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[11 Simulations of the stratosphere from thirteen coupled chemistry-climate models
(CCMs) are evaluated to provide guidance for the interpretation of ozone predictions made
by the same CCMs. The focus of the evaluation is on how well the fields and
processes that are important for determining the ozone distribution are represented in the
simulations of the recent past. The core period of the evaluation is from 1980 to 1999
but long-term trends are compared for an extended period (1960—2004). Comparisons of
polar high-latitude temperatures show that most CCMs have only small biases in the
Northern Hemisphere in winter and spring, but still have cold biases in the Southern
Hemisphere spring below 10 hPa. Most CCMs display the correct stratospheric response
of polar temperatures to wave forcing in the Northern, but not in the Southern
Hemisphere. Global long-term stratospheric temperature trends are in reasonable
agreement with satellite and radiosonde observations. Comparisons of simulations of
methane, mean age of air, and propagation of the annual cycle in water vapor show a wide
spread in the results, indicating differences in transport. However, for around half the
models there is reasonable agreement with observations. In these models the mean age of
air and the water vapor tape recorder signal are generally better than reported in previous
model intercomparisons. Comparisons of the water vapor and inorganic chlorine (Cly)
fields also show a large intermodel spread. Differences in tropical water vapor mixing
ratios in the lower stratosphere are primarily related to biases in the simulated tropical
tropopause temperatures and not transport. The spread in Cly, which is largest in the polar
lower stratosphere, appears to be primarily related to transport differences. In general the
amplitude and phase of the annual cycle in total ozone is well simulated apart from the
southern high latitudes. Most CCMs show reasonable agreement with observed total
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ozone trends and variability on a global scale, but a greater spread in the ozone trends in
polar regions in spring, especially in the Arctic. In conclusion, despite the wide range of
skills in representing different processes assessed here, there is sufficient agreement
between the majority of the CCMs and the observations that some confidence can be

placed in their predictions.
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1. Introduction

[2] The future evolution of the stratosphere is of partic-
ular interest for the timing of ozone recovery and chemistry-
climate interactions. An important tool for understanding
past changes and predicting the future evolution of the
stratosphere is the coupled chemistry-climate model
(CCM). CCMs include full representations of dynamical,
radiative, and chemical processes in the atmosphere and
their interactions. In particular, CCMs include feedbacks of
the chemical tendencies on the dynamics, and hence the
transport of chemicals. This feedback is a major difference
between CCMs and chemical transport models, and is
required to simulate the evolution of ozone in a changing
climate. Ozone is a major radiative agent in the stratosphere
and is also strongly affected by dynamics and transport, so
the ozone radiative-dynamical feedback in CCMs is of
particular importance for the representation of chemistry-
climate coupling [ World Meteorological Organization/United
Nations Environment Programme (WMO/UNEP), 2003].

[3] CCMs have been used to simulate the evolution of the
stratosphere in the 21st century, and to predict the recovery
of the ozone layer [Austin et al., 2003; Austin and Wilson,
2006; Dameris et al., 2006]. To interpret and assess these
predictions the capabilities and limitations of the models
first need to be determined by comparing their simulated
meteorology and trace gas distributions with meteorological
analyses and observations. Such comparisons not only point
to model deficiencies and uncertainties, but can also help in
understanding processes, mechanisms and feedbacks within
the atmosphere and identifying deficiencies in our under-
standing. It is also of interest to compare models with each
other, to determine the consistency between the models and
to relate intermodel spread to model formulation and
experimental setup.

[4] An intercomparison and assessment of CCMs was
performed by Austin et al. [2003]. Since then a number of
new CCMs with a focus on the middle atmosphere have
been developed, and changes have also been made to the
CCMs considered by Austin et al. [2003]. Some of the new
and updated CCMs have been tested and compared to
observations [Austin et al., 2006, Dameris et al., 2005;
Egorova et al., 2005; Steinbrecht et al., 2006a, 2006b;
Struthers et al., 2004; Tian and Chipperfield, 2005; R. R.
Garcia et al., Simulations of secular trends in the middle
atmosphere, 1950—-2003, submitted to Journal of Geophys-
ical Research, 2006, hereinafter referred to as Garcia et al.,
submitted manuscript, 2006], but there is need for a new
multimodel assessment with a common focus and experi-
mental setup.

[5] In this study we evaluate simulations from thirteen
CCMs. The CCMs examined have performed simulations of

the past evolution of the stratosphere and have been used to
predict the future evolution of stratospheric ozone in the
21st century in a follow up study and in support of the 2006
WMO/UNEP Scientific Assessment of Ozone Depletion.
The primary objective of this paper is to evaluate the
capabilities of the CCMs to simulate processes and fields
that play an important role in determining the ozone
distribution. Such an evaluation will provide guidance for
the interpretation of predictions of future ozone evolution
made by the CCMs.

