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Abstract. This paper presents a new version of thétb- 1 Introduction
France CNRM Chemistry-Climate Model, so-called CNRM-
CCM. It includes some fundamental changes from the pre-Three-dimensional atmospheric circulation models with a
vious version (CNRM-ACM) which was extensively eval- fully interactive representation of stratospheric ozone chem-
uated in the context of the CCMVal-2 validation activity. istry are known as stratosphere-resolving Chemistry-Climate
The most notable changes concern the radiative code of thblodels (CCMs). They are key tools for the attribution and
GCM, and the inclusion of the detailed stratospheric chem-projection of stratospheric ozone changes arising from the
istry of our Chemistry-Transport model MOCAGE on-line combined effects of changes in the amounts of greenhouse
within the GCM. A 47-yr transient simulation (1960-2006) gases (GHG) and ozone-depleting substances (ODS). These
is the basis of our analysis. CNRM-CCM generates satisfacsophisticated models are a compromise between represent-
tory dynamical and chemical fields in the stratosphere. Seving multiple dynamical, physical and chemical processes and
eral shortcomings of CNRM-ACM simulations for CCMVal- the setting up of long-term simulations which are computa-
2 that resulted from an erroneous representation of the impadtonally expensive. They have been and continue to be exten-
of volcanic aerosols as well as from transport deficienciessively evaluatediyring et al, 2006 SPARG 2010and refer-
have been eliminated. ences therein). The latest published assessment of the ozone
Remaining problems concern the upper stratosphere (5 tdepletion WMO/UNEP, 2010 is primarily based on their
1 hPa) where temperatures are too high, and where there amnclusions and states that there is now new and stronger
biases in the N@ N>Os and G mixing ratios. In con- evidence of the effect of stratospheric ozone changes on
trast, temperatures at the tropical tropopause are too coldzarth’s surface climate, and of the effects of climate change
These issues are addressed through the implementation ofan stratospheric ozone.
more accurate radiation scheme at short wavelengths. De- We present in this study results of a modelling activity
spite these problems we show that this new CNRM CCM isthat lead to the definition and implementation of a new ver-
a useful tool to study chemistry-climate applications. sion of the Metto-France Centre National de Recherches
Méteorologiques (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 Val-
idation) activities, analyses and outcomes. CNRM con-

Correspondence tavl. Michou tributed to CCMVal-2 with a first version of its CCM, so-
m (martine.michou@meteo.fr) called CNRM-ACM (ARPEGE Coupled with MOCAGE),
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along with seventeen other modelling groups. CCMVal-2 convection as described iRicard and Royef1993, and

evaluated a comprehensive number of processes to assedsep convection as describedBougeault(1985. Radia-

the capability of CCMs to reproduce past observations in thetion follows Morcrette(1991) with 9 bands in the long-wave

stratosphere. Furthermore, these CCMs were utilised to pred W) and 2 in the short-wave (SW) part of the spectrum. Six

dict the future evolution of stratospheric ozone and climatetypes of aerosols are considered by the radiation scheme and

under one particular scenari®PARG 2010. The evalu- monthly climatologies of optical depth are ingestdeden

ated processes cover radiation, stratospheric dynamics, tranet al, 1997, with evolving yearly climatologies for vol-

port in the stratosphere, stratospheric chemistry, upper troeanic Ammann et al. 2007 and sulphate sources. The

posphere and lower stratosphere (UTLS), natural variabilitymodel includes a subgrid-scale orographic scheme based on

of stratospheric ozone, long-term projections of stratospherid.ott and Miller (1997 and Lott (1999. It also contains a

ozone, and the effects of the stratosphere on the tropospheraon-orographic gravity-wave drag parametrization (GWD,

On the basis of this comprehensive review, a number of defiBossuet et al.1998, which links the GWD to the tropo-

ciencies in the various CCMs have been identified. In this pa-spheric convection. The model also includes the land model

per we present the developments that have been implementd8BA first developed byNoilhan and Plantor{1989 (see

at the CNRM institute and results are analysed here. Mahfouf et al, 1995, upgraded by the snow cover formula-
The remainder of this paper is structured as follows: intion of Douville et al.(1995, and the boundary layer scheme

Sect.2, we describe the new version of the model, given its of Louis et al.(1982, modified byMascart et al(1999.

heritage and its own specifications. In Se3twe present

the simulations performed and the results obtained, outlining2.1.2 CTM component

the progress made from the main shortcomings identified in

the first version of the CNRM CCM. A synthesis discussion The stratospheric chemistry parametrization is the strato-
concludes the paper. spheric version of the MOCAGE model that is the multi-

scale 3-D CTM of Meteo-France which represents processes
from the regional to the planetary scale, and extends from the

2 The CNRM-CCM Model heritage, description surface up to the middle stratosphere. An evaluation of the
and runs present-day chemical climatology of MOCAGE appears in
Teys®dre et al(2007).

2.1 CNRM-CCM heritage The chemistry model (sdeefevre et al. 1994 calculates

the evolution of 55 species using 160 gas-phase reactions.

The new model version CNRM-CCM is an evolution of React ¢ Hicient taken th d
CNRM-ACM both in terms of their underlying General Cir- ~eaction rate coetlicients are taken irom the recommenda-
tions of Sander et al(200§. To solve chemical equations,

culation Model (GCM), as well as in the way these CCMs h del h lar “familv” method. (@

deal with the chemistry part through the interactions between € Imo €l uses the popu arl amily m(;—: ° é shseur
chemical, radiative and dynamical processes. CNRM—ACMeta - 1998 Morgenstem et a 2.9106)' and considers the,Q

had been developed as a combination of the GCM ARPEGEHOX’ NG, CIOX. and BrQ, families, . .
Climat (version 4.6) and a stratospheric version of the The photolysis rates are calculated at every time step using

: : a look-up table from the Tropospheric and Ultraviolet Visi-
MOCAGE atmospheric Chemistry-Transport Model (CTM). ble (TU\F/)) model Madronichpang Flocke1998 tabulated

2.1.1 GCM component for 81 altitudes, 7 total ozone columns and 27 solar zenith
angles; furthermore photolysis rates are modified according

The global atmospheric model, ARPEGE-Climat, originatesto cloudiness followingBrasseur et al(1998. Solar cycle

from the ARPEGE/IFS (Integrated Forecast System) numereffects are included updating photolysis tables each month

ical weather prediction model developed jointly byefdo-  from the phase of the 11-yr cycle.

France and the European Center for Medium-range Weather The chemistry is computed down to the 560 hPa model

Forecast (ECMWEF). Version 3, very close to version 4.6, level while for higher pressures the mixing ratios of a number

has been used in various climate sensitivity experiments (seef species (namely O, CHs;, CO, CQ, CFC11, CFC12,

for instanceDouville et al, 2002 and Voldoire and Royer =~ CFC113, CCJ, CH3CClz, CH3Cl, HCFC22, CHBr, H1211,

2009, and results from simulations with version 4.6 appearH1301, Q, Os, Cly, Bry, NOy) are relaxed towards evolv-

in Swingedouw et al(2010 andJohns et al(201]). A de- ing global mean surface abundances SPARC(2010 for

tailed description of the model can be foundiaqgte (2007). the ozone depleting substances and greenhouse gases, and
CNRM-ACM uses a “high top” version of ARPEGE- the CNRM-CCM technical documentation for the other com-

Climat, with 60 levels in a hybrid sigma-pressure coordinatepounds). Explicit wash-out of chemical species is not consid-

system spanning the atmosphere from the surface to 0.07 hRaed in this stratospheric version of the model.

