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[1] The recent intensification of the circumpolar circulation
in the SH troposphere in summer and autumn has been
attributed to external forcing such as stratospheric ozone
depletion and greenhouse gas (GHG) increases. Several
studies have shown that climate models are able to simulate
observed changes when forced by observed ozone trends or
combined ozone and GHG trends. However, as some of
these studies suffered from erroneously specified forcing,
the reason for the circulation intensification remains
debatable. Here, we re-approach this issue using data from
21 CMIP3 models. We demonstrate that only models that
include ozone depletion simulate downward propagation of
the circulation changes from the stratosphere to the
troposphere similar to that observed, with GHG increases
causing significant Antarctic geopotential height trends only
in the lower troposphere. These changes are simulated by
the majority of the ozone-forced models except those with
the lowest vertical resolution between 300 hPa and 10 hPa.
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1. Introduction

[2] The last decades of the 20th century were marked by
a significant change in the Antarctic tropospheric circum-
polar circulation, with strengthening westerly winds and
decreases in Antarctic geopotential height [Thompson and
Solomon, 2002, hereinafter referred to as TS02]. The trends
have been largest in summer and autumn [cf. Marshall,
2007, Table 1], lagging by 1–2 months similar trends in
the stratosphere, which suggests a possible stratosphere-to-
troposphere influence. In terms of large-scale modes of
atmospheric variability, these changes can be interpreted
as a shift towards the positive phase of the Southern
Annular Mode (SAM).
[3] An increase of the SAM index has been simulated in

General Circulation Model experiments in response to
anthropogenic greenhouse gas (GHG) increases [e.g., Fyfe
et al., 1999; Kushner et al., 2001] and Antarctic stratospheric
ozone depletion [Gillett and Thompson, 2003]. Shindell and
Schmidt [2004] and Arblaster and Meehl [2006] used both
these factors in coupled models and showed that ozone
depletion was the dominant contributor to observed changes

in the mid-troposphere while both GHG and stratospheric
ozone forcing played a comparable role at the surface.
[4] So far, the causes of the Antarctic tropospheric trends

have been investigated using a single-model approach. The
studies of Marshall et al. [2004] and Shindell and Schmidt
[2004] suffered from erroneously specified ozone forcing.
Moreover, Jones and Widmann [2004] suggested that the
observed trends are not inconsistent with natural variability.
Here we re-approach this issue using simulations of the
20th century performed by all the major coupled models
assembled in the CMIP3 database in support of the Inter-
governmental Panel of Climate Change Forth Assessment
Report (IPCC AR4). While some of the models account for
the stratospheric ozone decline others do not. This gives us
an opportunity to isolate the influence of ozone depletion on
the troposphere in a multi-model study. Multi-model aver-
ages are often more realistic than output from a single
model [e.g., Connolley and Bracegirdle, 2007]. Miller et al.
[2006] and Cai and Cowan [2007] used the CMIP3 data to
study sea level pressure (SLP) changes. Here we look at
changes throughout the troposphere and the lower strato-
sphere below 30 hPa. So, the objectives of the present study
are: a) assessment of the CMIP3 models’ ability to simulate
the Antarctic circulation trends, and b) evaluation of the
influence of Antarctic stratospheric ozone changes on the
tropospheric circulation.

2. Model Data

[5] Data from all CMIP3 models available on pressure
levels were retrieved from the World Climate Research
Programme’s (WCRP’s) Coupled Model Intercomparison
Project phase 3 (CMIP3) dataset at https://esgcet.llnl.gov:
8443/. Table 1 gives some information on the models used
for this study. Altogether data from 61 simulations by 21
models are used. HadCM3 has ozone forcing twice as large
as observed [Gillett and Thompson, 2003] and was therefore
excluded from this study. CNRM-CM3 has interactive
ozone and was also excluded because our goal is to study
the response to the observed forcing. For both GISS-E
models data was downloaded directly from the GISS server
(ftp://data.giss.nasa.gov/pub/pcmdi/) in order to avoid prob-
lems associated with erroneously specified ozone forcing in
earlier runs included in the CMIP3 database [Miller et al.,
2006]. Connolley and Bracegirdle [2007] provide an as-
sessment of CMIP3 model skill at simulating Antarctic
climate as well as the surface temperature trends.

