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Nous étions au début de l'année 1995, je termirai jwarcours d'étudiant en DEA de
physique atmosphérique de Clermont Ferrand. lissag de choisir un stage, qui, dans mon
esprit, devrait déboucher sur une thése. Un prefessSerge Baldy, et un maitre de
Conférence, Miloud Bessafi, membre du jeune labiat PA' de l'université de la Réunion,
avaient proposé un sujet sur les échanges stratespioposphere. Intéressé par la
dynamique atmosphérique et volontaire pour un gemadbilité aprés un parcours scolaire et
universitaire totalement passé en Auvergne, jesisgais ce stage et, un jour d'avril 1995, je
découvrais I'lle de la Réunion. Treize ans apeesgjl’ai pas quitté et je rédige ce mémoire
d’HDR. En effet, de ce stage a débouché une timsse, un recrutement sur un poste de
physicien adjoint. Ce document constitue donc ymhese de ma dizaine d'années d'activité
scientifique passées sous les tropiques, en tamtphysicien adjoint affecté a I'PSlet
détaché & la Réunion, au LPA qui devint LAG s’associant & Météo-France.

Un physicien adjoint est un enseignant-chercheiveusitaire chargé de plusieurs missions:
1- Une mission de recherche ainsi que de valooisatée ses résultats en science de la planete.

2- Une mission de collecte des données d'observatm leur conservation sur le long terme

et de leur exploitation scientifique.

3- Des missions d'intérét général, national ouaonal
4- Une mission de gestion des moyens de recherche.
5- Une mission de coopération internationale.

6- Une mission de formation, d'enseignement aelap@cherche et de diffusion de la culture

et de l'information scientifique et technique.

Ma mission de service d'observation a consisté suras le suivi et participer au

développement de la station d'observation de I'sppm&re de I'fle de la Réunion. Ma tache de

! Laboratoire de Physique de I'Atmosphére
2 Institut Pierre Simon Laplace
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service a inclus la responsabilité scientifiquengdfuments tels que les lidars ozone
troposphérique et stratosphérique, de leur insi@aliadu suivi de leur fonctionnement, du
traitement des données produites et de leur midesgosition. J'ai donc eu une activité
importante pour que la station de la Réunion ait lonne visibilité et une activité importante

dans le cadre des réseaux internationaux.

Dans le cadre de ma mission de formation et d'gneeient, j'ai développé et donné des
cours sur l'instrumentation géophysique et lesausale recherche et d'observation dans le
cadre du master géosphére de l'université de lai®&ulorsque celui-ci a été ouvert. Je
prends en charge également la présentation dérdiimentation de 'OPARIlorsque des

visites de laboratoire sont organisées, souvens darcadre de l'accueil de lycéens et de

collégiens par la faculté des sciences.

Mon activité de recherche scientifique propremeis d'est organisée autour du bilan de
l'ozone troposphérique tropical. En effet, cetteantie d'années d'observation de l'ozone
troposphérique par lidar nous a permis d'approfodds cas d'études pour détailler les
mécanismes source de l'ozone troposphérique a Umidté d'établir la climatologie de

l'ozone et de la tropopause et de dégager les @resnestimations de tendances de I'ozone

troposphérique.

L'essor instrumental de la station de mesure et actinité scientifigue sont donc trés liées.
J'ai donc décidé d'organiser ce document en deapitcés :

Le premier chapitre est une présentation de I'aasttumental de la station de I'OPAR et sa
place dans les réseaux de recherche internatioiaefiete mon activité dans le cadre de ma
mission de participation aux services d'observation

Le second chapitre est une synthese des princigeutats obtenus par rapport au bilan de
l'ozone troposphérique tropical. 1l synthétise dfmge mon activité de recherche

scientifique.

Ces deux chapitres seront suivis d'une partie delgsion et de prospective, et d'une série

d'annexes présentant mes activités d'enseignetiegtiadrement de stagiaires et d'étudiants

3 Laboratoire de I’Atmosphére et des CYclones
* Observatoire de Physique de I’Atmosphére de laaRéu
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en these, une synthese de mes responsabilitésiatiatives et la liste de mes publications et

présentations.

Je ne peux conclure ce préambule sans avoir urse@eamicale et reconnaissante pour les
professeurs Serge Baldy et Jean Leveau qui solurigine, a la fois de ma venue a la
Réunion, de l'essor instrumental de I'OPAR et s$digne du LACY, et également de

beaucoup d’études présentées dans ce mémoire.

Je suis également tres reconnaissant au profeRedeart Delmas qui a pris leur succession a
la direction du LACY et de 'OPAR, et qui a reuasine donner l'impulsion nécessaire pour

concrétiser la rédaction et la présentation de FhinR

Je remercie plus largement toutes les personnel® Be&union, de Paris, de Toulouse ou
d'ailleurs, qui ont pris part, de maniére direateralirecte, aux activités d'observation et de
recherche a la Réunion, enseignants-chercheursniathattifs, techniciens opérateurs lidar et
ingénieurs, étudiants en these et post-doctoraméx, une pensée spéciale pour les valeureux

thésards avec qui j'ai eu la chance de travaillenny, Gaélle et Valentin.
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Chapitre 1

Une station d’observation atmospheérique

a la Réunion : POPAR
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1.1 Contexte géophysique et historique des mesures atmosphériques a la

Réunion

De part sa situation géographique a la position 21° Sud, 55° Est, le site de 1'le de la Réunion
bénéficie d'une situation exceptionnelle pour les études atmosphériques. Dans la tropospheére, du
fait de sa latitude, en hiver austral, le site de la Réunion est situé prés de la zone d'influence du
courant-jet subtropical susceptible d'induire des échanges de masses d'air entre la stratospheére et la
troposphére (foliations subtropicales, gouttes froides). En été austral elle est soumise a l'influence
de la convection tropicale et au printemps, étant a l'est de I'Afrique et de Madagascar, dans la partie
sud-ouest de 1'Océan Indien, elle subit I'influence des contaminations des briilages de biomasse,
suivant un mécanisme différent des contaminations observées en basse couche en Afrique de

1'Ouest, au-dessus de l'océan Atlantique.

Pour les études stratosphériques, ce site présente également un intérét particulier de part sa
localisation en bordure sud de la zone tropicale, il constitue un point privilégié d'observation et
d'analyse des mécanismes de confinement et d'échanges entre cette zone et les latitudes moyennes.
Cette articulation clé pour la dynamique atmosphérique et la répartition des constituants traces est
vulnérable vis-a-vis des sollicitations dynamiques externes, les ondes notamment, qui dépendent du
forcage climatique via les évolutions différentielles dans les différents compartiments

atmosphériques.

La situation privilégiée de ce site explique l'initiation de mesures atmosphériques au début des
années 1990, sous l'impulsion de deux professeurs en activité a 1’université de la Réunion a
I'époque, Serge Baldy et Jean Leveau, et grace a 1'appui politique au niveau national de responsables

scientifiques tels que Gérard Mégie et le soutien technique du Service d'Aéronomie.

Lorsque je suis arrivé a la Réunion pour la premiere fois en 1995, dans le cadre de mon stage de
DEA, un certain nombre d’activités d’observations étaient en cours de développement dans le cadre

du laboratoire de recherche, le LPA'. La situation instrumentale de la station était la suivante :

Les mesures lidar Rayleigh de température stratosphérique venaient d'étre installées et étaient

exploitées dans le cadre de la thése de Hassan Bencherif. Les études troposphériques étaient basées

! Laboratoire de Physique de I’ Atmosphére
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principalement sur les radiosondages, et étaient menées dans le cadre de la thése de Fabienne

Taupin et de celle de Tantely Randriambelo.

Un instrument de type SAOZ était également en fonctionnement mais relativement peu exploité

scientifiquement localement, en dehors de la calibration des sondes.

Par la suite, ’activité instrumentale du LPA a connu un essor exponentiel, avec principalement
l'implémentation de nouvelles voies lidar sur le systeme existant, ainsi que 'acquisition d'un autre
systéme lidar en 2000 dédié a la mesure de I'ozone stratosphérique. Le 4 Février 2003 est une date
importante, puis qu'elle a vu la création officielle de I'OPAR?, sous I'égide de la région Réunion, de
I'université de la Réunion, du CNRS et de l'université¢ Versailles St Quentin (IPSL), dans le but

d'installer dans la durée une structure dédiée a I’observation de I’atmosphere a I’ile de la Réunion.

i i

T

Figure 1.1 Signature de la convéntion de 'OPAR le mardi 4 Février 2003. De gauche a droite : Jean

Jouzel (directeur de I’'IPSL), Gérard Mégie (président du CNRS), Paul Verges (président du conseil

régional de la Réunion) et Frédéric Cadet (président de I'université de la Réunion).

Le développement de la station a connu un nouvel essor a partir 2006-2007, date de l'arrivée de

Robert Delmas a la direction de ’OPAR et du laboratoire (le LPA devenu LACy’® avec le statut

% Observatoire de Physique de I’ Atmosphére de la Réunion, http://opar.univ-reunion.fr/
3 Laboratoire de I’ Atmosphére et des Cyclones, http://lacy.univ-reunion.fr/

10



H.D.R. Jean-Luc Baray - Chapitre 1, une station d’observation : [’'OPAR

d'unité mixte de recherche associé¢ au CNRS et a Météo-France), ainsi qu'un renforcement important
du staff technique avec l'arrivée de trois ingénieurs (Héléne Ferré, Yann Courcoux et Franck
Gabarrot) et d'un technicien (Patrick Hernandez).

Maido

DOzone-sondes
Raylelgh-Mle Lidar

Lower layer Channel

Polarized Channel
Tropospheric Ozone
Infra-red
Raman
Stratospheric Ozone

Water Vapor E
Wind .
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Figure 1.2 Evolution du parc instrumental a la Réunion, avec en bleu les sondes, en noir les

mesures lidar et en rouge les radiométres et spectrometres.

Ma tache de physicien adjoint a ét¢ de m'impliquer au maximum dans les développements
instrumentaux, et de favoriser a la fois leur visibilité dans les réseaux de recherche internationaux et
donc leur utilisation leur exploitation scientifique. Cette implication se traduit par une participation
active au comité de pilotage de I'OPAR (depuis 2003, date de sa création) et au bureau NDACC-
France (depuis 2006, date de sa création). Les développements instrumentaux dans lequel j'ai été
impliqué sont présentés dans la section 1.2, et les réseaux de recherche internationaux dans la
section 1.3. La section 1.4 présente les projets instrumentaux incluant le projet de construction de la

station d'altitude au Maido dans l'ouest de 1'ile, un projet de longue date qui va se concrétiser a
I'horizon 2010.

11
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1.2 Le développement instrumental de ’OPAR

1.2.1 Introduction

En 2006, le parc instrumental de 'OPAR qui s'était développé au fil des années était composé :

- D'un systeme lidar pour la mesure de la température et des aérosols troposphériques et
stratosphériques, par méthode Rayleigh et Raman, de 1'ozone troposphérique, de la vapeur d'eau
troposphérique et des cirrus (voie dépolarisation)

- D'un autre systéme lidar pour la mesure de 1'0zone stratosphérique

- De deux photometres CIMEL

- D'un spectrométre SAOZ (Systéme d'Analyse par Observation Zénithale)

- D'un systéme de mesures par radiosondages

De plus, 'OPAR accueille fré¢quemment d'autres instruments tels que les spectromeétres FTIR et

MAX-DOAS dans le cadre de campagnes de mesure spécifiques.

Il m'avait donc paru opportun de soumettre & un journal de rang A une présentation de ce parc
instrumental, et des objectifs scientifiques associés a ce développement instrumental pour améliorer

la visibilité de la station. Cet article est présenté dans la section 1.2.2.

Certains instruments présentent une originalité instrumentale. C'est le cas des voies lidar ozone
troposphérique, implémentées sur le lidar Rayleigh-Mie en 1998, avec le systeme de double fibres
développé pour ces voies lidar. L'utilisation des fibres de 0,4 mm diametre utilisées pour le systéme
Rayleigh-température n'était pas possible car les mesures d'ozone troposphérique nécessitent un
champ de vue plus grand pour obtenir un recouvrement optimal dans la gamme d'altitude prévue.
Un systéme de fixation mécanique a double fibre a donc été mis en place, le diamétre des fibres
pour 'ozone étant de 1,5 mm. Les deux fibres sont liées mécaniquement et maintenues au point
focal pour chaque faisceau, la distance entre les deux fibres correspondant a la distance angulaire
entre les deux faisceaux. La mise en phase des champs de vue des télescopes se fait par un
mouvement global des fibres aux foyers, l'intérét de ce mécanisme étant d'utiliser facilement la
partie optique d'un autre mode de fonctionnement indépendant, tout en bénéficiant de I'alignement
d'un mode sur l'autre. Cette originalité optique nous a permis de publier leur description technique

et leur validation dans I'article présenté dans la section 1.2.3.

Aprés son installation en juin 1998, je me suis attaché a faire fonctionner cet instrument aussi

12
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régulicrement que possible, la régularit¢é des mesures ayant été amélioré avec le recrutement

d'opérateurs lidar.

60
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| I
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=]
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2008

Figure 1.3 Nombre de nuits de mesures acquises par an avec le systeme lidar ozone troposphérique.

2007

L'intérét scientifique évident de cet instrument, tant pour l'é¢tude des différentes sources d'ozone
troposphériques que pour la surveillance climatologique est illustrée par le nombre d'études

4,5,6,7

exploitant ces données et dont certaines sont présentées en détail dans le chapitre 2 du présent

document.

Apres mon recrutement et suite au départ en mission longue durée en coopération a Madagascar du
responsable scientifique Franck Molinaro, je me suis impliqué également sur cet instrument qui est

présenté dans la section 1.2.4

Certains radiometres complexes de type DOAS et FTIR ont fonctionné dans le cadre de campagnes
de mesure a la Réunion en collaboration avec I'lASB, I'institut d'Aéronomie Spatiale de Belgique et
avec |'Université libre de Bruxelles. Le multi-axis DOAS est un radiométre qui permet des mesures
spectrales de BrO troposphériques et stratosphériques. Il a fonctionné dans le cadre d'une campagne
longue durée d'Aoit 2004 a Juin 2005. Les méthodes d'inversion et les résultats de cette campagne

figurent dans l'article présenté dans la section 1.2.5.

* Baray J.L. et al., Planetary-scale tropopause folds in the southern subtropics, Geophys. Res. Lett., 27, 353-356, 2000.

> Randriambelo T, et al., Investigation of the short-time variability of tropical tropospheric ozone, Ann. Geophys., 21,9,
2095-2106, 2003.

¢ Leclair De Bellevue, J., et al., Signatures of stratosphere to troposphere, transport near deep convective events in the
southern subtropics, J. Geophys. Res., 111, D24107, doi:10.1029/2005JD006947, 2006.

" Clain G. , et al., Tropospheric ozone climatology at two southern subtropical sites, (Reunion Island and Irene, South
Africa) from ozone sondes, LIDAR, aircraft and in situ measurements, Atmos. Chem. and Phys., en révision, 2008

13
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Egalement en collaboration avec les équipes belges, des campagnes de mesure par FTIR ont été
¢laborées en 2002, 2004 et 2007. Le FTIR est un radiométre a haute résolution spectrale
fonctionnant dans le domaine de l'infrarouge, et dont l'inversion des spectres permet d'obtenir des
profils et des colonnes intégrées d'un grand nombre d'especes trace telles que 1'ozone, le monoxyde
de carbone ainsi qu'un grand nombre d'espéces traces détaillées dans l'article présentant les
observations lors des campagnes 2002 et 2004 et constituant la section 1.2.6. Je dois souligner que
je ne me suis pas impliqué de maniere égale dans tous les développements instrumentaux présentés
dans ce chapitre. Mon implication dans les expériences lidar ozone troposphérique et
stratosphérique a couvert I’acquisition des données, et particulicrement aux périodes ou le LACY ne
comptait pas beaucoup d’opérateurs lidar, une participation au travail de maintenance en étroite
collaboration avec les équipes techniques du service d’aéronomie et de la Réunion, le traitement, le
formatage et I’exploitation des données en co-responsabilité avec Gérard Ancellet pour 1’0ozone
troposphérique et Sophie Godin-Beekmann pour 1’ozone stratosphérique. Mon implication dans les
expériences FTIR et multi-axis DOAS n’a pas été aussi importante puisque je me suis contenté
d’accompagner et d’aider les équipes belges dans la mise en place et ’opération de ces expériences.
Pour ce qui concerne les expériences FTIR, je me suis également impliqué dans I’exploitation
scientifique des données au travers du co- encadrement avec Martine de Maziére du stage de
Valentin Duflot. Les différentes campagnes de mesure ont montré que cet instrument produit des
profils de constituants dont 1’intérét scientifique est trés important par rapport aux thématiques
scientifiques du LACY, il est donc important & mon sens de travailler a ’acquisition d’un minimum

d’expertise technique et scientifique ce qui a été initié¢ avec le stage de Valentin Duflot.

14
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1.2.2 Présentation de ’OPAR en 2006

PAPER wwwersc.org/jem | Journal of Envirenmental Monitering

An instrumented station for the survey of ozone and climate change in

the southern tropics¥

J.-L. Baray,**® J. Levean” S. Baldy.” J. Jouzel,” P. Keckhut,* . Bergametti,”
G. Ancellet,* H. Bencherif? B. Cadet.” M. Carleer/ C. David.** M. De Maziére #
D. Faduilhe.” S. Godin Beekmann,* P. Goloub,” F. Goutail.* J. M. Metzger,”

B. Morel,” J. P. Pommerean,® J. Porteneuve.” T. Portafaix.” F. Posny,”

L. Robert” and M. Van Roozendael®

Received Ist June 2006, Accepted 24eh July 2006

First published as an Advance Article on the welb 9th Auguse 2006
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The assessment of changes induced by human activities on Earth atmospheric compaosition and
thus on global climate requires a long-term and regular survey of the stratospheric and
tropospheric atmospheric layers. The objective of this paper is to describe the atmospheric
observations performed continuously at Reunion Island (35.5° east, 20.8° south) for 15 vears. The
various instruments contributing to the systematic observations are described as well as the
measured parameters, the accuracy and the database. The LIDAR systems give profiles of
temperature, aerosols and ozone in the troposphere and stratosphere, probes give profiles of
temperature, ozone and relative humidity, radiometers and spectrometers give stratospheric and
tropospheric integrated columns of a variety of atmospheric trace gases. Data are included in
international networks, and used for satellite validation. Moreover, some scientific activities for
which this station offers exceptional opportunities are highlighted, especially air mass exchanges
nearby dynamical barriers: (1) On the vertical scale through the tropical tropopause layer
{stratosphere-troposphere exchange). (2) On the quasi-horizontal scale across the southemn
subtropical barrier separating the tropical stratospheric reservoir from mid- and high latitudes.

Introduction

In the last 25 years, research in atmospheric chemistry and
physics has been marked by the destruction of the strato-
spheric ozone layer in Antarctica’ and the impact of increasing
levels of carbon dioxide and other greenhouse pases on global
climate.®* The discovery of the sensitivity of the glohal atmao-
sphere to growing emissions of anthropogenic substances put
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in evidence the lack of adeguate observations for understand-
ing and thus possibly predicting the global evolution of the
composition of the atmosphere (Fig. 1). The NDSC (Network
for Detection of Stratospheric Change) was set up rapidly at
the end of the eighties hased on the use of the most recent
research instruments which could be deployed at stations
distributed in latitude for starting the mandatory long term
monitoring of the composition of the stratosphere.® Largely
based on already existing stations at mid- and high latitudes of
the MNorthern Hemisphere, the challenge was to extend the
network to other latitudes, particularly to the Southern Hemi-
sphere and the tropics where almost nothing was available. In
2006, to better reflect the free tropospheric and stratospheric
coverage of NDSC, measurement, analvses, and modeling
activities, as well as to convey the linkage to climate change,
the steering commitiee voted to change the name of the
network to MDACC (Metwork for the Detection of Atmo-
spheric Composition Change). It is indeed now well-known
that the UTLS (Upper Troposphere Lower Stratosphere) is
the atmospheric layer where the effects of the climate changes
should be particularly marked. For example, climate models
predict a cooling in the stratosphere upto 7 K, and a warming
in the troposphere of ahout 2 K. Thus, it is of primary
importance to be able to detect and quantify such chanpes
amd to connect these changes into the different atmospheric
compartments, to identify the dynamical links and the strength
of their exchanges.
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Fig. 1 The primary objective of the NIDSC, the survey of the stralo-
sphere, is complmentary to the other scientific environmental issues,
like pollution, chmate change, or atmospheric ozone balance.

Especially, tropical latitude bands are of special interest
since, in these regions, the upper troposphere is affected by
specific dvnamical processes like the subtropical jet stream and
the tropical convection. A program like SHADOZ {Southern
Hemisphere ADditional OZonesondes) focuses on the tropo-
spheric ozone balance in these regions.’ In the stratosphere,
tropical waves, meridional transfers of air masses and tidal

perturbations of the middle atmosphere are the main drivers of

the dynamics. Reunion Island is a tropical island located in the
south-western part of the Indian Ocean at 20.8° 8 and 55.5° E.
Due to its location, Reunion 1sland is seasonally submitted to

hiomass burning plumes transported from the subcontinent of

Southern Africa, which can significantly affect the free tropo-
spheric concentrations of czone and other pollutants like CO.
Moreover, it is affected by the dymamical influence of the
subtropical jet stream and the tropical convection. In the
stratosphere, the island is located near the subtropical barrier
and special patterns of stratospheric ozone transport can be
ohserved.

The understanding of the barrier effect and dynamical
exchanges between the tropical reservoir and midlatitudes,
and vertically between the troposphere and the steatosphere
is of great interest to document climate change and Reunion
Island is ideally located to make measurements in order to
document these themes (Fig. 2). Hence, in response to the
request of the network NDACC, the Service d" Agronomie and
the University of Reunion lsland decided in 1991 to start
building a stratospheric observing capacity in the southern
tropics in the Indian Ocean.

The paper is organized as follow: firstly an overview of the
instruments and facilities currently available at Reunion
Island is presented. Then some important scientific results
already achieved based on these measurements are given,
amd finally the plans for further improving and developing
the station are displayed.

Instrumentation

The instrumentation operating presently at Reunion lsland
has been developed gradually. In collaboration with the
Service d Adronomie (SACMNRS) and the Institut Pierre
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Fig. 2 Lattude-altivude cross-ssction schematic representation
showing the different compariments of the atmesphere. The letters
represent the mechanisms studied in Secton 3. A: Tropopause folds,
cut-off lows, Rosshy wawve breaking and filamentation of the tropo-
panse induced by the subiropical jet stream. B: Mesoseale modeling of
the tropical convection (cycone, comvective depressions), gravity
waves induwed by the convecton. O Stratosphere—troposphere in-
duced by convection, variability of ozone and water vapor in the
tropical UTLS region. [ Stratcspheric ozone lamina, meridian
exchanges, gravity and Kelvin waves in the tropical stratosphere. As
function of the scason, Reunion Island can be affected by these
mechanisms.

Simon Laplace (IPSL), measurements of ozone, temperature
amd humidity profiles by radio soundings started in 1992 (Fig.
3). A SAOZ UV-visible spectrometer was installed nearly one
vear later, in 1993 (SAQZ, Systéme 4" Analyse par Observation
Zenitale). Based on the Rayleigh-Mie technigues to retrieve
temperature and aerosol profiles, the first LIDAR (Light
Detection And Ranging) experiments started by early 1994,
thanks to the established expertise of the SAJCNRS at the
Observatoire de Haute Provence and Dumont D'Urville.
Then, in parallel to the continuous improvement of the exist-
ing instruments, several other instruments have been devel-
oped and implemented at Reunion station, as a set of
complementary instruments, in order to: (1) provide high
quality datasets that meet the NDACC guality standard, {2)
contribute to validation of a number of global atmospheric
experiments on space shuttles or satellites (eg., TOMS,
GOME, ENVISAT, AURA and CALIPSCY), (3) survey and
report on original geophysical events, such as sudden strato-
spheric warming, total ozone reduction, biomass burning and
stratosphere-troposphere exchanges, (4) improve and assess
models outputs at various scales,

In the light of these developments and requirements, the
Observatoire de Physique de I'Atmosphére de la Réunion
{OPAR) was officially formed in February 2003, 1t is a French
consortium based on four partners: (1) University of Reunion
Island, (2) University of Versailles-Saint-Quentin, {3) Reunion
Regional Council (Conseil Régional de La Reunion), and (4)
CMRS, the French national research centre.
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Fig. 3 {a) Parameters {bottom x axis) measured by the instrumental
set (top of x axis) developed at Reunion Island, or at the planning
stage. (B) Map showing the locations of the instruments on Reunion
Island: The university 15 located at Samt Denis, radio soundings are
performed from Gillet arport, and the future alitnde station will be
located at Piton Maido.

The description of the instruments is organized as follow:
ozone and water vapor probes, and SAOZ and MAXDOAS
UV-visible spectrometers, sun-photometer, FTIR, and finally
LIDAR systems. The pictures of each instrument are given in
Fig. 4. In order to show how routinely each instrument
operates, the annual frequency of measurements is given in
Table 1.

Ozone probes

The ozone probe program started in 1992 using ECC ({Electro-
Chemical Cells) and Vaisala RSB0 radio probes providing
temperature, pressure and humidity every 7 s during the ascent
of the balloon at 5m s~ up to the burst altitude at 30-35 km.
In 2006, the interface change led to a measurement rate of 25

which had improved the resolution, which is about 50 m. The
precision of the ozone concentration is estimated to 3% in the
stratosphere and 10% in the Lrnpnsphere.'i According to the
manufacturer, the precision of the temperature of the RSR0 is
0.5 °C, while humidity readings are accurate only in the lower
troposphere, up to 3-8 km, but less significant above.

The ozone probe program began with bi-monthly measure-
ments from September 1992 to December 1998, further en-
hanced to weekly probes in January 1999 when the station
became part of the SHADOZ network.” The objective of this
network is to document the tropospheric ozone concentrations
to better assess the estimation of tropical tropospheric ozone
budget and to participate in satellite validation. To fulfill these
objectives, an ozone probe is launched every week from 12
stations of the southern subtropics. Within this framework,
the Reunion lsland ozone probe system was involved in the
JOSIE 2000 project, where the ECC probes and the methods
of preparation used at SHADOZ sites were tested and
qualified ”

In addition to the routine program, some radiosounding
specific campaigns are organized, for studving mesoscale
dynamical events in the troposphere and stratosphere-tropo-
sphere exchange induced by the subtropical jet stream (13
additional soundings in July 1998).% or by the tropical con-
vection (8 additonal soundings in February 2002) or for
validating remote sensing measurements from long duration
balloons passing close to the station (2 soundings in February
2001 and 2 in Febroary 2004).°

In order to assess the water vapor distribution in the
tropical UTLS and in the framework of the validation of
satellites AQUA and AURA, some specific radiosoundings
have been performed using a dedicated sensor developed by
NOAA at the University of Colorado' allowing water vapor
measurements in the local UTLS. Two specific campaigns
were performed in March 2004 and February 2003,

SAQFL UV-visible spectrometer

The SADZ (Systéme d Analvse par Observation Zenitale) is an
automated UV-visible spectrometer developed by the Service
d"Agronomie at the end of the eighties for studving the polar
steatosphere. " Itis a UV-visible spectrometer of 1 nm resolu-
tion looking at the sunlight scattered at zenith in the 300
630 nm spectral range. The spectrometer, housed in a water-
proof container with a quartz window to enable measurements
at zenith within a 107 conical field of view, is installed on the
roof of the laboratory building. Total ozone and NOs columns
are measured twice a day atsunrise and sunset between B6°-91°
solar zenith angle with an accuracy of, respectively, 3 and 5%.

The first SAQE equipped with a 512 pixel detector was
installed at Reunion Island in 1993, The detector was replaced
by one with 1024 pixels in 1997 after a detector failure. The
SA QY instrument has been further updated from the Hewlett-
Packard to a PC version in 2002, Between 250 and 350 days of
measurements are available every year archived in the NDSC
database.

Fig. 5 shows the series of data retrieved since 1993, Both
ozone and N0, show a seasonal cvele of, respectively 24 DU
(Dobson units) and 1.17 = 10" mol em 2 average amplitude,
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Fig. 4 Photos of the instruments: {a) crone probe; (b)) SAOQZ; (©) Sun-photometer; (d) FTIR container at Piton Maido; {e) FTIR instrument at the
urgversity; () image of the stratospheric ozone LIDA R with the different component labelled ( 1: laser beam, 2: parabolic mirrors, 3: excimer laser,
4 Md:YAG laser, 5 optical fibers, 6: spectrometer bloc and photomuldplier tubes, 7: mechanical chopper, §: electronke cham); (g) liser beam

emitted by the Raylegh—Mie-Raman LiDAR.

with a late autump-winter minimum and a spring maximum.
Additional noise can be seen on NOs: it s due to urban
pollution since the instrument is located in the city of Saint
Denis. A multi-regression analysis has been performed on
these data showing a significant quasi-biennial oscillation
modulation of 17 DU for ozone as well as some influence of
magnetic activity of 8 DU, while the largest modulation on
MO after the seasonal cycle is the ENSO with an average
reduction of 0.45 » 10" mol em™? during the El Nino event of

Table 1 MNumber of times each routine instrument was operated per
year

T-aerosol Strato-(ky Tropo-0; (89

LiDAR DIAL® DiaL® SA0L mrobes
1992 13
1993 9 »
1994 54 £ | 16
1995 90 in 18
1996 130 1¥1 17
1997 102 116 25
1998 54 6 30 35
1999 99 32 120 44
2000 LK) 28 17 14 k)
201 59 k] 4 217 a3
2002 L1 ] EN 111 0
2003 93 0 24 326 i |
2004 115 14 52 255 41
25 121 10 6l 261 41

“DIAL = Differential Absorption Lidar.

1998-99. After removing those contributions no significant
trend could be observed since 1993, Together with those of the
other SAOZ stations, the Reunion Island data are being
extensively used for the validation of TOMS, GOME and
more recently SCIAMACHY and OMI ozone and NO, space
instruments, for which very limited observations from the
southern tropics are available."

MAXDOAS UV-yisible spectrometer

The Multi-AXis DOAS (MAXDOAS) instrument is another
UV.visible spectrometer designed to measure stratospheric
and for tropospheric columns of a variety of atmospheric trace

Chrone (D)

=
T

Iy

Fig. 5 Orone (top) and nitrogen dioxide total columns obtained from
1993 to 2005 by the SAQE spectrometer installed at Keunion Island.
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gases (N0, BrO, HCHO, Oy, S04, 10, 0,." Assembled at
BIRA-LASBE (Institut d"Aéronomie Spatiale de Belgigue), the
instrument has been installed at the University of Saint-Denis
in July 2004 during the second campaign of the FTIR instru-
ment {described in the following section), and after that
continuously operated during one full vear except for the
period from March 25 until April 28, 2005, when it had to
been dismantled duee to a storm. Longer-term operation is
foreseen from 2007 onwards.

In its current configuration, the MAXDOAS instrument
consists of a grating spectrometer from ARC (Acton Research
Corporation SpectraPro 273) equipped with a grating of 600
grooves mm~ ! that covers the spectral range from 300 to
450 mm with a resolution of approximately 0.75 mm FWHM.
The detector is a two-dimensional back-illuminated CCD
array from Roper Scientific (NTE/CCD-400EB) operated at
the nominal temperature of —40 “C. A fiber optic bundle
mounted on a telescope and coupled to a rotating mirror is
used to collect the skylight scattered from a series of elevation
angles (tvpically 3%, &°, 10°, 18° and zenith) within a field of
view of approximately one degree. The whole system is placed
inside a thermally regulated container that is directed towards
the north. The data acquisition is controlled automatically via
a computer and an internet connection allows for remote
processing of the recorded spectra.

The MAXDOAS observations are intended to be comple-
mentary to the SAQZ total ozone and NO. measurements
already conducted on the site since 1993 by allowing the
detection of more trace gases as well as enabling a more
accurate separation of their tropospheric and stratospheric
contents. In the current stage of the data evaluation, the
capability of the system to detect spectral absorption features
of all primary target gases (NOy, Oy, HCHO, SOy and Bri)
has been demonstrated. More specifically the analysis of Br(
data has received a special attention. A new retrieval scheme
has been designed to infer the tropospheric and stratospheric
BrO columns based on an analysis of the complete diurnal
evolution of the measured column. The evaluation makes uses
of a multiple-scattering radiative transfer code coupled to a
chemical box model that properly accounts for the large
gradients in the stratospheric BrO field at twilight." Results
confirm the presence of a free-tropospheric BrO background
of approximately 1 = 10" mol cm™* corresponding to ap-
proximately 1-2 pptv at & km altitude. The inferred total
columns are consistent with simultaneous ohservations from
the SCIAMACHY instrument on board ENVISAT.

FTIR spectrometer

The FTIR (Fourier transform infra-red) instrument is a high
spectral resolution Fourier transform spectrometer able to
provide guasi simultaneously total column and/or vertical
profiles of about 20 awnospheric species among which are
ogone, OO, N2O, OCS, HE, HCl and HMNOy,.

Up to now, FTIR solar absorption measurements have been
made wsing commercially available Bruker 120 M spectro-
meters. The observations are not running in routine mode but
are performed on a campaign basis in the framework of a
collaboration between the Université de la Réunion and the

Belgian institutes, ULB (Université Libre de Bruxelles) and
BIRA-LASB. Two FTIR measurement campaigns have been
performed. A first campaign was organized in September-
October 2002 during which measurements have been per-
formed from two sites at very different altitudes (Universityof
Saint Denis, 50 m asl and Piton Maido, 2200 m asl, Fig. 3b).
The data obtained at Piton Maido at 2200 m were of very good
guality. At the sea level site (University of Saint Denis),
because of too high HaO vapor absorptions, a few species
could not be observed, like NO, or showed larger uncertain-
ties, like is the case for HF. But the overall quality of the data
was good and reliable data retrievals could be performed. For
logistical reasons, the second campaign (July to end of Octo-
ber 2004) took place at the university site. These campaigns
have demonstrated the feasibility of a long-term monitoring of
the atmospheric composition based on FTIR solar absorption
observations, especially if they are performed at a high altitude
station.

During these campaigns, the following observations have
been made. In 2002, the differential column of tropospheric
species such as MNoO and C,H; in the 2150 m thick layer
between the altitudes of both observation sites has been
observed. In 2004, the seasonal variation of CO in the local
spring period has been in good agresment with correlative
MOPITT data. The comparisons between the FTIR retrieved
profiles for HNOy and Oy and overpass data of the ACE/
SciSat-1 satellite instrument and local Oy probe measurements
showed a good agreement confirming the reliability of the
FTIR data.

Further data analysis of the 2004 campaign is still ongoing.
Among others, we are investigating the information content of
the FTIR spectra regarding water vapor in the upper tropo-
sphere /lower stratosphere. The FTIR experiment has been run
wsing BARCOS, the Bruker Automation and Remote Control
System, developed at IASB-BIRA for enabling the operation
of the FTIR instrument in an automatic or remotely-con-
trolled way."*'* We intend to use this system in any future
campaign as well as for the permanent operations in the future
NDACC infrastructure.

Sun-photometer

A CE 318 automatic sun tracking photometer designed and
realized by CIMEL has been installed in 1997, in collaboration
with the LOA (Laboratoire d'Optique Atmosphérigue) and
NASA. Thisinstrument is the standard instrument used in the
AEROMET (AErosol RObotic NETwork) international net-
work which provides most of asrosol optical measurements
used to characterize the aerosol properties and to validate
satellite data.'® The CIMEL 318 measures the solar radiance
in & spectral bands: 440, 670, 870, 936, and 1020 nm. The
spectral band of 870 nm is measured from 3 polarized channels
of 120 degrees. This instrument gives the integrated optical
thickness of atmospheric asrosols, the volume size distribu-
tion, and the Angstrom coefficient.

Two measurement campaigns have first been organized: the
first one was performed at Pas de Bellecombe (June 1997 June
1998), near the volcano Piton de la Fournaise, while the
second campaign (March 1999 -May 2000) took place at
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St Pierre, in the south west of Reunion Island (Fig. 3b). The
instrument works again routinely since January 2004 at the
University (Saint Denis). In addition, a second instrument
{type CE 312) has been installed since January 2006 in order to
provide measurements in the infra-red spectral band simulta-
neously with LIDAR measurements of clouds and asrosols.
Data are treated by PHOTONS-AERONET and are availahle
on internet (web links in appendix).

LiDA R measurements

The principle of the LIDAR is based on the active emission of
laser pulses in the atmosphere."” Backscattered photons by
atmospheric layers result from an elastic or inelastic diffusion.
Depending on the emission/detection characteristics, the re-
turi signals are processed in order to derive accordingly, on a
daily basis, atmospheric parameters. Two LIDAR systems are
operating, one for asrosol, temperature, water vapor and
tropospheric ozone profiles, and a second for stratospheric
ozone profiles.

Temperature and acrosol profiles

The first LIDAR operating at Reunion observatory was a
Rayleigh-Mie one. It has been devoted to retrieve temperature
and aerosol profiles by the use of two channels in the 30-75 km
and 12-35 km height ranges, respectively. The initial laser was
a Nd:YAG laser, doubled by a KDP crystal, in order to emit
at 332 nim, with a repetition rate of 10 pulses per second, and
delivering 300 mJ per pulse. In 1996, the laser source was
changed. The operating laser is a Nd:YAG emitting with a
higher repetition rate (30 Hz) and delivering 500 mJ pulse™!,
The reception system is composed by a mosaic of 4 parabolic
mirrors, with a diameter of 300 mm each; the backscattered
signal is transmitted wsing optical fibers to photomultiplier
tubes (Hamamatsu R14775). The electronic chain is similar to
that operating at the Observatoire de Haute Provence in the
South of France,'s"

Due to the aerosol distribution, temperature retrieval from a
Rayleigh-Mie LiDAR is possible only for altitudes higher
than 30 km {(where aerosol contribution to the LIDAR signals
is negligible). In order to extend temperature measurements by
the LIDAR downward, a Raman-N; setup has been imple-
mented in 1999 The Raman-M2 method is based on the
Raman shift induced by the nitrogen molecules.

Clouds, acrosol and water vapor profiles

Aesrosol profiles obtained from the Ravleigh-Mie channels do
not cover all tropospheric heights. Those channels are also
dedicated to detect and characterize the seasonal and vertical
distribution of the tropical cirrus clouds over the Reunion site.
In Movember 1995, the LiDA R was improved by adding new
channels using a smaller telescope (diameter 200 mm), to
extend the aerosol altitude range downwards. The installation
of a dioptric afocal optical system allows the reduction of the
emitted laser beam divergence. Polarized channels have also
been implemented, especially to study cirres clouds. In 1997,
six simultaneous counting channels were installed, wsing the
infra-red fundamental Nd:YAG emission. Raman channels
allow to retrieve tropospheric temperature™ and water vapor

concentration ! The technology used is presented by White-
man ef af 2 The detection of Raman signals is obtained by a
Czerny-Turner spectrometer using a holographic prating. The
water vapor mixing ratio is deduced from the ratio between
the shifted Raman backscattered photons and the Raman
nitrogen backscattered photons. This second signal is used
as a reference and allows to derive directly the water vapor
mixing ratio with a limited sensitivity to instrumental para-
meters. However, modifications of the filtering devices and
detectors are specific to each channel. Today some calibrations
of water vapor measurements remain to be realized and hence
this channel is still in a validation phase.

Tropospheric ozone profiles

In 1998, a differential LIDAR system has been implemented in
order to measure tropospheric ozone. The method is based
on the differential absorption between two UY wavelengths
{289 nm and 316 nm), generated in a high pressure deuterium
cell. Because of difference in beam emission divergence (be-
tween visible and UV beams) and in expected vertical ranges
(tropos phere for ozone, stratosphere for temperature), the use
of the fibers of the temperature-asrosol system was not
appropriate and an original systiem of double fibers has been
developed, constituting the originality of this system.® The
spectral separation of both wavelength of the ozone system is
obtained by a Czerny-Turner spectrometer wsing a holo-
graphic grating. The reception system is common with the
temperature Rayleigh/Raman system.

Stratospheric ozone profiles

Another LIDAR system, built by Geneva University {Switzer-
land) in collaboration with the Service d” Aéronomie has been
implemented at Reunion lsland in June 2000, The principle is
the same as for the LIDAR used for tropospheric ozone
measurements. However, to observe the stratosphere, it is
necessary to use wavelengths less absorbed by ozone and the
emitted wavelengths are shifted towards the near UV.* Thus,
the technical choices for the beam generation are different: two
lasers are used, one Nd:'YAG tripled producing the 335 nm
wavelength at 30 Hz and 150 mJ per pulse and one Excimer
laser producing the 308 nm wavelength at 40 Hz and 200 mJ
per pulse.

The reception system is similar to the other LIDAR system
{same mosaic of 4 parabolic mirrors and transmission of signal
by optical fibers). To avoid the saturation of the photomulti-
plier tubes, a mechanical chopper rotating in vacuum at
BOO Hz isused. A separation lens after the spectrometer block
is also used to separate the return signal in two channels in the
proportions of 8% for the lower stratospheric channel and of
92% for the upper stratospheric channel. In addition, electro-
nic gating is used for upper stratospheric channels.

With a time integration of two hours, the statistical error
linked to the signal AN noise ratio is less than 10% hetween 18
and 38 km, and less than 3% between 20 and 33 km. This
instrument is well adapted to the survey of stratospheric ozone
over Reunion Island. On 20 July 2000, both tropos pheric and
stratospheric ozone DIAL svstems operated simultanecusly,
and an ozone probe was launched. As depicted on Fig. 6,
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Fig. 6 Ozone profiles by stratosphernic DIAL (bold), tropospheric
IMAL {dotted) and ozone probe (thin) on 20 June 204

corresponding ozone profiles show a good agreement. When
the conditions of observations are pood, ozone measurements
combining the tropospheric and stratospheric systems are
available from 3 to 45 km.

Scientific studies

Some examples of scientific studies at Reunion Island are now
given, to illustrate how continuwous data can be used to
improve our knowledge of atmospheric processes.

Aerosols and tropospheric oxone balance

Measurements provided by ozone soundings have allowed the
characterization of the seasonal variability of tropospheric
ozone. It has been shown that this variability results from
the coupling between photochemical and dynamical pro-
cesses™ the photochemical influence of biomass burning from
South Africa and Madagascar, ™7 the ozone diurnal cycle in
the boundary layer™ and the czone loss due to cirrus
clouds ®*" Moreover, at the end of the biomass burning
season, the daily variability of the dynamical context can
induce an important daily variability of the tropospheric
ozone profile >

Troposphere—stratosphere transport, dyvnamics of tropical
cviclones

The exchanges betwesn stratosphere and troposphere have
been especially examined and the relative roles of processes
like tropopause fold,® Rossby wave breaking and tropical cut-
off lows™ or tropical convection™ have been quantified. The
localization of Reunion lsland makes it ideal for the observa-
tion of cyclones during the austral sumimer. Therefore tropical
cyclones have been the subject of many studies such as
Doppler radar observations of tropical cyclone Dina,** meso-
scale modelisation of gravity waves generated by cyclone
Hudah,™ and of stratosphere-troposphere exchange gener-
ated by cyclone Marlene™ or the effects of Rosshy wave

breaking on cyclogenesis, intensity and
cyclones.

Presently, we are working mainly on the use of dynamical
tools such as Reverse Domain Filling techniques, Flexpart and
mesoscale models (meso-nh and MM3) to obtain more insight
to these processes.

trajectories of

Atmospheric dvaamics

It is well established that the subtropical barrier, a dynamical
border that separates the tropical stratospheric reservoir from
mid-latitudes, as for the polar vortex, controls and limits the
meridional exchanges. Indeed, the efficiency of the confine-
ment of the tropical stratospheric reservoir depends on the
strength of the subtropical barriers and on their varability ™
Recent studies conducted at Reunion University, combining
ground-based and satellite measurements together with global
modeling, showed that developments of laminae nearby the
southern subtropical barrier might be associated with the
anomalous growth and break of gravity waves and planetary
waves that propagate from the troposphere into the strato-
sphere during winter ** In fact, with regard to its peogra-
phical position in the southern tropics, the Reunion site might
be under influences of several transient and /or seasonal dyvna-
mical processes, such as ITCZ, convective and cyclone devel-
opments, jet-streams, or subtropical barriers.

Up to now, the number of ground-based instruments run-
ning in the Tropics has still been limited. We thus have taken
the advantage of the variety of gqualified atmospheric datasets
offered at Reunion lsland, to contribute to several topics
related to dynamical processes in the stratosphere—upper
troposphere region:

(1) Atmospheric tides and gravity waves characteristics by
the use of daily LIDAR temperature profiles; 42

{2) Survey and wvariability of isentropic transport amd
planetary waves propagation nearby the southern subtropical
barrier, by the use of ozone profiles obtained by LIDAR and
radio probes and daily ozone columns recorded by SAQZ

{3) Stratospheric ozone trend estimation wsing satellite
(SAGE 11, HALOE) and radio probe data;

{4) Tropical tropopause characteristics,

{5) Climatology and variability of stratospheric parameters:
temperature, ozone and aerosols,'®®4

In fact the LiIDAR technique, as well as radiosounding, are
well adapted to study the dynamic and variability of the
stratosphere—upper troposphere region at different time-
scales, through regular measurements of atmospheric key
parameters: lemperature, ozone, water vapour, and aerosol
contents.

Conclusion and future plans

In order to provide significant improvement of our under-
standing of the dynamic of the tropical troposphere and
stratosphere, scientific studies have to be based on the com-
plementarity of several different instruments, and of multiple
approaches (ground based observations, satellite data, and
models). These studies contribute to the support of the deci-
sions taken in international agresments like the Montreal
protocol, relative to the production of CFCs and haloge pated
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species, or like the Kyoto protocol, relative to emissions of
greenhouse pases.

The atmospheric survey is, then, important all over the
globe, and especially in the tropical region, which is a key
region for many mechanisms playing a role in climate change.
Reunion Island is an exceptional site for the study of atmo-
spheric dynamics, and participates in this international effort.
The instrumentation of this station uses recent technologies,
and studies based on the recorded data are of a special interest
for understanding processes, climatologies and trends.

However, measurement techniques are still lacking, espe-
cially for dynamical observations and the measurement of
water vapor in the UTLS is an actual instrumental challenge.
Then, in the near future, in order to improve the contribution
of Reunion Island in this regard, some additional instruments
will be implemented:

-A Doppler LIDAR giving horizontal components of the
wind from 5 to 30 km, for the study of gravity wave nct'wity.'s

A micro-wave radiometer with one large (813 m) and three
thick (8.2-9.2 m/103-11.3 m/11.5-12.5 m) spectral bands in
the infrared in order to assess the tropical cirrus clowd micro-
physics, such as the size of the crystals.

A radiometer giving the water vapor profile from 15 to
60 ki, with a vertical resolution of 5-15 km, for the survey of
the tropical UTLS variability.

The last plan for the future of this site is to build an altitude
station at Piton Maido, located in the western part of the
island, 2200 m asl (Fig. 3b). The building of the altitude
station is expected by 2010. The functioning of many instru-
ments (LIDAR, FTIR and radiometers especially) will be
improved, avoiding the perturbation by the humidity con-
tained in the lower layer of the tropical troposphere. This new
altitude station will be a platform to receive other instruments
on atemporary basis for international campaigns. Moreover,
in the future, the station could be included in the OARA
structure (Observatoire Atmosphérique des terres australes)
grouping the activities of all the southern hemisphere French
atmospheric stations (Reunion, Crozet, Saint Paul, Kerguelen
and Amsterdam islands) and new instrumentation onboard
the research vessel Marion Dufresne.

Appendix
Web links of data networks
AERONET, http:/aeronet.gsto.nasa.govs PHOTOMNS, htp://

wwweloaunivlillelfr/photons/; NDSC  (NDACC),  hip://
www.ndscows; SHADOZ, hitp:)//croc. gsfe.nasa. gov/shadoz .
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1.2.3 Description du lidar ozone troposphérique

Description and evaluation of a tropospheric ozone lidar
implemented on an existing lidar in the
southern subtropics

Jean-Luc Baray, Jean Leveau, Jacques Porteneuve, Gérard Ancellet, Philippe Keckhut,
Francoise Posny, and Serge Baldy

Rayleigh—Mie lidar measurements of stratospheric temperature and aerosol profiles have been carried
out at Reunion Island (southern tropics) sinee 1993. Since June 1998, an operational extension of the
system is permitting additional measurements of tropospheric ozone to be made by differential absorption
lidar. The emission wavelengths (289 and 316 nm) are oblained by stimulated Raman shifling of the
fourth harmonic of a Nd:YAG laser in a high-pressure deuterium cell. A mosaic of four parabolic mirrors
collecta the backscattered signal, and the transmission is processed by the multiple fiber collector method.
The altitude range of ozone profiles obtained with this system is 3-17 km. Technical details of this lidar
system working in the southern tropics, comparisons of ozone lidar profiles with radiosondes, and
scientific perspectives are presented. The significant lack of tropospheric ozone measurements in the
tropical and equatorial regions, the particular seientific interest in these regions, and the altitude range
of the ozone measurements to 16—17 km make this lidar supplement useful and its adaptation technieally

conceivable at many Rayleigh—Mie lidar stations. © 1999 Optical Society of America
OCIS eodes:  010.0010, 010.3640, 280.1910.

1. Introduction

Atmospheric chemistry iz dominated by cycles of
ozone and water vapor. It is known that photochem-
ical formation is one important source of tropospheric
ozone.! In the southern tropics, ozone precursors
result mostly from episodic events such as biomass
burning and are causing a significant increase in tro-
pospheric ozone.” Moreover, recent numerical stud-
ies have pointed out the role of acetone and peroxides
in ozone production in the upper tropical tropo-
sphere.? However, the stratosphere and the tropo-
sphere are dynamically coupled, and the global
climate is highly dependent on ozone changes in the
upper troposphere and on exchanges between the
stratosphere and the troposphere. This makes the
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upper troposphere a key zone, especially in the trop-
ics, where many complex and interconnected chemi-
cal and dynamic mechanisms occur. From a
dynamic point of view, stratospheric inputs into the
troposphere linked to the subtropical jet stream could
be important.-% The role of deep tropical convec-
tion has been studied with MOZAIC (Measurement of
OZone and water vapor by Airbus In service air-
Craft?) data and with radiosounding and model da-
ta.® For many years, observing and understanding
the physical and chemical states of the stratosphere
have been important objectives of the scientific com-
munity. Since 1993, in the framework of the net-
work of detection of stratospheric changes®
Rayleigh—Mie lidar measurements of stratospheric
aerosols and temperature have been carried out in
the southern tropics at the University of Reunion.!?

Yet, despite this scientific interest in both tropical
stratosphere and troposphere, there is a significant
lack of tropospheric ozone measurements in the trop-
ical and equatorial regions. Ozonosonde stations
are confined mostly to the midlatitude Northern
Hemisphere.''.12 The development of ground-based
lidar stations whose research would include making
ozone measurements could improve this situation.
The technique of tropospheric ozone lidar measure-
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ments by differential absorption between two wave-
lengths has been known for a long time and is well
developed.’ Many lidar stations throughout the
world operate in a routine mode, mainly in the
midlatitudes.’*-22 A ground-based lidar station is
well suited for monitoring the troposphere with good
continuity of measurement and for studying short-
time-scale events such as tropopause folds and
stratosphere—troposphere exchange induced by the
tropical convective activity, i.e., for long-term clima-
tological survey and flux studies. To meet these sci-
entific objectives, it should be quite valuable to
develop a differential absorption lidar to measure the
troposphe at Reunion Island. Most tropospheric
ozone lidars are currently operating within the
framework of urban pollution studies and are located
at midlatitudes where the tropopause is rather low.
The range of the existing tropospheric ozone lidar
thus does not exceed 12-13 km. For example, an
installation such as the Observatoire de Haute Prov-
ence station, with only one mirror of reception, would
probably not be sufficient for use in achieving our
measurement goal, that of the tropical high tropo-
sphere, which is higher than at average latitudes
(16-17 km). At Reunion University, a lidar devoted
to atmospheric monitoring already exists. This Ray-
leigh lidar measures aerosols and temperature in the
stratosphere and the mesosphere, using a mosaic of
four telescopes with a total area of 0.78 m210 It
would be interesting to imagine a system that would
allow the same reception component to be used for
two modes, stratospheric Rayleigh and tropospheric
ozone, Moreover, having a single instrument for
several measurements would provide a great oppor-
tunity to reduce the human and financial resources
needed for its operation. However, stratospheric
and tropospheric lidars have different requirements
for laser power and wavelength, field of view, noise,
etc. In this paper we present an integration solu-
tion, developed and tested at Reunion Island, for tro-
pospheric ozone lidar implementation with a
Rayleigh—Mie system. The setup of the Rayleigh—
Mie lidar at Reunion Station is described in Section 2.
Integration and technical choice justifications, perfor-
mance evaluation, experimental arrangement, data
processing, and error analysis are deseribed in Sec-
tion 3. First results and comparisons with electro-
chemical cell (ECC) soundings are presented and
discussed in Section 4. ‘

2. Lidar Chronological Setup at the Reunion Station

A schematic of the optical part of the Rayleigh—Mie
lidar at Reunion Station is shown in Fig. 1. This
station was installed in 1993 to monitor stratospheric
and mesospheric aerosols in the southern tropics.'®
The first laser emission was made by the second har-
monic of a Nd:YAG pulsed laser at 532 nm with a
10-Hz repetition rate and an energy of 300 mJ per
pulse. In this first version, the optical receiving sys-
tem was a parabolic telescope (diameter, 530 mm).
After prospecting and validation, routine measure-
ments began in 1994, Evolution of the system has

Fig. 1. Schematie representation of the Reunion lidar system: 1,
laser; 2, KDP crystals; 3, 266-nm beam; 4, polarized channel tele-
scope; 5, B channel telescope; 6, Raman cell; 7, divergence opti-
mizer; 8, 289-316-nm beam; 9, 532—-1064-nm beam; 10, Rayleigh
afocal dioptric; 11, location of optical fiber fixation; 12, spectrom-
eter; 13, PMT's; 14, B channe] telescope; 15, 532-1064-nm beam;
16, 266-nm removable mirror. For ozone measurements the re-
maovable mirror (16) deflects the 266-nm beam, which is then de-
flected upward in the Raman cell. For Rayleizh measurements,
mirror 16 is turned off and the 532-1064-nm beam is deflected
upward at the middle of the four parabolic mirrors (14).

improved the system’s performance. The reception
system was upgraded to four receiving telescopes (di-
ameter, 500 mm; point 14 in Fig. 1). In November
1995 this system was further upgraded by installa-
tion of a second optical channel of lower sensitivity
with a smaller-diameter telescope (200 mm; point 4
in Fig. 1). The use of smaller telescopes allows the
gignal intensity to be reduced and the range of alti-
tude probed during routine measurements to be ex-
tended downward. This solution was preferred to
the use of a dichroic mirror as at other French sta-
tions.2® In March 1996 the laser source was re-
placed by a new Nd:YAG laser emitting with a power
of 500 me] per pulse and a 30-Hz repetition rate (point
1in Fig. 1). In November 1996 the installation of
dioptric afocal optics (point 10 in Fig. 1) that com-
prises one concave lens (diameter, 25 mm) and one
output double lens (diameter, 160 mm) allowed the
532- and 1064-nm beam divergence to be reduced by
a factor of 12. Polarized channels have also been
added (point 5 in Fig. 1). In November 1997 six
simultaneous counting channels began operating, in-
cluding the infrared fundamental Nd:YAG emission.
The combination of these wavelength emissions and
polarized channels permits a better characterization
of aerosols in the upper troposphere and strato-
sphere.2t  The station has now been running in rou-
tine mode for four years. The numbers of nighttime
measurements made during this period are listed in
Table 1. Finally, in June 1998 the tropospheric
ozone extension was installed.
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Table 1. Nighttime Measurements of the Reunion Lidar Station from

1994 to 1909

Year Number of Nights
1994 T4

1995 93

1996 150

1997 127

1994 120°

19949 [

“With 31 (), measurements
"Until April, with 16 O, measurements.