(24 levels above 100hPa). ARPEGE-Climat uses a semi- Three types of particles are considered in the heteroge-

lagrangian scheme with a two time-level discretization. Theneous reactionsQarslaw et al. 1995, liquid stratospheric

physical schemes include turbulent vertical diffusion and dryaerosols and Polar Stratospheric Clouds (PSCs) that include
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water ice and NAT (Nitric Acid Trihydrate). Monthly distri- tropospheric circulation of the Southern Hemisphere (SH) is
butions of sulfate aerosols are externally imposed, with interimpacted by changes in stratospheric ozone, and in particu-
annual variability mostly driven by large volcanic eruptions. lar ozone depletion in late spring, and establish a quantitative
relationship between these two quantities.
2.1.3 GCM-CTM interface This comprehensive review of the CCMVal-2 model char-
acteristics identified strengths and deficiencies, in particular
The GCM and CTM components of CNRM-ACM are cou- in CNRM-ACM. We detail in Sect3 the main results pro-
pled via the three-dimensional fields of wind, temperature,vided for CNRM-ACM, focusing on its deficiencies, some
ozone and water vapor. The GCM provides the horizon-of which were major. We show in parallel the corresponding
tal and vertical winds, temperature and tropospheric humid-outputs of the CNRM-CCM model. In the next Se&.%j,
ity for the CTM, which returns the 3-D ozone field back we describe the changes that led to the design of CNRM-
to the GCM in order to calculate radiation fluxes and heat-CCM. These changes concern both the GCM part of the
ing rates. The chemically active constituents are transporteghodels as well as the way the GCM and the chemistry inter-
by the semi-Lagrangian advection scheme maintained byct. In contrast, the stratospheric chemistry parametrization
MOCAGE (Williamson and Rasch1989. A simple cor-  scheme (gas phase and heterogeneous reactions), although its
rection scheme is applied in order to guarantee total masgode was fully rewritten to comply with the coding require-
conservation during transport (see details and evaluation inments of the GCM, can be considered as unchanged between
Josse et a/2009). CNRM-ACM and CNRM-CCM.
In order to meet the time schedule of the CCMVal-2
activity, CNRM-ACM simulations were performed usingtwo 2.2 CNRM-CCM specifications
different horizontal resolutions: the one of the GCM was
based on a T42 spectral truncation while that of the chemThe CNRM-CCM GCM is the one used at CNRM for the
istry model was based on a T21 truncation (the correspondCoupled Model Intercomparison Project Phase 5 simulations
ing Gaussian grid has 64 longitudes and 32 latitudes i.&. 5.6(CMIP5, seehttp://cmip-pcmdi.linl.gov/cmip5/experiment
spaced grid points). It has to be noted that such a T21 rescdesign.htm)l performed in preparation of the Intergovern-
lution is lower than the ones for which the CTM MOCAGE mental Panel on Climate Change (IPPC) Assessment Report
has been thoroughly validated (typically &nd higher reso- 5 (Voldoire etal., 2011). A number of minor differences exist
lutions, as inWilliams et al, 2010 issues regarding trans- between the dynamical/physical components of the CNRM-

port were thus not fully unexpected. ACM GCM (ARPEGE-Climat version 4.6) and that of the
CNRM-CCM GCM (ARPEGE-Climat version 5.2) includ-
2.1.4 CNRM-ACM evaluation ing adjustments of the horizontal diffusion, of the gravity

wave drag parametrisation and of the time step of the model.
CNRM-ACM has been evaluated in a number of publica- However, a major evolution concerns their radiation scheme,
tions: as stated at the introduction of this article, the SPARCboth in the SW spectrum with 2 and 6 bands respectively,
CCMVal report SPARG 2010 is an overall effort to assess and above all in the LW spectrum. The LW component in
CCMs performance, both individually and collectively. In ARPEGE version 5.2 is an adaptation of the Rapid Radia-
addition, CCMVal-2 articles published so far concern (1) ative Transfer Model (RRTM) schem#lprcrette et al.2007)
qualitative and quantitative evaluation of the overall strato-that allows the representation of both the true cloud fraction
spheric climate and variability of the CCMBIjtchart et al. and the spectrally defined emissivities and transmissivities in
2010; (2) performances of the CCMs in the tropical and each of 16 different spectral bands. Seven gases are consid-
extra-tropical UTLS with regard to tropopause temperatureered as absorbers,2B, CO,, Oz, CHs, N20, CFC11, and
and pressure, water vapour and ozone, and trends over tHeFC12 whose 3-D distributions are provided by the chem-
21st century Gettelman et al.2010 and further analysis of istry module of CNRM-CCM (see below). Accuracy in the
the extra-tropical UTLS iHegglin et al(2010; (3) the evo-  calculation of fluxes and cooling rates consistent with the
lution of ozone, including model simulations of the spring best line-by-line models is obtainebl¢rcrette et al.2007).
Antarctic ozone, over the past 40yr and the 21st century. Finally on the radiation scheme, the GCM part of the
Projections of ODS and GHG as stated by the Alb IPCCCNRM-ACM code included an incorrect calculation of heat-
scenario are analysed #wstin et al.(20103, the decline ing rates because of volcanic aerosols which resulted in
and recovery of total column ozone over all regions of theanomalous dynamical and chemical evolutions of the lower
globe in Austin et al. (20108, while Oman et al.(2010 stratosphere for several years after major eruptions. This has
present a multi-model assessment of the factors driving thdeen corrected in the CNRM-CCM code.
stratospheric ozone evolution over the 21st centuryiMdiy A second major difference between CNRM-ACM and
genstern et al2010b address the question of how changes CNRM-CCM is that the chemistry of CNRM-CCM is so-
to ozone and long-lived greenhouse gases impact the Northealled “on-line”: the simulation of gaseous chemistry has
ern Annular Mode; (5Son et al.(2010 examine how the been directly integrated within the GCM code. Chemical
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routines are a subset of the entire set of model routines, an@CMVal-2 model results suggest a range of sensitivity of the
chemical species are considered as prognostic variables @zone to the QBO. The simulation of the QBO still remains
the model. The advection scheme is thus the same for metea challenge for CCMs as it requires a high enough vertical
orological and for chemical variables, avoiding inconsisten-resolution, an accurate parametrisation of the gravity waves
cies with transport. In this stratospheric configuration of thethat has been adjusted specifically to the model to interact
CNRM-CCM model, convective and turbulent transports of in a realistic way with its synoptic-scale waves, and a realis-
chemical species are not considered. One has to note thét stratospheric Brewer-Dobson circulation in particular its
state-of-the art CCMs rarely consider tropospheric chem-ropical upwelling.
istry because of computer resources (among the 18 models Although we chose to present one CNRM-CCM simula-
of CCMVal-2 only 3 represented tropospheric chemical re-tion only, we performed during the course of the CNRM-
actions, sedlorgenstern et al20109. The chemistry rou- CCM development four additional REF-B1 type simulations
tines of CNRM-CCM are integrated within the physics part that differed slightly from the one presented in this paper,
of the model and therefore the chemistry is activated at eacleither in the formulation of the chemistry or in the version
time-step of the physics. Another aspect of chemistry fieldsof the GCM. All the diagnostics shown below lead to the
being variables of the model is that chemical evolutions aresame conclusions for all five simulations, except otherwise
resolved on the model grid. So in contrast with CNRM-ACM depicted (see SecB.2.5. We also include in our analysis
runs, CNRM-CCM runs were done on a T42 Gaussian gridthe outputs of the CCMVal-2 REF-B1 models as an indica-
both for dynamics and chemistry. tion of the state-of-the-art CCM modelling.
Additional details on ARPEGE-Climat appear in
http://www.cnrm-game.fr/spip.php?article] 2dith techni-
cal and scientific documentation. A technical documentation3 Results
on the CNRM-CCM chemical subroutines is also available.
The CCMVal-2 community agreed upon a very large number
2.3 Simulations analysed of diagnostics that illustrate its in-depth effort to assess the
performances of CCMs. The results shown in this paper rep-
As the objective of this paper was to build upon CCMVal-2, resent a small selection of these diagnostics. They concern
we performed CNRM-CCM simulations as definedyring  mainly the stratosphere as neither CNRM-ACM nor CNRM-
et al. (200§ and SPARC(2010. We analyse here results CCM consider the specific processes of the mesospheric (e.g.
from a transient simulation identical to CCMVal-2 REF-B1 ion chemistry) or the tropospheric chemistry (because of its
in terms of the period simulated (1960-2006), and the extersignificant computer added cost), and they report on the abil-
nal forcings used (SSTs, ODSs, GHGs, aerosol forcing, soity of the CNRM models to reproduce the climatology of the
lar irradiance). As in the CNRM-ACM REF-B1 simulation, recent pastincluding a few aspects of the depiction of the past
the Quasi Biennal Oscillation (QBO) was not imposed onozone depletion. We focus on the major shortcomings of the
CNRM-CCM. A lot of research activity has been devoted to CNRM-ACM model, and present also a panel of satisfactory
this major mode of variability of the equatorial stratosphere.results for both models.
Baldwin et al.(200]) review in a detailed and didactic way
the knowledge acquired since its discovery in 1960, and thei3.1 Validation data sets
summary indicates that its effects range from modulating the
stratospheric flow from pole to pole, to affecting the variabil- A summary of the diagnostics analysed in this study together
ity of the mesosphere up to 85 km and the strength of At-with their accompanying reference data sets appears in Ta-
lantic hurricanes. Changes in atmospheric dynamics in turrble 1. Further details on these reference data sets is provided
affect the distribution of chemical compounds, including O  below.
H>0O, and CH. The QBO also has an effect on the break-
down of the wintertime stratospheric polar vortices and the3.1.1 Meteorological reanalyses
severity of high-latitude ozone depletion. Indirectly, through
impacting polar vortices it then has an effect on the surfaceThe first validation data set we considered is the extensively
meteorology. Dynamical processes also influence temperaised ERA-40 reanalysi¢Jppala et al.2005 which covers
tures which in turn impact on the chemistry of ozone be-the period September 1957—August 2002. We also used the
cause of the temperature dependence of the reaction rateBRA-Interim product (1989—preserg@mmons et a).2006
The natural variability of @ has been analysed in a specific that combines a number of modifications made since the re-
chapter of the(SPARC(2010 report. For instance, amplitude alisation of ERA-40 reported idppala et al(2008 andDee
of the global (60 S—60 N) column ozone variations in link and Uppala(2009. Progress has been largely due to im-
with the QBO has been estimated to amount-# DU, to provements in modelling and data assimilation achieved at
be compared with an annual cycle where the natural variabilECMWEF since the production of ERA-40 and includes for
ity has an amplitude of-12 DU. However, analysis of the the stratosphere, a more realistic Brewer Dobson circulation,
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Table 1. Diagnostics considered in this study.