3. Results

[6] To isolate the influence of stratospheric ozone deple-
tion, models were divided into two groups according to
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whether or not they include the ozone trends. Figure 1
shows ensemble averaged temperature and geopotential
trends in both groups for the period of 1969–1998. Model
trends are calculated over the locations of observation
stations used by TS02 whose results are shown alongside.
To facilitate the comparison with observations, the same
period and the same diagnostics were used for the models.
Altogether 41 model runs are used to produce the ozone
composite and 20 runs for the no-ozone composite. Some of
the models do not provide data at the lowest tropospheric
levels where they intersect with topography: Data at the
850 hPa level are available from only about a half of the
runs indicated above. Surface temperature, available for all
simulations, was used in place of 1000 hPa temperature.
Geopotential height at the 1000 hPa level was replaced by
SLP rescaled using the formula 8*(SLP-1000) [Thompson
and Wallace, 2000].
[7] Figure 1c, which shows averaged temperature trends

for the ozone ensemble, features the well-known springtime
lower stratospheric cooling that has previously been attrib-
uted to ozone depletion [e.g., Randel and Wu, 1999]. The
altitude (100 hPa), the timing (November), and the magni-
tude (�7.6 K per 30-year) of maximum cooling are in a
good agreement with the observations (Figure 1a). In
accordance with expectations, the cooling is missing in
the no-ozone ensemble average (Figure 1e). Both ensembles
reproduce moderate stratospheric cooling throughout the
year, which is partly attributable to the GHG increase [e.g.,
Ramaswamy et al., 2001]. In the no-ozone ensemble the
stratospheric cooling has no particular seasonality, with
values typically less than 1 K per 30-year. Also, the cooling
becomes statistically insignificant during the dynamically
active period. This is likely due in part to the higher
interannual variability in these months [Shiotani et al.,
1993]; although a GHG-induced strengthening of the
Brewer-Dobson circulation and associated adiabatic warm-
ing in the extratropics could also play a role [Butchart and
Scaife, 2001].

[8] Both ensembles simulate tropospheric warming that
is attributable to the GHG concentration increase. In the
observations, the warming peaks in winter, with values
exceeding +1.5 K per 30-year, but the models show a more
seasonally uniform warming, suggesting that the observed
seasonality may be due to internal variability, although
possible model imperfections (e.g., unresolved processes)
could also be responsible for this discrepancy.
[9] In the ozone ensemble, significant negative geopo-

tential trends are seen above 70 hPa throughout the year and
down to the surface in summer (Figure 1d). However, the
magnitude of the geopotential height trends is smaller than
that observed. At 30 hPa, the trends peak in November
while at 100 hPa and below they reach a maximum 1–
2 months later. In the following this lagged trend pattern
will be referred to as downward trend propagation. At the
surface, significant downward trends are reproduced from
November to May, in good agreement with the observations
(Figure 1b). However we do not see a secondary maximum
in geopotential height trends in autumn, as is seen in the
observations (Figure 1b), and as was simulated by Keeley et
al. [2007] using HadSM3-L64.
[10] With regard to the no-ozone ensemble (Figure 1f),

one can see that significant geopotential trends in the
stratosphere are missing. Nevertheless, weak insignificant
negative trends are observed in the upper part of the
domain, due to greenhouse cooling which is largest in the
upper stratosphere [Ramaswamy et al., 2001]. Negative
trends are also observed in the lower troposphere (below
500 hPa) and they are significant at the surface from
December to March, consistent with previous studies
[Miller et al., 2006; Cai and Cowan, 2007]. The surface
trends maximize in summer with a magnitude of about
�15 m per 30-year, which is slightly more than a half of
the trend in the ozone ensemble (�26 m per 30-year).
Since the ozone ensemble models are forced by both GHG
increase and ozone depletion this suggests that the contri-
butions of these factors in the lower troposphere are
comparable, consistent with Shindell and Schmidt [2004].
[11] Having shown that the observed trend pattern is

