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Motivation

To design a stratosphere-resolving model that can be 
used for studies of middle atmosphere dynamics 
without the expense of running interactive chemistry.



SC-WACCM Physics
• Based on CESM1(WACCM) 
• Ozone and CO2 specified from prior fully-interactive WACCM simulations 
• Excludes comprehensive chemistry - solves only for H2O, CH4, N2O, CFC-11 and CFC-12 
• Radiative transfer: 

• CAM-RT below ~65 km 
• Short-wave heating rates prescribed above >65 km from same ‘fully-interactive’ 

simulations 
• Non-LTE cooling calculated from model temperature and prescribed CO2 >65km 

• No auroral physics 
• Parameterized non-orographic gravity waves as in WACCM 
• TMS turned on
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(a) WACCM/SC−WACCM Vertical Resolution
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(b) CCSM4 Vertical Resolution
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Figure 1. Hybrid model levels for (a) WACCM/SC-WACCM and (b) CCSM4. In SC-WACCM,

below the merge region, shortwave and longwave heating rates are calculated as in CCSM4 while

above the merge region longwave heating rates are calculated as in WACCM and chemical and

shortwave heating rates (QRS) are prescribed from a prior integration of WACCM. The region

from 63 to 70 km, over which heating and cooling rates are merged between WACCM/SC-

WACCM and CCSM4, is shaded gray in panel (a). SC-WACCM, monthly mean, zonal mean

ozone from a companion WACCM integration is prescribed everywhere and, like QRS, monthly

mean, zonal mean NO, atmoic oxygen (O), CO
2

prescribed only above the merge region.
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(a) WACCM/SC−WACCM Vertical Resolution
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(b) CCSM4 Vertical Resolution

0

20

40

60

80

100

120

140

NO, atomic oxygen, CO
2
 and

chemical and shortwave
heating rates prescribed.

Figure 1. Hybrid model levels for (a) WACCM/SC-WACCM and (b) CCSM4. In SC-WACCM,

below the merge region, shortwave and longwave heating rates are calculated as in CCSM4 while

above the merge region longwave heating rates are calculated as in WACCM and chemical and

shortwave heating rates (QRS) are prescribed from a prior integration of WACCM. The region

from 63 to 70 km, over which heating and cooling rates are merged between WACCM/SC-

WACCM and CCSM4, is shaded gray in panel (a). SC-WACCM, monthly mean, zonal mean

ozone from a companion WACCM integration is prescribed everywhere and, like QRS, monthly

mean, zonal mean NO, atmoic oxygen (O), CO
2

prescribed only above the merge region.
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SC-WACCM Resolution!
• 1.9˚ latitude x 2.5˚ longitude 
• Same 66 levels as WACCM (fully-resolved stratosphere and mesosphere): 

• model top at 5.1x10-6 hPa (~140 km) 
• 18 pressure levels between the surface and 100 hPa are identical to CCSM4 
• Stratosphere: 17 levels in WACCM between 100 and 3 hPa (versus 8 in CCSM4) 
• 9 levels above 100 km



SC-WACCM Performance

SC-WACCM is half the 
computational cost of WACCM



Pre-Industrial WACCM and 
SC-WACCM Simulations 

• WACCM & SC-WACCM!
• 200 years, coupled 1850 pre-industrial control simulation!
• daily and monthly output (SC-WACCM available on glade and soon on the ESG)!

!
• CCSM4!

• 500 years, coupled 1850 pre-industrial control simulation with monthly output!
• 54 years of daily output



Zonal Mean Differences in Wind and Temperature
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Figure 6. Di↵erence (WACCM minus SC-WACCM) in zonal mean temperature (a),(b) and

zonal wind for (c),(d) for December-January-February (DJF) (a),(c) and June-July-August (JJA)

(b), (d). Red (blue) contours are positive (negative) values. Contour intervals are 1 K and 1 m

s�1.
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Figure 13. Zonal mean surface air temperature (a), (b), sea-level pressure (c), (d) and

precipitation (e), (f) for December-January-February (DJF) (a), (c), (e) and June-July-August

(JJA) (b), (d), (f). Black, red and blue curves are WACCM, SC-WACCM and CCSM4.
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Problems with Specifying an Ozone Hole 

Sensitivity of climate to dynamically-consistent zonal asymmetries

in ozone

N. P. Gillett,1 J. F. Scinocca,1 D. A. Plummer,1 and M. C. Reader1

Received 9 January 2009; revised 17 March 2009; accepted 8 April 2009; published 22 May 2009.

[1] Previous investigations into the effect of zonal
asymmetries in ozone on climate have compared simulations
with prescribed 3-D ozone, in which the ozone is not
necessarily consistent with the model dynamics, to
simulations with prescribed zonal mean ozone. We assess
the impact of zonal asymmetries in ozone by comparing a
control simulation of a coupled chemistry version of the
Canadian Middle Atmosphere Model (CMAM) in which the
ozone andmodel dynamics are consistent, with a simulation in
which only the zonal mean of the ozone is passed to the
radiative transfer scheme. These simulations reveal a robust
stratospheric zonal-mean temperature and geopotential height
response to zonal asymmetries in ozone that is consistent with
that identified in previous studies and of a magnitude
comparable to observed trends. These results suggest that the
inclusion of zonal asymmetries in ozone may be essential for
the accurate simulation of future stratospheric temperature
trends. Citation: Gillett, N. P., J. F. Scinocca, D. A. Plummer, and
M. C. Reader (2009), Sensitivity of climate to dynamically-
consistent zonal asymmetries in ozone, Geophys. Res. Lett., 36,
L10809, doi:10.1029/2009GL037246.