Process Diagnostics Variables Observations
Dynamics  High lat. strat. biases T (Temperature) ERA-4QJppala et al(2005
Winter, spring ERA-InterimSimmons et al(2006
NCEP, UKMO reana.Eyring et al.(2009
Easterlies at 60S U (zonal wind) ERA-40, ERA-Interim
SH and NH Night Polar Jet U ERA-40
Transport  Tape recorder s HALOE; Groof? and Russ¢P005
Latitu. profiles at 0.5, 10 and 50hPa  Age of air Variobgring et al.(2006
Vert. and latitu. profiles Ch HALOE
Seasonal cycles £HO HALOE, MIPAS; SPARC(2010
at 100, 200 hPa and HNO MIPAS
at 40 N-6C° N, 60° S-40 S
UTLS Seasonal cycles T ERA-40, ERA-Interim
at 100 hPa Equator £HH0 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 40, O3, HCI HALOE
Time ser. at 50 hPa, 86 Cly Various;Eyring et al.(2006
Seasonal cycles CHH20, O3, HCI HALOE
at 50, 1hPa and HN§NOy, N2Os  MIPAS
at 3¢ N-60° N, BrO SCIAMACHY; SPARC(2010
30°S-60 S, 15 S-15 N
CIONO, MIPAS
Cco MLS; Lee et al(2011)
Total column 1980-1990, D BSv2.7;Bodeker et al(2005

1990-2000

as well as a better cycle of specific humidity in the tropi- monthly data derived from November 1991-August 2002 ob-
cal lower stratosphere. In addition, zonal-mean stratospheriservations. The most recent data since September 2002 have
temperatures show some marked differences between ERArot been included in this climatology, since in 2002 a very
Interim and ERA-40, particularly at the higher levels where unusual major warming occurred in Antarctica, and as ob-
only radiance data are available for assimilation. We derivedservations have been less frequent after 2002. HALOE has
for both reanalyses, monthly temperature and zonal winds obeen validated against a variety of measurements; generally,
the T42 horizontal grid of our simulations (about?.8ver  the accuracy of the retrievals decreases near the tropopause
22 levels up to 1 hPa. We excluded the highest levels as th€GroolR and Russg2005and references therein).

reanalyses are not constrained by observations in the meso-
sphere Bechtold et al.2009. 3.1.3 NIWA total column ozone

3.1.2 HALOE/UARS satellite observations The assimilated National Institute of Water and Atmospheric
Research (NIWA) data set combines satellite-based ozone
The Groofl3 and Russ€R005 climatology, that is the refer- measurements from four Total Ozone Mapping Spectrome-
ence for a number of diagnostics, has been built from the datéer (TOMS) instruments, three different retrievals from the
of the HALOE instrument onboard the Upper Atmosphere Global Ozone Monitoring Experiment (GOME) instruments,
Research Satellite (UARS) that observed mixing ratios ofand data from four Solar Backscatter Ultra-Violet (SBUV)
important trace species in the stratosphere for more than teimstruments. Comparisons with the global ground-based
years, starting in 1991. A zonal climatology has been com-World Ozone and Ultraviolet Data Center (WOUDC) Dob-
piled using the results of the version 19 retrieval softwareson spectrophotometer network have been used to remove
over a B latitude grid and 22 pressure levels from 316 to offsets and drifts between the different data sets to produce a
0.1 hPa. We considered here mixing ratios gf 8,0, CH;, global homogeneous total ozone column data set that com-
and HCI. Seasonal dependence is taken into account witlhines the advantages of good spatial coverage of satellite
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Fig. 1. Temperature biases over two latitude range$,N860° 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 ERAX6tandard deviation.

data with good long-term stability of ground-based mea-reference data sekée et al, 2011). It has been built from
surements. We used in this study version 2.7 of the sosix years of observations (2005-2010) (retrieval software
called “patched” monthly data, available fronttp://www. version 2.2) onto 35 pressure levels (316 up to 0.002 hPa)
bodekerscientific.com/data/total-column-ozom@ata cover  and 43 latitudes (4bands). MLS CO compares satisfacto-
the years 1979 to present at 1°2ffongitude) by 2 (lati- rily with ACE-FTS/SCISAT-1 and SMR/ODIN, except for a
tude) resolution. For further details on the NIWA data set seeknown large bias (a factor of 2) in the upper troposphere.
Bodeker et al(2005.

3.2 Main shortcomings of CCRM-ACM and
3.1.4 Other satellite observations corresponding CCM-CCM results

Observations shown in a couple of diagnostics include somerhe statements below (in italics), that synthesize the main
of the satellite monthly climatologies that appear in Chap-shortcomings of the CNRM-ACM simulations for CCMVal-
ter 6 of SPARC(2010. They allow a first rough valida- 2, have been extracted from various chaptersSBARC
tion of a number of chemical species of the model, and arq2010 i.e. “Stratospheric dynamics” (see Sec3s2.1 and

a personal communication from S. Dhomse, 2011. These.2.9, “Transport” (see Sects3.2.3 and 3.2.4, “UTLS”
climatologies have been derived from MIPAS/ENVISAT (see Sects3.2.5 3.2.6and3.2.7) and “Natural variability of
measurements for HN§) N2Os, NO,, and CIONQ, from stratospheric ozone” (See S@,Q_a_

SMR/ODIN measurements for HNQ and from SCIA-

MACHY/ENVISAT measurements for BrO. We used zonal 3.2.1 Stratospheric dynamics: temperature

fields on the 31 vertical levels (1000 to 0.1hPa) of the

CCMVal-2 simulation exerciseSPARG 2010. A zonal cli- CNRM-ACM produces a stratospheric mean state with sig-
matology of CO from MLS/AURA is also presented as a nificant biases in temperatur€igurel shows climatological
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temperature biases relative to the ERA-40 reanalysis over
the high latitudes of the Northern and Southern hemispheres
(NH and SH) both in winter and spring. As these polar
temperatures are important to represent correctly the ozone 0.3 1 B
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 anal-
ysed for CCMVal-1 simulationsHyring et al, 2006 and for
CCMVal-2 ones §PARG 2010. Figurel includes the bi-

Transition to easterlies at 605
0.1 1 1 1

10 o

Pressure (hPa)
w
1
T

ases of various monthly reanalysis climatologies, NCEP and 30 4 L
UKMO (over 1980-1999 and 1992-2001 respectively, see

references irEyring et al, 2006, and ERA-Interim (1989— 100 . . .