reproduced by the ozone ensemble average, we turn to the
question of how the individual models simulate the ob-
served changes. The above analysis was repeated for each
model separately. We identified which models simulate
downward propagation by testing whether the seasonal
mean geopotential height trends at 500 hPa in December–
January exceed one standard deviation of the season-to-
season variability, following TS02. Although the no-ozone
ensemble average revealed no significant trends above
800 hPa, each model member of this group was also checked
separately. No model without ozone trends reproduces
significant December–January geopotential height trends
at 500 hPa although four models (CCCMA CGCM3.1 T63,
FGOALS-g1.0, INM-CM3.0, and MRI CGCM2.3.2) show
negative trends. Averaging over these models produces
negative trends throughout the troposphere in summer and
they are significant below 400 hPa but not significant in the
upper troposphere. Among ozone forcing models only
CSIRO models (both 3.0 and 3.5 versions) and GFDL
models (both 2.0 and 2.1 versions) fail to simulate the
downward trend propagation. These models have relatively
poor vertical resolution in the lower stratosphere. Figure 2

Table 1. Description of CMIP3 Models Used in This Study

Model Name and Country N runs
Ozone
Forcing Levels Top

BCCR BCM2.0, Norway 1 No 31 10 hPa
CCCMA CGCM3.1 T47, Canada 5 No 32 1 hPa
CCCMA CGCM3.1 T63, Canada 1 No 32 1 hPa
CSIRO MK3.0, Australia 2 Yes 18 4.5 hPa
CSIRO MK3.5, Australia 1 Yes 18 4.5 hPa.
GFDL CM2.0, USA 3 Yes 24 3 hPa
GFDL CM2.1, USA 3 Yes 24 3 hPa
GISS-ER, USA 4 Yes 20 0.1 hPa
GISS-EH, USA 5 Yes 20 0.1 hPa
GISS-AOM, USA 2 No 12 10 hPa
FGOALS-g1.0, China 3 No 26 2.2 hPa
INGV-SXG, Italy 1 Yes 19 10 hPa
INM-CM3.0, Russia 1 No 21 10 hPa
IPSL-CM4, France 2 No 19 32 km
MIROC3.2 (hires), Japan 1 Yes 56 1 hPa
MIROC3.2 (medres), Japan 3 Yes 20 10 hPa
ECHAM5/MPI-OM, Germany 4 Yes 31 10 hPa
MRI CGCM2.3.2, Japan 5 No 30 0.4 hPa
CCSM3.0, USA 8 Yes 26 2.2 hPa
PCM, USA 4 Yes 18 2.9 hPa
UKMO-HadGEM1, UK 2 Yes 38 3.1 hPa
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shows the vertical level structure of the ozone ensemble
models. Models are sorted from left to right in accordance to
their number of levels between 300 hPa and 10 hPa. It is
seen that the CSIRO and GFDL models have the lowest
resolution in this region.
[12] The models are separated into a low vertical resolu-

tion ensemble (LOW) consisting of both CSIRO and GFDL
models and a high vertical resolution ensemble (HIGH) that
consists of the rest of the models from the ozone ensemble.
Thus, the LOW models have 6 or fewer levels in the height
interval between 300 hPa and 10 hPa and the HIGH
models have 7 or more levels. The LOW ensemble consists
of 9 simulations while the HIGH ensemble consists of
32 simulations. Subdivision of the HIGH ensemble into
groups of models with at least 12 levels and models with
fewer than 12 levels between 300 hPa and 10 hPa revealed
no significant differences in geopotential height trends
between these two groups.

[13] Figure 3 shows that in the stratosphere HIGH and
LOW models perform rather similarly. In both ensembles,
maximum cooling is simulated in November at 100 hPa and
is of similar magnitude in each (�7.7 K in the HIGH
ensemble and �7.3 K in the LOW ensemble). Note that
cooling in the GFDL CM2.0 model is only �3.4 K per
30-year meaning that this model does not capture the
magnitude of cooling correctly. Excluding this model from
the LOW ensemble produces results similar to those shown.
In the HIGH ensemble (Figure 3c), cooling propagates
down to 700 hPa in summer as in observations. The
LOW ensemble (Figure 3a) simulates tropospheric warming
with a maximum in spring exceeding 0.5 K per 30-year.
[14] In both ensembles, negative trends in the stratospheric

geopotential height are observed in spring although in the
LOW ensemble they are of slightly smaller magnitude. The
difference becomes clearer in the troposphere where no sign
of the downward trend propagation is evident in the LOW