3. Description of the Tropospheric Ozone
Measurement System

The ozone measurement technique is based on the
principle of differential absorption by ozone of an
ultraviolet beam.?* Eleetronic and computing pro-
cessing permit retrieval of the ozone profile. Con-
sidering the technical constraints that are linked to
the actual Rayleigh lidar, use of the Nd:YAG laser of
the NDSC (Network for the Detection of Strato-
spheric Change) Station was imperative. Many
useful wavelengths for tropospheric ozone measure-
ments can be generated by stimulated Raman scat-
tering of the fourth harmonic of the Nd:YAG laser in
hydrogen and deuterium (Table 2). Inasmuch as
our scientific objectives include upper-tropospheric
measurements, the lidar range should reach the
tropopause, which is quite high in the tropics (near 17
km). As indicated in Table 2, the 266-nm wave-
length is obtained directly with the fourth harmonic
of the Nd:YAG laser and is generally used as the
absorbed wavelength for the lowest kilometers of the
atmosphere (the boundary layer). It is not possible
to use it for the upper troposphere because this wave-
length iz absorbed too much by ozone. Molina and
Molina?® have determined the ozone absorption coef-
ficient for a mixing ratio near the ground of 38 parts
in 10” by volume (ppbv): 947 % 10 ® km ' for a
266-nm beam, 159 % 10" ® km ! for a 289-nm beam,
and 4.6 X 107 km ! for a 316-nm beam. Wave-

Table 2. Available Wavelengths with a Nd:YAG Laser and Typical
Efficiencies of Stimulated Raman Scattering in Hydrogen and
Deuterium

Maximal efficiency (%)

Wavelength  Type of Stimulated Ancellet and
(nm) Raman Scattering Papayannis® Ravetta®
266 None (x4} = —
289 81, Dy 30 38
209 81, H, 30 36
316 52, D, 15 18
341 82, H, 20 35
349 83,D, 4 =
355 None (%3) - -
397 83, H, 4 -

“Ref. 26.
YRef. 27.
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lengths longer than 340 nm are not absorbed suffi-
ciently to have sufficient sensitivity in the
troposphere and are useful only for stratospheric
measurements. Some previous studies!®2¢ showed
that the choice of an excimer laser was not necessar-
ily optimum for tropospheric ozone measurements.
Hence, considering on one hand the technical and
financial constraints and on the other hand our sci-
entific objective to reach near the tropical tropopause,
the most feasible choice, and the one that was made,
was to consider the wavelength coupling (289-316
nm) obtained by stimulated Raman scattering shift-
ing in a single deuterium Raman cell. Moreover,
using a unique cell to provide both wavelengths is a
great advantage for reducing any differential mis-
alignment between emission and collectors. Tt is
useful to evaluate the performance of the theoretical
signal by using the optical coefficients and quantum
efficiencies of the existing system to gain a theoretical
appreciation of the utility of this system for ozone
measurement.

A. Performance Evaluation

For a single pulse, the strength of return signal §
depends on the distance r from the telescope to the
scattering event and on the wavelength . This de-
pendence is given by the formula

. AlX) v
Sir, 0 = r“ Bir, A_Iexp[—QI alr', Ju.}dr’], (1)

where A(\) is a system constant that includes the
level of laser pulse energy, the telescope area, the
optical detector efficiency, and the photomultiplier
tube (PMT) quantum efficiency; p is the atmospheric
volume backscatter radiation (Rayleigh and Mie);
and a is the atmospheric volume extinetion coefficient
(Rayleigh, Mie, and ozone). Because Reunion Sta-
tion is located at sea level in a tropical oceanic envi-
ronment, strong humidity and marine aerosols are
expected in the marine boundary layer. Hence the
optical thickness for the lowest layer is set to 1.6.29.30
By using optical and electronic constants of the lidar
system and by imposing ozone and density profiles
obtained from radiosounding climatology at the Re-
union site,® we can evaluate the strength of the re-
turn signal as a function of wavelength (Fig. 2). Our
simulations permit only an evaluation of the magni-
tude order, because it is difficult to take account the
following operating conditions:

(1) We consider that the fields of view of the re-
ceiver completely overlap that of the transmitter.

(2) We neglect the effects of multiple scattering
events.

(3) We assume that the counting system works in a
perfectly linear way (which is not the case for upper-
tropospheric measurements). The linearity of the
counting is limited by the bandpass of the system.
The comparison of two similar systems that are re-
ceiving a backscattered signal from the same portion
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Table 3. Emission Characteristics

o o a1e Subsystem Parameter Value
i e d i Laser Energy at 255 nm 40 md /pulse
b o Frequency 30 Hz
o Sppeainiie Sk oo Lu Beam diameter 10 mm
5 \\ g 20 Divergence of 266-nm  0.70 mrad
E \-\\ . beam
i‘“' M 2 Raman cell Length 1500 mm
. Sl ] Diameter (in/out) 20/556 mm
L e TR, D, pressure/purity 10 hars/99.7%
o -1 He pressure/purity 24 bars/99.999%
A ]
3 ATl iy Nanisa Lavel i l Optical system  Beam expander for 3.2
e i to reduce 289-316-nm magni-
1 divergence fication
e g gl Output diameter of 30 mm
4 L] a 0 12 14 -] U] 0 22 24 hcams
aliihuda, m
Divergence of emitted  0.25 mrad
Fig. 2. Modeled wintertime backscatter return photon counting, beam

for the 289-316-nm wavelength ecouple, compared with typical
counting saturation and sky noise levels.

of the sky with one attenuated because it uses a glass
splitter allows us to verify that our system is linear
(uncertainty, <0.1%) as soon as less than one photon
per shot per microsecond arrives on the photocath-
ode

Despite the use of the approximations mentioned
above, these simulations are useful in evaluation of
the potentiality of the lidar system and of the wave-
length coupling within a tropical context (strong hu-
midity in the lowest layers; tropopause level, 17 km).
As was seen by Proffitt and Langford,?! the return
signal increases with wavelength and decreases by a
factor of 10" between the lowest layers and the upper
troposphere. The results of this simulation empha-
size two points:

(1) The lowest sounded layers are likely saturated
by the photon-counting system. Hence the use of an
analog processing mode, alone or in combination with
the photocounting mode, should be necessary for pro-
cessing the signal from the lower troposphere.

{2) The upper-range limit of the svstem is close to
the altitude of the tropical tropopause. Below 18
km, the simulated signal is significantly superior to
the typical night sky noise level observed at these
wavelengths by a typical ground-based lidar station
(Fig. 2).

B. Technical Description of the Emission System

The fourth-harmoniec Nd:YAG (266 nm) is obtained
by the nonlinear effects of two successive passages in
potassium dihydrogen phosphate (KDP) crystals lo-
cated at the output of the laser. The two emitted
wavelengths, 289 nm (absorbed by ozone, on channel)
and 316 nm (nonabsorbed, oFr channel), are gener-
ated by stimulated Raman seattering in a deuterium
high-pressure cell in which the 266-nm beam is fo-
cused by a lens that comprises silica windows. The
characteristics of the emission system are listed in

Table 3. These two wavelengths correspond to the
first and second Stokes lines for deuterium. The
energy-conversion efficiency depends mainly on the
active gas pressure in the Raman cell ®* on the focal
distance of the window lenses, and on the quality and
the power of the beam that is entering the cell.?2 In
the present system the 266-nm beam is deflected 90°
by two UV mirrors, one of which is removable to
permit switching between two operating modes, Tt
then enters the Raman cell, which is placed in a
vertical position (point 6 in Fig. 1). The Raman cell
is equipped with two silica window lenses that have
diameters adapted to the beam and a focal distance of
75 em to focus the beam as closely as possible to the
center of the cell for optimal stimulated Raman scat-
tering. Generation of an UV beam by the Raman
diffusion principle is not without consequences for
the quality of the emitted beam. Indeed, disrup-
tions by nonlinear phenomena and chromatic aber-
rations take place in the high-pressure Raman cell
and degrade the quality of the emitted beam. To
minimize the deleterious consequences of this effect,
we place an optical system at the output of the Ra-
man cell to reduce the emitted beam divergence to
0.25 mrad (Table 3). This value corresponds to one
quarter of the field of view of the telescope. This
system comprises three lenses, whose disposition and
composition are shown in Fig. 3.

C. Technical Description of the Reception System

For measurements of stratospheric temperature and
aerosols the 532-nm backsecattered beam is collected
by an optical fiber system. One 0.4-mm fiber is lo-
cated at the focal point of each telescope and is used
to transport the collected signal to the electronic de-
tection units. This collection method allows the col-
lecting area to be increased without the need for
using a unique, costly mirror. In the integration of
the new ozone lidar system, the same telescopes as
for the stratospheric measurements at 532 nm are
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Fig. 3. Optical systom vsed to minimize the divergence of the UV
emitted beams (289 and 316 nm).

used. For stratospheric temperature and aerosol
measurements the choice of a small field of view per-
mits a compromise between the noise level and the
vertical range; hence the use of 0.4-mm fibers. How-
ever, because of differences in beam emission diver-
gences and in expected vertical measurement ranges,
the use of these existing optical fibers is not possible
for the differential absorbing lidar configuration.
The ozone channels require a larger field of view for
the telescopes to obtain full beam recovery in the
expected altitude range (mid and upper tropical tro-
posphere); hence larger-diameter optical fibers (1.5
mm) are required. Their diameter is inferred from
the calculation of the spot size in the focal plane
where the optical fiber is implemented and results
from a larger beam divergence and from the defocus-
ing effect for short vertical ranges. (The image of a
scattering volume not strictly located at infinity is not

Fig. 4. MFC gystem; 1, UV emitted beam; 2, visible emitted
beam ifor stratospheric temperature and aerosol measurements);
3, UV fiber; 4, visible fiber; 5, receiving telescopes.  For each tele-
seope the linear digtance o = 3.3 mm between the two fibers
corresponds 1o the angular distance o between the two beams,

found exactly at the focus of the receiver.®?) Above 2
km, the 1.5-mm fiber diameter is closer to the defo-
calization distance, as indicated in Table 4. This
configuration provides the full collection of backscat-
tered UV signals in the required vertical range. To
permit both measurements (stratospheric tempera-
ture and aerosols, and tropospheric ozone) to be made
with the same collecting set, a mechanical system
that holds a couple of fibers was thus developed: the
multiple fiber collector (MFC; Fig. 4 and point 11 in
Fig. 1). For each telescope, the linear distance d
between the two fibers corresponds to the angular
distance o between the UV (for tropospheric ozone
measurements) and the wvisible (for stratospheric
temperature and aerosols) beams (Fig. & and peint 12
in Fig. 1). Both fiber positions can be adjusted at the
foeal point to keep the fields of view of the telescopes
in phase. The advantage of using the MFC is the
possibility of being able to use the same optical col-

Table 4. Calculation as a Function of Height Z of Defocalization Distance Df, Parallax P, Spot Size Tz, and Spot Size in the Focal Plane TF for the
Optical Fiber Dedicated for Ozone Measurements and of Geometrical Factor Fyg for the Optical Fiber Dedicated for Rayleigh Measurements”

Z (km) Lf (mm) P {mm) T= (mm) Tf (mm) Fg (%)
2 1.13 0,75 0.821 1.383 34.3
4 0.56 0,38 0.623 0.904 61.1
@ .38 .25 0.657 0.744 KK
8 028 0.19 0.524 .664 87.3
10 0.23 0.15 0,504 0.617 a4
12 014 013 0.491 0.585 a7.1
14 016 011 0.481 0.562 99.3
16 0.14 008 0.474 0.545 100
18 0.13 008 0468 0.531 100

“The geometrical factor for the optical fiber dedicated for ozone measurements is 100% over 2 km, and the ozone system permits a large

latitude for alignment.
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Fig. 5. Spectrometer formed by a holographic grating and two
spherical mirrors: 1, four-fiber terminal transmitting the 289—
316-nm beam; 2, adaptive lens; 3, 3600-line,/mm grating; 4,289-nm
PMT; 5, adaptive lens; 6, 316-nm PMT; 7, spherical mirror.

lectors for different lidar measurements. The opti-
cal system allows an image quality (pulse response of
a star image located at infinity) associated with the
atmospheric turbulence of 0.8 mrad to be obtained.
With reference to the part associated with the quality
of the receiving telescopes, 90% of the energy is in-
cluded in 0.6 mrad.

Spectral separation of 289- and 316-nm beams is
obtained with a spectrometer that includes a Czerny-
Turner holographie grating (Fig. 4). After a system
of three lenses used to reduce the divergence of the
beam by a factor of 3 and to adapt the numerical
aperture of the fibers to that of the grating, the back-
scattered beam is separated by a high-performance
grating (3600 lines/mm). Then each beam is redi-
rected toward PMT’s by coneave mirrors. The non-
cooled bialkali Hamamatsu R1527P PMT's used for
the ozone channels are preamplified. These PMT's
provide good sensitivity in the near-UV spectral
range. Typical voltage operation is less than 900 V
to limit the signal-induced bias associated with the
PMT response to an intense luminous pulse.* The
electronic system includes analog channels (of 15-m
resolution) for the lower layers and photon-counting
channels (of 150-m resolution) for the high layers, for
each wavelength 289 and 316 nm. The signal-
processing electronie chain is rather similar to those
used for the OHP ozone lidar station at the Observa-
toire de Haute Provence!® and for the Airborne Lidar
for Tropospheric Ozone (ALTO).27

D. Data Processing: Signal Inversion and Error Analysis

The ozone concentration (in molecules per cubic
meter) is deduced from the lidar backseattered signal
by use of the following equation:

1 d pn[F
Coy = 27w dr In(pm.] ’ (2)

To take account of the Rayleigh scattering by the
atmospheric molecules, using the Rayleigh molecular

7. Error Calculations

1. Reading the|

Raw Data Filas| Creating Ozone Files
| 2. sky Noise

| Correction

B .o and p Calculations
Rayleigh and Mie Gorrections

3. Bignal Derivation

5. Klett Inversian

4_ Analeg-Photon Countl
m"aw § ™ | (Facultative)

Fig. 6. Algorithm to caleulate ozone profiles from raw data.

extinction (o) and backscattering (B) coefficients, we
modify Eq. (2) as follows®:

oo - BUW)—‘E‘-“ (3)
o 2.1|r dr 2At.rdr [3"“_ Av’

Data processing is then based on differential ab-
sorption of two wavelengths by ozone and on the as-
sumption that the two wavelengths are close enough
that the backscattering coefficients are practically
identical for the two beams. [The dependence law is
o = y(h) 7, with k varying from 0, in the presence of
cirrus clouds, to 2. For typical values at the wave-
lengths 289 and 316 nm, the differential extinection
that is due to aerosol background is smaller by 1 or 2
orders of magnitude than the Rayleigh extinction, as
measurements are performed only for cloud-free con-
ditions or with cirrus.] The calculation of ozone con-
centration is based on Eq. (3) with the algorithm
described in Fig. 8. After it reads the raw data, the
lidar signal is normalized and corrected for the in-
verse square range dependence. The signal is cor-
rected for the sky noise component by polynomial or
exponential interpolation, separately on each chan-
nel, between two levels at the end of the signal. The
correction for possible radio-frequency interference of
the laser can also be applied in our algorithm by
generation of a noise file obtained by blocking the
laser. The range-corrected signal is smoothed after
numerical low-pass digital filtering, which corre-
sponds to a second-order polynomial fit over a num-
ber of points that i increases 3 with altitude. We then
obtain the terms p°” and p™ of Eq. (3). The analog
and photon-counting slope signals are then combined
by use of an analog signal in the low layer and a
photon-counting signal in the upper layer. The con-
nection between the two is made by linear mixing in
a layer whose height and thickness are chosen as
funetions of the lidar signal (generally 1 km, near
6-km height). The correction for the influence of
strong aerosol layers by the method of Klett?%7 can
be applied in our processing algorithm if necessary.
However, this correction does not significantly im-
prove the ozone profiles in the free troposphere and is
not used for our lidar system. The aerosol backscat-
ter coefficient is calculated at 316 nm, where ozone
absorption is negligible, by a backward integration
scheme in which the Rayleigh backscatter is taken
into account.?®2®  [If the aerosol layer is significant
(cloud), data are removed from the profile at the cloud
altitude. The numerical filter applied to calculate
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the signal derivative is also used to differentiate the
aerosol backscatter profiles. In the Eq. (3), coeffi-
cients « and ( depend on the atmospheric density
profile calculated by means of an atmospheric
standard-atmosphere model whose main character-
istics (vertical temperature gradient, ground temper-
ature, tropopause height) are adjustable. Knowing
the difference of absorption Ao between o~ and oFr
channels calculated by Bass and Paur,* we are able
to have access to the vertical ozone concentration.

Lidar ozone measurement is subject to errors,
which are either systematic or statistical. System-
atic errors originate from the contribution on the sig-
nal of chemical species other than ozone. The
influence of nitrogen dioxide (NO,) absorption*! and
sulfur dioxide (SO,) absorption*? was evaluated. At
a 38-ppbv mixing ratio, the absorption coefficients at
289 and 316 nm, respectively, are 9 % 10 ? and 7 x
10* km ! for 8O, and 8.6 x 10"? and 24 x 10°®
km ™! for NO,. The influences of SO, and NO, are
then relevant only in the boundary layer, where the
concentration of these pollutants can be potentially
high, and are negligible in the free troposphere.??

Another type of error comprises statistical errors
associated with the signal and sky noise fluctuations.
For the analog mode one calculates the statistical
error from the root mean square of the signal in the
noise region. For the photon-counting mode one cal-
culates the error by assuming that the signal’s stan-
dard deviation is equal to that which is expected for
a Poisson statistical distribution of detected photons.
The error is thus estimated directly from the signal
intensity. Donovan et al. found that a pure Poisson
statistic overestimates the error compared with that
which they derive in their method in which error
depends on sampling time, width of pulse, and ob-
served count rate.* However, when the PMT is sat-
urated, the counting is no longer Poissonian. Even
when the counting 1s not saturated, it is slightly dif-
ferent from Poissonian counting according to the po-
sition of the discriminator that separates the noise
pulse from the signal pulse. The discriminator dis-
turbs the statistic:  if it is too low, it counts the noise
pulse; if it is too high it does not count all the signal
pulse and the count is less than expected.* The
discriminator is adjusted to provide the best compro-
mise, and the counting distribution does not vary
more than 10% from theory. Other recent studies
showed that the Poissonian method underestimates
the statistical signal and then cannot be applied sue-
cessfully for an analog signal in the lower tropo-
sphere.®> However, Poisson’s law remains a good
estimation of the statistical error, especially for an
upper-tropospheric photon-counting signal. In Sec-
tion 4, error bars attached to ozone profiles are eval-
uated from these considerations.

4. Results and Comparisons

In this section we present results obtained in austral
winter 1998 from the Reunion ozone lidar. One of
the first ozone measurement obtained by lidar at Re-
union Island was made on 26 June 1998. Slopes of
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Fig. 7. Range derivative of the logarithm of the range-corrected
lidar signal corresponding to photocounting (dashed curves) and
analog (solid curves) detection of the two wavelengths 289 and 316
nm on 26 June 1998. We computed the range-corrected profiles
by exponentially correcting the sky noise signal over 21 km for the
289-nm channel and over 31 km for the 316-nm channel. The
connection between analog and photocounting channels was made
between 7 and B km.  In this and the following figures the data on
which the measurements were made are given in day-month-year
order, followed by the local time (hours-minutes-seconds) during
which the messurements were made.

the channels are shown in Fig. 7. For that profile,
289- and 316-nm photocounting channels are satu-
rated below 5 and 6 km, respectively, and reach 16
km. Hence the use of analog channels makes avail-
able nzone measurements between 3 and 7 km. Be-
low 3 km the recovery between reception and
emission fields is not sufficient to provide useful data.
Above 10 km (289-nm signal) and 14 km (316-nm
signal) the analog signal is too weak and there is too
much sky noise relative to the signal. Thus the con-
nection between analog and photocounting channels
is made between 7 and 8 km (Fig. 7). The corre-
sponding ozone profile is presented in Fig. 8. For the

LIDAR 250611968 14,4553 - 17:10:48

r -
0™ L)
Clessh consanmation, molecicm®

Fig. 8. Corresponding ozone profile (see Fig. 7) for 26 June 1998,
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LIDAR 01/07/1998 00:24:11 - 01:46-58 + ECC SOMDE 05-46:08

10 0" 0™

e goncEntration, molecim’

Fig. 9. Ozone concentrations obtained by lidar on 1 July 1998
(aequisition time, 1 h and 25 min) compared with the profile ob-
tained by an ECC sonde § h fater, Solid curve, ldar profiles;
dotted curves, statistical error intervals for lidar measurements;
dashed curves, ECC profiles

measurements on 26 June the upper-range limit is
~14 km. Results from 14 to 18 km are uncertain
because the signal is weak and noisy. The upper
limit depends on clear sky conditions, on alignment of
the reception system, and on measurement integra-
tion time and reaches the tropical tropopause (17 km)
for clear sky conditions.

After the first profiles were obtained during June
1998, the lidar operated almost daily during July
1998, in the framework of the European campaign
TRACAS (TRAnsport of Chemical species Across the
Subtropical tropopause). Two measurement com-
parisons between lidar and radicsounding were
made, on 1 July (Fig. 9) and on 29 July (Fig. 10).

LIDAR 20007/ 1998 14:29:44 ~ 16:47:51 + ECC SONDE 1548541

|

1w "

anun.u'm:nr.llrl;;q el
Fig. 10. Ozone concentrations obtained by lidar on 29 July 1998

{acquisition time, 2 h and 20 min) compared with the profile ob-
tained nearly simultaneously by electrochemical sande.
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Ozone radiosounding profiles are obtained with the
ECC standard processing calculator, used with a
T ax interface and coupled with a Vaisala RS80 ra-
diosonde.? The relative precision of ECC ozone mea-
surements in the troposphere was found to be by field
tests 10%.% Comparisons with ECC sounding (Figs.
9 and 10) globally show good agreement between the
two techniques. After ozone concentration was con-
verted to mixing ratio by use of temperature and
pressure profiles i with radiosondes, the av-
crage difference between the two profiles was calcu-
lated from 4 to 14 km and is less than 7.5 ppbv for the
1 July profile and less than 6.5 ppbv for the 29 July
profile. These values have less than the precision of
the two measurement techniques. Heowever, one
can note some difference between the ECC sonde and
lidar profiles, mainly in the lower layers on 1 July
(Fig. 9) and in the upper troposphere on 29 July (Fig.
10). For the first comparison (Fig. 9) the measure-
ments were not obtained simultaneously (nearly a
5-h intervall, For the second comparison (Fig. 10},
even when measurements were obtained simulta-
neously, a simple advection calculation that used hor-
izontal wind data obtained with the European global
model data [ECMWF (European Center for Medium
Range Weather Forecast)] and the vertical advection
measured by the radiosonde indicates a dispiacement
of the balloon of more than 65 km between the launch
and the tropopause level measure. Hence, ECMWF
data indicate the presence of the subtropical jet
stream over Reunion Island on 1 July and 29 July,
with wind speed greater than 30 m s~ * over 300 hPa.
The lidar provides vertical measurements and then
not exactly the same measurements as an ECC
sonde, which are advected by the wind.

We further note that this lidar system can follow
the tropospheric ozone evolution on short time scales.
For example, Fig. 11 shows the evolution, in incre-
ments of 20 min, of the tropospheric ozone mixing
ratio profile observed on 29 July. One can indeed
notice the interesting ozone maximum ohserved by
lidar from 6 to 8 km, which is associated with tropo-
pause folding under the subtropical jet stream. The
time of integration vsed to build each elementary
profile is sufficient to trace ozone short-time variabil-
ity up to 13-14 km. Above that level the analysis of
ozone values must be done with great care because
the measurement uncertainty becomes significant.
Figure 11 shows that the tropospheric ozone above
Reunion lsland has a short-term variability {in time
and space) that is consistent with differences be-
tween ECC sonde and lidar observed on comparison
(Figs. 9 and 10). The results presented in this sec-
tion clearly illustrate the capability of this instru-
ment to provide experimental data for the study of
stratosphere—troposphere mass exchanges in the
tropics.

5. Concluding Remarks

Our scientific objectives are to measure ozone in the
high tropical troposphere. To limit the cost and
maintenance of the lidar system we integrated 1t with
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Fig. 11. Ozone mixing ratio evolution during the time from 14:
25:44 (profile A) to 16:47:51 (profile G) universal time as observed
by lidar at Reunion on 29 July 1998. The temporal file summa-
tion is 20 min (36,000 shots). The profiles have been offset sue-
cesgively by 50 ppbv.

an existing Rayleigh—Mie lidar system. Using the
same laser source as the Rayleigh-Mie system, the
unique Raman cell reduces problems of misalign-
ment, and the emission afocally reduces the field of
view and noise. For the reception, the use of optical
fibers permits thermal and mechanical separation of
the reception part and the analysis part of the sys-
tem. The MFC system allows sharing of collecting
surfaces for different fields of view. The spectrome-
ter was studied for optimum spectral separation in
the UV. The electronic system (PMT and analog
mode) allows a large altitude range to be covered.
When the requisite conditions are achieved (clear
sky and optimal alignment of the reception system),
the lidar system permits ozone measurement from 3
to 17 km, the altitude of the tropical tropopause.
Comparisons with ECC ozone soundings show good
agreement between the two techniques. The aver-
age difference in the troposphere observed on several
joined soundings does not exceed 8 ppbv. We have
also shown the capability of the lidar to study tropo-
spheric ozone evolution in tropics. The significant
lack of tropospheric ozone measurements in the trop-
ical and equatorial regions makes this lidar imple-
mentation useful and technically conceivable for
many Rayleigh—Mie lidar stations. At a site such as
Reunion Island, where we wish to conduct various
studies (stratosphere-troposphere exchange linked
to the subtropical jet stream, study of tropical con-
vection and influence of biomass burning), scientifie
interest in this extension of the Reunion lidar system
is substantial. It will permit an increase in the da-
tabase of ozone profiles that have been obtained by
semimonthly radiosoundings launched from Reunion
since 1992 (Ref. 2) and in particular offers the possi-
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bility of studying ozone evolution on a shorter tem-
poral scale than those permitted by radiosounding.

The Reunion lidar development has been sup-
ported by the French Centre National de la Recher-
che Scientifique/Institut National des Sciences de
I'Univers and Conseil Régional de la Réunion. The
July 1998 TRACAS campaign (radiosondes and lidar
data) was supported by European Community grant
ENV4-CT97-0520. We gratefully acknowledge the
assistance of the Service d'Aéronomie technical staff
(J. L. Conrad, F. Fassina, C. Laqui, J. . Marcovici, A.
Théodon, and P. Weill) and the Laboratoire de Phy-
sique de 'Atmosphére radiosounding team (G. Bain,
D. Faduilhe, J. M. Metzger, T. Portafaix, and S.

Roumeau).
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1.2.4 Description du lidar ozone stratosphérique

Un autre systéme lidar, dédi¢ a I'ozone stratosphérique, a ¢t€ mis en place a la Réunion en juin 2000

dans le cadre de la thése de Thierry Portafaix. Ce lidar avait été construit al Université de Genéve
par Christian Hirt, sous la direction technique de Jacques Porteneuve et des équipes techniques du

Serviced Aéronomie (CNRS- Paris). La responsabilité scientifique était assurée par Sophie Godin-
Beekmann et Franck Molinaro. Jai pris la suite de Franck Molinaro suite a son détachement a
Madagascar en 2002.

Ce lidar est bas¢ sur le méme principe que le lidar ozone troposphérique décrit dans la section 1.2.3,
a savoir l'absorption différentielle entre 2 longueurs d'onde. Pour décaler la gamme de mesure de la
troposphére a la stratosphere, il est nécessaire de choisir des longueurs d'onde moins absorbées par
I’0zone, pour s’adapter aux quantités d'ozone stratosphériques qui sont beaucoup plus importantes
que dans la troposphére. Le choix des longueurs d ondes retenu pour | installation de la Réunion a

donc été 308 nm pour la voie absorbée et 355 nm pour la voie non absorbée.

Pour générer ces longueurs d'onde, le systeme utilise deux sources laser : Pour la longueur d'onde
355nm, un laser Nd/Yag (Neodyme-Yag) triplé et cadencé a 30 Hz, qui fournit une énergie
maximale d environ 150 mJ par pulse et pour la voie 308 nm, un laser exciplexe, qui fournit une
énergie d'environ 200 mJ par pulse. Ce laser appartient a la classe des lasers a impulsions a gaz
haute pression. Le milieu amplificateur est un mélange de gaz rares (néon -xénon) et de gaz
halogéne (chlorured hydrogene).

Le systéme de réception est similaire a celui du systéme ozone troposphérique, avec une mosaique
de quatre miroirs de 500 mm de diamétre. Le signal rétrodiffusé est détecté au point focal des
miroirs par 4 fibres optiques, puisdirigé al entrée d un spectrométre ou est effectuée la séparation
spectrale. La dispersion du signal en deux faisceaux de 308 et 355 nm, est réalisée par un réseau
holographique (Jobin Yvon) a | intérieur du bloc spectrométre. Chacun des faisceaux est ensuite
séparé de nouveau en deux parties (8%-92% de | énergie) par une lame séparatrice de verre non
traitée, puis détecté par des tubes photomultiplicateurs et enfin envoyé vers un systéme d anayse.
Ce systeme est un systeme de comptage rapide (bande passante 400 MHz) de 1024 canaux qui fait
| analyse temporelle du signal avec une résolution temporelle de 1us (soit une résolution spatiale
initiale de 150 m). Un micro ordinateur PC pilote lestirs, ainsi que | enregistrement et |e traitement

en temps réel des données.
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Un obturateur mécanique (ou chopper) est utilisé. 1l est constitué d un disque métallique plein
gouré de 2 fenétres symétriques, en rotation a 2400 tours/min. Son utilité est double. Il permet

d une part de cadencer le tir des lasers. Il sert d autre part a obturer la partie du signal rétrodiffusé
par les basses couches dont | intensité trop importante saturerait les systémes de comptage. Son
défaut est d obturer simultanément les voies hautes et basses, sans permettre de particulariser les

Voies.

L a séparation 8%-92% des 2 voies 308 et 355 nm est rendue nécessaire en raison de la saturation du
systéme de comptage aux atitudes inférieures a 25 km. Le systéme effectue donc simultanément 4
mesures correspondant a 4 voies d acquisition: 2 voies a 355 nm, basse et haute et 2 voies a 308
nm, basse et haute. Ces 4 voies conduiront, aprés traitement, a 2 profils distincts bas (17-25 km) et
haut (25 km  haut du profil).

Une obturation électronique a été installée sur les voies hautes en 2002, ainsi que 2 voies Raman

pour vérifier lalinéarité des voies Rayleigh pour les basses atitudes.
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Figure 1.4 Inter-comparaison effectuée le 20 juin 2000 entre les deux systemes lidar ozone

troposphérique et stratosphérigue, et un radiosondage.

L'inter-comparaison présentée dans la figure 1.4 montre que lorsque le systeme est dans un bon état

35



H.D.R. Jean-Luc Baray - Chapitre 1, une station d’observation : [’'OPAR

de fonctionnement, sa configuration permet d obtenir des profils de concentration d ozone entre 18
et 45kmd altitude environ.
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Figure 1.5 Nombre de nuits de mesures acquises par an avec le systétme lidar ozone

stratosphérique.

Cet instrument est central pour les études stratosphériques du LACy, et également trés important
pour 'OPAR car c’est I’instrument le mieux adapté de part sa résolution verticale pour la
surveillance de la stratosphére. Pourtant, lorsque 1'on observe l'activité de mesure sur 1'histogramme
présenté en figure 1.5, force est de constater que s'il a été possible de le faire fonctionner de maniére
intensive dans le cadre de la campagne de I'hiver 2000, une suite de problémes techniques s’est
succédé sur cet instrument, touchant principalement le laser excimer, le chopper et la partie
¢lectronique. Il a donc été impossible, malgré des efforts importants, sur le plan financier comme
sur le plan humain, de ma part ainsi que du staff technique (Jean Marc Metzger jusqu'en 2006, puis

Yann Courcoux) de faire fonctionner cet instrument en routine a une fréquence satisfaisante.

L'exploitation scientifique de cet instrument s'est donc, pour le moment limité a la campagne de
juillet 2000%, faute de jeu de donnée suffisant pour étre exploité. Toutefois, les données qui ont pu
étre obtenues ont été traitées et formatées pour la mise a disposition dans les réseaux NDACC et
EQUAL, et ont été utilisées pour une inter-comparaison dans le cadre du réseau NDACC (section

1.3.2) et pour la validation du satellite ENVISAT (section 1.3.3)

En 2008, la responsabilit¢ de l'instrument a été transmise a Jimmy Leclair de Bellevue,
nouvellement recrut¢ comme maitre de conférences dans 1'équipe stratosphere du LACy. Avec la

succession de changements de composants, l'implantation d'une nouvelle chaine de traitement

¥ Portafaix, T.; et al., Fine-scale study of a thick stratospheric ozone lamina at the edge of the southern subtropical
barrier, J. Geophys. Res. 108 No. D6, 10.1029/2002JD002741, 2003

36



H.D.R. Jean-Luc Baray - Chapitre 1, une station d’observation : [’'OPAR

¢lectronique LICEL et la planification du changement des laser, on pourra quasiment considérer que
la remise a neuf de l'instrument sera quasiment totale. On peut donc espérer que la remise en route

du lidar ozone stratosphérique sera enfin couronnée de succes pour 2009.
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1.2.5 Présentation et validation du radiométre MAX-DOAS

Atmes. Chem. Phys., 7, 4733-4740, 2007
wiwww.atmos-chem-phys net/7/4733/ 2007/
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Abstract. Spectral measurements of BrO using zenith-
sky and off-axis viewing geometries are combined in a lin-
ear multiple regression retrieval algosithm to provide strato-
spheric and troposphenc BrQ vertical columns. One vear
of measurement data are investigated over Reunion-Island
(20,97 5, 3557 E). from August 2004 to June 2003, A com-
parison between the stratosphenic colummns retrieved at 45°,
280°, 85°, 87.5" and 92.5° solar zemith angles and photo-
chemical simulations initialized by chemical fields from the
3-D-CTM SLIMCAT and further constrained by cbserved
NO: profiles shows a good agreement cnly by consider-
ing a contribution from the very short-lived organic bromine
substances to the stratospheric inorganie bromine budget,
of 6 to Spptv. Furthermore, stratospheric BrO profiles re-
trieved from late twilight zenith-sky observations are con-
sistent with a total inorganic bromine (Biy) loading of ap-
proximately 23 pptv. Tlis represents 6 to 7 pptv more than
can be supplied by long-lived organic bromine sources, and
therefore supports an added contribution from wvery short-
lived organic bromine substances as recently suggested in
several other studies. Moreover strong evidences are pre-
sented for the existence of a substantial amount of BrO in the
tropical free-troposphere, arcund 6 km altitude, possibly sup-
plied by the decomposition of short-lived biogenic bromine
organic compounds. Tropospheric BrO vertical columns of
1120455 10" molec/cm’® are derived for the entire obser-
vation period. Comparisons between ground-based BrO ver-
tical columns and total BrO columns derived from SCIA-
MACHY (onboard the ENVISAT satellite) nadir observa-
tions in a latitudinal band centered around 217 S present a
good level of consistency, which further strengthens the con-
clusions of our study.

Correspondence fo: N. Theys
(thevs@aeronomie be)

1 Introduction

Inorganic bromine (Bry=Br, BrO. BrON0;. HBEr, HOBr.
BrCl) 15 the second most important halogen that affects
stratosphernic ozene. Although much less abundant than chlo-
rine, stratospheric bromine presently contiibutes to the global
ozone loss by about 23%. owing to its much larger ozone de-
pletion potential relative to chlorine (e g. WMO, 2003, and
references therein). Duning daytime the most abundant inor-
ganic bromine species is BrO, which represents 30 to 70%
of total Bry. BrO is also the only compound within the Bry
family to be measured routinely {e.g. Wagner et al., 1998;
Richter et al.. 1998; Van Eoozendael et al., 1999; Haus-
mann et al., 1994; Schofield et al., 2004a; Pundt et al., 2002;
Dosf et al., 2006a, Sinnhuber et al., 2002, 2003; Sioriz et
al., 2006). The sources of mnorganic bromine in the strato-
sphere originate from naturally and anthropogenically emit-
ted bromine-containing orgamic gases. Long-lived organic
species are transported into the stratosphere with a tume de-
lay of approximately 3 to 4 years, before being converted into
inorganic forms by photolysis or reaction with OH radicals.
Until recently, the Bry mixing ratio was generally assumed
to be neglizibly small below and at the tropopause while
rapidly increasing with altitude up to about 25 km where
full comversion into inorganic forms is achieved. Based on a
budget of the long-lived natural (CH;Br) and anthropogenic
(CH:Br. CBtCIF;. CB:F;, CB1F;CB:F>, CBr;Fz) organic
bromine source gases observed over the last decade (Wams-
ley et al.. 1998), the stratospheric Bry loading is currently
estimated to be about 16-17 pptv. However, several recent
studies (Pundt et al., 2002; Salawitch et al., 2003; Siors
et al.. 2006; Sinohuber et al., 2002, 2003; Schofield et al..
2004a; Dot et al, 2006a, b) have suggested that an addi-
tional contribution of about 3622 pptv must be considered,
due to bromine release from short-lived biogenic organic
compouads (such as CHBr3, CHzBra. CH2BrCL CHB12CL

Published by Copernicus Publications on behalf of the European Geosciences Union.
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CHEB1Cly, CH;BrCH:Br) or even the direct intrusion of inos-
ganic bromine from tropospheric origin into the lower strato-
sphere. Inorganic bromine compounds may be produced
and sustained in the free troposphere due to the decompo-
sition of short-lived organic bromine compounds under the
action of heterogeneous and/or gas-phase photochemical re-
actions. This 13 supported by recent observations from space
(Pundt et al., 2000; Van Roczendael et al., 2002; Richter et
al.. 2002), the ground (Hendrick et al., 2007) and balloons
(Fitzenberger et al., 2000), all suggesting althongh with large
uncertainties the widespread presence of BrO in the tropo-
sphere, with mixing ratios in the range from 0.5 to 2 pptv
if vuiformly mixed. Elaborating on these cbservations, re-
cent modeling results (von Glasow et al.. 2004; Lary, 2003;
Yang et al.. 2003) have highlighted the possible role of tro-
pospherte halogens (in particular bromine) as an additional
sink for czone, a process so far largely iznored. These stud-
tes suggest that bromine might be responsible for a reduction
in the zonal mean O3 mixing ratio of up to 18% and lecally
even up to 40%. In Pelar Regions, additional amounts of in-
organic bromine are seasonally released in large quantities in
the boundary layer during spring due to the so-called Polar-
bromine explosion phenomenon (Havsmann and Platt, 1994;
Ereher et al.. 1997; Hénninger and Platt. 2002; Friel et al.,
2004). These emissions are responsible of complete oczone
depletion events (ODEs) in the polar boundary layer. A com-
prehensive review of the role of bromine species in the polar
ODEs can be found in Simpson et al. (2007). Although in
smaller guantities. boundary laver BrO emissions have also
been identified over salt lakes (Hebestreit et al, 1999), as
well as in the marine boundary layer (Leser et al., 2003) and
in voleanic plumes (Bobrowski et al, 2003).

Here we present an advanced retrieval method enabling the
simultaneous determination of both tropospheric and strato-
spheric BrQ vertical columns, based on multi-axis DOAS
(MAXDOAS) UV-visible observations. By combining in a
retrieval scheme measurements of the scattered skoy light ac-
guired from noon to twilight in different viewing elevations
(from the herizon to the zenith) and making use of the change
in sensitivities associated to the different observations ge-
ometries, the vertical distribution of the BrO concentration
can be inferred. The analysis explicitly takes into accoumt
the effect of the BrO photochemical variations, in particular
for the simulation of the radiative transfer at twilight when
photochemical gradients along the slant stratosphene pho-
ton path are important. The setrieval algorithm has been ap-
plied to observations performed from Auwgust 2004 to June
2003 at Reunion Island (20.9% 5, 35.5° E, Indian Ocean), a
latitude where currently available BrO cbservations are very
sparse. It has been recently argued that biogenic short-lived
organic compounds (e.g. CHBr3 ) that are mainly released by
oceans could be rapidly transported in the UT/LS region un-
der the action of the strong tropical convection. This high-
lights the importance of tropics in determining the strato-
spheric bromine budget as pointed cut by several authors
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(Salawitch 2006; Carpenter et al., 2000; Yang et al., 2005;
Sinnhuber et al | 20035

The paper is organized in four parts. After a short descrip-
tion of the instrumental setup in Sect. 2, the methodology
applied to retrieve stratospheric and tropospheric BrO verti-
cal columns is detailed in Sect. 3. This section also includes
a quantitative discussion of the information content of the
retrieval according to Rodgers (2000} as well as a compre-
henzive error budget. This is followed in Sect. 4 by a pre-
sentation of the results and their discussion in the light of
our cutrent understanding of bromine photochemistry in the
atmosphere. Conclusions are given in Sect. 5.

2 Instrument

Measurements have been performed using a multi-axis
DOAS (MAXDOAS) spectrometer designed and assembled
at TASB-BIEA . This instrument was continuously operated
on the roof of the LPA (Laboratory of Atmosphernic Physics)
building of the University of Saimnt-Denis. La Réunion
(20975, 35.5°E) from August 2004 to June 2003, except
from 25 March to 28 Apnl when the container had to be
dizmantled due to a strong tropical storm event. The in-
strument consists of a grating spectrometer from Acton Re-
search Corporation (ARC SpectraPro 275) installed inside
2 watertight thermoregulated case and connected through a
fiber optic bundle to an entrance telescope having a field
of view of approximately 1° full angle. The telescope is
itself connected to a rotating mirror allowing viewing ele-
vation angles to be scanned from 3° above the horizen up
to the vertical at zemith., The optical head faces the sea to-
wards the Nerth direction. The control of the acquisition cy-
cle including the positioning of the pointing mirror, the opti-
mization of the exposure time to ensure adeguate photon fill-
ing of the CCD detector and the spectral acguisition is fully
automated, one complete scan of all elevation angles (37,
6%, 10°, 18°, zemith) requiring approximately 15min. The
spectrometer has a focal length of 275 mm and 15 mounted
with a muled grating of 600 grooves/mm covering a spec-
tral window from 300nm te 450 nm. It is equipped with a
1340400 back-illuminated CCD detector from Boper Sci-
entific (NTE/CCD-400EB), cocled to —40°C using a triple
stage Pelletier system. Fecorded scattered light spectra have
2 resolution of 0.75um FWHM and a sampling ratio of 7
pixels/ FWHM. At twilight, the instrument switches from
the full multi-axis viewing mode to a dedicated stratospheric
mode where only zenith-sky measurements are taken. In this
mode, the time sampling and the signal fo noise ratio of the
twilight zenith-sky observations are optimized in view of the
iversion of stratospherie columas and profiles (see Hendrick
etal., 2004).
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3 Data analysis

The data analysis involves two main steps. Furst, the total
slant column amount of BrO is determined for each viewing
direction according to the DOAS technique. Second. model
simulations of the BrO slant column obtained from coupled
radiative transfer and photochemical model calculations are
adjusted to the observations until a consistent stratospheric
and tropospheric BrO vertical column solution is obtained
that matches all viewing directions.

3.1 DOAS zlant column setrieval

The measured spectra are analysed using the Differential Op-
tical Absorption Spectroscopy technigque (Platt, 1994). This
method relies on the assumgption that one effective photon
path can be defined. which represents in average over the
fitting interval the complex path of scattered photons in the
atmosphere. For optically thin conditions in the UV-visible
region this assumption is largely verified, which implies that
the absorption by atmospheric trace gases along the effective
slant path of measured photons can be treated in a simple way
using the Beer-Lambert law. In practice, atmospheric ab-
sorbers (in particular BrO) are separated using the character-
istic differential structures of their absorption cross-sections
determined from laboratory measurements. Since in most
cases several absorbers display abserption structures in the
same wavelength interval, the inversion process requires that
all relevant interfering absorption features be taken into ac-
count. In the case of BrO, the spectral interval that optimizes
the sensitivity fo the target differential absorption structures
while minimzing interferences with other absorbers 43 1n
the range from 345 to 359am. Further details on the opti-
mization of this fiting interval are given below. The spec-
tral evaluation consists in a least-squares fit procedure where
cross-sections of BrO (228 K) (Wilmouth et al., 1999), czone
(223K and 243 K) (Bogumil et al_, 2003), NO; (220 K) (Van-
daele et al., 1997), HCHO (293 K) (Meller and Moortgat,
2000, and the collision pair of oxygen molecules Oy (Green-
blatt et al.. 1990) are adjusted to the log-ratio of 2 measured
and a reference spectrum vsually taken at noon in zenith-
sky geometry. The quantity retrieved with this method 13 a
so-called differential slant columa density (DSCD), which is
the difference of the column amount of the absotber along
the light path and the absorber amount in the reference spec-
trum. The residual broadband features due to Rayleigh and
Mie scattering are removed using a third order closure poly-
nomial. To match the spectral resolution of the instrument,
the laboratory absorption cross-sections are couvolved us-
ing the measured slit function at 346.6nm. In the case of
the strongest absorbers ozone and NO;, a correction for the
so-called selar Ip effect (Aliwell et al, 2002; P. V. John-
ston, wopublished results) i3 further applied. The wave-
length calibration of the measured spectza 15 accurately de-
termined by reference to the high-resclution solar atlas of
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Kurucz et al. (1984), according to the procedure described
in Van Roczendael et al. (1999). To correct for the Ring ef-
fect (Grainger and Eing, 1962) a pseundo absorption cross-
section generated after Vountas et al. (1998) using the SCI-
ATEAN radiative transfer medel (Fozanov et al, 2001) is
included in the fit. Similar settings are used for the retrieval
of Oy DSCDs except for the fitting interval, which 15 slightly
shifted towards longer wavelengths (338.5-364.5nm) in or-
der to capture the strong O4 absorption band centered at
360 nm.

Due to the faintness of the BrO differential absorption fea-
tures (typically smaller than 0.1% of absorbance) and the
presence of much stronger interfering absorption bands from
ozone in the same wavelength region, the retrieval of BrO
DSCDs is generally difficult and requires careful treatment.
Main sources of uncertainties including those related to in-
strumental parameters (wavelength calibration. spectral stray
light, slit function, etc.), the temperature dependence of the
ozone absorption cross-sections or the impact of the solar Iy
effect have been addressed in the literature leading to a set
of recommended BrO retrieval settings (see e z. Arpag et al.,
1994; Richter et al., 1999; Aliwell etal., 2002). In the present
wotle, the problem of the optimization of the wavelength in-
terval used for BrO retrieval has been revisited. As already
mentioned the fitting interval is usuvally determined empiri-
cally in an attempt to maximize the sensitivity to the target
gas and at the same time minimize interferences with other
absorbers. In the case of BrO, the main difficulty comes from
the unavoidable presence of strong interfering ozone absorp-
tion bands. At twilight, the ozone absorption becomes so
large that the optically thin approximation used in the DOAS
technigque may not be fully satisfied, leading to systematic
misfit effects that may introduce biases in the retrieved BrO
DSCDs.

In order to assess the importance of such effects. simu-
lations of the zenith-sky radiance have been performed us-
ing the SCIATEAN model (Rozanov et al., 2001) and used
to test different choices of fitting intervals. Radiative trans-
fer calculations were performed in the 340-360 nm interval
for a range of solar zenith angle values (30-92 degrees) and
considering absorption by all relevant trace gases. Rotational
Raman scattering by molecular oxvgen and nitrogen (1.e. the
main source of the Ring effect) was alse explicitly included
(Vountas et al., 1998). In order to simulate the impact of the
solar Iy effect, calculations were realized at the resolution
of 0.1mm, further comvolved to the instrumental bandpass
(0.7nm FWHM) and finally resampled on the wavelength
grid of the field instrument. Based on this set of synthetic
spectra, test retrievals were conducted in various wavelength
intervals and the resulting BrQ DSCDs were compared to
the reference DSCDs calculated from the radiative transfer
model at the wavelength of 352nm (reference wavelength
used for BrO air mass factor calculations, see Sect. 3.2). Re-
sults from these sensitivity tests are displaved in Fig. 1a for
three typical intervals recommended in the literature. As can
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Fig. 1. BrO differential slant columns (DSCDs) retrieved m dif-
ferent wavelength mtervals from (a) simulated radiances generated
using the SCIATEAN model. and (h) actual zenith-sky observa-
tioms performed at Beunion Island Reference DSCDs calculated at
352 mm from the model are plotted with 2 thick black hne.

be seen, differences as small as a few tenths of a nm 1n the se-
lection of the shorter wavelength of the interval (where czone
absorption 15 strongest) can have a very significant impact on
the BrD DSCD. Our simulations strongly suggest that the
345-359 nm interval efficiently minimizes the bias on the re-
trieved BrO columns in the full range of solar zenith angles.
This interval has therefore been selected as a baseline for
the present study. As an additional verification, the test fit-
ting windows have also been applied to actual BrQ measure-
ments (see Fig. 1b). Although the shape of the observed B0
DSCD wvaration cannot be precisely captured by the simu-
lations due to the non-inclusion of BrO photochemical ef-
fects in the SCIATEAN version used here (version 1.2). one
can see that both synthetic and actual retrievals display sim-
ilar dependences on the fitting interval, which reinforces our
confidence in the reliability of the simulations.

3.2 Toversion of stratospheric and tropospheric columns

As already mentioned, the gquantity retrieved by the DOAS
technigque is the differential slant column density, which cor-
responds to the trace gas concentration integrated along the
effective light path of scattered photons. Since the light that
reaches the instroment travels through the entire atmosphere
from top to bottom, the measured BrO DSCD will contain
absorption originating from both stratospheric and tropo-
spheric altitudes (provided of course that sizeable amounts
of BrO do exist in both regions). In order to separate the
stratospheric and tropospheric contributions, it 43 necessary
to combine observations displaving different sensitivities to
the varions atmospheric layers. In this work, we first ex-
ploit the geometrical path enhancement characteristic of scat-
tered light measurements at fwilight to get information on the
stratospheric part of the BrO profile in a way similar to that
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used i vertical profiling stodies (e.g. Preston et al., 1997;
Schofield et al., 2004a, b; Hendrick et al., 2004). Second
MAXDOAS observations performed at 37, 6°, 10° and 18°
of elevation above the horizon are combined with zenith-skoy
measurements to infer additional information on the tropo-
spheric part of the BrD profile. The geometrical light path
enhancement at low viewing angle elevation is such that the
sensitivity to frace gas absorptions occurnng in the atmo-
spheric boundary layer can be increased by an order of mag-
nitude (see e.z. Wagner et al, 2004; Wittrock et al., 2004).

The version method applied here 15 based on an analy-
sis of the divrnal evolution of the measured BrQ differential
slant column, which is assumed to be well represented by the
following eguation:

DECDiH(t]). @ir), $) + BESCD
= VCDran (B0t )V AME crrama B (2), (1))
+VCDgopo B8 1) AMF qopo (B 1), (1), @) (1)

Where VCD 13 the vertical column, AME the air mass factor,
£ the solar zemith angle (SZA), @ the relative azimuth angle
between the sun and the viewing direction and ¢ the viewing
elevation angle. RSCD represents the residual slant column
density in the reference spectrum. derrved as explained in
Sect. 4.2, As aresult of the photochemically induced divrnal
variation of BrO, the stratospheric and tropospheric VCDs
depend on the SZA, while the AMFs depend on both viewing
and solar zenith angles. Note that the stratospheric AMF can
be considered with a good level of approximation as inde-
pendent of the viewing angle. Photochemical effects, mostly
important at twilight. are explicitly treated in the inversion
process, as firther explained below.

The air mass factors AMFiropy and AMF s, represent the
enhancement of the absorption along the hight path with re-
spect to the vertical path, i the troposphere and the strato-
sphere respectively. In the present analysis, a tropopause
height of 16km characteristic of tropical regions has been
considered. in agreement with temperature profiles from
the European Centre for Medium-Fange Weather Forecasts
(ECMWTF). The AMFs= can be determined through appropsi-
ate calculation of the transfer of the solar radiation 10 a mul-
tiple scattering atmosphere. In addition photochemical ef-
fects that introduce spatial and temporal gradients in the BrO
concentration field must be taken into account. especially for
twilight conditions. In this work, forward model calculations
of the BrD absolute slant columns (SCD) and cotrespond-
ing AMFs have been obtained using the psendo-spherical ra-
diative transfer model (RTM) UVSpec/DISORT (Mayer and
Eylling, 2005} coupled to the stacked photochemical box
model PSCBOX (Errera and Fonteyn, 2001; Hendrick et al.,
20043, The PSCBOX model includes 48 variable species,
141 gas-phase photochemical reactions and is mitialized at
20 independent altiude levels with 00:00 UT pressure. tem-
perature and chemical species profiles from the 3-D chemi-
cal transport model (CTM) SLIMCAT (Chipperfield. 1999,
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2006; see also Sect. 4.3). A stratospheric inerganic bromine
total loading of 21.2 pptv. accounting for long-lived sources
(CHzBr and halons, WAO 2003) and an additional contribu-
tion of 6 pptv from short-lived bromine compounds, has been
assumed within the SLIMCAT model. Updated kinetic and
photochemical data are taken from the JPL 2006 compilation
(Sander et al, 2008). As mvestigated in Fietkan et al. (2007),
the reaction B:'DNO:-D?P} can play an important rele m
the tropical stratosphere and has thus, been included in the
model simulations. The results of the photochemical model
are given at chemical time steps of 6 min.

Model BrO profiles are supplied to the ETM code, and
used to compute the AMFs. The UVSpec/DISOERT model
has the capability to ingest two-dimensional arrays (altitude
and SZA) of BrO concentration flelds so that the impact of
photechemical changes along the incident light path can be
accounted for in the calenlations (see e g. Fish et al, 1993).
This particular feature of the model has been recently vali-
dated as part of a dedicated RTM intercomparison (Hendrick
et al., 2006). As already mentioned, BrO AMFs have been
calculated at the wavelength of 352 nm (center wavelength of
the applied DOAS fitting interval). for a fixed albedo of 6%
which has been found to be typical for sea-surface condifions
(Koelemetjer et al., 2003).

Following Schofield et al. (2004a. b) and in order to limit
the number of retrieval parameters, we have assumed that s1x
profiles given. respectively, at 45°, 80°, 857, 87.5° and 92.3°
of SZA describe adequately the divmal vanation of BrO o
the stratosphere. The stratospheric VCDs can be determined
at other SZAs using simple linear interpolations. The ver-
tical distribution of BrO being largely unknown in the tro-
posphere, our baseline for the refrieval has been to assume
a free-tropospheric profile consistent with the observed pro-
file of Fitzenberger et al. (2000). This assumption will be
further tested 1n Sect. 4.4, where attempts to derive the ver-
tical distribution of BrO i the troposphere from multi-axis
DOAS observations are presented. Since no measnrements
of the diurnal variation of BrO in the tropesphere are cui-
rently avatlable, we have adopted the approach mtroduced 1n
Schofield et al. (2004a. b). This consists in assuming a tro-
pospherie BrO diurnal variation similar to the one modeled
in the lowest levels of the stratosphere. It will be shown later
that mversion results are weakly dependent on this assump-
tion.

The inversion for the stratospheric and tropospheric BrO
WCDs is cbtained by fitting Eq. (1) to a set of measurements
recorded from noon to fwilight at various elevation view-
ing angles and solar zenith angles. Moming and afternoon
measurements are treated separately. For the stratosphere-
troposphere separation, the technigue takes benefit of the dif-
ferent evolution of the stratospheric and tropospheric AMFs
as a function of SZA. This is illustrated in Fig. 2 for typ-
tcal conditions in the zenith-sky geometry. In the imver-
sion process, the stratospheric BrO VCDs are simultanecusly
(and independently) retrieved at five values of the SZA (45°,
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Fig. 2. Stratosphenc and fropospheric BrO air mass factors calen-
lated at 352 nm in the zenith-sky viewing geometry. The enhance-
ment of the sensitivity to stratospheric BrO at twilight is obvious.