2001) in addition to the CCMVal-2 and CNRM-CCM biases. Nov 1 Dec 1 Jan 1

As in Eyring et al.(2006), a first contrast between the up- Date

er and the lower stratosphere can be noted, with the range of. " .
P P 9 ?:Ig. 2. Date of transition to easterlies at68 computed from the

temperature biases reported in reanalyses being much Iarg%ﬁmatological (1980—-2001) monthly zonal-mean zonal winds, for

in the upper atmosphere. A second contrast is evident beERA_40 (cyan solid line), ERA-Interim (dashed cyan line), CNRM-

tween the two hemispheres with the cold bias of a large nUMac ) (red line), CNRM-CCM (black line) and CCMVal-2 REF-B1
ber of CCMVal-2 models in spring being much more exten- models (dashed orange lines).

sive 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 particulgramong the closest to ERA-40. This outlines the interac-
the cold biases in spring in both hemispheres where CNRMtion between ozone chemistry and temperatures, as well as
ACM was clearly an outlier. The reduction in bias amounts the complexity of mechanisms over the various parts of the
to 8K in MAM at 20 hPa for instance. CNRM-CCM re- stratosphere that result in varying model performances.
produces ERA-40 particularly well in the 100-30 hPa layer Temperatures depicted in SON°@8-90 S are closely
of the northern latitudes, and it fits ERA-Interim in the 50— |inked to the transition from westerlies to easterlies &%0
ShPalayer of JJA. Between 5 and 1 hPa, differences betweewe determined this transition by looking as Hyring et
CNRM-CCM and CNRM-ACM are striking, this layer being al. (2006, at the mean seasonal cycle in the monthly zonal
generally too cold in CNRM-ACM and too warm in CNRM-  winds (1980-2001, see Fig). The monthly mean is as-
CCM. CNRM-CCM is more in line with the CCMVal-2mod-  sumed valid for the 15th of every month, with linear inter-
els and with the NCEP and UKMO reanalyses, the disagreepolations in between the 15th of two consecutive months,
ment between reanalyses amounting up to 10K. but SPARC(2010 and references herein indicate that similar
The change in radiative scheme between CNRM-ACM conclusions would be obtained from daily data. The ERA-40
and CNRM-CCM certainly contributes to this evolution of and ERA-Interim reanalyses are plotted, and while the tran-
the stratospheric temperatureMorcrette et al.(2000) re-  sition was delayed by around three weeks for CNRM-ACM,
ports on the impact of replacing the LW FMR15 scheme that of CNRM-CCM is much closer to reanalyses. This is
(ARPEGE-Climat version 4.6) with RRTM (ARPEGE- consistent with a warmer spring stratosphere in the SH.
Climat version 5.2). In summary, RRTM has shown an es-  Finally for this analysis on stratospheric temperatures, we
sentially positive impact over a large range of parameters, ifexamined as in Fig. 3.1 @PARC(2010, the stratospheric
particular for the surface radiation and the temperature in thgyrofiles of the mean annual biases (1980—-1999) relative to
stratosphere. Impacts right below the tropopause for tempereRA-40 over 90 S—90 N. Whilst CNRM-ACM was clearly
ature and humidity, as well as on convection in the tropicsan outlier for pressures lower than 200 hPa, with a persistent
have also been noticed (sktrcrette et al.2001for details  cold bias throughout the stratosphere, CNRM-CCM has no
on changes in a number of radiative fields). systematic bias throughout this atmospheric region, its abso-
Climatological biases in temperature calculated relative tojyte bias is lower than 4K up to 5hPa, and its largest bias is
the first 20 yr of REF-B1, i.e. 1960-1980 (ShOWﬂ in the SUp'+]_0 K at 3hPa (See F|g S5 in the Supp|ement)_
plement as Fig. S4) are quite different from those calculated
over 1980-2001 (shown in Figd), except for DJF between 3.2.2 Stratospheric dynamics: wind
9(° N-6C N. In the 5-1 hPa layer in MAM between 98—
60° N, most models are within th& ERA-40 standard devi- CNRM-ACM has significant biases in jet strength and posi-
ation, apart from CNRM-ACM (10K too cold) and CNRM- tion. It has particularly large biases in the NH, positioning
CCM (10K too warm). In the SH (both for JJA and SON), its mean jet too far equator-wardStratospheric profiles of
most models show now positive biases in the 100-10 hPa&he strength and latitudinal position of the maximum of the
layer (between 2 and 10K), but in this case CNRM-CCM zonal wind in DJF and JJA (1980-2001) are shown in Bjg.
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Fig. 3. Strengths (msl) 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).

for ERA-40, CCMVal-2 models and CNRM-CCM. In the 3.2.3 Transport: tape recorder and age of air
NH, SPARC(2010 indicate that CCMVal-2 models perform

generally "extremely well” with the exception of afew mod- 1,4 356 recorder and the age gradient of CNRM-ACM both
els, one of which is CNRM-ACM. In CNRM-CCM however, jqicate very rapid ascent in the Tropical Lower Strato-

both strength and position now appear to be correctly Sim“'sphere.... The mean ages are very young everywhere, con-
!ated. In the SH, CNTM'ACM \{\lleallknesses were less _St:”k'sistent with very fast net vertical transporA number of
ing. CNRM-CCM performs similarly to CNRM-ACM wit diagnostics help to evaluate the transport characteristics of
regards to the position of t.hejet a”?' like most models fails 4 model over regions where specific circulation processes
rehproduce tEe ?bhsef_"e‘,’ tilt of the jet between 10 and 1h|iaoccur (tropical ascent, tropical-extratropical mixing, inte-
T_ e strengt 0 the jetin C_NRM'CCM compares very we grated processes affecting mid-latitude composition, polar
with ERA-40, in contrast with the other CCMVal-2 models processes, see chapter 53#ARG 2010. Transport deter-
which exhibit large b|ases_ at20 msS = ormore in the UPPET " minesto a large extent the distribution of long-lived species
stratospher(_a. Furt_her evidence in the reduction of biases iMhat in turn affect the entire chemistry of the stratosphere.
the zonal wind, going from CNRM-ACM to CNRM-CCM, \ya hrasent in this paragraph three diagnostics extracted from
during the four seasons, appears in Fig. S10 of the SUpplethose inEyring et al.(200§ and SPARC (2010: informa-
ment. tion 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 infor-
mation on the overall transport throughout the stratosphere.

Geosci. Model Dev., 4, 87300, 2011 www.geosci-model-dev.net/4/873/2011/
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Fig. 4. Mean age of air afa) 0.5, (b) 10, and(c) 50 hPa, observations (black datdo, 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.

