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Abstract

This paper presents a new version of the Météo-France CNRM Chemistry-Climate
Model, so-called CNRM-CCM. It includes some fundamental changes from the pre-
vious version (CNRM-ACM) which was extensively evaluated in the context of the
CCMVal-2 validation activity. The most notable changes concern the radiative code5

of the GCM, and the inclusion of the detailed stratospheric chemistry of our Chemistry-
Transport model MOCAGE on-line within the GCM. A 47-yr transient simulation (1960–
2006) is the basis of our analysis. CNRM-CCM generates satisfactory dynamical and
chemical fields in the stratosphere. Several shortcomings of CNRM-ACM simulations
for CCMVal-2 that resulted from an erroneous representation of the impact of volcanic10

aerosols as well as from transport deficiencies have been eliminated.
Remaining problems concern the upper stratosphere (5 to 1 hPa) where tempera-

tures are too high, and where there are biases in the NO2, N2O5 and O3 mixing ratios.
In contrast, temperatures at the tropical tropopause are too cold. These issues are
addressed through the implementation of a more accurate radiation scheme at short15

wavelengths. Despite these problems we show that this new CNRM CCM is a useful
tool to study chemistry-climate applications.

1 Introduction

Three-dimensional atmospheric circulation models with a fully interactive representa-
tion of stratospheric ozone chemistry are known as stratosphere-resolving Chemistry-20

Climate Models (CCMs). They are key tools for the attribution and projection of strato-
spheric ozone changes arising from the combined effects of changes in the amounts
of greenhouse gases (GHG) and ozone-depleting substances (ODS). These sophis-
ticated models are a compromise between representing multiple dynamical, physical
and chemical processes and the setting up of long-term simulations which are compu-25

tationally expensive. They have been and continue to be extensively evaluated (Eyring
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et al. (2006), SPARC (2010) and references therein). The latest published assessment
for the ozone depletion (WMO/UNEP, 2010) is primarily based on their conclusions
and states that there is now new and stronger evidence of the effect of stratospheric
ozone changes on Earth’s surface climate, and of the effects of climate change on
stratospheric ozone.5

We present in this study results of a modelling activity that lead to the definition and
implementation of a new version of the Météo-France Centre National de Recherches
Météorologiques (CNRM) CCM, “CNRM-CCM”. This modelling activity has built upon
the WCRP/SPARC (World Climate Research Project/Stratospheric Processes and their
Role in Climate) CCMVal-2 (Chemistry-Climate Model Validation) activities, analyses10

and outcomes. CNRM contributed to CCMVal-2 with a first version of its CCM, so-
called CNRM-ACM (ARPEGE Coupled with MOCAGE), along with seventeen other
modelling groups. CCMVal-2 evaluated a comprehensive number of processes to
assess how CCMs are able to reproduce past observations in the stratosphere as
well as the future evolution of stratospheric ozone and climate under one particular15

scenario (SPARC, 2010). Such processes cover radiation, stratospheric dynamics,
transport in the stratosphere, stratospheric chemistry, upper troposphere and lower
stratosphere (UTLS), natural variability of stratospheric ozone, long-term projections
of stratospheric ozone, and the effects of the stratosphere on the troposphere. On
the basis of this comprehensive review, a number of deficiencies in the various CCMs20

have been identified. In this paper we present the developments that have been imple-
mented at the CNRM institute and results are analysed here.

The remainder of this paper is structured as follows: in Sect. 2, we describe the
new version of the model, given its heritage and its own specifications. In Sect. 3,
we present the simulations performed and the results obtained, outlining the progress25

made from the main shortcomings identified in the first version of the CNRM CCM. A
synthesis discussion concludes the paper.
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2 The CNRM-CCM Model heritage, description and runs

2.1 CNRM-CCM heritage

The new model version CNRM-CCM is an evolution of CNRM-ACM both in terms
of their underlying General Circulation Model (GCM), as well as in the way these
CCMs deal with the chemistry part through the interactions between chemical, radia-5

tive and dynamical processes. CNRM-ACM had been developed as a combination of
the GCM ARPEGE-Climat (version 4.6) and a stratospheric version of the MOCAGE
atmospheric Chemistry-Transport Model (CTM).

2.1.1 GCM component

The global atmospheric model, ARPEGE-Climat, originates from the ARPEGE/IFS10

(Integrated Forecast System) numerical weather prediction model developed jointly
by Météo-France and the European Center for Medium-range Weather Forecast
(ECMWF). Version 3, very close to version 4.6, has been used in various climate sensi-
tivity experiments (see for instance Douville et al., 2002 and Voldoire and Royer, 2005),
and results from simulations with version 4.6 appear in Swingedouw et al. (2010) and15

Johns et al. (2011). A detailed description of the model can be found in Déqué (2007).
CNRM-ACM uses a “high top” version of ARPEGE-Climat, with 60 levels in a hy-

brid sigma-pressure coordinate system spanning the atmosphere from the surface to
0.01 hPa (24 levels above 100 hPa). ARPEGE-Climat uses a semi-lagrangian scheme
with a two time-level discretization. The physical schemes include turbulent vertical20

diffusion and dry convection as described in Ricard and Royer (1993), and deep con-
vection as described in Bougeault (1985). Radiation follows Morcrette (1991) with
9 bands in the long-wave (LW) and 2 in the short-wave (SW) part of the spectrum. Six
types of aerosols are considered by the radiation scheme and monthly climatologies
of optical depth are ingested (Tegen et al., 1997), with evolving yearly climatotolo-25

gies for volcanic (Ammann et al., 2007) and sulphate sources. The model includes a
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subgrid-scale orographic scheme based on Lott and Miller (1997) and Lott (1999). The
model also includes the land model ISBA first developed by Noilhan and Planton (1989)
(see Mahfouf et al., 1995), upgraded by the snow cover formulation of Douville et al.
(1995), and the boundary layer scheme of Louis et al. (1982), modified by Mascart et
al. (1995).5

2.1.2 CTM component

The stratospheric chemistry parametrization is the stratospheric version of the
MOCAGE model that is the multiscale 3-D CTM of Météo-France which represents
processes from the regional to the planetary scale, and extends from the surface up
to the middle stratosphere. An evaluation of the present-day chemical climatology of10

MOCAGE appears in Teyssèdre et al. (2007).
The chemistry model (see Lefèvre et al., 1994) calculates the evolution of 55 species

using 160 gas-phase reactions. Reaction rate coefficients are taken from the recom-
mendations of Sander et al. (2006). To solve chemical equations, the model uses the
popular “family” method, (see Brasseur et al., 1998, Morgenstern et al., 2010a), and15

considers the Ox, HOx, NOx, ClOx and BrOx families.
The photolysis rates are calculated at every time step using a look-up table from the

Tropospheric and Ultraviolet Visible (TUV) model (Madronich and Flocke, 1998) tabu-
lated for 81 altitudes, 7 total ozone columns and 27 solar zenithal angles; furthermore
photolysis rates are modified according to cloudiness following Brasseur et al. (1998).20

Solar cycle effects are included updating photolysis tables each month from the phase
of the 11-yr cycle.

The chemistry is computed down to the 560 hPa model level while for higher pres-
sures the mixing ratios of a number of species (namely N2O, CH4, CO, CO2, CFC11,
CFC12, CFC113, CCl4, CH3CCl3, CH3Cl, HCFC22, CH3Br, H1211, H1301, Ox, O3,25

Cly, Bry, NOy) are relaxed towards evolving global mean surface abundances. Ex-
plicit wash-out of chemical species is not considered in this stratospheric version of the
model.
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Three types of particles are considered in the heterogeneous reactions (Carslaw et
al., 1995), liquid stratospheric aerosols and Polar Stratospheric Clouds (PSCs) that
include water ice and NAT (Nitric Acid Trihydrate). Monthly distributions of sulfate
aerosols are externally imposed, with inter-annual variability mostly driven by large
volcanic eruptions.5

2.1.3 GCM-CTM interface

The GCM and CTM components of CNRM-ACM are coupled via the three-dimensional
fields of wind, temperature, ozone and water vapor. The GCM provides the horizontal
and vertical winds, temperature and tropospheric humidity for the CTM, which returns
the 3-D ozone field back to the GCM in order to calculate radiation fluxes and heat-10

ing rates. The chemically active constituents are transported by the semi-Lagrangian
advection scheme maintained by MOCAGE (Williamson and Rasch, 1989). A sim-
ple correction scheme is applied in order to guarantee total mass conservation during
transport (see details and evaluation in Josse et al., 2004).