[6] To evaluate the CCM results we compare the simu-
lated distributions of temperature, ozone, and other trace
gases with those derived from meteorological analyses and
trace gas observations. We focus on quantities that are
important for the simulation of ozone distribution and can
be validated against observations. This includes tempera-
ture, water vapor, hydrogen chloride (a principal reservoir
of inorganic chlorine), and observationally based transport
diagnostics. Both, the climatological mean distributions as
well as decadal-scale variations and trends during the 1960
to 2004 period are examined.

[7] This study extends both the Austin et al. [2003]
assessment of CCMs and the Pawson et al. [2000] assess-
ment of middle atmospheric general circulation models
(GCMs). First, a larger number of CCMs is considered.
Second, in contrast to these previous studies, the CCM
simulations defined as part of the Chemistry-Climate Model
Validation Activity for SPARC (CCMVal) [Eyring et al.,
2005a] used here are all transient simulations and have
almost identical forcings (e.g., sea surface temperatures
(SSTs), greenhouse gases (GHGs), and halocarbons). This
eliminates many of the uncertainties in the conclusions of
the earlier assessments that resulted from the differences in
experimental setup of individual models. Finally, and per-
haps most importantly, this study is the first multi-CCM
assessment to evaluate transport and distributions of impor-
tant trace gases. This includes an evaluation of the simu-
lations of inorganic chlorine, which is of particular
importance for simulations of the evolution of ozone and
0zone recovery.

[8] The models and simulations as well as the observa-
tional data sets that are used in this study to evaluate the
CCMs are described in section 2. In section 3 the simulated
stratospheric temperatures in the CCMs and associated
wave forcing is evaluated and compared with similar
diagnostics calculated from meteorological analyses. Sec-
tion 4 focuses on the evaluation of transport characteristics
and long-lived tracers, by comparing methane, water vapor
and mean age of air distributions to observations. Inaccu-
racies in dynamics and transport affect modeled inorganic
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chlorine as well as ozone distributions, which are discussed
in sections 5 and 6. In section 7 a summary is presented.

2. Models and Observational Data Sets
2.1. Model Descriptions

[v] Thirteen coupled chemistry-climate models have par-
ticipated in this model intercomparison. Their main features
are summarized in Table 1 and detailed descriptions of the
CCMs are given in the cited literature.

[10] Some of the CCMs can be grouped together as they
have been built on the same underlying GCM, although
important differences exist among the models in each group
(see Table 1). For example, UMETRAC and UMSLIMCAT
are both based on the U.K. Unified Model (UM) [Pope et
al., 2000]. MAECHAM4CHEM and SOCOL are based on
the same middle atmosphere GCM [Manzini et al., 1997],
but each model uses a different forcing for the Hines [1997]
nonorographic gravity wave drag (NonO-GWD) scheme
[see Egorova et al., 2005]. E39C can also be grouped with
MAECHAMA4CHEM and SOCOL, because their underly-
ing GCMs are all derived from ECHAM4 [Roeckner et al.,
1996]. In addition, the chemistry schemes of E39C and
MAECHAMA4CHEM are both based on Steil et al. [1998],
while those of UMETRAC and AMTRAC are based on the
chemistry scheme described by Austin et al. [2006]. Other
groups of models are not based on the same GCM but do
share some similar characteristics in their dynamics and
transport. For example, AMTRAC, GEOSCCM, and
WACCM all use finite-volume dynamical and advection
schemes and GEOSCCM and WACCM have similar phys-
ical parameterizations. However, in all cases there are either
completely separate components in the related CCMs (e.g.,
the base GCM is the same, but the chemistry differs) or
significant modifications have been made to the originally
common components.

[11] The horizontal resolution varies from 10° x 20°
(ULAQ) to 2° x 2.5° (AMTRAC, GEOSCCM), and the
location of the upper boundary from being centered at
10 hPa (E39C) to 4.5 x 10~® hPa (WACCM). The number
of vertical levels ranges from 26 (ULAQ) to 71 (CMAM).
The numerical methods used for the dynamical core and
advection schemes also vary (see Table 1). The dynamics in
all CCMs is determined by solving the “primitive” equa-
tions, except for ULAQ which is a quasi-geostrophic model
[Pitari et al., 2002].

[12] A major issue with GCMs of the middle atmosphere
is the treatment of gravity waves. Given the limited spatial
resolution of these models, gravity waves need to be para-
meterized, and these parameterizations vary significantly
among the models. Orographic gravity wave drag schemes
are employed in all models except ULAQ. To represent the
effects of gravity waves of nonorographic origin, parameter-
izations of gravity wave spectra are used in all models (see
Table 1), except in E39C (the upper boundary is located
below the region where these effects are important) and in
ULAQ (Rayleigh friction). Currently a limitation of the
gravity wave schemes in the models used in this study is
that their source spectrum is specified externally and does
not evolve in time in response to a changing climate.