807, 857, 87.5% and 92.37) meaning that the dinrnal variation
of the stratospheric BrO column is actually retrieved from
the observations and not forced a prioni from photochemi-
cal model calculations. Note that photochemical caleulations
are in fact only used to ensure proper calculation of the late
twilight AMF: when two-dimensional gradients of the BrO
concentration are important.

Since the introduction of an extra retrieval parameter for
the slant column in the reference spectrum (RSCD in Eq. 1)
can lead to uowanted uncertainties and retrieval instabili-
ties, RSCD has been determined prior to the inversion as
described 1n more details in Sect. 4.2

33 Averaging kernels

In this section the capacity of the imversion method to sep-
arate adequately the stratospheric and tropospheric signals
from the observations is addressed, based on the concept of
the averaging kernels as developed in (Rodgers, 2000). The
averaging kernel represents the sensitivity of the retrieval to
the true state:

i

=]

A=

@

@y

X

where ¥ is the retrieved state vector (i.e. here the tropospheric
and stratospheric VCDs) and x represents the true BrO verti-
cal profiles. Equation (2) can alse be written:

M ax dy G dy ;3
Tayax T ax 3)

where v is the measurement vector, and G i3 the contribu-
tion matrix expressing the sensitivity of the retrieval to the
measurement. The derivative of the measurement vector (the
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Fig. 3. Typical examples of ground-based averaging kemels for
stratosphenic BrO colummns (at 80°, 857 and 87.5° 5ZA) and for
tropesphenc BrO columms (see text).

slant column densities) with respect to the BrO vertical pro-
files have been determined by a perturbation method using
the radiative transfer model.

Figure 3 shows the tropospheric and stratospheric VCDs
averaging kernels (AK) calculated according to Eq. (3) for
three representative values of the SZA (80, 857 and 87.57).
The AK values represent the way the retriieval smooths the re-
spective partial columa profiles (for a 1 km laver around the
altitude given in the y-axis). It can be deduced from Fig. 3
that the wverted tropospheric columns are largely indepen-
dent from the simultaneously inverted stratospheric columns.
The high value of the tropospheric AK nearby the surface
is related to the enhanced sensitivity of the off-axis observa-
tions in this altitude region. On the contrary, the stratospheric
averaging kemels peak in the stratosphere arcund the maxi-
mum of BrQ concentration profiles.

34 Error analysis

The contributions to the total retrieval uncertainty are divided
into three categories: (1) random errors cansed by measure-
ment noise and BrO variability (2) errors affecting the slant
column density in a systematic way, and (3) errors due to re-
maining wncertainties in the modeling and representation of
the atmosphere, affecting the air mass factors.

We investigate the emrors affecting the SCDs and the
AMFs. A careful estimate of the uncertainties 13 especially
crucial at high 5ZA. Indeed, a large part of the informa-
tion used to separate the stratospheric and tropospheric BrO
columns comes from measurements at high SZA. The uncer-
tainties affecting the SCDs (random and systematic errors) as
well as the AMFs are largest at low sun.

Measurement and modeling uncertainties have been es-
timated by means of sensitivity studies. As an example,
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the results for zenith-sky observations are displayed in Ta-
ble 1 for typical low, medivm and high solar zenith an-
gles (respectively 707, 85% and 90° SZA). The scatter of
the measured DSCDs has been found to be relatively con-
stant from month to month. Hence average values of 1.2, 1.9
and 3.4 10" molec/em® have been attributed to random er-
ror sources, respectively, for the three representative SZAs.
These values are also consistent with the one-sigma uncer-
tainties derived from the DOAS fitting procedure. DSCDs
systematic etrors are mainly introduced by vncertainties cn
the absorption cross-sections of the molecules included in the
analysis. leading to mutually correlated DOAS results.

In order to estimate the errors due to absorption cross-
sections and their cross-correlations, one approach is to con-
sider the cross-sections as forward model parameters of the
DOAS retrieval.  Following the formalism introduced by
Fodgers (20007, the forward model parameter error of the
retrieval can be derived from the quoted uncertainties on the
cross-sections used m the DOAS analysis. Based on liter-
ature data and sensitivity tests using vasious data sources,
the following vncertainty figures have been adopted for BrO:
8%, NO2: 3%, O3 3%, O 3%, HCHO: 3% and Ring ef-
fect interferences: 3%. In addition to cross-sections. other
sources of systematic errors can be identified, like the errors
linked to calibration or other additional instrumental uncer-
tainties. As already pointed out in Sect. 3.1, the use of the
DOAS approximation by which slant columns are assumed
te be constant within the spectral fitting window, can alsc be
a signsficant source of systematic nocertainty. Using the op-
timal fitting window derived in Sect. 3.1, sensitivity studies
suggest that these sources of uncertainties do not contribute
more than 5% to the total SCD error. Considering absolute
slant columns (ie. corrected for the BrO residual amount in
the reference spectrum). a constant additional error of £0.5
10Y* molec/em” has been introduced, following estimates de-
scribed in Sect. 4.2, From Table 1, it must be emphasized that
SCDs errors are largely dominated at twilight by systematic
biases mainly introduced by uncertainties on the absorption
cross-sections.

In addition to the error analysis described above, an alter-
natrve study has been performed to estimate systematic errors
due to absorption cross-sections uncertainties. It consisted
in running test retrievals using different sources of cross-
sections available from the literature and imvestigating the
resulting variability of the retrieved BrO slant columns. Un-
certainties empirically estimated in this way were found to
be in good agreement with the values (see Table 1) deduced
from the approach based on the Rodgers (2000) formalism.

Once the total vncertainties on the measurements has been
estimated for each elevation angle and for all solar zenith
angles, the resulting uncertainties on the retrieved strato-
spheric and tropospheric BrO vertical colummns are given by
simple error propagation (see Table 2). The next step is to
evaluate the errors on the AMFs For small 524 (=83,
the stratospheric AMF can be satisfactonly approached by a
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Table 1. Summeary error budget for BrO slant columm densifies (random, systematic and BSCD emror sources) and air mass factors m

zenith-sky geomety, for three representatrve solar zenith angles.

Selar zemith angle

Slant column density emror (x 1013 molec/em?y  70¢ 835 00e
Fandom 12 1% 34
svstematic bias 07 4 6.8
Pesidual slant column density (RSCD) 05 03 03
Total (% 1013 molec/cm?) 1.5 43 7
Total (%a) 13 23 M
Selar zemith angle
Aar mass factor error (3e) T0° 83 Qe
Stratesphere: AM 15 15 33
Stratosphere: PM 15 13 25
Troposphers 3 15 3

gecmetrical calculation. The error on the stratospheric AME
15 therefore negligible. In contrast at high SZA, the strato-
spheric AMF is highly dependent on the BrO concentration
at the bulk altitude for Rayleigh scattering, the latter increas-
g with the SZA (see e.g. Sinnhuber et al., 2002). Hence
accurate moedeling of the photochemistry 1s needed to eval-
wate cotrectly the stratospheric AMFs. To a large extent,
the stratospheric BrO concentration is controlled by W02
through the termeolecular reaction BrO-NO2+M. In order to
minimize errors due to the interplay between BrO and NO;,
the photochemical simulations have been constrained using
NO; profiles derived from simultaneous zenith-sky observa-
tions in the wvisible region (Hendrick et al., 2004). Never-
theless remaining uncertainties in other aspects of the photo-
chemical model calculations may have a substantial impact
on the results. Hence sensitivity studies have been carmied
out in order to estimate the impact of the wncertainties on
main reaction rate constants, following the work presented in
Sinnhuber et al. (2002). The stratospheric AMF errors have
been estimated by the standard deviation of the ensemble of
AMFs generated by varying independently the reaction rate
constants. Results from this analysis are summarized in Ta-
ble 1.

The estimation of the emvors on the tropospheric AMFEs
15 difficult, mainly due to the following two reasons: (1)
the treatment of the radiative transfer down to the surface
strongly depends on the aerosol loading as well as the (un-
known) BrO vertical distribution. and (2) the diurnal van-
ation of the tropospheric BrO content might have to be
taken inte account. Since substantial vncertainties accom-
pany these parameters, several hypotheses have been made
here. Some of these will be justified later on in the dis-
cussion (see Sect. 4). As a baseline for our retrievals, we
have assumed that the asrosol content was small (justified in
Sect. 4.1) and that the bulk of the tropospheric BrO concen-
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tration was mainly located in the free-troposphere (justified
in Sect. 4.4).

A rough estimate of the tropospheric AMFE error has
been cbtained by varying input BrO profiles in the ETM
caleulations.  Gaussian profiles of wvarious heights [5-
8km)] and widths [1-4 km] have been used to this purpose.
Corresponding tropospheric BrO AMFs show a root mean
square deviation of less than 13% as indicated 1n Table 1. For
the divrnal variation, we assume that the kmown photochem-
istry of BrO in the lower stratosphere constitutes a reason-
able proxi for the free troposphere (Schofield et al., 2004a,
b). In reality. one may expect the tropospheric BrO amount
to vary in response to e.g. emissions from the cceans, me-
teorological conditions. changes in photolysis rates (e.z. due
to clouds), and other physical and chemical processes. It 13
difficult to comprehensively account for all these effects in
a realistic way. However, in order to roughly estimate the
order of magnitude of errors related to dinmal variaticn ef-
fects. we have considered two extreme cases: (1) the baseline
tropospheric BrO divmal vanation, where basically the BrO
concentration drops to zero from noon to late fwilight and
(2} the case where tropospheric BrO has no diurnal varia-
tion at all (which is very vnlikely). We assume that in reality
the tropespheric BrO diurnal variation lies somewhere in be-
tween these two cases. Test retrievals considering these two
scenarios resulted in minor differences on the inverted BrO
columns (approzimately 110" molec/em?).

The main sources of uncertainties on the imverted BrO
VCDs (obtamned by propagation of the error discussed above)
are summarized 1n Table 2 for morning conditions. Although
not reported here, similar results have been derived for after-
noon observations. As can be seen, stratospheric VCDs have
largest uncertainties (=30%) at low sun and at very high sun,
while errors are kept in the range of 20% for intermediate
values of the SZA. The absclute error on the tropospheric
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Table 2. Summary error budget for moming stratospheric BrO and tropospherie BrO columms.

Stratospheric VCD error (1013 molec/em?®)  Tropospheric
Solar zemith angle (*) VCD emror

Emor source 45 80 85 875 925

Slant column densities 0.5 03 03 03 0.1 03
Stratospheric AMFs =01 =01 =01 =01 =01 =01
Tropespheric AMFs 0.6 04 0.3 0.z 0.1 04
Total VCD error (= 1013 molec/om?) 0.8 0.3 04 0.4 0.1 0.5
Total VCD error (%a) a0 21 17 17 i3 46

BrO VCD. mainly dominated by uncertainties on the tropo-
spheric AMFs and on the measured SCDs, 1s estimated to be
about 45%.

4 Results and discussion

To sumplify the discussion. we first restrict the analysis to
clear-sky measurement days when the transfer of the scat-
tered radiation can be simulated with best accuracy. We fo-
cus on the determination of three kev parameters that control
the accuracy of the target BrO VCD products: namely the
aerosol extinetion, the residual BrO slant column density in
the reference spectrum and the shape of the tropespheric BrQ
profile. Results are then discussed with regard to our current
understanding of the bromine chemistry i both the strato-
sphere and the troposphere. In a second step. a simplified
version of the inversion algorithm 1s applied to the whole
series of measurements from from Avgust 2004 vatil June
20035, and the consistency of the retrieved BrO columns i
investigated in comparison with coincident satellite observa-
tions from SCIAMACHY.

4.1 Determination of the aerosol settings

The light path of photons scattered in the lower atmosphere is
strongly dependent on the aerosol loading, especially nearby
the surface. A good estimate of the aerosol extinction profile
is thus needed for the calculation of the tropospheric BrO
AMFs. This is especially true for small elevation angles,
which in principle have the longest light paths. As suggested
by Wagner et al. (2004) and Friel et al. (2008), multi-axis ob-
servations of the oxygen dimmer Oy can be used to deduce
the astosol extinction profile. The analvsis of asrosol prop-
erties has to be limited to measurements without significant
cloud influence, since Oy absorptions are greatly affected by
clouds. Out of the complete 2004 data set (Le. approximately
six months of measurements), seven days could be selected
as fully clear sky days (day numbers 242, 246, 253, 271,
272, 326, 346). based on an analysis of the divrnal variation
of the measured Oy absorptions at all elevation angles. For
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all these davs, O4 absorptions were found to follow the same
smooth dinrnal evolution, indicating similar aerosols scenar-
ics. In Fig. 4., the O4 DSCDs averaged on the selected days
(and on a 2.3° SZA bin gnid) are represented as a function
of SZA for moming and afternoon observations. In order to
reproduce the 04 observations. a set of Oy AMFs were com-
puted for each elevation angle and for different aeroscl ex-
tinction profiles. Radiative transfer calenlations were initial-
ized using vertical profiles of Oy, pressure, temperature and
03 characteristic of tropical regions, according to the AFGL
atmospheric constituent profiles data base (Anderson et al.,
1986). The aerosol extinction profile was then varied until
good agreement was found for the O4 verticals columns de-
rived from all viewing elevations. This procedure is similar
to the one proposed and applied 1n Heckel et al. (2003). As
demonstrated in Fig. 3, the optimal aerosol extinction pro-
file corresponds to an aerosol visibility (Middleton, 1932) of
80km with an enhanced maritime aerosol load (extinction
~0.2km™") introduced into a 100m thick laver abowve the
surface. Og VCDs retrieved assuming an aercsol visibility of
40 km are also shown for companson purpose.

4.2 Determination of the residual slant column density

In this work, the zenith-sky and off-axis measurements have
been processed using a fixed zenith reference spectrum se-
lected at minimum solar zenith angle (28.7% SZA) on 2
September 2004, As mentioned earlier, the introduction of an
extra fitting parameter for the residuval slant column (RSCD
in Eq. 1) can be a source of uncertainty for the retrieved
stratospheric and tropospheric BrO VCDs. In order to mini-
mize this error and stabilize the retrieval process. the residual
slant column density is therefore determined prior to the in-
version process so that absolute slant columns (rather than
differential SCDs) can be fitted.

The residual slant column density has been estimated
from an average of clear davs measurements (selected in
Sect. 4.1). assuming that the BrO field 15 stable enough
to allow meaningful interpretation of the resulting averaged
SCDs. This assumption will be further verified in Sect. 4.3,
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Fig. 4. Dufferential slant colunns of Oy measured for different el-
evation angles as a fimehion of the SZA. Moming and aftemoon
measurements are displaved together. The Oy D3SCDs have been
averaged from a selection of 7 clear-sky days and bmned on 2 gnd
of 2.3% SZA.

Based on Eq. (1), the RSCD is treated as an additional pa-
rameter i the BrQ VCDs retrieval. In order to minimize the
unpact of nncertainties related to the dimal varation, sys-
tematic measurement errors or AMFEs modeling ervors (all
becoming important at twilight), only the measurements cot-
responding to solar zenith angles lower than 85° are consid-
ered. This also reduces the number of fitted parameters and
therefore stabilizes the inversion for the BSCD. Using this
approach, residual slant column densities of §.42:10% and
6.37 % 101 molec/om” are retrieved. respectively from morn-
g and afterncon measwrements. The (small) differences
the retrieved RSCDs can be aftributed to a large extend to the
propagation of the measurement errors inte the BeO VCDs
retrieval. An error analysis according to Sect. 3.3, leads to
a best estimate of 6.4=+0.5x10'* molec/cm”. Furthermore,
thiz value is found to be consistent with the re-caleulated
ESCD based on the retrieved VCDs evaluated at the time
of the reference spectrum.

4.3 Clear-sky results

The inversion technigue described in Sect. 3.2 has been ap-
plied to the restricted data set of clear sky measurements. also
used for the aerosel and residual BrO column determination.
The resulting retrieval fit results are displaved in Fig. 6. For
the sake of clarity. only afterncon results are represented for
a limited number of viewing directions. As can be seen, the
modeled SCDs are consistent with the observations, for all
SZA and viewing angles. In Fig. 7. the differences between
the measured and the modeled slant column densities are
shown as a function of the SZA. for the vanious elevation an-
gles. A comparison with the results of the algorithm assum-
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ing that BrO would only be present in the stratosphere clearly
demonstrates the need to include both a stratospheric and a
tropospheric BrO contribution i the inversion process. The
level of agreement between the elevation directions observa-
tions strongly depends on the hypothesis made for the tro-
pospheric BrO profile as part of the tropospheric AMFs cal-
culations. This will be addressed in the next section. where
the relevance of using a fiee-tropospheric profile as derived
in Fitzenberger et al. (2000) is tested and discussed.

The retrieved BrO vertical columns and their respective
retrieval uncertainties (based on the error analysis developed
in Sect. 3.4) are displayed in Fig. 8, for both morning and
afternoon conditions.

431 Tropospheric BrO

Tropospheric BrO vertical columas (at 807 of SZA) of about
1.1 and 1.2x10" molec/cm® are refrieved independently
from moming and afternoon measurements separately, with
a mean vacertainty of about 0.5 10Y molec/em?. This rep-
resents approximately one third of the total BrO column re-
trieved at the same SZA and therefore supports the existence
of significant sources of inorganic bromine in the tropical tro-
posphere.

Such results are roughly consistent with mid-latitude tro-
pospheric BrO background values of 1-3 x 10" molec/em’
obtained from GOME. ground-based and balloon measure-
ments (e.g. Van Roozendael et al., 2002). Similarly GOME
measurements over the equatorial pacific using a technique
contrasting cloudy and clear-sky scenes conclude to a back-
ground tropospheric BrO column of 1-4 310" molec/em?
(Rachter et al., 2002). The combined use of SCIAMACHY
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Fig. 7. Betneval residuals for averaged clear-sky data (see text), as
a fimetion of the SZA. The modeled SCDs are subtracted from the
measured SCDs, for all viewmg directions. Two different assump-
trons are made for the BrO vertical repartition: (a) BrO 13 present
in both stratosphere and Toposphere, (b) BrO is enfirely located
the stratosphers.

(cnboard the ENVISAT satellite) nadir and limb observations
also suggests an average global tropospheric BrO column be-
low 15km of about 241013 molec/em?® (Sinnhuber et al
2003). On the other hand, significantly smaller tropospheric
BrO columns in the range of 0.240 .45 10" molec/cm? are
derived from the combined use of direct sun and zenith sky
measurements at the Souwthern mid-latitude site of Lauder
(Schofield et al., 2004a).

More specifically, BrQ measurements in the tropical tro-
posphere have been very sparse and in fact limited to few
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Fig. 8. Mloming and afternoon stratospheric and tropospheric
Br vertical coluums retneved from averaged clear-sky data. The
dashed lines comrespond to stratospheric colummns cbtained from
photochemical model simulations mitialized with SLIMCAT fields
having different contributions from the very short-lived bronune
species (WSLS): (black) 6pptv, (cvan) §pptv and (blue) £ pptv di-
rectly myected at the tropopause. The shaded area comresponds fo
the range of uncertainties associated to reaction rate constants.

studies.  More recently at Nairobi, measurements sim-
ilar to those reported here (Fietkau et al. 2007) con-
clude to tropospheric BrQ columns in the range from 4 to
7.5%10'? molecules/cm® in closer agreement with Reunion
Izland results although still slightly smaller. The difference
could possibly be explained by the fact that the profile inver-
sion used at Nairobi loses sensitivity above 6km of altitude,
while the different stratosphere-troposphere approach used
in our study maintain better sensitivity higher up in the tro-
posphere (see averaging kernels in Fig. 3). Bevond retrieval
issues, the possibility of an added tropospheric BrO content
at Reunion Island due to influx from sea salt aerosol might
also be considered (Fietkan et al., 2007).

432 Stratospheric BrO

The retrieved stratospheric BrO vertical columns and their
respective error estimates (at the chosen SZAs of 457, 807,
85°, 87.5° and 92.57) are dizplayed i Fig. 8. A strong dim-
nal variation is cbserved as a result of the photochemically
evelving interplay between BrO and its nighttime reservoirs
(HOBr. BrONO3) (e.g. Lary et al., 1996a, b). From Fig. 8.,
higher stratospheric BrO columns are found at sunsise than
at sunset, for the reference SZAs of 80° and 85°. The rapid
increase of BrO at suorise is due to the fast photolysis of
HOB1, which is produced during the night due to heteroge-
neous conversion of bromine nitrate by hydrolysis on sulfate
aerosols. The decrease of BrO during the day is related to
the increase of stratospheric NOz, which i turn influences
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the bromine partitioning through the termolecular reaction
BrO+N0,+M.

The stratospheric column results of the photechemical
model (initialized with the chemical fields from the SLIM-
CAT model) are also shown in Fig. 8 (black dashed line). The
diurnal evolution of the measured columns i1s properly cap-
tured by the model, providing strong evidence that the strato-
spheric bromine photochemistry is well understood and rep-
resented. It can also be seen however that modeled vertical
columns are substantially smaller than the retrieved strato-
spheric columns. The shaded region arcund the modeled
vertical columns imndicates the iunpact (at the 1o level) of the
uncertainties of the rate constants for the most important re-
actions. One possible explanation for the vnderestimation
of the BrO columns by the model run can be found in the
way bromine sources (including the short-lived species) have
been treated in the relatively old SLIMCAT version used for
the present work (run D in Feng et al. 2007). These are
represented using a single effective source of CH:Br (with a
mixing ratio of 21.2 pptv at the surface). Since in reality the
short-lived source gases are decomposed faster than methyl
bromide, the Bry mixing ratio could be substantially nnder-
estimated by the model, especially i the lower stratosphere,
which might have an important impact on the integrated BrO
vertical column. In order to investigate this effect. we con-
sidered the extreme case where the short-lhived species are
totally converted in Bry at the tropopause. This was achieved
by applying a simple offset to the SLIMCAT Brymixing ratio
profile (scaled for the contribution of the long-lived bromine
sources only). The stratospheric BrO columns resulting from
this test scenario are displayed in Fig. 8 for contnbutions
of 6pptv (cvan dashed line) and 8 pptv (blue dashed line)
from the decomposition of the short-lived bromine species.
The value of 8 pptv can be considered as a plausible upper
limit for the contribution of the bromine short-lived species,
in agreement with recent studies (Pfeilsticker et al., 2000;
Salawitch et al., 2003; Schofield et al . 2006; Dorf et al
2006a, b: Sioris et al, 2006). This also confirms the find-
ings of Feng et al. (2007), who have tested different methods
of implementing the bromine source gases in the SLIMCAT
model and found that the agreement between model and bal-
loon data 13 significantly improved when having explicitly
the shott-loved source gases.

In order to gain better insight into the consistency between
our retrieved stratospheric BrO content and data from the lit-
erature. the stratospheric BrO profiling algorithm of Hen-
drick et al. (2004, 2007) based on the optimal estimation
technique (Fodgers. 2000), has been applied to the zenith-
sky clear-sky observations performed at Eeunion Island. Fig-
ure 9a displays a comparison of the resulting BrO profile with
those obtained from the balloon-borne SAOZ instrument dur-
g the late afternoon ascent of the balloon at 73°-80° SZA
at the same latitude (22.4% 5, 40°W) 10 Brazil in November
1997 (Pundt et al., 2002), and January—February 2004 during
the Hibiscus campaign (F. Goutail et al., personal communi-
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cation). Since SAOZ balloon measurements are performed
during evening twilight in ascent mode (typically around 86—
87% SZA) the ground-based BrO profile was retrieved from
afternoon observations at the appropriate SZA . Although sig-
nificant changes can be observed in the stratosphere from one
flight to another a reasonable agreement is found between
ground-based and balloon profiles at the same latitude. This
15 especially true for the flight in November 1997.

From the stratospheric BrO profile, it is also possible to
derive a stratospheric inorganic bromine profile based on
estimates of the BrO/Bry ratio given by the photochemical
model. Figure 9b shows the Bry profile deduced from our
retrieved tropical BrO profile. A good agreement i found
with the Bry vertical distribution dertved by Salawitch et
al. (2003) based on SAOZ observations.

From these results, one concludes to a total inorganic
bromine comtent of about 23 pptv. which suggests a con-
tribution from several short-lived organic bromine sources
to the stratospheric inorganic bromine budget, in agreement
with studies from Pfeilsticker et al. (2000) and Salawitch et
al. (2003).

44 Determination of the tropospheric BrO vertical distri-
bution

Since the light path through the troposphere strongly depends
on both SZA and viewing elevation angle, only an appro-
priate tropospheric BrD vertical profile in the AMFs calcu-
lation will lead to a good agreement between the modeled
SCDs and the measured SCDs, for all viewing angles. An
illustration of the sensitivity of the multi-axis DOAS obser-
vations for an absorber located at different altitudes i3 given
in Fig. 10, in the form of awr mass factor (AMFE) curves rep-
rezented for two different values of the SZA (60° and 80°).
By comparing Figs. 6 and 10, it can be easily deduced that
our observations do not show evidence for large amounts
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of BrO in the boundary layer. Indeed this would requize a
systematic and pronounced increase of the measured BrO
SCDs towards low elevation angles, which is definitely not
observed. Based on the error budget of the retrieved BrO
slant column densities (summarized in Table 1), one can-
not exclude a possible enhancement in the range of approxi-
mately 110 molec/cm?, which translate to an upper limit
of 0.5 pptv for BrO being pessibly present in the oceanic
boundary layver at Reunion Island.

If one assumes a BrO profile peaking higher up in the tro-
posphere arcund 6—7 km, Fig. 10 indicates that at low SZA
(607 the AMF 1s almost the same at 3° elevation and at
zenith. a sizeable enhancement of the sensitivity being only
obtained at 18 of elevation. On the contrary at larger SZA
(807), latger AME wvalues are found at both 37 and 18° ele-
vation. This characteristic behavier of the elevation angles
sensitivities for a free-tropospheric profile is consistently ob-
served in the measured slant columns in Fig. 6. In order to
gain information on the vertical distribution of BrO in the
troposphere. sensitivity tests have been made on the average
of the 7 clear days of measurements (selected in Sect. 4.3)
and have consisted in varying bulk altitudes and full widths
at half maximum (FWHM) of Gaussian tropospheric pro-
files used to calculate tropospheric AMFs. The best residu-
als were obtamed for a concentration profile peaking at Gkm
altitude with a FWHM of 2km. for both morning and af-
ternoon observations. A maximuom of 2 to Spptv in the
free troposphere is deduced from our estimate of the tro-
pospheric BrO column (1.140 510" molec/em®). These
results are roughly in agreement with the tropospheric BrO
profile measurements reported in Fitzenberger et al. (2000),
based on balloon borne DOAS observations performed at
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Kiruna, Sweden. In contrast MAXDOAS profile inversion
tesults recently obtained above MNairobi, Kenva (Fietkau et
al. 2007) suggest a bulk tropospheric BrO layer located be-
tween 2 and 3 km altitude, hence slightly lower than found at
Feunion Island.

This apparent discrepancy might be related to the fact that
the inversion techmigue vsed in the Fietkcan et al. (2007) study
was essentially limited to the lowest §.5km. In addition,
Mairobi 15 a continental station located at relatively high al-
titude (1600 m) likely not influenced by bromine emission
from cceanic origin.

45 Seasonal variation

Since cleas-sky observations do not show evidence for size-
able amounts of BrO being present in the lowest troposphere,
one can safely expect that slant colwmn measurements will
generally be weakly affected by the presence of low altitude
clouds and/or particles. Hence we decided to apply our inver-
sion technique on a daily basis in order to derive information
of the seasonal cycle of the retrieved stratospheric and tropo-
spheric Br(D vertical columns.

In order to somehow stabilize the inversion and allow
its application to day-to-day observations inherently nois-
ier than averages considered so far, the algeorithm has been
slightly simplified with respect fo the scheme presented in
Sect. 3.2. Instead of retrieving the divrnal varation of
the stratospheric VCD for each day, it was decided to fix
this variation based on the clear-sky analysis obtained in
Sect. 4.3, Accordingly a single stratospheric BrO vertical
column 1s derived from the inversion process, for a given
reference SZA (807 was selected here), fogether with the tro-
pospheric BrO column. This approach applied separately to
morning and evening cbservations was found to represent the
best compromise between information content and retrieval
noise on a daily basis.

The resulting time-series of stratospheric and tropospheric
BrO columns (hence retrieved at 80° SZA at both sunrise
and sunset) are displayed in Fig. 11, for the entire obsetva-
tion period. Only vertical columns corresponding to retrieval
tesiduals lower than 23 10" molec/em” were considered in
this analysis. This threshold has been chosen in order to re-
ject nnrealistic measurements, contaminated by thick clouds
or affected by spectral artifact due e.g. to anomalously large
04 absorption. The retrieved stratospheric and tropospheric
BrQ columns are on average in excellent agreement with
the values derived from the averaged clear-sky observations
(Sect. 4.3) and show no noticeable seasonal varation. This
tesult is somewhat in contradiction with expectations based
on photochemical considerations valid for tropical latitudes.
Model simulations of the noon or near twilight (SZA<807)
stratospheric BrO column at Reunion-Island indeed show a
small seasonality, with an amplitude smaller than 10%. Such
an effect however lies within the uncertainties of our re-
trieved stratosphenic BrO columns, which moreover do not
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cover a complete annual cycle. Longer observational time
series would certainly help characterizing better the seasonal
variations.

The seasonal photochemical response of stratospheric BrO
to changes in NO: concentration can in fact be studied
with larger sensitivity when considening twilight observa-
tions above 80° SZA. To this aim, comparnisons of modeled
and measured BrO 90-80° differential slant columns were
performed. Under these conditions, results show that both
simulations and measurements present a significant seasonal
cycle which follows the expected anti-correlation with NO;,
L. @ mimmum in summer and a maximom in winter. The
observations also reproduces the divrnal cyele well, with
PM wvalues larger than AM ones. as reported in other stud-
tes (Sinnhuber et al., 2002; Fietkau et al, 2007).

4.6 Comparison with SCIAMACHY total columan BrO ob-
servations

Onboard the ENVISAT platform, the SCanning Imaging
Absorption spectroMeter for Atmospheric CHartography
(SCIAMACHY) measures the sunlight reflected, backscat-
tered or transmitted by the Earth’s atmosphere in the ultratvi-
olet, visible and neai-infrared spectral regions (Bovensmann
et al., 1999). Ameong other geophysical data products, the
vertical colomn of BrQ can be derived from SCIAMACHY
nadir measurements, using DOAS algorithms similar to those
applied to ground-based measurements reported here. Prior
to SCIAMACHY, BrO columns were also measwred by the
GOME instrument onboard ERS-2. However the diffuser
plate used for irradiance measuwrements on the GOME instiu-
ment exhibits a time dependent interference pattern, which
correlates with BrO and prevents reliable independent B+O
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Fig. 11, Total BrO cohmms remmieved from ground-based DOAS
observations at Reumon-Island and from SCIAMACHTY nadir ob-
servations averaged in 2 zonal band of 10 degress centered at the
latitude of the ground-based station.

column measurements to be obtamed with this instrument,
therefore making it unsuitable for an assessment of the trop-
ical BrO content (e_g. Fachter et al., 2002). To overcome this
problem. SCIAMACHY was equipped with a guasi-volume
diffuser plate on the back of its azimuth scan misror (ASM)
with the aim to provide irradiance measurements suitable for
minor trace gases retrievals. SCIAMACHY BrO columns
used in this work were analysed vsing daily sun irradiance
from the ASM diffuser plate, according to retrieval seftings
described in Van Foozendael et al. (2004). To optimize the
consistency with ground-based retrieval. SCIAMACHY BrO
vertical columns were evaluated using AMFs calculated ac-
cording to the BrO vertical distribution retrieved at Reunion
Island.

Figure 12 presents the comparison between SCIA-
MACHY BrO vertical columns extracted from daily fields in
a latitude zone of +/'— 3 degrees around Feunion Island and
the ground-based BrO total vertical columns, photochemi-
cally adjusted at the tume of the satellite overpass using the
BrQ dimwrnal variation determuned in Sect. 4.3, Consider-
ing the nacertainties on both satellite and ground-based BrO
measurements, the agreement obtained is highly satisfying.
Since the ground-based and satellite total column analysis
are essentially independent from each other (the dependency
of the satellite nadir AMF on the shape of the BrO profile be-
ing in practice very small), these results consolidate our con-
fidence in both ground-based and satellite estimates of the
tropical BrO column They also indirectly consolidate our
estimate of the tropospheric BrO column, which as already
stated represents a significant part (one third) of the total BrO
column.

Atmos. Chem. Phys., 7. 47334740, 2007
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5 Conclusions

Tropospheric and stratospheric BrO columns were derrved
using a new double-column inversion method, accounting for
the transfer of the radiation in the atmosphere and the BrO
diurnal variation. This was applied to combined zenith-sky
and off-axis ground-based UV-visible spectroscopic mea-
surements at Eeunion Island. Tropospheric BrO coluvmns of
1.1£0.5x 10" molec/cm® were retrieved, generally in agree-
ment with estimations sparsely available from the literature.
Sensttivity tests demonstrate a substantial contribution from
the free-troposphere (around & km altitude) to the tropo-
spheric BrQ vertical column, however our observations do
not support the existence of significant amounts of BrO in
the tropical boundary layer. These results are in agreement
with recent studies suggesting that tropical biogenic sources
of short-lived organic bromine species might be comverted
into active bromune in the free-troposphere by mechanisms
wolving heterogeneous reactions possibly on ice crystals
and water droplets (Fitzenberger et al., 2000).

The retrieved stratospheric columns show a diornal varia-
tion coherent with photochemical model calenlations based
on recently wpdated rates. From a comparison between the
retrieved stratosphenic BrO columns and results from the 3-
D chemical-transport model SLIMCAT. one concludes that
a satisfactory agreement can only be achieved by assum-
ing an important delivery of Bry (of about 6-8 pptv) i the
stratosphere possibly produced by short-lived bromine or-
ganic compounds, rapidly converted into inorganic forms at
the tropical tropopause. Based on the inversion of the strato-
spheric BrO profile according to Hendrick et al. (2007), a to-
tal stratospheric inorganic bromine content of about 23 pptv
is inferred. which further strengthens the likely importance of
short-lived bromine species as an impoirtant contribution to
the Bry budget. Total BrO columns are found to be in agree-
ment with SCIAMACHY observations in a latitudinal band
centered around Reunion Island. These results consolidate
our confidence in both ground-based and satellite estimates
of the tropical BrO columns.
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Abstract. Ground-based high spectral resolution Fourer-
transform infrared (FTIR) selar absorption spectroscopyv 1s a
powerful remote sensing technigque to cbtain information on
the total column abundances and on the vertical distribution
of various constituents in the atmosphere. This work presents
results from two FTIR measurement campaigns in 2002 and
2004, held at Il de La Réunion (217 5, 537 E). These cam-
paigns represent the first FTIR observations carried out at a
southern (sub)tropical site. They serve the imtiation of regu-
lar, long-term FTIR monitoring at this site in the near fatuze.
To demonstrate the capabilities of the FTIE measurements
at this location for tropospheric and stratospheric monitor-
ing. a detailed report is given on the retrieval strategy, infoi-
mation content and correspending full error budget evalua-
tion for ozene (O3). methane (CHy). nitrous cxide (IN20),
catbon meoneoxide (CO), ethane (CaHg), hydrogen chlonide
(HCY), hydrogen flucride (HF) and nitric acid (HNO;z) total
and partial column retrievals. Moreover, we have made a
thorough comparison of the capabilities at sea level altitude
(St.-Denss) and at 2200 m a.s 1. (Maide). It is proved that the
performances of the technique are such that the atmospheric
variability can be observed, at both locations and 10 distinet

Corraspondence to: C. Senten
{cindy.senten@ aeronomie. be)

altitude layers. Comparisons with literature and with cor-
relative data from ozone sonde and satellite (1.e., ACE-FTS,
HATOE and MOPITT) measurements ate given to confirm
the results. Despite the short time series available at present.
we have been able to detect the seasonal vasiation of CO in
the biomass burning season, as well as the impact of particu-
lar bromass bumning events in Africa and Madagascar on the
atmospheric composition above Ile de La Réunion. We also
show that differential measurements between St.-Denis and
Maide provide useful information about the concentrations
in the boundary layer.

1 Imiroduction

The Network for the Detection of Atmospheric Composi-
tion C']:.ange] (NDACC, http:/Sarww.ndace.org’) 15 a would-
wide network of observatories, for which primary objectives
are to monitor the evolution of the atmosphetic compesition
and structure, and to provide independent data for the vali-
dation of numerical models of the atmosphere and of satel-
lite data. NDACC alse supports fleld campaigns focusing
on specific processes at various latitudes and seasons. Oaly

'This was formerly called the Network for the Detection of

Stratospheric Change or ND3C.

Publizhed by Copernicus Publications on behalf of the European Geosciences Union.
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a few stations in WDACC are situated in the tropical and
subtropical belts. In particular, there are not vet any long-
term Fourier transform infrared (FTIR) measurements in the
Southern Hemisphere fropics. The only tropical NDACC
stations at which FTIE measurements are performed are
Mauna Loa (19.34° N, 135.6° W) and Paramanbo (3.8°N,
33.2° W), both in the Northern Hemisphere. The former
one 15 at high altitude (34539m a.s.1), and at the latter one,
the measurements are performed on a campaign basis, since
September 2004 only (Petersen et al., 2008). Therefore. we
have chosen the Observatodre de Physique de 1" Atmosphére
de La Féunion (OPAR) to mitiate such measurements. The
QOPAFR. iz located at 21° 5, 33°E, in the Indian Ocean, East
of Madagascar, at the edge between the southern tropics and
subtropics. It is a measurement station led by the Laboratoire
de I"Atmosphére et des Cyclones (LACY) of the Universite
de La Féunicn, that performs radio sonde cbservations since
1992, SAOZ measuwrements since 1993 and lidar measure-
ments since 1994 (Barav et al., 2006). The implementation
of FTIE. solar absorption measurements at this site, providing
information about the total column abundances and vertical
distributions of a large aumber of atmospheric constituents
(e.g.. Brown et al.. 1992), will therefore be a useful comple-
ment to the station’s observations, and will fill the gap in the
Southern Hemisphere tropical region.

In this paper, we present results from the first two FTIR
campaigns that we performed at Jle de La Réunion, in 2002
and 2004, to verify the feasibility of FTIR measurements at
a tropical site and to start the long-term monitoring. Enow-
ing that water vapour is a strong absotber in the infrared and
that there is a larger humidity at tropical sites than at mid-
and high-latitude sites, especially at low altitude. it 13 impor-
tant to characterize the capabilities of FTIR monitoring at a
tropical location. During the first campaign we have made
simultanecus measwrements at two locations with an altitude
difference of about 2.2 km. to compare the observation char-
acteristics at these two altitudes. This campaigna has also al-
lowed us to make some differenfial measurements, charac-
terizing the boundary layer. The second campaizn was made
at the lowest altitude site, to initiate the long-term measure-
ments and to confribute to satellite validation, in partienlar
of the Atmospheric Chemistry Expertment — Fourier Trans-
form Spectrometer (ACE-FTS), onboard the Canadian satel-
lite SCISAT-1 (http:/"www.ace.uwaterloc.ca).

The results presented here concern a number of species
that have been selected for three main reasoms: their im-
portant roles in tropospheric or stratospheric chemistry, their
link to current environmental problems like climate change
or stratospheric ozone depletion. and the fact that they
are needed for satellite vahdation. More specifically, our
analyses focus on the primary greenhouse gases CHa. N;0
and O3, on the secondary greenhouse gases CO and CaHsg,
and on HCIL, HF and HNO;. Apart from their indirect effect
on climate change, CO and C2Hs play a central role in tropo-
spheric chemistry through their reactions with the hydroxyl

Atmes. Chem. Phys., 8, 3483-3508, 2008

radical OH (Brasseur and Solomon, 1984). They are emitted
primarily by anthropogenic sources, and they can be used as
tracers of tropospheric pellution and transport (e.g., transport
of emissiens from biomass buring). becanse they have rel-
atively high tropospheric abundances and long tropospheric
lifetimes.

In the stratosphere, HCl has a nen-negligible impact on the
ozone budget, acting as a reservolr species for chlonne. HE 13
a useful tracer of vertical transport, and of the anthropogenic
emissions of fluorinated compounds.

HNO; s formed i the reaction of OH with N0z and plays
an eszential role as a reservoir molecule for both the NO.,
(nitrogen oxides) and HOy, (hydrogen oxides) radicals. which
are potentially active contributors to the ozone destruction in
the stratosphere through catalytic reactions.

The results cover only short time pertods, but thedr com-
parison with literature data and with correlative measure-
ments shown in the paper. demonstrate the potential of these
measurements at Ile de La Réunion. In particular, we show
that the location of the site East of Africa and Madagascar of-
fers interesting opportunities to chserve transport of bicmass
burning emissions.

Sections 2, 3 and 4 describe the campaign characteristics,
the retrieval method and the optimal retrieval parameters for
every selected molecule individually, Section 5 presents the
associated error budget calculations, fogether with a discus-
sign of the resulting error estimations. Section 6 discusses
the FTIR data as well as compansons with correlative data.
Conclusions and foture plans are given in Sect. 7.

2 Specifications of the FTIR measurement campaigns

During the first FTIR solar absorption measurement cam-
paign at Ile de La Eeéunion in October 2002, two almost
identical instruments, i.e. mobile Bruker 120M Fourter
transform spectrometers, were operated in parallel at two
different locations. The one belonging to the Belgian In-
stitute for Space Aeroncmy (BIRA-TASB) was installed cn
the summit of the mount Maido (2203 m asl. 217045
and 35° 23'E), and the cne from the Université Libre de
Bruxelles (ULB) at the nearby St.-Denis University campus
(30m a.sl, 20° 34’8 and 55 29'E).

The BIRA-TASE imnstrument was placed in an air-
conditioned contaner, and the electricity was provided with
a power generator located south of the container. The so-
lar tracker (purchased from Bruker) was mounted on a mast
attached to the wall of the container, and the zolar beam en-
tered the container through 2 hole in that wall The ULB
instroment was installed in a laboratory of the university. Its
solar fracker (also purchased from Bruker) was attached to
the edge of the roof of the laboratory and the selar beam en-
tered the room through a side-window.

During the second campaign, from Aungust to Octo-
ber 2004, we limited ouwrselves to one instrument from

www.atmos-chem-phys.net/3/3483/2008/
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BIFA-TASE at 5t.-Denis only. The instrument was installed
in the same container as in 2002, now put on the roof of a
umiversity building, with electricity provided by the unrver-
sity network. A different solar tracker was used, built at the
University of Denver and modified at BIRA-TASE (Hawat
et al., 2003; Neef: et al., 2007). In 2002 as well as m
2004, a second mast was used to carry a small meteorolog-
ical station that belongs to the BARCOS system. BARCOS
13 the Bruker Automation and Femote COntrol System de-
veloped at BIRA-TASB to operate the FTIE experiment in an
automatic of remotely contrelled way (Neafs et al, 2007).
It has successfully been used during both campaigns with
the BIRA-TASE instrument. The BARCOS svstem includes
a metecrological station and a data logger to continuously
monitor and log the local weather conditions as well as other
housekeeping parameters, ie.. instrument and enviromment
statns. BARCOS executes a daily script that schedules and
runs the measurements. It interrupts the cobservation sched-
ule when the solar tracker is not capable of tracking the sun
because of the presence of clouds, and it resumes the sched-
ule once the sun re-appears. BARCOS automatically closes
of apens the suntracker hatch when it starts or stops raining,
respectively. Unfortunately, at the time of the campaigns, the
automatic filling of the detector dewars with liquid nitrogen
was not implemented vet. and hence it was not possible to
operate the FTIE instmment without a persen on site.

Both spectrometers allowed a maximum optical path dif-
ference (MOPD) of 250 cm, providing a maximum spectral
resclution, defined as 0.9MOPD, of 0.0036 cm~!. Never-
theless, to record the solar absorption FTIR spectra, we have
not always used the maximum spectral resclution. The ae-
tual resolution has been selected on the basis of the Doppler
broadening of the lines and it has been lowered at high so-
lar zenith angles. in order to reduce the measurement time.
More specific information is given in Sect. 4. For all spectra,
we have used a KBr beamsplitter in the mterferometer, and
one of six different cptical bandpass filters in front of the de-
tector, which is a nitrogen-cooled InSb (indium antimonide)
of MCT (mercury cadmium telluside or HeCdTe) detector.
according to the target spectral range. The optical filters are
the cnes used generally in the NDACC FTIE community. In
particular, during the first campaign in 2002 we have used
filters 1. 2. 3, 5 and 6. while during the second campaign in
2004 we have used filters 1, 2, 3, 4 and &, So during the 2002
campaign the spectral region between 1400 and 2400 cm~!
has been covered using the MCT detector with the NDSC-
5 filter (range 1330-2250em™"). To improve the signal-to-
noise ratio (SNE) in this spectral domain, during the 2004
campaign this region has been recorded with the InSt de-
tector and the NDSC-4 filter (range 18302730 cm '), This
change 1n measurement configuration has an impact on the
guality of the CO data, as will be seen in Sect. 3.2,

The total spectral domain thus covered by our measure-
ments spans the wavenumber range from 600 to 4300 em™h,
i which it is possible to detect, among many other gases,
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Fig. 1. Composite spectra for different bandpass filters (INDSC-
1: red NDSC-2: blue, NDSC-3: dark blue, NDSC-3: green,
and NDSC-4: pmk), taken at Maide (upper plot) and at 5t.-Dems
(bottom plot) in 2002, for solar zenith angles between £0 and 30°.

the target species O3, CHy, W20, CO, C:Hg. HC, HF and
HNO:. Figure 1 shows composite spectra from the first cam-
paign i 2002, at Maido and at St.-Denss, including the dif-
ferent optical bandpasses (shown in different colours). For
this figure, we selected spectra that were recorded on cotre-
sponding days for both locations and at solar zenith angles
between 40 and 30°. All spectra have been standardized to
improve the visibility of the figure. Note that some of the
main absorbers are marked. One clearly observes the re-
duced absorptions by water vapour at the high-altitude site
Maido. For example, the spectral range between 3000 and
3550 cm™’, that is completely opague at 5t.-Denis, can be
exploited at Maido.

Whenever the sky was clear at local noon, a reference HBr
cell spectium was recorded wsing the NDSC-4 filter. For
this purpose, a cell containing hydrogen bromide (HBr) at
low pressure (2 mbar) was placed in the interferometer out-
put beam in front of the InSb detector. and a spectrum was
recorded using the sun as light source. When this was not
possible on several consecutive days because of the noon-
time weather situation. the reference HBEr cell spectrum was
taken the same way, but vsing a tungsten lamp sovrce. The
cell spectra have been analvsed using Linefit version 8 (Hasze
et al., 1999), to monitor the alignment of the instroment. For
the ULE instrument at St.-Dends, 3 cell spectrum was taken
only cnce during the first campaign; it confirmed the correct
alignment of the instrument.

Becaunse reliable solar absorption measurements require
clear skv conditions, the number of cbsetrvation days was
limited: in total, we had about 24 days with observations du-
ing the first campaign and abowt 60 days during the second

Atmos. Chem. Phys.. 8, 3483-3508, 2008

57




H.D.R. Jean-Luc Baray - Chapitre 1, une station d’observation : [’'OPAR

3486

campaign.  Alse, during the first campaign, it was often
not possible to perform the measurements simultanecusly
at both =ites, because the local weather conditions were not
necessarily the same. It 13 worth mentioning that mest of the
measurements have been carried out before noon. becanse
most often clouds appeated in the afterncon.  Sometimes
additional late evemng measurements have been possible at
Maido.

3  General description of the retrieval method

As already mentioned, we have focused on the retrieval of
ozone (O3), methane (CHa), mitrous oxide (N20), carbon
moncxide (CO), ethane (C:Hs), hydrogen chloride (HCL),
hydrogen fiuoride (HF) and nitric acid (HNO3). In addi-
tion to the total column abundances of these molecules, we
have extracted information — whenever feasible — about their
vertical distribution in the altitude range where the pressure
broadening of the absorption lines can be resolved.

For these retrievals, we have used the inversion algo-
rithm SFIT2 {v3.92), jointly developed at the NASA Lan-
gley Research Center, the National Center for Atmospheric
Research (NCAR) and the National Institute of Water and At-
mosphere Research (INIWA) at Lander, New Zealand (Rins-
land et al., 1998). This algorithm uses a semi-empirical im-
plementation of the Optimal Estimation Method (OEM) of
Rodgers (2000). Further details on the SFIT2 program can
be found in the paper by Hase et al. (2004).

All retrievals are executed on a 44 layer altitude grid,
starting at 30m a.sl. for St.-Denis and at 2200m asl for
Maido, with laver thicknesses of about 1.2 km 1 the tropo-
sphere and lower stratosphere up to 33 4km altitude, then
growing steadily to about 4 km around 50 km altstude and to
about §km for the higher atmospheric lavers up to 100 km.
This choice was made to take into account the local atmo-
spheric pressure and temperature varabilities. Daily pres-
sure and temperature profiles were taken from the National
Centre for Environmental Prediction (INCEF).

For the error analysis (see Sect. 3.1.4) we also used tem-
perature profiles from the European Center for Medium
range Weather Forecasting (ECMWE).

3.1 Forward model parameters

The forward model in SFIT2 is a muolti-layer multi-species
line-by-line radiative transfer model. The instrument param-
eters in the forward model include a wavenumber scale mul-
tiplier and background curve parameters, as well as the ac-
tual optical path difference (OPD) and field of view (FOV)
of the mstrument. The background slope and curvature are
determined by fitting a polynomial of degree 2. and the wave-
length shift is also fitted in every spectral micro-window in-
dependently.

Atmeos. Chem. Phys., 8, 34333508, 2008
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To account for deviations from the ideal instrument line
shape function (ILS) due to small instrument misalignments
of imperfections, apedization and phase error functions are
included. These functions can either be acquired from the
Linefit analyses of the measured HBr cell spectra. or they
can be approximated by a polynomial or a Fourder seties of
a user specified order. Owr retrievals have been carried out
using the second approach, ie., fitted empirical apodization
and phase error functions, because in all our retrievals this
approach resulted in the smallest spectral residuals and the
least oscillations in the retrieved profiles. In particular, we
approximated the empirical apodization by a poelynoemial of
degree 2 and, if beneficial. the empirical phase error by a
polynomial of degree 1.

3.2 Ioverze model

The inverse problem consists of defermuning the state of the
atmosphere, in particular the vertical distributions of the tar-
getmolecules, from the cbserved absorption spectra. In order
to zolve this ill-posed problem, the SFIT2 retrievals request
ad hoc covariance matrices for the uncertainties associated
with the a prior vertical profiles of the target gazes and with
the measurements. The retrieved profiles and total column
amounnts of the target species are the ones that provide the
best representation of the truth, given the measurements and
the a priori information, and their respective uncertainties.

3.2.1 A priori profile and associated covariance matrix

The uwsed a priot: profile x; and its covariance matrix S,
should well represent a first guess of the “true” state, in order
to reasonably constrain the retrieval solotion, in particular
at those altitudes where one can hardly get information out
of the measurements. For each target gas we have decided
te use one single a priori profile and associated covariance
matrix for both campaigns. to avoid any biases between the
results and to make sure that the results are directly compa-
rable. The diagonal and off-diagonal elements of each S,
have been chosen such as to yield the best compromise be-
tween the spectral residuals, the nomber of oscillations in the
retrieved profiles, and the nuwmber of degrees of freedom for
signal (DOFS; see Sect. 3.3). We have assumed that the cor-
relations between the layers decay according to a Gaussian-
shaped function. Details about the choice of the a prion ver-
tical profiles and the associated covariance matrices are pro-
vided for each molecule individually in Seet. 4.2,

While we used constant values on the diagonal of 5; for
the retrievals of all molecules, except CHa, we nsed morte re-
alistic uncertainties in the error caleulations. Nevertheless,
the S, matrices used 1n the error analysis still have a Gaus-
sian shape because of the limited knowledge about their full
structure.

www.atmes-chem-phys.net/8/3483/2008/
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322 Measurement noise covariance matrix
The retrieval covariance matrix associated with the measuze-
ments, 5., is considered to be diagonal, containing an ad hoc
estimation of the sguared reciprocals of the SNE of the ob-
served spectra as diagonal elements.

Together with the a priori covariance matrix of the pro-
files, the measurement noise covariance matrix has a great
wfluence on the retrieval characterization and error analvysis.

323 Selection of spectral micro-windows

Deriving information about the vertical distribution of trace
gases out of high resolution FTIE spectra is possible because
of the pressure broadening of the absorption lines, leading
to an altitude dependence of the line shapes. While the line
centers provide information about the higher altitndes of the
distributicn, the wings of a line provide information about
the lower altitudes. Therefore the information content of the
retrieval will strongly depend on the choice of the absorption
lines. For all species, the absorption line parameters were
taken from the HITEAN 2004 spectral databasze (Rothman et
al., 2003). In addition, wpdates for H2O, N2O, HNO; and
C:Hg line parameters that are available on the HITRAN site
(http:/www hitran com) have been included. We have ver-
fied that thev give similar or slightly better spectral fits than
the original HITEAN 2004 values.

The retrieval spectral micro-windows are selected such
that they contain unsaturated well-isolated abscrption fea-
tures of the tasget species with a minimal nomber of inter-
fering absorpticn lines. One also aims at maximizing the
amount of information present in the spectra, represented by
the DOFS.

For the present retrievals, we adopted spectral micro-
windows used by other FTIR research groups and we veri-
fied slight modifications of those micro-windows, in order to
improve our retrievals.

Further details about the micro-window selections and
characteristics are discussed i Sect. 4.1,

3.3 Information comtent and sensitivity

The retrieved state vector x, is related to the a prion and the
true state vectors Xg and x, respectively, by the equation

Ir=X;+ Alx—x,) (1)

(Rodgers, 2000).

The rows of the matrix A are called the averaging kernels
and the trace of A equals the DOFS. For each of the 44 lay-
ers the full width at half maximum of the averaging kernels
provides an estimate of the vertical resolution of the profile
retrieval at the corresponding altitude, while the area of the
averaging kernel represents the sensitivity of the retrieval at
the corresponding altitude to the true state. The DOFS to-
gether with the averaging kernel shapes will define the par-
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tial columns that best represent the retrieval results. The er-
ror analysis (Sect. 3) has been carried out for these partial
columns.

4 Retrieval strategy and spectral fits

In this section, we give an overview of our retrieval approach
for all target molecules.

Table 1 gives a summary of the selected retrieval micro-
windows (fitted simultanecusly). the spectral resolution. the
effective SNE, and the associated interfering molecules, to-
gether with our choice of the diagonal elements and the half-
widths at half-maximum (HWHM) defining the Gaunssian
inter-layer correlation length of 5, adopted in the retrieval.
and finally also the achieved mean DOFS for each target
specties, at Mafdo in 2002, and at St.-Dems in 2002 and 2004,

4.1 Spectral micro-window selections

The micro-windows in which O3, CHs, N2O, CO and CaHg
are retrieved, as well as the interfering absorbers whose to-
tal columns are fitted simultanecusly with the target species,
have been adopted from the EC project UFTIE. (hitp:/farar.
niluno/uftir; De Maziére et al., 2004). Our tests have shown
that these windows are still appropriate for the Maido and
St.-Denis sites at Ile de La Féunion, despite the prevailing
high humidity.