Due to time constraints, CCMVal-2 simulations were performed with two different15

horizontal resolutions: the one of the GCM was based on a T42 spectral truncation
while that of the chemistry model was based on a T21 truncation (the corresponding
Gaussian grid has 64 longitudes and 32 latitudes i.e. 5.6◦ spaced grid points). It has to
be noted that such a T21 resolution is lower than the ones for which the CTM MOCAGE
has been thoroughly validated (typically 2◦ and higher resolutions, as in Williams et al.,20

2010); issues regarding transport were thus not fully unexpected.

2.1.4 CNRM-ACM evaluation

CNRM-ACM has been evaluated in a number of publications: as stated at the intro-
duction of this article, the SPARC CCMVal report (SPARC, 2010) is an overall effort to
assess CCMs performance, both individually and collectively. In addition, CCMVal-2 ar-25

ticles published so far concern (1) a qualitative and quantitative evaluation of the overall
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stratospheric climate and variability of the CCMs (Butchart et al., 2010); (2) perfor-
mances of the CCMs in the tropical and extra-tropical UTLS with regard to tropopause
temperature and pressure, water vapour and ozone, and trends over the 21st century
(Gettelman et al., 2010) and further analysis of the extra-tropical UTLS in Hegglin et al.
(2010); (3) the evolution of ozone, including model simulations of the spring Antarctic5

ozone, over the past 40 yr and the 21st century. Projections of ODS and GHG as stated
by the A1b IPCC scenario are analysed in Austin et al. (2010a), the decline and recov-
ery of total column ozone over all regions of the globe in Austin et al. (2010b), while
Oman et al. (2010) present a multi-model assessment of the factors driving the strato-
spheric ozone evolution over the 21st century; (4) Morgenstern et al. (2010b) address10

the question of how changes to ozone and long-lived greenhouse gases impact the
Northern Annular Mode; (5) Son et al. (2010) examine how the tropospheric circulation
of the Southern Hemisphere (SH) is impacted by changes in stratospheric ozone, and
in particular ozone depletion in late spring, and establish a quantitative relationship
between these two quantities.15

This comprehensive review of the CCMVal-2 model characteristics identified
strengths and deficiencies, in particular in CNRM-ACM. We detail in Sect. 3 the main
results provided for CNRM-ACM, focusing on its deficiencies, some of which were ma-
jor. We show in parallel the corresponding outputs of the CNRM-CCM model. In the
next Sect. (2.2), we describe the changes that led to the design of CNRM-CCM. These20

changes concern both the GCM part of the models as well as the way the GCM and
the chemistry interact. In contrast, the stratospheric chemistry parametrization scheme
(gas phase and heterogeneous reactions), although its code was fully rewritten to
comply with the coding requirements of the GCM, can be considered as unchanged
between CNRM-ACM and CNRM-CCM.25

2.2 CNRM-CCM specifications

The CNRM-CCM GCM is the one used at CNRM for the CMIP5 simulations performed
in preparation of the Intergovernmental Panel on Climate Change (IPPC) Assessment
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Report 5 (Voldoire et al., 2011). A number of minor differences exist between the dy-
namical/physical components of the CNRM-ACM GCM (ARPEGE-Climat version 4.6)
and that of the CNRM-CCM GCM (ARPEGE-Climat version 5.2) including adjustments
of the horizontal diffusion, of the gravity wave drag parametrisation and of the time step
of the model. However, a major evolution concerns their radiation scheme, both in the5

SW spectrum with 2 and 6 bands respectively, and above all in the LW spectrum. The
LW component in ARPEGE version 5.2 is an adaptation of the Rapid Radiative Transfer
Model (RRTM) scheme (Morcrette et al., 2001) that allows the representation of both
the true cloud fraction and the spectrally defined emissivities and transmissivities in
each of 16 different spectral bands. Seven gases are considered as absorbers, H2O,10

CO2, O3, CH4, N2O, CFC11, and CFC12. Accuracy in the calculation of fluxes and
cooling rates consistent with the best line-by-line models is obtained (Morcrette et al.,
2001).

Finally on the radiation scheme, the GCM part of the CNRM-ACM code included
an incorrect calculation of heating rates because of volcanic aerosols which resulted15

in anomalous dynamical and chemical evolutions of the lower stratosphere for several
years after major eruptions. This has been corrected in the CNRM-CCM code.

A second major difference between CNRM-ACM and CNRM-CCM is that the chem-
istry of CNRM-CCM is so-called “on-line”: the simulation of gaseous chemistry has
been directly integrated within the GCM code. Chemical routines are a subset of the20

entire set of model routines, and chemical species are considered as prognostic vari-
ables of the model. The advection scheme is thus the same for meteorological and for
chemical variables, avoiding inconsistencies with transport. In this stratospheric con-
figuration of the CNRM-CCM model, convective and turbulent transports of chemical
species are not considered. One has to note that state-of-the art CCMs rarely con-25

sider tropospheric chemistry because of computer resources (among the 18 models
of CCMVal-2 only 3 represented tropospheric chemical reactions, see Morgenstern et
al., 2010a). The chemistry routines of CNRM-CCM are integrated within the physics
part of the model and therefore the chemistry is activated at each time-step of the

1136

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

physics. Another aspect of chemistry fields being variables of the model is that chem-
ical evolutions are resolved on the model grid. So in contrast with CNRM-ACM runs,
CNRM-CCM runs were done on a T42 Gaussian grid both for dynamics and chemistry.

Additional details on ARPEGE-Climat appear in http://www.cnrm-game.fr/spip.php?
article124, with technical and scientific documentation. A technical documentation on5

the CNRM-CCM chemical subroutines is also available.

2.3 Simulations analysed

As the objective of this paper was to build upon CCMVal-2, we performed CNRM-CCM
simulations as defined in Eyring et al. (2008) and SPARC (2010). We analyse here
results from a transient simulation identical to CCMVal-2 REF-B1 in terms of the period10

simulated (1960–2006), and the external forcings used (SSTs, ODSs, GHGs, aerosol
forcing, solar irradiance). As in the CNRM-ACM REF-B1 simulation, the Quasi Biennal
Oscillation (QBO) was not imposed on CNRM-CCM. We also include in our analysis
the outputs of the CCMVal-2 REF-B1 models as an indication of the state-of-the-art
CCM modelling.15

3 Results

The CCMVal-2 community agreed upon a very large number of diagnostics that illus-
trate its in-depth effort to assess the performances of CCMs. The results shown in
this paper represent a small selection of these diagnostics. They concern mainly the
stratosphere as neither CNRM-ACM nor CNRM-CCM consider the specific processes20

of the mesospheric (e.g. ion chemistry) or the tropospheric chemistry (because of its
significant computer added cost), and they report on the ability of the CNRM models
to reproduce the climatology of the recent past including a few aspects of the depiction
of the past ozone depletion. We focus on the major shortcomings of the CNRM-ACM
model, and present also a panel of satisfactory results for both models.25
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3.1 Validation data sets

A summary of the diagnostics analysed in this study together with their accompanying
reference data sets appears in Table 1. Further details on these reference data sets is
provided below.