[13] All CCMs have a comprehensive range of chemical
reactions and include a number of chemical species from the
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Oy, HOy, ClOy, BrOy, and NOy families (apart from E39C
and MAECHAM4CHEM, which do not include bromine
species) and source gases. All models include both gas-
phase chemistry and heterogeneous chemistry on aerosols,
and on polar stratospheric clouds (PSCs), but different PSC
and denitrification schemes are used. The formation of NAT
particles is not included in CMAM and dehydration/deni-
trification by gravitational settling of PSC particles is not
included in CMAM and UMSLIMCAT.

[14] The 13 CCMs differ in how they couple radiation
and composition. All models use the simulated O3 and H,O
fields in their radiation calculations, but the number of other
simulated greenhouse gases used varies (see Table 1).

[15] In contrast to the other models, the UMSLIMCAT
model carries two separate water vapor fields, a tropo-
spheric humidity field that is used for tropospheric physics
but is not coupled with the chemistry, and a stratospheric
H,O tracer used in the stratospheric chemistry module. This
second water vapor field has a constant value of 3.3 ppmv
in the troposphere and a chemical source in the stratosphere
from methane oxidation. In all other models there is a single
water vapor field that is used in the tropospheric physics
and stratospheric chemistry.

[16] A subset of CCMs (CCSRNIES, CMAM, E39C,
MAECHAMA4CHEM, ULAQ, and UMETRAC) have al-
ready contributed to an earlier assessment of CCMs [Austin
et al., 2003]. However, all of these models have been
improved since the last assessment. The horizontal resolu-
tion in CCSRNIES has been increased from T21 to T42,
and a nonorographic gravity wave drag parameterization
has been included. The chemistry scheme now includes
bromine chemistry and the methane oxidation process
[Akiyoshi et al., 2004], and heterogencous chemistry has
changed [Sessler et al., 1996]. The plane-parallel radiative
transfer scheme has been replaced with a pseudospherical
approximation [Kurokawa et al., 2005]. The number of
vertical levels in CMAM has been increased from 65 to 71
to improve resolution through the tropopause region, and
the parameterization of both orographic and nonorographic
gravity wave drag has also been changed (see Table 1). The
surface drag and vertical diffusion coefficients have been
decreased in the ULAQ model and cirrus ice particles have
been included in the upper troposphere. The underlying
GCM has not changed in E39C, MAECHAM4CHEM and
UMETRAC since Austin et al. [2003] but changes have
been made to the chemistry schemes: Two more heteroge-
neous reactions on stratospheric aerosol have been added to
the chemistry module in E39C and MAECHAM4CHEM
and photolysis for twilight conditions with a solar zenith
angle up to 93° is included [Lamago et al., 2003; Steil et al.,
2003]. UMETRAC uses the same chemistry scheme as
AMTRAC, including among other changes an explicit
treatment of long-lived tracers [Austin et al., 2006; Austin
and Wilson, 2006] and coupling of the underlying climate
model water vapor to the stratospheric chemistry.

2.2. Model Simulations

[17] The model simulations considered here are transient
simulations of the last decades of the 20th century. The
specifications of the simulations follow or are similar to the
“reference simulation 1”” (REF1) of CCMVal [Eyring et al.,
2005b] and include anthropogenic and natural forcings
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based on changes in SSTs, trace gases, solar variability, and
aerosol effects (from major volcanic eruptions). Full details
of the REF1 specifications are summarized in Eyring et al.
[2005b] and only the key aspects are given here. All forcings
for the simulations can be downloaded from the CCMVal
Project website at http://www.pa.op.dlr.de/CCM Val.

[18] In REF1 simulations:

[19] 1. The SSTs are prescribed as monthly means fol-
lowing the global sea ice and sea surface temperature
(HadISSTT1) data set provided by the UK Met Office Hadley
Centre [Rayner et al., 2003]. This data set is based on
blended satellite and in situ observations.

[20] 2. The surface concentrations of GHGs are based on
Intergovernmental Panel on Climate Change (IPCC)
[2001].

[21] 3. The surface halogens are based on Table 4B-2
of WMO/UNEP [2003] and are extended through 2004
(S. Montzka, personal communication, 2005).

[22] 4. Chemical kinetics is taken from NASA Panel for
Data Evaluation [2006].

[23] 5. The influence of the 1l-year solar cycle on
photolysis and heating rates is parameterized according to
the intensity of the 10.7 cm radiation of the sun [Lean et al.,
1997].