The UFTIE project also provided us with corrected spec-
tral line parameters for ozone in the 2960-2980 cm ™! region
(D. Mendelain and A. Barbe, provate communication), which
improve the spectral fits for C;Hg. For HF and HCI the
fitted micro-windows and interfering species were adopted
from Feisinger et al. (1994) and from Rinsland et al. (2003),
respectively. For the HCI retrievals, Rinsland et al. (2003)
propose to fit two other micro-windows arouwnd 2727.78 and
277578 cm~!. in addition to the two windows we use. But
since they contain strong interfering water vapour lines, fit-
ting them appeared to be problematic at our (sub)tropical
site. We thesefore restricted our spectral fits to the two micro-
windows defined in Table 1. The HNO: micro-window se-
lection 13 based on the discussions by Flaod et al. (2006) and
Petrin et al. (2004).

4.2 Construction of a priori informatien and retrieval re-
sults

421 QOzone (Oz)

For the O3 retmievals, we adopted a single mean
a priori profile from the UGAMP (UK Universities
Global Atmospheric Modelling Programme, hitp//mgamp.
nerc.acuk) climatology, calenlated for a sguare of
2.5 %2.5% enclosing 5t.-Denis (http://badec nerc.acuk/data’
nzamp-o3-climatolegy). which provides a global 4-D
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Table 1. Summary of the retrieval charactenistics for each target species, for the FTIR campaizns at lle de La Réunion. Varab. represents
the diagenal elements of S; and HWHM the mter-laver correlation length in 5, The fourth, fifth and seventh columms list the spectral micre-
windews that are fitted simmultaneously, the associated spectral resolution, and the main mferfering species. SNE is the ad hoe signal-to-noise

ratio adopted in the retrievals. The last columm provides the mean DOFS achieved at Maido, 2002,

AW

and at 5t.-Deniz, 2002 and 2004.

Molecule  Vamzb. [3%]) HWHM  Micro-window(s) Spectral resolution SNE Interfermz DOFS Maide /
[kma] [{:m_ll [{:m_ll SpeCles St.-Dems
03 i [ 1000.00-1005.00 00072 150 HyO 49751
CHy vartable 5 2613.70-261540  0.00513 150 HDO.H;O 22724
2650.60-2651.10 (ftted first),
2835.50-2835.80 Cn
25903.60-2904.03
2921.00-2921.60
NyO 10 5 2481.30-2482.60 0.00513 150 ©0y, CHy, O3 30732
2526.40-2528.20 H:0,HDO
2537.85-2538.80
2540.10-2540.70
Co ] 4 2057.70-2057.91  0.0036 150 O3, 0CS, CO,, 26/28
2069.55-2069.72 N30, H;O
2157.40-2159.35 selar (0 lmes
CyHs 40 5 2576.30-2977.20  0.00513 250 Hp0, CH:, O3 15/17
HC1 i 5 284330284280  0.00513 150 HpOCH.. HDO 12/14
25925, 70-2925.60
HF i 3 403870403205 00072 300 HO 147135
HNO; i 5 3722587480 0.010598 00 OCS CaHe H2O 10/12

climatological distribution of czone covering the years 1985
to 1989 and the altitude range 0 to 100 km.

Figure 2 shows the single micro-window fit of O3 from
a single spectrum on 13 October 2002 and 15 October
2004 at Maido and St.-Denis, respectively, together with the
residuals, computed as measuwred minus simulated transmis-
sion. In the spectral fits for St.-Demis we observe systematic
residuals arcund 1001.10 and 1003.70 em™!, which are due
to water vapour lines. However, fitting Ha O profiles first to
use the resulting daily a priori profiles in the O3 retrieval, or
excluding the two small regions from our micro-window, did
not affect the retrievals significantly.

We cbtamn about 3 degrees of freedom for O3 at both sites.
It iz therefore possible to distinguish 5 independent lavers
with good sensitivity, namely 2 layers in the troposphere (2.2
F01t0 82 and 82 to 17.8km), and 3 layers in the strato-
sphere (17.8 t0 23.8. 23.8 to 31.0 and 31.0 to 100 kum).
422 Methane (CHy)
The CHs a prion profile was based on available data from
the Halogen Occultation Experiment (HALOE), onboard the
Upper Atmosphere Research Satellite (UARS), launched mn
September 1991 (http://haloedata lare nasa. gov'home). CHy
retrievals from HATOE have been validated by Park et
al. (1996). We took a six vear weighted mean of all HALOE
(version 19) vertical profiles from 2000 to 2005 within the
15% longitude and 10° latitude rectangle around Ile de La

Atmos. Chem. Phys.. 8, 3483-33508, 2008

Feunion, with weights defined by the ervors that are provided
tegether with the HATOE profiles.

The resulting weighted mean profile covers the range
14 to 30km. so below and abowve these altitudes we have
extrapolated the profile by repeating the values at 14 and
B80km, respectively. In comtrast to all other retrieved
molecules we have used non constant diagonal elements to
construct S50 This is done, becanse it significantly reduces
the large oscillations in the refrieved profiles that emerge
when using constant vncertainties. The values are caleulated
out of the same HATOE profiles as used to determine the
a priori profile. The obtaned variabilities (in percentage)
from 14.2 to 784 km are then extrapolated to the complete
altitude range by repeating the first and last value. The off-
diagonal elements are defined by a Gaussian distribution hav-
ing 3 HWHM of 5km and finally the matrix is transformed
inte sguared volume mixing ratio vaoits.

Figure 3 shows the multiple micro-window fit of CHs from
a single spectrum on 16 October 2002 and 12 October 2004
at Maido and St -Denis, respectively. together with the resid-
nals, computed as measured minus simulated transmission.
Mote that the retrieved profiles slightly oscillate near the sur-
face.

As the number of degrees of freedom 13 about 2 at both
sites, we manage to resolve two independent partial columns
of CHy, namely 2.2 to 11.8km and 11.8 to 100 kam for Maido
and 0.1 to 8.2 and 8.2 to 100km for St.-Denis.

www.atmes-chem-phys.net/8/ 34832008/
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Fig. 2. Single micro-window (1000.00-1005.00 cm—1) fit of O3 plus interfering species from a single spectrum on (a) 13 October 2002 at
Maide and on (b) 13 October 2004 at St-Demis. Measured (blue) and simulated spectra {green) are shown (left lower plot), together with
the residuals (left upper plot), computed as measured minns sinmlated. The nght plot shows the a prior (green crosses) and remieved (blue

diamands) profile.
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Fig. 3. Multiple micro-window (MW1: 2613.70-2615.40, MW2: 2630.60-2651.30, MW3: 2835 50-2835.80, MW4: 2903.60-2904.03, and
MWS: 2021.00-2021.60cm™?) fit of CH. plus interfering species from a single spectrum on (a) 16 October 2002 at Maido and on (b) 12
October 2004 at St.-Denis. Measured (blue) and sinmlated spectra (green) are shown (left lower plot), together with the residuals (left upper
plot), computed as measured minns simulated. The right plot shows the a priort {green crosses) and retrieved (blue diamonds) profile.

423 Nitrous oxide (N20)

For the N20 a prion profile we used the 1976 ULS. Standard
profile (U.5. NOAA  1976) scaled with a yearly factor of
0.25%, to account for the slight yeazly N20 increase ob-
served by Zander et al. (2003).

Figure 4 shows the multiple micre-window fit of N,0
from a single spectrum on 16 October 2002 and 12 October
2004 at Maido and St.-Denss, respectively, together with the
residuals, computed as measured minus simulated transmis-
siom.

As the number of degrees of freedom for N20 iz about 3
for Maido as well as for St.-Denis. three independent partial
columns can be distinguished, in particular from 2.2 /0.1 to
4.6, from 4.6 to 15.4 and from 154 to 100 km.

wiww.atmos-chem-phys net/8/3483/ 2008/

424 Carbon monoxide (CO)

The CO a prioti profile has been based on available data
from the MOPITT space-borne instrument onboard the
EQS-TEEERA =atellite, which was launched in December
1999 (http:/tetra.nasa. gov/About MOPITT index php). CO
retrievals from MOPITT have been validated by Emmons et
al. (2004). Our CO a priont profile iz a five year mean of
all MOPITT vertical profiles (version L2V5) from 2000 to
2004 within 157 longitnde and 107 latitude around the loca-
tion of our observations. We only used daytime measure-
ments for which the solar zenith angle was smaller than 80°.
The thus obtained mean a prion profile from 0 to 14 km was
then completed with the U.S. Standard Atmosphere (1976)
values from 16 to 100 km.

Figure 5 shows the multiple micro-window fit of CO from
a single spectrom on 19 October 2002 and 12 October 2004
at Maide and St.-Denis, respectively, together with the resid-
vals. computed as measured minus simulated transmission.

Atmos. Chem. Phys., 8, 34333508, 2003
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Fig. 4. Muluple mucro-windew (MW1: 2481.30-2482.60, MW2: 2526.40-252820, MW3: 2337.85-2338.80, and MW4: 2540.10-
2540. 70 em—1y fit of N2 O plus mterfening species from a single spectrum on (a) 16 October 2002 at Maido and on (b) 12 October 2004 at
St.-Denis. Measured (blue) and stmmlated spectra (green) are shown (left lower plot), together with the residuals (left upper plot), computed
as measured minus sinwulated. The right plot shows the a prion (green crosses) and refmisved (blue diamonds) profile.

= T ! e . - . - [ - L e - Bl -
| A7 k ) i . ) LA MR sy !
r r'|'I|‘|IIII :‘IIII'I‘ -"rl f .-'.1.'{.'1 m | n‘ . i.I Ll "r" M '\L\- ll [ | .i' = mpriar
1 1o { * - vt 8 i 5l | J —
L N dioel—— i ) R — ol f il [ | ]
1 F [ i
oy i A M .15; | 4 b an J“
I - |F =30
] -5.'“"' ¥ ]
4 5
L T % it £ 208
' RN 2k
| f H +
| 208 205
I .
'] =,
1 | 8l - 15
i 1) | | 1 - T 1 | | 18 -
I L | | l‘ 1 16t | 1 “I ] . L)
L ! | . v N =l -
L.t UM * GENSNRNES [ SRR S SN N S S S
LR w2 L . A i 2 L a '
* VMl ] 1w (a) Ve =" (b}

Fig. 5. Multiple micro-window (MW1: 2057.70-2057.91, MW2: 2069.55-2060.72, and MW3: 2157.40-2159.35em™") fit of CO plus
mterfering species from a single spectmum on (a) 19 October 2002 at Maldo and on (b) 12 October 2004 at 5t.-Dems. Measured (blue) and
simulated spectra {green) are shown (left lower plot), together with the residuals (left upper plot). computed as mezsured mums simulated.
The nght plot shows the 2 prion (gresn crosses) and retrieved (blue diamoends) profile.

From the first figure it 15 clear that for the 2002 spectra the
CO micro-windows are contaminated by noise, due to the
bad filters choice.

The DOFS for CO in owr measwrements iz about 2.7,
providing us with just 2 independent layers, namely 2.2 to
10.6 km and 10.6 to 100 km for Maido and 0.1 to 9.4 and 9.4
to 100 km for St.-Denis.

425 Ethane (C:Hg)

Between 12 and 30km. the a prioni profile for C:Hs was
adopted from Cronn and Fobinsen (1979) and above 30km
from Rudolph and Ehhalt (1981). Below 12km the a priori
volume mixing ratic was set constant at 7> 101 ppv.

Figure 6 shows the single micro-window fit of CoHg from
a single spectrum on 14 October 2002 and 9 October 2004 at
MMaido and St.-Denis, respectively, together with the residu-
als, computed as measured minus simulated.

Since we obtain about 1.6 degrees of freedom, we consider
only total column amounts of C;Hg,

Atmos. Chem. Phys., 8, 34333508, 2008

426 Hydrogen chloride (HCL)

The HCI a prioti profile between 16 and 60km was created
from HALOE (version 19) cbservations, following the same
approach as for CHy. HC retrievals from HALOE have been
validated by Fussell et al. (1996a). Below 16km the pro-
file was completed with values from Smath (1982) and above
60 km a constant mixing ratio was adopted, which was egual
to the upper value of the weighted mean HALOE profile.

Figure 7 shows the multiple micro-window fit of HC1 from
a single spectrum on 16 October 2002 and 15 October 2004
at Matde and St.-Denis, respectively, together with the resid-
vals. computed as measured minus simulated fransmission.
MNote that arcund 25 km the retrieved profile differs strongly
from the a prion profile. Such deviations are observed for all
our HCI measurements, but up to now we did not manage to
find the origin of this structure.

Again, we can only derive total column amounts, becavnse
the number of degrees of freedom for HCL s about 1.3 atboth
sites.

www.atmeos-chem-phys.net/8/ 348320058/
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4.2.7 Hydrogen fluoride (HE)
The HF a priori profile between 14 and 60 km was derived
from HATLOE (version 19) cbservations, as was done for
HC1. HF retrievals from HALOE have been validated by
Fussell et al. (1996b). The profile was extrapolated with con-
stant values above and below that altitude range, by repeating
the volume mixing ratio at 60 and 14 km, respectively.
Figure 8 shows the single micro-window fit of HE from a
single spectrim on 13 October 2002 and 11 October 2004 at
Maido and St.-Denis, respectively. together with the residu-
als, computed as measured minus simulated transmission.
The 1.5 degrees of freedom tell us that we can only deter-
mine the total columns of HE.

428 Nitric acid (HNO;)
For the creation of an HNO; reference profile, we used

data from the SME instument, onboard the satellite Odin,
launched in February 2001 (http://diamond rss.chalmers se/

www.atmos-chem-phys net/8/3483/2008/

Odin). HNO; retrievals from Odin have been validated by
Urban et al. (2005). In particular, we calculated a five yvear
weighted mean, from 2001 to 2003, of all Odin/SME profiles
(version 2.0) within a 1300 km radius around St.-Denis, with
weights defined by the errors on the Odin profiles. Thas gave
us representative a prioti values between 16 and 36km. Be-
low and above these altitudes we completed the profile with a
seasonal mean climatology for the 0°—20° S latitude band
the period September—November 2002 from the Michelson
Interferometer for Passive Atmospheric Sounding (MIPAS)
onboard ESA’s Envizat satellite, lavnched i March 2002
(http:V/envisat.esa int/instruments/mipas/index html). HNO;
retrievals from MIPAS have been walidated by Oelhaf et
al. (2004) and Wang et al. (2007).

Figure 9 shows the single micro-window fit of HNO; from
a single spectrum on 16 October 2002 and 21 October 2004
at Maido and St.-Denis. respectively, together with the resid-
vals, computed as measured minus simulated transmission.

For HNO; we get about 1 degres of freedom, so again only
total column amounts can be chbtained.

Atmos. Chem. Phys., 8. 3483-3508, 2008
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dhzmends) profile.
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Error budget evaluations
3.1  Adopted approach

Using the formalism described in Rodgers (2000) — assuming
a linearization of the forward and inverse model about some
reference state and spectrum. respectively — the difference
between the retrieved and the real state of the atmosphere
can be written as

T —X=(A-D(x—x3)+ Gy Ep (b=b ) + Gy (¥ —¥,). (2}

where A i3 the averaging kernel matrix as defined in Sect. 3.3,
I the identity matrix, Gy the gain matnix representing the sen-
sitivity of the retrieved parameters to the measurement, Ky
the sensitivity matrix of the spectrum to the forward model
parameters b, by the estimated model parameters, y the ob-
served spectrum, and v, the calculated spectrum correspond-
ing to the retrieved state vector. The equation above splits
the total error in the retrieved profile into three different ervor

Atmos. Chem. Phys.. 8, 3483-3508, 2008

sources, 1., the smoothing error, the forward model param-
eter error and the measurement error. In addition, we have
determined the temperature and interfering species error as
individual contributions to the total random error. Besides
the random errors we must also consider the systematic er-
rors due to uncertainties in the spectroscopic line parameters.
More details about the evaluation of the individual contribu-
tions to the errer budget are provided in the next sections.

5.1.1 Smoothing error

The smoothing esror covatiance is calenlated as (I-A) 5,
(I—AY, where 5; 15 the a priori covariance matrix (see
Sect. 3.2.10. In order to construct a realistic S; matrix, we
need information about the variability and covariances of an
ensemble of real profiles. However, this information 1s not al-
ways available at all altitudes. obliging us to replace S, with
a Gaussian covariance matnx for example, for which we still
have to estimate the natural variabilities and the inter-laver

www.atmes-chem-phys net/8/3483/2008/
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Fig. 10, A prieri uncertzinties {in %2} in the volume mixing ratios of
each remeved trace gas as a fmetion of altitude, used for estinating
the smoothing errors.

correlations based on real data. We have chosen these values
such that S; approaches the covariance matnx derived from
zatellite measurements within the available altitude range.
For each species we calculated the weighted covariance ma-
trix of all available vertical profiles measured by the specified
satellite withm the 153° longitnde and 107 latitude rectangle
around Ile de La Féunion, and used the resulting diagonal
elements to create S,;. The thus obtained variabilities that are
teliakle within a certain altitude range are then extrapelatad
to the complete altitude range ((—~100%km) by repeating the
lower- and vppermost values in percentage. The off-diagonal
elements of S; are defined by a Gaussian distribution hav-
ing a HWHM which can be different for each molecule.
The resulting matrix 1s then transformed into squared vol-
nme mixing ratio vaits. Table 2 summarizes which satellite
data have been used for every trace gas, the altitude range in
which they provide seliable values and the HWHM used to
caleolate the Gaussian off-diagonal elements of the S; ma-
trix. For more information about the satellite data nsed, we
refer to Sect. 6.1. Figure 10 shows the resulting uwncertain-
ties in the a prior volume mixing ratios of each species as a
function of altitude.

3.1.2 Forward model parameter etror

We considered the random uncertainties in the forward
model parameters, described in Sect. 3.1, to be mutually
independent; hence we used a matnix Sp that 1s diagonal.
For the wavenumber shift, backzround curve parameters. and
ILS parameters, we adopted vncertainties of 10%, 10%, and
20%, respectively. The resulting errors on the retrieved target
profile are then calculated as (Gy Ks) 5p (Gy K.

www.atmos-chem-phys net/8/3483/2008/
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Table 2. Source information, altiude range of the obtamed a pri-
on vanability vector and HWHM of the Gaussian off-diagonal ele-
ments of 5, for each molecule.

Molecule  Source Altimde HWHM
range [km] [km]
o P HALOE  10.6-86.8 3
CHy HAIOE 142-784 6
N,0 ACE 7.0-58.8 ]
co MOPITT 4.6-16.6 3
C2Hg ACE 10.6-202 3
HC1 HALOE 154-3848 7
HF HAILOE  154-644 6
HNO; Odin 20.2-348 4

e ]

Fig. 11. Temperature covariance mammix (in K2} from NCEP and
ECMWE temperature profiles at Ile de La Féunion in October 2004,
nsed for estimating the temperature errors.

3.1.3 Measurement exror

The uncertainties coming from the measurement noise are
calculated as G5, G|, where 5, 1s the measurement noise
covariance matrix, defined as a diagonal matrix consisting of
the sguared nodse in the observed spectra. These noise values
have been determined for every fitted micro-window inde-
pendently, as the root mean sgquared value (rms) of the differ-
ences between the observed and calculated spectrum within
each bandpass.

5.1.4 Temperatnre etror

The atmospheric temperatore profile is a forward model pa-
rameter that 13 not fitted. Nevertheless, the associated uncer-
tainties must be considered as well, because they influence
the retrieved profiles via the temperature dependence of the
absorption lines. The temperature error covariance matrix i3
calculated as (GyKr) St I:G-}.KT‘]’: in which Sy iz a realistic
covariance matrix of the temperature profile vncertainties.

Atmos. Chem. Phys., 8, 34833508, 2003
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Table 3. Summary of the error budgets (in %a) on the total (2.2-100 km) and partal columms (altimde ranges specified in km) for each target
species retrieved from the Ile de La Réunion campaign data, for Maido 2002 The total and partial column amovmts (in molecules/cm? ) and
corresponding naniral varabilities (in 3%) are listed in the second and third columns, respectively.

Molecule  Column Natural Temp. Interf FM Meas. Smooth.  Total Line Aar Total
amount vanab.  emor  speciss  param.  emor  emor random  imfens.  broad.  syst
[mc:-'.ec-‘u:m]] [%a] [%a] BITor EITOr [%a] [%a] 2ITor error 2ITor &ITor

[*] [¥] [e] (] [%a] [%a]

0:

2.2-100 73710 1541 047 0.01 0.02 0.41 1.29 1.43 4.7 0.49 4.74

12-82 11 / 111.27 010 039 0.04 437 16.06 16.64 487 6.20 7.95

22-178  7.66x10! 67.00 1.38 0.78 0.10 587 1115 1306 6.81 6.84 9.65

17.8-238 67 1018 19.02 1.26 0.53 0.02 336 13.14 13.63 6.10 8.86 10.75

738310 310x10'% 935 191 0.34 0.10 2463 10.78 11.26 510 2 557

31.0-100 T 108 7.48 197 0.34 0.07 168 872 9.10 4.96 388 6.30

CH,

2.2-100 286x10" 313 0.87 0.01 0.09 016 038 1.06 1961 344 19.91

22-118  2.14x101 67 0.49 0.03 0.23 032 03 0.52 2015 1.66 20.21

11.8-100 716108 375 204 0.10 0.75 062 082 141 1801 1773 15.18

N.0

2.2-100 5.05x10'® 251 012 0.02 0.13 0oe 017 0.26 4.61 0.54 4.69

12-4% 1341018 324 0.99 0.20 0.06 069 208 141 441 873 9.78

46-154 312108 275 0.10 0.06 0.04 0.37 128 1.34 4.63 403 6.15

15.4-100  5.86x 1017 5.49 0.23 0.08 1.43 1.06 138 240 5.03 5.80 7.60

co

2.2-100 761018 1557 0.94 0.01 0.16 637 032 6.45 4.73 037 4.74

2.2-10.6 305 1018 17.13 1.29 0.01 0.12 968 0098 9.51 489 1.85 522

10.6-100  3.75%10"7 19.03 036 0.02 0.33 1210 3358 12.63 4.30 5.19 6.74

C1Hs

2.2-100 9.14x 10! 311 0.62 0.67 0.32 102 038 1.66 1996 727 1124

HCIl

2.2-100 3155101 2095 028 0.03 0.49 0.91 711 7.19 132 34 3

HF

2.2-100 Odac 1015 2448 012 0.01 0.33 161 581 6.04 4.86 0.98 4.96

HNO:

2.2-100 03x1016 5450 0.74 0.01 0.72 1.21 2113 1119 1470 222 14.87

The factor (GyKr). containing the partial dermvatives of 5.1.5 Interfering species error

the retrieval to the temperatures. has been determined by
repeating the retsieval with temperature profiles that are
slightly perturbed at all altitudes separately. Our estimation
of Sy iz bazed on the differences between the NCEP and
ECMWF temperature profiles for Ile de La Féunion in the
period Avgust-October 2004, Tts elements are caleulated as

Stii, i) = E[{Tucepii) — Tecaws (1)) *
(Truceel ) — Tecuwsi 1]

(3

This matrix is visualized in Fig. 11. The 41 profile layers
from high to low altitude are defined as follows: from 100 to
50km by steps of 3 km. from 50 to 10km by steps of 2km
and from 10 km to the surface by steps of 1 km. As the NCEP
profiles do not reach higher than about 34km, we have re-
peated the covariances at 30 km for all altitudes above.

Atmos. Chem. Phys., 8. 3483-3308, 2008

The error on the retrieval of a target gas coming from the
uncertainties in the vertical distributions of the interfering
species has been calcwlated by performing retrievals using
an ensemble of vertical profiles of every significant interferer
separately, representing the uncertainties in its a pricsd profile
(Sussmann and Borsdorff. 2007: Connor et al.. 2008). Con-
sequently we derive an ertor covariance matrix based on the
thus obtained set of retrieved target profile differences rela-
tive to the reference profile. which represents the contribution
of the interfening species uncertainties to the random error.

We have observed that when considering cnly the total
column uncertainties of the interfering species, this error
component 15 clearly vnderestimated in some cases.

www.atmos-chem-phys net/8/3483/2008/
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Tahle 4. Summary of the error budgets (in %6) on the total (0.03-100 km) and partial colunms (altitude rangss specified in km) for each target
species retrieved from the Ile de La Réunion campaign data, for St.-Denis 2004. The total and partial columm amounts (in molecules/cm? )
and corresponding natural variabilities {m %3) are histed in the second and third columns, respectively.

Molecule  Colunm Natural Temp. Imterf FM Meas. Smooth. Total Line Air Total
amount variab,  emmor  specles  param. eITor  eImor randemr  imtens.  broad.  syst
[u:.c-'.ec-‘cmj] [e] [%a] EITOr EIT0T [%2] [%2] BITOT error BITOT BITOT
[%] [] [%e] [*] [%] [%]
0.05-100  7.78x10!8 1443 0.50 012 0.01 031 0.57 0.52 468 0.38 4.69
0.03-82 6461017 10623 0.09 1.02 0.02 384 10.71 11.42 360 4.51 7.19
B2-178  680x10Y 61.72 1.86 1.38 0.09 475 1353 14.53 304 4.68 6.87
178-238 1821018 1038 1.59 1.65 0.04 313 288 9.73 520 7.49 9.12
238310  3.05x1018 931 237 1.48 0.10 2.50 397 7.05 431 1.74 4.65
310100 139108 7.32 1.89 092 0.10 239 660 7.33 5.18 391 6.49
CH,
0.05-100 3381017 3.06 1.08 048 0.01 02 0.18 1.22 1994 317 20.19
0.03-82  223x10'° 378 1.17 0.76 0.21 0.70 0.38 1.68 060 619 2L.60
3.2-100 351018 343 0.94 0.94 0.39 0.68 0.60 1.66 18.69 184% 2629
N-D
0.05-100 6631018 244 0128 002 0.09 0.08 013 0.27 459 0.79 4.66
00546 289108 317 0.80 0.16 0.14 0.32 089 1.25 4.64 6.88 8.30
46-154 311x1018 27 0.34 0.13 0.14 0.25 091 L.02 4.62 17 8.53
15.4-100 6261017 53 020 013 1.04 0.5 1.20 1.69 436 482 6.50
co
0.05-100 2961018 1495 0.69 0.03 0.17 0.46 0.37 0.93 3.03 0.15 3.06
0.05-94 232108 16.80 0.73 0.04 0.14 0.65 1.06 L.45 292 1.02 3.09
9.4-100 638107 1851 0.54 013 0.38 2.09 379 4.38 337 2097 4.65
CoHs
0.05-100 12010 2244 0.78 2.16 0.72 1.92 147 34 1467 304 14.98
HC1
0.05-100 31651013 2263 017 0.67 0.4 227 1095 11.21 250 4.00 4.72
HF
0.05-100 1321013 26.51 0.13 0.12 0.19 1.96 1357 13.71 333 0.20 3.54
HNO;
0.05-100 93581015 60.40 1.28 0.27 0.87 7 1561 15.80 3332 T.00 34,05

3.1.6 Line intensity and pressure broadening error

In addition to the randem ervor budget, we determined the
systematic error in the retrievals onginating from the un-
cettainties in the spectroscopic line intensities and in the
pressure broadening coefficients. We therefore performed
retrievals with perturbed spectroscopic line intensities and
broadening coefficients of the target lines within our micro-
windows. The perturbation of these line parameters is based
on their maximum uncertainties as given by Fothman et
al. (2003). While for all moelecules, except for CHy and
HNO;, these uncertainties are specified within certain limits,
for CHy and HNO: we assumed the uncertainties on the line
intensifies to be 20 and 23%, respectively, as they are only
specified to be larger than or equal to 20%. The corvespond-
ing systematic etror covariance matrices are then calewlatad

www.atmos-chem-phys net/8/3483/2008/

based on the differences between the thus retrieved vertical
profiles and the originally retrieved profiles.

5.2 Discussion

The estimated erzor values for representative Maido and St.-
Denis spectra, recorded at solar zenith angles between 40 and
657, are summarized tn Table 3 and Table 4, respectively.
Mote that we only show the error values for the 2004 cam-
paign at 5t.-Dems, becavse the 2002 campaign at this loca-
tion vields similar values.

The systematic errors are generally dominated by the un-
cerfainties in the line mfensities. For all species, they are
very stmilar at both locations. This is a logical consequence
of the fact that we use the same spectroscopic database and
the same retrieval strategy for both sites.

Atmos. Chem. Phys., 8, 34833508, 2008
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In particular, the systematic errors are especially high for
CHy, HNO; and C:Hg, becaunse of strong wacertanties in
their spectroscopic line parameters.

It can also be seen in Tables 3 and 4 that the uncertainties
on the atr broadening coefficients significantly affect the a1-
rors on the profile retrieval, or the partial column errors, but
that they have a smaller impact on the total column errors, as
one might expect. Only in the case of HCI, the error on the
total column due to air broadening coefficient uncertainties
15 larger than the cne due to line intensity uncertainties.

Regarding the total column smoothing error, we observe
that it 15 larger for the stratospheric species than for the tro-
pospheric species, at both sites. Generally it becomes larger
with decreasing DOFS, and when the true profile has more
vertical structure. For mest molecules, we see slightly larger
PC smoothing errors at Maido, where the DOFS iz slightly
smaller. If the DOFS exceeds one, the smoothing emror 15
larger for the independent partial columns than it is for the
total column. The smoothing error is highest for the par-
tial columns in which the species’ profile has more vertical
structure. For the stratospheric species, the smoothing error
is the dominant contribution to the random error. For the
other species, the main error source may vary.

Daly in the case of CO and CaHs at Maide the measure-
ment noise iz the dominant random error contribution. C2Hg
15 a very weak signature, making the SNE very small. As to
CO, we remind the reader (zee Sect. 2) that mn 2002 at Maido,
we made a less appropriate chodee of optical filter and de-
tector for the observation of the spectral range in which the
CO micro-windows are located, causing a lower SNR and
therefore a larger measurement error. The measurement error
listed in Table 4 for CO at 5t.-Demis represents the nominal
case.

The temperature error is more important when the lower
state energies of the absorbing lines in the micro-windows
become higher, which 1s the case for example for some CHy
and O3 lines. It 13 quite simalar at Maido and St.-Denis.

The emror due to interfering species uncertainties is
dominated by the uncertainties on the HDO and H;0 pro-
files. That explains why it is an important error source for
species with strong H;O and/or HDO interfering lines, like
0Oz, CHy, HCl and C:Hg. As all other intesfering species un-
certainties have a negligible impact on the target species, we
only included the error budgets due to vocertainties on H, 0
and/or HDO in Tables 3 and 4.

We see that in all cases this error 15 lazger at the near sea
level site St.-Denis than at the high-altitude site Maido, con-
firming the fact that the mountain site i3 much less affected
by the high humidity in the (sub)tropics. Actually the mean
H:O colvmmn ameount cbserved above Maido during owr first
campaign is about 1.5 107 molecules/cm?® | while above St.-
Denis it is about 73 10°? molecules/cm?, respectively! The
interfering species error on the total columns s below 0.7%
for all cases at Maido, whereas it rises to about 2 2% for
C.Hjg at 5t.-Denis.

Atmos. Chem. Phys., 8, 34833308, 2008
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The forward model parameter error never is the dominant
error sowrce, except for the partial coloma of N20 above
Maido, above 15.4km. This error source 1s similar at both
measurement stations.

It iz important to note that in all cases the total random er-
rors are smaller than the species’ natural variability, except
for the upper two partial columns of O3 at Maido, This im-
plies that we can effectively extract useful information from
the obtained partial and total colomn time series.

6 Discussion of the retrieval results and comparison
with correlative data

Figure 12 shows the time series of the retrieved total column
amounts (in molecules/cm®) of all species ohserved during
the St.-Denis campaigns in 2002 and 2004

The only reported ground-based measurements of total
column abundances in the same latitude belt that we have
found to compare owr data with, are measurements with a
Bruker 1200 FTIE spectrometer during a ship cruise across
the Atlantic Ocean onboard the German research vessel Po-
larstern, in October 1996 (Notholt et al., 2000). Ouwr mean
total column amounts of Oz, CHy, W20, CO, and C:Hgs mea-
sured at St.-Denis, being 7.6:10'%, 3.6x10'%, 6610,
1.9x10'%, and 1.1x10"® molecules/cm®, respectively, agree
well with the average values reported for this cruise between
15 and 20° 5 for CO and between 20 and 25° 5 for the other
gases, namely 6.9x101%, 351019, 6.4x101%, 2.0x101%,
and 1 .03 10 molecules/cm? respectively.

For HCI and HF. our total column amounts at Maido of
2.8:x10% and 1.0x10" molecules/cm?, respectively, agres
guate well with the valves found by long-term FTIE mea-
surements performed at the Northern Hemisphere sub-
tropical site Izafia (28° N, 167 W, 2370m a.s 1) from 1999
to 2003 (Schneider et al, 2005), namely 2.4 10" and
0.8x10% molecules/cm®, respectively. The same conclu-
sion can be drawn for the O3, N20 and CHy stratospheric
columns. Finally, cur HC1 total column amounts also agree
well with the values found at Mavna Loa (197N, 136° W,
3400m a.sl) by Rinsland et al. (2003), measured with a
Bruker 120HE. FTIR spectrometer from 1995 to 2001.

The fact that we find almost no data at latitudes around
217§ to compare with, demonstrates the impoertance of pet-
forming measurements at Ile de La Féunion.

Becanse of the limited time periods of the measure-
ment campaigns up to now, we can not clearly distinguish
any seasonal variations. Nevertheless, we have observed
some interesting short-term variations (Sect. 6.3), we have
made differential chservations between Maido and St.-Denis
(Sect. §.2). and we have performed comparizons with corsel-
ative data (Sect. 6.1).

www.atmoes-chem-phys.net/8/3483/2008/
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Fiz. 12. Time series of the total colunm amounts (in molecules'cm?) for all retrieved species during the FTIR campaigns at St-Denis in

2002 and 2004.

6.1 Cemparisons with correlative data

6.1.1 Methodology

The retrieval results obtained from our ground-based FTIR
measurements have been compared with correlatrve vertical
profile or partial column data from complementary ground-
based observations at the site or from satellites. If the correla-
tive data have a higher vertical resolution than the FTIE data,
they are smoothed with the FTIR averaging kernels, nsing the
formula

=x+Alx—x,) @)

(Rodgers and Connor, 2003).

For all comparisons with satellite data, we used coinei-
dence criteria of maximum 15 degrees difference in longi-
tude, 10 deprees in latitude, and maximum 24 h time differ-
ence. Besides the comparisons with ACE-FTS data as part
of the ACE validation project, we have compared our FTIR
observations with validated data from the HATOE satel-
lite mnstrument. We have not found any other space-borne

www.atmos-chem-phys net/8/3483/2008/

cotrelative data to compare with, knowmg that MIPAS has
stopped operating in nominal mode in March 2004,

In addition to the compansons with satellite cbservations,
sonde measurements performed at Ile de La Eéunion in the
frame of the SHADOZ network (http://eroc. gsfe nasa gov/
shadoz’) are vsed to evaluate our FTIR data. Unfortunately,
there are no correlative O3 profiles available from the lidar
instrument at Ile de La Féunion, because the lidar was not
opetrational during our measurement CAMPaigns.

The numerical comparisons between the ground-based
FTIE. and the cosrelative data are limited to comparizons be-
tween their respective partial columns (PCs) defined by the
altitude ranges 1n which the DOFS 15 about one. In any case,
the comparisons are restricted to the altimide ranges within
which the sensitivity of the FTIE measurement. as defined
in Sect. 3.3, i3 equal to or greater than 30%. TWe there-
fore define the relative difference between the ground-based
ETIR and correlative smoothed sonde or satellite data as 2
* (PCcor — PCrrm) / (PCrop ~ PCprm) * 100. Note that
this definition implies that none of the data 15 considered as

Atmos. Chem. Phys.. 8, 34833508, 2008
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Table 5. Belative differences (in %) between O3 partial cohumns
from sonde and FTIRE measursments at Ile de La Eéunicon on com-
cident days. DOFS gives the iumber of degrees of freedom for the
partial column in the high sensitivity alide range of both mstr-
ments. The last column provides the randem errors (in %) on the
relatve differences, calculated a3 4 * [PCoopge ® PCrTIR / (PCoonds
+PCppp)? 1 % sqrt (r_r%um —+ agm]_

Diate Altrtude range [km] DOFS  Fel &ff [%]  Evor [33]
1870804  0.05-284 367 -047 212
010904 005322 411 —4.63 203
160904 003310 3178 =777 1.94
041004 0053334 446 —432 0z

a reference. To support the interpretation of the observed
differences between the FTIR and correlative partial column
data. we have evaluated the random errors associated with
the relative differences, from a combination of the random
etrors on the FTIE and sonde or satellite partial columns.
This combined error is calculated as 4 * [PCoor * PCrrm
[MPCoor + ]’(31:-1-11:]2 1% squt l:ch:QR + crl,-:-l-m,'l_. where Tcop
and oprre are the relative random errors on the correlative
sonde or satellite and on the FTIE partial column, respec-
tively. Wote that the smoothing error contribution can be ne-
glected in this evaluation, because we have first smoothed the
higher vettical resolution profiles from the sende or satellite
measurements (Rodgers and Connor, 2003).

6.1.2 Ground-based FTIR versus ozone sonde

There are cnly four days during the second campaign on
which O3 soundings and FTIR measurements have both been
carried out at Ile de La Eéumon. These are 18 August, 1
and 16 September, and 4 October 2004, The vertical profiles
agree well in the high sensitivity altitude range. As an ex-
ample, Fig. 13 shows the comparizon of the Os profiles on
16 September 2004, The relative differences {in %) between
the high sensitivity partial columns for all four days are sum-
marized in Table 5, together with the number of DOFS for
the partial column in the considered altitude range, and the
percentage random errors on the relative differences (as de-
fined in Sect. 6.1.1). from the combined sonde and FTIE ran-
dom errors. Since the random error budget for the ozone
sondes was not given i the NDACC database, we used typ-
ical values from the JOSIE-2000 report (Smit and Straeter,
2004): 3% in every layer from the grovnd vp to 20km. and
7% in the lavers above. From Table 5, we deduce that the
ground-based FTIR retrievals overestimate the amount of O3
between the surface and about 30 km by 0 to §8%. Of covrse,
this conclusion is based on 4 coincidences only. For all days
the combined error is slightly dominated by the sonde errors.

Atmos. Chem. Phys.. 8, 3483-3308. 2008
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Fig. 13. Comparison of O3 vertical profiles at St-Dems on

16 September 2004 obtained from ground-based FTIE. (blue dia-
monds) and O3 sonde (yellow dots). Green triangles indicate the a
priont FTIR profile and red stars the sonde profile smoothed by the
FTIR. averaging kemels.

6.1.3 Ground-bazed FTIE versus ACE-FTS

During the 2004 campaign, there have been five overpasses
of ACE above Ile de La Féwnion: occultation sr3497 on 20
August, occultation 36153 on 2 October, cccultation 556168
on 4 October, occultation :26197 on 6 October, and occul-
taticn 56485 on 26 October. For each of these occultations
we have compared the ACE-FTS profiles (version v2.2) with
our ground-based FTIR data. Note that the profiles measured
by the ACE-FTS occultation on October 26 do not reach al-
titndes below 16.6km. Therefore the resulting comparisons
for that day are not very valuable, but we do include them for
completensss.

We have calculated the relative differences between the
FTIE and smoothed ACE-FTS partial column amounts of
each measured target gas, defined as 2 * (PCacg — PCrrn)
MPCace + PCprir) * 100, in the altitude range where both
FTIF and ACE-FTS are sensitive.

Figure 14 shows examples of profile comparizons for CHy,
HEF, and HNO; on 20 August. for O3, N70, CO and HClon 4
Qctober, and for C2:Hg on 6 October. The horizontal red lines
indicate the altitude ranges of high sensitrvity. Within these
ranges the smoocthed ACE-FTS profiles agree guite well with
the FTIE profiles.

Table & lists all comparison results, for each species and
each coincident cceultation. The above defined relative par-
tial column differences are given (in %), together with the
combined random errors (in %) on these differences. calcu-
lated as 4 * [PCarg * PCrrm / (PCace + P‘C'l.-l-];fuE ] * sqrt
(7ice + OFrm)-

In the discussion of the comparisons with the ACE-FTS
data we will not take into account the results on 26 October,
because of their limited reliability.

www.atmos-chem-phys. net/8/3483/2008/
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Table 6. Belative differences (in %) between ACE-FTS and FTIE high sensitivity partial colunns at Ile de La Réunion in 2004 for each
commmon measured species, together with the combined random errors, defined as 4 ¥ [PCaeg * PCrrrn / (PCacg + PCprm)® 1% sqnt

) . .
E".-iCE + oppp ) (n el

Molecule Date  Alimde range [km] DOFS  Rel diff [%2]  Ermor [%¢]
05 2040804 58474 418 —3.82 0.95
0310004 58474 433 11.11 0.86
(4/10/04 82474 408 6.36 0.84
(6/10/04 5.8-364 346 —1334 1.25
26/10/04 16.6-474 319 —2.83 0.90
CH, 20/08/04 T0-2846 135 —6.16 140
0310104 58-284 142 —5.08 137
04/10/04 22846 120 —6.53 1.64
06/10/04 58286 1.60 —0.22 134
2610004 16.6-28.6 056 203 11.16
N,O 20/08/04 5.8-25.0 1.75 —T7.42 0.59
03/10/04 5.8-31.0 202 —3.14 0.72
(4/10/04 82-31.0 1.70 —4.30 0.74
0610704 582846 6.57 1503 0.73
26/10/04 16.6-25.0 0.70 1236 145
co 20/08/04 7.0-19.0 1.19 —18.80 333
03/10/04 5.8-19.0 1.31 2502 3.49
04/10/04 82-19.0 096 —17.82 327
2610004 16.6-202 0.10 —2.44 357
C:Hs 20/08/04 2-202 (.88 —14.15 8.04
03/10/04 7.0-202 124 2327 6.16
(4/10/04 82202 116 —37.19 7.08
(6/10/04 7.0-19.0 0.78 —39.02 12.98
2610104 17.8-202 0.0 —4775 19,22
HCl 2040804 82474 1.38 10016 410
0310004 94424 128 3031 337
0410004 94424 1.28 1508 341
(6/10/04 82474 125 —82 4.32
26/10/04 16.6-44.8 1.07 2273 158
HF 20/08/04 142402 114 341 312
26/10/04 17.8-382 1.07 —47.65 148
HNO; 20/08/04 16.6-32.2 083 idl 4.67
03/10/04 16.6-28.6 1.09 2503 4.73
04/10/04 16.6-28.6 109 559 4.80
(610004 16.6-322 1.03 —30.89 4.59
26/10/04 16.6-28.6 a7 —49 .62 405

For Oz, the relative differences between ACE-FTS and

ground-based FTIR vary between —14 and +12%,_ in the mid-
dle troposphere (~6 km) up to the stratopanse (~47 km). For
CHs and W70, the relative differences between ACE-FTS
and ground-based FTIR range from —7 to 0% and from —8
te +13%, respectively, in the middle troposphere up to about
30km. For CO and C.Hg, the upper altitude limit for the
comparisen is restricted to 20km; the differences between
ACE-FTS and ground-based FTIR vary between —19 and
+23% for CO, and between —39 and +26% for C:Hs. The
altitude range for the comparizon of HC1 goes from the mid-
dle troposphere to about the stratopanse; the observed diffesr-
ences range from —9 to +31%.

www.atmos-chem-phys net/8/3483/ 2008/

For HF, we have only one reliable comparison, namely
on 20 August, for which the relative difference between the
ACE-FTS and the ground-based FTIR partial column in the
range 14 to 40km 15 about —4%. Comparisons for HNO3
in the range 17 to 30 km. show differences between —31 and
+26%.

In all mentioned comparisons, the variations in the ob-
served differences are larger than what we expect on the
basis of the random errors on the relative differences. For
all species we see that the FTIR errors are egquivalent to or
slightly bigger than the ACE-FTS errors.

Atmos. Chem. Phys., 8, 3483-3508, 2008
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Table 7. Relative differences (in 7

COomImOn measur ed species, together 'i".'.l._].'l the combined random error, “defined as 4 * [PCxaror * PCrmr / (PCxaror T PCrmr)- 1%

LU[_ ALDE + '511:1-_[:\] (in %a).

C. Senten et

al : Ground-based FTIE measurements at Ile de La Féunion

) between HALOE and FTIR high sensitivity parial columns at Ile de La Réunion in 2004 for each

sqrt

Nolecule Date  Altmde range [km]  DOFS  Rel diff [%2]  Emor 3]
05 240/0804 10,6474 3.66 —12.34 164
300804 10,6474 354 —9.03 0.89
310804 10.6-50.8 3.61 —14.82 092
14/058/04 106424 332 —36.51 16.30
15/008/04 10,6508 3.63 —13.09 0.90
16/09/04 10,6474 346 —16.31 0.87
CH;y 20/0804 142-286 071 —6.86 10.71
300804 142286 0.70 —8.47 516
31/0804 14.2-286 0.70 -5 537
14/08/04 142-286 0.69 —4.76 534
15/08/04 142286 069 5.57 787
16/058/04 1422846 0.72 —4.67 544
HCl 2000804 154448 1.09 213 1394
300804 154448 1.00 —7.86 8.87
31/0804 154-23 8 1.91 —1524 11.13
14/08/04 154448 1.20 —47.08 194
15/08/04 16.6—474 0.74 —15.51 187
16/09/04 154448 1.51 204 214
HF 249/0804 154402 A5 —0.10 8.57
3000804 154402 A8 —8.30 a7
31/0804 154402 A7 —13.59 301
14/08/04 154402 A3 —45.44 4.80
15/08/04 154382 11 —1925 173
16/058/04 15.4-382 0 —1.06 4.36

6.1.4 Ground-based FTIE versuz HAI OE

In the same way as we did for ACE-FTS. we have com-
pared our grovnd-based FTIR data with coselative data
from HALOE. Conform to the ACE comparisons in this pa-
per, we have calculated the relative differences between the
FTIE. and smoothed HAT OE partial column amounts as 2 *
(PCraroE — PCrrm) / (PCrar o + PCrrm) * 100, in the al-
titude range where both FTIR and HATOE are sensitive for
the target species.

Figure 15 shows examples of comparisons between re-
trieved FTIR and the original and smoothed HALOE profiles
of O3, CHs, HCL and HF on 16 September 2004, The hoti-
zontal red lines indicate the altitude ranges of high sensitiv-
iy, Analogue to the ACE-FTS comparisons, the smoothed
HALOE profiles agree faurly well with the FTIR profiles
within these ranges. Table 7 gives an overview of all compar-
1zons, for each species and each coincident occultation. The
relative differences on the relevant partial column are given
(in %), together with the associated DOFS and random er-
ror (in u) defined as 4 * [PC[. a10E * PCrre / (PCraros +
PCrrm)” | * sgrt gam]_GE G’FI]RJ It appears in Table 7 that
the discrepancies between HAT OE and ground-based FTIR
partial columns are always latger on 14 September 2004 than
on the other days. We have verified the HATL OE and ground-
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based FTIR data for that particular day and up to now, we
haven't found any good explanation for the large mconsis-
tencies. We therefore don’t take into account that day in the
current discussion.

For HC1 and HF, in general, the HALOE partial columns
in the range 15 to 45km and 13 to 40 km, respectively, are
smaller than the corresponding FTIE partial columns, by
about 7 to 16% and 1 to 20%, respectively. This agrees to
some extent with previous findings by Eussell et al. (1996a.
19980} saving that HALOE slightly wnderastimates the HCI
and HF vmr profiles. In particular, they found that the mean
difference between HALOE and correlative balloon mea-
sugements 15 better than 7% for HF and ranges from 8 to
1924 for HCL throughout most of the stratosphere. Following
Fussell et al. there appears to be a systematic offset between
HAT OE and ATMOS measurements ranging from 10 to 20%
both for HF and HCI, and even reaching 40% for HF in the
lower stratosphere. The differences between the HALOE and
ground-based FTIE Oz partial columns in the range 10 to
47 km vary between 9 and 17%, with the HATL.OE profiles
being smaller than the ground-based FTIR profiles. For CHa.
the HAT OE partial columns in the lower stratosphere (15 to
28 km) are smaller than the ground-based FTIR columns by
about 4 fo 9%.

www.atmos-chem-phys.net/8/3483/2008/
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For O3 and CHy the combined error 15 dominated by the
FTIR errors, whereas for HCL and HF it is dominated by the
HALOE errors.

6.2 Differential observations between Maido and 5t.-Denis

The campaign in 2002 has allowed us to look at the species’
abundances in the about 2.15 km thick atmospheric bottom
laver between 5t.-Denis and Maido. Unfortunately, enly very
few measurements could be made on exactly the same day at
both sites, becavse of metecrological conditions.

Figure 16 shows the total column amounts (TC) of O3,
CHy, N20, CO, C:Hs. HCI1, HE. and HINQj3. retrieved at
Maido and at St.-Denis in 2002, together with their respective
absolute differences, TComepis: — TCMaido. and the combined
random etror on those differences, defined as sqgrt [aslm!m-s *
TCE‘S[Denis + oﬁhmo* TCihlmJ, where dgiDenis a1 Thaide are
the relative random error on the total columns at St.-Denis
and Maido, respectively.

As expected, the total column amounts measured on the
same day at both sites coinecide within the error bars for
the stratespheric species HCL HF and HNO;. For the tro-
pospheric species CHy, W20, CO, and CoHg there is a sig-
nificant offset in their total columns, corresponding to their
abundances in the atmospheric laver in between both obser-

Atmos. Chem. Phys., 8, 3483-3508, 2008

vatories. For Ojz. there is also a small offset, confirming its
non-zero conicentration in the boundary layer.

Based on these differences between the column values at
Maido and at 5t.-Denis, we can derive an estimate of the sur-
face volume mixing ratios of the target species, assuming a
constant vmr between 0.05 and 2 2km. This 15 a good as-
sumption for the well-mixed long-lived gases CHy and N- 0,
and a reasonable approximation for the other ones. Our thus
obtained estimates are 1324 ppbv for CHy, 86 ppbv for CO,
2635 ppbv for N0, and 139 pptv for CoHg.

For CHs and CO the values agree well (ie., within the
error bars) with the ones from the NOAA ESEL Globalview
database  (http:www.estl noaa.gov/gmd/cegg/globalview/
cofcoantre html). namely about 1750 and 30 ppbv, respec-
tively, at 20° 5 in October, if we take into account the
total uncertainties on the total column values, including the
systematic vacertainties. Analogously, owr estimate of the
N:0 surface concentration agrees reasonably well with the
value of 316 ppbv at the Southern Hemisphere station of
Cape Matatula (147 5, 1717 W) in 2002, reported by Jiang et
al. (2007).

www.atmos-chem-phys net/8/3483/2008/
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associated standard deviations measured by MOPITT (red crosses).
The lowest plot shows the relative differences (in %c) between the
MOPITT and ground-based FTIE. data for the CO total columms, on
comeident days.

6.3 Impact of biomass burning emissions on CO and C;H,
abundances

631 CO total columns from ground-based FTIE com-
pared to MOPITT

We compared the retrieved CO total columns with data from
the MOPITT instrument.

Figure 17 shows the CO partial and total columns above
Ile de La Réunion obtained from our ground-based FTIR
measurements during the campaizn in 2004, together with
the correlative total columns from MOPITT. It also includes
the selative differences between both data sets for coineiding
dates, defined as 2 * (TCyoerrr — TCrrm) ¢ (TCuioerrT
+ TCrrm) * 100, We cbserve a very good agreement be-
tween the time series, both showing the seasonal trend of CO
— althongh MOPITT seems to slightly overestimate the CO
concentrations — and an additional increase arouvnd 12 Octo-
ber. The mean relatrve difference between the corresponding
FTIE and MOPITT total column values 13 11.9%. A similar
bias was also noticed by Barret et al. (2003) and Emmons et

al. (2004).
6.3.2 Transport of biomass burning pollutants

The cbserved rise of the CO tropospheric concentrations by
the end of October 2004 agrees with the known seasonal cy-
cle of CO i the scuthern tropical and subtropical regions,
which is attributed to the effect of enhanced mean biomass
burning and cross-equatorial transport of CO from the North-

Atmos. Chem. Phys., 8. 3483-3303, 2008

ern Hemisphere (WO WDCGG, 2006). We have been able
to verify that the additional increase for a few days around
12 October takes place in the (lower) troposphere (see also
Fig. 17) and that it originates from fire emissions in Southern
Africa and Madagasear. In order to establish a clear source-
receptor relationship between the FTIR site at 5t.-Denis and
potential gas emitting locations, we calculated retroplumes
using the Lagrangian particle dispersion mode] FLEXPART,
version 8.2 (Stohl et al., 1998, 2005). This model simulates
the transport and dispersicn of linear tracers, by caleulating
the trajectories of a chosen ensemble of particles. Not only
do the retroplumes trace the origin of a particular air mass,
they also give an estimate on the amount of time the air mass
has spent in close proximity to the Earth’s surface. Knowl-
edge of this residence time delivers insaght into the ratio of
the emitted to detected trace gas. The FLEXPART model
was driven by global wind field data from ECMWTF, with a
spatial resolution of 1717 and 60 vertical levels and a tem-
poral resolution of 31 The fire emissions used are 8 day
averages taken from the Global Fire Emissions Databasze
(GFED), version 2 (Van der Werfet al., 2006), nsing MODIS
fire hot spots (Giglio et al.. 2003). The emissions were dis-
tributed as follows: 20% between (0—100m altitude, 40%
between 100-500m and 40% between 500-1000m. An-
thropogenic CO emissions, which have a small contribution,
were taleen from the EDGAR. 3.2 Fast Track 2000 database
(http:wwrwmap nl'edgar).  Background CO was fixed at
85 ppb, since this is the lowest CO amount between 1 and
13 km, observed by FTIE in the period September—October,
2004, Note that this could well be an underestimation, as
background CO levels are inereasing in this period. For
our calenlations we released 200 000 pasticles between 0 and
13 km over St.-Denis for each corresponding FTIR measure-
ment. Each release lasted for 602 5 and each CO retroplume
was traced back in time for 20 days. For each retroplume.
its restdence time near the surface has been caleuwlated (in
sm® kg~ "), If this response function is folded with the 3-D
field of emission flux data (in kg m~ 571 into this grid box,
a mass mixing ratic at the receptor point 15 obtained. Fig-
wre 18 shows a comparison of time series of CO abundances
between 0 and 13 km altitude at Ile de La Féunion in Octo-
ber 2004, measured by ground-based FTIR and calculated by
FLEXPART. One can clearly see an enhancement in the CO
amounts arovnd 12 October. although much more obvious
in the FTIE time series than in the FLEXPART series. This
increase can be attributed to the transpeort of CO amouats
originating from biomass burmning events in Madagasear and
Southern Africa the days before, as confirmed by Fig. 19,
showing the total CO amounts emitted and transported to Ile
de La Réumon on 12 October.

In order to obtain in the FLEXPART simulations the same
CO levels as the observed ones, we had to increase the GFED
emissions by a factor of 4 the cotresponding time series are
alse shown in Fig. 18, One must not forget however that
there are guite some uncertainties in the fire emissions due to
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Fig. 19. Total amount of CO emitted and transported (in kgz) to Ie
de La Eéumon (located within the red circle) on 12 October 2004,
calculated by FLEXPART.

their high variability. Other factors that could lead to the ob-
served differences between the FLEXPART simulations and
the ground-tased FTIR observations are: (1) we have traced
back the emissions to 20 days, while the lifetime of CO per-
mits contributicns from larger time frames, (2) there are still
non negligible errors in the wind fields, especially in thewr
vertical componeat, (3) the temporal emission rescluticn (8
day averages) is not very accurate, and (4) the choice of the
vertical distzibution of the emissions up to 1 km i3 rather arli-
trary since in reality the altitude dependence of the emissions
13 strongly influenced by the size, temperature, and type of
fire (e.g., Hver et al., 2007).