3.1.1 Meteorological reanalyses5

The first validation data set we considered is the extensively used ERA-40 reanalysis
(Uppala et al., 2005) which covers the period September 1957–August 2002. We also
used the ERA-Interim product (1989–present, Simmons et al., 2006) that combines a
number of modifications made since the realisation of ERA-40 reported in Uppala et al.
(2008) and Dee and Uppala (2009). Progress has been largely due to improvements in10

modelling and data assimilation achieved at ECMWF since the production of ERA-40
and includes for the stratosphere, a more realistic Brewer Dobson circulation, as well
as a better cycle of specific humidity in the tropical lower stratosphere. In addition,
zonal-mean stratospheric temperatures show some marked differences between ERA-
Interim and ERA-40, particularly at the higher levels where only radiance data are15

available for assimilation. We derived for both reanalyses, monthly temperature and
zonal winds on the T42 horizontal grid of our simulations (about 2.8◦) over 22 levels
up to 1 hPa. We excluded the highest levels as the reanalyses are not constrained by
observations in the mesosphere (Bechtold et al., 2009).

3.1.2 HALOE/UARS satellite observations20

The Grooss and Russel (2005) climatology, that is the reference for a number of di-
agnostics, has been built from the data of the HALOE instrument onboard the Upper
Atmosphere Research Satellite (UARS) that observed mixing ratios of important trace
species in the stratosphere for more than ten years, starting in 1991. A zonal clima-
tology has been compiled using the results of the version 19 retrieval software over25
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a 5◦ latitude grid and 22 pressure levels from 316 to 0.1 hPa. We considered here
mixing ratios of O3, H2O, CH4, and HCl. Seasonal dependence is taken into account
with monthly data derived from November 1991–August 2002 observations. The most
recent data since September 2002 have not been included in this climatology, since in
2002 a very unusual major warming occurred in Antarctica, and as observations have5

been less frequent after 2002. HALOE has been validated against a variety of mea-
surements; generally, the accuracy of the retrievals decreases near the tropopause
(Grooss and Russel, 2005 and references therein).

3.1.3 NIWA total column ozone

The assimilated National Institute of Water and Atmospheric Research (NIWA) data set10

combines satellite-based ozone measurements from four Total Ozone Mapping Spec-
trometer (TOMS) instruments, three different retrievals from the Global Ozone Moni-
toring Experiment (GOME) instruments, and data from four Solar Backscatter Ultra-
Violet (SBUV) instruments. Comparisons with the global ground-based World Ozone
and Ultraviolet Data Center (WOUDC) Dobson spectrophotometer network have been15

used to remove offsets and drifts between the different data sets to produce a global
homogeneous total ozone column data set that combines the advantages of good spa-
tial coverage of satellite data with good long-term stability of ground-based measure-
ments. We used in this study version 2.7 of the so-called “patched” monthly data,
available from http://www.bodekerscientific.com/data/total-column-ozone. Data cover20

the years 1979 to present at 1.25◦ (longitude) by 1◦ (latitude) resolution. For further
details on the NIWA data set see Bodeker et al. (2005).

3.1.4 Other satellite observations

Observations shown in a couple of diagnostics include some of the satellite monthly cli-
matologies that appear in Chapter 6 of SPARC (2010). They allow a first rough valida-25

tion of a number of chemical species of the model, and are a personal communication
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from S. Dhomse, 2011. These climatologies have been derived from MIPAS/ENVISAT
measurements for HNO3, N2O5, NO2, and ClONO2, from SMR/ODIN measurements
for HNO3, and from SCIAMACHY/ENVISAT measurements for BrO. We used zonal
fields on the 31 vertical levels (1000 to 0.1hPa) of the CCMVal-2 simulation exercise
(SPARC, 2010). A zonal climatology of CO from MLS/AURA is also presented as a5

reference data set (Lee et al., 2011). It has been built from six years of observa-
tions (2005–2010) (retrieval software version 2.2) onto 35 pressure levels (316 up to
0.002 hPa) and 43 latitudes (4◦ bands). MLS CO compares satisfactorily with ACE-
FTS/SCISAT-1 and SMR/ODIN, except for a known large bias (a factor of 2) in the
upper troposphere.10

3.2 Main shortcomings of CCRM-ACM and corresponding CCM-CCM results

The statements below (in italics), that synthesize the main shortcomings of the CNRM-
ACM simulations for CCMVal-2, have been extracted from various chapters of SPARC
(2010) i.e. “Stratospheric dynamics” (see Sects. 3.2.1 and 3.2.2), “Transport” (see
Sects. 3.2.3 and 3.2.4), “UTLS” (see Sects. 3.2.5, 3.2.6 and 3.2.7) and “Natural vari-15

ability of stratospheric ozone” (see Sect. 3.2.8).

3.2.1 Stratospheric dynamics: temperature

CNRM-ACM produces a stratospheric mean state with significant biases in tempera-
ture. Figure 1 shows climatological temperature biases relative to the ERA-40 reanaly-
sis over the high latitudes of the Northern and Southern hemispheres (NH and SH) both20

in winter and spring. As these polar temperatures are important to represent correctly
the ozone depletion due to PSCs, biases presented are those from the longest period
with large ozone depletion available in the simulations (1980–2001). This diagnostic
has been analysed for CCMVal-1 simulations (Eyring et al., 2006) and for CCMVal-
2 ones (SPARC, 2010). Figure 1 includes the biases of various monthly reanalysis25

climatologies, NCEP and UKMO (over 1980–1999 and 1992–2001 respectively, see
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references in Eyring et al., 2006), and ERA-Interim (1989–2001) in addition to the
CCMVal-2 and CNRM-CCM biases.

As in Eyring et al. (2006), a first contrast between the upper and the lower strato-
sphere can be noted, with the range of temperature biases reported in reanalyses be-
ing much larger in the upper atmosphere. A second contrast is evident between the two5

hemispheres with the cold bias of a large number of CCMVal-2 models in spring being
much more extensive for the SH. There are some improvements in CNRM-CCM over
CNRM-ACM. For example, in the lower to mid stratosphere, most biases have been
reduced and in particular the cold biases in spring in both hemispheres where CNRM-
ACM was clearly an outlier. The reduction in bias amounts to 8 K in MAM at 20 hPa for10

instance. CNRM-CCM reproduces ERA-40 particularly well in the 100–30 hPa layer of
the northern latitudes, and it fits ERA-Interim in the 50–5 hPa layer of JJA. Between 5
and 1 hPa, differences between CNRM-CCM and CNRM-ACM are striking, this layer
being generally too cold in CNRM-ACM and too warm in CNRM-CCM. CNRM-CCM is
more in line with the CCMVal-2 models and with the NCEP and UKMO reanalyses, the15

disagreement between reanalyses amounting up to 10 K.
The change in radiative scheme between CNRM-ACM and CNRM-CCM certainly

contributes to this evolution of the stratospheric temperatures. Morcrette et al. (2001)
reports on the impact of replacing the LW FMR15 scheme (ARPEGE-Climat ver-
sion 4.6) with RRTM (ARPEGE-Climat version 5.2). In summary, RRTM has shown20

an essentially positive impact over a large range of parameters, in particular for the
surface radiation and the temperature in the stratosphere. Impacts right below the
tropopause for temperature and humidity, as well as on convection in the tropics have
also been noticed.

