the mixed layer and equatorward of
∼60°S is dominated by a year‐round ocean warming. Out-
side austral summer this warming extends to the mixed

layer. This warming pattern is consistent with a poleward
shift of the ocean isotherms, which is linked to the poleward
shifted westerly wind stress in austral summer, as described
in the next subsection.

3.3. Physical Mechanisms
[13] The direct radiative effect of stratospheric ozone

depletion acts to weakly cool the lower troposphere [Grise
et al., 2009] thus facilitating increased rather than
decreased SIE. Therefore, the primary mechanisms for the
modeled SIE decrease presumably involve dynamical rather
than radiative forcing. The mechanisms for summer and
winter sea ice melt are physically and geographically dis-
tinct, and are thus discussed separately.
3.3.1. Austral Summer Melt
[14] The SIE decrease in summer near the Antarctic coast

is consistent with an established mechanism involving
enhanced offshore Ekman sea ice transport arising from the
stronger westerlies [e.g., Fyfe et al., 2007]. This leads to
enhanced regrowth of new sea ice replacing that transported
away from the Antarctic coast, with the ice on average
becoming thinner (as verified in the model, not shown). The
thinner ice is consistent with decreased SIC near the conti-
nent and decreased Antarctic SIE overall. The associated
brine rejection and heat loss result in enhanced convection,
cooling the deep ocean and warming the surface ocean, as
seen around 75°S in Figure 4 (top left). The resulting surface
warming acts to melt even more ice, representing a positive
feedback.
3.3.2. Austral Winter Melt
[15] The SIE decrease in winter away from the Antarctic

coast and near the climatological sea ice edge results from
an ocean warming due to a poleward shift of the ocean
isotherms (of about 0.4° latitude between about 40°S and
60°S), which acts to limit the equatorward development of
sea ice during its season of maximal growth. This poleward
shift of ocean isotherms is driven in summer by the pole-
ward shift of the westerly jet, but the large thermal inertia of
the ocean prevents the isotherms from returning to their
original positions in winter. As it takes several years after
turning the ozone forcing on for the winter isotherms to
equilibrate to their new poleward shifted positions, it would

Figure 2. Zonal‐mean response of the sea ice fraction
(shading interval is 1% (…,−1.5, −0.5%)) and screen level
air temperature (contour interval is 0.2°C (…, −0.3, −0.1,
0.1,…)). The green line represents the sea ice edge in the
control simulation (defined as the 5% contour line of the
zonal‐mean sea ice fraction). Here and in subsequent plots
solid (dashed) contours and red (blue) shades denote posi-
tive (negative) values.

Figure 3. (left) December–February and (right) August–October response of the sea ice fraction (shading interval is 5%
(−22.5, −17.5, …, −2.5)), screen level air temperature (contour interval is 0.4°C (…, −0.6, −0.2,0.2,…)) and surface wind
stress vector (Scale at bottom, in Pa, only vectors with a magnitude exceeding 0.015 Pa are plotted). The green line repre-
sents the sea ice edge in the control simulation (defined as the 15% contour line of sea ice fraction).
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take several years for the isotherms to equilibrate back to
their original positions after turning off the ozone forcing.
However, since the ozone forcing is repeated every summer
the isotherms never return to their original positions.

4. Summary and Discussion

[16] In this study we have investigated the impact of
stratospheric ozone depletion on Antarctic sea ice extent
(SIE). To this end we have employed the Canadian Middle
Atmosphere Model coupled to an interactive ocean and sea
ice model, which was shown to produce a realistic SIE
climatology and credible sea ice variability associated with
variations in atmospheric circulation. The response to ozone
depletion was derived by comparing the climatologies of
simulations with and without a monthly varying strato-
spheric ozone perturbation based on observations over the
period from 1979 to 2005. We found a year‐round decrease
in Antarctic SIE in response to ozone depletion, with a
maximum relative decrease in January–March, consistent
with a mechanism involving offshore sea ice transport. We
also found a large absolute SIE decrease in August–October,
in response to an ocean warming that is consistent with a
poleward shift of the large‐scale pattern of sea surface
temperature.
[17] Consistent with previous studies we found a positive

correlation between variations in the Southern Annular
Mode (SAM) and total SIE in austral summer. At the same
time, we found that a SAM‐like circulation response to

ozone depletion is accompanied by a decrease in SIE. This
implies, for reasons unknown at this time, that relationships
between intra‐seasonal variations of atmospheric circulation
and SIE can not be used to derive the SIE response to
stratospheric ozone depletion. It also implies that the pattern
of SAM‐related sea ice variability arises from mechanisms
other than, or in addition to, the offshore Ekman sea ice
transport mechanism involved in ozone depletion.
[18] It is presently unclear why the observed Southern

Hemisphere SIE trends are so different from those in the
Northern Hemisphere. Previous studies have suggested that
the cause might be related to atmospheric circulation
changes induced by the stratospheric ozone hole. The results
in this study are not consistent with this view and highlight
the need for continued investigations of Antarctic SIE
trends.