1. Introduction

[2] To date almost all coupled atmosphere-ocean climate
models [e.g., Meehl et al., 2007], and many model simu-
lations of the middle atmosphere [e.g., Ramaswamy et al.
2001] have used specified zonal average ozone distribu-
tions. Son et al. [2008] demonstrated that the Southern
Hemisphere tropospheric circulation response to ozone
recovery is larger in a set of coupled chemistry models than
in a set of climate models in which zonal mean ozone is
specified. One possible reason for this difference is that the
coupled chemistry models included zonally asymmetric
changes in the ozone distribution. Several recent studies
have highlighted the importance of zonal asymmetries in
ozone for the simulation of stratospheric and tropospheric
conditions in the Northern Hemisphere [Kirchner and
Peters, 2003; Gabriel et al., 2007], and in the Southern
Hemisphere [Crook et al., 2008]. Zonal asymmetries in
ozone are particularly large in the Southern Hemisphere
during the breakup of the vortex, when the region of
maximum ozone depletion is often displaced from the pole.
Crook et al. [2008] demonstrated that accounting for zonal
asymmetries in ozone in a simulation using observed ozone
from a year with particularly strong zonal asymmetry
resulted in stratospheric cooling comparable to that due to
ozone depletion itself. However, these studies all specified

fixed three-dimensional distributions of ozone: In such
simulations the position of the ozone minimum is not
constrained by the dynamics, and may not be collocated
with the dynamical polar vortex. Further, ozone-dynamics
feedbacks [Nathan and Cordero, 2007] are not resolved,
since the ozone distribution is specified.
[3] Most studies on the influence of the zonal asymmetry of

ozone have focused on the stratosphere. However, large zonal
asymmetries in ozone are found in the mesosphere and thermo-
sphere associated with the diurnal cycle. Since ozone concen-
trations are much higher at night than in the day at these levels,
using a zonal mean of ozone has the potential to introduce a bias
in the radiative heating rates at these levels. For this reason
Paul et al. [1998] restrict their ozone climatology to levels below
0.3 hPa. However the widely-used [Li and Shine, 1995] zonal-
mean ozone climatology extends to 0.0011 hPa, but uses
daytime ozone values from near-infrared airglowmeasurements
from the Solar Mesosphere Explorer [Li and Shine, 1995].
However, in some cases climate models are run with prescribed
ozone from coupled chemistry models, particularly for future
simulations, and in these cases the use of zonal mean ozone
could introduce a bias in the radiative heating rates.
[4] One way in which the influence of zonal asymmetries

in ozone may be examined in a more realistic context is by
comparing a simulation of a coupled chemistry model, with a
second simulation in which the zonal mean of the calculated
ozone is prescribed. Reddmann et al. [1999] carried out such
a comparison using the 3-D Karlsruhe simulation model of
the middle atmosphere (KASIMA), accounting for the diur-
nal cycle in ozone above 50 km by prescribing the daytime
mean ozone above this level in the second simulation, and
with conditions at the 10-km lower boundary prescribed from
European Centre for Medium Range Weather Forecasting
(ECMWF) analyses. Their simulations start in July, meaning
that they are not able to realistically simulate the Antarctic
winter vortex or Antarctic ozone depletion. They simulate a
single northern winter, and use trace gases representative of
approximately 1992. They examine temperature differences
between the two simulations in December and find only small
differences between the two simulations, which leads them to
conclude that ‘for undisturbed ozone conditions (no polar
ozone hole) a realistic ozone climatology is sufficient for
model simulations’. In this study, we also assess the role of
three dimensional ozone variations in a fully-coupled con-
text, but using 40-yr simulations with a realistic annual cycle
and stratospheric chlorine levels representative of approxi-
mately 1990.

2. Model and Experiments

[5] We use the Canadian Middle Atmosphere Model with
coupled chemistry (CMAM) [Scinocca et al., 2008; de
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Effect of zonal asymmetries in stratospheric ozone on simulated

Southern Hemisphere climate trends

D. W. Waugh,1 L. Oman,1 P. A. Newman,2 R. S. Stolarski,2 S. Pawson,3 J. E. Nielsen,3

and J. Perlwitz4
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[1] Stratospheric ozone is represented in most climate
models by prescribing zonal-mean fields. We examine the
impact of this on Southern Hemisphere (SH) trends using a
chemistry climate model (CCM): multi-decadal simulations
with interactive stratospheric chemistry are compared with
parallel simulations using the samemodel in which the zonal-
mean ozone is prescribed. Prescribing zonal-mean ozone
results in a warmer Antarctic stratosphere when there is a
large ozone hole, with much smaller differences at other
times. As a consequence, Antarctic temperature trends
for 1960 to 2000 and 2000 to 2050 in the CCM are
underestimated when zonal-mean ozone is prescribed. The
impacts of stratospheric changes on the tropospheric
circulation (i.e., summertime trends in the SH annular
mode) are also underestimated. This shows that SH trends
related to ozone depletion and recovery are underestimated
when interactions between stratospheric ozone and climate
are approximated by an imposed zonal-mean ozone field.
Citation: Waugh, D.W., L. Oman, P. A. Newman, R. S. Stolarski,
S. Pawson, J. E. Nielsen, and J. Perlwitz (2009), Effect of zonal
asymmetries in stratospheric ozone on simulated Southern
Hemisphere climate trends, Geophys. Res. Lett., 36, L18701,
doi:10.1029/2009GL040419.