Einsland et al. (1998) and Zhao et al. (2002) have shown
that CO ephancements ongmating in biomass burning are
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Fig. 20. Correlation plot (n = 42) of CO versus C:Hg total col-
umn amounts {n melecules/cm=) during the FTIE. campaigns at
St.-Demis in 2002 and 2004,

strongly correlated with enhancements in C:Hg. Such cos-
relation has indeed been observed in our data sets: the time
series of the total column values of CaHg at St.-Demis in 2004
shows an increase by the end of October, in line with the
observed merease of the tropospheric CO amonat (Fig. 17).
This 15 even better seen in Fig. 20 that shows the correlation
plot of CO total columns versus CoHg total columns during
the 2002 and 2004 campaigns at St.-Dems. The correlation
coefficient equals 0.91 (oumber of points 15 42). confirm-
ing that the cbserved increases have the same origin, namely
tropical biomass burning in Madagascar and on the African
continent.

7 Conclusions and perspectives

Ground-based FTIR spectroscopy 1s a very useful techmque
to derive total column abundances and low-resolution verti-
cal profiles of many important trace gases in the atmosphere.
The techmgue is being vsed at many stations worldwide,
mostly i the frame of NDACC, but razely at low-altitude
tropical or subtropical statons. Up to now. there are no
regular FTIR. measurements in the southern tropics.

In this technical note, we have reported the first two FTIR
measurement campaigns at Ile de La Réunion, located at
2175 and 35 E. in the southern (subjtropics. The first mea-
surement campaign in 2002 included observations from a
low- and high-altitude site simultanecusly. The second cam-
paign was performed at the low-altitode site St.-Denis only.

We have demonstrated the feasibility of these observa-
tions. at both sites, including a full error budget evalua-
tion. Our results show that we can denve total column
amounts and some vertical profile information for many of
the atmospheric species of mterest in tropospheric and strato-
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spheric chemistry, with a precision that allows the detection
of atmospheric vanability. We also show that the capabilities
at the high-altitude site are better than at sea level, but that it
1s nevertheless possible to also obtain useful data at the low-
altitude site, even if water vapour cavses significant interfer-
ing absorptions in the spectra. The error due to interfering
species is the dominant random error sonrce for the retrieval
of C;Hg at St.-Demis; for all other species, other sources of
efror are mote inportant. In particular, we have shown that
we obtain between 1 and 3 independent pieces of informa-
tion, depending on the species. This allowed us to retrieve
partial column abundances for O3, CHy, N20 and CO and
total column values for HE, HCL, HNO: and C:Hs. We have
verified our data by comparisens with correlative data from
zatellite or sonde, and with literature values.

From the differential measurements performed during the
first campaign. we have retrieved valid boundary layer in-
formation for the tropospheric species. The shestness of the
campaign has prolibited investigation of the variability in the
boundary layer.

It is known that the Southern Hemisphere tropesphere is
affected by biomass burming emissions in the dry season
(September-November), which explains patt of the observed
varation for spectes like CO and C;Hs. Here, we have
confirmed that the chemical composition of the troposphere
above Ile de La Reunion can suffer significant impacts from
biomass burning emission events in Africa and Madagascar.
Such an event was investigated n local spring 2004, sup-
ported by FLEXPART simulations.

It is planned to continue this type of measurements, first
on a campaign basis and in the future on a permanent ba-
s13, and fo retrieve additional species of interest, e.g._ for the
characterization of biomass burning emissions and transpott.

A third campaign has been held in 2007, lasting from May
unfil the end of October; the data will be used for the valida-
tion of TAST onboard METOP-1. A new campaign is planned
for end of 2008 to 2009, From 2010 onward, we will be able
to cperate a Bruker 125HE instrument at the new NDACC
infrastructure at the Maido: this experiment will enable regu-
lar high-quality ground-based FTIR measuraments from this
complementary NDACC site. The measurements will con-
tribute to the NDACC database and further support satellite
and model validation in the tropics where ground-based data
are highly needed. As the dataset grows, it will provide use-
ful information to studies of atmospheric processes in the
southern (sub)tropics.
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1.3 Les données de la Réunion dans les réseaux de recherche et de surveillance

internationaux

1.3.1 Introduction
Pour une station de mesure, intégrer des mesures atmosphériques dans des réseaux de recherche et
de surveillance nationaux et internationaux est particuliecrement important. Cela permet :
- Dr’assurer la qualité¢ des données grace aux dispositifs d’inter-comparaison et le contrdle de
la qualité des données associés a ces réseaux.
- De favoriser les contacts scientifiques avec les autres groupes participant aux réseaux
- D’assurer une bonne visibilité et une utilisation plus étendue de ses données et d’avoir un
acces aux données des autres stations.
- D’obtenir des financements pour le développement, la maintenance et le fonctionnement de

la station.

Aussi, des les premicres mesures a la Réunion, celles-ci ont été intégrées au réseau mondial de
surveillance de la stratosphére NDSC’ en tant que station complémentaire. Soutenu par les agences
scientifiques nationales et internationales, ce réseau s'est développé a partir de 1991 pour favoriser a
I’échelle globale I’implantation de stations de mesures sol destinées a mesurer conjointement les
parametres atmosphériques ayant une influence sur 1’évolution a long terme de 1’ozone
stratosphérique. En 2006, le NDSC devient NDACC'" pour prendre en compte les couplages
dynamiques et physico-chimiques entre la haute troposphére et la basse stratosphére, dans le

contexte du changement climatique.

Le réseau comprend un certain nombre de stations, dont la répartition mondiale est indiquée sur la
figure 1.6. Historiquement, le réseau distinguait des stations primaires disposant d’un ensemble
complet d’instruments destinés a mesurer plusieurs parametres ou composants stratosphériques et
de stations complémentaires disposant d’un ensemble d’instruments plus limité¢ mais soumises aux

mémes criteres de qualité que les stations primaires.

? Network for the Detection of Stratospheric Changes
' Network for the Detection of Atmospheric Composition Change, http://www.ndacc.org/
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Figure 1.6 Répartition des stations NDACC dans le monde

L’origine de I’idée des stations primaires était d’en disposer d’une par tranche de latitude qui serait,
si possible, équipée de I’ensemble des instruments NDACC. Pour différentes raisons, ceci ne s’est
réalisé¢ qu’exceptionnellement, pour laisser la place a des groupements régionaux de stations. Deés
lors cette séparation entre stations primaires et complémentaires perdait son sens, et lors de la
derniére réunion des responsables du NDACC en 2008, il a été décidé de supprimer cette
séparation, et de considérer uniquement des stations NDACC dans une liste unique. Comme on peut
le constater sur figure 1.6, si les régions polaires et les latitudes moyennes sont bien couvertes en
station NDACC, il n'en est pas de méme pour les régions tropicales. La Réunion a donc vocation a

devenir une station référence de ce réseau pour la bande tropicale de I’hémisphere sud.

\

La participation a ce réseau implique un certain nombre d’obligations telles que la livraison
régulicre des données obtenues dans la base de données NDACC, la participation a différents
exercices d’inter-comparaison instrumentales, comparaisons d’algorithme, calibration des
instruments embarqués sur satellites. Ces exercices peuvent déboucher sur la publication d’articles

techniques,.tels que celui présenté dans la section 1.3.2.
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Depuis 1999, la Réunion est également impliquée dans le réseau SHADOZ'", la répartition des
stations dans le monde étant indiquée dans la figure 1.7. Ce réseau vise a constituer une base de
données de sondages ozone dans la bande tropicale de I'hémisphére sud. Au départ, I'objectif de ce
réseau était de valider les méthodes d'estimation du résidu troposphérique de 1'ozone en régions
tropicales a partir des satellites avec un jeu de données indépendant. Par le biais de ce réseau, la
NASA finance 50% des sondages effectués a la Réunion, ce qui a permis de faire passer la

fréquence des mesures de 1 toutes les deux semaines a un par semaine.

Figure 1.7 Répartition des stations SHADOZ dans le monde

La Réunion est également impliquée dans le projet EQUAL'", qui vise a valider les données
satellitales ENVISAT avec des données lidar. Les données lidar température et ozone sont donc
fournies dans cette base de données, la partie ozone de ce projet ayant fait 'objet d'un article publié
dans la session spéciale sur le protocole de Montréal du journal Int. J. Remote. Sensing. (section

1.3.3).

Comme indiqué dans la section 1.2.2 et sur la figure 1.2, 'OPAR est doté d'un photométre CIMEL
dans le cadre du réseau PHOTONS/AERONET", un réseau d'observations en quasi-temps réel de
paramétres optiques visant a la caractérisation des aérosols atmosphériques par radiométrie', la

répartition des stations AERONET étant indiquée sur la figure 1.8.

'" Southern Hemisphere Additional Ozonesondes, http://croc.gsfc.nasa.gov/shadoz/

2 Envisat Quality Assessment with Lidar

3 AEosol RObotic NETwork, http://loaphotons.univ-lille1.fr/photons/index.php

!4 Holben B.N., et al., AERONET - A federated instrument network and data archive for aerosol characterization, Rem.
Sens. Environ., 66, 1-16, 1998.
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Figure 1.8 Répartition des stations AERONET dans le monde

La Réunion est également associée au réseau GEOMON'", dont la mission est de structurer un
systéme d'observation global des gaz a effet de serre, des gaz réactifs, aérosols et ozone
stratosphérique, pour comprendre et identifier le role du changement climatique sur la composition

de I'atmosphére.

Enfin, le réseau GAW'® est le réseau de surveillance des gaz a effet de serre du systéme
d'observation du climat global de ’TOMM’. Au titre de la mise a disposition des radiosondages dans
ce réseau via Météo-France, la Réunion participe a ce programme, dédi¢ a la surveillance de la
pollution de fond de I’atmosphére, est basé sur la mesure in situ et la télédétection des principaux
polluants atmosphériques (composition chimique de l'atmosphére et paramétres physiques qui y
sont liés), sans pour le moment développer concrétement les thématiques scientifiques du réseau
GAW. Cependant, comme il le sera précis¢ dans la section 1.4, la mise en place de mesures in-situ
spécialement dans le cadre de la future station d'altitude nous permettra de développer
I’instrumentation nécessaire pour réellement contribuer a la surveillance de la pollution de fond

atmosphérique.

Le fait de participer a de tels réseaux de recherche implique une lourde tache de validation des
données et de mise a disposition dans les meilleurs délais, a laquelle je me suis consacré de maniere

importante. Pour améliorer a la fois la visibilit¢ de ’OPAR et des données qui y sont produites,

'3 Global Earth Observation and Monitoring of the Atmosphere, http://www.geomon.eu/
'6 Global Atmosphere Watch, http://www.wmo.int/pages/prog/arep/gaw/gaw_home_en.html
'7 Organisation Météorologique Mondiale, http://www.wmo.ch/pages/index_fr.html
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mais également pour optimiser le travail de mise a disposition des données pour les réseaux
internationaux, un site internet-base de données de I’OPAR a été développé par Héléne Ferré et
Franck Gabarrot (figure 1.9). J’ai fait en sorte de leur faciliter la tache et de contribuer au maximum
a ce projet important pour ’OPAR en communiquant un maximum d’informations (textes, photos)

et toutes les données pour documenter les différentes rubriques du site et en répondant au mieux a

leurs sollicitations.

€9 OPAR - Mozilla Firefox
Fichier Edition Affichage Historique Marque-pages Outils mer

@ ® C £y [ o | nttpy/oparuniv-reanion.fis D1 -|[[Gl] Googte »
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e Physique
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1.3.2 Validation des lidar ozone et température dans le cadre du réseau NDSC/NDACC

CRITICAL REVIEW

Review of ozone and temperature lidar validations performed
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The use of assimilation tools for satellite validation reguires true estimates of the accuracy of the reference
data. Since its inception, the Network for Detection of Stratospheric Change (NDSC) has provided systematic
lidar measurements of czone and temperature at several places around the world that are well adapted for
satellite validations. Regular exercises have been organised to ensure the data guality at each individual site.
These exercises can be separated into three categories: large scale intercomparisons using multiple instruments,
including a mobile lidar; using satellite observations as a peographic transfer standards to compare
measurements at different sites; and comparative investigations of the analysis software., NDSC is a research
network, so each system has its own history, design, and analysis, and has panicipated differently in validation
campaigns. There are still some technological differences that may explain different accuracies, However, the
comparison campaigns performed over the last decade have always proved to be very helpful in improving the
measurements. To date, more efforts have been devoted to characterising ozone measurements than to
temperature observations. The synthesis of the published works shows that the network can potentially be
considered as homogeneous within + 2% between 20-335 km for czone and + 1 K between 35-60 km for
temperature, Outside this altitude range, larger biases are reported and more efforts are reguired. In the lower
stratosphere, Raman channels seem to improve comparisons but such capabilities were not systematically
compared. At the top of the profiles, more investigations on analysis methodologies are still probably needed.
SAGE 11 and GOMOS appear to be excellent tools for future ozone lidar validations but need to be better
coordinated and take more advantage of assimilation tools. Also, temperature validations face major difficulties
caused by atmospheric tides and therefore require intercomparisons with the mobile systems, at all sites.

data to test amd improve multi-dimensional atmospheric
chemical and dynamical models. These goals were subsequently
expanded to include establishing the links between changes in
stratospheric ozone, UV radiation at the ground, tropospheric

1. Introduction

The idea to establish a network of high-guality remote-
sounding research stations to observe and understand anthro-

A

DOk 1007 O3

pogenic changes in the stratosphere was first discussed at a
workshop in 1986, The result was the development of the
international Network for the Detection of Stratospheric
Change (NDSC). The initial goals of the network! were to
make the earliest possible identification of chanpges in the
stratospheric ozone layer and related parameters, to study the
variability of the stratosphere, to provide an independent
calibration and validation of satellite sensors, and to provide

Fhizsjournalls @ The Hoypal Society of Chemistry 2004 | . Environ. Monir., 2004, 6, 721-733 -

chemistry, and climate. To meet such objectives, the guality of
the data is one of the key issues and a major challenge the
MNDSC had to face.

While traditional methods such as balloon soundings and
Dobson observations that have so far provided the longest data
series were included in the NDSC, new instruments were
qualified on the basis of being remote sensors, capable of
continuous long-term field operation with the best accuracies.
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Lidar methods, having the required precision and range
resolution, were proposed to be used for ozone, temperature
and agrosol profile measurements. Lidar systems are also good
candidates for atmospheric monitoring because they have low
manpower requirements and modest maintenance costs. To
provide the optimum latitude coverage within the obvious
constraints of guality, funds and resources, it was proposed
that the network would consist of 57 primary stations fully
equipped with all the NDSC-defined instruments: polar, mid-
latitude, and tropical stations in both hemispheres, plus an
equatorial station, Depending on specific site characteristics
such as geography, orography or meteorology, a composite
station may be formed with individual or a limited group of
instruments at different sites within a given latitudinal or
regional zone, Some complementary sites and mobile instru-
ments are also associated with this network to expand the
geographic coverage,

Considering the aims of this network, homogeneity of the
data quality is required on both the temporal scale. for
individual instruments, and on the horizontal scale over all the
instruments involved in the network measuring the same
geophysical quantity. The main limitations for trend detection,
in addition to the natural variability, are temporal discon-
tinuities.® An instrumental bias that remains unchanged is not
in theory a limitation for trend guantification. However,
instrumental changes cannot be avoided with ground-based
instruments running on a gquasi-daily basis spanning decades.
So instrumental drifts are always possible and are in fact a
severe limitation for the investigations of long-term change. It
also appears that the altitude locations of bias and instrumental
drifts are often correlated.

For satellite validation, horizontal homogeneity of the
correlative measurements is required in order to be able to
quantify possible latitudinal bias of the instrument in space.
The NDSC instruments are all research prototypes and have
some differences in their design and final capabilities.
Systematic differences that are of particular relevance for
data guality must be detected, critically analyzed, and ruled
out. The Steering Committez of the NDSC has therefore
proposed to use, when and wherever possible, a mobile system
alternately visiting the different stations of the network.! Since
ozone and temperature trends are expected to be small
compared to the natural variability (around 10% and 1 K
per decade respectively), the investigation of potential bias is
more crucial than for stratospheric asrosol lidar measurements,
where variability is mainly dominated by huge events such as
volcanic eruptions or ice clouds in polar regions. For this
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reason, up to now, more effort has been expended on
intercomparison campaigns for ozone and temperature pro-
files. Since the official inception of the network in 1991, several
campaigns have been organized emploving the NASAS
Gioddard Space Flight Center (GSFC) mobile lidar. However,
comparisons with the mobile lidar are not the only way to
determine the quality of the data and other technigues have
been investigated simultaneously in some campaigns, or more
routinely at some sites. Comparisons with co-located radio-
sondes, or microwave radiometers are often performed, and
also with close-by satellite measurements. There is no absolute
reference instrument and the individual capabilities, and the
network homogeneity, cannot be assured or quantified without
undertaking all the NWDSC validation exercises. Instruments
launched into space are continually improving and their
capabilities are close to what is obtainable from the ground
in terms of sensitivity. Validation using ground-based instru-
ments is therefore pushed to the limit. The use of assimilation
allows, in theory, freedom from most of the possible
discrepancies induced by peophysical causes and non-perfect
spatio-temporal coincidences. However, some weighting of the
data input to the model needs to be decided. The use of the
reference data requires provision of standard values for bias
and noise. After 10 years of operation, a first review of the
validation exercises using NDSC ozone and temperature lidar
is presented.

2. Description of the instruments

Atmospheric ozone profiles up to 453-30 km can be measured
wsing the DHferential Absorption Lidar (DIAL) technigue,
which requires two laser beams in the UV spectral region.” The
basic principle is to transmit two short laser pulses vertically
into the atmosphere, one having a wavelength in an absorption
band of czone and the other not absorbed (or not so strongly
absorbed) by ozone that can be used as reference. The ozone
number density can then be retrieved from the difference in
slope between the absorbed and non-absorbed lidar returns.
Following major volcanic eruptions, it is necessary to avoid
corruption of the backscattered signal caused by enhanced
aerosols, and nitrogen Raman scattering can be used with the
DIAL principle to derive ozone in the lower stratosphere under
these conditions.® On average, the ozone measurement
precision achieved by NDSC lidars is around 1% up to 30 km
2-5% at 40 km and 5-23% at 50 km.

Temperature profiles can be derived from Rayleigh scatter-
ing® by assuming the atmosphere follows the ideal gas law and
is in hydrostatic equilibrium. Temperatures are typically
measured from 30 to around 80 km where atmosphere is not
polluted by the presence of aerosols. Temperature profiles can
be derived with better than 1 K precision from 30 to 70 km.
Above 70 km, the temperature uncertainty increases rapidly
with altitude due to photon counting uncertainties,

Basically, two tvpe of lidar can be found.

(1) DIAL systems designed primarily for ozone density
profiles operating at UV wavelengths and which can also
measure temperature using the non-absorbed channel(s).

{2) Backscatter lidars that use a single wavelength are
specifically used for temperature retrieval and can be based on
visible or UV wavelengths. While the efficiency compared to
DIAL is not entirely obvious, some groups using a temperature
specific lidar system have chosen to use the second harmonic of
the Nd:YAG laser, probably because the visible wavelength is
somewhat easier to manage compared to UV, although tripled
Nd:Y AG and XeF lasers are also used.

In the presence of aerosols, Raman techniques can be used to
extend the temperature profile downward.® However, the lidar
signal is directly affected by the aerosol attenuation and so can
only be used for low to moderate aerosol loading. Alternative
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techniques, wsing the temperature dependence of the rota-
tional-vibrational Raman spectrum, have also been investi-
gated. However, the need for calibration limits the application
of such a method for long-term monitoring. No specific actions
have been planned within the NDSC on this issue and the lidar
community continues to perform further investigations.

The main differences between the lidars involved in the
NDSC are the size of their receiver telescope and their laser
power, ie., power-aperture product. However, these diffe-
rences do not significantly affect the derivation methodology
and their main effect is on the level of the counting noise that
only restricts the altitude range of the measurement or the
integration time for a given accuracy. Many variations in the
actual lidar implementations can be noted, which can explain
the differences observed between the various lidars involved in
the NDSC. One difference is in the methods used to increase
the dynamic range of the measurements. Usually, several
channels with different sensitivity are set up and uwsed
simultaneously. To achieve this goal several technical solutions
can be found and different signal processing methods have
been reported to combine signals to provide a single profile
through the entire stratosphere. The signal background levels
also tend to be specific to a particular instrument design as is
the way this is treated in the data analysis. The background
noise level and the signal-induced-noise (SIN), which is due to
the large initial burst of laser energy and the noise memory of
the photomultiplier, can be mitigated with specific designs and
analyses. The initialization of the temperature profile is
strongly dependent on the lidar power and the methodology.
The presence of asrosols, thefiltering, or the alignment between
the laser and the receiver field-of-view, are also some issues that
have been resolved or at least investigated differently by each
group.

It is difficult o priori to design an ideal lidar system for a
long-term observations, accuracy, and reliability. In theory,
most of the NDSC systems provide adequate designs and
analyses to take care of all the well-known limitations
mentioned previously, Ultimately, cross-validations or inter-
comparisons appear to bethe only way to determine the quality
of the different lidar systems. All the ozone and temperature
lidars participating in the NDSC are listed in Table 1.

However, in this section only lidars that have participated in
NDSC sanctioned validation exercises are reported. Technical
details can be found in specific publications referenced later.
The locations of the NDSC sites extend all over the latitudes
from B0°N to 78°5. Teams directly involved, reveal the large
international community that concerns many countries all
around the world (Canada, France, Germany, Italy, Japan,
Norway, South Korea, The Netherlands, USA).

The GSFC stratospheric ozone lidar was developed by McGee
et al’ as a mobile system to serve as a geographical transfer
reference from one site to another. This instrument began
development with funding from the NASA Upper Amosphere
Program in 1985 and has beena participant inthe NDSC since its
inception. This lidar is howsed in a 45 trailer allowing for
transport around the world, The absorbed wavelength is
provided by a XeCl excimer laser at 308 nm and the non-
absorbed wavelength at 351 nm from a XeF excimer laser (more
recently changed to 335 nm from Nd:YAG third harmonic).
Spectral separation is accomplished using beamsplitters and
interference filters. Each of the elastically scattered signals is
further split to improve the dynamic range: roughly 2-53% is used
to retrieve data in the lower stratosphere® The two nitrogen
Raman channels were added in late 1991 and tested at the first
inter-comparison campaign at the Observatory of Haute-
Provence (OHP) in summer 1992 just after the eruption of
Mount Pinatubo, This permits DIAL ceone retrieval in the
presence of enhanced particle concentrations.” The temperature
profile is computed from the Rayleigh backscattering from the
non-absorbed wavelength down to 28 km and using the Raman
return down to ~15 km when the atmosphere is relatively clean
of aerosols and described by Gross er al.™ This instrument was
used as the mobile reference and visits to many NDSC sites for
collocated comparisons {Table 2).

One of the longest ozone and temperature series using lidar is
available for OHP (43.9°N, 3.7°E). These two measurements
are performed with two distinct instruments located at OHP
that is part of the first NDSC site in the mid-northern
hemisphere: The Alpine station. The ozone DIAL system
operated by the Centre National de la Recherche Scientifique
(CMRS) used a XeCl excimer laser at 308 nm and the third
harmonic of a Nd:'YAG laser at 335 nm, respectively, for the

Table 1 List of ozone and temperature lidars in operation in the framework of NDSC?
NDSC
operation

Site Location Measured parameters/P1 Team and laboratory sinoe Station
Muobile lidar — O3 T, 1 MeGee GEFO/MNASA 1991 Mohile
Eureka BDA"N, B6 42W ONS Pal York University 1943 Archc
Ny-Alesumd TROT'N, 11 9¥E 3, T/H. Meuber, 0. Schrems AW 1991 Arctic
Thule T6.53°N, 68, 74"W T/ G, Fiocco Rome University 1991 Arctic
Sondrestrom 6TON, 50.9"W T/ J. Thayer SRI 2002 Complementary
ALOMAR DIAL 637N, 160°E (NG, Hansen NILU 1995 Complementary
ALOMAR Backse, T/Hauchecorne CHES/SA 1993 Complementary
Hohenpeissenberg 47 80PN, 110Z°E 3, T/H. Clande MOH 1987 Complementary
OHPIMAL 4194"W, 3. T1"E ONS, Godin CWRS/ISA 19491 Alpine
OHP Backscatter TiA, Hauchecorne CHRSSA 1991 Alpine
Taronto 438N, T95"W O3, TS, Pal York University 15 Complementary
Suwon DIAL IT2N, 127 6°E ONC, H. Lee Kyung Hee University 1992 Complementary
Suwon Backscatter THC. H. Lec Kyung Hee University 1995 Complementary
Taukuba 05N, 140.13°E ONH. Nakane NIES 1991 Complementary
TMF AN, 117.7"W O3, T/ 8. MeDermd JPL 19491 Complementary
MLO DIAL 19.54"N, 155 58"W O3, T/ S, MeDermd JPL 1993 Hawaii
ML Backscatter T/ J. Barnes NOAA-CMDL 1904 Hawaii
La Reunion 21 B"M, 55.5°E T/H. Benchenf La Reunion University 1994 Complementary

0N ], L. Baray La Reunion University 2000 Complementary
Lauder 450578, 169.68°E 3, TVD. Swart RIVM 1994 Mew Zealand

T¢ Stefanutti CNR/IROE 19904 Mew Zealand
Doy BHATS, 140,01°E NS, Godm CHES/SA 1991 Antarchc
MeMurdo TTR5"S, 166.70°E T/A . Adriani CHWRJ/IFA 19491 Not NDSC

# Instruments in bold have been compared with the mobile system. O3 and T refer respactively to ozone and temperature while PL mean princi-
pal investigator or the person responsible for the scientific data quality, See the acronym list for “Team and laboratory™,

4. Environ. Monit., 2004, 6, 721-733 -
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Table 2 Intercomparison campaigns with the mobile GSFC lidar

involved

Campalgn name Location Date

Informal TMF Califormia Oct-MNov 1988
STOIC TMF Califormia Jul-Ang 1959

OHFP 92 OHP France Jul-Ang 1992
OPAL Lauder Mew Zealand Apr 1995

MLO2 MLO Hawaii Aug 1995-Feb 1996
STRAT TMF Califormia Feb-Mar 1997
oTolc OHP France Jun-Jul 1947
NAOMI My-Alesund Svalbard Jan-Feh 1998

absorbed and the non-absorbed wavelengths, A multi-channel
monochromator separates the received wavelengths including
(as the GSFC system) Raman channels and low sensitivity
elastic channels. This instrument, redesigned in December
1993, follows a previous prototype that was in operation since
1986. This first instrument described by Godin er al "' had only
two channels, and two measurement sequences had to be made
sequentially with, respectively, the full and a reduced laser
power in order to cover the full 18-45 km altitude range.
The temperature is obtained with an independent instrument,
operating since 1984, using the second harmonic of a Nd: YAG
laser at 532 nm wsing a method described by Hauchecorne and
Chanin.® Since its 'moept'mn, this instrument has undergone
several modifications,”® Prior to 1991, the low sensitivity
channel was constructed similarly to the GSFC lidar system;
now a second independent smaller telescope is used 1o collect
the light from the lower altitudes. This configuration, described
by Keckhut er al \'* has besn preferred to check alignments
between the emitted beam and the receiver field-of-view. This
lidar was redesigned in September 1994 1o increase the
receiving area and the vertical resolution, and to chanpge the
computer and the analysis software. The signals from low and
high channels are first merped together before computing the
temperature profile. This method differs from most of the
DIAL users who derive temperature first and then merpe
the geophysical quantities.

A complementary ozone DIAL lidar is located at Hohen-
peissenberg (47.8°N, 11.0°E) and is closely associated with the
Alpine Station. This lidar system, in operation since the end of
1987, uses a setup very similar to that described by Werner
et al " and Sreinbrecht et al.™® One of the main differences to
the previous systems mentionad here is the use of a single XeCl
excimer laser to generate the absorbed wavelength at 308 nm
and a hydropen Raman shifter for the reference wavelength at
353 nm. To extend the altitude range, the lidar is operated
successively in two modes. The first one dedicated to low
altitude inserts a neutral density filter, with a transmission of
5%, in front of the receiver. No filter is applied in the second
mode but raises the cut off altitude of the chopper to limit the
maximum count rate. Before the derivation of ozone and
temperature, both signals are merged with appropriate weights
to provide a continuous return signal similar to the OHP
temperature lidar analvsis. The interactive determination of the
ratio between both the channels also provides a check for
counter linearity. The DIAL ozone data series has been
measured consistently without any changes in the instrument
parameters.

A similar wavelength generation, with a hydrogen Raman
cell, was used for the DIAL ozone system in operation at
Suwon in South Korea (37.2°M, 127.6°E). In addition to the
stratospheric system, a deuterium Raman cell, providing the
291 and 319 nm wavelengths, was also implemented for
extending czone measurements throughout the whole tropo-
sphere by Park er al.™

The Jet Propulsion Laboratory (JPL) Table Mountain
Facility (TMF) in California (34.4°MN, 117.7°W) acts as an
intercomparison and test research site for many of the NDSC

- J. Enviroan. Menlt., 2004, 6, 721-733

primary instruments. For reasons of not duplicating a northern
mid-latitude primary site it was decided that this would also be
a complementary station. A DIAL system measuring both
ozone and temperature has been in routine operation since
1988 by McDermid er al.'® This is a very large power-aperture
lidar system (100 WY1 m) at a high altitude location (2300 m)
and measures ozone profiles to = 50 km and temperature to
=90 km. It also uses an a XeCl excimer laser at 308 nm and
originally generated the reference wavelength at 353 nm by
stimulated Raman shiftingina hydrogen cell although this was
replaced by a tripled Nd: YAG laser at 355 nm in 2000, 1t was
also supplemented with a tropospheric ozone DIAL operating
at 289/299 nm by Raman shifting of a quadrupled Nd:Y AG
laser in deuterium and hydrogen. This now allows ozone
profiles to be measured from 4 km to =50 km altitude. The
stratospheric ozone DIAL instrument has participated in many
czone inter-comparisons and was the first prototype used by
JPL to design the system implemented at Hawaii. The GSFC
mobile lidar has, and continues, to undergo extensive testing
and intercomparison at TMF. In 1994 the entire TMF dataset
was reanalyzed by Leblanc er al,'” using a new, improved
version of the analysis software.

An ozone DIAL system was also accepted as a complemen-
tary instrument at the National Institute for Environmental
Studies (NIES) in Tsukuba, Japan (36.1°N, 140, 1°W) for ozone
and temperature measurements. The system is similar to the
GSFC lidar and operates 6 channels simultaneously.

The JPL team also operates a DIAL system at Mauna Loa
Observatory {19.3"N, 155.6"W) in Hawaii, since 1993, This
instrument is part of the northern tropical primary NDSC site.
Temperature, ozone, and aerosol profiles are derived with this
lidar using similar hardware and software to those used at
TMF. Two Raman channels have been implemented on this
system to avoid contamination by stratospheric asrosols.
Simultaneously with the relocation from a trailer to the
NDSC building, a new Nd:YAG laser was implemented in
April 2000, Also at MLO (Mauna Loa Observatory), the
longest aerosol lidar series has been obtained with the National
Oceanic and Atmospheric Administration (NOAA) back-
scatter lidar. Recently these data have also been used to
derive temperature profiles.

At Lauder, New Zealand (45.0°S, 169.7°E), the southern
hemisphere mid-latitude primary station of the NDSC,a DIAL
lidar was implemented and measurements started in 1994 by
the MNational Institute of Public Health and the Environment
(RIVM) of The Netherlands. Several chanpes in both its design
and software have been made by Brinksma er al'® since its
inception. Altitude range and resolution were adjusted to better
take into account signal-induced-noise. Effects related to the
field-of-view and alitude offset, were also investigated. In the
analysis, improvements were made relating to the temperature
dependence of the Rayleigh extinction corvection, and filtering.

In the southern hemisphere, CNR S and the University of La
Réunion (Laboratoire de Physigue de I'Atmosphere) implemen-
ted a Rayleigh lidar for temperature measurements at La
Réunion Island (21.8°8, 35.5°W) in 1993, This instrument is very
similar to the OHP system and uses the same algorithm. This
instrument has also been enhanced with complementary channels
for tropospheric ozone, cirrus, temperature, and water vapor
measurements as described by Baray er al'® A new DIAL ozone
lidar in a trailer built in collaboration between CNRS and the
university of Geneva was alsoinstalled in 2000, The design of this
lidar is also very close to the new OHP® instrument.

There are several instruments operating in polar regions and
in the northern hemisphere, the primary site is called the Arctic
Station. Several sites located in the Arctic region compose this
station. An ozone DIAL system was in operation at Eureka,
Canada (80.1°N, 86.4°W) from 1993 to 2000. The design and
data analyses are similar to the system at Toronto, which was
operated by the same group. However, due to the high latitude
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location, ozone and temperature measurements were only
possible during the polar night period from November to
March. A DIAL system providing ozone density and
temperature  profiles was installed in 1990 in Toronto,
Canada (43.7°N, 79.4"W)) by CRESTech and York University.
Raman channels were added in 1995, This system is similar to
the Eureka system mentioned above. Signals from three
altitude ranges are first merged to produce a single raw data
profile, as done for the temperature lidar at OHP and as
opposed to the other teams who first derive the ozone density
and then merge the 3 density profiles.®® The czone profile is
computed from the single composite signal. Temperature
profiles are also derived from the 353 nm signals with a very
similar procedure to the other groups.

A lidar installed in Thule, Greenland (76.5°N, 68.7°W) by
the University of Rome, described by Marenco er al, -
provides temperature using the secomd harmonic of a
Md:YAG laser, similar to OHP. Measurements have besn
carried out at this location since 1993, mostly during night-
times but occasionally in daylight, and on a schedule depending
on weather conditions, This lidar was originally set up for
lower stratospheric aerosol measurements. The transmitter is
based on a two-stage Nd: YA G laser with a second harmonic
generator emitting at 332 nm, a repetition rate of 40 Hz, and an
energy of 300 ml per pulse. The receiver includes a 0.8 m
diameter telescope. A rotating disk (chopper) protects the
photomultiplier from over loading duee to intense signal from
the lowest levels.

Since the winter of 1993, a Rayleigh/Mie lidar has been in
operation at the ARCtic Lldar TEchnology (ARCLITE)
facility located at the National Science Foundation's (NSF)
Somdrestrom upper atmospheric research site near the town of
Kangerlmwn.q Greenland (67.0M, 309.1E). This lidar system
is capable of night and day operations and was described by
Thayer er al. 2 Recently {ULH.II?‘} the Sondrestrom ARCLITE
t"actllty was designated as a primary instrument in the NDSC
Acvrctic Station. While the GSFC mobile system has not vet
visited this site, the temperature data derived there have been
intensively compared with several other sources as_ Nm.mnal
Centers for Environmental Prediction (NCEP) ﬁeldﬁ * satellite
temperature profiles from NASA's Cryogenic Limb Array
Etalon Spectrometer (CLAES) and Microwave Limb Sounder
(MLS) instruments onboard the Upper Atmosphere Research
Satellite (UARS), Polar Ozone and Aerosol Measurement
satellite (POAM 111), Japan's Improved Limb Atmospheric
Spectrometer (ILAS) instruments and NASA s Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER)
instrument onboard the Thermosphere, lonosphere, Meso-
sphere, Energetics and Dynamics spacecraft (TIMED).

Another polar lidar has been in operation at Ny-Alesund,
Spitshergen (T8.9°N, 11.9°E) since 1988, It is a DIAL system
providing ozone density and temperature profiles. During
winter 1993-1994 this system was equipped with Raman
channels, and daylight channels were added in spring 1997 1o
enable vear-round operations. The Artic Lidar Observatory for
Middle Armosphere Research {AL(JVIAI{} described by
Thrane and van Zahn** was established in 1993, and is
located on the Nnrth—Nnrwegmn island of Andova {GG.E’N,
16.0°E). The DIAL czone lidar follows the standard design,
with a XeCl excimer laser as an emitter (308 nm), a hydrogen-
filed Raman cell converting about 15% of the laser emission to
353 nm, and a 1 m Newtonian telescope as a receiver (Hoppe
er al®). A Rayleigh-Mie-Raman lidar system emitting at the
3 wavelengths corresponding to the harmonics of the Nd:'YAG
laser is also in operation at the same site.

There are several lidars operating in the Antarctic. At
Dumont D' Urville (DDU, 66.7°S, 1400°E) the DIAL ozone
lidar should, in theory, be able to measure temperature profiles,
However, the signal return was too low for temperature
profiles to reach an altitude higher than 50-60 km and the

measurement frequency too small to catch the main dynamic
features. So it was decided not to archive them. A lidar
dedicated to aerosol and temperature measurements was
installed at McMurdo Station on Ross Island (78°S, 167°E)
during the 1990 qprmg by Gobbi er al™ in support of a
halloon-borne campaign., Since the 1991 campaign, this system
has operated every winter to study the temperature variability
and polar stratospheric cloud occurrence (Adriani er al?7"). The
hasic design of this lidar system is similar to the other Italian
instrument operating at Thule.

3. Comparison campaigns with the GSFC mobile
lidar

The mobile lidar developed by GSFC has participated in a
number of intercomparison campaigns at NDSC sites where
lidars are operated (Table 2). While the Table Mountain site in
California was chosen for the first comparisons, other primary
sites easy to access (such as Observatory of Haute-Provence,
Lauder and Hawaii) and where lidars are already running in a
routing mode for a long time, followed closely. Then the other
sites located at higher latitudes have been proposed. While the
maobile lidar cannot be considered as an absolute reference, the
comparisons have been found to be very helpful to better
understand the reliability of the lidars, and to reveal and aid in
mitigating various problems.

31 Oieone comparisons

A first lidar inter-comparison campaign between the fixed JPL
stratospheric lidar and the GSFC lidar was organized in
October-November 1988, by McDermid er al™* The two
lidars used the same wavelength and so, to reduce the possible
interferences, both instruments were operated alternatively for
several hours each. While a global agreement of + 3% was
obtained from 30 to 40 km, outside this altitude range, the
campaign revealed some instrumental problems associated
with algorithm errors and signal-induced-noise effects. A
second campalgn called STOIC {STratospheric Ozone Inter-
comparison Campaign), wh I.Ch also represented the first formal
NDSC intercomparison™ - following the established proto-
col, was organized during the following summer (July-August
I'}E{'}}. A £+ 3% apresment region was obtained from 26 to 35 km
and some bias of up to 10-15% between the both lidars,
remains outside this height range. Other instruments measuring
ozone were used during this campaign including microwave
radiometers, ROCOZ rocket sondes, balloon ozonesondes, and
Stratospheric Aerosol and Gas Experiment (SAGE) satellite
measurements. The comparison between the mobile lidar, the
JPL lidar, and the few coincident czonesondes showed an
agreement of +2% from 18 to 36 km. Above this altitude, the
JPL lidar revealed a similar agreement with SAGE up to 42 km.

The next inter-comparison was organized at OHP in July-
Aupust 1992, The conditions of these inter-comparisons
hetween the fixed CNRS lidar and the GSFC mobile were
difficult because this campaign just came after the eruption of
Mount Pinatubo and most of the qtratmphere was 1trnngl\r
affected by volcanic aerosol parthleq A second comparison
campaign at OHP took place from 1-18 July 1997, Braathen
er al”” have reported that two ozone lidars agreed very well in
the 30-40 km range (29%). In the 20 to 30 km range there was a
discrepancy of 5%, Below 20 km the difference varies between
+ 7%, but this can be explained by the larger variahility at this
height range together with the fact that the two instruments
could not measure at exactly the same time. Above 40 km the
differences increased rapidly. Comparison with ozonesondes gave
a better agresment with the CNRS lidar in the 20-30 km range.

Analysis of the blind OPAL (Ozone Profiler Assessment at
Lauder) comparison showed that the GSFC mobile lidar was in
quite good agreement with SAGE 11 from 20 to 40 km™
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Conversely, large differences were observed with sondes and
the RIVM lidar (1042). Using information gleaned from the
blind intercomparison, the investigators were able to refine and
improve their analysis algorithms. For example, the pulse-pile
up effect (saturation) was reduced and signal-induced-noise
corrections were implementsd in the RIVM analysis tool.
Microwave radiometer and ozonesonde results were also
improved, The GSFC team discovered an altitude shift of
187 m and corrected it. These changes resulted in a new
‘refined” dataset for the intercomparison. The subsequent
reanalysis using the refined data revealed a better agreement
between the lidars of 5% from 20to 45 km ** Comparisons with
ozonesondes were also improved and a mean difference of 3%
was ohserved by Boyd er al ™ but with a lot of structures that
differed up to 10%. Both lidars differed by 108 with the
microwave measurements, Above 45 km, the measurements do
not agree well but filtering and background effects in the lidar
analysis are suspected.

Subsequent to the OPAL Campaign, lidar results were
improved with better Rayleigh attenuation corrections and by
including the temperature dependence of the ozone absorption
cross-section in the analysis. Ozonesonde measurements were
also improved with respect to altitude shifts, and the solutions
in the electrochemical concentration cells (ECC) were modified.
A constant correction with altitude was applied to SAGE
results with the approval of SAGE team. The microwave
retrigval algorithm was improved further. A new inter-
comparison was done using 3 years of data obtained with
the different permanent instruments at Lauder, plus
SAGE. The RIVM lidar did not show any significant bias,
between 20 and 35 km, larger than 1.5 + 2% compared to the
ozonesondes (73 pairs) and 2.5 + 2.5% compared to SAGE (28
pairs). Below 20 km, the 4.96 version of SAGE data are
definitively biased as are the lidar above 45 km. Below 20 km
lidar and sondes still present significant differences of 9% with a
noise from 2-4%. Microwave results compare better with lidar
(140 pairs) but still show significant differences (4 + 2%) above

45 km and confirm significantly that lidar is biased in this
region by 5 + 5%,

The MLO3 campaign was carried out at the Mauna Loa
Observatory in August-September 1996 and studied by
McDermid er al,” and McPeters er al®® Almost all the
instruments (Fig. 1) agreed to within + 10%, and most agreed
within + 3. The two lidars, the microwave instrument, and
SAGE 11 agreed within + 3% between 22 and 43 km, providing
strong evidence that the lidars and the microwave instrument
are making good accurate measurements in this ranpe. The IPL
lidar, microwave instrument and SAGE Il continue to agree
within 3% up to 50 km. The Goddard lidar, ozonesonde, and
SAGE I agree within % down to 18 km. The SAGE 11
dizagreement with the balloon profile below 18 km is due to
some knpown algorithm problems,

The GSFC lidar was compared with the permanent lidar of
the Alfred Wegner Institute (AWI) located at h’}--ﬂlesund,
Spitzhergen, during a campaipn called NAOMI (Ny-A lesund
Ozone  Measurements  Intercomparison, January- February
1998). In the 20 to 30 km altitude range, +2% apreement is
observed while a larger bias of 5-100% is observed by
Steinbrecht er af®® above and below. Below 20 km, the
comparison of the AW lidar and the co-located ECC sondes
show +2% agreement, suggesting a possible bias in the GSFC
profiles. However, between 30 and 40 km, the simultaneous
microwave measurement seems to suggest that AWI lidar is
affected by bias, probably associated with noise processing.

3.2 Temperature comparisons

Duwring the first OHP inter-comparison (summer 1992),
temperature profiles deduced from the GSFC lidar and from
the fixed OHP lidar dedicated for temperature were compared
by Singh er al. ™ Mean differences (Fig. 2), less than 1%, were
obtained from 33 to 75 km. Below 35 km larger bias (2%%) was
observed due to the presence of aerosols; Raman channels were
only implemented on the GSFC system, Despite the agreement
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Percent deviation of the comparison average for several instruments measuring ozone profiles from a “consensus™ reference (left). The

estimated percent error for each measurement {right) from McPeters et al.*® (Copyright 1999, Journal of Geaphysical Research),
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Fig. 2 Mean statistical difference of 1 coincdent temperature profiles obtained by two independent lidars operating at OHP {from Singh et 2/ 3,

Copyright 1996, Journal of Geophysical Research).

is not 50 good for trend estimates compared to the theoretical
accuracy { < a few tenths of a Kelvin), this first inter-comparison
was very promising. The second inter<comparison® was carried
out in summer 1997 after the Rayleipgh lidar system underwent a
major change to the counting system in September 1994, The
difference between the two lidars was within 1.5%, depending
on the altitude. Since the maximum differences were associated
with the maximum temperature gradients, this could sugpest
that an altitude difference exists between the two systems.
However, 7 cases showed a constant 1.5% change according to
altitude. This may suggest an additional problem in initializa-
tion or background estimation on one of the systems super-
imposed on the possible altitude bias. A comparison®! of the
OHP lidar with a very similar Rayleigh lidar located 500 km
away and operating simultaneously reveals a mean difference
smaller than 1 K with variability equal to 2 K from 3 to 65 km.

Temperature comparisons made at TMF in the spring 1992
campaipn showed differences less than 1 K at 40 km, increasing
upto 3 K at 50 km. The lidars were not operated simultaneously
and investigations using NCEP analyses revealed an important
role of atmospheric tides™ that should be taken into account, A
larger difference, as large as 5 K, that could not be attributed to
tides was noted at 30 km. However at that time there were a lot of
aerosols due to the Mount Pinatubo eruption,

4. Inter-comparison with satellites

4.1 Ozone comparisons

SAGE Il provided a very important tool for evaluating ozone
lidars and it was used extensively because of its availability over
a long time period. The TMF lidar, which was compared in
several sucoessive studies, ™ showed agreement within 6%
between 30 and 40 km with an increasing bias with altitude up
to 13% above 40 km. A typical lidar-SAGE difference vertical
profile can be found in Fig. 3. The good accuracy of the SAGE
11 profile in the mid stratosphere range permits the use of these
global data to evaluate other ozone lidars that have not been
compared with the GSFC mobile instrument. Such was the case
for the NIES system operating at Tsukuba by Makane er al**
Comparisons with SAGE II were conducted and revealed
average mean differences smaller than 109 betwesn 15 and
50 km. None of them were significant. Between 22 and 36 km
the mean difference is smaller than 2%. Anincreasing bias with

altitude can be observed above 37 km of 10%. Most of the
DIAL lidars, deployed within the NDSC, have been compared
with SAGE 11 Three zones can be identified. The best
agreement, of 5-10%, can be found between 25 and 40 km.
Outside this range larger mean differences are reported at all
sites, mainly due to the lidar methods. Also, in the lower
stratosphere SAGE 11 exhibits a larger uncertainty. In
addition, the spatio-temporal ozone variability is larger in
the lower stratosphere due to horizontal transport and because
the SAGE Il-lidar coincidences are not perfect it may induce
larper discrepancies.

UARS also provided a good opportunity for evaluating
lidars since a number of them took part in the validation of the
ozone profiles derived by several experiments onboard the
satellite, Bruhl er af * have reported a bias of 5-10%in the 10
20 hPa region { =25-30 km) and differences of + 3% above in
the comparison of Halogen Occultation Experiment (HALOE)
ozone measurements with all the other correlative measure-
ments. Most of the NDSC lidars (TMF, Hohenpeissenberg,
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Fig.3 Averages of the paired SAGE I Lauder ozone lidar between
March % to January 98 (from Brinskma er al'®, Copyright 2000,
Jdowrnal of GGeoph ysical Research),
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GSFC) agreed within 10% between 20-2 hPa (=25-45 km).
DDLU apd OHP provided insufficient coincidences. Above
2 hPa (=45 km), the differences increase, reaching 15-25% at
1 hPa (=30 km). CLAES measurements were also compared
with GSFC and TMF by Baily er al*” Ozone profiles agreed
within 1094 except below 100 hPPa (& 15 km) for GSFC system,
where the mean differences increased up to 30%, and around
1 hPa (=30 km) with the TMF lidar where a bias of 23%
appeared. The overall comparison made by Froidevaux er al.®
between the TMF lidar and CLAES data between 10 and 2 hPa
{22530 km) were within 3%, MLS was only compared with
the TMF lidar and showed a similar agreement as CLAES.
Some comparisons were performed between the Global
Ozone Monitoring Experiment (GOME) onboard the Euro-
pean Remote Sensing Satellite (ERS-2) by Burrows eral.** and
the lidar located at Lauder, New Zealand. Mean differences
were within £+ 109 from 10 to 45 km as reported by Meijer
er al™® Such experiments can be used for long-term compar-
isons because instruments, using a very similar method, are
expected to be launched successively in the future. However,
the satellite product includes a priori information, and spectral
calibration can introduce significant bias. Also, strong biases
related to the Solar Zenith Angle (SZA) have been reported.

4.2 Temperature com parisons

Several lidars located at mid-latitude sites have been compared
by Wild er al** using NCEP data as a geographical transfer
reference. This study included the WDSC lidars at TMF and
OHP. At first glance the dispersion between the lidars appears
quite large, from 4 to 6 K. However, adjustments related to the
time of the day of the measurements reduce the dispersion to
4 K at 1 hPa (=350 km, where stratospheric tides are the
larpest) with most of the measurements within less than
2 K. Comparisons with MLS/UARS (Fig. 4) report also large
differences around 1-2 hPa (=40-50 km). The geophysical
nature of such disagreement is obvious in Fig. 4, as the same
lidar have been compared with MLS atdifferent locations (and
so different time of measurements with MLS) and pave
different bias. Comparisons of OHP lidar and NCEP analyses
have continued and confirm the impact of tides not only in data
comparisons but also in NCEP continuity. As well as SAGE,
NCEP analyses can provide a preliminary comparison for
temperature lidars. However, due to the problem of tides, it

cannot provide validation accuracy better than several Kelvin.
Temperatures retrieved by NIES during winter 19951996 were
compared with NCEP, with a rocket climatology over Ryori,
Japan, and with the CIRA model by Namboothiri er al*! The
maximum deviation was up to 15 K. Comparisons with rockets
launched the same day showed differences less than 10 K, no
systematic differences, and most of the differences within
+5 K.

The lidar data obtained in 1994 at La Reunion were also
compared with NCEP analyses. Mean differences of less than
2 K were obtained except near the stratopause where the mean
differences increased to 4 K. These differences were in good
agreement with other lidar comparisons mentioned pre-
viously*! and were probably related to tidal effects. At
10 hPa (=30 km), colder temperatures (4 K) were observed
by the lidar but were probably associated with the interfering
presence of asrosols.

Again, UARS provided many opportunities to compare
simultaneous temperature measurements from the ground and
space. TMF, OHP and the GSFC lidar (at Lauder in 1992 and
1994) were compared with HALOE by Herviger al.™ While the
GSFC and the OHP comparisons show a similar bias in the
profiles with an alternating pattern of 5-10 K, the GSFC at
Lawder in 1994 showed a positive bias of 5 K, in agreement
with TMF comparisons. The time window used for data
selection was quite large and some tidal interference is therefore
expected. Comparisons of these three lidars with CLAES
performed by Gille er al™ were conclusive and in good
apreement revealing a negative bias of 1-2 K around 5 hPa
{238 km) and a positive bias at 1 hPa (=350 km) increasing up
to 3-4 K at 0.1 hPa (= 80 km). The comparisons by Fishbein
er al ** with MLS show a dispersion of 4 K. However, GSFC
and TMF on one side, and GSFC and OHP on the other,
apreed within 1 K during comparisons at the same sites and a
difference of 4 K between the two sites was probably due again
to atmospheric tides. The comparison of the OHP lidar and the
Improved Stratospheric and Mesospheric Sounder (ISAMS)
temperature experiment revealed bias profiles of +2 K with the
same lidar data mentioned before. The selection of lidar
measurements™ where the integration period matched better
the ISAMS observation time reduces this bias to less than 0.5 K
from 35 to 0.2 hPa {2 38-70 km) showing the importance of
temporal coincidence in the intercomparisons and reflecting the
influence of tides.
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5. Algorithm inter-comparisons

Some instrument-related effects such as aerosol interferences,
signal-induced-noise, and saturation of the data-acquisition
system can deprade the guality of the lidar measurements.
Several teams have addressed these problems and the expertise
gained has been shared within the NDSC Lidar Working
Group (LWG) and during inter-comparison exercises. Another
possible instrumental effect not vet addressed was the filtering
effects for ozone DIA L technique. All theteams involved in the
NDSC use various low-pass filters, with variable cut-off
frequencies with altitude, to account for the rapid decrease
in the signal-to-noise ratio in the high alitude range. An inter-
comparison of the ozone DIAL lidar algorithms based on
artificial signals was performed in 1996 (Fig. 5) within the
framework of the NDSC lidar-working group.*® The results of
the simulations showed that below 30 km all the retrieval
algorithms observed the correct behavior with biases of less
than 1%. Above this alitude the bias increased, especially
above 40 km where 108 biases were reported. This result
questions the ability of the DIAL technique to retrieve the
correct ozone profile at these altitudes. However, if the biases
are constant over time they might be irrelevant for trend
studies. This limit is due to the signal-to-noise ratio available,
This comparison was an important contribution because it
explained some differences observed in the upper stratosphere
during the previous comparisons between lidar itself or with
satellites.

The CNRS and GSFC algorithms used to retrieve tempera-
ture were compared using the same raw data file. This study
revealed differences smaller than the noise (<1.5 K) up to
70 km. Above this altitude the differences were larger and were
probably related o the difference in methods for estimating
and correcting for noise. Since then, the CNRS temperature
software was recoded. The underlving physics remained
unchanged but many functionalities were automated. At this
time, the JPL algorithm was also evaluated and improved. The
new CMNRS version was tested and compared with the IPL
version;'? showing no bias below 70 km. The JPL and CNRS
temperature algorithms have been tested using an alternative
method that used artificial signals by Leblanc er al.'” 1t reveals
errors smaller than 1 K below 60 km and 5% around 80 km.
Noise mainly due to counting uncertainties is expectad to be
smaller than 1 K below 60 km and around 5-20 K at 80 km
depending on the filtering effects and resolution. 1f Raman

50

scattering is used, then the profile can be obtained downward
with a larger noise of several Kelvin, Investigation about the
temperature retrieval based on Nitrogen Raman signals have
heen performed by Fadhuile er af ¥ showing the importance of
estimating ozone and aerosol attenuations with simultaneous
ancillary measurements,

6. Discussion and conclusions

Many intercomparisons of ozone and temperature profiles
have been performed under the framework of the NDSC. Since
the instruments were designed independently, it offers a
good opportunity to evaluate the overall capability of such
instruments for atmospheric monitoring. While the use of a
mobile instrument travelling from one station to another is the
preferred method for comparisons, satellites can also provide a
good spatial transfer for a quasi-simultaneous comparison of
several lidars. This is particularly true for ozone in the mid and
upper stratosphere where the atmosphere is in photochemical
equilibrium. In the lower stratosphere the horizontal and
temporal variability is mainly driven by the transport and larpe
fluctuations can be observed for non-simultaneous and non-
collocated comparisons. For temperature in the upper strato-
sphere and mesosphere, tidal effects cause systematic changes
and can induce hias in the data comparisons when they are not
performed simultaneously. Also for temperature, summertime
is more appropriate for comparisons as the variability has a
strong  seasonal component at mid and high latitudes.
Variability is smaller in the tropics and does not exhibit a
strong seasonal cycle. During winter, at high latitude the
permanent daylight restricts the use of lidars. Few systems have
heen designed for daylight operations. In the lower strato-
sphere the presence of aerosols required the development of
more sophisticated methods to provide non-biased data for
hoth czone and temperature. However, these techniques have
heen developed more recently and the quality of the data
provided in this altitude range has been investigated less. The
comparisons conducted with the mobile lidar, as well as
algorithm inter-comparisons, allow improvements to indivi-
dual systems by sharing the knowledge of the different groups
involved in the NDSC. While not all the instruments have
participated in intercomparison campaigns, conclusions can be
drawn from this review with respect to two important issues: (1)
the overall guality and homogeneity of the NDSC lidar
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measurements, and (2) the capabilities of lidars to monitor
long-term changes,

Through selection of the latest and/or best comparisons with
the mobile lidar, the overall capabilities of the WDSC lidars
have besn determined (Table 3), For oczone, the standard
deviations of the individual differences are comparable to the
individual noise estimates. However, differences remain that
are never smaller than 2% and are often around 5% in the
altitude range from 2510 35 km. These types of differences were
obtained for most of the sites where comparison campaigns
with the mobile system were performed. Also, the best
comparisons between lidars and SAGE 11 exhibit similar
agreements. Larger biases are often observed at the top of the
profile that are probably due to the effects of signal-induced
noise and the different numerical filters used in the ozone
analysis. In the lower stratosphere, filamentary structures, due
to horizontal motions, induce a large spatio-temporal varia-
hility that requires perfect coincidences or a large number of
individual comparisons.