[19] Acknowledgments. MS is a member of the CSPARC network,
and gratefully acknowledges the support of the Canadian Foundation for
Climate and Atmospheric Sciences. We thank Greg Flato, Bill Merryfield,
Nathan Gillett, Marc D’Orgeville and two anonymous reviewers for their
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• Top: green line for climatological sea ice edge, blue shading for 
sea ice extent decrease, vectors for surface wind acceleration.

• Bottom: black contour for overturning circulation change, shading 
for ocean warming or cooling, cyan line for zero temperature.
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model polar cap tropopause midlatitude jet Hadley cell edge
integration cooling (K) raising (hPa) shift (◦ lat) shift (◦ lat)

OZONE2000 −8.3 −17.4 −1.9 −1.0
GHG2000 −0.35 −2.3 −0.74 −0.50
BOTH2000 −7.5 −17.3 −2.1 −1.2

CCMVal2 −7.9 −16.4 −2.0 −0.87
CMIP3 −7.2 −15.5 −1.7 −0.58

Table 2. Atmospheric circulation response for the CAM integrations presented in the paper,
and for the multi-model ensemble mean of the CCMVal2 and CMIP3 model simulations,
over the period 1960 to 2000. For the CAM integrations, we report the differences from
the REF2000 integration; for the CMIP3 and CCMVal2 simulations, we first compute the
1960-2000 linear trend, and then multiply by 40. The polar cap cooling is the difference in
ONDJ zonal mean temperature at 100 hPa, averaged from 65◦ S to the South Pole. The
tropapause raising is the difference in DJF tropopause pressure, averaged from 65◦ S to the
South Pole. The jet shift is the difference in DJF latitude of the maximum of the zonal
mean, zonal wind at 850 hPa. The Hadley cell edge shift is the DJF latitude difference in
the zero of mean meridional streamfunction at 500 hPa.
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Fig. 12. Seasonal dependence of (a) the polar cap stratospheric ozone depletion and (b-f) the
model response to different forcings. Vertical bars for each month indicate the interannual
variability, defined as plus/minus one standard deviation from the 50-year time mean. Large
dots indicate responses that are larger than one standard deviation.
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Fig. 12. Seasonal dependence of (a) the polar cap stratospheric ozone depletion and (b-f) the
model response to different forcings. Vertical bars for each month indicate the interannual
variability, defined as plus/minus one standard deviation from the 50-year time mean. Large
dots indicate responses that are larger than one standard deviation.
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 • The AGCM experiments show the consistent results to 
the CMIP3 and CCMVal-2 models. It confirms the 
importance of ozone hole in the 20th climate change in 
the SH summer.
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dots indicate responses that are larger than one standard deviation.
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(e.g., due to biases in the latitudinal structure of the
EOF). However, a quantitative comparison of the two
indices yields an average correlation coefficient of 0.86
for the three sets of simulations, indicating that the
proxymethod provides a good estimate of the true SAM
index for these simulations.
To compare the SAM indices from the three sets of

simulations, a single EOF is computed from anomalies
generated by removing a single climatology (computed
from 1960 to 2100 for each month in DJF using all nine
simulations) from the individual ensemblemembers. The
EOF computed in this manner is virtually identical to the
EOFs computed from each of the three separate sets of
simulations. Moreover, the three separate EOFs explain
roughly the same amount of the variance (;52% plus or
minus a percent). Figure 6 shows the leading EOF com-
puted in this manner, which by construction has units of
geopotential height. It exhibits a clear annular structure,
with positive (red) and negative (blue) values at middle
and high latitudes, respectively. The nondimensional
SAM index for each ensemble member is computed by

projecting the monthly geopotential anomalies onto this
EOF.We have also verified that secular trends in global
mean height, which may alias onto the SAM and ob-
scure its interpretation as a north–south movement of
mass (Gerber et al. 2010), have no perceptible impact at
850 hPa.
Figure 5d shows the SAM index computed as above,

and averaged for DJF. Since the timemean SAM index is
very nearly 0, the 1960 baseline is not removed. In the
REF-B2 simulation the SAM index exhibits a rapid in-
crease in the past, flattening out to near-zero trend in the
future. In response to ozone depletion and recovery, the
SAM index in the ODS simulation increases rapidly
in the past and decreases slowly in the future, whereas
climate change (GHG simulation) results in a slow and
steady increase in the SAM index from 1960 to 2100. The
latter is in accordance with tropospheric climate model
simulations using only increasing GHG concentrations
(e.g., Fyfe et al. 1999). The additivity of the trends is
demonstrated in Table 1 (row 5). While the ODS1GHG
trend in the SAM index is 50% larger than the REF-B2