Climatological biases in temperature calculated relative to the first 20 yr of REF-B125

(1960–1980, not shown) are quite different from those calculated over 1980–2001,
except for DJF between 90◦ N–60◦ N. In the 5–1 hPa layer in MAM between 90◦ N–
60◦ N , most models are within the ± ERA-40 standard deviation, apart from CNRM-
ACM (10 K too cold) and CNRM-CCM (10 K too warm). In the SH (both for JJA and
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SON), most models show now positive biases in the 100–10 hPa layer (between 2 and
10 K), but in this case CNRM-CCM is among the closest to ERA-40. This outlines
the interaction between ozone chemistry and temperatures, as well as the complexity
of mechanisms over the various parts of the stratosphere that result in varying model
performances.5

Temperatures depicted in SON 60◦ S–90◦ S are closely linked to the transition from
westerlies to easterlies at 60◦ S. We determined this transition by looking as in Eyring
et al. (2006), at the mean seasonal cycle in the monthly zonal winds (1980–2001, see
Fig. 2). The monthly mean is assumed valid for the 15th of every month, with linear
interpolations in between the 15th of two consecutive months, but SPARC (2010) and10

references herein indicate that similar conclusions would be obtained from daily data.
The ERA-40 and ERA-Interim reanalyses are plotted, and while the transition was
delayed by around three weeks for CNRM-ACM, that of CNRM-CCM is much closer to
reanalyses. This is consistent with a warmer spring stratosphere in the SH.

Finally for this analysis on stratospheric temperatures, we examined as in Fig. 3.115

of SPARC (2010), the stratospheric profiles of the mean annual biases (1980–1999)
relative to ERA-40 over 90◦ S–90◦ N. Whilst CNRM-ACM was clearly an outlier for pres-
sures lower than 200 hPa, with a persistent cold bias throughout the stratosphere,
CNRM-CCM has no systematic bias throughout this atmospheric region, its absolute
bias is lower than 4 K up to 5 hPa, and its largest bias is +10 K at 3 hPa (not shown).20

3.2.2 Stratospheric dynamics: wind

CNRM-ACM has significant biases in jet strength and position. It has particularly large
biases in the NH, positioning its mean jet too far equator-ward. Stratospheric profiles of
the strength and latitudinal position of the maximum of the zonal wind in DJF and JJA
(1980–2001) are shown in Fig. 3, for ERA-40, CCMVal-2 models and CNRM-CCM. In25

the NH, SPARC (2010) indicate that CCMVal-2 models perform generally “extremely
well” with the exception of a few models, one of which is CNRM-ACM. In CNRM-CCM
however, both strength and position now appear to be correctly simulated. In the SH,
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CNRM-ACM weaknesses were less striking. CNRM-CCM performs similarly to CNRM-
ACM with regards to the position of the jet and like most models fails to reproduce the
observed tilt of the jet between 10 and 1 hPa. The strength of the jet in CNRM-CCM
compares very well with ERA-40, in contrast with the other CCMVal-2 models which
exhibit large biases of ±20 m s−1 or more in the upper stratosphere.5

3.2.3 Transport: tape recorder and age of air

The tape recorder and the age gradient of CNRM-ACM both indicate very rapid ascent
in the Tropical Lower Stratosphere. ... The mean ages are very young everywhere,
consistent with very fast net vertical transport. A number of diagnostics help eval-
uate the transport characteristics of a model over regions where specific circulation10

processes occur (tropical ascent, tropical-extratropical mixing, integrated processes
affecting mid-latitude composition, polar processes, see chapter 5 of SPARC, 2010).
Transport determines to a large extent the distribution of long-lived species that in turn
affect the entire chemistry of the stratosphere. We present in this paragraph three
diagnostics extracted from the ones in Eyring et al. (2006) and SPARC (2010): infor-15

mation on the tropical ascent that should have limited horizontal mixing can be obtained
from the vertical propagation of the annual cycle in water vapour (the so-called tape
recorder), while the mean age of air at various pressures provides information on the
overall transport throughout the stratosphere. Quality of the transport can also be con-
firmed by diagnostics on CH4 as its chemistry is rather simple and should be correctly20

accounted for in models.
We analysed the deviation of the mean (1992–2001) water vapour mixing ratio from

the monthly mean profile averaged over 10◦ S–10◦ N for the HALOE observations and
model simulations (not shown). Differences among models may result from multi-
ple causes, including different advection schemes (see SPARC, 2010 and references25

therein for a description of these schemes), different tropopause temperatures, differ-
ent ascent rates and mixing across the subtropical barriers. The CNRM-CCM tape
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recorder appears closer to observations than that of CNRM-ACM which exhibits an un-
usual pattern over this ten-year period in the alternation of wetter and drier conditions,
certainly linked to errors in the sensitivity to volcanic eruptions (see below Subsub-
sect. 3.2.7). The peak to peak amplitude of CNRM-CCM in the lower stratosphere
appears reasonable but its ascent rate is too fast, with a lag of 3 months at about5

30 hPa to be compared to 10 months for observations (phase lag as defined in Eyring
et al., 2006, not shown).

The mean age of air is defined as the mean time that a stratospheric air mass has
been out of contact with the well-mixed troposphere. Various methods can be used
to compute the mean age of air, and in the CNRM simulations we considered an in-10

ert tracer whose concentration between 10◦ S–10◦ N and at 500 hPa increased linearly
with time. Zonally averaged mean ages at 0.5, 10 and 50 hPa appear in Fig. 4, with ob-
servations from aircraft, balloon and satellite measurements as in Eyring et al. (2006),
and model outputs. Although still too young by 1.5 yr at 0.5 hPa and by 0.6 yr at 10 hPa,
CNRM-CCM is closer to observations than CNRM-ACM by about 1.5 yr at both levels.15

At 10 hPa, CNRM-CCM is near the lower envelope of observations and comparable to
the mean of the models. This is in agreement with the fact that the vertical propagation
of tropical water vapour was too fast.

At 50 hPa, the improvement between CNRM-CCM and CNRM-ACM at mid and high
latitudes is striking, and the mean age from CNRM-CCM fully superimposes obser-20

vations, which is not the case for many models. Tropical (10◦ S–10◦ N) and mid-
latitude (35◦ N–45◦ N) mean ages changed respectively from 1.7 (CNRM-ACM) to 2.4 yr
(CNRM-CCM) and from 2.6 to 4.0 yr at 20 hPa (not shown). The mean age in CNRM-
CCM is on the low end but within the 1 standard deviation of the mean of the observa-
tions (see Fig. 5.5 of SPARC, 2010).25

CH4 diagnostics also reflect largely the skill of transport representation in models.
As in Fig. 5 of Eyring et al. (2006), we examined (not shown) climatological zonal
profiles, at selected latitudes, months, and pressure levels, for both model outputs and
observations. The climatologies refer to the years 1992–2001 that correspond to the

1144

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

HALOE observations. Some spread between models appears, more evident in the
polar regions at 50 hPa. CNRM-ACM values are generally closer to observations than
those of most models. The largest differences between CNRM-ACM and CNRM-CCM
appear at high latitudes, with for CNRM-CCM a degraded profile in the 30–10 hPa
region at 77◦ N in March, and better ones in the same layer at 77◦ S in October as well5

as at northern high latitudes 50 hPa in March. Otherwise, CNRM-CCM and CNRM-
ACM perform quite similarly, and overall these diagnostics do not reveal any weakness
in the CNRM simulations.