[24] 6. Both chemical and direct radiative effects of
enhanced stratospheric aerosol abundance from large vol-
canic eruptions are considered (see below).

[25] 7. A quasi-biennial oscillation (QBO) is either inter-
nally generated or forced (see below).

[26] The three major volcanic eruptions (Agung in 1963,
El Chichén in 1982, and Pinatubo in 1991) are taken into
account in REFI1 simulations by prescribing observed
sulfate aerosol surface area densities (SADs) and additional
modeled heating rates (see Table 2). SADs are specified
from a monthly climatology based on satellite data, similar
to that used by Jackman et al. [1996] and updated by D. B.
Considine (NASA Langley Research Center). The heating
rates are monthly means from January 1950 to December
1999 for all-sky condition, and were calculated using
volcanic aerosol parameters from Sato et al. [1993],
Hansen et al. [2002] and GISS ModelE radiative routines
and climatology [Schmidt et al., 2006; G. Stenchikov and
L. Oman, personal communication, 2005].

[27] The QBO is included in one of two ways in REF1
simulations. Three of the models (MRI, UMETRAC, and
UMSLIMCAT) are able to internally generate a QBO
driven by resolved and parameterized wave mean-flow
interaction [Scaife et al., 2002; Shibata and Deushi,
2005]. The QBO in these models is an internal mode and
hence is not synchronized with the observed QBO, but has
the correct mean period. The other CCMs do not generate
an in situ QBO and, instead, simulate permanent tropical
easterlies. In these models the QBO is forced externally by
relaxation (“‘nudging’) of the stratospheric equatorial zonal
wind to observed equatorial zonal wind profiles [Giorgetta
and Bengtsson, 1999]. The externally driven QBO is
therefore synchronized with the observed QBO.

[28] The forcings employed in each of the 13 transient
CCM simulations used in this intercomparison are summa-
rized in Table 2. Not all the model simulations examined
here followed the suggested REF1 specifications exactly.
The SSTs used are all based on observations, but in
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AMTRAC, LMDZrepro, UMSLIMCAT and WACCM
other SSTs than the HadISST1 data set have been used
(see Table 2). Furthermore, not all models included a
QBO or changes in solar forcing and the amount of
sulfate aerosols, and the method for accounting for the
radiative effects of volcanic aerosols varied and is not
included in all simulations.

2.3. Observational Data Sets

[20] For the intercomparisons shown in the following
sections different sets of observations have been employed.
Meteorological fields from several different analysis sys-
tems are used to assess the models. The differences between
the climatologies derived from these fields are an indicator
of the uncertainties in the meteorological analyses. As many
of the CCM simulations started in January 1980 and ended
in December 1999, we use the same time period for the
ERA-40 reanalyses [Uppala et al., 2005] and the NCEP
Climate Prediction Center (CPC) stratospheric analyses
[Gelman et al., 1996]. The production of UK Met Office
assimilated stratospheric analyses UKMO [Swinbank and
O’Neill, 1994] only started in October 1991, and to produce
a 10 year climatology representative for the 1990s we use
the assimilated fields from January 1992 to December 2001.
Modeled temperature time series are compared to ERA-40
reanalysis data and radiosonde data derived from the Ra-
diosonde Atmospheric Temperature Products for Assessing
Climate (RATPAC) climatology [Free et al., 2005].

[30] To evaluate transport as well as hydrogen chloride
and ozone distributions, we compare modeled tracer distri-
butions with data of the Halogen Occultation Experiment
(HALOE) on board the Upper Atmosphere Research Satel-
lite (UARS). Methane, water vapor, hydrogen chloride and
ozone retrieved from HALOE are available since 1991
[Russell et al., 1993]. Model climatologies of the 1990s
are compared to a climatology derived from 1991 to 2002
HALOE data, where data since September 2002 have not
been included because of the unusual major warming in the
Antarctic in 2002 and because the observations have been
less frequent after 2002 [Groofs and Russell, 2005]. This
climatology provides a consistent data set and is easily
accessible. Uncertainties of single profile HALOE retrievals
have been estimated in several studies [e.g., Briihl et al.,
1996; Harries et al., 1996; Park et al., 1996; Russell et al.,
1996]. For all measured species the accuracy of the HALOE
retrievals decreases near the tropopause. In addition, sparse
coverage of the polar regions increases the uncertainty in
the HALOE climatologies there. In all intercomparisons the
HALOE climatological mean and the interannual standard
deviation (1o) are shown.

[31] Not enough observations are available to form a
global climatology for mean age of air and inorganic
chlorine (Cly). However, measurements in single years exist
that can be used for assessing the simulations. These data
are described in sections 4.3 and 5.