For temperature, fewer comparison campaigns have been
performed under conditions where tides have not masked
instrumental differences. While the standard deviations of the
individual differences were close to the estimated noise, hiases of
1 K arereported. Larger biases are reported below 30-35 km, due
tostratospheric asrosolsand around thetop of the profile 75-85 km
probably due to initalization and noise extraction. The use of
satellite data is difficult for assessing temperature lidar measure-
ments because tidal effects bias comparisons. To avoid such effects,
solar occultation experiments would be preferred. However the
number of coincidences would then be drastically reduced.

7. Recommendations and future plans

In conclusion, most of the lidars compared in the framework of
NDSC can be now considered as operational and the lidar
technique is quite mature for monitoring and satellite
validation. For satellite validations, the network can, in
principle, be considered as homogeneous within +2% between
20-35 km for czone and +1 K between 3560 km for
temperature. However, more efforts are required for tempera-
ture comparisons. The valid altitude range, for a nominal
accuracy associated to trend detection, is given below, In the
lower stratosphere, Raman channels seem to improve compar-
isons, but such capabilities were not systematically compared,
probably because they have been implemented only more
recently. For both ozone and temperature systems this issue
needs to be addressed. The top profiles need also to be
considered with caution as bias increases quickly with altitude,
For ozone, microwave spectrometers, already involved within
MDSC, are ideal candidates to extend above around 40 km,
ozone measurements. For temperature powerful systems are
required to push upward the initialization altitude, however
signal-induced-noise can in turn bias the measurements. Special
care is regquired. Tests and comparisons are likely to be
performed but instrumental design is probably the most crucial
part if covering the whole mesosphere is required.

Table 3 Errors (systematic and random) expected within ozone and
temperature lidar within the NMDSC

Parameter  Alttude  Bias Vartnce
Ozone <20 km 5100 without Haman channels 5%

<20 km % with Raman chamnels L

H0-35 km 24 B

=40 km 100 5-10%
Temperature 30 km 510 K without a Raman channel 2 K

0 km Expected | K with a Haman 4K

channel
Beskm I K K
75 km 0K 0K

- J. Enwviron. Moanir., 2004, 6, 721-7313

For trend detection, better accuracy can be expected as the
hiasin asingle instrument can remain unchanged and therefore
the derived trends are significant despite possible systematic
differences with other instruments. However, temporal dis-
continuities of this order can be expected on decadal timescale
and need to be tracked by any means because they may induce
spurious trends larger than those expected; 5-10% per decade
for czone, and several Kelvin per decade for temperature. Only
two sites were visited twice by the mobile lidar system.
Conditions of comparisons and instrumental improvements
performed on all the systems do not provide information about
the temporal stability, In principle, satellite experiments cannot
offer such temporal reference because of their lifetime or their
potential drift. This last decade, space measurements have been
tremendously improved. For czone, SAGE 11 was a guite good
reference and served as a good horizontal geopraphical transfer
among the different lidar sites. Also, the long-term, continuous
nature of SAGE II results allowed such comparisons to be
made at many different times and locations. However, such
exercises were never synchronized and may involve different
retrieval versions of SAGE 11 or different periods that are not
truly comparable (drift or malfunctioning). In the future such
exercises may be planned, as it will allow every DIAL lidar to
be compared at the same time. GOMOS onboard ENVISAT
utilizes an auto-calibrated technique based on stellar occulta-
tions. This technique is very promising to ensure long term
monitoring. Despite the fact that the quality of the measurements
may differ depending on the star observed, it will provide a lot
more data than the solar occultation technigue (potentially better
coincidences) and a quasi-constant time-of-day period for the
spatial measurements. Maost of the NDSC ozone lidars are
involved in GOMOS validation™ and this will also offer a good
opportunity to evaluate simultaneously the different lidars,
despite the possible latitudinal bias or the start dependence.
Assimilation efforts will also help to ensure the lidar network
coherence and then will probably beconsidered as one of the best
future solutions for frequent quality checks. This will be tested
with the validation of experiments aboard ENVISAT. The useof
satellites permits comparisons to be made with all the stations
including those with difficult access such the Antarctic site.

For temperature, global measurements with GIPS (Global
Positioning Systems) will probably provide accurate measure-
ments. However it will not cover the upper stratosphers and
mesosphere. In this region tides cause some interferences that are
not easy to handle since the amplitudes of the tides are also subject
to strong variability.™ Satellite measurements based on solar
occultation will provide good references. However, few pood
coincidences will be available at lower latitudes and comparisons
of results will not be sufficiently accurate compared to the
dynamical variability of the temperature at different timescales.
Comparisons taking into account tides are not straightforward
because tidal characteristics are not well known or measured. The
atempts using some tidal climatology made in previous
studies* ™™ show some improvements but do not guarantee
good representation of tides. Also, tide amplitudes can be
modified in a comples manner’ related to changes in several
atmospheric parameters {ozone content, water vapour content,
temperature, wind) preventing the use of tide climatologies.

Since the temperature assimilation is a more difficult task, up
to now, collocated intercomparison lidar campaipns and
analysis methods are still needed in the near future. A special
emphasis on the top part is required. Up to now, such
campaigns, focused on temperature, were not sufficient to have
a good view of the homogeneity of the network for the
temperature. This is probably one of the main priorities in the
next decade. Also, specific efforts on quality data evaluation
obtained in the lower stratosphere domain need to be planned.

To be useful as a whole every lidar needs to be compared
with a common reference in order to check if all their data
quality fit the standard requirements that are expected from
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this study (Tahle 3). Also plohal validation plans nesd to be
known to let every team, even outside the NDSC, to benefit the
leadership provided by the network that could provide
guidelines. The validation is proving difficult because diffe-
rences can come both from the design and the analysis
software. A common code will probably permit the raising of
this issue and, at the same time, permit every team to reach the
same degree of accuracy. About the design, this goal is virtually
impossible to be predicted as lidar systems are sophisticated
instruments that are often assembled throupgh different phases,
Also if the main body of the analysis is very similar within all
the teams involved, the lidar technology itself is still improving,
The analysis is not independent of the instrument itself and so
is unigue. However, one suggestion that can be made is the use
of common software for all the analyses performed after signal
corrections, This part of the analysis is not supposed to chanpe
much during the next decades, Then the design investigations
can be shared to keep a certain degree of homogeneity in
the network. However, this is not always easy to ensure as it
strongly depends upon important resources.

Appendix

List of acronyms

ALOMAR Artic Lidar Observatory for Middle Atmosphere
Research

ARCLITE ARCHe Lidar TEchnology

AW Alfred Wegener Institute

CLAES Cryogeme Limb Array Etalon Spectrometer

CMDL Chimate Monitoring and [Magnostic Laboratory

CHR Consiglio Naaonale delle R icerche

CHERES Centre Mational de la Recherche Saentfique

DDU Dumont D'Urville

DIAL Differential Absorption Lidar

ECC Electrochemical Concentration Cells

ENVISAT EMVIronmental SA Tellite

ERS-2 European Remote Sensing Satellite

GOME Global Ozone Monitoring Experiment

Global Ozrone Monitoring by Oceultation of Stars
Global Positioning System

Goddard Space Flight Center

Halogen Oceultation Experiment

Istitute Fisica dell’ Atmaosfera

Improved Limb Atmospheric Spectrometer

Istituto Recerche Onde Electromagnetica
Improved Stratospheric and Mesospheric Sounder
Jet Propulsion Laboratory

Mauna Loa Ohservatory

Microwave Limb Sounder

Meteorologisches Observatorium Hohenpeissenberg
My-Alesund Ozone Measurements Intercomparison
Mational Administration and Space Agency
Mational Centers for Environmental Prediction
Metwork for Detection of Stratospheric Changes
Mational Institute for Environmental Studies
Morwegian Institue for Air Research

Mational Ooeanic and Atmospheric Administration
Observatory of Haute-Provence

Ozone Profiler Assessment at Lauder

OHP temperature and Ozone Inter-Comparison
Polar Ozone and Aerosol Measurement
Environmental Risks and External Safety Division
Rocket sondes, balloon ozonesondes

SA Service d'Aéronomie

SABER Sounding of the Atmosphere using Broadband
Emission Radiometry

SAGE Stratosphenic Aerosol and Gas Experiment

SR

STOIC STratospheric Ozone Intercomparison Campaign

STRAT STRatosphere Aerosol comparisons at TMEF

SZA Solar Zenith Angle

TIMED Thermaosphere, lonosphere, Mesosphere, Energetics
and Dynamics spacecraft

TMF Table Mountain Faality

UARS LUpper Atmosphere Research Satellite
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Ahstract:

Satellite sensors provide global measurements of ozone concentration which can be used to study the effects
of the implementation of the Montreal Protocol. However, a key issue in dernving long-term ozone trends
from successive satellite instruments 1s inter-comparability. Ground-based measurements offer continuous
time series but only at few locations. The combmation of ground-based measurements with satellite data 1s
therefore an effective means to evaluate satellite instrument inter-comparability.

In this study we present validation results of ozone profiles from three atmospheric sensors onboard
ENVISAT by comparison with lidar measurements. Results for SCTAMACHY ozone profiles (version 3.01)
show a reasonable agreement with ground-based measurements (0 - -20%). MIPAS full resolution (version
4.61) datasets have a good agreement with lidar (0 - 10%). whereas a small positive bias (up to 20%) was
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found for MIPAS reduced resolution prototype data. GOMOS dark limb data (version 5.00) agree very well (0
+ 5%) with the correlative data, but underestimate the ozone concentration at the Polar Regions.

Kaywords: GOMOS; MIPAS; SCIAMACHY': lidar; ozone; validation
1 Introduction

In order to assess the effectivity of the measures taken in the framework of the Montreal Protocol. accurate
and reliable measurements of atmospheric properties such as ozone and temperature are essential. In addition,
coordinated in-situ measurements provide and have provided a valuable contribution to our understanding of
stratospheric processes. For instance, studies with ozone sondes have shown that ozone loss 1s not only related
to enhanced chlorine levels, but 1t also has a strong dependence on stratospheric temperature (Schulz et al.,
2000, Schulz et al. 2001). Lidar measurements have, for example, been used to characterise polar
stratospheric clouds (Massoli et al., 2006) and to study geographic differences in observed stratospheric
temperature and waves (Blum et al.. 2004). Nevertheless. ground-based and balloon-borne measurements are
only available at a few locations.

Satellite mstruments are in this respect an excellent source of information as they can provide cost effective
and timely global coverage However, one of the key issues when using different satellite instruments to
derive long-term ozone trends is the degree to which the measurements of these instruments properly
correlate. This 1s especially of concern when no simultansous measurements are available due to coverage
gaps i successive mussions. A second major issue i1s the trade-off between the geographic coverage (i.e.
temporal and spatial resolutions) and the obtained accuracy for satellite retrievals (Meqjer et al | 2004).

The establishment of a long-term tume series of ground-based measurements with known quality and the
comparison with satellite measurements 1s therefore a prerequisite to assess the quality of satellite data and to
ensure both a good performance of individual sensors as well as an appropriate combination of nmlti-sensor
datasets. Ground-based and balloon-borme measurements have already proven to be essential in the validation
of various models (Reid et al.. 1998) and satellite retrievals (Cortesi et al.. 2007, Jiang et al., 2007, Meijer et
al.. 2003, Radolfi et al., 2007, Witte et al., 2008).

In this study we evaluate the ozone profiles derived from the measurements of the three atmospheric
instruments onboard ENVISAT: SCIAMACHY, MIPAS and GOMOS. More precisely, four ozone profile
products derived from measurements by these instruments are compared with ground-based lidar
measurements.

2 Datasets and methodology

In this study we have investigated the differences between lidar and satellite-based measurements of
stratospheric ozone. The lidar measurements of stratospheric ozone were taken at eleven sites (see Table 1)
ranging from Lauder, New Zealand (-45 04 °S) to Fureka, Canada (8003 °N). All of these lidar systems are
Dlfferential Absorption Lidars (DIAL) which make use of two wavelengths. Since the absorption by ozone 15
wavelength dependent. companson of the return signals allows the derivation of the czone concentration as a
function of altitude.

Tnsert table 1 about here
The validation approach followed in this study 1s sinular to that of Meyjer et al. (2004). Both satellite and lidar

data were first interpolated using a linear spline to a common altitude grid and then compared in a quality
assessment. The selected datasets were subsequently compared i terms of mean. median and standard
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deviation of the differences for various subsets, such as the geographical region, measurement conditions and
collocation criteria. Here, a lower confidence altitude limit was set for all lidar data to 18 km and the upper
altitude linmt was set to 45 kan.

One prototype and three operational ESA satellite products from three atmospheric sensors have been
compared with lidar:

- SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) level 2
processor version 3.01. SCIAMACHY observes the solar radiation transmitted or reflected by the
atmosphere dunng sunrse and sunset from 240 to 2380 nm. From these observations, vertical columns
and profiles are retrieved for various atmosphenic constituents. See Bovensmann et al (1999) for an
overview of the measurement techniques of this instrument

- Michelson Interferometer for Passive Atmosphere Sounding (MIPAS) full resolution (FR) level 2
processor version 4.61. MIPAS provides profiles of temperature and atmospheric constituents from
limb-viewing mudinfrared enussion measurements by a high resolution Founer transform
spectrometer. The high resolution observations cover the upper troposphere/lower stratosphere
(UTLS) to the mesosphere. Fischer et al. (2008) provides a more detailed description of this sensor

- MIPAS reduced resolution (RR) prototype data

- Global Ozone Monitoring by Occultation of Stars (GOMOS) processor version 3.00. GOMOS utilises
the stellar occultation technique to detect atmospheric trace gasses (with a focus on ozone), as well as
temperature. The transmitted radiation of the star setting in the atmosphere 1s analysed by
spectrometers covering the UV-visible (250 nm to 675 nm. 756 mm to 773 nm) and near infrared bands
(926 nm to 952 nm) with a spectral resolution of 1.2 and 0.2 nm. respectively. Geophysical variables
are retrieved over the altitude range from 15 to 100 km with an approximate height resolution of 1.7
km. See Kyrili et al (2004) for a review of this sensor

Ower 12 000 collocations (maximum of 800 km and 20 hours difference between measurements) of
SCIAMACHY profiles with lidar were found for the peniod 2002-2007. The upper altitude lmut for the
comparison mterval is restricted to 40 km as recommended i the SCIAMACHY data disclaumer.

The MIPAS instrument encountered an anomaly in March 2004 Tt was able to continue measurements in
January 2005, but with a reduced speciral resolution. There are therefore two different MIPAS products
available. For the comparnson with operational MIPAS FR version 4.61 data, the collocations were restricted
to a maximum of 10 hours and a maximum distance of 400 km (= 600 collocations). The reduced resolution
data are not operationally produced and only a very limited dataset was available for verification actrvities.
The collocation criteria have therefore been extended to a maximum of 20 hours and a distance of 500 km
{only 28 collocations).

For GOMOS processor version 5.00, a maximum tume lapse of 20 hours and a maximum distance of 800 km
were chosen. The solar zenith angle was further restricted to 108 or larger to ensure that only star
occultations in dark limb conditions are considered. The maximmm error that was allowed for both the
GOMOS data as well as the lidar data was set to 30%. More than 1600 collocations fulfilled these criteria.
The analysis results for these collocated datasets are shown in section 3.

3 Results
3.1 SCIAMACHY processor version 3.01

Figure 1 displays the comparison results for SCIAMACHY processor version 3 01. The left panel shows the
mean ozone number densities of the lidar (thick blue line) and SCIAMACHY (thick red line) measurements
together with the standard dewviations (fhun lines) as a function of altitude. It 15 clear that SCIAMACHY 1s
underestimating the ozone concentrations. We can quantify the underestimation using the middle panel which
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shows the mean and median of the differences with respect to lidar. The underestumation of ozone 1s ranging
between about 5% at the bottom of the profile (18 km) mncreasing to 25% at an altitude of 40 km. These
results supported the SCIAMACHY processor development and the verification of the new prototype has
shown significant improvements. This new dataset will be available beginmng of 2009

Insert Figure 1 about here

3.2 MIPAS FR processor version 4.61 and RR profotvpe data

In Figure 2 we present the comparison results for the completed MIPAS full spectral resolution dataset based
on processor version 4 61 Differences with lidar are varving between 0 to 5% over the range 18-40 km with
MIPAS overestimating the ozone concentrations. For MIPAS reduced resolution data processed with the
prototype processor the differences are larger (up to 20%), but the available dataset 1s very limuted (the
number of collocations 1s less than 30). This product has a higher vertical resolution and 1t 1s anticipated that
the operational processor version 3.00 will become available in the second half of 2008, thus increasing the
size of the dataset for comparison soon.

Insert Figure 2 about here
3.2 GOMOS pracessor version 5.00

Figure 3 presents the validation results for GOMOS operational processor version 5.00. The three panels show
the Polar Regions, mid-latitudes and tropics (from left to right respectively). We can observe that the GOMOS
version 5.00 dataset has an excellent agreement with lidar in the mid-latitudes over the compared range (18-45
km). In the tropics, where the ozone maximum can be generally found at higher altitudes, we see the effects of
decreasing signals when continuing to descent below the ozone maximum: GOMOS increasingly deviates
from the lidar signals. For the nmd-latitndes we can expect a similar behaviour at altitudes below the analysed
mumimum (18 km). In the Polar Regions GOMOS shows a constant underestimation of the ozone
concentration, ranging from -3% at 18 km to 5-10% at 40 km and then rapidly mcreasing to about 30% at 45
km. We can see that some outlier profiles exist from the deviation between the mean and median profiles.
Straylight may be playing a role in the origin of the differences between GOMOS and lidar.

Insert Figure 3 about here
4 Conclusions

In this study we have presented the validation resulis of the ozone profiles delivered by ESA from three
atmospheric sensors onboard ENVISAT: GOMOS, MIPAS and SCIAMACHY . Intercomparisons with lidar
measurements have been performed at 11 stations worldwide belonging to the Network for the Detection of
Atmospheric Composition Change (NDACC). We have compared these collocated profiles and analvzed the
results for dependence on several geophysical (e.g., latitude) and instrument observational (e.g., GOMOS star
characteristics) parameters and looked at the instruments” performance in time.

The SCIAMACHY ozone profiles (version 3.01) have been more precisely corrected for the altitude shaft
present in previous data versions and showed a reasonable agreement with lidar. Ozone profile validation
results showed a good agreement of MIPAS (version 4.61) full resolution and a small positive bias was found
for MIPAS reduced resolution data throughout the stratosphere ranging from 0 to 20%. Nevertheless,
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individual compansons showed a very good agreement in the high vertical structures in the profiles. GONMOS
data (version 5.00) from measurements m dark limb conditions agreed very well with the correlative data and
no significant systematic errors are observed, except for the northern Polar Regions where GOMOS seems to
slightly underestimate the ozone number densities.

The continuous monitoring of the quality of satellite-based products through validation with long-term
ground-based measurements provides the means to instrument intercomparison and algorithm development.
Despite data gaps in between satellite mussions, the ozone layer can be globally momtored in a consistent way
ensuring that the trends in ozone will be properly identified.
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Table 1. Overview of used lidar sites
Site Latitude (") Longitude (%)

Alomar 693 16.0
Eureka 801 -86.4
Hohenpeissenberg 47.8 11.0
La Fenmon -20.8 35.3
Launder -45.0 169.7
Mauna Loa 195 -153.6
Ny Alesund 789 119
Observatoire Haute Provence 439 37
Rioc Gallegos -51.6 -69.
Table Mountain 344 -117.7
Tsukuba 361 1401
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Figure 1. Validation results for SCIAMACHY operational processor version 3.01 in comparison with lidar measurements. Left
panel: Mean SCIAMACHY (thick red line) and mean lidar (thick blue lines) ozone concentfrations with their respective standard
deviations (thin lines) as a function of altimde. Middle panel: Mean (thick black line) plus/minus one standard deviation (thin black
lines) of all individual difference profiles from the mean difference profile and mean difference plus/munus two standard errors (thin
grey lines) and median (green line) percentage difference (SCIAMACHY nunus lidar divided by lidar) as a function of altitude. On
the night side of the middle panel 15 listed the number of collocations for each altitude. The night panel shows the standard deviations
of SCIAMACHY (red). hdar (blue) and the standard deviation of the differences between SCIAMACHY and lidar (black line) as a
function of altitude.
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Figure 2. Validation results for MIPAS FR processor version 4.61 in comparison with lidar measwrements. Same as Figuze 1 except
for MIPAS FR version 4.61.
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Figure 3. Validation results for GOMOS IPF 5.00 czone profiles in comparisen with lidar measurements. Mean (thick black lines)
plus/minus one standard deviation (thin black lines), mean plus/minus two standard errors (thin grey lines) and median (thick green
lines) of the percentage differences between GOMOS and lidar ozone concentrations as a function of altitude. On the right side of
each panel iz listed the number of collocations for each altitude. Left panel: Polar Regions. Middle panel: Mid-latitudes. Right
panel: Tropics.
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1.4 Perspectives instrumentales, station d'altitude au Maido

Comme il est indiqué dans la conclusion de l'article sur 'OPAR en 2006 (section 1.2.2), un certain

nombre d'instruments étaient, a ce moment la, en projet a court terme.

Un radiométre micro-onde centré a 22 GHz'™ et permettant des mesures de vapeur d'eau
stratosphérique développé au Laboratoire d’Aérologie a ét¢ implanté a La Réunion pour une

campagne-test de longue durée en 2007 (Figure 1.10).

Figure 1.10 Radiométre micro-ondes pour la mesure de la vapeur d’eau stratosphérique

Cette campagne ayant produit des résultats satisfaisants (Figure 1.11), un nouveau prototype est en
cours de développement et sera installé prochainement et de maniére pérenne a la Réunion. Ce jeu
de données original dans I’hémisphere sud permettra d’étudier, outre I’évolution a long terme de la
vapeur d’eau, les processus de transports horizontaux a large échelle a travers la barriére tropicale,
ainsi que les processus de transport verticaux lors de phénomeénes convectifs intenses. Cet
instrument sera complémentaire du radiométre profileur troposphérique, développé par la société

américaine Radiometrics, que nous projetons également d'acquérir.

'® Motte, E., et al., A 22 GHz Mobile Microwave Radiometer (MobRa) for the study of stratospheric water vapor, IEEE
Transactions on Geoscience and Remote Sensing, DOI 10.1109/TGRS.2008.2000626, pp. 3104-3114, 2008
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Figure 1.11 Profil de rapport de mélange de vapeur stratosphérique obtenue par radiometre le 29

Avril 2008 (communication Philippe Ricaud, Laboratoire d’ Aérologie)

Un lidar doppler destiner a la mesure de profils du vent horizontal dans la haute troposphére et dans
la stratosphére est phase de mise au point finale et de tests. L'émission est produite par un Laser
Nd :Yag hautement stabilisé en fréquence sur deux visées inclinées a 45°. Le principe de mesure est
basé sur la mesure du décalage spectral subi par la raie rétrodiffusée au moyen d'un interférometre
de Fabry-Pérot, et qui permet d'obtenir la vitesse des particules diffusantes (molécules ou aérosols).

Le principe de l'instrument est le méme du systéme développé a I'Observatoire de Haute Provence",

' Souprayen, C., et al., Rayleigh-Mie Doppler wind lidar for atmospheric measurement. I. Instrumental setup,
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mais le design optique est nouveau, l'instrument en développement a la Réunion étant d'une taille
beaucoup plus réduite pour qu'il puisse étre installé dans un container. Cet instrument permettra a
I'OPAR de participer a la validation du satellite ADM-AEOLUS?, de constituer une base de
données du vent horizontal, en complément des mesures GPS par radiosondages effectuées depuis
2007, et de documenter les études des ondes de gravité et, me concernant plus particulierement, du

courant-jet subtropical.

prest . L

Figure 1.12 Image de syntheése du lidar D(;ppler pour la mesure des profils de vent en cours

d’installation a ’OPAR (Communication : Jacques Porteneuve)

L'acquisition d'un radar profileur de vent UHF, complémentaire des autres systemes de mesure du
vent de 'OPAR (lidar et sondes GPS), notamment pour la caractérisation du vent entre 0 et 7 km
d'altitude a été également programmeée au titre du CPER 2007-2013. Un radar profileur de vent et
de température UHF/RASS permet de faire des sondages de la dynamique et de la
thermodynamique en continu avec une cadence d’un profil toutes les 5 minutes dans des conditions
d’air clair ou précipitant. La couverture verticale s’étend de 100 meétres a 5-6 kilométres et la
résolution verticale est de 75 meétres. C’est donc un outil adapté a I’étude et la surveillance de la
couche limite atmosphérique, qui permettra de documenter les études dynamiques troposphériques
tels que I’inversion d’alizés, qui conditionne la répartition des composés atmosphériques tels que

'ozone ou le monoxyde de carbone.

validation and first climatological results, Appl. Opt., 38, 2410-2421, 1999.
* Earth Explorer Atmospheric Dynamics Mission, http://www.esa.int/esaLP/LPadmaeolus.html
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Nous avons acquis derniérement un lidar mobile leosphere ALS450%, fonctionnant a la longueur
d’onde 355 nm, pour I’observation des nuages et des aérosols dans les basses couches. Des
comparaisons et un fonctionnement complémentaire avec un autre lidar mobile développé par le

laboratoire LSCE* a eu lieu dans le cadre de ’expérience ECLAIR® et de la thése de Dorothée

Lesouef.
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Figure 1.13 Photographie prise le 13 Novembre 2008, montrant en premier plan le lidar leosphere

ALS 450, et en second plan, le faisceau incliné a 45 degrés du lidar doppler.

D'autre part, en collaboration avec le LOA, un spectroradiomeétre UV sera prochainement installé a
la Réunion. Cet instrument effectue des mesures en routine de I’éclairement spectral solaire au sol
afin d’étudier sa variabilité et ’impact a la surface de 1’évolution de I’atmosphére. Ses mesures
d’éclairement global et diffus sont analysées a l'aide de codes de transfert radiatif pour comprendre
le réle des divers composants (ozone, aérosols, nuages) et des parametres environnementaux
(albédo de surface, topographie) qui modulent le rayonnement UV. La présence sur le site de

I’OPAR d’un photométre du réseau AERONET permettra des confrontations entre les mesures afin

2 http://www.leosphere.com/
2 Laboratoire des Sciences du Climat et de I’Environment, http://www.Isce.ipsl.fr/
2 Expérience sur la Couche Limite Atmosphérique a I’Ile de la Réunion
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de s’assurer de leur qualité. Le projet d'installer un spectroradiométre a la Réunion n'est pas récent,
puisque j'en avais personnellement discuté avec Colette Brogniez, Jacqueline Lenoble et Arnaud de
la Casinére, et visité leur station de mesure a Briangon en avril 2002. Malheureusement, pour
diverses raisons, ce projet n'avait pas pu se concrétiser, et je considere donc comme une trés bonne

chose la concrétisation future de ce projet.

Enfin, comme indiqué dans la section 1.3.1, il est envisagé de faire de ’OPAR, aprés son
installation dans le batiment du Maido, une station globale du programme GAW. L’OPAR dispose
actuellement d’un certain nombre de capteurs (sondes ozone, spectrométre SAOZ, photometre
Cimel, LiDAR aérosols) qui fournissent depuis plusieurs années certaines des données requises par
GAW, mais il doit impérativement développer les mesures in situ pour pouvoir satisfaire davantage
aux exigences de ce programme. Il est donc envisagé d'acquérir certains équipements de base, dont
le choix, l'exploitation et la calibration se feront en liaison avec des laboratoires spécialisés et
reconnus dans leur domaine, notamment le LSCE pour les gaz a effet de serre et certains
radionucléides, le LA pour la chimie de précipitation, le LaMP et le LA pour les aérosols, le LOA
pour les radiations UV. Le programme GAW accorde beaucoup d'importance a la qualité des
mesures et des données. Les appareils devront étre périodiquement calibrés, et les données validées
avant d'étre mises a disposition des bases de données. Les calibrations se feront en collaboration
avec des laboratoires labellisés : localement 'ORA pourra participer a la calibration des instruments
de mesure des gaz. Bien évidemment, les mesures in-situ dans le cadre du projet GAW sont
destinées a établir le niveau de pollution de fond d'un site donné, et ne doit pas étre perturbé par des
sources de pollution locales. Ces mesures doivent étres donc étre idéalement étre installées dans un

site d'altitude.

Actuellement tous les instruments de mesure de 'OPAR sont en fonctionnement sur le site de
I'université de St Denis, au niveau de la mer. Or, le fonctionnement de la plupart des instruments de
télédétection (FTIR, radiométres, lidar) est perturbé par les effets négatifs de la couche limite

tropicale (humidité, pollution, lumicre etc.)

Cet inconvénient sera résolu par la construction de la station d'altitude qui sera implantée au piton
Maido, a 2200 metres d'altitude, dans I'Ouest de I'ile de la Réunion. Ce site présente un intérét tout
aussi important pour I’étude et le suivi de la composition chimique de la troposphere, dans le cadre
de la station GAW. Cette construction sera destinée a recevoir la majorité¢ des instruments décrits
précédemment. Elle comprendra un espace lidars, un espace laboratoire, un espace pour accueillir

des expériences lors de campagnes des équipes extérieures et un espace hébergement (Figure 1.14).
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Le début des travaux est prévu mi 2009 pour une livraison du batiment avant fin 2010. L’installation
des systemes lidar dans ce batiment permettra une restructuration des systémes avec la séparation
des voies vapeur d’eau des mesures Rayleigh stratosphériques et ozone troposphérique. En effet, ce
batiment va héberger un télescope de 120 centimétres de diamétre avec émission coaxiale. Ce
nouveau systeme de réception devrait nous permettre d’améliorer la portée des profils de vapeur

d’eau jusqu’a la basse stratosphere.
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Figure 1.14 Plans d'architecture et images de synthese de la future station d'alttude du a'ido
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Chapitre 2

L’ozone troposphérique tropical :
Dynamique et physico-chimie ;

mécanismes, climatologies et tendances
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2.1 Introduction

L'ozone est un composant gazeux minoritaire de l'atmosphere, qui se trouve a 90% dans la
stratosphére, ou il a une action bénéfique de filtrage des rayons ultra-violets du soleil. L'étude de la
partie troposphérique de I'ozone est toutefois importante, de part son réle de gaz a effet de serre et
également de part son caractére oxydant, qui en fait un polluant nocif. C'est dans ce cadre, pour
documenter le bilan de l'ozone troposphérique dans les régions tropicales, qu'ont été initices les
premieres mesures d'ozone par radiosondage qui, comme indiqué dans le chapitre 1, ont débuté en

1992.

A 1'époque, les feux de végétation d'Afrique avaient été mis en évidence et étudiés dans le cadre de
la campagne SAFARI/TRACE A, avec une issue spéciale du Journal of Geophysical Research
consacrée a cette campagne parue en 1996. Compte tenu de la dynamique troposphérique
particuliére en Afrique du Sud, les feux de végétation sont, en fonction des situations dynamiques et
des conditions de stabilité des masses d'air, a I'origine d'une augmentation de 1'0zone troposphérique

dans les régions africaines proches des feux de biomasse, et dans 1’océan Atlantique Sud'.

L'analyse des mécanismes d’influence des feux de végétation africains et malgaches sur 1'ozone a la
Réunion fut donc l'un des premiers thémes de recherches du laboratoire. L’étude exploitant les
premiers radiosondages-ozone effectués a la Réunion a mis en évidence le rdle des feux de
végétation d'Afrique de 1'Est et de Madagascar?, lorsque les précurseurs d’ozone sont injectés dans
la troposphére libre pour advectés vers 1’Océan Indien sous I’influence des flux d’ouest dominants.
Deux théses ont été consacrées a ce sujet, celle de Fabienne Taupin qui quantifia par modélisation
lagrangienne la production photochimique d'ozone pendant le transport’, et celle de Tantely
Randriambelo dont I'approche par analyse des observations satellitales permit de préciser les

périodes et les occurrences des feux de végétation, et le role de la convection®.

! Barsby J. and R. D. Diab, Total ozone and synoptic weather relationships over southern Africa and surrounding
oceans, J. Geophys. Res., 100, 3023-3032, 1995.

2 Baldy S. et al., Field observation of the vertical distribution of tropospheric ozone at the island of Reunion (Southern
Tropics), J. Geophys. Res., 96, 23835-23849, 1996.

* Taupin F., Analyse et modélisation de la variabilité de I'0zone troposphérique en zone tropicale - Influence du brillage
de biomasse. Thése de doctorat de 1’université Clermont II, 1997.

* Randriambelo T., Détection satellitaire des feux de végétation et des zones de convection en zone tropicale:
Application a I'étude climatologique de l'0zone troposphérique. Thése de doctorat de I’université de la Réunion, 1998.
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Dans le contexte de l'ozone troposphérique, les échanges stratosphére-troposphére étaient, de
longue date, une source identifiée aux latitudes moyennes. En effet, dés 1948, Palmen et Newton’
avaient mis en évidence la coincidence entre le courant-jet de la haute troposphére polaire et les
discontinuités de la tropopause, ouvrant la voie a de multiples approches de 1'é¢tude des échanges
stratosphere-troposphére 1i¢ au courant-jet polaire dans le courant du XXe siécle (mesures par

avion, radiosondages, mesures par télédétection), et étudié dans sa structure fine®’.

Pour les latitudes subtropicales, lorsque j'ai commencé a étudier I'ozone dans le cadre de mon stage
de DEA en 1995, aucune étude démontrant que la stratosphére pouvait étre une source d'ozone
troposphérique n'avait été reportée pour les régions subtropicales. Mon travail de DEA a été
d'analyser la base de données sondages de I'époque, ainsi que les données satellitales TOMS, qui
n'étaient pas idéales car produisant une colonne totale et avec une résolution assez faible, mais qui

¢taient parmi les rares données satellitales d'ozone disponibles a I'époque.

Un premier cas d'é¢tude de déferlement d'onde de Rossby ayant eu lieu début Aolt 1993 dans la
région et induisant une forte déformation de la tropopause a donc été identifié (Figure 2.1). Ce cas
d'étude a été approfondi ensuite dans le cadre de ma thése®, et publié’.

Entre temps, d'autres cas d'études dans I'Atlantique subtropical avaient été reportés'™"

, confirmant
la possibilité de foliation de tropopause induite par le courant-jet subtropical, et son influence sur le

bilan de I'ozone troposphérique.

> Palmen E., and C. W. Newton, A study of the mean wind and temperature distribution in the vicinity of the polar front
in winter, J. Meteor., 5, 220-226, (1948).

6 Shapiro M.A., Turbulent Mixing within tropopause folds as a mechanism for the exchange of chemical constituents
between the stratosphere and troposphere, J. Atm. Sci., 37, 994-1004, 1980.

" Ancellet G. et al., Ground-based lidar studies of ozone exchange between the stratosphere and the troposphere, J.
Geophys. Res., 96, 22401-22421, 1991.

® Baray J.L., Etude des transferts stratosphére-troposphére en bordure sud de la zone tropicale et impact sur le bilan
d'ozone troposphérique, Thése de doctorat de 1’université Paris VI, 1999.

? Baray, J.L., et al., Subtropical tropopause break as a possible stratospheric source of ozone in the tropical troposphere,
J. Atm. and Sol.-Terr. Phys., 60, 27-36, 1998.

' Gouget, H., et al., Ozone peaks associated with a subtropical tropopause fold and with the trade wind inversion : A
case study from the airborne campaign TROPOZ II over the Caribbean in winter, J. Geophys. Res., 101, 25979-25993,
1996.

! Folkins, L., and C. Appenzeller, Ozone and potential vorticity at the subtropical tropopause break, J. Geophys. Res.,
101, 18787-18792, 1996.
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Figure 2.1 Signature du déferlement d'onde de Rossby le 10 Aotit 1993 sur la carte de colonnes
totales d'ozone données par le satellite TOMS (D'apres Baray et al., 1998).

Notre cas d'é¢tude étant uniquement basé sur des données satellitales fournissant une colonne totale
d'ozone, et sur les données de modeles. Pour en avoir la description dans le plan vertical et avoir un
meilleur suivi temporel des événements, nous avons mis en place les voies ozone troposphérique du
lidar en 1998 (section 1.2.3 de ce document). Une campagne de mesures d'ozone par radiosondages
en supplément des sondages de routine a également été organisée. Coordonné par Gérard Ancellet,
le projet TRACAS" était une extension du projet THESEO" aux régions subtropicales et a la
troposphere. Ce projet avait pour objectif la caractérisation des échanges stratosphére-troposphére a
proximité du courant-jet subtropical. Une partie du dispositif était déployée dans I'Atlantique de
I'hémispheére Nord, avec des mesures par lidar aéroporté embarqué sur avion, et des radiosondages
aux iles Canaries, la partie hémisphere sud consistant en les mesures par radiosondages et lidar
ozone troposphérique a la Réunion et en Afrique du Sud. L'analyse des profils d'ozone obtenus en
juillet 1998 a permis de mettre en évidence un pli de la tropopause a grande échelle, couvrant une
grande partie de l'océan indien, et avec une persistance temporelle inattendue (Figure 2.2). Les
données ECMWEF'* semblent indiquer l'influence de la branche descendante de la cellule de Hadley

associ¢ au flux de retour de la mousson en altitude. Cette étude a fait 1'objet d'un article publié¢ aux

12 Transport of Chemical Species Across the subtropical Tropopause
" Third European Stratospheric Experiment on Ozone
' European Centre for Medium-Range Weather Forecasts, http://www.ecmwf.int/
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Geophysical Research Letters”. Bien que le dispositif d'observation de TRACAS n'ait pas été
reconduit par la suite, il semble que ce type d'événement dynamique ne s'est pas reproduit de

manicre aussi prononcée par la suite.
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Figure 2.2 Foliation de tropopause ayant eu lieu sur I'Océan Indien en juillet 1998, (d'apres Baray

et al., 2000).

Dans le cas décrit précédemment, le courant-jet subtropical était avait gardé une forme assez
rectiligne et réguliere durant le mois qu’avait duré la campagne de mesure. C'est un contexte
dynamique relativement rare. La plupart du temps, lorsque la vitesse du vent dans le courant-jet
subtropical n'est pas aussi forte, il prend une structure ondulatoire, faisant se succéder des courbures
cycloniques et anticycloniques. Une onde de Rossby se forme et peut déferler. Sous certaines
conditions dynamiques dans la haute troposphere (Rossby Wave Breaking et blocage), une partie du
vortex polaire stratosphérique peut se détacher, former une dépression cyclonique d'altitude et
migrer en direction de I'équateur. Un cas d’étude de goutte froide tropicale a été analysé en utilisant
les données MOZAIC, radiosondages, satellitales et de modélisation (ECMWF et advection de
contours). Ces mécanismes sont bien répertoriés aux latitudes moyennes et polaires, mais les cas de
goutte froide se détachant a proximité du courant-jet subtropical, et atteignant les latitudes
tropicales sont assez rares. Le cas d’étude que nous avons analysé concerne une goutte froide se
détachant d’une ondulation du courant-jet subtropical au-dessus de 1’Afrique du sud en octobre

1996, atteignant la latitude 10°S, avec une durée de vie de 2 semaines, et un diamétre d’environ 10°

15 Baray J.L. et al., Planetary-scale tropopause folds in the southern subtropics, Geophys. Res. Lett., 27,3, 353-356,
2000.
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(1100 km). La particularité de ce cas d’étude, par comparaison aux autres cas observés aux latitudes
plus hautes, outre son temps de vie, sa taille, la latitude atteinte, et sa forte concentration en ozone,
est que le détachement de la masse d’air s’est produit a la fois dans le plan horizontal, mais aussi
vertical. De ce fait, la masse d’air enrichie en ozone ne remonte pas dans la stratosphére au cours de
sa dissipation et le transfert stratosphére-troposphere est irréversible. Cette étude a fait I'objet d'un

article'® présenté dans la section 2.2.1.

Un autre mécanisme d'échange stratosphére-troposphere que nous avons abordé est associé a la
convection tropicale. La dynamique de la convection est complexe, mettant en jeu des mouvements
verticaux ascendants et subsidents. Le lien avec I'ozone troposphérique I'est tout autant, mettant en
jeu les transports verticaux et la chimie. Nous avons abordé cette thématique complexe avec un cas
d'é¢tude d'enrichissement d'ozone troposphérique d'ampleur exceptionnelle a la Réunion en avril

1995 lorsque le Cyclone Marléne était a proximité de la Réunion.

Dans le cadre de ma thése, nous avons analysé ce cas d'é¢tude avec les données ECMWEF. Le mois
d'avril n'est pas la période durant laquelle I'influence de la photochimie est significative. Elle n'est
pas non plus la période durant laquelle I'influence du courant-jet subtropical est la plus forte. Nous
avons donc évoqué I'hypothése d'échanges stratosphére-troposphére induits par la circulation
d'altitude du cyclone qui auraient engendré des mouvements subsidents dans la périphérie du
cyclone. Cette étude a fait I'objet d'un article publié au Journal of Geophysical Research". 1l se
trouve que simultanément a notre article, un autre article dans la méme thématique et la méme
région d’étude a été publié dans le méme journal par De Laat et al.'"® Cet article était basé sur une
série de radiosondages effectués dans 1'Océan Indien a partir d'un navire de recherche américain, le
Malcolm Baldridge, dans le cadre d’une campagne préparatoire au projet INDOEX". Ayant
¢galement observé des valeurs importantes d'ozone dans la troposphére libre, De Laat et al. En
attribuaient l'origine a de l'advection a grande échelle de pollution d'Afrique, en se basant
principalement sur des données de modéle European Centre Hambourg (ECHAM), et sur une
analyse trajectographique. En désaccord sur l'origine de l'ozone troposphérique, nous avons donc
publié un court-article commentaire qui montre que les données présentées dans l'article de De Laat

et al sont compatible avec notre hypothése®.

!¢ Baray J.L. et al., Dynamical study of a tropical cut-off low over South Africa, and its impact on tropospheric ozone,
Atmospheric Environment, 37, 11, 1475-1488, 2003.

'7 Baray J.L., G. Ancellet, T. Randriambelo, and S. Baldy, Tropical cyclone Marlene and stratosphere-troposphere
exchange, Journal of Geophysical Research, 104, D11, 13953-13970, 1999.

'® De Laat, A. T. J, et al., Tropospheric O3 distribution over the Indian Ocean During Spring 1995 Evaluated with a
Chemistry-Climate Model, J. Geophys. Res., 104, 13881-13910, (1999).

! INDian Ocean EXperiment

* Baray J.L., et al., Comment on 'Tropospheric Os distribution over the Indian Ocean during spring 1995 evaluated with
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L'origine dynamico-chimique des enrichissements d'ozone troposphérique observés prés des zones
de convections tropicales restaient une question ouverte et force était de constater que le mécanisme
dynamique n'était pas mis clairement en évidence, les signatures des échanges sur les champs de

vorticité potentielle n'étant pas flagrantes dans les données ECMWF ERA-40.

Nous avons décidé d'entreprendre un approfondissement de cette thématique. J'ai donc proposé un

sujet, puis encadré la thése de Jimmy Leclair de Bellevue®'.

L'enjeu était d’approfondir notre connaissance sur les mécanismes dynamiques d’échanges
stratosphere-troposphére, prés des zones de convection profonde. Pour cela, il s'agissait de
modéliser & méso-échelle le cas du cyclone Marlene avec le modele Meso-nh, pour mettre en
¢évidence en expliciter le mécanisme et si possible quantifier 1'échange de masse d'air. D'autre part,

nous souhaitions aborder l'aspect climatologique.

D'autres cas avaient-ils eu lieu a la Réunion?
Ce type d'échange était-il fréquent ?

Influence-t-il significativement le bilan de I'ozone troposphérique?

La thése de Jimmy Leclair de Bellevue a permis d'apporter un certain nombre d’éléments de

réponse.

La modélisation a meso-échelle du cas du cyclone Marléne, a permis de mettre en évidence un
filament d'origine stratosphérique dans la haute troposphere, ainsi que la circulation agéostrophique
d’altitude, les zones de divergence associées et la contribution du cisaillement vertical de vent. Le
modéle idéalisé de convection tropicale Hurricane développé par Kerry Emanuel” a également
apporté des compléments dynamiques et a généralisé cette ¢tude de mécanismes reliant cyclones et

échanges dynamiques entre les compartiments atmosphériques.

D'autres cas d'étude (Novembre 2000 et Février 2002) ont été reportés et ont fait I'objet d'une
approche synoptique basée sur les données ECMWF, Meteosat et in-situ radiosondage et lidar. La
diversité des situations météorologiques et des signatures dynamiques et physico-chimiques des

échanges stratosphere-troposphere a été mise en évidence, de méme que la forte interaction entre les

a chemistry-climate model', by A.T.J. de Laat et al., J. Geophys. Res., 106 , D1, 1365-1368, 2001.

2 Leclair de Bellevue J., Analyse et modélisation des échanges verticaux induits par les systémes convectifs des
latitudes tropicales: effets sur 1’0zone troposphérique, theése de doctorat de 1’université de la Réunion, 2006.

2 http://wind.mit.edu/~emanuel/modella/modella.html
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dynamiques de la convection, du systéme jet-front et des ondes de Rossby. Enfin une approche
climatologique a montré que I’influence de I’occurrence fréquente de ces systemes convectifs sur
I’0zone troposphérique est double : des apports d’ozone en moyenne troposphére et une diminution
d’ozone en haute troposphere. Deux articles ont pu étre publiés, un présentant la climatologie et les
cas d'étude (Novembre 2000 et Février 2002)* et ’autre sur la modélisation a méso-échelle du cas
du cyclone Marléne*. Ces deux articles sont présentés respectivement dans les sections 2.2.2 et

2.2.3.

Jusqu'a présent, je m'étais principalement intéressé au bilan de 1'ozone troposphérique par le biais
des échanges stratosphére-troposphére, mais au niveau du laboratoire, la source photo-chimique
constituée par les injections de précurseurs d'ozone émis dans la troposphére par les feux de
biomasse et la pollution africaine avait été abordée dans le cadre de 1’étude de Serge Baldy et des
theses de Fabienne Taupin et de Tantely Randriambelo. Grace a ces études, nous savions que
'ozone troposphérique subissait un cycle annuel avec une augmentation pendant la saison des feux
de végétation, de Septembre a Novembre. Cependant, les radiosondages étant effectués a une
fréquence hebdomadaire, nous n’avions pas d’information sur la variabilité journaliere de 1’0ozone
troposphérique pendant la saison des feux, alors que le lidar ozone troposphérique, comme nous
I’avons constaté lors de la campagne de juillet 1998, pouvait nous fournir cette information et

apporter des ¢léments de réponse aux questions suivantes :
Quelle est la variabilité journaliere de I'ozone troposphérique pendant la saison des feux?

La source photo-chimique est-elle une montée du niveau de background de l'ozone ou bien au

contraire une période dans laquelle la variabilité de I'ozone est trés grande ?

Pour répondre a ces questions, nous avons profité d'une dizaine de soirs consécutifs de ciel clair en
Novembre-Décembre 1999 pour effectuer une campagne de tirs lidar ozone troposphérique. Cette
saison correspond a la fin de la saison des feux de végétation en Afrique et & Madagascar, et au
début de la saison convective. Les profils d’ozone montrent des caractéristiques tres stratifiées, avec
une variabilité¢ d’un jour a ’autre trés importante, par rapport a ce a quoi 1’on aurait pu s’attendre.
Cette variabilité peut s’expliquer par I’addition ponctuelle d’apports stratosphériques pour partie, et

surtout par une trés grande variabilité du contexte dynamique qui advecte (ou non) les masses d’air

3 Leclair de Bellevue, J., et al., Signatures of stratosphere to troposphere, transport near deep convective events in the
southern subtropics, J. Geophys. Res., 111, D24107, doi:10.1029/2005JD006947, 2006.

** Leclair De Bellevue I., et al., Simulations of a Stratospheric to tropospheric transport during the tropical cyclone
Marlene event, Atmospheric Environment, 41, 6510-6526, 2007.
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enrichies (ou non) en ozone et en précurseurs d’ozone. Cette étude a fait 1'objet d'un article®

présenté dans la section 2.2.4.

La base de données de radiosondages a également été exploitée pour construire une climatologie de
la tropopause, et comparer la climatologie obtenue a d’autres climatologies établies pour d’autres
sites de mesure®. Cela a été fait dans le cadre du séjour post-doctoral de Sivakumar arrivé a mon
initiative au laboratoire en Novembre 2002. Trois types de tropopause sont basés sur les profils de
température et d'ozone : cold-point tropopause (CPT), lapse rate tropopause (LRT) et ozone
tropopause (OT). La distribution statistique et la variabilité mensuelle des trois types de tropopause
ont été étudiées. L’application sur la base de donnée de la Réunion de 1’algorithme de détermination
de la structure de tropopause de Bethan et al. (1996) a montré que la fréquence de tropopause OT
définie est plus grande que pour CPT et LRT, et qu’il n’y a pas de cas de tropopause OT indéfinie
(avec la définition de Bethan). Une adaptation des seuils de 1’algorithme de Bethan a permis de
détecter 3 cas de tropopause OT indéfinie. Pour ces trois cas, 1’1le de la Réunion était dans une zone
de divergence d’altitude, en entrée d’un noyau de courant jet subtropical, sur la face anticyclonique.
Les calculs de régression linéaire et corrélation entre les distributions entre les différentes hauteurs
de tropopause indiquent la plus haute corrélation entre CPT et LRT, puis entre CPT et OT, puis
entre LRT et OT. Cette étude a fait 1'objet d'un article”” présenté dans la section 2.2.5.

Les travaux présentés dans la section 2.2 sont des travaux publiés, ceux présentés dans la section
2.3 sont des travaux en cours qui visent au développement et la validation d’un code de trajectoire

et d’advection de traceurs, et a la détermination des tendances de I’0zone troposphérique.

Les trajectoires calculées a partir de champs météorologiques sont un outil trés utilisé depuis
longtemps en physique de 1’atmosphére pour la description des processus de transport et la
compréhension des écoulements atmosphériques. Elles permettent par exemple d’identifier les
origines des masses d’air lorsque 1’on veut analyser les différentes contributions sur les distributions
d’un traceur par exemple sur un profil vertical. Elles peuvent étre a la base de méthodes statistiques

de la détermination de 1’advection et de la dispersion de traceurs. Nous avons donc, au laboratoire

2 Randriambelo T. et al, Investigation of the short-time variability of tropical tropospheric ozone, Annales Geophysicae,
21,9, 2095-2106, 2003.

% Bethan S. et al., A comparison of ozone and thermal tropopause heights and the impact of tropopause definition on
quantifying the ozone content of the troposphere, Q. J. R. Meteorol., 929-944, 1996.

7 Sivakumar, V. et al., Tropopause characteristics over a southern subtropical site, Reunion Island (21 S, 55 E): Using
radiosonde-ozonesonde data, J. Geophys. Res., 111, D19111, doi:10.1029/2005JD006430, 2006.
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LACY, développé un code de trajectoire et de reconstruction RDF*, LACYTRAJ. Le

développement et la validation de ce code est I'objet de la section 2.3.1.

La derniére thématique qui sera développée dans ce chapitre sera I'étude des tendances de 'ozone
troposphérique. En effet, les mesures d'ozone ayant débuté en 1992 a la Réunion, nous disposons
maintenant d'un jeu de données qui couvre plus de 15 ans. Les études de tendances stratosphériques
nécessitent 1'utilisation de modéles de tendance prenant en compte les influences cycliques bien
établies que subit la stratospheére et qu'il convient de corriger pour 1'estimation des tendances (cycle
solaire, QBO,... etc.). Ce n'est pas le cas dans la troposphére ou la variabilit¢ de I'ozone est
également plus importante. Nous avons donc choisi, comme premicre approche, d'effectuer une
simple régression linéaire sur le jeu de données. Cette approche sera également appliquée par
comparaison au jeu de données de la station de Irene en Afrique du sud depuis 1990. Synthétisés
dans la section 2.3.2, ces résultats ont été intégrés dans un article détaillant la climatologie de
'ozone troposphérique dans I’océan indien, et basé sur différents jeux de données indépendantes,
publi¢ dans la revue Atmos. Chem. Phys. and Disc. et en cours de révision a la revue Atmos. Chem.

and Phys.”.

* Reverse Domain Filling

¥ Clain G. et al., Tropospheric ozone climatology at two southern subtropical sites, (Reunion Island and Irene, South
Africa) from ozone sondes, LIDAR, aircraft and in situ measurements, Atmos. Chem. Phys. Discuss., 8, 11063-11101,
2008

125



H.D.R. Jean-Luc Baray — Chapitre 2, [’ozone troposphérique tropical

2.2 Travaux publiés

2.2.1 Echange stratosphére-troposphere : Déferlement d'onde de Rossby et goutte
froide d’altitude
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Abstract

The structure and evolution of an intense tropical cut-off low (COL) occurring over South Africa is documented, by
combining meteorological and ozone data from a number of different sources, such as in situ radicsoundings,
Measurement of czone and water vapor by airbus in-service airceaft data, satellite (Meteosat) and modelled European
Center for Medium-Range Weather Forecast data, The COL extemds to latitude 10°5, with a lifetime of approximately
2 weeks, and a horizontal size of about 10°. A distinguishing feature of this case study is that it becomes detached from
the stratospheric reservoir in both the vertical and horizontal planes, in an irreversible way and as such is different in
structure to a mid-latitude or a polar COL. Consequently, even though tropical COLs may occur infrequently, it is
likely that the tropospheric ozone enhancement induced by this irreversible intrusion could be significant.

[ 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Tropical tropospheric dynamics; Southern Hemisphere; Stratosphere-troposphers exchange; Tropospheric ozone;
Airborne measurements; Radioscunding

1. Introduction troposphere, the formation of jet-streams and its role in
convective activity which is often triggered by lower

A cut-off low (COL) s an upper tropospheric trough static stability under the COL and/or by potential

of air coming from the stratosphere, which becomes
isolated from its external environment and is advected
equatorward of the mid-latitude westerlies. This kind of
feature is of dual importance: on the one hand, it playsa
significant role in the tropospheric ozone balance
through dissipation and mixing of stratospheric ozone;
and on the other, it is important in terms of the weather
it produces through the disturbance of low in the upper

*Corresponding  author.  Laboratoire de Physigue de
I'Atmeosphére (LPA), CNRES-UME E105, Université de la
Keunion, 15 Av. Rene Cassin, BP 7151, 97715 Saint-Dens
Messag, Cedex 9, La Reunmion 97715, France. Tel: +262-262-
Gb-B6-0d; Fax: + 262-262-93-K6-05.

E-mail address: baray@ univ-reunion.fr {1.L. Baray).

vorticity advection on the down-shear side of the COL.

COLs are well-known mechanisms in the middle and
polar latitudes. Many studies of polar and mid-latitude
COLs have been published in recent vears: for example,
modelling of COL case studies and tropopause folds
(Ebel et al., 1991; Langford et al., 1996), impact of
COLs on tropospheric ozone (Ancellet et al., 1994), and
a mesoscale amalysis of the decay of a COL (Ravetta and
Ancellet, 2000, Gouget et al., 2000). Most of these
studies have focused on mid-latitude COLs; however, it
has been noted that they may extend guite far towards
the equator (Kentarchos et al, 1995, 1994),

In their statistical study of the size and distribution of
COL systems, Price and Vaughan (1992) identified
three types of COL, depending on the location of the

1352-2310/03/ % - see Front matter ) 2003 Elsevier Sdence Lid. All rights reserved.
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detachment: polar vortex, polar, and subtropical. Polar
C0OLs, which usually extend to mid-latitude regions, are
the most studied systems. According to that study,
subtropical COLs are smaller than the two other types,
and their lifetime is shorter. The authors concluded that,
a prior, subtropical COLs do not play a significant role
in the tropospheric ozone budget.