3.2.4 Transport: Cly

Overall, in spite of a very fast tracer-derived circulation, indications of significant verti-10

cal diffusion, and the absence of a high latitude transport barrier, compensating errors
allow this model (CNRM-ACM) to produce realistic levels of Cly in the Antarctic Lower
Stratosphere. As the number of Cly observations are rather limited (Eyring et al., 2006),
and since HCl is a major component of Cly in the upper stratosphere, we evaluate the
chlorine content of the model using HCl profiles (see Fig. 5). For the high latitudes plots,15

we plotted the highest latitudes for which observations were available (this remark ap-
plies also to Figs. 7 and 11). CNRM-CCM mixing ratios are quite comparable to those
from CNRM-ACM, and somewhat closer to HALOE observations in some cases, for
instance in the Southern lower stratosphere (see panel c). Further evaluation of Cly
is provided by the time series of mixing ratios in the lower southern polar stratosphere20

(50 hPa, October, not shown). CNRM-CCM and CNRM-ACM profiles are very similar
and correspond to the high end of the model envelope that matches the two observa-
tions available, in 2000 and 2005 (see Eyring et al., 2006). These satisfactory results
for CNRM-CCM should be underlined, given the spread of the CCMVal-2 ouputs, given
the changes in some transport characteristics between CNRM-ACM and CNRM-CCM,25

and given that chemistry remained unchanged between CNRM-ACM and CNRM-CCM.
This seems to indicate that the chemistry is the main driver of the evolution of Cly in
the Antarctic Lower Stratosphere.
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3.2.5 Tropical UTLS

CNRM-ACM exhibits some significant problems with tropical transport. The tropopause
is cold and high, with more water vapour than would be implied by the temperatures.
Figure 6 compares mean annual cycles of temperature and water vapour from the
model with those from ERA-40 (1980–2001 climatology) and from HALOE (1992–5

2001) respectively. These cycles are close to the Equatorial tropopause (100 hPa,
see Eyring et al., 2006), or correspond to the entry point of the tape recorder (80 hPa,
20◦ S–20◦ N, see SPARC, 2010).

For temperatures, noting that a common systematic error concerns tropical lower
stratospheric temperatures (SPARC, 2010), CNRM-CCM is more similar than CNRM-10

ACM to ERA-40 with a slightly more pronounced seasonal cycle that has a maximum
in August. The permanent negative bias throughout the year is reduced from an up-
per limit (in July) of −3.8 K for CNRM-ACM to −3.2 K for CNRM-CCM. Figure 6 also
shows temperatures for ERA-Interim (1989–2001 period) that are systematically lower
than those of ERA-40, from 0.8 K in August to 1.5 K in November. ERA-Interim fits15

radiosonde observations better than ERA-40 at 100 hPa (see Randel et al., 2004), and
if we now compare CNRM-CCM to ERA-Interim the negative bias is −2.4 K in July
and August and −0.5 K in November. However, CNRM-CCM temperatures underesti-
mate the mean minus 1 σ of ERA-Interim except in October-November-December (see
Fig. 6) and the amplitude of its annual cycle is not large enough.20

Concerning water vapor, CNRM-CCM better fits observations than CNRM-ACM, with
mixing ratios within the uncertainties of the observations for the two diagnostics pre-
sented, which is not the case for CNRM-ACM, and a larger and thereby realistic annual
cycle. The maximum of this annual cycle occurs a couple of months too early. Figure 7
gives further insight on the quality of the model water vapor field throughout the strato-25

sphere. The five plots of this figure, vertical profiles at the polar latitudes in spring and
at the Equator in March, or zonal-means at 50 hPa in March and October, illustrate the
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large spread in the model’s H2O mixing ratios. Generally, CNRM-CCM is among the
closest models to the observations in all the diagnostics shown.

Differences in temperature and water vapor fields in the tropical lower stratosphere
are closely linked to differences in the ozone field which is affected by both transport
and chemistry and which is important in terms of radiative feedback. Cariolle and Mor-5

crette (2006) provided quantitative estimates of the impact of changes in the O3 field
in the IFS simulations. These estimates are of special interest to us as the underlying
GCM of CNRM-CCM is a climate version of the IFS model and as these estimates
were done with a linearized version of the CNRM-CCM radiative code. Cariolle and
Morcrette (2006) concluded that a reduction in O3 in the range of 10–20 % in the lower10

stratosphere, that implies less UV absorption, along with an increase in the upper tro-
posphere of 20 % which then filters part of the upward IR radiation and prevents its
absorption by O3 in the lower stratosphere, resulted in the lower stratosphere cooling
by up to 3 K.

Figure 6d illustrates the dispersion of the mean annual cycles of O3 at 100 hPa,15

20◦ S–20◦ N. Most models are within the 3σ of the HALOE mean (a range of variability
that reflects the uncertainties at this level, see SPARC, 2010). CNRM-CCM O3 mixing
ratios are the lowest but the shape of its annual cycle is correct, which is an improve-
ment over the CNRM-ACM outputs and is coherent with the improvements seen in
Fig. 6a, b and c going from CNRM-ACM to CNRM-CCM.20

3.2.6 Extra-tropical UTLS

Also in the extra-tropics, CNRM-ACM shows major deficiencies in both the dynamical
and the transport and mixing diagnostics. Extra-tropical pressure is too low... These
deficiencies go along with too low HNO3 in the SH, and too high H2O in the NH at
200 hPa. Figure 8 presents the climatological zonal tropopause pressure, for the two25

seasons DJF and JJA and the annual mean (1980–1999). The annual mean of CNRM-
CCM is much closer to ERA-40 than that of CNRM-ACM, with differences lower than
40 hPa at all latitudes. The improvement between CNRM-ACM and CNRM-CCM is
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particularly visible at mid-latitudes where CCMVal-2 model biases are generally quite
large, and is evident in the two seasons, with an exception however for the high lati-
tudes of the winter hemisphere.

SPARC (2010) indicate that the seasonal cycles of O3, H2O and HNO3 give an in-
dication of the quality of the underlying large-scale transport and mixing processes in5

the extra-tropical UTLS. Figure 9 shows the mean annual cycles of these species at
two pressure levels (100 and 200 hPa), and two latitude bands (40◦ N–60◦ N, 60◦ S–
40◦ S) with HALOE and MIPAS (Hegglin et al., 2010) observations for O3 and H2O, and
MIPAS observations for HNO3.

For O3, the seasonal cycles of CNRM-CCM are in the range of those of the CCMVal-10

2 models and compare better with observations than the cycles of CNRM-ACM with
larger yearly amplitude. In contrast, CNRM-ACM appears as an outlier in all four O3
diagrams. As with most models at 100 hPa in the 60S-40S latitude band, CNRM-CCM
overestimates O3 observations compared with HALOE and MIPAS which both provide
quite similar climatologies. Note that at 200 hPa the two observed O3 climatologies15

shown differ by at least 0.05 ppmv and up to 0.18 ppmv.
CNRM-CCM H2O is also closer to observations than CNRM-ACM H2O and com-

parable to the mean of the models. At 200 hPa, this mean largely overestimates ob-
servations as well as the amplitude of their annual cycle. However, these H2O plots
reveal that observations of H2O in the UTLS region where gradients are large are still20

an issue, MIPAS mixing ratios being notably larger than HALOE mixing ratios, for in-
stance by 7.5 ppmv at 200 hPa 40◦ S–60◦ S. Moreover, Hegglin et al. (2010) indicate
that there is some evidence that the MIPAS H2O at 200 hPa (let alone the HALOE
H2O at 200 hPa) might be too low, especially during summer. More measurements are
required to evaluate model H2O in the UTLS.25

As for HNO3, we note that an error within the implementation of the heterogeneous
chemistry in CNRM-ACM has been corrected in CNRM-CCM. Therefore, we will not
analyze CNRM-ACM HNO3 any further. As for CNRM-CCM HNO3, while the annual
cycles appear satisfactory in three out of the four cases presented in Fig. 9, the 200 hPa
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60◦ S–40◦ S case is problematic: CNRM-CCM fails to simulate the annual cycle and
even depicts an opposite cycle. Some sensitivity tests suggest that the problem is
linked to the sedimentation process at latitudes higher than 60◦ S that seems too large,
in link to too cold temperatures. Too low HNO3 transported to the 40◦ S–60◦ S latitudes
prevents then the augmentation of HNO3 mixing ratios as depicted by the observations.5

3.2.7 Natural variability: temperature

The tropopause response to volcanic events is very large, and the secular trend is also
larger than other models due to problems with volcanic aerosol heating. The volcanic
aerosol heating error in CNRM-ACM generated excessive lower stratospheric heating
very rapidly after the volcanic eruption, followed for a couple of years by an excessive10

cooling (see Fig. 10 that represents anomalies of the annual global temperature at
50 hPa relative to the 1980–1989 period). This error led to problems with a number of
CCMVal-2 dynamical diagnostics, and chemical as a consequence, for CNRM-ACM. It
had a pronounced effect on temperatures in the tropical lower stratosphere and also
on trends in cold point tropopause or trends in tropopause pressure over 1960–200015

(see chapter 7 of SPARC, 2010). Analysis of the natural variability of CNRM-ACM
stratospheric ozone was also greatly impacted by this error.