Quality of the transport can also be confirmed by diagnos-is near the lower envelope of observations and comparable to
tics on CH, as its chemistry is rather simple and should be the mean of the models. This is in agreement with the fact
correctly accounted for in models. that the vertical propagation of tropical water vapour was too
o fast.
Aol 2901 ¥ At 01Pa, the mprovement between CNR-CM an
eraged over 10S-10 N for the HALOE observations and CNRM-ACM at mid and high latitudes is SF”k'”g’ and
the mean age from CNRM-CCM fully superimposes ob-

model simulations (see Fig. S6 in the Supplement). lefer_servations, which is not the case for many models. Trop-

ences among models may result from multiple causes, in: : :
cluding different advection schemes (®ARG 2010and ical (10°S-10'N) and' mid-latitude (35N—45"N) mean

. L ... _ages changed respectively from 1.7 (CNRM-ACM) to 2.4 yr

references therein for a description of these schemes), differ;

. .(CNRM-CCM) and from 2.6 to 4.0 yr at 20 hPa (not shown).

ent tropopause temperatures, different ascent rates and mix- . . -
) : . he mean age in CNRM-CCM is on the low end but within

ing across the subtropical barriers. The CNRM-CCM tape - .
. the 1 standard deviation of the mean of the observations (see
recorder appears closer to observations than that of CNRM-

ACM which exhibits an unusual pattern over this ten-year Fig. 5.5 c.)fSPAR.C 2010. .
S . : o CH, diagnostics also reflect largely the skill of transport
period in the alternation of wetter and drier conditions, cer-

tainly linked to errors in the sensitivity to volcanic erup- representation in models. As in Fig. Sigjring et al(200,

ions (see below Secg.2.), The peak to peak ampliude 2 SRR B08 19 10 U8 OB o e
of CNRM-CCM in the lower stratosphere appears reasonable P ' ! ' P

but its ascent rate is too fast, with a lag of 3 months at about'™ < levels, for both model outputs and observations. The
! g climatologies refer to the years 1992—-2001 that correspond

E%hapsa J;;ig?gﬁ?g;i:%ﬁg&%n;?)? l(r)]rosvas).ervatlons (phast% the HALOE ob_serva_tions. Some spread between models
’ appears, more evident in the polar regions at 50 hPa. CNRM-

The mean age of air is defined as the mean time that aA\CM values are generally closer to observations than those

stratospheric air mass has been out of contact with the wellof most models. The largest differences between CNRM-

mixed troposphere. Various methods can be used to comput&CM and CNRM-CCM appear at high latitudes, with for

the mean age of air, and in the CNRM simulations we con-CNRM-CCM a degraded profile in the 30-10 hPa region at

sidered an inert tracer whose concentration betwe@$20 77°N in March, and better ones in the same layer &tS7

10° N and at 500 hPa increased linearly with time. Zonally in October as well as at northern high latitudes 50 hPa in

averaged mean ages at 0.5, 10 and 50 hPa appear i4,Fig. March. Otherwise, CNRM-CCM and CNRM-ACM perform

with observations from aircraft, balloon and satellite mea-quite similarly, and overall these diagnostics do not reveal

surements as ikyring et al.(2006, and model outputs. Al-  any weakness in the CNRM simulations.

though still too young by 1.5yr at 0.5hPa and by 0.6 yr at

10hPa, CNRM-CCM is closer to observations than CNRM-

ACM by about 1.5 yr at both levels. At 10 hPa, CNRM-CCM

www.geosci-model-dev.net/4/873/2011/ Geosci. Model Dev., 4, 8032011
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3.2.4 Transport: Cly

profiles are very similar and correspond to the high end of

the model envelope that matches the two observations avail-

Overall, in spite of a very fast tracer-derived circulation, in-
dications of significant vertical diffusion, and the absence of
a high latitude transport barrier, compensating errors allow
this model (CNRM-ACM) to produce realistic levels of @I
the Antarctic Lower Stratosphere.

As the number of Gl observations is rather limited
(Eyring et al, 2006, and since HCI is a major component

able, in 2000 and 2005 (sdgyring et al, 200§. 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, and given that chemistry remained unchanged
between CNRM-ACM and CNRM-CCM. This seems to in-
dicate that the chemistry is the main driver of the evolution

of Cly in the upper stratosphere, we evaluate the chlorineof Cly in the Antarctic Lower Stratosphere.

content of the model using HCI profiles (see F&). For

the high latitudes plots, we plotted the highest latitudes forg 5 g Tropical UTLS
which observations were available (this remark applies also

to Figs.7 and11). CNRM-CCM mixing ratios are quite com-
parable to those from CNRM-ACM, and somewhat closer

CNRM-ACM exhibits some significant problems with tropical

to HALOE observations in some cases, for instance in thetransport. The tropopause is cold and high, with more wa-
Southern lower stratosphere (see panel c¢). Further evaluder vapour than would be implied by the temperatureig-

tion of Cly is provided by the time series of mixing ratios in

ure6 compares mean annual cycles of temperature and water

the lower southern polar stratosphere (50 hPa, October, seeapour from the model with those from ERA-40 (1980-2001

Fig. S8 in the Supplement). CNRM-CCM and CNRM-ACM

Geosci. Model Dev., 4, 87300, 2011

climatology) and from HALOE (1992-2001), respectively.
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Fig. 6. Zonal tropical climatologies with “observations”, ERA-40 (cyan line), ERA-Interim (dashed cyandite, 1989-2001), and
HALOE observations (dashed black linelo, 1992-2001)(a) temperature at Equator 100 hRh) H,O at Equator 100 hP4¢) H,O at

20° S-20 N 80 hPa; andd) 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 secone-Banis shaded, as iIBPARC(2010 Figs. 7.9 and 7.10.

These cycles are close to the Equatorial tropopause (100 hPancertainties of the observations for the two diagnostics pre-
seeEyring et al, 2006, or correspond to the entry point of sented, which is not the case for CNRM-ACM, and a larger
the tape recorder (80 hPa,28-20 N, seeSPARG 2010. and thereby realistic annual cycle. The maximum of this an-
For temperatures, noting that a common systematic erronual cycle occurs a couple of months too early. Figlgeses
concerns tropical lower stratospheric temperatus#2ARG further insight on the quality of the model water vapor field
2010, CNRM-CCM is more similar than CNRM-ACM to throughout the stratosphere. The five plots of this figure, ver-
ERA-40 with a slightly more pronounced seasonal cycle thattical profiles at the polar latitudes in spring and at the Equator
has a maximum in August. The permanent negative biasn March, or zonal-means at 50 hPa in March and October,
throughout the year is reduced from an upper limit (in July) illustrate the large spread in the models®Imixing ratios.
of —3.8K for CNRM-ACM to —3.2K for CNRM-CCM. Generally, CNRM-CCM is among the closest models to the
Figure 6 also shows temperatures for ERA-Interim (1989— observations in all the diagnostics shown. We can however
2001 period) that are systematically lower than those ofnote thatthe zonal mean in Fig. 7e is too flat, which is related
ERA-40, from 0.8 K in August to 1.5K in November. ERA- to too much water vapor entering the stratosphere in March
Interim fits radiosonde observations better than ERA-40 af(see Fig. 7b). Anomalies in the CNRM-CCM phase of the
100 hPa (se®Randel et al.2004), and if we now compare tape recorder (see Sect. 3.2.3) may also prevent the model
CNRM-CCM to ERA-Interim the negative bias is2.4K from reproducing the observations.
in July and August and-0.5K in November. However, Differences in temperature and water vapor fields in the
CNRM-CCM temperatures underestimate the mean minugropical lower stratosphere are closely linked to differences
1 0 of ERA-Interim except in October-November-December in the ozone field which is affected by both transport and
(see Fig6) and the amplitude of its annual cycle is not large chemistry and which is important in terms of radiative feed-
enough. Interestingly, this seasonal cycle of the temperaturback. Cariolle and Morcrett€2006 provided quantitative
is quite sensitive to the description of the chemistry and/or toestimates of the impact of changes in thef@ld in the IFS
small adjustments of the GCM. The five CNRM-CCM REF- simulations. These estimates are of special interest to us as
B1 simulations performed (see Se2t3) have seasonal cy- the underlying GCM of CNRM-CCM is a climate version of
cles that differ, depending on the month by up to 1 K (seethe IFS model and as these estimates were done with a lin-
Fig. S3 in the Supplement). earized version of the CNRM-CCM radiative codgariolle
Concerning water vapor, CNRM-CCM better fits obser- and Morcrettg2006 concluded that a reduction ing@n the
vations than CNRM-ACM, with mixing ratios within the range of 10-20 % in the lower stratosphere, that implies less
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Fig. 7. Climatological (1992-2001) zonal-mean® mixing ratio (ppmv), for HALOE observations (black dots, with grey area showing
1o), CNRM-ACM (red line), CNRM-CCM (black line), and CCMVal-2 REF-B1 models (dashed orange lines). Vertical pro{ég3 &t N
in March, (b) 0° N in March, andc) 77 S in October. Zonal-means at 50 hPé&dnMarch and(e) October.