1. Introduction

[2] It is now well established that the ozone hole has
played a major role in changes in the summer tropospheric
circulation of the southern hemisphere (SH) over the last two
decades, and that the expected recovery of Antarctic ozone
will likely also be a major factor in SH climate change over
the next fifty years [e.g., Thompson and Solomon, 2002;
Marshall, 2003; Gillett and Thompson, 2003; Perlwitz et al.,
2008; Son et al., 2008, 2009]. As a result it is important
to include the impact of ozone depletion and recovery in
simulations (predictions) of changes in SH climate.
[3] However, Perlwitz et al. [2008] and Son et al. [2008]

suggest that the impact of changes in stratospheric ozone on
the tropospheric climate may not be fully captured in the
World Climate Research Programme’s Coupled Model Inter-
comparison Project phase 3 (CMIP3) multi-model dataset

used in the Fourth Assessment of the Intergovernmental
Panel on Climate Change [Intergovernmental Panel on
Climate Change, 2007]. They showed that, even in the
CMIP3 models that prescribed ozone recovery, the tropo-
spheric response is weaker than that in the coupled chemistry
models (CCMs) in the SPARC Chemistry-Climate Model
Validation Activity (CCMVal), which calculate stratospheric
ozone interactively.
[4] There are several possible reasons for the difference in

the tropospheric response in CMIP3 and CCMVal models,
including lack of interactive chemistry, incorrect specifica-
tion of ozone, inadequate representation of the stratospheric
circulation in the CMIP3 models, or the lack of a dynamic
ocean in the CCMVal models. Here we focus on the impor-
tance of interactive stratospheric chemistry and the impact of
prescribing monthly-mean zonal-mean ozone (as is done in
the CMIP3 models). Sassi et al. [2005], Crook et al. [2008],
and Gillett et al. [2009] have shown that the Antarctic vortex
is weaker and warmer in simulations without zonal asymme-
tries in O3. This suggests that the use of prescribed zonal-
mean ozone in the CMIP3 models may be the cause of the
difference from CCMVal models. However, the above stud-
ies considered only conditions with high levels of ozone
depleting substances (ODSs) and a large ozone hole, and
they did not examine the impact on long-term trends in the
stratosphere or troposphere.
[5] In this study we examine the impact of zonal asymme-

tries in ozone on simulated trends by comparing simulations
for 1955 to 2055 from the NASA’s Goddard Earth Observing
System Chemistry-Climate Model (GEOS CCM) [Pawson
et al., 2008], which has full, interactive stratospheric chem-
istry, with parallel simulations using the same CCM except
that the monthly-mean zonal-mean stratospheric ozone from
the first simulation is prescribed.

2. Model and Simulations

[6] The GEOS CCM includes representations of atmo-
spheric dynamics, radiation, and stratospheric chemistry and
their coupling through transport and radiative processes.
Pawson et al. [2008] show that the climate structure and
ozone in GEOS CCM agree quite well with observations.
Additional evaluations of GEOS CCM [Eyring et al., 2006;
Perlwitz et al., 2008; Oman et al., 2008; Waugh and Eyring,
2008] reveal good comparisons with observations.
[7] In this study we compare GEOS CCM simulations

with identical greenhouse gas (GHG), ODSs, and SSTs but
different ozone fields in the radiation scheme. In the ‘‘con-
trol’’ (CTL) simulations the O3 field is three-dimensional
and determined interactively within the CCM, whereas in the
‘‘zonal meanO3’’ (ZM) simulations themonthly-mean zonal-
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Sensitivity of Southern Hemisphere climate to zonal asymmetry

in ozone
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[1] Climate model simulations of past and future climate
invariably contain prescribed zonal mean stratospheric
ozone. While the effects of zonal asymmetry in ozone
have been examined in the Northern Hemisphere, much
greater zonal asymmetry occurs in the Southern Hemisphere
during the break up of the Antarctic ozone hole. We
prescribe a realistic three-dimensional distribution of ozone
in a high vertical resolution atmospheric model and
compare results with a simulation containing zonal mean
ozone. Prescribing the three dimensional ozone distribution
results in a cooling of the stratosphere and upper
troposphere comparable to that caused by ozone depletion
itself. Our results suggest that changes in the zonal
asymmetry of ozone have had important impacts on
Southern Hemisphere climate, and will continue to do so
in the future. Citation: Crook, J. A., N. P. Gillett, and S. P. E.
Keeley (2008), Sensitivity of Southern Hemisphere climate to
zonal asymmetry in ozone, Geophys. Res. Lett., 35, L07806,
doi:10.1029/2007GL032698.

1. Introduction

[2] The seasonal variation in ozone concentration over
the Antarctic is large, with the greatest depletion occurring
in the austral spring when the sun returns to Antarctica
[Solomon et al., 2005]. The resulting ozone hole is generally
not centered over the pole, but is displaced towards the
Atlantic sector [Grytsai et al., 2007]. Observations
[Ramaswamy et al., 2001; Randel and Wu, 1999a; Thompson
and Solomon, 2002; Thompson et al., 2005] and climate
model simulations of the response to stratospheric ozone
depletion [Baldwin and Dameris, 2007; Forster and Shine,
1997; Gillett and Thompson, 2003; Gillett et al., 2003;
Hegerl et al., 2007;Keeley et al., 2007; Polvani and Kushner,
2002; Ramaswamy et al., 2001; Shindell and Schmidt, 2004;
Sexton, 2001; van Lipzig et al., 2006] indicate that the ozone
hole has played a dominant role in forcing stratospheric
cooling trends in the Antarctic stratosphere, and that it has
also strengthened the westerly winds over the Southern
Ocean, cooled the Antarctic interior, and warmed the Ant-
arctic Peninsula, particularly during spring and summer.
However, results of these simulations cannot be entirely
realistic because zonal mean ozone concentrations are inva-
riably specified in models, both for climate simulations
[Gillett and Thompson, 2003; Hegerl et al., 2007; Randall
et al., 2007], and for simulations of stratospheric temperature