FIG. 5. Anomaly time series of (a) extratropical tropopause pressure area averaged from 458 to 908S (note the inverse
relationship between tropopause pressure and tropopause height), (b) tropospheric jet location (latitude of 850-hPa
zonalmean zonalwindmaximum), (c)Hadley cell boundary (latitudeof zeromass streamfunction at 500 hPa), (d) SAM
index (computed from 850-hPa geopotential), (e) precipitation rate area averaged from 558 to 658S, and (f) Antarctic
surface temperature area averaged from 758 to 908S for the REF-B2 (black), ODS (red), and GHG (blue) simulations,
and the sumofGHGandODS (purple dots), forDJF.Anomalies are computedwith respect to 1960 baselines (see text);
the average baseline (i.e., average of the REF-B2, ODS, and GHG baselines) is plotted in the top-left corner of each
panel. The 1960 baseline has not been removed from the SAM index time series. See Fig. 3 for more details.
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Surface Trend: Precip. (Kang et al. 2011)
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GPCP: DJF Precip. trend (1979-2000)

CAM3 control run CAM3 with only O3 forcing

 • Ozone hole has likely also driven  
subtropical moistening. 
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Figure 2: SH summer climate changes in 4 subsets of IPCC/AR4 models: The long-term trends
are shown for (top) sea level pressure, (middle) precipitation, and (bottom) skin temperature
during December-February. From left to right, trends are shown for models with and without
ozone depletion in the past and those without and with ozone recovery in the future. Multimodel
ensemble mean trends are generated by linearly interpolating each model’s trend to the specified
grid points, and values greater than or equal to one standard deviation are hatched.
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Figure 2: SH summer climate changes in 4 subsets of IPCC/AR4 models: The long-term trends
are shown for (top) sea level pressure, (middle) precipitation, and (bottom) skin temperature
during December-February. From left to right, trends are shown for models with and without
ozone depletion in the past and those without and with ozone recovery in the future. Multimodel
ensemble mean trends are generated by linearly interpolating each model’s trend to the specified
grid points, and values greater than or equal to one standard deviation are hatched.
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Summary: DJF vs. JJA Trends

Figure 1: SH summer climate changes in 4 subsets of IPCC/AR4 models: The long-term trends
are shown for (a) polar-cap temperature at 100 hPa, integrated south of 70◦S with area weight, (b)
tropopause pressure, integrated south of 45◦S with area weight, (c) jet location as defined by the
location of maximum zonal-mean zonal wind at 850 hPa, (d) the Hadley-cell boundary as defined
by the location of zero mass stream function (ψ) at 500 hPa, (e) the SAM index as defined by sea
level pressure difference between 40◦S and 65◦S, (f) precipitation, integrated from 65◦S to 55◦S
with area weight, and (g) Antarctic skin temperature, integrated south of 75◦S with area weight.
All trends are shown for December-February except in (a) where polar-cap temperature trends are
computed for October-January. The negative values in (b) denote rise in tropopause height, and
those in (c-d) denote poleward shift in westerly jet and poleward expansion of the Hadley cell. The
trends are computed for the time period of 1960-1999 in the 20C3M integrations (circles) and for the
time period of 2000-2049 in the A1B scenario integrations (squares). Multimodel ensemble mean
values and one standard deviation are shown separately for models with (red for ozone depletion,
blue for ozone recovery) and without time-varying stratospheric ozone (green).
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DJF • Again, no systematic 
difference is found in the 
SH winter. No systematic 
difference is also found in the 
NH circulations.

• This suggests that difference 
in the SH-summer climate 
change between 6 groups of 
models is primarily caused 
by stratospheric ozone.

Figure S1: Same as Fig. 1 but for (a) March-June and (b-g) June-August.
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JJA

Surface climate changes 
in the CMIP3 models only



Different Responses among the Models

SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CLIMATE X - 51

Figure 6. The trend relationship between SOND 〈O3〉50 and several variable of interest for each

CCMVal-2 model: (a) ONDJ 〈TP〉100, (b) DJF [u]max and (c) DJF [H]lat. Linear trends based on

the time period of 1960-1999 for the CCMVal-2 REF-B1 runs and 2000-2079 for the CCMVal-2

REF-B2 runs are shown with red circles and blue squares, respectively. Correlation between

the two variables is calculated for both all models and only REF-B1 models, and shown at each

panel. The correlation coefficients (r) which are statistically significant at the 95% confidence

level are indicated with an asterisk.

D R A F T March 27, 2010, 7:53am D R A F T

X - 40 SON ET AL.: OZONE AND SOUTHERN HEMISPHERE CIRCULATION CHANGE

Figure 2. Long-term (left) meand and (right) trends of DJF [u] (a,c) at 200 hPa and (b,d)

at 850 hPa. Thin and thick gray lines, respectively, denote individual CCMVal2 REF-B1 model

integrations and multi-model mean.

D R A F T December 6, 2009, 8:10pm D R A F T

 • Time-mean [u] of the CCMVal-2 
models shows bimodal 
distribution, and is located in 
somewhat lower latitudes than 
the one in the reanalysis data.