UV absorption, along with an increase in the upper tropo-These deficiencies go along with too low HN@ the SH,
sphere of 20 % which then filters part of the upward IR ra- and too high HO in the NH at 200 hPa.

diation and prevents its absorption by i the lower strato- Figure 8 presents the climatological zonal tropopause
sphere, resulted in the lower stratosphere cooling by up tgressure, for the two seasons DJF and JJA and the annual
3K. mean (1980-1999). The annual mean of CNRM-CCM is

Figure6d illustrates the dispersion of the mean annual cy-much closer to ERA-40 than that of CNRM-ACM, with dif-
cles of @ at 100 hPa, 20S—-20 N. Most models are within ~ ferences lower than 40 hPa at all latitudes. The improvement
the 3 of the HALOE mean (a range of variability that between CNRM-ACM and CNRM-CCM is particularly vis-
reflects the uncertainties at this level, S8RARG 2010). ible at mid-latitudes where CCMVal-2 model biases are gen-
CNRM-CCM Oz mixing ratios are the lowest but the shape erally quite large, and is evident in the two seasons, with an
of its annual cycle is correct, which is an improvement overexception however for the high latitudes of the winter hemi-
the CNRM-ACM outputs and is coherent with the improve- sphere. o
ments seen in Figsa, b and ¢ going from CNRM-ACM to SPARC (2010 indicate that the seasonal cycles of,O

CNRM-CCM. H,0O and HNQ give an indication of the quality of the under-
lying large-scale transport and mixing processes in the extra-
3.2.6 Extra-tropical UTLS tropical UTLS. Figure9 shows the mean annual cycles of

these species at two pressure levels (100 and 200 hPa), and

Also in the extra-tropics, CNRM-ACM shows major deficien- tWo latitude bands (40N-60° N, 60° S—40 S) with HALOE
cies in both the dynamical and the transport and mixing di- 2hd MIPAS Hegglin et al, 2010 observations for @and

agnostics. Extra-tropical tropopause pressure is too low...H20, and MIPAS observations for HNO

Geosci. Model Dev., 4, 87300, 2011 www.geosci-model-dev.net/4/873/2011/
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For O3, the seasonal cycles of CNRM-CCM are in the HNOs transported to the 46—60 S latitudes prevents then
range of those of the CCMVal-2 models and compare betthe augmentation of HNOmixing ratios as depicted by the
ter with observations than the cycles of CNRM-ACM with observations.
larger yearly amplitude. In contrast, CNRM-ACM appears
as an outlier in all four @ diagrams. As with most models 3.2.7 Natural variability: temperature
at 100 hPa in the 60540 S latitude band, CNRM-CCM
overestimates ©observations compared with HALOE and The tropopause response to volcanic events is very large,
MIPAS which both provide quite similar climatologies. Note and the secular trend is also larger than other models due
that at 200 hPa the two observed @imatologies shown dif-  to problems with volcanic aerosol heating
fer by at least 0.05 ppmv and up to 0.18 ppmv. The volcanic aerosol heating error in CNRM-ACM gener-

CNRM-CCM H0O is also closer to observations than ated excessive lower stratospheric heating very rapidly after
CNRM-ACM H20 and comparable to the mean of the mod- the volcanic eruption, followed for a couple of years by an
els. At 200 hPa, the model mean largely overestimates obexcessive cooling (see Fig0 that represents anomalies of
servations as well as the amplitude of their annual cyclethe annual global temperature at 50 hPa relative to the 1980—
However, these bD plots reveal that observations ob@® 1989 period). This error led to problems with a number of
in the UTLS region where gradients are large are still an is-CCMVal-2 dynamical diagnostics, and chemical as a con-
sue, MIPAS mixing ratios being notably larger than HALOE sequence, for CNRM-ACM. It had a pronounced effect on
mixing ratios, for instance by 7.5ppmv at 200hP& 80  temperatures in the tropical lower stratosphere and also on
60° S. MoreoverHegglin et al.(2010 indicate that there is  trends in cold point tropopause or trends in tropopause pres-
some evidence that the MIPAS8 at 200 hPa (let alone the sure over 1960—2000 (see chapter BBARG 2010. Anal-
HALOE H>0 at 200 hPa) might be too low, especially during ysis of the natural variability of CNRM-ACM stratospheric
summer. More measurements are required to evaluate modekzone was also greatly impacted by this error.

H20 in the UTLS. The problem has been solved in CNRM-CCM and its tem-

As for HNOs, we note that an error within the implemen- perature anomalies linked to volcanic eruptions follow those
tation of the heterogeneous chemistry in CNRM-ACM has of ERA-40, they are larger than the anomalies of most mod-
been corrected in CNRM-CCM. Therefore, we will not com- els in the case of minor eruptions and smaller in the case
ment on the CNRM-ACM HN@any further. As for CNRM-  of a large eruption such as the Pinatubo (1991) eruption
CCM HNO;s, while the annual cycles appear satisfactory in (see Fig.10). The temperature trend per decade calculated
three out of the four cases presented in Bigthe 200hPa  over the 1960—-2001 period that wa®.26 K decade! for
60° S—40 S case is problematic: CNRM-CCM fails to sim- CNRM-ACM is —0.82 for CNRM-CCM. The latter corre-
ulate the annual cycle and even depicts an opposite cyclesponds to the trend of ERA-40 which in turn is close to the
Some sensitivity tests suggest that the problem is linked tdrend from radiosondes (séaustin et al, 2009. Over this
the sedimentation process at latitudes higher th&rs@bat  47-yr period, most CCMVal-2 models have a trend higher
seems too large, in link to too cold temperatures. Too lowthan —0.7 K decade! at 50 hPa (reduced cooling) which

www.geosci-model-dev.net/4/873/2011/ Geosci. Model Dev., 4, 8032011
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Fig. 9. Mean annual cycle for @ (ppmyv, left column), HO (ppmv, middle column), and HN§X(ppbv, right column) for 40N-60° N
100 hPa (first row), 4ON-6C° N 200 hPa (second row), 886—-40F S 100 hPa (third row), and 8-40 S 200 hPa (fourth row). Obser-
vations (dashed black line;1o, grey bar wherer missing) HALOE for G and H0, and MIPAS for HN@, CNRM-ACM (red line),
CNRM-CCM (black line) and CCMVal-2 REF-B1 models (dashed orange lines). MIPAS observations are also showngimarioeHO
plots (dashed green line).

confirms that in the global average modelled trends slightlyto mid-latitudes, where mixing ratios were too low (nega-
underpredict the trends observed by the radiosortlestin tive bias up to 1 ppmv). There are several possible reasons
etal, 2009. Overall, the response to volcanic events remainsfor this. First, transport in CNRM-ACM that is too rapid, as

in general a challenge for most CCMSKRARG 2010. shown by the REF-B1 age of air (see H. However, plot-
ting CNRM-ACM outputs from the CCMVal-2 REF-B2 sim-
3.2.8 Natural variability: Lower Stratosphere ozone ulation, that did not consider volcanic eruptions but had the

same background aerosol loading as in 2000, does not con-
Hirm this hypothesis. Indeed, while the CNRM-ACM 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 dis-
tributions of ozone at 50 hPa in the tropics (as in Bitd and

e, not shown) are closer by around 0.5 ppmv to the HALOE
observations. Thus the problem is not due to transport alone.