trends [Ramaswamy et al., 2001]. Studies with mechanistic
models indicate that zonal asymmetries in ozone may be
important in modulating wave driving of the stratosphere
[Nathan and Cordero, 2007]. Modeling studies of the North-
ern Hemisphere suggest that changes in the zonal asymmetry
of ozone may have caused significant 30-year stratospheric
temperature trends there and altered the circulation over the
North Atlantic and European region [Gabriel et al., 2007;
Kirchner and Peters, 2003], but departures from zonal
symmetry of the ozone distribution are much larger in the
Southern Hemisphere during the break up of the ozone hole.
Based on data from the European Centre for Medium Range
Weather Forecasting 40-yr Reanalysis (ERA-40) [Uppala et
al., 2005], the monthly mean amplitude over the 1990s of
zonal wave number 1 in ozone mass mixing ratio is much
larger in the Southern Hemisphere than the Northern Hemi-
sphere from August through November at 50 hPa. The
Northern Hemisphere amplitude peaks in February at
50 hPa, with 0.9 mg kg!1 at 65!N, whereas the Southern
Hemisphere amplitude peaks in October at 50 hPa, with
1.7 mg kg!1 at 65!S.

2. Data and Methods

[3] Here we study the effects of zonally asymmetric
ozone on the Southern Hemisphere climate using a high
vertical resolution version of the Hadley Centre slab model,
denoted HadSM3-L64. This consists of a 50-m-deep mixed-
layer ocean and a dynamic and thermodynamic sea-ice
model coupled to a 64-level atmospheric model extending
up to 0.01 hPa [Gillett et al., 2003].
[4] In the absence of a suitable three-dimensional gridded

observational ozone dataset, we used ozone concentrations
from ERA-40. ERA-40 provides global gridded ozone data
of adequate quality for a sensitivity study such as this and
has been used for a similar study of the Northern Hemi-
sphere [Gabriel et al., 2007]. Ozone is assimilated from
TOMS and SBUV data when available and the reanalysis
model contains a chemistry parameterization and tracer
transport equation [Dethof and Hólm, 2004]. Despite some
deficiencies, the ERA-40 ozone describes well the large
scale structures of stratospheric ozone such as the formation
and break up of the ozone hole [Dethof and Hólm, 2004].
[5] Annually repeating ozone was prescribed in the

model from the 12 month period of July 2000 to June
2001. This period was chosen because October 2000 shows
particularly large zonal asymmetry in its ozone distribution
(Figure 1a). The greatest zonal asymmetry is concentrated
in September–November from 100 hPa to 10 hPa. In other
months the zonal asymmetry is minimal. The ozone distri-
bution in July 2000 and June 2001 was very similar,
therefore wrapping the ozone data at this point is sensible.
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Effect of zonal asymmetries in stratospheric ozone on simulated

Southern Hemisphere climate trends
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[1] Stratospheric ozone is represented in most climate
models by prescribing zonal-mean fields. We examine the
impact of this on Southern Hemisphere (SH) trends using a
chemistry climate model (CCM): multi-decadal simulations
with interactive stratospheric chemistry are compared with
parallel simulations using the samemodel in which the zonal-
mean ozone is prescribed. Prescribing zonal-mean ozone
results in a warmer Antarctic stratosphere when there is a
large ozone hole, with much smaller differences at other
times. As a consequence, Antarctic temperature trends
for 1960 to 2000 and 2000 to 2050 in the CCM are
underestimated when zonal-mean ozone is prescribed. The
impacts of stratospheric changes on the tropospheric
circulation (i.e., summertime trends in the SH annular
mode) are also underestimated. This shows that SH trends
related to ozone depletion and recovery are underestimated
when interactions between stratospheric ozone and climate
are approximated by an imposed zonal-mean ozone field.
Citation: Waugh, D.W., L. Oman, P. A. Newman, R. S. Stolarski,
S. Pawson, J. E. Nielsen, and J. Perlwitz (2009), Effect of zonal
asymmetries in stratospheric ozone on simulated Southern
Hemisphere climate trends, Geophys. Res. Lett., 36, L18701,
doi:10.1029/2009GL040419.

1. Introduction

[2] It is now well established that the ozone hole has
played a major role in changes in the summer tropospheric
circulation of the southern hemisphere (SH) over the last two
decades, and that the expected recovery of Antarctic ozone
will likely also be a major factor in SH climate change over
the next fifty years [e.g., Thompson and Solomon, 2002;
Marshall, 2003; Gillett and Thompson, 2003; Perlwitz et al.,
2008; Son et al., 2008, 2009]. As a result it is important
to include the impact of ozone depletion and recovery in
simulations (predictions) of changes in SH climate.
[3] However, Perlwitz et al. [2008] and Son et al. [2008]

suggest that the impact of changes in stratospheric ozone on
the tropospheric climate may not be fully captured in the
World Climate Research Programme’s Coupled Model Inter-
comparison Project phase 3 (CMIP3) multi-model dataset

used in the Fourth Assessment of the Intergovernmental
Panel on Climate Change [Intergovernmental Panel on
Climate Change, 2007]. They showed that, even in the
CMIP3 models that prescribed ozone recovery, the tropo-
spheric response is weaker than that in the coupled chemistry
models (CCMs) in the SPARC Chemistry-Climate Model
Validation Activity (CCMVal), which calculate stratospheric
ozone interactively.
[4] There are several possible reasons for the difference in