[32] Climatological means of calculated total column
ozone as well as variability and trends are compared against
four observational data sets: ground-based, merged satellite
data, the National Institute of Water and Atmospheric
Research (NIWA) assimilated database and Solar Backscat-
ter Ultraviolet (SBUV, SBUV/2) retrievals. The ground-
based zonal mean data set used in this study includes long-
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term measurements from Dobson, Brewer and filter ozon-
ometer instruments and is updated from Fioletov et al.
[2002]. The merged satellite data set consists of monthly
mean zonal and gridded average data sets constructed from
individual Total Ozone Mapping Spectrometer (TOMS)
and SBUV/2 satellite data sets [Stolarski and Frith,
2006]. All data in the present version of the merged data
set have been derived using the TOMS Version 8 and
SBUV Version 8 algorithms. The NIWA data set is the
same as that described by Bodeker et al. [2005] except that
daily total column ozone fields from the Ozone Monitoring
Instrument (OMI) are used, when they are available, in
preference to the Earth Probe TOMS data. Differences
between OMI overpass measurements and ground-based
Dobson spectrophotometer measurements are small (—2.8 +
5 DU) and are corrected before the data are combined with
the other data sources. The SBUV data set is based on
zonally averaged SBUV and SBUV/2 data (version 8) for the

period from 1979 to 2004 (updated from Miller et al.
[2002]).

3. Stratospheric Temperatures

[33] Similar to previous assessments [Pawson et al.,
2000; Austin et al., 2003] we evaluate stratospheric temper-
atures in terms of the climatological means and the response
to wave forcings from the troposphere. In addition we
examine the CCMs’ abilities to reproduce observed past
temperature trends and variability.

3.1. Climatological Mean Temperatures

[34] Because of the temperature dependence of many of
the chemical reactions determining the ozone distribution it
is important to accurately model stratospheric temperatures.
A measure of the accuracy of the underlying radiative
heating in the models is given by the simulated global

7 of 29



D22308

annual mean temperatures. In the lower stratosphere where
there is very good agreement among the three analyses, a
large subset of models (9 out of 13) have relatively small
biases (not shown). Below 10 hPa there are biases only
in four models (CCSRNIES +6 K; UMETRAC -2 K,
AMTRAC +4 K between 50 and 10 hPa, and WACCM
+3 K between 50 and 20 hPa). In the upper stratosphere,
where radiosondes are generally not available, the only
constraint on the analyses comes from deep-layer satellite
radiances with poorly known biases and from the character-
istics of the underlying assimilation model. Consequently
the differences between the analyses are quite large (up to
5 K) and 11 of the 13 CCMs lie in the same range. Only
CCSRNIES and CMAM lie outside the range of analyzed
global mean temperatures with warm biases of 5—10 K.
Note that CMAM unlike most models includes near-infra-
red CO, solar heating, which warms the upper stratosphere
by 1-1.5 K [Fomichev et al., 2004]. However, despite these
issues, overall this is a significant improvement on the
persistent stratospheric problem of negative global, annual
mean temperature biases found in most of the middle
atmosphere GCMs evaluated by Pawson et al. [2000,
Figure 1]. This is due in part to improvements in the
radiation schemes and, in the upper troposphere, in dynam-
ics and/or vertical resolution, but could also be related to
chemistry. In the upper stratosphere, using interactive rather
than prescribed ozone as in most of the Pawson et al. [2000]
models, has a self-correcting effect on temperature, because
of the negative ozone-temperature feedback [de Grandpré et
al., 2000]: a warm bias acts to decrease ozone chemically,
which leads to less radiative heating and thus reduces the
warm bias.

[35] High-latitude temperatures in winter and spring are
particularly important for correctly modeling PSC induced
polar ozone depletion. The mean winter and springtime
temperature biases poleward of 60° are shown in Figure 1.
In the upper stratosphere there are large variations between
the analyses (9 K) and most models except LMDZrepro
and CCSRNIES lie within this range. In the Northern
Hemisphere below 10 hPa the meteorological analyses from
ERA-40, NCEP, and UKMO agree very well. Between
100 and 10 hPa in spring all CCMs and in winter all CCMs
except CCSRNIES, E39C (only at 10 hPa) and WACCM
have rather small biases (1-3 K) and lie within the ERA-40
interannual standard deviations. Compared to the Austin et
al. [2003] assessment the vertical profiles in particular in
Northern Hemisphere spring have more similar character-
istics and span a smaller range. However, it should be noted
that in this study the results include 20 years of data and are
averaged over 60° to 90° in contrast to Austin et al. [2003],
who compared UKMO data from 1992 to 2001 to 10 years
of transient simulations and time slice experiments at a
single latitude (80°). For CMAM, the elimination of a
significant warm bias in the Arctic compared to previously
reported results is attributed to a reduction in the critical
inverse Froude number used to define wave breaking in the
orographic gravity wave drag parameterization (following
independent work by S. Webster and B. Boville, private
communication, 2004).