Figure 1. Seasonal cycle of linear trends in (left) temperature (K per 30 years) and (right) geopotential height (m per
30 years) over the Antarctic: (a)–(b) observations, (c)–(d) ozone ensemble average, and (e)–(f) no-ozone ensemble
average. Shading denotes trends that exceed 1SD of the respective monthly time series.
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ensemble (Figure 3b). However, significant negative geo-
potential height trends are observed at the surface with a
magnitude of �14 m per 30-year which is comparable to
that in the no-ozone ensemble. The similarity in tropospheric
geopotential responses between the LOW ensemble and the
no-ozone ensemble suggests that the stratospheric influence
is not communicated to the troposphere in the low resolu-
tion models and that the tropospheric response in these
models is due to GHG forcing only. Since the LOW models
might be expected to simulate radiative processes coupling
the stratosphere and troposphere well, but perhaps not the

dynamical processes [Gillett et al., 2003], this provides
evidence in favor of dynamical processes being the domi-
nant drivers of the tropospheric response to stratospheric
ozone depletion.
[15] Figure 2 also suggests that a high model top is not a

necessary factor for the correct capturing of the strato-
sphere-troposphere coupling, since models with a relatively
low upper boundary (ECHAM5/MPI-OM, INGV-SXG,
MIROC3.2 (medres)) simulate the downward trend propa-
gation. Note that the models that don’t simulate the down-
ward propagation have intermediate upper boundary heights
(Table 1).

4. Discussion and Conclusions

[16] Our results demonstrate that both ozone depletion
and GHG increases have played a role in the observed
decrease of tropospheric geopotential height over the Ant-
arctic. At the surface, their contributions are comparable
while in the upper troposphere the ozone contribution
dominates. In the future, Miller et al. [2006] found that
the SAM index will continue to increase as a response to
projected GHG concentration, whereas chemistry climate
models predict a decrease of the SAM index during austral
summer due to the expected ozone recovery despite in-
creasing GHG concentrations [Perlwitz et al., 2008; Son et
al., 2008], thus implying dominance of the ozone contribu-
tion for future summer SAM trends.
[17] While ozone depletion naturally acts on the tropo-

spheric circulation through stratosphere-troposphere cou-
pling there is no consensus on how the GHG increase
acts. Shindell et al. [1999] proposed a mechanism that

Figure 2. Structure of vertical levels in ozone ensemble
models. Approximate heights of the midpoints of the layers
are shown. Models which do not simulate the downward
trend propagation are shaded. Numbers above the bars
indicate the number of levels between 300 hPa and 10 hPa.

Figure 3. The same as Figure 1 except for (a)–(b) low resolution group average and (c)–(d) high resolution group
average. Shading denotes trends that exceed 1SD of the respective monthly time series.
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involved enhanced planetary wave refraction in the strato-
sphere towards the equator. Alternative hypotheses relate
the SAM increase to an increased meridional temperature
gradient or warming of the ocean surface [see Cai et al.,
2003, and references therein]. Our results, which show that
the significant Antarctic geopotential height decreases
simulated in response to GHG increases do not extend to
the upper troposphere, do not support the theory relying on
the downward influence of GHG-induced changes in the
stratosphere.
[18] There is also no consensus on the mechanisms by

which the stratosphere influences the troposphere [Thompson
et al., 2006]. Present results demonstrate that the models
with low vertical resolution in the lower stratosphere (below
10 hPa) do not reproduce the tropospheric response to
ozone depletion in the Antarctic. While other features of
individual models, like the orographic gravity wave drag in
the stratosphere [Sigmond et al., 2008], may also be
important for simulating downward trend propagation, our
results suggest that vertical resolution in the lower strato-
sphere plays a dominant role across the CMIP3 ensemble.
On the other hand, we show that a high model top is not
needed for the simulation of downward trend propagation.
This is in agreement with Gillett et al. [2003] who showed
that the SLP response to stratospheric ozone depletion is
sensitive to model resolution below 10 hPa, though not
above this.
[19] In summary, using output from 21 CMIP3 models

we confirm previous findings based on single models that
stratospheric ozone depletion must be accounted for in order
to explain the observed temperature and geopotential height
trend patterns throughout the Antarctic troposphere during
last 30-year period of 20th century. Antarctic geopotential
height decreases in response to GHG increases are signif-
icant in the lower troposphere. We also conclude that the
processes responsible for communication of the ozone
depletion signal to the troposphere are not resolved by
those climate models that have low vertical resolution in
the lower stratosphere.
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