The problem has been solved in CNRM-CCM and its temperature anomalies linked
to volcanic eruptions follow those of ERA-40, they are larger than the anomalies of
most models in the case of minor eruptions and smaller in the case of a large eruption20

such as the Pinatubo (1991) eruption (see Fig. 10). The temperature trend per decade
calculated over the 1960–2001 period that was −2.26 K/decade for CNRM-ACM is
−0.82 for CNRM-CCM. The latter corresponds to the trend of ERA-40 which in turn is
close to the trend from radiosondes (see Austin et al., 2009). Over this 47-yr period,
most CCMVal-2 models have a trend higher than −0.7 K/decade at 50 hPa (reduced25

cooling) which confirms that in the global average modelled trends slightly underpredict
the trends observed by the radiosondes (Austin et al., 2009). Overall, the response to
volcanic events remains in general a challenge for most CCMs (SPARC, 2010).
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3.2.8 Natural variability: Lower Stratosphere ozone

The 50 hPa ozone concentrations in NH spring and autumn are biased low. Figure 11
shows climatological profiles and zonal-means of ozone from the model together with
HALOE observations (same selection of months, latitudes and levels as in Fig. 7).
CNRM-ACM was evidently an outlier at 50 hPa in tropical to mid-latitudes, where mixing5

ratios were too low (negative bias up to 1 ppmv). There are several possible reasons for
this. First, transport in CNRM-ACM that is too rapid, as shown by the REF-B1 age of air
(see Fig. 4). However, plotting CNRM-ACM outputs from the CCMVal-2 REF-B2 sim-
ulation, that did not consider volcanic eruptions but had the same background aerosol
loading as in 2000, does not confirm this hypothesis. Indeed, while the CNRM-ACM10

REF-B2 age of air (not shown) is very close to the CNRM-ACM REF-B1 age of air, the
CNRM-ACM REF-B2 latitudinal distributions of ozone at 50 hPa in the tropics (as in
Fig. 11d and e, not shown) are closer by around 0.5 ppmv to the HALOE observations.
Thus the problem is not due to transport alone. Another hypothesis could be that there
are problems with the heterogeneous chemistry which lead to anomalous concentra-15

tions of ozone. However, the chemistry schemes in CNRM-ACM and CNRM-CCM are
the same, and mixing ratios of O3 from CNRM-CCM at 50 hPa are fully in line with the
HALOE observations (see Fig. 11d and e). All this leads to the conclusion that, as
underlined in Grant et al. (1994), tropical lower stratospheric ozone in the presence of
volcanic eruptions is likely to be explained by a complex combination of dynamical and20

chemical processes.

3.2.9 Technical improvements

Finally, the last improvement we want to outline in this paper concerns the computing
time, vital in climate modelling, required to perform the simulations. Running-time is
significantly better for CNRM-CCM than for CNRM-ACM when we compare a T42/T4225

CNRM-CCM simulation to a T42/T21 CNRM-ACM simulation, thus much coarser res-
olution for chemistry in the case of CNRM-ACM. The elapsed time on a Nec SX9
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supercomputer that includes both CPU calculating time and time to transfer the outputs
to the storage machine, which cannot be ignored when a large number of 3-D chemical
fields needs to be archived (as often required in model inter-comparison projects), is
of around 5.5 h for a T42/T42 CNRM-CCM yearly run, and around 55 h for a T42/T21
CNRM-ACM 1-yr long run. This difference can be explained in part by a better optimi-5

sation of the code for the transport of the chemical species, and is also linked to the
additional computational burden of exchanging meteorological and ozone fields every
6 h between two different applications.

The CPU time of a run is multiplied by a factor of 2.5 running the CCM with the
chemistry versus running it without, in the configuration we tested (T42 and 60 ver-10

tical levels). This factor enables additional simulations for “debugging” or sensitivity
purposes to be performed.

3.3 Other validation results

The following results illustrate that the climatological state of the chemistry is satisfac-
tory, both in the CNRM-ACM and in the CNRM-CCM simulations.15

Figures 12 to 17 present, as in chapter 6 of SPARC (2010), mean annual cycles of
selected species, including long-lived species (CH4, H2O, and CO), reservoirs (HCl,
ClONO2, HNO3, and N2O5), two short-lived species (NO2 and BrO), and O3. Cycles
are shown over several latitude bands (30◦ N–60◦ N, 60◦ S–30◦ S, and 15◦ S–15◦ N) at
two levels, 50 hPa (see Figs. 12 to 14) and 1 hPa (see Figs. 15 to 17) to account for20

different controlling processes. Observations are those from HALOE for CH4, H2O, O3
and HCl, from MIPAS for ClONO2, HNO3, N2O5 and NO2, from SCIAMACHY for BrO,
and from MLS for CO.

At 50 hPa the following appears: in mid-latitudes, both south and north, CNRM-CCM
improves relative to CNRM-ACM for several species including CH4, H2O, O3, HCl and25

HNO3. This improvement, coherent with the improvements underlined in the various
paragraphs of Sect. 3.2, is more or less marked depending on the chemical species.
CNRM-CCM mixing ratios then fall within 1 standard deviation of the observed mean,

1151

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

which is not the case for a large number of CCMVal-2 models. A similar improvement is
seen in the tropical latitudes except for HNO3 where CNRM-CCM captures the HNO3
annual cycle but its mixing ratios are biased low.

In contrast, CNRM-CCM NO2 and N2O5 simulations at mid-latitudes are further from
observations than CNRM-ACM simulations. They even span all the models presented5

at the high end. NO2 and N2O5 mixing ratios appear less problematic in the tropics (see
Fig. 14). As for CO, concentrations are lower for CNRM-CCM than for CNRM-ACM,
but while they are close to the mean of the CCMVal-2 models they largely overestimate
the MLS observations. We note that the ACE-FTS instrument climatology (instrument
on-board SCISAT-1) has a flatter annual cycle than MLS (amplitude of 2 ppbv, see10

for instance SPARC, 2010 Fig. 6.16) and a larger annual mean mixing ratio (about
14.2 ppbv at mid-latitudes). These discrepancies between the two instruments are cur-
rently not fully understood as this is in the middle of the characteristic “C” shape of
CO and is under the influence of both tropospheric and mesospheric transport. Finally,
the CNRM-CCM simulation of ClONO2 compares less well with observations than the15

CNRM-ACM simulation, though differences are small, and the CNRM-CCM simula-
tion of BrO resembles that of CNRM-ACM with a negative bias over all the latitude
bands shown. This negative bias is consistent with the CNRM simulations not includ-
ing bromine from very short-lived species (that accounts for 5 pppt, see SPARC (2010)
and references therein).20