[36] In the Southern Hemisphere winter and spring upper
stratosphere, again there are large differences between the
meteorological analyses and all except five models
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Figure 2. Descent of the zero zonal mean wind lines at
60°S based on the climatological mean annual cycle
calculated from the monthly mean zonal mean winds. The
grey area indicates the variation of the timing in the
transition from westerlies to easterlies for ERA-40 due to a
plus or minus one interannual standard deviation in the
mean annual cycle. Tick marks refer to the first of the month,
and climatological means are calculated as in Figure 1.

(CCRSNIES, E39C, MAECHAM4CHEM and LMDZrepro
in winter; CMAM and LMDZrepro in spring) lie within this
range. Compared to ERA-40 the mean bias is slightly
positive, but compared to NCEP and UKMO it is slightly
negative in most models. Overall it is difficult to assess the
models’ abilities to simulate temperatures in the upper
stratosphere because of the large uncertainties in the anal-
yses there. In the Southern Hemisphere winter lower strato-
sphere, the biases in individual models are in the range of
+5 K which is larger than the interannual standard deviation
and differences between analyses, though the mean bias
with respect to ERA-40 analyses is close to zero. In the
Southern Hemisphere spring all the models apart from
AMTRAC have definite cold biases which are most pro-
nounced in LMDZrepro and E39C (around 15 K). This
“cold-pole” problem is a long-standing problem of strato-
spheric GCMs and CCMs that can be attributed in part to
missing wave drag [Garcia and Boville, 1994]. Again there
is less spread in model biases in spring compared to the
previous CCM assessment partly because the poorest
performing models are no longer included or have im-
proved. However, again, as noted above, a direct compar-
ison is not possible.

[37] The “cold-pole” problem in the models is associated
with a stronger vortex and a later than observed breakup.
This affects the simulation of the Antarctic ozone hole and
can be quantified by looking at zonal mean zonal winds. On
the basis of the mean seasonal cycle in the monthly and
zonally averaged zonal winds at 60°S the transition from
westerlies to easterlies occurs too late in many models
(Figure 2). In two models (LMDZrepro and WACCM) the
easterlies do not descent below 10 hPa before the middle of
January, and in one model (E39C) the transition from
westerlies to easterlies does not occur at all as a conse-
quence of the model’s low upper boundary. The poor
representation of this aspect of the seasonal cycle appears
to be a persistent feature for many models with important
implications for tracking the seasonal longevity of Antarctic
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Figure 3. (top) Heat fluxes (/77) at 100 hPa (averaged over 40°N to 80°N for January and February)
versus temperatures at 50 hPa (averaged over 60°N to 90°N for February and March). Shown are the
20 years from 1980 to 1999 for each model simulation compared to observations from ERA-40 reanalyses.
(bottom) Same for Southern Hemisphere, but heat fluxes (/T”) at 100 hPa averaged over 40°S to 80°S for
July and August versus temperatures at 50 hPa averaged over 60°S to 90°S for August and September.

ozone depletion. In particular, the late breakdown of the
polar vortex means that the Antarctic ozone hole persists
longer than in reality in most models (see section 6), though
the ozone depletion itself may also contribute to the late
breakdown. A comparison of UKMO (1992-2001) with
ERA-40 (1980-2000) and NCEP (1980—2000) results in
Figure 2 suggests that when the ozone depletion was most

severe in the 1990s the vortex persisted longer on average in
the lower stratosphere than in the 1980s.

[38] The vertical propagation of planctary waves from the
troposphere into the stratosphere plays a significant role in
determining the temperatures of the polar stratosphere dur-
ing winter and spring and their interannual variability. The
wave forcing can be quantified in terms of the meridional
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heat flux (VT') at 100 hPa, which is proportional to the
vertical component of the Eliassen-Palm (EP) flux entering
the stratosphere. The observed interannual variations of
50 hPa polar cap average temperatures are well correlated
with the meridional heat flux at 100 hPa [Newman et al., 2001].