However, Barsby and Diab {1993) analyzed the
relationship  between ozone and synoptic weather
systems, for different situations including a case of a
subtropical COL over South Africa. By using the
analysis of daily total czone mapping system (TOMS)
and European Center for Medium-Range Woeather
Forecast (ECMWF) data (geopotential heights and
potential vorticity fields), they highlighted the impor-
tance and the strength of the link between ozone and
day-to-day weather systems in cases of COLs and
subtropical anticyclones. The observation of the synop-
tic weather context of another case study of a COL over
Australia has also been reported (Griffiths et al., 1998).

Despite these studies, the literature, which is very rich
in case studies of polar COLs, is deficient when it comes
to case studies of subtropical COLs. The objective of
this paper is to document a case of a tropical COL,
which occurred over South Africa during October 1996,
By using instrumental data sets (Measurement of OZone
and water vapor by Airbus In-service airCraft, MO-
ZAIC, flights from Vienna to Johannesburg and radio-
soundings over Reunion Island), satellite {Meteosat and

Latitude Saulh

TOMS) and global model data (ECMWE), we shall
characterize the manner in which this tropical COL
differs from a typical COL based on case studies from
the polar latitudes. Aspects such as their dynamics and
tropospheric ozone influence will be considered.

2, Svnoptic situation before the formation of the COL

In this section, we shall examine the synoptic situation
before the formation of the COL and its detachment
from the mid-latitude regime using ECMWF analysis
(1% grid, 15 vertical pressure levels between 1000 and
10hPa and 6h time resolution). A Rosshy wave
intensified over the southern part of Africa, at the
latitude of the subtropical jet-stream, at the end of
September 1996, The associated potential vorticity (PY,
we use the absolute value in the Southern Hemisphere)
disturbance propagated towards the east, and reached
Reunion lsland (21°5, 55°E) on 1 October (Fig. 1). The
subtropical jet-stream intensified in two jet streaks,
south of South Africa and south-east of Reunion lsland
{wind spesd in excess of 60m/s). As the wave breaking
process procesded, a significant irreversible deformation
of isentropic PV contours occurred, ending in isolated
PV structures over Africa at 15°S in the wake of the
wave, This case of Rossby wave breaking (RWEB)
behaved similarly to the one reported by Scott et al.
{2001) owver the South Atlantic, ending in the formation

PWIE0K + Horiz, Wind (m/s)/250hPa 96100100

e N I Y A B A B T
; '-}
L . . .
~

T T S B B N A B

Longitude Eas:

Fig. 1. ECMWF (spherical harmonics T213, 1 degree of resolution in lititude and longitude ) horizontal wind field on the isoharic level
250hPa, and PV on the isentropic level 330K, on 1 October 1996, 00 GMT {1 PVLU = 1 potential vorticity unit=10"*m s~ K kg "1,

Feunion Island (35°E, 217°5) 15 labelled by a cross.

don: 101016/ 513 52- 231000 20 a-8

127




H.D.R. Jean-Luc Baray — Chapitre 2, [’ozone troposphérique tropical

J.L. Baray et al | Atmospheric Environment 37 {2003 ) 1475- 1488

of afilament of stratospheric origin, located equatorwards
of the mid-latitede regime. The PV structure over Africa
that is left behind in the wake of the Rosshy wave is called
a COL in the following discussion, whilst the PY structure
that links the COL to the wave is called the filament.

The vertical perspective of the wave breaking event is
further illustrated by an ozone radiosounding performed
at Reunion lsland (Fig. 2). The values of the ozone
mixing ratio in the laver located between 10 and 11 km,
are substantially higher { = 180ppbv) than correspond-
ing values in other cases of subtropical tropopause folds
reported in the literature (80 ppby for Gouget et al., 1996
and T0ppbv for Folkins and Appenzeller, 1996). The
large vertical thickness of the filament (almost 3km
from 345 to 360 K) is suggesting more of a barotropic
event (RWB), than a baroclinic event, which leads to
slanted upper level frontogenesis associated with tropo-
pause folds, that are typically 1-1.5 km deep (Shapiro,
1980). The tropospheric total ozone column derived
from the radiosounding is 47.9 DU (tropopause level:
90 hPa), The ozone filament contribution is 27.9 DU
{layer 210-310hPa), which represents 38% of the
tropospheric czone column.

A signature of the RWEB event over Reunion Island is
also detected in the total column ozone derived from
TOMS data which shows an increase of about 141U
during the event (277.61DU over Reunion Island on
28 September, before the event: 2909 DU on 1 October
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and 2918 DU on 2 October, during the event, 282.3 DU
on & October, after the event). The ozone filament at
Reunion Island (11km) is located 4km below the
ozonopause (15km) and 6km below the thermal
tropopause (17 km). It is very likely that in the following
days, tropospheric diffusion processes such as gravity
waves, convection, turbulence, will contribute to the
final stage of an irreversible exchange from the strato-
sphere to the troposphere. As no data were available to
investigate this issue, we will focus the study on the part
of the wave that broke owver South Africa for which
MOZAILC aircraft data are available.

Studies of RWB in the subtropics, such as those based
on ECMWFE analyses by Postel and Hitchman (1999 and
Scott and Cammas (2002), show that this phenomenon is
quite frequent and undergoes a seasonal cycle with
substantial interannual variahility. It emphasizes the
importance of investigating further case studies with ozone
measurements from radiosondings, lidar systems or from
the MOZALC program to improve our understanding of
the tropospheric ozone budget in the subtropics.

3. Dvnamical evolution of the COL and its impact on
tropospheric ozone

The temporal evolution of the COL in the horizontal
and vertical planes based on ECMWF data is shown in

16

14

10

Zikm)

50 100 150 200
COzone mixing ratio (ppbw)

Fig. 2. Temperature {°C), relative humidity (%) and ozone mizing ratio {ppbv) profiles obtained by radiosounding at Reunion Island

on the morming of 1 October 1966,
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Fig. 3. (a) PV field on the 330 K surface on 2 October 19946, (b) vertical cross-saction of PV along 1675 (top) and 33°E (bottom) on 2

Orctober 199, (c) PV fiekd on the 330K surface on 7 October 1996, and (d) vertical aross-secton of PV along 1075 {top) and 36°E
{bottom) on 7 October 1996,
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Fig. 3 (continued).

130




H.D.R. Jean-Luc Baray — Chapitre 2, [’ozone troposphérique tropical

1450 J L. Baray et al | Atmospheric Environment 37 (2003 ) 14751488

Table 1

Evolution of the center of the COL, and of the PV profile at the center { ECMWF data at $80GMT)

PV on different pressure levels

Doy Center H¥ hPa 250 hPa ¥ hPa 400 hPa ¥ hPa ¥ hPa
(00,28 Mot detached from the stratosphere

09/2% I3E, 1875 1.59 40 199 018 0.21 0.24
(43 41°E, 188 1.41 20 EXIE] L45 .25 .21
10001 I¥E, 17°5* 1.53 265 ERT 0.E2 0.23 .26
102 17°E, 17°8" 1008 239 £ (.96 {126 42
10003 IE°E, 13°5° 0.77 .25 072 11 .56 .25
14004 17°E, 13°§7 32 .73 1402 1.51 .94 {15
1005 ITE, 1575 .48 1.13 092 L50 .54 .19
140/ ITE, 14°8 .34 {L65 LE5 1.55 (LR3I (L28
10007 ITE, 1175 0.5 0.93 103 1.24 178 0.21
10/ IEE, 11758 1.52 1.55 139 167 1.0 .21
14 I5°E, 8 {.HD 1.13 117 L2 LK1 .22
140/ 10 IGE, 12°8 .41 (.95 136 {L¥1 .43 .12
10011 IE°E, 1575 1.0 1.16 1.21 .56 0.3 (.08
1012 ITE, 17°5 144 1.26 1.1% .74 .51 13
1013 IE°E, 2178 151 1.0K) NET 0.99 0,56 .43
10/ 14 The C0OL is no longer visible in the roposphere®

*Formation of a secondary PV maximum at 19°E, 1478, whose intensity & lower (PV=10.6).
"The secondary PV maximum is moving towards the north-east. In the Atlantic Ocean, PV remains under 0 6.
“The secondary PV maximum has dissipated. The COL lengthens (longitude = latitude), inducing another secondary maximum at

I4°E, 1475 (PV=0.T).

TPV aver Africa is quite high (FV =0.3-0.4), but it is difficult to distinguish any secondary maxima (outside of the principal COL).
“ After the complete dissipation of the COL, another system appears. It will be completely detached on 17 October, reaching the
latitude band 5°5-10°% on 15-19 October, with PV between 0.5 and 1.
The maximum PV value {in PVL) for each profile is indicated in bold type.

Fig. 3. Afier 2 October, the COL is completely detached
from the stratosphere, in both the horizontal (Fig. 3a)
and the vertical (Fig. 3b) planes. lts center, where the PV
value is at a maximum, is located at 16°5; 33°E in the
horizontal, and at 400hPa in the wvertical, which
corresponds approximately to the 330 K isentropic level
and to an altitude of 8§ km. The fact that the air mass is
completely cut off from the stratosphere in the vertical
plane distinguishes this kind of feature from polar or
mid-latitude COLs, in which PV contours on isentropic
planes are detached from the general PV field in the
horizontal, but not frequently in the vertical plane. The
PV fields and the vertical cross-sections on 7 October
(Figs. 3¢ and d) show that the COL is always guite
intense (PV > 1.2PVL in the center of the COL), and
continues its northwards and sinking movement. The
center is located at 10°5; 36°E, and at the 300 hPa
pressure level. It is noted that & days after its
detachment, the air mass did not return to the strato-
sphere. Notwithstanding the fact that a tropical COL
occurs rarely, it is likely to have a significant impact on
tropospheric ozone as the majority of the ozone may
dissipate in the troposphere.

The evolution of the COL is summarized in Table 1.
Until & Octoker, the wvalees of PV remain above

1.5PVU, whereafter, the PVU wvalues diminish but
remain above 1 PVU until 13 October. This COL thus
had a very long lifetime, compared to the statistics
presented by Price and Vaughan (1992). They claimed
that 72% of subtropical COLs have a lifetime less than
3 days, and 98% less than 6 davs. Moreover, on
2 October, the horizontal size of the COL is 6 in
latitude, and 15° in longitude. This COL thus had a
large horizontal extent, compared to the statistics of
Price and Yaughan (1992), who stated that 33% of
subtropical COLs have a horizontal diameter less than
5%, and 91% less than 107 However, these figures of
Price and Vaughan (1992) need to be treated with
caution, since they are based on low-resolution data.
The cloud activity associated with the COL is visible
on the Meteosat images (Fig. 4). The infrared and water
wvapor images for the 1 October (simultaneously with the
radicsounding over Reunion Island), 8§ and 11 October
1996 (simultaneously with the MOZAIC measurement )
are shown in Fig. 4. The streamer of dry air is clearly
wvisible on the water vapor image of 1 October, as a dark
filament. The barotropic deformation, which is at the
origin of the COL, is associated with an upper level
front, visible on the infrared Meteosat images. On
2 October, when the COL is most intense, and when it i3
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Fig. 4. Meteosat images on 1 Ootober 1996 (top), § October (middle), and 11 October (bottom) 12GMT, ininfrared {left) and water
vapor (right) channels. Each 107 in latitude and longitude 15 marked by crosses on the infrared images. Infrared and visible images are
available on the web site http:) (www-grir.u-strashe fr/ and water vapor mages on http:/ fwew eumetsatde/.
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completely detached, the location of the PV maximum at
the center of the COL corresponds to an area without
cloud, situated to the south of the cloudy area. There-
after, this clowdy area seems to enlarge and by § October
the COL corresponds well with the cloudy zone.
Machado et al. (1992} have studied this kind of
equatorial deep convective cloud over tropical Africa
and showed that cloud heights reach 14.7 km. This cloud
activity could take part in the convective dissipation of
the COL and the subseguent convective redistribution of
ozone and humidity, which decreases the wvertical
contrasts of PV, ozone and humidity (Table 1). Because
of the COL dissipation, the dark zone corresponding to
the COL area is no longer visible on the 11 October
water vapor image (Fig. 4).

Dynamical elements of the study supgest that this
COL could have a significant influence on tropospheric
ozone over South Africa. If this is true, it is expected
that some signatures on ozone and humidity should be
wvisible in the TOMS and MOZAIC data.

The signature of the COL is weak and could be locally
perturbed by upper tropospheric clouds. Moreover, this
signature is difficult to distinguish from other processes
influencing stratospheric ozone variations. But despite
these inconveniences, quite strong values of total ozone
content are visible at the location of the COL on
2 Otober, and the signature is more visible, 290 DU on
7 October (Fig. 5). These strong values could correspond
to the influence of the COL on the total ozone column.

The European project MOZAIC consists of airborme
observations of humidity, temperature and ozone on in-
service aircraft (Marenco et al., 1998). The geographical
coverage of MOZAIC data extends over the whole
globe, and the route Vienna-Johannesburg cuts Africa
transversely and passes close to the area affected by this
COL. Fig. & indicates the concentration of ozone and
humidity along MOZAIC flights, which took place
before the formation of the COL (25 and 26 September),
and during its dissipation (11 and 12 October). The
location of the aircraft (latitude, longitude and altitude,
Figs. 62 and ) indicates that the aircraft crossed ozone
enriched zones on 12 October at 06 and 20GMT, both
near 27°E. Following the ECMWEF analysis (PV map at
330K on 12 October), the center of the COL is located
near 37°E (cf. Tahle 1), at about 900km from the
trajectories of the MOZALC flights. The interpolation of
PV along the flight paths display tropospheric values
{(0.3PVU, Figs 6ic and d). However, the signature on the
0Zone mixing ratio is significant, with values between
B0 and 100 ppbv between 8°5 and 6°S on 11 October
(Fig. 6a). Southward of 8°5 and northward of 6°S, the
ozone values are lower, 80 ppbv or less. On 12 October,
the same enhanced ozone signature is visible, although it
is spatially restricted between 7°S and 6°S. It seems that
ozone is a better tracer of stratospheric air than PV
because of diabatic non-conservation of PV (mixing by
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filamentation, turbulent diffusivity, convection). The
characteristic period of the event, about 12 days from
1 to 12 October, is consistent with the hypothesis of
non-conservation of PY and conservation of czone.

Clustered backtrajectories (Fig. 7) have been calcu-
lated starting from the zone enriched in ozone on the
MOZAILC flight, and the eastern side of this zone, since
the COL is located on this side. Backtrajectories are
calculated using three-dimensional ECMWF wind fields.
At each running point of the trajectory, wind compo-
nents (horizontal and vertical) are interpolated in time
and space. The trajectory is then determined by iterative
advection of the air mass using a 5-min time step. This
trajectory model developed at Reunion University has
been used in previous studies (Randriambelo et al.,
20001, These calculations confirm that the MOZALC
flight has passed just above but within the vicinity of the
COL: The black backtrajectories (250 hPa) indicate a
southerly movement, after a recirculation near 5°%,
25°E, but no clear subsidence. The red backtrajectories
{400 hPa the altitude of the COL), indicate a subsiding
southerly movement over 3 days. Most of the green
backtrajectories indicate a southerly movement, and a
subsidence 3 days earlier. Because of the low resolution
of ECMWEF data it is difficult to study the dynamics of
an air mass thoroughly. It is necessary to initialize
backtrajectories with a mesoscale model to provide
better evidence of the stratospheric origin of air masses
(Kowol-Santen and Ancellat, 2000,

In order to analyze the fine-scale evolution of PV
missing in the ECMWF analyses, we use contour
advection with Dritschel’s algorithm (1989). This algo-
rithm has been recently applied to the evolution of RWB
and mixing in the subtropics, with good agresment
between advected PV and MOZAIC measurements of
ozone (Scott et al, 2001). Fine-scale PV on the 330K
isentropic surface, estimated according to the algorithm,
is depicted in Fig. 8, for 12 October, 06 GMT, which
coincides with the passage of the first MOZAIC flight.
Figs. Ba-d represent fine-scale PV based on initialization
for 3, 5,7, and 9 October, respectively. The COL is well
modelled by the initialization on 9 October (Fig. 8d).
The center of the COL as identified by the algorithm is
located near 12°8, 35°E, slightly to the east of the
MOZAIC flight

The simulations initialized on 3, 3, and 7 October
display similar results, with the COL not being well
reproduced by the advection model for these simula-
tions. This suggests that the most intensive diabatic
effect occurs before 9 October. Fig. 8§ shows that the
COL spins, emitting several filaments in the process. The
last filament {created on 8 October) cuts the trajectory of
the MOZAIC flight with an intensity more than 1 PV,
near 9°5, 27°E. Although the advection model is a pure
isentropic advection model, the results suggest that an
air mass could escape from the COL on § October and
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lose PV because of diabatic effects. In short, we then can
directly interpret the ozone enhancements on the
MOZAIC flights as a net result of the stratosphere
troposphere exchange around the COL in the tropical
free troposphere, the dynamical character of the strato-
spheric origin of the COL, as evidenced by PV, having
almost totally disappeared.

October is the beginning of the biomass burning
period in South Africa. During this period, an ozone
enhancement due to biomass burning influences cannot,
a priori, be excluded. Moreover, lightning can produce
MO, and, then, through photochemistry, induce ozone
generation (Pickering et al., 1993). This influence can
also not be excluded, since convective activity is noted
close to the ozone peak. However, in our case, it is noted
in the MOZAIC data that the czone-rich air mass,
(between 6°S and 8°S on 11 October) is also very dry,
with a very low water vapor mixing ratio at 7°5%, and
surrounded by relatively higher values. This is consistent
with clouds observed by satellite (Fig. 4), with the
stratospheric origin of the air mass near 7°5 on the
trajectory of the aircraft, and with the convective
redistribution of 7-8 October. The interpolation of PV
along the MOZAIC flight indicates a small maximum in
large scale PV at 7°5, and a clearer signature (2 maxima
at 6°S amd 8°S) in reconstructed PY. These signatures
are weak in amplitude (it has been shown previously that
the COL is not at its maximum and that its dissipation
started on 7-8 October, and that the MOZAIC flight did
not pass through the center, but around and over the
COL), but these stratospheric signs are persistent over
longer time periods than those considered in the
statistical study of Price and Vaughan (1992).

4. Conclusion

In this study, we have investipated a tropical COL
occurring in October 1996 over South Africa, and have
studied its impact on tropospheric ozone. This tropical
COL differs in structure from the polar and mid-latitude
COLs reported in previous studies. In the case presented
in this study, there is a complete detachment of the mass
of air from its external surroundings, in both the
horizontal and vertical planes, and it has a lifetime of
about 2 weeks. This is not always true of mid-latitude
and polar COLs, where the detachment is sometimes
only in the horizontal, and in the vertical the COL

consists of an upper level depression where the
tropopause is lower than its usual level, but without a
clear vertical detachment. There have been a few studies
of Morthern Hemisphere COLs that show a similar
hehavior, but in such cases the lifetimes are smaller (less
than 5 days for the studies of Ebel et al, 1991;
Appenzeller et al., 1996; Langford et al., 1996, and less
than # days for the studies of Ravetta and Ancellet, 2000
and Gouget et al., 2000). If this kind of structure is not
unique to our case study, but is more generally
reproduced for other cases of tropical COL, then this
characteristic could imply that the mass of air contained
in the tropical COL has a potentially more significant
impact on tropospheric ozone than other COLs, due toa
reduced tendency to return to the steatosphere. More-
over, the lifetime (about 2 weeks) and the size of this
event (more than 157) are very significant, and several
dynamical elements of the study suggest that the
stratospheric air introduced into the troposphere did
not return to the steatosphere during the event. Previous
studies have suggested that the impact of subtropical
COLs on tropospheric ozone is minor. Our study
suggests that this impact could be larger than previously
thought.
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Fig. 6. MOZAIC flights Vienna—Johammesburg and Johannesburg—Vienna on 25 and 26 September 1996, and on 11 and 12 Ociober
1946 Plots of ozone (a) and water vapor mixing ratios (b) as a function of lititude; Caleulations of large scale (o) and reconstructed PV
{d) interpolated along the flights; Positon of the aircraft (longitude (2) and pressure level (f) as a functon of latitnde). The
reconstructed PV data have been calculated by interpolation of meteorological ECMWF data along the aircraft trajectory using the
reverse domain filling techmique {the MOZALC 111 report is available on the MOZAIC web site hitp: ) www.aero obs-mip.fr/mozaic/).
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Abstract

Enhanced ozone values observed in the upper troposphere near intense tropical cyclones have raised the guestion of the
role of stratospheric-tropospheric exchange. The dynamical mechanisms involved in the enhanced ozone values of 6 April
1995 observed at Reunion and associated with the tropical cyclone Marlene could not be explained by ECMWF
meteorological analysis with 1125 horizontal resolution. A previous study based on the ECHAM model has
demonstrated the impact of biomass burning, but of limited amplitude { <6080 ppbv max). In this paper, the upper
wropospheric ozone enhancement on the periphery of Marlene has been studied with a mesoscale model (MESO-MNH). This
model is able to reproduce a stratospheric PV filament into the troposphere, crossing the isentropes to the 350 K level. The
ageostrophic circulation associated with divergence zones that have induced vertical movements has been shown. Further,
the influence of vertical wind shear, evident in both the mesoscale analysis and in the idealized HURRICANE tropical
cyclone model, also contributes to our understanding of this downward transport process.

[ 2007 Elsevier Ltd. All rights reserved.

Keywards: Stratospheric-tropopsheric exchange; Tropospheric ozone; Tropical cyelone; Mesoscale modelling

L. Introduction following dynamical mechanisms similar to polar jet

stream-induced  tropopause folds (Gouget et al.,

Dynamical exchange of air masses from the
stratosphere to the troposphere 15 known to be a
source of tropospheric ozone. Several dynamical
mechanisms able to induce this kKind of exchange in
(sub) tropical regions have been recently identified:
tropopause folds near the subtropical jet stream

*Corresponding author. Fax: + 262 2629362 &4,

E-mail address j.1dhi@univ-reunion fr (1. Leclair De Bellevue).

1352-2310/% - see Front matter © 2007 Elsevier Lid All rights reserved.

doi: 101016 j.atmoseny. 2007 04 (40

1996; Folking and Appenzeller, 1996; Baray et al.,
1998), filamentation (Scott et al., 2001), Rossby
wave breaking (Postel and Hitchman, 1999),
and subtropical cut-off lows (Baray et al., 2003;
Kentarchos et al., 19949),

A case study of record high contamination of
tropospheric ozone has been recently reported
(Baray et al, 1999} These authors put forward
the hypothesis that the subsidence around mtense
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tropical eyvclones (TC) could induce stratospheric—
tropospheric exchange (STE).

In the case study of TC Marlene, since potential
vorticity (PV) signatures in the ECMWE analysis
were not clear (Baray et al., 1999), the objective of
this paper 15 to present a mesoscale simulation,
order to confirm the stratospheric origin of the
troposphernic ozone enhancement, and to detail the
dynamical mechanism. Further, the use of the two-
dimensional model HURRICANE for idealized
TC modeling will provide additional dynamical
insights. The effect of wvertical wind shear, in
particular, on STE will be discussed.

A summary of previous findings relating to
tropical cyclone Marlene is given, followed by a
description of the MESO-NH mode and of the
associated simulation results. Finally, description of
the HURRICANE maodel and simulations through
it will presented and discussed.

2. Synthesis of earlier studies of tropical cyclone
Murlene

This section summarnzes previeusly pubhshed
results on the TC Marlene event.

The track of TC Marlene is depicted in Fig. 1.
Tropical depression Marlene formed on 30 March
1995, at about 2000km north-cast of Reunion.
On 1 April, it became a TC, the strongest of the

6511

19941995 cyclonic season in the Indian Ocean
(Lander and Angove, 1998). Between 3 and 4 April,
TC Marlene reached maximum intensity, with gusts
of 22ms™" and sustained winds of 67ms™!. On 6
Aprl, 1t was located closest to Reumon, at about
1000 km east. Then, TC Marlene moved away in
an cast-southeasterly direction, weakemng at he
same time.

Ozone profile measurements have been done over
the south-western part of the Indian Ocean during
the period of ecarly April 1995 included airborne
MOZAIC data at Johannesburg, and ozone sound-
ings performed at Reunion (208°S; 55.5°E)
and Irene (25.9°5; 2H.2°E) (Baray et al, 1999)
and from the Malcolm/Baldridge ship within the
framework of the pre-Indian Ocean Experiment
(pre-INDOEX) campaign (De Laat et al., 1999).
The measurement locations are shown m Fig. 1.

The ozonesonde launched from Reunion on 6
April 1995 (Fig. 2a) showed record high ozone
values in the entire free troposphere, higher than
100 ppby between 800 and 100 hPa. These values
are largely above those of the mean April profile
for the period 1998-2006. In addition to the very
high mean values of this ozone profile, two peaks
are apparent, one in excess of 300 ppby at 10.5km
(260 hPa), and a secondary peak of lower intensity
(200 ppbv) at 9km (350 hPa). The humidity profile
15 charactenized by high values in the low layers
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Fig. 1. Location of the n-sitn measurements used in the & April 1995 case study. The honizontal projection of the domain used in the

MESO-MH simulation & visible {green). In red and Hue are th

Baldridge ship during Pre-Indoex. The ozone values indicated are mid-tropospheric and are from the profikes visible on Fig. 7in De Laat
et al. (1999, Track of the tropical cyclone Marlene and locations of the Irene radiosonde launch and MOZAIC measurements above

Johanneshurg are also depicted.

e dates and locations of the sondes launched from the BV, Makalm
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Fig. 2. {a) Vertical profiles of ozone mixing ratio {black) and relative humidity {blue) obtained by radiosounding over Reurnon on 6 April
1995 at 06 UT, superimposed with a cimatological profile of czone (red line) and relative humidity (magenta) for April (based on 25
profiles from 1998 to 2006). The standard deviation associated to the average profiles are in dashed lines. (b)) Vertical profiles of relatve
humidity and PV modeled by MESO-MNH over Reunion on 6 April at G0UT,

(60% below 6km), yet the two orzone peaks are
strongly anticorrelated with humidity (see Fig. 4 in
Baray et al. (1999) for more details about anticor-
relation caleulations; the difference between the 6
April profile and the climatological background
profile  from MOZAIC data and from Irene
and Reunion radiosondes corresponding to the
March-May period 15 plotted). At these two
altitudes, hurmdity values are also largely below
the climatological profile. Baray et al, (1999)
hypothesized that & TC could induce STE in 1ts
peripheral zone. ECMWE analysis enabled them to
detect zones of instability and subsidence above
Reunien, but expheit determination based on PV
fields was not clear in the global model.

De Laat et al. (1999) have presented a large
dataset obtained in the Indian Ocean during pre-
INDOEX. Ozonesondes released as part of this
campaign (see Fig. 7in De Laat et al., 1999), close
m time and space to the cyclone, also showed ozone
enhancements relative to chmatologieal values, with
a structure smmilar to that observed above Reumon.
However, ozone values were significantly lower than
those of Reunion, with less than 80 ppbv around
400hPa on 2, 4 and 5 April (in blue on Fig. 1), and

between B0 and 100ppbvy m  the 400-200hPa
pressure range on 6, 7 and 9 Aprnl (in red on
Fig. 1). The dynamical role of upward motions in
TC Marlene and of the tropopause fold of a
subtropical jet were analyzed using ECHAM, a
chemistry—chmate model developed at the Max
Planck Institute for Meteorology in Hamburg and
based on the ECMWF data. The authors inferred
that the enrichment of ozone observed in the upper
troposphere during this campaign came mostly
from the transport of polluted African air.

The differences between the two hypotheses
provoked a debate m the hterature. De Laat and
Lelieveld (2001) argued that a chemical origin of the
ozone enhancement was most hkely based on
simulated high CO values (e.g. sonde 10 of de Laat
and Leheveld, 2001 ). The relatively good agreement
between modeled and observed ozone, demonstrates
unambiguously the impact of biomass burning, but
it it shown to be of limited amplitude (< 60-80ppbv
max). In response, Baray et al. (2001) noted that
MOZAIC data recorded on the Johannesburg to
Vienna flight during this period (31 March, and on 5
and 12 April 1995) indicated very low ozone values
above South Africa (see Fig 1 in Baray et al., 2001).
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Moreover, the month of April falls outside the
blomass burning season in Africa, as evidenced in
NOAA AVHRR satellite images, and there are also
ozone layers not captured by the ECHAM model
(particularly sonde 9 of de Laat and Lelieveld, 2001
on the day of Reunion sonde), attributed by the
authors to a deficiency in the model that prevented
it from capturing mesoscale dynamical phenomena.
But since there is no indication of CO enhancement
(or even the opposite), the biomass orgin is difficult
to support.

Following on from these studies and debate, it
appears that the troposphernc ozone enhancement
observed in this case study s still an open question
and deserving of further investigation.

X Mesoscale simulation
31, Description of MESO-NH

The MESO-NH maodel (Lafore et al, 1998) is
used i the present study. This three-dimensional
and noen-hydrostatic mesoscale numerical model 15
the result of a joint effort by Centre National de
recherches Météorologiques (CNEM, Meteo-France)
and Laboratoire d’ Aérologie (Centre National de la
Recherche Scientifique). It is based on the Lipps and
Hemler (1982) modified anelastic system to avoid
problems due to the fast propagation of acoustic
waves and to allow a correct representation of
the gravity wave momentum flux in the upper
atmosphere. The basic atmosphenc vanables are
temperature, pressure, and density of dry and
maoist air. The prognostic vanables are the three
Cartesian components of veloaty, dry potential
temperature and the different water mixing ratios.
The MESO-NH system of equations includes (i) the
anelastic approximation for air mass conservation,
(i1} the conservation of momentum for dry air,
including the Coriolis force due to the Earth's
rotation and subgrid-scale turbulent diffusion,
(1) the thermodynamie equation including dmbatic
effects (latent heat release, radiation, diffusion),
(iv) the conservation of water quantities.

For the present study, the honzontal mesh
consists of 150 = 100 grid points with a uniform
grid spacing of 45 km and is centered at 20.8°S and
55.5°E. This large domain has been chosen to cover
the in situ measurement sites, the cyclone track and
the location of the subtropical jet. In our simula-
tion, the vertical Gal-Chen and Sommerwlle (197 5)
coordinate grnd spacing vanes contimuously with

altitude, from 150 m close to the surface to 500 m at
an altitude of 30km. The turbulence scheme of
Bougeault and Lacarrére (1989) has been used with
a mixing length, that takes into account possible
anisotropies of the grid. Air-sea fluxes of sensible
and latent heat are caleulated through acrodynamic
formulae with wind-dependent exchange coefficients
(Dupuws et al., 1997). The radiation scheme calew-
lates the radiative fluxes, considering absorption-
emission of long-wave radiation and reflection,
scattering and absorption of solar radiation by the
Earth’s atmosphere and surfaces (Morcrette, 1989).
Convective parametenization 1s based on the Kain
and Fritsch (1993} scheme, with closure based on
static stability, parameterization of moist down-
drafts, detrainment of hydrometeors and realistic
computation of entrainment through a buoyancy
mechanmism.

The MESO-NH model (MASDEV4_4, bugfix2)
was imitialized with large-scale fields provided by
ECMWF analysis for the boundary conditions. In
this version of MESO-NH, the “Wave-radiation
open boundary™ variant of open boundary condi-
toens 15 used, described in Xue and Thorpe (1991)
and Klemp and Wilhelmson (1978). In order to
simulate the mesoscale dynamical processes before
the radioscunding and to examine their temporal
evolution, the simulation started at 12UT on 4
April 1995 and continued for 54h.

3.2 Results of sinudations and comparison to
ECMWF analysis

On 6 Apnl 1995, TC Marlene had already started
to weaken. Its central pressure 1s estimated at
975 hPa and 1ts intensity about 3.5 on Dvorak scale.
The wind profile above Reunion simulated by the
MESO-NH model showed moderate southeasterly
winds (5-10ms™ ") in the lower levels, and a higher
intensity westerly component (10-20ms™') in the
upper levels. This 1s consistent wath i situ observed
winds (Fig. 3). The simulated profile is consistent
with the presence of a TC east of Reunion. The
cyclomic dreulation reinforces the southeasterly
trade winds in the lower levels. The trade wind
mversion usually observed at the 4-5km altitude s
replaced by a regular rotation of the wind resulting
in a westerly wind, reinforced by the divergent
circulation aloft. The primary circulation in TC's is
an axisymmetric, cycdonic flow in the horizontal.
Superimposed on the pimary circulation are weaker
asymmetric honzontal motions and a secondary
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Fig. 3. Wind profiles {intensity and direction) above Reunion at 06 UT on 6 April 1995 from a Meteo—Franoe radiosounding, and a
simulated profile from the MESO-NH model. The level of the tropospheric ozone maximum chserved at this dme is ndicated.

arculation in a radins-height plane (Willoughby,
1988). In its simplest form, the secondary circula-
tion consists of lower-tropospheric air that flows
inward and converges toward the convectively
active parts of the evewall and rain bands, mid-
troposphenc air that nses in the deep convection,
and upper-troposphernic air that diverges outward or
converges inward and subsides m the eye. The
cyclomic and anticyclome circulations and also the
dynamic context surrounding Marlkene, including
the jet stream described hereafter are depicted in
Fig. 4. The MESO-NH wind pattern on the 200 hPa
wobanc level on 6 Apnl 1995 (Fig. 4b) shows a local
maximum intensity (=40ms™") between grid points
(60; 40y and (120; 30). This jet streak, located south
of Reunion, could induce secondary downward
motion. However, Reunion 1s located near the
entrance zone of the jet streak and, on the
anticyclonic  side, hence the probability of a
tropopause fold is theoretically weak, and ex-
changes on this side occur mainly by trbulent flux
(Bertin et al., 1995). Moreover, this jet streak is
rectilinear, so there is no curvature to amplify an
eventual tropopause fold. The TC center is located
at grid point (102Z; 60), e 1250km north-east
of Reunion. Horizontal winds associated with
the cyclome circulation at 700hPa reach about

20ms™" (Fig. 4a). Simulated winds of 20ms™

correspond approximately with observed winds of
30ms ! winds noted by Baray et al. (1999).

The anticyclonic circulation at 200 hPa centered
at grid point (102; 58), is shifted approximately
90km south from the TC center. Because of this
horizontal shift in the vertical plane and the
anticyclomic circulation assymetry, as the TC's
low and md-troposphenic cyclome circulations
develop, the storm becomes more mertially stable,
and less permeable to environmental forcing
at these levels. However, at the outflow level, we
may suppose that the antieyclomie asymmetry 1s
more inertially unstable and more responsive to
upper-level environmental forang (Holland and
Merrill, 1984).

Reunion (grid points 78; 47) is under the influence
of the north-western component of this anticyclonic
circulation. Moreover, this anticyclonice flow enters
an area where there is shear in the mean flow due to
the jet streak. This structure is the result of the
interaction (horzontal shear) between the divergent
circulation of the cyclone and the mean westerly
flow and also the subtropical jet-stream more to the
south. Thus, the jet stream may play a role in
secondary circulation by induang such horizontal
wind shear.
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Fig. 4. MESO-MNH horizontal wind patierns on the {a) 70 hPa and (b) 200 hPa isobaric surfaces at (6 UT 6 April 1995, The color scale
represent the horizontal wind intensity (ms—").

Potential vorticity (PV), used as a dynamical gradients of diabatic heating and frictional forces
tracer, which is a criterion of stability, is conserved (Hoskins et al., 1985). In TC's, the generation of PV
in the atmosphere in the absence of wvertical due to latent heatimg may become important and the
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PV may not be conserved. However, at the 200 hPa
outflow level where the latent heating is negligible,
the PV may still be a good indicator of general
rising and sinking motions, especially outside of the
mner convective regon. Indeed, studying the nter-
action between a synoptic scale trough and a
mesoscale TC, Molinarn et al. (1995) argued that a
rather complex mix of shear and diabatic heating
influences can make the control of this scale
interaction in real numerncal simulations comph-
cated. The result is that the interpretation of PV
fields is not easy in the lower layers but PV is an
appropriate indicator in the outflow layer where
latent heating 15 neghgble.

To further illustrate that the secondary circula-
Hon is a persistent feature associated with the
outflow structure, we now discuss the distribution
of PV and relative humidity at the outflow level

Fig. 5 depicts the PV fields obtained by both
MESO-NH and ECMWF analysis. The ECMWEF
analysis with 1.125% honzontal resolution does not
show any particular anomaly in the peripheral part
of the cyclone. In contrast, a 1.2 PVU PV filament
betwoen the (80; 80) and (100; 40) gnd point pars 15
clearly visible on the 200 hPa isobaric surface of the
MESO-NH smulation. The dynamical tropopause
15 wsually characterized by PV walues ranging
betwoen 1 oand 2 PVU at tropical latitudes,
according to a number of authors. This 1.2 PVU
PV filament at 200 hPa would correspond therefore
te an air mass that is characteristic of the
tropopause region. We can also observe a strong
PV filament (2 PVU) south of the jet streak
depicting subtropical stratosphenc air masses.

The relative humidity fields visible in Fig. 6
highlight the contribution of the mesoscale simula-
tion compared to the 1.125% horizontal reselution
ECMWF analysis. In the latter, due to the weaker
resolution, the TC 18 more coarsely represented.
MNevertheless, one finds the finger print of the PV
filament which is associated with low relative
humidity values, between grid points pairs (80; 20)
and (100; 40y (Fig. 6a). This spatial agreement
between the PV filament on the western periphery of
the eyclone and the low values of relative humidity
is clearer on the MESO-NH simulated fields. Strong
values of humidity (100%) are visible in Fig. 6a and
confirm the deep convection areas of the cyclone.
There is no significant condensation at the outflow
level, and so, the relative humidity field at the
200hPa level is mainly & manifestation of the
transport  process, reflecting  several important

features. This is also valid for low relative humidity
values associated with the PV filament surrounding
the cyclone. Fig. 2b depicts the relative humadity
and PV modeled profiles above Reunion and shows
the consistency between the —1.2 PVU and the 10%
relative humidhty peaks at 200 hPa.

Based on Figs. 53 and 64, a good agreement
between humidity and PV fields simulated by
MESO-NH 15 observed. The two strong PV areas
(1e. the filament west of the cyclone and the large
zone south of the jet stream) are very dry, with less
than 10% relative humidity. Thus, the signatures of
PV and humidity correspond well to a dynamcal
situation of STE.

The location of Reunion is exactly under the PV
filament on 6 April 1995 whereas the Malcolm/
Baldridge ship in the framework of pre-INDOEX
campaign was at 557E; —1475 (gnd point T8; 66),
ie. B00km north of Reunion. Due to this geogra-
phical shift, the signatures of this STE event were
stronger on the ozone profile observed abowve
Reunion than that from the ship. Indeed, the ozone
values recorded in the ship’s profile were much
lower because of the position of the ship east of the
filament.

Accepting that the PV and humidity anomales
point towards stratosphere to troposphere transport
as the origin of the enhanced ozone values, the
mesoscale model simulation allows us to study
the dynamics at the origin of these signatures. The
following part will focus on the transversal ageos-
trophic circulation and induced vertical movements.

3.3 Discussion about the dynanmticy at the origin of
the signatioes

In Fig. 7, a strong ageostrophic component of the
wind can be viewed, with intensities reaching
20ms~'. We considered only a part of the simula-
tien domain which 18 indicated by a black rectangle
in Fig. 5a. The horizontal wind divergence field
has been supenmposed on the ageostrophic wind
field. The positive (negative) values of divergence
(convergence) appear n red (blue). Subsidence
above altitude divergence zones and below conver-
gence zones 15 ndoced by mass conservation. The
ageostrophic arculation s radial and  directed
outward and participates in the evacuation of air
masses on the southwestern face of the cyclone. This
situation is different from the case of jet-stream
curvature, in which the ageostrophic circulation 15
longitudinal. Indeed, considering a uniform jet-stream
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Fig. 5. PV at 00 UT 6 April 1995 on the (a) 200 hPa isobaric surface (MESO-NH). Also shown is the horizontal wind direction. Locations
of the R.V. Maloolm Baldridge and of the anticyclone center at this ime and of Reunion are indicated. The straight line AB across the PV
filiment marks the location of the cross-section used in Fig. & and the black rectangle is the domain of Fig. 7. The color scale represents the
PV intensity [PVLU]. (b) Equivalent 1.125" horizontal resolution ECWMF PV ficld
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Fig. 6. Belative humidity | %) at 00 UT 6 April 1995 on the (a) 200 hPa isobaric surface (MESO-MH) and (b) 1.125" horizantal resolution
equivalent ECWMF relative humidity field. Locations of the R.V. Maloolm Baldridge and of the anticyclone center at this time and of
Reunion are indicated. The color scale represents the relative humidity values (%)
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Fig. 7. Horizontal ageostrophic wind vectors on the 200 hPa isobaric surface at (80 UT & April 1995, The maxmmum intensity reached is
Him s~ and corresponds to the longest vector. Divergence of the horizontal wind has been superimposed and its intensity is represented
by The horizental domain of Fig. 7 is the color scale (s~'). marked by the black rectangle in Fig. 5.

following a curvilinear trajectory, centripetal accele-
rations, due to the curvature of the jet-stream,
induce longitudinal ageostrophic circulations and
modifications of the field of divergence at the level
of the jet-stream (Shapiro and Kennedy, 1981). In
the present study, the ageostrophic component of
the wind is transverse to the anticyclonic circulation.
A succession of distinet divergence/convergence
zones can be observed from the center to the
periphery of the cyclone, organized in the shape of
rings. The signatures of PV described in the previous
section are located on the right side of the ageos-
trophic wind maximum facng downstream. The
interaction between the cyclone dynamics and
surrounding flow (westerly mean flow and jet-stream)
s non-stationary. It is the prime reason for the
localization of the maximum of the ageostrophic
component of the wind (confluence effect). The
curvature of the anticyclonic circulation is the
second reason (curvature effect).

The situation in the vertical plane is described by
Fig. 8 The vertical component of the wind is
presented in a vertical cross-section transverse to the

PV filament. This PV filament comes from the
stratosphere and penetrates into the troposphere as
far as the 350K isentropic surface, crossing the
wentropes diabatically. White contours represent
positive values of the vertical wind component
(reaching 10 ems ™'} and thus ascending movements,
in the eyewall between grid points 57 and 60. The
tropopause forcing due to the strong ascending
motion at the top of the eyewall can be seen through
the dynamical tropopause deformation at this
location. Negative values of the wvertical wind
component in black contours are visible under the
stratospheric PV filament and also between this
filament and the positive vertical wind core de-
seribed abowve.

The persistence of the PV anomaly in the vicinity
of the cyclone above Reunion is presented in
Fig. 9a. High simulated PV values compared to
those of the background are visible between 100 hPa
(tropopause) and 220 hPa between 15 UT on 5 April
and 09 UT on 6 April. The wvertical wind shear
(VW S) has been calculated between 400 and 150hPa
above Reunion over the same period (Fig. 9b).
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Fig. & PV on a vertcal cross-section AB marked in Fig. 5 at 00 UT 6 April 1995, Also shown are the vertical wind isotachs {white sobd
tines for positive valuss and black for negative in ms~") and the isentropes (K (dashed). The color scale represents the PV values [PV L]
The vertical straight line indicates the posiion of Reunion in this cross-section.

It represents the difference, in terms of intensity
and direction, of the MESO-NH horizontal wind
between these two levels. From Figs. 9a and bt s
noted that the events of high PV correspond to the
highest VWS values.

In Section 4, we propose an approach that

vertical movements in the eye and in the penphery
of an idealized tropical cyclone.

4. ITmpact of wind shear. HURRIC ANE maodel
simulations

4.1 The HURRICANE idealized tropical cyclone
model

Except for the convective parameterization and a
few minor changes, the hurricane model used here is
identical to that of Emanuel (1989). Recent work on
the interaction of convection with large-scale flow
suggests that a closure based on a4 presumed
equilibrium between surface enthalpy fluxes and

input of low-entropy air into the subcloud layer by
convective downdrafts works well in models of the
tropical atmosphere. Such a convective representa-
tion is used in the HURRICANE model and further
simplifies the model, while in many respects im-
proving its performance. The model is axisymmetric
and phrased in angular momentum coordinates,
using the potential radius R (Schubert and Hack,
1983). The model consists of two parts: a subcloud
layer and the rest of the troposphere. The latter is
assumed to be in hydrostatic and gradient wind
balance, and to be neutral to slantwise moist
convection. The primary dynamic variables of the
maodel are: the radius of R at the sea surface, the
radivs of R at the tropopause, the mean mass
streamfunction in the middle troposphere, the mass
streamfunction at the top of the boundary layer, the
convective updraft mass flux at the top of the
boundary layer and the convective downdraft mass
flux at the top of the boundary laver. More details
can be found at hitp:)//wind.mit.edu/~emanuel,
modella/modella.html.
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Fig. 9. {a) PV [PVL] represented by the color scale and relative humidity contours (%) over Reunion between 03 UT 5 April and 18 UT &
April (MESO-MH); (b)) verbcal wind shear between 400 and 150hPa over Reunion during the same time series {MESO-MH).

The HURRICANE model will be useful in this
study to identify the updrafts and downdrafts oceur-
ring in the eve and in the outer part of the cyclone.

This will allow the simplification of the interaction
of the cyclone circulation with the subtropical jet to
a single parameter, namely the vertical wind shear.
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4.2 Contribution of the HURRICANE model in an
idealized tropical cyclone simulation: effects of the
vertical wind shear

The HURRICANE model allowed us to consider
the mteractions between a cyclone and its environ-
ment to the presence of a VWS,

Simulations in which a VWS of different magni-
tude was applied during the evolution of the eyelone
were undertaken. The magmtude 15 caleulated as the
difference in the wind speed between two surfaces,
viz. the top and bottom of the model. From Fig. 10,
it is observed that the greater this difference in wind
speed surrounding the cyelone, the weaker the
surface winds. A VWS was applied on day 13 and
its effects were felt on day 15. A 6ms ' VWS
intensity causes a decrease in surface wind speed of
Wms™* compared to a simulation where flow
surrounding the cyclone is uniform, ie. without
VWS (VWS =0ms™ 1), A stronger VWS (15ms™1)
tends to decrease the value of the maximum surface
wind speed back toits cycogenesis value.

Fig. 11 presents the vertical component of the
wind in an r—z crosssection of a mature cyclone
under the influence of VWS of different intensities.
In Fig. 11a, where there 15 no VWS, we have a
structure with three major characteristics: strong

B0 -
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ascent in the convective tower with positive vertical
wind speeds up to 0.5m s7'; weak subsidence in
the eve; and significant subsidence in the outer
part of the eye wall. On the other hand, when a
relatively low amphtude VWS (6ms") is apphed
(Fig. 11b), wertical winds weaken in the eye and
in the outer part of the eye wall, but stronger
subsidence is observed in the periphery of the
cyclone (900 km from the center). This area is
located where low level eyclome and upper level
anticyclome circulattons are sheared with  the
surrounding flow of the cyclone. With a stronger
amplitude VWS (15ms™"), it is observed that a
reinforcement of the secondary circulation occurs
simultaneously in the eye and in close proximity to
the cyclone (Fig. 1le).

In summary, the VWS has two obvious effects on
the tropical cvelone. The surface winds are wea-
kened and the subsidence in the periphery of the
cyclone is reinforced.

4.3 Dizcussion

In the real atmosphere, VWS must be accom-
panied by a honzontal temperature gradient. Strong
convection associated with the TC leads to a large
amount of latent heat release, which will modify the

o
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Fig. 10, Evolution of the maximum surface wind (ms~") during a HURRICAMNE simulation of an idealized tropical cyclone with three
different intensities of the vertical wind shear applied (0, 6 and 15ms ).
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Fig. 11. Vertical r—z cross=section of the vertical wind with a vertical wind shear of {a) 0ms"" intensity, (b) 6ms"" and (¢) 15ms""
(HURRICAME). The color scale represents the vertical wind intensity {ms~") and the white solid lines represent particularly negative

vertical wind isotachs.
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termmperature structure, and in turn, the VWS, S0, a
vertical shear modifies the temperature structure of
the atmosphere, which results in a change in the
distribution of PV Even under adiabatic conditions,
the presence of a VWS will result in a honizontal
gradient of PV, as first pointed out by Kasahara and
Platzman (1963). The vertical shear also ulis the
vortex such that the upper level anticyclone will be
downstream of the shear relative to the low-level
cyclone. Wu and Emanuel (1993) suggested that
conservation of PV would cause a downward
(upward) penetration of the upper level anticyelone
(low level cyelone). Only a few observational studies
on TC motion related to non-baretropic processes
have been made and all were based on case studies
(e.g. Wu and Emanuel, 19953, b; Wu and Kurihara,
1996; Shapire and Frankhn, 1999). The general
conclusion from these studies is that PV at the upper
levels appears to be an important contributor,

apparently through the downward penctration
process.
In the Marlene case study, at 200hPa, the

stratospheric PV filament signature is located where
the horwzontal shear between the mean westerlies
and the anticyclomc circulation takes place. The
non-stationanty caused by this interaction involves
the development of an ageostrophic component of
the wind which will be reinforced by the curvature
of the anticyclonic drculation. Regarding the
agreement between the relative PV oand VWS
maxima, the reinforcement of the negative vertical
wind core in close proximity to the HURRICANE
simulated eyclone underscores the hypothesis that
VWS has played a rele n the downward penetration
of PV,

5. Conchsinms

The tropespheric czone budget over Reunion in
the Southwestern part of the Indian Ocean is mainly
contrelled by photochemical production based on
released pollutants coming from the African sub-
continent and Madagascar, and by  dynamical
transport events from the upper-troposphere low-
er-stratosphere. In this last contribution, one
possibility is the influence of tropical lows which
was the purpose of the present study.

The dynamical mechamsms involved m the high
ozone values of 6 April 1995 observed at Reunion
were not previously detailed mamly due to the
absence of signatures in the global model PV fields.
Based on the results of a mesoscale simulation

carried out using MESO-NH, we have highlighted
some of the characteristic dynamic elements of this
stratospheric ozone intrusion on the periphery of
tropical cyclone Marlene, in addition to the hmited
amplitude contribution of biomass burning detailed
by de Laat et al. (1999, 2001).

ECMWF analysis with 1.125 honzontal resolu-
tion did not reveal any particular anomaly of PV,
whereas a filament was clearly visible in MESO-NH
fields. Moreover, a good agreement in space
between the PV filament and low relative humidity
values was observed. The 1.2 PVU value for this
filament could be consistent with a stratospheric
origin. The model reproduces a penetration of the
filament into the troposphere to the 350K isentropic
level, crossing the sentropes diabatically. It is
located in the wvicinity of the cyclone, directed
inwards and has a centripetal form.

The radial ageostrophic arculation is directed
outwards from the cyclone and is assocated with
divergence/convergence  annular rings that hawve
induced vertical movements. Two origins can be
proposed. The first one is a confluence of the
anticyclome arculation with the subtropical jet-
stream and the mean westerhies. The second one 15
the curvature of the anticvelonie circulation. This
component of the wind is transversal to the antic-
yelome circulation. Thus, the present situation 1s
different from jet-stream curvature, where the
ageostrophic circulation is found to be longitudinal.

Moreover, the reinforcement of the negative
vertical wind core 1 close proxmity to  the
HURRICANE smulated cyclone underscores the
hypothesis that the VWS may have played a role in
the downward penetration of PV.

The agreement of the dynamical and chemical
signatures, which were not wsible in ECMWFE
global model data, the description of the upper
level ageostrophic circulation and assoaated diver-
gent zones, and the influence of the VWS which has
been discussed through the mesoscale analysis and
via the dealized HURRICANE tropical cyclone
model, all support the role of stratospheric to
tropospheric transport in this event.
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Signatures of stratosphere to troposphere transport near deep
convective events in the southern subtropics
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[1] A climatology of tropospheric ozone profiles associated with tropical convection in
the southwestem part of the Indian Ocean and over South Africa is presented. Then case
studies of swratospheric-tropospheric exchange are documented using radiosoundings,
ozone lidar, satellite and ECMWF global model data. In three distinct cases of varying
tropical convection intensity (depression and cyclone Guillaume near Reunion in February
2002 and convection near Irene in November 20007, strong interaction between
convection-induced upper level circulation, jet front systems and Rossby Wave Breaking
induces stratosphere to troposphere exchanges. Stratospheric filaments in the upper
troposphere evident in the ECMWF analyses are in good agreement with ozone, humidity
and temperature vertical profile observations. For the Guillaume case study near Reunion,
filaments and subsidence occur in both cases (depression on 15 February and cyclone on
19 February 2002). On 15 February, a moderate enhancement of ozone in the free
troposphere is observed and on 19 February, a 100 ppbv ozone peak is recorded. In the
Irene case study, a large upper level depression coming from the stratosphere, fed by a
filament wrapped around the convective area in the Mozambican channel, induces an
ozone peak of larger magnitude (170 ppbv). Secondary ozone sources (jet front system in

the Atlantic and biomass burning in South America) could further amplify this ozone
enhancement. The radicsounding indicates a strong ozone enhancement in the upper
troposphere, without a signature of pumping from the lower layers, in contrast to the

Guillaume case.

Citation:

Leclair De Bellevue, I, A, Réchou, I L. Baray, G. Ancellet, and B, D, Diab (2006), Signatures of stratosphere to roposphere

transport near deep convective events in the southern subtropics, J Geophys. Resx, J17, D24107, doi 1010292005 DO06947,

1. Introduction

[2] The understanding of the transport of race chemical
species between the stratosphere and the troposphere s
necessary for global change prediction. Tropospheric ozone
is a minor component of the atmosphere which plays an
mmportant part in the photochemical balance of the tropo-
sphere, because of its high oxidizmg potential with other
chemical species. Moreover, changes in the vertical distri-
bution of ozone, a greenhouse gas, mfluence the atmospheric
radiative balance. Two main mechanisms explain high
ozone concentration in the upper levels of the troposphere:
photochemstry  (pollution, biomass burning) and strato-
spheric-tropospheric exchange (STE).

[3] In the wopies, earlier studies of wopospheric ozone
suggested that the ozone budget is controlled primarnly by
biomass burning which mjects ozone precursors nto the
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troposphere [Fishman ef al, 1990; Browell ef al., 1996;
Fujwara etal., 1999; Randriambelo et al , 2000; Thompson
er al, 2003].

[4] More recent smudies indicate that 8TE, induced by the
subtropical jet stream or by Rossby Wave Breakings
(RWE), could also contribute significantly to tropospheric
ozone enhancement [Scott ef all, 2001; Gouget ef al, 1996;
Folking and Appenzeller, 1996].

[5] Indeed. tropospheric ozone inputs could also result
from convection mduced downdraughts. Apart from its mole
in upward transport and diffusion of chemical species
produced by biomass burning, the influence of convection
on tropospheric ozone is complex and includes both
dynamical and chemical components. Owing to mass con-
servation, convection-mduced dynamical influences are not
likely to be Imited to upward lifting of ozone-poor air from
lower layers of the troposphere. Detrainment of air 1s
expected o play some part n the troposphenc ozone budget
[Chatfield and Cruizen, 1984; Dickerson et al. 1987;
Thompson ef al., 1996]. Ozone measurements have been
performed regularty at Reunion (20.8°8, 55 5°E) since 1992
[Baldy et al., 1996]. At Irene (25.9°5, 28.2°E), located in
South Africa [Diab er al, 1996, 2004], soundngs were
taken in 19901993 and again from 1998 to the present. A
first case study of convection-induced downdraughts mject-
mg a high concentration of ozone m the troposphere has

1ofl4
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Table 1. Number of Tropospheric Ozone DIAL Nighttime
Measurements and Radiosounding Performed by Year Since 1995
Year Lidar Aoguisitions Ozonesondes
1995 e 1%
19906 e 17
1997 e 25
198 kS 35
145 32 44
2000 17 39
2001 4 28
2002 30 30
2003 ] 1%
2004 51 41

been presented by Baray ef al [1999a). This high ozone
enhancement attnbuted to ropical eyelone Marlene has also
been observed in the pre-INDOEX (Indian Ocean Expen-
ment) campaign [De Laat ef al., 1999, Bavray ef al, 2001].