The 50 hPa ozone concentrations in NH spring and autum
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#ig.
CNRM-ACM was evidently an outlier at 50 hPa in tropical

Geosci. Model Dev., 4, 87300, 2011 www.geosci-model-dev.net/4/873/2011/
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ANN 90N—90S 3.3 Other validation results
e e S — The following results illustrate that the climatological state
& 60+ o of the chemistry is satisfactory, both in the CNRM-ACM and
B 3.0 L in the CNRM-CCM simulations.
E 00 ; Figures 12 to 17 present, as in chapter 6 GPARC
2 a0 ] b (2010, mean annual cycles of selected species, including
- i long-lived species (CH H20, and CO), reservoirs (HCI,

—6.0 —— — — —T — .r ;
ros0 (o0 1050 050 900 CIONO,, HNO3, and NOs), two short-lived species (I\_Ip
Vear and BrO), and @ Cycles are shown over several latitude
bands (30N-6C N, 60° S-30 S, and 18S-15 N) at two

Fig. 10. Anomalies of annual mean global temperature at 50 hPa forl€Vels, 50 hPa (see Figs2 to 14) and 1 hPa (see Figs5to
ERA-40 (cyan solid line), ERA-Interim (dashed cyan line), CNRM- 17) to account for different controlling processes. Observa-
ACM (red line), CNRM-CCM (black line) and CCMVal-2 REF-B1  tions are those from HALOE for CH H20O, O3 and HCI,
models (dashed orange lines). Anomalies are those w.r.t. the 1980from MIPAS for CIONG,, HNO3, N>Os and NG, from
1989 period. 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-
Another hypothesis could be that there are problems withacp for several species including GHH,0O, Oz, HCI and
the heterogeneous chemistry which lead to anomalous CONSYNO3. This improvement, coherent with the improvements
centrations of ozone. However, the chemistry sc_ht_ames iNnderlined in the various paragraphs of S&®, is more
CNRM-ACM and CNRM-CCM are the same, and mixing ra- o |ess marked depending on the chemical species. CNRM-
tios of O3 from CNRM-CCM at 50 hPa are fully inline with - ccMm mixing ratios then fall within 1 standard deviation of
the HALOE observations (see Figld and e). Allthis leads  he opserved mean, which is not the case for a large number
to the conclusion that, as underlined@rant et al(1994,  of ccMmval-2 models. A similar improvement is seen in the
tropical lower stratospheric ozone in the presence of V°|Ca”'QropicaI latitudes except for HNwhere CNRM-CCM cap-
eruptions is likely to be explained by a complex combination res the HN@ annual cycle but its mixing ratios are biased
of dynamical and chemical processes. lOW.
In contrast, CNRM-CCM N@ and NOs simulations at
mid-latitudes are further from observations than CNRM-

Finally, the last improvement we want to outline in this ACM simulations. They even span all the models presented
paper concerns the computing time, vital in climate mod- &t the high end. N@and NOs mixing ratios appear less
elling, required to perform the simulations. Running-time is Problematic in the tropics (see Fitd). As for CO, concen-

significantly better for CNRM-CCM than for CNRM-ACM  (rations are lower for CNRM-CCM than for CNRM-ACM,
when we compare a T42/T42 CNRM-CCM simulation to a but while they are close to the mean of the CCMVal-2 mod-
T42/T21 CNRM-ACM simulation. thus much coarser reso- els they largely overestimate the MLS observations. We note
lution for chemistry in the case of CNRM-ACM. The elapsed that the ACE-FTS instrument climatology (instrument on-

time on a Nec SX9 supercomputer that includes both cppoard SCISAT-1) has a flatter annual cycle than MLS (ampli-

calculating time and time to transfer the outputs to the stor-{Ude of 2ppbv, see for instan&PARGC 2010Fig. 6.16) and

age machine, which cannot be ignored when a large numbef? !arger annual mean mixing ratio (about 14.2 ppbv at mid-
of 3-D chemical fields needs to be archived (as often required?{itudes). These discrepancies between the two instruments
in model inter-comparison projects), is of around 5.5h for are currently no_t fully understood as this is in the m|dd.le of
a T42/T42 CNRM-CCM yearly run, and around 55h for a the characteristic “C” shape of CO and is under the mflu—
T42/T21 CNRM-ACM 1-yr long run. This difference can €NC€ of both tropo;pherlg and mesospheric transport. Finally,
be explained in part by a better optimisation of the code forthe CNRM-CCM simulation of CION@compares less well

the transport of the chemical species, and is also linked tdYith observations than the CNRM-ACM simulation, though

the additional computational burden of exchanging meteo-differences are small, and the CNRM-CCM simulation of

rological and ozone fields every 6 h between two different BrO resemble_s that of CNRM-ACM ,With a ljega_tive. bias

applications. over all the latitude bands shown. This negative bias is con-
The CPU time of a run is multiplied by a factor of 2.5 run- sistent with the CNRM simulations not including bromine

ning the CCM with the chemistry versus running it without, ToM Very short-lived species (that accounts for 5pppt, see

in the configuration we tested (T42 and 60 vertical levels). SPARC(2010 and references therein).

This factor enables additional simulations for “debugging” At 1hPa, some statements made for the 50 hPa are sitill
or sensitivity purposes to be performed. valid, i.e. improved CNRM-CCM CHand HO, and dete-

riorated N@Q and NvOs. This deterioration (mixing ratios

3.2.9 Technical improvements

www.geosci-model-dev.net/4/873/2011/ Geosci. Model Dev., 4, 8032011
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being too high) is more important in the winter months when however as CNRM-ACM did not participate in th photolysis
CNRM-CCM is clearly an outlier and is coherent with the benchmark of CCMVal-2 to evaluate CCM photolysis rates
gradual conversion of N®into NoOs during the night. In  (see chapter 6 dBPARC 2010, we have no detailed indi-
addition, the climatologies of a number of species includ-cation on the accuracy of our rates. A mis-representation of
ing CO, HCI, CIONQ@, BrO and HNQ from CNRM-CCM the temperatures at this altitude can explain at least in part
and CNRM-ACM are very close. Note that the satellite in- the CNRM-CCM erroneous representation of ozone: indeed
formation is missing for HN@ (part of the year) and for CNRM-CCM 1 hPa temperatures are biased high (5 to 9K)
BrO. The annual evolution of CO in the CNRM models compared to ERA-40 and ERA-Interim. Note that this tem-
does not seem to include the winter-time mid-latitude meso-perature bias extends to the entire upper stratosphere in the
spheric input that some CCMVal-2 models represent to a cer5—1 hPa range throughout the year (see Fig. S9 in the Sup-
tain extent. Observed (MIPAS) concentrations of CIGNO plement). At 1 hPa @and temperatures appear very closely
in the tropics are about 30 times lower than those in theanti-correlated, indee®hosravi et al.(1998 reported that
models. However, the most disturbing diagnostic concerngonstraining their model with analyzed temperatures (colder
the Qs levels: while they are quite satisfactory in the mid- than those of their model) resulted in a significant increase of

latitudes for CNRM-ACM, they are far too low for CNRM-
CCM. CNRM-ACM and CNRM-CCM use the same chem-
ical scheme, with identical photolysis rateSafider et al.
2006 Madronich and Flocke1998 Brasseur et al.1999;

Geosci. Model Dev., 4, 87300, 2011

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
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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.

up with a correct temperature field that would be beneficial4 Synthesis of the CNRM-CCM model performance
to the overall representation of the chemistry. and outlook
To conclude, we analyse results on the total column ozone.