[39] Figure 3 shows scatterplots of polar cap temperatures
at 50 hPa versus heat fluxes at 100 hPa for the northern
(Figure 3, top) and southern (Figure 3, bottom) hemi-
spheres. The correlations calculated from ERA-40 reanal-
yses give almost identical linear relationships of the ones
calculated from the NCEP/NCAR reanalyses [Kalnay et al.,
1996] (not shown), with some scatter among individual
years. The displacement of the model results above or
below the meteorological analyses is a reflection of the
temperature bias (see Figure 1). In the Northern Hemisphere
the models generally reproduce the slope of the linear fit
between temperature and heat flux, though in some models
(especially ULAQ and WACCM) the correlation between
the variables is lower than in the ERA-40 and NCEP/NCAR
reanalyses. The slope of the linear fit is quite accurate in
most of the models which suggests that they should be able
to predict the correct temperature response to a change in
the wave forcing. Compared to Austin et al. [2003], there
are in general no significant improvements. However, the
results from two of the models (CCSRNIES and ULAQ) are
in better agreement with meteorological reanalyses than
previously reported. Higher horizontal resolution (T42 rather
than T21) in the CCSRNIES model has led to, on average,
larger and more realistic heat fluxes though most of this
increase can be attributed to the use of daily fields rather than
the 10 day averages used in the previous assessment. In
ULAQ the decrease of eddy friction in the troposphere could
be the main reason for the improvement in the heat flux
versus temperature diagnostic; previously, the slope in the
Northern Hemisphere was much too shallow, indicating too
weak a sensitivity to the wave forcing.

[40] In the Southern Hemisphere (Figure 3, bottom) there
is larger variation among the models, and on average the
models are in poorer agreement with the ERA-40 and
NCEP/NCAR reanalyses than in the north. Relative to the
meteorological reanalyses six of the models (CCSRNIES,
E39C, MAECHAM4CHEM, MRI, LMDZrepro, and
ULAQ) have temperatures that are rather unresponsive to
changes in the heat fluxes (i.c., the slope of the linear fit is
much flatter than observed), with the ULAQ model having
the incorrect sign. These same six models also have the
lowest correlations between heat fluxes and temperatures
indicating problems in their dynamical response to changes
in planetary wave forcing in the Southern Hemisphere in
winter. In general, in most of the models with the exception
of AMTRAC or LMDZrepro, the mean heat flux or wave
activity entering the stratosphere appears to be broadly
correct and therefore the deficiencies in the heat flux
temperature relationship are probably due more to weak-
nesses in the representation of the stratosphere. As in the
work by Austin et al. [2003] it is not possible to identify any
direct link between the deficiencies in the Southern Hemi-
sphere behavior and model resolution.

3.2. Past Variability and Trends in Temperature

[41] Figure 4 shows time series of zonally averaged
temperature anomalies at 50 hPa between 1960 and 2005
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from the CCM simulations, ERA-40 and radiosonde data.
The RATPAC data are used for comparisons with the global
anomalies, and the ERA-40 data are only included since
1980, when satellite observations became available. The
temperature anomalies are calculated with respect to a mean
reference period between 1980 and 1989 using 3-month
averages for February to April in the polar Northern Hemi-
sphere (60—90°N), September to November in the polar
Southern Hemisphere (60—90°S) and annual averages for
the global anomalies. A linear temperature trend in K/decade
is calculated for each model using results between 1980 and
1999, and the statistical significance of that trend being
nonzero is evaluated using a Student t-test at the 95% level.

[42] In the Northern Hemisphere (60—90°N) February to
April means the year-to-year temperature anomalies range
between +5 K. Overall, 11 out of 13 models show a cooling
trend between 1980 and 2000, although in only one of these
models is the trend statistically significant (assuming each
year is independent). The ERA-40 data indicate a statisti-
cally significant trend of —2.1 K/decade, a larger cooling
trend than all but three of the models (GEOSCCM,
LMDZrepro, and MRI). The relatively large interannual
variability of the high-latitude winter hemisphere and small
magnitude of the trend makes it difficult to determine
accurate trends over only 20 years of data.

[43] Compared to the north, in the high-latitude Southern
Hemisphere (60—90°S) September to November means
(Figure 4, middle) the trend is stronger in ERA-40 data
(—2.4 K/decade; not statistically significant) and also in the
CCMs (between 0.97 to —4.1 K/decade). The trends in five
out of 13 of the models are statistically significant. The
stronger cooling trend in the Southern Hemisphere high
latitudes is expected because of the larger Southern Hemi-
sphere polar ozone loss. Over the length of the model
simulations, the interannual variability in the Southern
Hemisphere appears larger than in the Northern Hemi-
sphere, although at higher altitudes this relationship does
not hold (10 hPa) or reverses (1 hPa).

[44] The computed global trends (Figure 4, bottom) all
show cooling between 1980 and 1999 and are in good
agreement with Shine et al. [2003], who compare various
model simulated trends (with imposed ozone changes) to
observations. At 50 hPa, the CCM average model trends
(using only those models with statistically significant
trends) between 1980 and 1999 are —0.6 K/decade, while
the similar average shown in Figure 5 of Shine et al. [2003]
is —0.55 K/decade. Both sets of models underpredict the
RATPAC observations and are closer to the satellite (MSU)
observation which show a cooling of —0.8 K/decade. It is
noted that the RATPAC climatology may have cold biases
compared to the MSU observations in the tropical strato-
sphere [Randel and Wu, 2006]. The six models that
extend back to 1960 all show a statistically significant
1960 to 1980 trend between —0.02 and —0.48 K/decade
compared to RATPAC at —0.45 K/decade. These results
are also in agreement with coupled atmosphere ocean
models, where statistically significant global mean trends
(—0.4 to —0.8 K/decade between 1980 and 2000) at 50 hPa
are found in models that include changes in stratospheric
ozone [Cordero and Forster, 2006].

