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[1] 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.

Citation: Eyring, V., et al. (2006), Assessment of temperature, trace species, and ozone in chemistry-climate model simulations of

the recent past, J. Geophys. Res., 111, D22308, doi:10.1029/2006JD007327.

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
ozone 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

D22308 EYRING ET AL.: CHEMISTRY-CLIMATE MODEL EVALUATION

2 of 29

D22308



T
a
b
le

1
.
C
C
M
s
U
se
d
in

T
h
is
S
tu
d
y
a

M
o
d
el

In
v
es
ti
g
at
o
rs

U
n
d
er
ly
in
g
G
C
M

D
o
m
ai
n
/R
es
o
lu
ti
o
n

R
ad
ia
ti
v
e
F
ee
d
b
ac
k
s

T
ra
ce
r
A
d
v
ec
ti
o
n
S
ch
em

e
O
-G

W
D

N
o
n
O
-G

W
D

R
ef
er
en
ce

A
M
T
R
A
C

J.
A
u
st
in
,

R
.
J.
W
il
so
n

A
M
2
[A
n
d
er
so
n

et
a
l.
,
2
0
0
4
]

2
�
�

2
.5
�,

4
8
L
,
0
.0
0
1
7
h
P
a

O
3
,
H
2
O

fi
n
it
e-
v
o
lu
m
e
[L
in
,
2
0
0
4
]

S
te
rn

a
n
d

P
ie
rr
eh
u
m
b
er
t

[1
9
8
8
]

A
le
xa
n
d
er

a
n
d

D
u
n
ke
rt
o
n
[1
9
9
9
]

A
u
st
in

et
a
l.
[2
0
0
6
];

A
u
st
in

a
n
d
W
il
so
n

[2
0
0
6
]

C
C
S
R
N
IE
S

H
.
A
k
iy
o
sh
i,

T
.
N
ag
as
h
im

a,
M
.
Y
o
sh
ik
i

C
C
S
R
N
IE
S

[N
u
m
a
g
u
ti
,
1
9
9
3
]

2
.8
�
�

2
.8
�
(T
4
2
),

3
4
L
,
0
.0
1
h
P
a

O
3
,
H
2
O
,
C
H
4
,

N
2
O
,
C
F
C
s

sp
ec
tr
al

in
th
e
h
o
ri
zo
n
ta
l,

fi
n
it
e
d
if
fe
re
n
ce

fo
r
th
e

v
er
ti
ca
l

M
cF

a
rl
a
n
e
[1
9
8
7
]

H
in
es

[1
9
9
7
]

A
ki
yo
sh
i
et

a
l.
[2
0
0
4
],

K
u
ro
ka
w
a
et

a
l.

[2
0
0
5
]

C
M
A
M

J.
M
cC

o
n
n
el
l,

N
.
M
cF
ar
la
n
e,

D
.
P
lu
m
m
er
,

J.
S
ci
n
o
cc
a,

T
.
S
h
ep
h
er
d

C
C
C
m
a
A
G
C
M
3

[S
ci
n
o
cc
a
a
n
d

M
cF

a
rl
a
n
e,

2
0
0
4
]

3
.7
5
�
�

3
.7
5
�
(T
3
2
),

7
1
L
,
0
.0
0
0
6
h
P
a

O
3
,
H
2
O

sp
ec
tr
al

in
th
e
h
o
ri
zo
n
ta
l,

fi
n
it
e
el
em

en
ts
in

th
e

v
er
ti
ca
l

S
ci
n
o
cc
a
a
n
d

M
cF

a
rl
a
n
e
[2
0
0
0
]

S
ci
n
o
cc
a
[2
0
0
3
]

B
ea
g
le
y
et

a
l.
[1
9
9
7
],

d
e
G
ra
n
d
p
ré
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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

[9] 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
MAECHAM4CHEM and SOCOL, because their underly-
ing GCMs are all derived from ECHAM4 [Roeckner et al.,
1996]. In addition, the chemistry schemes of E39C and
MAECHAM4CHEM 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� � 20�

(ULAQ) to 2� � 2.5� (AMTRAC, GEOSCCM), and the
location of the upper boundary from being centered at
10 hPa (E39C) to 4.5 � 10�6 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

Ox, HOx, ClOx, BrOx, and NOx 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 H2O
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
H2O 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,

MAECHAM4CHEM, 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 heterogeneous 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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