At 1 hPa, some statements made for the 50 hPa are still valid, i.e. improved CNRM-
CCM CH4 and H2O, and deteriorated NO2 and N2O5. This deterioration ( mixing ratios
being too high) is more important in the winter months when CNRM-CCM is clearly an
outlier and is coherent with the gradual conversion of NO2 into N2O5 during the night.
In addition, the climatologies of a number of species including CO, HCl, ClONO2, BrO25

and HNO3 from CNRM-CCM and CNRM-ACM are very close. Note that the satellite
information is missing for HNO3 (part of the year) and for BrO. The annual evolution of
CO in the CNRM models does not seem to include the winter-time mid-latitude meso-
spheric input that some CCMVal-2 models represent to a certain extent. Observed
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(MIPAS) concentrations of ClONO2 in the tropics are about 30 times lower than those
in the models. However, the most disturbing diagnostic concerns the O3 levels: while
they are quite satisfactory in the mid-latitudes for CNRM-ACM, they are far too low for
CNRM-CCM. A mis-representation of the temperatures at this altitude can explain at
least in part this erroneous representation of ozone: indeed CNRM-CCM 1 hPa tem-5

peratures are biased high (5 to 9 K) compared to ERA-40 and ERA-Interim. Note that
this temperature bias extends to the entire upper stratosphere in the 5-1 hPa range
throughout the year (not shown). At 1 hPa O3 and temperatures appear very closely
anti-correlated, indeed Khosravi et al. (1998) reported that constraining their model
with analyzed temperatures (colder than those of their model) resulted in a significant10

increase of ozone near the stratopause. In our case, adding the chemistry on-line into
the GCM resulted in better temperature fields near the stratopause (reducing the warm
bias of the GCM), however other model processes need to be improved to end up with
a correct temperature field that would be beneficial to the overall representation of the
chemistry.15

To conclude, we analyse results on the total column ozone. Figure 18 presents
monthly zonal-means of NIWA observations and the CNRM-ACM and CNRM-CCM
simulations valid for the 1980–1990 and 1990–2000 periods. The general patterns
of the observations are better reproduced by CNRM-CCM than by CNRM-ACM, i.e.,
spring mid-latitude gradients, temporal evolution throughout the year of the tropical20

column, and confinement of the Antarctic vortex.
The negative trend in the column ozone at middle and high latitudes (>45◦) is evident

in both observations and model outputs. The two CNRM models overestimate Antarctic
ozone depletion, in all periods shown, in a lesser extent however for CNRM-CCM than
for CNRM-ACM. These satisfactory results are confirmed by looking at climatological25

yearly cycles of the total column ozone over high, mid and tropical latitude bands as
in Tian et al. (2010) (not shown). Overall, CNRM-CCM improves over CNRM-ACM
and compares rather well with observations. CNRM-CCM shows a constant positive
bias throughout the year at southern mid-latitudes (around 20 DU), at high latitudes it
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is within 1 standard deviation of the observations during part of the year. In both the
30◦ S–30◦ N and the 30◦–60◦ N bands CNRM-CCM appears to be very realistic.

4 Synthesis of the CNRM-CCM model performance and outlook

In the previous section we showed that the new version of the CNRM Chemistry-
Climate Model, so called CNRM-CCM, had a better performance than the previous5

version. We did not conduct a step-by-step analysis of what caused the differences be-
tween these two models but changes in the radiation scheme led to a better mean
meteorological stratosphere. Furthermore, introducing the chemistry on-line in the
GCM reduced potential inconsistencies between the GCM and the chemical part of
the model and resulted in a better representation of the various barriers to transport10

that are inherent to the stratospheric circulation. We analysed a 47-yr transient simu-
lation (1960–2006) defined as the CCMVal-2 REF-B1 simulation (SPARC, 2010, Mor-
genstern et al., 2010a). Comparison of CNRM-CCM with meteorological reanalyses,
satellite climatologies or CCMVal-2 models suggests that in many aspects CNRM-CCM
performs well.15

Stratospheric temperature biases in spring and winter at high latitudes are smaller or
comparable to those of the CCMVal-2 models, with the exception of the upper strato-
sphere between 5 and 1 hPa where the model is too warm (5 to 9 K). This warm bias
extends to all latitudes, is permanent throughout the year and seems to affect the chem-
istry of the upper stratosphere. The model produces not enough O3, but too much NO220

and N2O5 at 1 hPa and is then at the high end of the CCMVal-2 models.
The other dynamical features analysed, transition to easterlies at 60◦ S, strength and

position of the stratospheric jets, and pressure of the tropopause compare favorably
to the ERA-40 and ERA-Interim reanalyses. In contrast, the tropopause equatorial
temperatures are biased low (maximum negative bias of 2.4 K) and are among the25

lowest within the CCMVal-2 models. This has been recognized as a common issue
in CCMs (SPARC, 2010). However, the trend (1960–2000) of the global mean annual
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temperatures of the lower stratosphere (50 hPa), greatly affected by volcanic eruptions,
is nicely captured by CNRM-CCM.

The characteristics of the transport appear to be quite accurately reproduced
throughout the stratosphere, even though it is somewhat too rapid, and therefore the
distributions of long-lived species, including CH4 and HCl are well captured. Both the5

amplitude and the phase of the annual cycles of chemical species like O3 and H2O are
well simulated in the UTLS where the effects of transport dominate when it is not the
case indeed for all the CCMVal-2 models.

For the several other chemical species investigated, i.e. CO, ClONO2, BrO and
HNO3, the results do not reveal any major weakness in the model however the prob-10

lems with reproducing the annual cycle for HNO3 at 200 hPa 60◦ S–40◦ S may require
further investigation. Finally, our first analysis of the simulation of the total column
ozone is quite encouraging.

We suggest that some of the chemical problems addressed above may be tackled
by addressing issues related to the dynamics and the physics of the model. CNRM-15

CCM does not simulate at this stage intrinsically the QBO of the lower stratospheric
equatorial winds (nor do most current CCMs, see SPARC, 2010). This has been iden-
tified as a major shortcoming by the CCMVal-2 project. Furthermore, the temperature
of the higher stratosphere should be adjusted, possibly through the implementation
of a more accurate radiation scheme in the short wavelengths. This is under consid-20

eration. Further developments of the model will also include the non-orographic as-
pects of the gravity waves, as well as the short-lived source gases containing bromine
(WMO/UNEP, 2010). The latter will require to describe the tropospheric processes
(e.g., emissions, convection, scavenging) that drive the evolution of these short-lived
species.25
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Jourdain, L., Bekki, S., Lott, F., and Lefèvre, F.: The coupled chemistry-climate model LMDz-

REPROBUS: description and evaluation of a transient simulation of the period 1980-1999,
Ann. Geophys., 26, 1391–1413, doi:10.5194/angeo-26-1391-2008, 2008.

Khosravi, R., Brasseur, G. P., Smith, A. K., Rusch, D. W., Waters, J. W., and Russell III, J.30

M.: Significant reduction in the stratospheric ozone deficit using a three-dimensional model
constrained with UARS data, J. Geophys. Res., 103(D13), 16203–16219, 1998. 1153

Lee, J. N., Wu, D. L., Manney, G. L., Schwartz, M. J., Lambert, A., Livesey, N. J., Minschwaner,

1160

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2009JD013638
http://dx.doi.org/10.5194/acp-5-2797-2005
http://dx.doi.org/10.1029/2010JD013884
http://dx.doi.org/10.1007/s00382-011-1005-5
http://dx.doi.org/10.5194/angeo-26-1391-2008


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

K. R., Pumphrey, H. C., and Read, W. G.: Aura Microwave Limb Sounder Observations of
the Polar Middle Atmosphere: Dynamics and Transport of CO and H2O, J. Geophys. Res.,
116, D05110, doi:10.1029/2010JD014608, 2011. 1140, 1165
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Table 1. Diagnostics considered in this study.