the tropospheric response in CMIP3 and CCMVal models,
including lack of interactive chemistry, incorrect specifica-
tion of ozone, inadequate representation of the stratospheric
circulation in the CMIP3 models, or the lack of a dynamic
ocean in the CCMVal models. Here we focus on the impor-
tance of interactive stratospheric chemistry and the impact of
prescribing monthly-mean zonal-mean ozone (as is done in
the CMIP3 models). Sassi et al. [2005], Crook et al. [2008],
and Gillett et al. [2009] have shown that the Antarctic vortex
is weaker and warmer in simulations without zonal asymme-
tries in O3. This suggests that the use of prescribed zonal-
mean ozone in the CMIP3 models may be the cause of the
difference from CCMVal models. However, the above stud-
ies considered only conditions with high levels of ozone
depleting substances (ODSs) and a large ozone hole, and
they did not examine the impact on long-term trends in the
stratosphere or troposphere.
[5] In this study we examine the impact of zonal asymme-

tries in ozone on simulated trends by comparing simulations
for 1955 to 2055 from the NASA’s Goddard Earth Observing
System Chemistry-Climate Model (GEOS CCM) [Pawson
et al., 2008], which has full, interactive stratospheric chem-
istry, with parallel simulations using the same CCM except
that the monthly-mean zonal-mean stratospheric ozone from
the first simulation is prescribed.

2. Model and Simulations

[6] The GEOS CCM includes representations of atmo-
spheric dynamics, radiation, and stratospheric chemistry and
their coupling through transport and radiative processes.
Pawson et al. [2008] show that the climate structure and
ozone in GEOS CCM agree quite well with observations.
Additional evaluations of GEOS CCM [Eyring et al., 2006;
Perlwitz et al., 2008; Oman et al., 2008; Waugh and Eyring,
2008] reveal good comparisons with observations.
[7] In this study we compare GEOS CCM simulations

with identical greenhouse gas (GHG), ODSs, and SSTs but
different ozone fields in the radiation scheme. In the ‘‘con-
trol’’ (CTL) simulations the O3 field is three-dimensional
and determined interactively within the CCM, whereas in the
‘‘zonal meanO3’’ (ZM) simulations themonthly-mean zonal-

GEOPHYSICAL RESEARCH LETTERS, VOL. 36, L18701, doi:10.1029/2009GL040419, 2009

1Department of Earth and Planetary Sciences, Johns Hopkins
University, Baltimore, Maryland, USA.

2Atmospheric Chemistry and Dynamics Branch, NASA Goddard Space
Flight Center, Greenbelt, Maryland, USA.

3Global Modeling and Assimilation Office, NASA Goddard Space
Flight Center, Greenbelt, Maryland, USA.

4Cooperative Institute for Research in Environmental Sciences,
University of Colorado, NOAA, Boulder, Colorado, USA.

Copyright 2009 by the American Geophysical Union.
0094-8276/09/2009GL040419

L18701 1 of 6

Sensitivity of Southern Hemisphere climate to zonal asymmetry

in ozone
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[1] Climate model simulations of past and future climate
invariably contain prescribed zonal mean stratospheric
ozone. While the effects of zonal asymmetry in ozone
have been examined in the Northern Hemisphere, much
greater zonal asymmetry occurs in the Southern Hemisphere
during the break up of the Antarctic ozone hole. We
prescribe a realistic three-dimensional distribution of ozone
in a high vertical resolution atmospheric model and
compare results with a simulation containing zonal mean
ozone. Prescribing the three dimensional ozone distribution
results in a cooling of the stratosphere and upper
troposphere comparable to that caused by ozone depletion
itself. Our results suggest that changes in the zonal
asymmetry of ozone have had important impacts on
Southern Hemisphere climate, and will continue to do so
in the future. Citation: Crook, J. A., N. P. Gillett, and S. P. E.
Keeley (2008), Sensitivity of Southern Hemisphere climate to
zonal asymmetry in ozone, Geophys. Res. Lett., 35, L07806,
doi:10.1029/2007GL032698.

1. Introduction

[2] The seasonal variation in ozone concentration over
the Antarctic is large, with the greatest depletion occurring
in the austral spring when the sun returns to Antarctica
[Solomon et al., 2005]. The resulting ozone hole is generally
not centered over the pole, but is displaced towards the
Atlantic sector [Grytsai et al., 2007]. Observations
[Ramaswamy et al., 2001; Randel and Wu, 1999a; Thompson
and Solomon, 2002; Thompson et al., 2005] and climate
model simulations of the response to stratospheric ozone
depletion [Baldwin and Dameris, 2007; Forster and Shine,
1997; Gillett and Thompson, 2003; Gillett et al., 2003;
Hegerl et al., 2007;Keeley et al., 2007; Polvani and Kushner,
2002; Ramaswamy et al., 2001; Shindell and Schmidt, 2004;
Sexton, 2001; van Lipzig et al., 2006] indicate that the ozone
hole has played a dominant role in forcing stratospheric
cooling trends in the Antarctic stratosphere, and that it has
also strengthened the westerly winds over the Southern
Ocean, cooled the Antarctic interior, and warmed the Ant-
arctic Peninsula, particularly during spring and summer.
However, results of these simulations cannot be entirely
realistic because zonal mean ozone concentrations are inva-
riably specified in models, both for climate simulations
[Gillett and Thompson, 2003; Hegerl et al., 2007; Randall
et al., 2007], and for simulations of stratospheric temperature

trends [Ramaswamy et al., 2001]. Studies with mechanistic
models indicate that zonal asymmetries in ozone may be
important in modulating wave driving of the stratosphere
[Nathan and Cordero, 2007]. Modeling studies of the North-
ern Hemisphere suggest that changes in the zonal asymmetry
of ozone may have caused significant 30-year stratospheric
temperature trends there and altered the circulation over the
North Atlantic and European region [Gabriel et al., 2007;
Kirchner and Peters, 2003], but departures from zonal
symmetry of the ozone distribution are much larger in the
Southern Hemisphere during the break up of the ozone hole.
Based on data from the European Centre for Medium Range
Weather Forecasting 40-yr Reanalysis (ERA-40) [Uppala et
al., 2005], the monthly mean amplitude over the 1990s of
zonal wave number 1 in ozone mass mixing ratio is much
larger in the Southern Hemisphere than the Northern Hemi-
sphere from August through November at 50 hPa. The
Northern Hemisphere amplitude peaks in February at
50 hPa, with 0.9 mg kg!1 at 65!N, whereas the Southern
Hemisphere amplitude peaks in October at 50 hPa, with
1.7 mg kg!1 at 65!S.