Figure 18 presents monthly zonal-means of NIWA observa- | the previous section we showed that the new version of the
tions and the CNRM-ACM and CNRM-CCM simulations  cNRM Chemistry-Climate Model, so called CNRM-CCM,
valid for the 1980-1990 and 1990-2000 periods. The generghas g better performance than the previous version. We did
patterns of the observations are better reproduced by CNRMgn ot conduct a step-by-step analysis of what caused the differ-
CCM than by CNRM-ACM, i.e., spring mid-latitude gradi- ences between these two models, as that would be to a cer-
ents, temporal evolution throughout the year of the tropicaliain extent specific to our models, but changes in the radia-
column, and confinement of the Antarctic vortex. tion scheme led to a better mean meteorological stratosphere.
_The negative trend in the column ozone at middle andryrthermore, introducing the chemistry on-line in the GCM
high latitudes £45°) is evident in both observations and requced potential inconsistencies between the GCM and the
model outputs. The two CNRM models overestimate Antarc-chemical part of the model and resulted in a better representa-
tic ozone depletion, in all periods shown, in a lesser ex-tion of the various barriers to transport that are inherent to the
tent however for CNRM-CCM than for CNRM-ACM. This  stratospheric circulation. We analysed a 47-yr transient sim-
is linked to biases in temperature (see Fiythat remain  ation (1960-2006) defined as the CCMVal-2 REF-B1 sim-
too low throughout the SH spring (see also Fide). Re-  yjation SPARG 201Q Morgenstern et al20103. Compari-
sults are confirmed by looking at climatological yearly cy- son of CNRM-CCM with meteorological reanalyses, satellite

cles of the total column ozone over high, mid and tropical climatologies or CCMVal-2 models suggests that in many as-
latitude bands as iffian et al.(2010 (see Fig. S12 in the  pects CNRM-CCM performs well.

Supplement). Overall, CNRM-CCM improves over CNRM-
ACM and compares rather well with observations. CNRM-
CCM shows a constant positive bias throughout the year a
southern mid-latitudes (around 20 DU), at high latitudes it is
within 1 standard deviation of the observations during part of
the year. In both the 366-30 N and the 30-60C° N bands
CNRM-CCM appears to be very realistic.

Stratospheric temperature biases in spring and winter at

igh latitudes are smaller or comparable to those of the

CMVal-2 models, with the exception of the upper strato-
sphere between 5 and 1 hPa where the model is too warm
(5 to 9K). This warm bias extends to all latitudes, is per-
manent throughout the year and simulations performed with
no retroaction with the chemistry onto the radiative scheme
reveal that it is intrinsic to the GCM itself. It is related un-
doubtedly to the radiative schembldrcrette et al. 2001

www.geosci-model-dev.net/4/873/2011/ Geosci. Model Dev., 4, 8032011
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that is in itself also perturbed by the 3-D distribution of the for instance HO in Fig. 9). In contrast, a substantial num-
greenhouse gaseBechtold et al(2009 report on the reduc-  ber of dots lie in the portion of the diagram close to the REF
tion of this warm bias in the region of the stratopause due tdine (similar variances of models and observations), and de-
a new climatology of greenhouse gases. In the end, a numbdimited by a correlation coefficient higher than 0.9. Finally, it
of biases appear in the chemistry of the upper stratosphereppears that CNRM-CCM has a larger number of satisfactory
The model produces not enough,®ut too much N@ and dots than CNRM-ACM. To assess whether both model ver-
N2Os at 1 hPa and is then at the high end of the CCMVal-2 sions were statistically different, we did not use the classical
models. two-sample Student Test as the results of both model ver-

Linked with this stratospheric distribution of temperatures, sions are dependant (mostly due to the same forcings applied
the other dynamical features analysed, transition to easterlies.g., GHGs, SSTs), but we performed a one-sample Stadent
at 60 S, strength and position of the stratospheric jets, andTest to test whether the differences of the two sample means
pressure of the tropopause, compare favorably to the ERAwere significantly different from zerd/\ilks, 2006. We ap-

40 and ERA-Interim reanalyses. In contrast, the tropopauselied this test to each individual month of the annual profiles
equatorial temperatures are biased low (maximum negativand each individual level of the vertical profiles of the di-
bias of 2.4 K) and are among the lowest within the CCMVal- agnostics we present in this paper. The results we obtained
2 models. This has been recognized as a common issue iappear in Tables S1 to S4 of the Supplement. Overall, these
CCMs SPARG 2010. However, the trend (1960-2000) tables show that CNRM-ACM and CNRM-CCM are signifi-

of the global mean annual temperatures of the lower stratoeantly different in most of the cases studied. For argument’s
sphere (50 hPa), greatly affected by volcanic eruptions, issake, this is not the case, for example, for the equatorial tem-
nicely captured by CNRM-CCM. perature and water vapor at 100 hPa (see Table 2), but at the

The characteristics of the transport appear to be quite accuspposite all the results for£n Table 3 reveal a significant
rately reproduced throughout the stratosphere, even thougtifference.
it is somewhat too rapid, and therefore the distributions of We suggest that some of the chemical problems addressed
long-lived species, including GHand HCl are well captured. above may be tackled by addressing issues related to the dy-
Both the amplitude and the phase of the annual cycles ohamics and the physics of the model. CNRM-CCM does
chemical species like £5and HO are well simulated in the not simulate at this stage intrinsically the QBO of the lower
UTLS where the effects of transport dominate when it is notstratospheric equatorial winds (nor do most current CCMs,
the case indeed for all the CCMVal-2 models. seeSPARC 2010. This has been identified as a major short-

For the several other chemical species investigated, i.ecoming by the CCMVal-2 project. Furthermore, the temper-
CO, CIONG, BrO and HNQ, the results do not reveal any ature of the higher stratosphere should be adjusted, possi-
major weakness in the model however the problems with re-bly through the implementation of a more accurate radiation
producing the annual cycle for HN@t 200 hPa 60S-40 S scheme in the short wavelengths. This is under consideration.
may require further investigation. Finally, our first analysis Further developments of the model will also include the non-
of the simulation of the total column ozone is quite encour-orographic aspects of the gravity waves, as well as the short-
aging. lived source gases containing bromiiéNIO/UNEP, 2010).

As an overall picture of the agreement between the obserThe latter will require to describe the tropospheric processes
vations and the CNRM model outputs, in either phase ande.g., emissions, convection, scavenging) that drive the evo-
amplitude of the annual cycles, or of the vertical or latitudi- lution of these short-lived species. CNRM-CCM is planned
nal distributions, we plotted a Taylor diagrairaglor, 2001 for use in a variety of projects linked with the interactions
of the diagnostics analysed in the previous paragraphs of thbetween chemistry and climate, in particular in seasonal and
paper (see Fig. S13 in the Supplement). For graphical purdecadal predictions, where it could possibly be coupled to an
poses, negative correlation coefficients have been set to zeiliateractive ocean.

(see dots on the vertical axis), and normalized standard de-

viation higher than 1.7 have been set to 1.6. FurthermoreSupplementary material related to this

the identification of the individual diagnostics has been with- article is available online at:

drawn from the figure as the objective was to get an overallhttp://www.geosci-model-dev.net/4/873/2011/

picture of the performances of CNRM-CCM, and a possiblegmd-4-873-2011-supplement.pdf

comparison to CNRM-ACM. Though individual evolutions

discussed in the paper between CNRM-ACM and CNRM_AcknowledgementaNe acknowledge the Chemistry-Climate

CCM are not identified in this Taylor diagram, interesting . e vajidation Activity (CCMVal) of the WCRP (World Climate

ou_tcom,es can be made: a number of d'aQ”OSt'FS have POQ%esearch Programme) SPARC (Stratospheric Processes and their
skills, either because of a very low correlation with observa-roje in Climate) project for organising and coordinating the

tions (see forinstance QHJVCO in Fig.13), and/or becau;e stratospheric model data analysis, and for providing the CCM-
of an amplitude of the signal far from that of the observationsval Diagnostic Tool with which the figures of this article have
(standardized deviation lower than 0.5 or higher than 1.5, sebeen plotted. We particularly thank John Austin (AMTRAC3,
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