Process Diagnostics Variables Observations

Dynamics High lat. strat. biases T (Temperature) ERA-40; Uppala et al. (2005)
Winter, spring ERA-Interim; Simmons et al. (2006)

NCEP, UKMO reana.; Eyring et al. (2006)
Easterlies at 60S U (zonal wind) ERA-40, ERA-Interim
SH and NH Night Polar Jet U ERA-40

Transport Tape recorder H2O HALOE; Grooss and Russel (2005)
Latitu. profiles at 0.5, 10 and 50 hPa Age of air Various; Eyring et al. (2006)
Vert. and latitu. profiles CH4 HALOE
Seasonal cycles O3, H2O HALOE, MIPAS; SPARC (2010)

at 100, 200 hPa and HNO3 MIPAS
at 40◦ N–60◦ N, 60◦ S–40◦ S

UTLS Seasonal cycles T ERA-40, ERA-Interim
at 100 hPa Equator O3, H2O HALOE

Latitu. profiles ANN, DJF, JJA Tropo. pressure ERA-40, ERA-Interim

Natural Anom. at 50 hPa T ERA-40,
variability ERA-Interim

Chemistry Vert. and latitu. profiles H2O, O3, HCl HALOE
Time ser. at 50 hPa, 80◦ S Cly Various; Eyring et al. (2006)
Seasonal cycles CH4, H2O, O3, HCl HALOE

at 50, 1hPa and HNO3, NO2, N2O5 MIPAS
at 30◦ N–60◦ N, BrO SCIAMACHY; SPARC (2010)
30◦ S–60◦ S, 15◦ S–15◦ N

ClONO2 MIPAS
CO MLS; Lee et al. (2011)

Total column 1980–1990, O3 BSv2.7; Bodeker et al. (2005)
1990–2000
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Fig. 1. Temperature biases over two latitude ranges, 90◦ N–60◦ N (first row) and 60◦ S–90◦ S
(second row), and two seasons, winter (left column) and spring (right column). Biases are
relative to the ERA-40 1980–2001 monthly reanalysis, for CNRM-ACM (red line), CNRM-CCM
(black line) and CCMVal-2 REF-B1 models (dashed orange lines), and for ERA-Interim (dashed
cyan line), NCEP (dots), and UKMO (crosses) reanalyses. The grey area shows ERA-40 ±1
standard deviation.
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Fig. 2. Date of transition to easterlies at 60◦ S computed from the climatological (1980–2001)
monthly zonal-mean zonal winds, for ERA-40 (cyan solid line), ERA-Interim (dashed cyan line),
CNRM-ACM (red line), CNRM-CCM (black line) and CCMVal-2 REF-B1 models (dashed or-
ange lines).
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Fig. 3. Strengths (m s−1) and latitudes of the maximum of the climatological zonal wind in
DJF (first column) and JJA (second column). Climatologies (1980–2001) are for ERA-40 (cyan
line), CNRM-ACM (red line), CNRM-CCM (black line), and CCMVal-2 REF-B1 models (dashed
orange lines).
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Fig. 4. Mean age of air at (a) 0.5, (b) 10, and (c) 50 hPa, observations (black dots ±1σ, set
text), CNRM-ACM (red line), CNRM-CCM (black line) and CCMVal-2 REF-B1 models (dashed
orange lines). Model outputs are from the 1980–2001 period.
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Fig. 5. Climatological (1992–2001) zonal-mean HCl mixing ratio (ppmv), for HALOE observa-
tions (black dots, with grey area showing ± 1σ), CNRM-ACM (red line), CNRM-CCM (black
line), and CCMVal-2 REF-B1 models (dashed orange lines). Vertical profiles at (a) 77◦ N in
April, (b) 0◦ N in April, and (c) 72◦ S in November. Zonal-means at 50 hPa in (d) April and
(e) November.
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Fig. 6. Zonal tropical climatologies with “observations”, ERA-40 (cyan line), ERA-Interim
(dashed cyan line, ±1σ 1989–2001), and HALOE observations (dashed black line, ±1σ, 1992–
2001): (a) temperature at Equator 100 hPa; (b) H2O at Equator 100 hPa; (c) H2O at 20◦ S–20◦ N
80 hPa; and (d) O3 at 20◦ S–20◦ N 100 hPa. Models are also shown, CNRM-ACM (red line),
CNRM-CCM (black line), and CCMVal-2 REF-B1 models (dashed orange lines). Note that in
the second row, ±3σ is shaded, as in SPARC (2010) Figs. 7.9 and 7.10.
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Fig. 7. Climatological (1992–2001) zonal-mean H2O mixing ratio (ppmv), for HALOE obser-
vations (black dots, with grey area showing ± 1σ), CNRM-ACM (red line), CNRM-CCM (black
line), and CCMVal-2 REF-B1 models (dashed orange lines). Vertical profiles at (a) 77◦ N in
March, (b) 0◦ N in March, and (c) 77 S in October. Zonal-means at 50 hPa in (d) March and
(e) October.
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Fig. 8. Climatological zonal tropopause pressure (hPa), annual mean (left column), DJF (mid-
dle column) and JJA (right column). 1980–1999 values (except for ERA-Interim) for ERA-40
(cyan line), ERA-Interim (1989–2008, dashed cyan line), CNRM-ACM (red line), CNRM-CCM
(black line) and CCMVal-2 REB-B1 models (dashed orange lines). Dotted horizontal lines rep-
resent the CCMVal-2 vertical model resolution around the tropopause.
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Fig. 9. Mean annual cycle for O3 (ppmv, left column), H2O (ppmv, middle column), and HNO3
(ppbv, right column) for 40◦ N–60◦ N 100 hPa (first row), 40◦ N–60◦ N 200 hPa (second row),
60◦ S–40◦ S 100 hPa (third row), and 60◦ S–40◦ S 200 hPa (fourth row). Observations (dashed
black line, ±1σ), HALOE for O3 and H2O, and MIPAS for HNO3, CNRM-ACM (red line), CNRM-
CCM (black line) and CCMVal-2 REF-B1 models (dashed orange lines). MIPAS observations
are also shown in the O3 and H2O plots (dashed green line).
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Fig. 10. Anomalies of annual mean global temperature at 50 hPa for ERA-40 (cyan solid line),
ERA-Interim (dashed cyan line), CNRM-ACM (red line), CNRM-CCM (black line) and CCMVal-2
REF-B1 models (dashed orange lines). Anomalies are those w.r.t. the 1980–1989 period.
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Fig. 11. Climatological (1992–2001) zonal-mean O3 mixing (ppmv), for HALOE observations
(black dots, with grey area showing ± 1σ), CNRM-ACM (red line), CNRM-CCM (black line),
and CCMVal-2 REF-B1 models (dashed orange lines). Vertical profiles at (a) 77◦ N in March,
(b) 0◦ N in March, and (c) 77◦ S in October. Zonal-means at 50 hPa in (d) March and (e) October.
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Fig. 12. Mean annual cycle at 50 hPa over 30◦ N–60◦ N for CH4 (ppmv) and H2O (ppmv) (first
row), CO (ppbv) and O3 (ppmv) (second row), HCl (ppbv) and ClONO2 (ppbv) (third row),
HNO3 (ppbv) and N2O5 (ppbv) (fourth row), and NO2 (ppbv) and BrO (pptv) (last row). Obser-
vations (dashed black line, ±1σ, see text), CNRM-ACM (red line), CNRM-CCM (black line) and
CCMVal-2 REF-B1 models (dashed orange lines).
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Fig. 13. Same as Fig. 12 at 50 hPa, 60◦ S–30◦ S.
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Fig. 14. Same as Fig. 12 at 50 hPa, 15◦ S–15◦ N.
1179

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 15. Same as Fig. 12 at 1 hPa, 30◦ N–60◦ N.
1180

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-print.pdf
http://www.geosci-model-dev-discuss.net/4/1129/2011/gmdd-4-1129-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
4, 1129–1183, 2011

A new version of the
CNRM

Chemistry-Climate
Model, CNRM-CCM

M. Michou et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fig. 16. Same as Fig. 12 at 1 hPa, 60◦ S–30◦ S.
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Fig. 17. Same as Fig. 12 at 1 hPa, 15◦ S–15◦ N.
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Fig. 18. Climatological monthly zonal total column ozone (DU) over two 10-yr periods, 1980–
1989 (first row) and 1990–1999 (second row), for BSv2.7 observations (left column), CNRM-
ACM (middle column) and CNRM-CCM (right column) simulations.
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