2. Data and Methods

[3] Here we study the effects of zonally asymmetric
ozone on the Southern Hemisphere climate using a high
vertical resolution version of the Hadley Centre slab model,
denoted HadSM3-L64. This consists of a 50-m-deep mixed-
layer ocean and a dynamic and thermodynamic sea-ice
model coupled to a 64-level atmospheric model extending
up to 0.01 hPa [Gillett et al., 2003].
[4] In the absence of a suitable three-dimensional gridded

observational ozone dataset, we used ozone concentrations
from ERA-40. ERA-40 provides global gridded ozone data
of adequate quality for a sensitivity study such as this and
has been used for a similar study of the Northern Hemi-
sphere [Gabriel et al., 2007]. Ozone is assimilated from
TOMS and SBUV data when available and the reanalysis
model contains a chemistry parameterization and tracer
transport equation [Dethof and Hólm, 2004]. Despite some
deficiencies, the ERA-40 ozone describes well the large
scale structures of stratospheric ozone such as the formation
and break up of the ozone hole [Dethof and Hólm, 2004].
[5] Annually repeating ozone was prescribed in the

model from the 12 month period of July 2000 to June
2001. This period was chosen because October 2000 shows
particularly large zonal asymmetry in its ozone distribution
(Figure 1a). The greatest zonal asymmetry is concentrated
in September–November from 100 hPa to 10 hPa. In other
months the zonal asymmetry is minimal. The ozone distri-
bution in July 2000 and June 2001 was very similar,
therefore wrapping the ozone data at this point is sensible.
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Sensitivity of climate to dynamically-consistent zonal asymmetries

in ozone
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[1] Previous investigations into the effect of zonal
asymmetries in ozone on climate have compared simulations
with prescribed 3-D ozone, in which the ozone is not
necessarily consistent with the model dynamics, to
simulations with prescribed zonal mean ozone. We assess
the impact of zonal asymmetries in ozone by comparing a
control simulation of a coupled chemistry version of the
Canadian Middle Atmosphere Model (CMAM) in which the
ozone andmodel dynamics are consistent, with a simulation in
which only the zonal mean of the ozone is passed to the
radiative transfer scheme. These simulations reveal a robust
stratospheric zonal-mean temperature and geopotential height
response to zonal asymmetries in ozone that is consistent with
that identified in previous studies and of a magnitude
comparable to observed trends. These results suggest that the
inclusion of zonal asymmetries in ozone may be essential for
the accurate simulation of future stratospheric temperature
trends. Citation: Gillett, N. P., J. F. Scinocca, D. A. Plummer, and
M. C. Reader (2009), Sensitivity of climate to dynamically-
consistent zonal asymmetries in ozone, Geophys. Res. Lett., 36,
L10809, doi:10.1029/2009GL037246.

1. Introduction

[2] To date almost all coupled atmosphere-ocean climate
models [e.g., Meehl et al., 2007], and many model simu-
lations of the middle atmosphere [e.g., Ramaswamy et al.
2001] have used specified zonal average ozone distribu-
tions. Son et al. [2008] demonstrated that the Southern
Hemisphere tropospheric circulation response to ozone
recovery is larger in a set of coupled chemistry models than
in a set of climate models in which zonal mean ozone is
specified. One possible reason for this difference is that the
coupled chemistry models included zonally asymmetric
changes in the ozone distribution. Several recent studies
have highlighted the importance of zonal asymmetries in
ozone for the simulation of stratospheric and tropospheric
conditions in the Northern Hemisphere [Kirchner and
Peters, 2003; Gabriel et al., 2007], and in the Southern
Hemisphere [Crook et al., 2008]. Zonal asymmetries in
ozone are particularly large in the Southern Hemisphere
during the breakup of the vortex, when the region of
maximum ozone depletion is often displaced from the pole.
Crook et al. [2008] demonstrated that accounting for zonal
asymmetries in ozone in a simulation using observed ozone
from a year with particularly strong zonal asymmetry
resulted in stratospheric cooling comparable to that due to
ozone depletion itself. However, these studies all specified

fixed three-dimensional distributions of ozone: In such
simulations the position of the ozone minimum is not
constrained by the dynamics, and may not be collocated
with the dynamical polar vortex. Further, ozone-dynamics
feedbacks [Nathan and Cordero, 2007] are not resolved,
since the ozone distribution is specified.
[3] Most studies on the influence of the zonal asymmetry of

ozone have focused on the stratosphere. However, large zonal
asymmetries in ozone are found in the mesosphere and thermo-
sphere associated with the diurnal cycle. Since ozone concen-
trations are much higher at night than in the day at these levels,
using a zonal mean of ozone has the potential to introduce a bias
in the radiative heating rates at these levels. For this reason
Paul et al. [1998] restrict their ozone climatology to levels below
0.3 hPa. However the widely-used [Li and Shine, 1995] zonal-
mean ozone climatology extends to 0.0011 hPa, but uses
daytime ozone values from near-infrared airglowmeasurements
from the Solar Mesosphere Explorer [Li and Shine, 1995].
However, in some cases climate models are run with prescribed
ozone from coupled chemistry models, particularly for future
simulations, and in these cases the use of zonal mean ozone
could introduce a bias in the radiative heating rates.
[4] One way in which the influence of zonal asymmetries