[45] Superimposed on the overall observed cooling trend
are large stratospheric warming signals due to the three
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Figure 4. Modeled and observed time series of monthly mean temperature anomalies at 50 hPa from the
CCMs, ERA-40 reanalyses, and RATPAC. The temperature anomalies are calculated with respect to a
mean reference period between 1980 and 1989 using 3-month averages for (top) February to April in the
polar Northern Hemisphere (60—90°N) and (middle) September to November in the polar Southern
Hemisphere (60—90°S) and (bottom) annual averages for the global anomalies. For the polar plots a
3-year smoothing window has been applied. AMTRAC, E39C, MAECHAM4CHEM, MRI, SOCOL,
ULAQ, and UMETRAC are shown with dashed lines, and all others CCMs are shown with solid lines. A
linear temperature trend in K/decade is calculated for each model using data between 1980 and 1999. The
temperature trend is given next to the name of each participating model.

major volcanic eruptions (Agung in 1963, El Chichon in
1982, and Pinatubo in 1991) which occur because volcanic
aerosols absorb both incoming solar radiation and outgoing
thermal radiation [Ramaswamy et al., 2001]. From the
12 models that include volcanic aerosols a subset of
nine models (see Table 2) considered both chemical and
direct radiative effects of enhanced stratospheric aerosol
abundance. The volcanic eruptions of El Chichén and
Mt. Pinatubo are clearly visible in the temperature anoma-
lies in these models, with a tendency to overestimate the
magnitude of the temperature response compared to ERA-
40 and RATPAC. The heating rates have not been uniformly
specified in different simulations which is responsible for
some of the intermodel differences in the warming signals.
The observed “step-like”” behavior of the long-term evolu-
tion of 50 hPa temperature, i.e., obviously lower tempera-

ture after the disappearance of the aerosol signal and more
or less no trend in the following years, is only reproduced
by those models which include the solar cycle effects as
well as chemical and direct radiative effects from volcanic
eruptions (see Table 2). Overall, the long-term behavior of
the lower-stratospheric temperatures, a linear cooling trend
caused by greenhouse gas increases and stratospheric ozone
depletion, modulated by the solar cycle which causes higher
temperatures in solar maximum than in solar minimum
[Santer et al., 2006], is well reproduced by the CCMs.

[46] At higher altitudes the CCMs indicate an average
global temperature trend of —0.7 K/decade at 10 hPa and
—1.6 K/decade at 1 hPa (not shown), compared to Shine et
al. [2003] who calculated —0.6 K/decade at 10 hPa and
—1.9 K/decade at 1 hPa. In the Southern Hemisphere polar
region, the trend is considerably smaller at both 10 hPa
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Figure 5. Climatological zonal mean CH4 mixing ratios from the CCMs and HALOE in ppmv. Vertical
profiles at (a) 80°N in March, (b) 0° in March, and (c) 80°S in October. Latitudinal profiles at 50 hPa in
(d) March and (e) October. The grey area shows HALOE plus and minus 1 standard deviation (o) about

the climatological zonal mean.

(—0.6 K/decade) and 1 hPa (—0.7 K/decade) compared to
50 hPa (—2.7 K/decade). In the Northern Hemisphere polar
region, there is a smaller difference between the trends at
10 hPa (—0.3 K/decade) and at 1 hPa (—1.2 K/decade)
compared to 50 hPa (—0.8 K/decade).

4. Stratospheric Transport Characteristics

[47] Transport in the stratosphere involves both meridio-
nal overturning (the residual circulation) and mixing. Hor-
izontal mixing is highly inhomogeneous, with transport
barriers in the subtropics and at the edge of the wintertime

polar vortices [e.g., Sankey and Shepherd, 2003]. Possible
errors in transport characteristics have important impacts on
the distribution of chemical families and individual species
that affect ozone chemistry (NOy, Cly, H>O, and CH,) and
consequently the ozone distribution itself.

[48] Useful information on transport characteristics can
be obtained from examining the distribution of long-lived
tracers, such as methane and nitrous oxide. Also, informa-
tion on the tropical ascent, vertical diffusion and tropical-
extratropical mixing can be obtained from the vertical
propagation of the annual cycle in water vapor (the so-
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