in ozone may be examined in a more realistic context is by
comparing a simulation of a coupled chemistry model, with a
second simulation in which the zonal mean of the calculated
ozone is prescribed. Reddmann et al. [1999] carried out such
a comparison using the 3-D Karlsruhe simulation model of
the middle atmosphere (KASIMA), accounting for the diur-
nal cycle in ozone above 50 km by prescribing the daytime
mean ozone above this level in the second simulation, and
with conditions at the 10-km lower boundary prescribed from
European Centre for Medium Range Weather Forecasting
(ECMWF) analyses. Their simulations start in July, meaning
that they are not able to realistically simulate the Antarctic
winter vortex or Antarctic ozone depletion. They simulate a
single northern winter, and use trace gases representative of
approximately 1992. They examine temperature differences
between the two simulations in December and find only small
differences between the two simulations, which leads them to
conclude that ‘for undisturbed ozone conditions (no polar
ozone hole) a realistic ozone climatology is sufficient for
model simulations’. In this study, we also assess the role of
three dimensional ozone variations in a fully-coupled con-
text, but using 40-yr simulations with a realistic annual cycle
and stratospheric chlorine levels representative of approxi-
mately 1990.

2. Model and Experiments

[5] We use the Canadian Middle Atmosphere Model with
coupled chemistry (CMAM) [Scinocca et al., 2008; de
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20th Century Historical Simulations
• WACCM: 6 (3 New) members from 1955 to 2005                                           

(started from differing atmospheric ICs) 
• SC-WACCM: Uses ensemble mean values from prior WACCM runs 
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Changes in the DJF Zonal Mean Winds!
(1995-2005 mean minus 1960-1969 mean)

c) SC-WACCM(daily)

b) SC-WACCM(monthly)
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Changes in the DJF Zonal Mean Winds!
(1995-2005 mean minus 1960-1969 mean)

c) SC-WACCM(daily)

b) SC-WACCM(monthly)
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Impact on Surface Climate Trends
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a) DJF Zonal Mean Zonal Wind at 867hPa
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Summary
• SC-WACCM’s climatology in the troposphere and 

stratosphere are indistinguishable from WACCM. 

• 1/2 Cost Of WACCM (with Chemistry) 

• Temporal smoothing of the specified ozone forcing file 
leads to significant changes in southern hemispheric 
trends from 1955 to 2005.



Back Up Slides and 
Extra Info



SC-WACCM (1850) Ozone

X - 36 SMITH ET AL.: SPECIFIED-CHEMISTRY WACCM
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Figure 3. Climatological monthly and zonal mean WACCM pre-industrial total column ozone

in Dobson Units (DU).
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Figure 4. Annual and zonal mean (a) total short-wave heating rate (QRS) for WACCM in K

day�1, (b) � QRS TOT (WACCM minus SC-WACCM) in K day�1 and (c) � QRS in % . Red

(blue) contours are positive (negative) values. Contour interval is 2�2, 2�1, 1, 2, 22, ... Kday�1

in (a), 0.25 K day�1 in (b) and ...,-25, -15, -5, 5, 15, 25,... in (c). Gray shading indicates regions

that are significantly di↵erent at the 95% level.
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Figure 4. Annual and zonal mean (a) total short-wave heating rate (QRS) for WACCM in K

day�1, (b) � QRS TOT (WACCM minus SC-WACCM) in K day�1 and (c) � QRS in % . Red

(blue) contours are positive (negative) values. Contour interval is 2�2, 2�1, 1, 2, 22, ... Kday�1

in (a), 0.25 K day�1 in (b) and ...,-25, -15, -5, 5, 15, 25,... in (c). Gray shading indicates regions

that are significantly di↵erent at the 95% level.
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Ozone has a diurnal cycle in WACCM  
but not SC-WACCM

Instantaneous)zonal)profile)of)ozone)(ppmv))for)a)day)in)January)at)the)equator,)at)60km,)

and)at)12)midnight)0E.)Solid)in)WACCM)ozone)and)dashed)is)SCHWACCM)ozone)(Sassi%
and%Garcia,%2005).)

ozone%that%
WACCM%sees%

ozone%that%%
SC/WACCM%sees%
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Figure 4. Annual and zonal mean (a) total short-wave heating rate (QRS) for WACCM in K

day�1, (b) � QRS TOT (WACCM minus SC-WACCM) in K day�1 and (c) � QRS in % . Red

(blue) contours are positive (negative) values. Contour interval is 2�2, 2�1, 1, 2, 22, ... Kday�1

in (a), 0.25 K day�1 in (b) and ...,-25, -15, -5, 5, 15, 25,... in (c). Gray shading indicates regions

that are significantly di↵erent at the 95% level.
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Figure 5. As in Figure 2 but for December-January-February (DJF).
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Interpolation of monthly QRS onto 
model time-step causes seasonal biases
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Figure 13. Zonal mean surface air temperature (a), (b), sea-level pressure (c), (d) and

precipitation (e), (f) for December-January-February (DJF) (a), (c), (e) and June-July-August

(JJA) (b), (d), (f). Black, red and blue curves are WACCM, SC-WACCM and CCSM4.
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Figure 12. Surface air temperature (SAT) in WACCM, SC-WACCM and CCSM4 as a function

of month. (a) Global mean, (b) Northern Hemisphere (NH) polar cap average and (c) Southern

Hemisphere polar cap average. Months when CCSM4 is not significantly di↵erent from WACCM

at the 95% level are highlighted with gray shading. (d), (e) and (f) as (a), (b) and (c) but for

the standard deviation of SAT.
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Surface Climate

X - 32 SMITH ET AL.: SPECIFIED-CHEMISTRY WACCM

Model SAT (K) P (mmday�1
) SLP (hPa) SIE(10

6km2
)

Global WACCM 286.8 (0.2) 2.83 (0.03) 1011.3 (0.05) –

SC-WACCM 286.7 (0.2) 2.83 (0.03) 1011.4 (0.05) –

CCSM4 286.5 (0.2) 2.93 (0.02) 1011.2 (0.04) –

21

�
-90

�
N WACCM 281.1 (0.3) 2.00 (0.04) 1016.9 (0.4) 14.0 (0.6)

SC-WACCM 281.0 (0.3) 1.99 (0.05) 1016.9 (0.4) 14.0 (0.5)

CCSM4 281.0 (0.3) 2.13 (0.04) 1014.9 (0.5) 13.3 (0.5)

21

�
S-21

�
N WACCM 298.2 (0.4) 4.10 (0.08) 1010.6 (0.4) –

SC-WACCM 298.2 (0.5) 4.10 (0.08) 1010.7 (0.4) –

CCSM4 298.2 (0.4) 4.20 (0.07) 1011.9 (0.3) –

21

�
-90

�
S WACCM 279.9 (0.2) 2.25 (0.04) 1006.6 (0.4) 16.4 (0.9)

SC-WACCM 279.8 (0.2) 2.25 (0.04) 1006.5 (0.4) 16.5 (0.7)

CCSM4 279.0 (0.2) 2.33 (0.04) 1006.7 (0.4) 20.4 (1.1)

Table 1. WACCM, SC-WACCM and CCSM4 annual mean surface air temperature (SAT ),

precipitation (P ), sea-level pressure (SLP ), and sea ice extent (SIE) for preindustrial conditions.

Climatological means are calculated over 200 years for WACCM, 195 years for SC-WACCM and

501 years for CCSM4. The 2� uncertainties in the means are listed in parentheses.
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Zonal Mean Temperature ComparisonX - 40 SMITH ET AL.: SPECIFIED-CHEMISTRY WACCM
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Figure 7. Zonal mean temperature for (a),(c),(e) December-January-February (DJF) and

(b),(d),(f) June-July-August (JJA). Panels (a) and (b) are for WACCM, (c) and (d) are for

SC-WACCM and (e) and (f) are for CCSM4. Shading interval is 10 K.
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Zonal Mean Wind ComparisonSMITH ET AL.: SPECIFIED-CHEMISTRY WACCM X - 41
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Figure 8. Zonal mean zonal wind for (a),(c),(e) December-January-February (DJF) and

(b),(d),(f) June-July-August (JJA). Panels (a) and (b) are for WACCM, (c) and (d) are for

SC-WACCM and (e) and (f) are for CCSM4. Shading interval is 10 m s�1.
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The residual circulation is also 
well represented in SC-WACCM



The residual circulation is well 
represented in SC-WACCM



The tropical water vapor tape recorder

Plots&show&the&devia.on&in&water&vapor&mixing&ra.o&(ppmv)&from&
the&.me8mean&average&profile&averaged&over&10°N810°S.&



Sudden stratospheric warming 
(SSW) frequency



Sudden stratospheric warming 
(SSW) frequency

Winter'Frequencies:''' 'WACCM'' '0.5'SSWs'yr61'
' ' ' ' ' ' ' 'SC6WACCM '0.4'SSWs'yr61'
' ' ' ' ' ' ' 'CCSM4 ' '0.08'SSWs'yr61'



Polar vortices
U"at"60N,"10hPa" U"at"60S,"10hPa"

RMSE"of"U"at"60N,"10hPa" RMSE"of"U"at"60S,"10hPa"

NH" SH"



DJFM Heat Flux and 10hPa Temperatures
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(d) DJFM 10 hPa Temperature Anomalies
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(a) DJFM 10hPa Heat Flux
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(c) DJFM 10hPa Heat Flux Anomalies
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Figure 14. Probability density distributions of 10 hPa December-January-Febraury-March

(DJFM) total (a) and anomalous (c) zonal mean eddy heat flux averaged from 45��75�N, total

(b) and anomalous (d) polar cap averaged temperature. Black, red and blue curves are WACCM,

SC-WACCM and CCSM4. Probability density distributions are computed using a kernel density

estimator, which performs a non-parametric, smoothed fit to the data.
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Figure 16. Probability density distributions of the North Atlantic Oscillation (NAO) index.

Black, red and blue curves are WACCM, SC-WACCM and CCSM4. The NAO index is the time

series of the leading EOF of monthly sea-level pressure anomalies for the North Atlantic region,

20��90�N and 90�W-30�E. Probability density distributions are computed using a kernel density

estimator, which performs a non-parametric, smoothed fit to the data.
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Figure 17. (a) Power spectrum and (b) probability density distrubtions of the NINO 3.4 index

for WACCM (black), SC-WACCM (red) and CCSM4 (blue). Thin gray, pink and blue lines in

(a) show 50-year spectra for WACCM, SC-WACCM and CCSM4, respectively. The NINO 3.4

index is the time series of sea surface temperature anomaly averaged over the tropical Pacific

region, 5�S-5�N and 170�W-120�W.
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Jet Changes and Temperature
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d) DJF Temperature: WACCM minus SC-WACCM(monthly)  f) DJF Temperature: WACCM minus SC-WACCM(daily)  
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c) DJF Zonal Wind: SC-WACCM(daily)
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