[4] In this paper, m order to improve our understanding of
deep convection- or tropical cyclone- induced downdraughts
and STE, we first demonstrate that STE mduced by cyclones
15 quite frequent and propose an approach to assess its impact
on ozone profiles. Then, the variability of STE signatures,
observed on 05, HyO, and potential vorticity (PV) for two
case studies will be analyzed in relation to the upper tropo-
sphere circulation induced by tropical convection.

[7] In section 2. we describe the data set used i the
paper. The mfluence of cyclonic systems on ozone clima-
tology 1s presented mosection 3. Section 4 focuses on case
study analyses and the concluding discussion is given in
section 5.

2. Data Set
2.1, In Situ Data

[#] This paper is based on two types of in situ data. The
first type is combined PTU-pzone soundings (PTU is from
the radiosonde and attached to it dunng flight 15 the separate
czonesonde) performed at Irene and Reunion. The second in
situ data come from a tropospheric ozone lidar operating at
Reunion.

[4] The soundings provide wertical profiles of ozone,
relative humidity and temperature from the ground to
around 30 km. The balloon-borne device used at Irene
wias a Science Pump BECC (electrochomical concentration
celly Type 6A czonesonde with a Vasala radwosonde. At
Reunion both Science Pump Type 6A and EnSa Z-type
czonesondes have been used [Thompson et all, 2003]. The
accuracy of these devices has been evaluated in field and
chamber tests [Barnes e al, 1985; H. J. G. Smit et al.,
Assessment of the performance of ECCozonesondes under
quasi-flight conditions in the environmental simulation
chamber: Insights from the Julich Ozone Sonde Intercom-
panson Experiment (JOSIE), submitted to Jowrnal of
Geophysical Research, 2006]. The vertical resolution of
the data 1s around 50 meters. Irene and Reunton are part of
the SHADOZ (Southern Hemisphere Additional Ozone-
sondes) network [Thompson ef al . 2003] and the sonde data
used here are available at http:/eroc.gsfenasa.gov/shadoz.

[1] The measurements of troposphenic ozone by the lidar
systemn are made by differential absorption in the ultraviolet
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wavelength band (289-316 nm). These wavelengths are
obtained by stimulated Raman scattering of the fourth
harmaonie of the Nd-Yag laser beam m deutermam. The hdar
altitude range 1s typically from 3 km to around 15 km, the
upper lnmit depending on the meteorologieal conditions and
ozone amount. The altitude resolution of the fmal ozone
profiles is 15 m for the analog signal (from 3 to 6-7 km),
and 150m for the photon counting signal (from 67 km to
the upper limit). Technical details of the system and
validation are given by Baray ef al. [1999h].

[11] Both types of measurements are currently operational
and the number of profiles recorded by each system is given
in Table 1.

2.2, Satellite Data

[12] Geostationary satellite mmages from METEOSAT
are used i this study. Currently, EUMETSAT (Europe’s
Meteorological Satellite Organization) 15 operating Meteo-
sat satellites at positions of 63°E (Meteosat 5) and 0°
longitude (Meteosat 7). For the Zero Degree Service
browse images are available every 6 hours (0000, 0600,
1200 and 1800 UT). For the Indian Ocean Data Coverage
Service (I0ODC) (images from 63°E) images are available
every 3 hours. These are provided in three different
chamnels: visihle, thermal infrared and water vapor infra-
red (http:/waww.eumetsat.de).

2.3, Global Model Data and Back Trajectories

[13] The meteorological data (wind, humidity and PV}
used in the present study are 6-hourly (0000, 0600, 1200
and 1800 UTC). on 60 vertical levels from routine analysis
of the European Centre for Medium-Range Weather Fore-
casts (ECMWTF), We used data with a honzontal resolution
of 0.5%.

[14] Back trajectonies were calculated by the Lagrangian
particle dispersion model FLEXPART wversion 4.3 [Stoff ef
al., 1998], which was used in several studies of long-range
transport of trace substances [e.g., Sioh! and Trickd, 1999].
The model wses ECMWF mput fields with a honzontal
resolution of 17, at all 60 vertical model levels, and with a
time resolution of 3 hours. Advection and turbulent disper-
ston are taken into account by calculating the trajectories
of a multitude of parcels. Solving Langevin equations,
stochastic fluctuations of the three wind components are
superimposed on the grid-scale winds to represent trans-
port by turbulent eddies. The convection scheme used in
FLEXPART was developed by Emanuel and Zivkovic-
Rothman [1999],

3. Tropospheric Ozone Climatology During the
Cyclonic Season

[15] Redgers er al. [1990], studying the undulatory
adjustments near to tropical cyclones from simulations
and TOMS data, observed a significant descent of the
tropopause height in the eye and the penpheral areas of
the cyclone.

[14] Links between ozone and tropical convection have
been mmvestigated in CEPEX (Central Equatorial Pacific
Expenment): Wang et all [1995], modehing a deep convee-
tive storm showed considerable stratosphere to troposphere
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Figure 1.

Cyelome area of the southwestern Indian Ocean, depicted m yellow. The sampling of oyelonic

systems for the climatological study 1s taken mside the geographical zones defined by a 2000 km radius

around Reunion and Irene.

exchanges compared to upward exchanges in the convective
tower.

[17] Analyzmg data in the framework of TRACE-A, and
carrymng out statistical analysis of back trajectories, Loring
efal [1996] drew similar conclusions to those of Rodgers ef
al. [1990], published 6 years carlier.

[18] Other anabyses showed that the verbical speeds in-
duced by mesoscale convective clouds of the mudlatitudes
[Stemchikov et al. 1996; Poulida et al., 1996], dunng
tropical convection events hinked to the Inter Tropical
Convergence Zone (ITCZ) [Crutzen ef al., 1979], and
cumulonimbus clouds [Mitra, 1996] could play a role in
the troposphenc ozone budget, by stratospheric-tropospheric
exchange. Further, although large differences exist between
tropical and midlatindes cyclones, stratosphenc ozone ad-
vection signatures into the troposphere are also found to
accompany midlatinde cyclones [Cooper o al., 2002].

[1#] These recent studies showed that important subsi-
dence could mduce stratosphere to roposphere exchanges
in the tropics, and that a dynamical link could exist between
the cyclonic systems of tropical latitudes and tropospheric
ozone distribution.

[2] According to the statistics available over 20 years, a
global mean of B0-85 cyclonic events occur each wear
[MeBride, 1995]. They are all localized at latindes higher
than 5°, and 87% of them occur within the wopics. The
number of cyelones fluctuates from year to year, with a 10%
standard deviation. However, strong interannual variability
(15 to 70%) is observed when separate cyclonic regions are
considered individually. Cyclonic activity fluctuates more in
the northern Indian, the southwestern Pacific and the
Atlantic Oceans than over the northwestern Pacific and
the southwestern Indian Oceans. (The last one is our
particular region of mterest). Phenomena, such as the ENSO
(El Mino Southern Oscillation) for the ocean and tropical

troposphere and the QBO (Quasit Biennial Oscillation) for
the low stratosphere, also influence the frequency of eyelones
[ Grane, 1979; MeBride, 1995].

1.1, Cyelonic Activity in the Southwestern Indian
Oeean

[21] The climatological study presented hereafter con-
cemns the cyclonic area of the southwestern Indian Ocean
using data from the Centre des Cyelones Tropicaux de La
Réunion (CCTR). CCTR s a research center based at
Reunion and keeps cyclonic data records. Figure | depicts
the geographical delimitation of this area. The mterannual
variability of the cyclonic activity in the southwestern
Indian Ocean region is illustrated in Figures 2 and 3.

[22] Figure 2 displays the temporal variation of eyclo-
genesis events (number of storms, depressions and tropical
cyclones) by eyclonic season from 1992/1993 to 2003/
2004, each season defined from | Auvgust to 31 July of
the following year. The 1992/1993, 1993/1994 and 1996/
1997 seasoms have experienced greatest activity over this
last decade, with 14, 15 and 14 cyclogenests events respec-
tively. In 1997/1998, 1998/1999 and 20002001, only
H systems were observed in the region. It also appears that
several consccutive active seasons are followed by scasons
of reduced activity, as was the case between 1992/1993 and
1996/1997, when the number of events was equal o or
greater than 11 systems per eyclonie scason. Further, the
seasons from 19971998 to 20012002 had an equivalent or
lower activity than the mean over the penod 1992 o 2004,

[25] The choice of scasonal period for the sampling of the
eyclonic systems for the ozone climatology 15 an mportant
criterion. Figure 3 shows monthly frequencies of systems
based on the observations of 136 events (61 cyclones and
75 storms and depressions) between 1992 and 2004, The
maost common months for cyclones are from November to
April (89% of the cyclonic activity ), and hence examples for
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Figure 2. Interannual varability of storms, depressions and cyclones in the southwestern Indian Ocean
during the 1992/1993 to 20032004 cyclonic seasons. The average is 11 systems and 5 cyelones per
cyclonic season.

analysis are taken from this penod. January and February
experience 52% of the cyclonic activity. The sampling of
systems in the ozone climatological study presented in
section 3.2 relates to the period November to Apnl.

located on the southern edge of the tropical zone, 15 well
located for the study of exchanges related to fropical
convection in summer, and the southerly movement of the
ITCZ. Irene, in South Africa, which is more in the subtrop-
ics at 25.5%8, is less influenced by the ITCZ, and has a

3.2

Tropical Cyclonic Systems: Effects on the Mean

Ozxone Profiles

different geographical situation, being located 700 km from

the coast, and at an altitude of 1523 m.

[25] Thechoice of the geographical area of radius 2000 km
around each site i based on the assumption that the
influence of convective systems beyond this threshold s
not very significant. This dimension s higher than the

121 Methodology

[24] Two measurement sites, Reunion and Irene, are
compared through the climatology based on radiosounding
data from each station and the archives of CCTR. Reunion,
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Figure 3. Secasonal frequency of cyclogenesis events i the southwestern Indian Ocean dunng 1992/
1993 to 2003/2004 cyclonic seasons.
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dimension of the most intense events. The number of systems
of each cyclonic season is thus reduced by this eriterion, from
136 to 112 around Reunton. Over the periods 1990 to 1993,
and 1998 to 2003, 30 disturbances were observed in the
geographical area of radius 2000 km around Irene. Most were
over the southern part of the Mozambique Channel, with
seven penctrating over the African subcontinent.

[28] The chimatology of ozone profiles was first based on
all orone profiles measured for the months from November
to April, for the period 1992 to 2004 at Reunion and 1990
1993, and 19982003 at Irene. On the basis of these data, a
mean profile (GP) at each station for the eyclonic season
was determined. Two classes of profiles were then distin-
guished: eyclonic (CP) and noncyclonic (NCP). The mean
CP profile was calculated by using radiosoundings released
during the active period of a cyclonic system and inside the
2000 kam radius around the two sites. The mean NCP profile
was calculated by using radicsoundings released without
any cyclonic system in the 2000 km radius zone. A total of
94 profiles were obtained at Reunion during the cyclonic
season; 59 of these profiles were cyclonic and 35 were
noneyclonic. Atlrene, 120 profiles were obtained during the
eyelonie season, 16 being eyelonie and 104 noneyclonme.
3.2.2. Results

[z2] Figure 4 depicts the three mean profiles above Irene.
The relative difference between the cyclonie and noney-
clomie profiles varies between 0 and +30% between | and
B km altitude, whereas the relative difference between the
cyclonic and global profiles varnes between 0 and —20%

over the same height mterval. The cyclonic influence thus
tends to decrease the mean orxone wvalues, whereas the
noncyclonic ozome values are higher than the mean global
profile in the first & km of the troposphere. Between 8 and
I'1 km, the influence of the eyclonic systems on the mean
ozone profile is not clearly discernible, and above 11 km,
the cyclonic influence again tends to decrease the memn
global ozone values.

[28] Figure 5a presents the three profiles for Reunion. The
relative differences between the cyelonic and global pro-
files, and between the eyelonic and nonceyelonie profiles are
depicted in Figure 5h. The mean eyelomic profile exhibits a
0 to 5% enhancement over the mean global profile m the
35 kmoto 11.5 km altitude range, and up to a 5% reduction
above 11.5 k. Compared with the mean noncyelonic
profile, the differences are 0-20% and —15% to 0%
between 3.5 km and 11.5 km respectively.

[20] It is clewrly evident that the influence of cyclonic
events on tropospheric ozone s much less structured and
perceptible for Irene than for Reunion. This s due to the
fact that, between 1998 and 2004, only 12 tropical cyclones
occurred in the Mozambique Channel. Irene, which is
situated far inland 15 less subject to the influence of these
systems. In contrast, 112 systems were recorded in the
2000 km radial zone around Reunton, This oceanic site 1s
thus potentially under the drect influence of these systoms.

[30] The ditferent geographical positions of Beunton and
Irene thus explam the less visible miluence at Irene.
Moreover, the global mean ozone profile above Irene is
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Figure 5. (a) Mean ozone mixing ratio profiles during November to April from 1992 to 2004, over

Reunton: “eyelonie”™ mean profile (red), “noncyclome™ profile (green) and global mean profile (hlack).
The number of profiles vsed to caleulate the mean profiles 15 mdicated on the figure. (b) Relative
deviation between eyclone and global profiles (solid Ime) and between eyelome and noneyclonie profiles

(dashed lme).

close to typical midlatitude profiles. The climatological
approach that we carried out by distinguishing the eyelonie
from noncyelonie profiles underlines two effects of eyelonic
systems on the ozone profiles, viz. an ozone enhancement in
the midtroposphere and an ozone decrease in the upper
froposphere. An hypothesis to explam this vertical ozone
distribution would be the dual mfluence of convective
systems (fropical storms, depressions and cyclones) on the
chmatology of troposphenc ozone: transfer of ozone from
the stratosphere to the midtroposphere and a pumping of
ozone-poor ar masses from the boundary layer to the upper
troposphere.

[31] An important outstanding question relates to the
dynamical influences on the structure of the climatological
ozone profiles dunng the cyeclonic secason.

[32] To further document exchanges near convective
events, specific measurement campaigns have been under-
taken [Réchou o al. 2002], in addition to weekly routine
ozone measurements. In the next section we present two
case smdies which can be considered as representative of
the southern part of Africa and the southwestern Indian
Ccean.

4. Case Studies of Stratospheric-Tropospheric
Exchange Near Convective Events
4.1, Guillaume Event, February 2002
4.1.1. Observations

[s] Figure 6 depicts ozone, temperature and relative
humidity profiles obtained on 15 and 19 February 2002,

during the development of tropical eyclone Guillaume. The
ozone profiles have been supermposed on the mean ozone
profile and its assoctated wvariability caleulated from
19 radiosoundings recorded at Reunion duning the month
of February since 1992,

[34] The 15 February crone profile presents no strong ozone
peak, but a large concentration of ozone m the entire upper
troposphere (600 to 220 hPa). Between 350 and 150 hPa,
the ozone mixing ratio is constant at ~70 pphv, about
20 ppbv above the climatological profile, corresponding to
the upper limit of ozone variability in February. The
ozonopause 1s at a low altitnde (around 150 hPa, 15 k),
indicated by a very sharp ozone increase (around 25 ppbwv/km
at 15 km). It 1s about 2 km below the thermal tropopause
(—80°C at 17 km) depicted in Figure 6b. The fact that the
ozonopause i below the thermal tropopause (the height
where the vertical temperature gradient changes from a
tropospheric value of about —6°C/lkam, to a stratospheric
value of about +3°C/km) means that there is ozone m the
upper tropical troposphere, under the tropopause. This
feature 1s sometimes observed at midlatiude sites in the
MNorthern Hemisphere [Bethan et al., 1996], and has been
described by the concept of the Tropical Tropopause Layer
(TTL) where the maximum altitude of deep convection does
not reach the coldest temperature level [Gettelman and
Forster, 2002].

[35] The profiles of relative humidity present large values
in the lower layers (more than 80% between 0 and 3.5 Jan).
The free troposphere is very dry (less than 20% until
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Figure 6. (a) Vertical profiles of czone mixing ratio obtamed by radiosounding over Reunton on
15 February 2002 at 1530 UT (blue), 19 February 2002 at 1300 UT (red) and by hdar profile between
1615 and 1650 UT (green), supenmposed with a climatological profile of ozone for February (19 profiles
from 1992 to 2002) (black ling) and its standard deviation (black dashed hines). (b) Vertical profiles of

relatrve hurdity and temperature,

12.5 km). Nevertheless, because of the decreasing accuracy
of the madiosounding sensor with altitude, humidity mea-
surements m the upper toposphere can only be indicative.

[3] The two 19 February ozone profiles present an orone
peak at 350 hPa (83 ppby for the radiosounding and 100 pphby
for the hdarh. This peak is part of a larger ozone-enriched
layver between 600 and 350 hPa. A negative ozone anomaly
15 observed in the upper levels (less than 40 ppbv at
275 hPa). The oronopause is at a higher altitude than for
the 15 February profile. This configuration has previously
been observed when upper vertical motions affect the TTL
by an overshoot of the deep convection.

[3] The 19 February orone lidar profile was acquired
three hours after the mdiosounding. The upper limit of the
profile was only 10 km. limited by the poor sky conditions
during the cyclonic season (frequent clouds and high
humidity). In the altitude range of the hidar (310 km),
radiosounding and lidar profiles display the same structure,
with peaks being more pronounced in the lidar profile. The
19 February relative humidity profile is very close to that
recorded on 15 February, with a slightly less moist bound-
ary layer (50 to 85% between 0 and 3.5 kan).

4.1.2. Synoptic Situation

[3#] We now highlight the synoptic context of this case
study using Meteosat images (Figure 7). During the second
half of February 2002, the Indian Ocean was affected by the
comvective system Guillaume. On 15 February, Guillaume
was a convective zone without an apparent eye, and was
detached from the ITCZ. The center was located near 16°5;

52°E, 750 km northwest of Reunion. On 19 February, the
ITCZ moved northward. The convective depression Guil-
laume strengthened and became a eyclone It was located
near 18°S; 59°E, 350 km northeast of Reunion.

[3¢] Further, an upper level front was wvisible on the
Meteosat mmage, about 2000 km southwest of Reunion.
Two dry zones are evident on the water vapor images on
15 and 19 February, one located west of the front and the
other located on the edge of Guillaume.

4.1.3. Temporal Evolution of the Air Masses

[4¢] Back mrajectonies ending over Reunion between 9.5
and 10.5 kmon 15 and 19 February, 2002 display the history
of the ozonc-enriched air parcels (Figure 8). 120 hours
before arriving over Reunion, the air mass was over the
equatorial Atlantic Ocean. The air mass went southward,
with subsidence ocowrring on 12 February, around 1200 UT
{—75 hours) from alttudes of between 125 km and 13.5 km.
This fwst subsidence was located in a northwesterly air stream
over South Africa. An upward movement then occurred
between —45 and —40 hours, and the trajectory moved
northward, m the direction of Reunion. A second subsidence
occurred on 14 February, around 0600 UTC (— 30 howrs) from
a level of wround 12.5 km (Figures 8a and Eb).

[41] In order to understand the ongin of the air parcels,
we used ECMWF wind and PV fields observed during this
period (Figure 9). PV is a dynamical tracer frequently used
in 3TE studies [Hosking, 1991]. Despite some well known
limitations of this tracer (diabatic production of PV in
eyclones, its equatorial limit, and ECMWF data resolution
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Figure 7. Meteosat-5 images on (a and b) 15 February and (¢ and dj 19 February at 1200 UT in the
mirared (Figures 7a and Te) and water vapor channels (Figures b and 7d).

mesoscale dynamics), we show hereafter that some sigmt-
icant characteristics are present.

[42] The first subsidence corresponds to the passage of
the parcels in the jet front system above the Southern
Atlantic on 12 February, The intense upward movement
corresponds to the passage of the parcels inoa strong
anticyclonic curve of the jet stream over the southeastern
coast of South Afrnea (Figure Ba), associated with a strong
Rossby wave breaking (RWB hereatier) development in this
TEZION.

[43] RWE along the tropopause occurs preferentially
dunng summer over the oceans, in relative proximity to
the planctary-scale high-pressure systems in the subtropics
[Postel and Hitchman, 1999]. These authors showed, using
synoptic maps of RWHB, that an acute tropopause folding in
the meridional plane typically accompanies RWB. Some
cases reveal the rich interaction between the tropical flow
and the extratropical westerly current. The Guillaume case
study showed a low-latimde penetration of the jet stream
with the RWB. and a possible nteraction between the RWHB
and the upper level circulation of Guillaume system.

[#a] Just before amving over Reunion, the trajectory
indicates a second subsidence (Figures 8a and 8b). This
second subsidence corresponds to the passage of the parcels
in a high PV filament developing around the Guillaume
system, and identified on the water vapor Meteosat image
by a dry zone (Figure Th). The trajectories arriving over
Reunion between 8 and 9 km on 19 February 2002 have

been caleulated over 150 hours. 1.e., beginning on
1 5 February (Figures &c and 8d). Parcels present subsidence
on 17 February arcund 0000 UT (=60 hours), Imked to an
almaost southerly air stream. The long-term ongm of some of
the parcels (— 150 hours) displays an nmportant dispersion
of the ar masses, with a lower-tropospheric origin over
Africa (between 10°E and 30°E and between 1578 and
20°8) for some parcels. The geographic area of this subsi-
dence 15 the western and southwestern edge of the tropical
cyclone area and corresponds to a cloudless and dry area on
Meteosat images.

[45] Wind and absolute values of PV ficlds have been
calculated at 340 K (275 hPa to 10 km) when the trajecto-
rics show clear subsidence, on 12, 14 and |7 February
(Figure 9).

[45] The third subsidence descnibed above seems to have
the same dynamical origin as the first subsidence. However,
on 17 February, no strong wind shear nor RWB occurred in
the Mozambican channel, which explams why no strong
upward movement has been observed.

[47] The parcels coming from the boundary layer could
contribute to limit the magnitude of ozone peaks on
19 February, and induce some perturbations on the czone
profile of 19 February (Figure 6a), which presented some
ozone-rich layers (at 7 and 9 km) and some ozone-poor
layers (at 6.5, 7.5 and 10.5 km).

[48] When the Rossby wave moves eastward, the tongue
of PV separates from the cyclone and the filament in the
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Figure 8. Cluster back trajectories using 2000 parcels
endmg on (a and b) 15 February 2002 at Reunion, between
9.5 and 10.5 km, and (c and d) 19 February between 8 and
Okm at 1200 UT. Corresponding latinde-longitude positions
and their altitude are given by the color scale on the night.

western vicinity of the cyclone (not shown) persists until
19 February (0000 UT) suggestmg a PV destruction on
19 February. The signature of ozone intrusions from the
stratosphere nto the troposphere s still visible on the czone
profile, although the PV filament disappeared 12 hours
before. The persistence of a dry air filament on the
19 February Meteosat image (Figure 7d) comroborates this
intrusion. Furthermore, stratospheric ar observed i the
roposphere can retain its original chemical signature for
longer than its thermodynamic signature [Bithell e al,
2000].

[49] WVertical PV cross sections have been plotted
(Figure 10) to detect the level to which stratospheric PV
filaments penetrate: 330 K on 14 February (Figure 10a),
350 K on 17 February (Figures 10b and 10c). On
17 February the convective tower is clearly identified by
high wvalues of PV, produced by diabatic heating and
fmetional forces occurrmg aromd the eye of Guillaume
(Figure 10¢). In Figure 10¢ the stratosphenc PV filament
15 visihle on the western edge of Guillaume.

[s0] Biomass burning 15 a possible chemical source of

czone precursors in the tropical troposphere [ Randriambelo

LECLAIR. DE BELLEVUE ET AL.: STRATOSPHERE TO TROPOSPHERE TRAMNSPORT

D24107

ef al, 2000]. The ESA publishes monthly global fire maps
on the Web and the February 2002 map is available on
httpdup.esrin. esaintioniafw faproducts 0202ES AQ2, gif.
Most of fires during February 2002 ocourred north of the
equator in Africa, Central Amenica and Asia. Back trajec-
tories calculated in this case study do not indicate their
origing. Very few fires occur in the Southern Hemisphere
over South Africa [Randriambelo et al, 1998]. This result is
m agreement with previous studies of the biomass burning
climatological influence, and we can conclude that in this
case study, the photochemical ongin of ozone played a
minor role, m compartson with dynamical mechanisms.
4.2, Irene Event, November 2000
4.2.1. Ohbservations

[51] Figure 11 depicts ozone, temperature and relative
hurmidity profiles obtained by radiosoundings at Irene on

antich
circulation

latitude

Figure 9. ECMWF potential vortieity (absolute value)
on the 340 K isentropic surface on (a) 12 February 2002,
(b)Y 14 February 2002 at 1200 UT, and (¢) 17 February 2002
at 0600 UT. Herzontal wind drection and imtensity (m s hy
have been supenmposed. The hnes A and B mdicate the
lmits of the vertical cross sections shown in Figure 10,
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Il November 2000, The ozone profile s superimposed on
the November climatological profile at Irene.

[52] The cmne profile presents very different character-
istics from those obtained for the Guillaume case study.
Between the ground and 8 km, ozone values are between 40
and 70 ppby, within the climatological variability. Between
9 and 14 km (330 K to 370 K), extremely high ceone values
(more than 100 ppbv) are observed, with two peaks reach-
mg 170 ppby. One, located at 105 km s a very thin
enriched ozone layer and the other is larger, between
12 km and 12.5 km. These values are considerably higher
than the climatological mean. The ennched ozone layer 15
capped by a temperature nversion based at ~13 km
(Figure 1lb). Another shght vanation s visible on the
temperature profile near an altitude of 11.5 km. It could
be caused by the warming of the atmosphere by ozone. The
thermal tropopause s very high (18 km), which 15 unusual
for a site at this latitude (25°5%).

[53] The humidity profile 15 characterzed by large values
in the lower part of the profile, reaching 90% at 3 km. and
above this a layer with 40% relative humidity between
3 and 4 km is observed. The air is dry above 4 km (10-20%
RH between 4 and 12 km), exhibiting a rather noisy profile
in the free troposphere. A wetter layer (40% between 12
and 14 km) caps the ozone enriched layer observed between
10 and 13 km. Above 15 km, the air is dry again.

4.2.2, Synoptic Situation

[s4] As in the Guillaume case study, a convective zone
and a jet front system are in the region, but the situation is
different (Figure 12). The convective zone is in the Mozam-
bigque Chamnel. and the jet front system is situated to the
southwest in the South Atlantic Ocean. The ITCZ is well
developed over the central African continent, but far from
the measurement point. A large area between 0 and 40°E,
and north of 10°5 is very cloudy and wet.

[55] On the water vapor Meteosat image (Figure 12b),
two dry areas appear: one 15 close to the upper level front, at
0°E longitude, and 20 to 40°5; the other is larger, near 20°§,
20°E, in the vicinity of the convective area. The second area
is larger and dner (darker on the water vapor Meteosat
image) than the former area near the front, and also drier
than the area near Guillaume, seen in the preceding case
study.

4.2.3. Temporal Evolution of the Air Masses

[s6] Back trajectories (Figure 13) imndicate the short-term
origin of the enriched cezone layer: the parcels come from
the southwest, and then the west. They have passed through
the two dry areas identified on Meteosat mages. The long-
term ongin of the parcels 15 South Amenca. We note the
greater speed of the air parcels, in companson with the
Gruillaume case study, due to the mfluence of the subtropical
Jet stream,

[s7] Inm the wertical plane, two arcas of subsidence are
identificd. one at —80 hours, which corresponds to the
passage of the air parcels over South America (Chili). Many
stromg wvertical perturbations occur o this area, perhaps
induced by the mountain chain Cordillere des Andes and
by convection. Another area of subsidence is observed
between —45 hours and the end pont of the trajectonies,
when the air parcels are between the eastern part of the
South Atlantic Ocean and Irene.
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Figure 11. (a) Vertical profiles of ozome mixing ratio obtained by radiosounding over Irene on
15 November 2000 at 0600 UT, superimposed with a climatological profile of ozone for November
(24 profiles between 1990 and 2003) and 1ts standard deviation (dashed hnes). (b Vertical profiles

of relative humidity and temperature.

[s#] PV cross-sectional fields (Figure 14) confirm the
stratosphernie origin of the dry area near Irene, and the other
near the upper level front, visible between 0 and 15°E on
15 November, and which was siluated between 25°W and
07 longitude on 13 Movember (not shown).

[s#] If we compare this case study to the preceding one
(Guillaume), we fmd here evidence of important STE
signatures (very high ozone and PV values).

[s¢] In fact, the dry area observed near the convective
area 15 an upper level depression contaiming stratospheric
air, fed by the filament around the convective area i the

Mozambique Channel. This case shows some similarities to
a previous study of a cutoft low (COL)Y over South Adfrica
[Baray et al., 2003]. The radiosounding performed on
I October 1996 m Reunton presents an ozone peak with
magnitude and height comparable to the present case study.
The mam difference between the synoptic situations of the
two cases 15 the role of the convective system (not present in
October 1996, present in November 2000) i the strato-
sphene filamentation and COL formation.

[81] The vertical cross section (Figure 15) shows that the
deformation of the PV field reaches the level 330 K. Near

Y 10 o0 10 20 30456 ° 20 0 10 20 30 40 5060
“ f 1 “
.10 =10
20 20
30 20 .
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Figure 12.
channels.

Meteosat-7 image on 15 November 2000 at 0600 UT in the (a) mfrared and (b) water vapor
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Figure 13. Cluster back trajectories usmg 2000 parcels
ending on 15 Novernber 2000 at 0600 UT over Irene (South
Afnca) between 11 and 13 k. Corresponding latitude-
longitude positions and their altitnde are given by the color
scale on the right.

the PV anomaly, the isentropic surface 330 K presents
mportant slopes, suggesting frontogenesis mechanisms
near the COL. The detachment of the COL in the vertical
plan is in progress, but not completed on 15 MNovember
2000.

[62] In November, biomass burning is a possible
source for wopospheric ozone i the Southern hemisphere
[Randriambelo et al., 1998]. The ESA fire map for Novem-
ber 2000 (available at http/dup.estn.esaintioniawia/
products/001 TESADZ. @if) shows that few fres ocour in
South Afnica, but some fires ocour in South Amenca where
some strong vertical perturbations have been observed on
back trajectones. In addition to dynamieal sources of ozone
(STE), they could contribute to the ozone peak.

[63] In summary, dynamical and chemical mechanisms
have both had a role to play m this case study. Moreover,
the dynamical mechanism s different to the Guillaume case
study. The stratosphenc filament which developed around
the convective zone m the Mozambican chamnel fed an
upper level depression of stratosphenc air in the upper
troposphere. The size of this depression and its high
concentration of ozone produced a strong ozone peak,
amplified by two other sources (fires in South Amenca
and an upper level front in the Atlantic Ocean).

5. Conclusion

[#4] In this study, in order to mprove our understanding
of the influence of decp convection and tropical cyclones on
the vertical distribution of toposphenic ozone, we have
presented a statistical overview and dynamical case studies.

[8s] The case studies include three distinct situations
(depression Guillaume, eyclone Guillaume, and convection
at Irene) of STE occurrmg m the vicimty of deep tropical
comvection. In each case, a strong mteraction between the
dynamics of convection, the jet front system and RWB
mduces the stratosphere to troposphere exchanges. Strato
spheric filaments m the upper troposphere have been
detected m ECMWF analyses, and are in good agreement
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with ozone, humidity and temperature observations. This
shows that the STE observed in association with tropical
cyclone Marlene was not an isolated event, and that the
synoptic context s an important influence on the vanability
of froposphenic ozone signatures.

[s5] In the Guillaume case study, filamentation and sub
sidence occurred m the two configurations: without an
ozone peak but a moderate enhancement of ozone in the
major part of the free troposphere on 15 February 2002

a)

Yigure 14, ECMWF potential vorticity (absolute value) on
the 350 K isentropic surface on (a) 11 November 2000,
(b) 13 MNovember 2000, and (c) 15 MNovember 2000 at
1200 UT. Horzontal wind and geopotential height have
been superimposed. A-B indicates the limits of the vertical
cross section shown in Figure 15,
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Figure 15, Potential vorbicity (absolute) wvertical cross
section whose trace 15 marked on Figure 14, The potential
termperature (K) contours have been supenmposed.

(depression ), and with a 100 ppby ozone peak on 19 February
2002 {cyclone).

[s7] Imthe Irene case study, a large upper level depression
coming from the stratosphere, fed by a filament around the
divergent zone above the convective area in the Mozambi-
can channel, induced an czone peak of larger magnitude
(170 ppbv) on 15 MNovember 2000, Moreover, secondary
ozone sources (a jet front system above the Atlantic and
biomass burning m South America) could amphify this
ozone enhancement. The radicsounding showed strong
ozone enrichment in the upper troposphere. without a
signature of pumping from the lower layers, in confrast to
the Guillaume case study.

[a¢] Present observations show that not only cyelones but
also cases of deep convection are likely to mduce exchanges
of air masses between the lower stratosphere and the upper
troposphere, especially when deep convection interacts with
the subtropical jet stream. Moreover, we have observed that
the respective contributions of dynamical components of the
mteraction at the origin of the czone mtrusion can vary
considerably.

[##] The climatological analysis from the Reunion data-
base suggests that the cyelonic mean ozone profile, formed
from profiles influenced by cyclones, is characterized by
above average czone values in the mean troposphere. In the
upper troposphere the reverse behavior 15 observed.

[#m] This climatological result, with regard to the dynam-
ical elements shown in the case studies, 15 consistent with
the hypothesis put forward at the end of section 3: a duoal
mfluence of the convective systems (tropical storms, depres-
sions and eyclones) on the climatology of troposphenc
ozone: transfer of ozone from the stratosphere to the
midtroposphere and a pumping of ozone-poor air masses
from the boundary layer to the upper roposphere.

[7] To further diagnose the fine structure of the upper
level interactions associated with convection-induced
STE. mesoscale model studies are necessary. Owmg to
a better resolution, model analyses are actually expected
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to lead to an mmproved evaluation of STE induced by
deep convection.
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Abstract. Since 1998, a ground-based tropospheric ozone
lidar has been running at Reunion Island and has been in-
volved with a daily measurement campaign that was per-
formed in the latter part of the biomass burning season, dug-
mg November—December 1999. The averaged ozone pro-
file obtained during November-December 1999 agrees well
with the averaged ozone profile obtained from the czoneson-
des lannch at Reunion duning November—December (1992-
2001). Comparing weekly sonde launches (part of the South-
ern Hemisphere Additional Ozonesondes: SHADOZ pro-
gram) with the daily ground-based lidar cbservations shows
that some striking features of the dayv-to-day variability pro-
files are not observed in the sonde measurements. Ozone pro-
files respond to the nature of disturbances which vary from
one day to the next.

The vertical ozone distribution at Reunion is examined as
a function of prevailing atmospheric circulation. Back tra-
jectories show that most of the enhanced czone crossed over
biomass burning and convectively active regions in Mada-
gascar and the southern African continent. The analyses of
the meteorological data show that ozone stratification pro-
files are 1n agreement with the movement of the synoptic sit-
vations in November-December 1999, Three different se-
guences of transport are explamed using wind fields. The
first sequence from 23 to 23 November i3 characterized by
northerly transport; during the second sequence from 26 to
30 November, the air masses are influenced by meridional
transport.  The third sequence from 2 to 6 December is
characterized by westerly transport associated with the sub-
tropical jet stream. The large, standard deviations of lidar
profiles 1n the nuddle and upper troposphere are in agree-
ment with the upper wind variabilities which evidence pass-
ing ridge and trough disturbances. During the transition
period between the dry seasom and the wet season, mml-
tiple ozone sources including stratosphere-troposphers ex-
changes, convection and biomass bwning contribute to tro-

Correspondence to: T. Randriambels
(randriam@ vniv-revnicn fr)

pospheric ozone at Reuvmion Island through sporadic events
characterized by a large spatial and temporal vanability.

Key words. Atmospheric composition and  stmcture
(troposphere-composition and chemistry) — Meteorology
and atmospheric dynamics (climatology: tropical meteorol-
ogy)

1 Introduction

In the southem ftropics, photochemical formation from
biomass burning emissions 13 an impestant sowce of ozone.
Internaticnal measurement programs like SAFART (Southern
African Fire-Atmosphere Fesearch Initiative) and TRACE
A (Transpott and Atmospherie Chemistry near Equator At-
lantic) (Andreae et al., 1996), TROPOZ (TROPospheric
0Zone) (Marenco et al,, 1990), and DECAFE (Dynamique
Et Chimie de 1" Atmosphére en Forét Equatoriale) (Lacaux et
al.. 1993) have characterised the role of pollutant emissions
over Africa. one of the principal regions of biomass burning
in the Southern Hemusphere. One of the objectives of these
campaigns was to study atmospheric phetochemistry and tro-
pospheric circulation patterns in relation to the enhanced
ozone concentration observed over the southern Africa con-
tinent and the adjacent oceans (Fishman et al., 1990; Thomp-
son et al., 1996). The contribution of the stratospheric air 13
also cheerved in the scuthern Africa during meteorological
disturbances, such as westerly waves, cut-off low and frontal
zones (Bachmeier and Fuelberg, 1996; Diab et al., 1996a,
b; Fuelberg et al., 1996; and Garstang et al., 1996). Meteo-
rological analysis demonstrates that a large part of the flow
from the African continent. evaluated on trajectory statistics,
could be advected towards the Indian Ocean (Garstang et al.,
1996). Censequently. BEeunion Island (217 8, 537 E) should
be a well-snited location for the study of the transport of
aerosols and trace gases in plumes from southern Africa.
Since 1992, the ozone profiles observed at Beunion Island
support these findings.  Analyses of ozonesondes showed
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the influence of different contamination mechanisms from
biomass bumning by-products (Baldy et al., 1996; Taupin
et al., 1999, 2001) and stratosphere troposphere exchange
(Baray et al.. 1998). The climatology using ozonesondes and
satellite observations of fire and convective areas pinpoint the
impact of different mechanisms (Randriambelo et al.. 2000).
A case study of extremely high ozone mixing ratio, where
stratosphere-troposphere exchange and anthwopogenic emis-
sions work together, has been reported (Randriambelo et al.,
1999,

In the southern Africa, meteorological conditions exert a
major influence on the honzontal and vertical distributions
of aerosols and trace gases (Fuelberg et al, 1996; Garstang
et al., 1996). Daily measurements at Namibia give evidence
of the influence of anticyclones and troughs on the vertical
distribution of czone (Diab et al.. 1996a). Over the Pacific
persistent lavers of high ozone from biomass burning are ev-
ident in MOZAIC (Measurement of Ozone and Water Va-
por by Adtbus In-Service Aircraft) data and also in sound-
ings (Newell et al., 1999; Stoller et al, 1999). Thus, it
15 of special interest to study the influence of metecrelogi-
cal conditions on vertical ozone distributions in the Indian
Ocean. Because of the low frequency of in situ measure-
ments [weekly or less), it has been hard to characterize the
day-to-day vanabality of tropospheric ozone. Several stud-
ies based on INDOEX measurements (De Laat et al, 1999;
Zachariasse et al., 2000) have dealt with short-term variabil-
ity of ozene theugh mainly nosth of the equator and in the
Indian Ocean, when the convective actrvity 13 maximum, and
biomass burning in Southern Afnica s minimum (February-
April) (Cahoon et al., 1992; Barbosa et al., 1999: Arino et
al., 2001).

From these studies, and with the SHADOZ program pro-
viding regular ozene profiles for ten stations in the South-
ern Hemisphere (Thompson et al., 2003a), the climatologi-
cal impact of biomass burning, incleding its horizontal ex-
tent and timing has been documented. The “curtain figures”
of the czone mixing ratio show that week-to-week variabil-
ity is intense at most SHADOZ stations (Thompson et al,
2003b). In particular, alternation of clean and polluted layers
15 observed dusing the biomass burning seasen. Since Re-
union Island is both influenced by stratosphere troposphere
exchanges and biomass burning, Reunion station data 1s ex-
pected to be characteristic of SHADOZ data set variability.
The guestion still to be answered is whether biomass burn-
ing leads to an enhancement of the background ozone or to
sporadic enhancements of ozone, with a large variability on
a day-to-day tume scale. This day-to-day monitoring could
be achieved by complementing SHADOZ data by lidar mea-
surement campaigns.

Since 1998, a ground-based tropospheric ozone lidar has
been runming at Fewnion Island Umiversity. A first inten-
sive measurement campaign performed duting avstral win-
ter (July 1998) was used to study planetary scale tropopanse
folds (Baray et al, 2000). The objective of the present pa-
per is to analyze a second lidar campaign (one hidar sounding
per night) performed in November—December 1999, This pe-

ricd corresponds to the transition between the dry season and
the rainy season, where traditional intensive forest fires from
shifting cultivation are the practice in Madagascar (Fandri-
ambelo et al.. 1998). This new data set 1s used to mvestigate
the day-to-day varability of tropospheric ozone in the con-
text of meteorological conditions.

2 Data

This study is principally based on remotely sensed data ob-
tained by a ground-based tropospheric ozone lhidar at Re-
vnion Island. Measurements of tropospheric ozone are made
by differential absorption in the ultraviolet (289-316 nm).
These wavelengths are cbtained by stimulated Raman scat-
tering of the fourth harmenic of the Nd-Yag laser beam in
a high-pressure deuterium cell. The reception system in-
cludes a mosaic of 4 parabolic mirrors, which collect the
backscattered signal. The signal is then transmitted by op-
tical fibers. Spectral separation of the 289 and 316 beams 13
obtained with a spectrometer that includes a Czemy-Tumner
holographic grating of 3600 lines'mm. Then each beam
15 redirected toward non-cooled Hamamatsu R1327P PMTs
(Photemultiplier tubes) by concave mirrors. The signal pro-
cessing electronic chain and data processing are sumilar to
those used at the Observatoire de Haute Provence ozone lidar
station (Ancellet et al. 1991). Technical details of the sys-
tem and validation measurements (comparisons with electro-
chemical concentration cell czone souwndings) are given in
Baray et al. (1999}

The lidar altitude ranges from 3 km to around 15 km, with
the upper limit depending on the meteorclogical conditions
and ozone amount, and on the alignment of the reception sys-
tem. The altitude resolution of the final ozone profilesis 13m
for the analog signal (from 3 to 6—7 km), and 150 m for the
photon-counting signal (from 6-7 km to the upper limit). Li-
dar measurements were made on almost all the days from
23 November to 6 December 1999, The acquisition tume
is from 30 to 43 min for each profile, generally beginning
at night under clear sky conditions (near 16:00-17:00 UT
which corresponds to 20:00-21:00LT). One profile per night
cotresponding to the averaged acquisition is considered.

One ozone sounding was performed during this inten-
sive campaign (en 2 December 1999), providing a profile of
ozone mixing ratio (measured by electro-chemical concen-
tration cell ozene), temperature and relative humidity (mea-
sured by a Vaisala RS 80-15 radiosonde). The vertical resolu-
tion of the ozonesonde 15 around 30 m and launches are gen-
erally made early in the morning, (near 07:00 UT). The char-
acteristics of the ozonesonde are detailed elsewhere (Baldy
etal.. 1996).

These i situ data are augmented by the global product of
satellite TOMS data (Total Ozene Mapping Spectrometer),
and by ECMWTF analysis data (Evropean Centre for Meteo-
rological Weather Forecast). In 1999, the TOMS spectrom-
ater was on board the Earth Probe observation satellite, pro-
viding a glebal coverage of the total ozone column with a
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resolution of 1.25 degree in longitude and 1 degree in lat-
iude. ECMWE data used are T213 spherical harmenics,
interpolated to a horizontal resolution of 1 degree in longi-
tude and latitude, and 135 vertical levels between 1000 and
100Pa. Back trajectories caleulated from ECMWTF data are
used. The validation of kinematic back trajectories has been
addressed elsewhere (Baldy et al., 1996; Randriambelo et al |
20007,

3  Atmospheric circulation during November — Decem-
ber

3.1 Dynamical context

Southern Africa and adjacent Atlantic and Indian Oceans are
located in the region of latge-scale subsidence cccutring be-
tween the Hadley and Ferrel cells of the Southern Hemi-
sphere general circulation. Subsidence is the dominant fea-
tures of the circulation. The circulaticn patterns in the south-
ern Africa and the adjacent oceans are described by Preston-
Whyte and Tyson (1988). The mamn elements affecting the
day-to-day weather in southern Africa and the Indian ocean
owe their origin to subtropical, tropical and temperate fea-
tures of the general circulation. The subtropical control is ef-
fected through the semi-permanent south Indian anticvelone,
the continental high and the scuth Atlantic anticyclone. The
south Atlantic and Indian anticyclones vary significantly in
pesition throughout the year in their latitudinal and zonal po-
sition. On the scale of days, the south Atlantic high may
ridge eastward and to the south continent. Extended ridging
leads to breaking of a separate high, which drifts eastward
into the Indian Ocean before being subsumed into the South
Indian high The tropical control is effected through trop-
ical easterly flow in the southern Africa and the low level
easterly jet stream eguatorward of Reunion Island. The tem-
perate control 1s exerted through travelling perturbations in
the westerlies.

3.2 Circulation at surface level

The wind fields at 925 hPa show that several prominent ci1-
culation features are present in the study region from 23
November to 6 December 1999 (Fig. 1). The south Atlantic
anficyclone position varies dusing the period. Two ridging
south Atlantic anticyclones are observed near 405, 22E for
the 24 November (Fig. la) and near 375, 35E for the 30
November (Fig. 1c¢). They moved eastward to reach the
south Indian anticvelone after arcund twe days. The west-
etly waves asscciated with a trough are regularly observed in
the edge of the southern Africa and move towards the Indian
Ocean. These westerly waves are asseciated with a cold front
that passes over South Africa. During the peried November—
December 1999, the frontal zone does not reach Reunion I=-
land.

Feunion Island is under the influence of the south Indian
anticyclone and the easterly low-level jet stream (Fig. 1). Ta-
ble 1 shows that the position of the south Indian anticyclone
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Table 1. Location of the center of the south Indian anticyelone and
the zonal winds as fimetion of the dav at 923 hPa and &t 250 hPa

Day lantude  longinde  525hPa(m's)  230hPa (m's)
23 28 32 340 1483
24 28 35 5,03 173
25 25 43 5,10 2.86
26 42 52 3,33 3,77
27 37 66 6,56 10,34
28 313 64 6,40 8,52
29 34 73 408 TAT
30 il 3 1,13 1,69

1 37 45 204 16,43
2 37 42 419 272
3 37 48 3,66 24535
4 36 61 3,62 2413
3 i3 67 2,08 13,91
6 i3 72 261 1449

varies along latitudinal and longitudinal positions. The south
Indian anticyclone moves towards the east, pushed by the
passage of the regular frontal zones. The Indian Ocean an-
ticyclone 15 displaced m ifs maximuom eastward position for
30 November and & December (Fig. lc. Table 1). The daily
wind fields at surface level show tlree different sequences of
circulation. Firzst, from 23 to 25 November, the latitudinal
variation is weak and corresponds to the end of the addition
of the ridging south Atlantic anticyclone and the south In-
dian anticyclone. For the second period from 26-30 Novem-
ber, the latifudinal variation of the south Indian anticyclone
15 strong. For the third penod from 1 to & December, the
south Indian anticyclone is stronger than the first period and
its latitudinal vanation is weak.

3.3 Circolation at high altitude

The wind fields at 230 hPa show that the npper level anticy-
clone and the westerly waves are cbserved in the southem
Africa and the adjacent cceans (Fig. 2). In the Indian Ocean,
as at surface level, the winds fields present three different
sequences of circulation. First, from 23-25 November, the
winds come from the north (Fig. 2a). The second period of
26-30 November 3 under the influence of a strong curvature
of the westerly waves and the winds come from the south
(Fig. 21). The third peried from 1 to § December is associ-
ated with a weak curvature of the jet stream (Fig. 2d). The
beginning of this period is influenced by the northerly winds
and ends with the displacement of the jet stream towards the
east.

The wpper wind fields cbserved at Reunion Island also give
evidence of an important variability (Fig. 3). At ground level,
the trade-wind regime appears segular. Above 800hPa, the
variability depends on location of the subtropical jet stream,
and the influence of the tropical convection. The upper wind
variabilities are in agreement with the different sequences of
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Fig. 3. (a) Horizontal wind direction (in degrees), and (h) mtensity (inm s~} over Reunion Island from 23 November to 6 December 1099,
The direction 0° means a wind direction toward east, 90° toward north, 1807 toward west and 2707 toward south. The figure has been built

from ECMWTF with every 6 h outputs.

ctreulation which show passing ridge and trough sequences,

The meteorclogical data from ECMWE show that both
wind fields at the surface level and at the high altitude show
three different sequences of circulation. These results are
in agreement with those obtained elsewhere (Preston-Whiyte
and Tyson, 1988; Garstang et al., 1096). These meteorolog-
ical patterns can induce considerable dav-to-day vanability
on the atmospherc circulation in southern Africa and the ad-
jacent oceans, and consequently could affect the redistribu-
tion and transport of aerosols and trace gases.

4 Tropospheric ozone at the end of the biomass burning
season: measurements and analysis

41 VWertical ozone distribution

In order to study the day-to-day ozone variation during the
end of the biomass buming period, a continuous survey of
ozone was undertaken during the period from 23 Novem-
ber to 6 December 1999, The ozone profiles from lidar
measurements, presented in Fig 4, show that daily con-
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Fig. 4. Evolution of ozone nuxing ratio (as a function of altitnde m
k) over Renmien Island measured by hdar from 23 November to 6
December 1999, The color scale on the right gives values in ppbv.

cenfrations are in accordance with climatological profiles
comresponding to the November—December period including
bi-monthly (or less) ozonesondes (1992-1998) and weekly
(or less) ozonesondes recorded from SHADOZ (1999-2001)
(Fig. 3). Hence, the November—December 1999 campaign
period corresponds to fypical months.

Actually, the comparison of the averaged ozonesondes and
lidar averaged ozone profiles show that both profiles present
the same features with five distinct lavers. Below 5 km. the
ozonesonde mixing ratios are larger than lidar. Above 5km,
both profiles display an ozone inerease, but lidar ozone mix-
ing ratios are larger than the ozonesondes waotil 7km. Above
Thkm, there is a codneidence of diminution of czone (7.3-
2.5 km) fellowed by an augmentation of czene (8.3-11km)
for both profiles. Above, the two profiles decrease, and reach
the minimum at different altitudes from 10 to 11 km for the
ozonesondes and from 12 to 13 km for the lidar. Indeed. the
decrease around 12 km was observed by the czonesondes and
lidar en 2 December.

During this period, the ozenesonde of 2 December (Fig. 6)
displays the same ozene enhancement (80 ppbv between &
and 11 km) as the lidar profile obtained in the nighttime. The
relative humidity profile shows high values below 3 km, with
moderately large values in the free troposphere. Humidity
values chserved within the free troposphere, between 3 and
10km are concordant with the climatological profiles ob-
tained dusring avstral summer for Reunion station, presented
i Baray et al. {1998).

The comparison of the seasonal picture based on
ozonesonde observations and the continuous grouwnd-based
lidar observations shows large, standard deviation values
(Fig. 3). Thus, high values of the lidar standard deviation
show that the day-to-day variability is intense. It iz to be
noted further that the weekly SHADOZ measurements dis-

Fig. 5. Comparison of ozonesondes (bi-menthly or less 1992-1998,
and weekly or less SHADOZ 1999-2001) (blue) and lidar (black)
mean ozone profiles and the correspending standard deviations.

play a strong vanation of ozone mixming ratios (Thompson et
al.. 2003L), but some daily striking features are not observed
doring weekly measurements. Conseguently, the day-te-day
vatiability of czone needs to be considered.

The lidar ozone mixing ratics show that ozone enhance-
ments are chserved in the whele free troposphere from 5 km
(Fig. 4). The maximwm enhancement (= 100 ppbv) is ob-
served on 3 December 1999 where ozone enhancements are
observed regularly in the free troposphere from 5 to about
11km. These czone enhanced layers do not persist from one
day to the following day, and display a high day-to-day vari-
ability of ozone mixing ratios. Ozone layers are very strat-
tfied on many days (especially 23 November, 26 Novem-
ber and 3 December), with thin lavers (1 to 2 km thick) of
very enhanced czone mixing tatio (more than 3040 ppbv,
by comparison with adjacent ozone lavers).

The stratification was not cbserved in the austral winter
1998 measurements from ozonesounding and lidar (Baray et
al., 2000). Hence, it is interesting to compare the results of
the anstral summer of 1999 to the avstral winter month July
of 1998, During this period, an intensive measurement cam-
paign was performed at Reunion Island and at Irene in South
Africa

Dwvnamical analysis showed the influence of planetary
scale tropopaunse folds over the whole Indian Ocean (Baray
etal., 2000). Figure 1 of Baray (2000) shows that, compared
te the ozone enhancement during November—December
1999, the ozone enhancement induced by these planetary
tropopanse folds during July 1998 appears to have almost
the same intensity (zbouwt 70 ppbv) but is more confined in
height, between 6 and 9km height. The ozone increase ob-
served during November—December 15 less localized at dif-
ferent heights in the free troposphere.
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Fig. 6. Temperatre (left), relatrve hunuidity (middle) and ozone miuxing ratio (right) profiles obtained by ozonesounding on 2 December
1999, m the mommg {contimous lnes), and ozone nuxing ratwo profile obtamed the same day at the end of the evenmg by lidar (dashed

lines).

4.2 Comparison between the synoptic sitvations and verti-
cal ozone distribution

The ozone profiles display theee sequences in agreement with
synoptic situations near source region and over Reunion Is-
land. First, the 23-23 November period comresponds to the
enhancement of ozene in the middle troposphere, which is 1n
accordance to the winds that come from the northwest in the
middle and upper troposphere. Second, the 26-30 November
period corresponds to the enhancement of the upper tropo-
spheric ozone and comcides with the strong westerly waves.
The low ozone values (=30 ppbv) during 27-28 November
in the middle and low altitude correspond to ozone-poor mid-
latitude air masses, and the strong ozone values observed in
the upper troposphere cotzespond to a stratospheric intimsion
along the strong westerly wave. The ozone increase observed
in the whole free troposphere cn 30 November comresponds
to a fransition period for the middle latitude and the tropical
influences in the muddle troposphere. The third period from 2
to 6 December corresponds to the stronger values of ozone in
the middle troposphere (=100 ppbv) and coincides with the
shifting of the jet streak and the northerly winds. The czone
maximum observed on 3 December coincides with the pres-
ence of the jet streak over Feunion Island and the low czone
15 associated with the northerly winds (=30 ppbv) in the up-
per troposphere (Fig. 7). For 4-3 December, the oczone peak

and the decreased ozone tend to disappear. and the ozeone
profiles display a regular ozone enhancement with altitude
resulting from the shifting of the northerly winds and the jet
stream influences. During this period, tropospheric ozone
amounts remain large (more than 110 ppbv at 12 km height
on 5 December).

4.3 Biomass burning infiluence

To determune the origin of the sampled air masses, back tra-
jectories ending at Feumion were used. Back trajectories
show that most of the enhanced ozone crossed over biomass
burning regions of Madagascar and the southern African con-
tinent. The analysis of back trajectories during the study pe-
riod found three different sequences of transports which are
in agreement with the movement of synoptic situations. The
23 to 15 November period corresponds to air masses that
cross over the north of Madagascar and the southern part
of Africa (data not shown). The 26-30 November period
cortesponds to air masses coming from southern Africa and
crossing over the mid-latitude regions (Fig. 8). From 2to 6
December air masses cross over Madagascar and the south-
ern part of Africa (Fig. 9). These results are corroborated
by trade winds recorded at Bevnion, indicating that northerly
winds are predominant for the first period, southerly winds
for the second pertod and westetly winds for the third period
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Fig. 7. Vertical Inn§1mdma1 cross section of potential vorticity (in
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3 December 1999 at the longitude 55° East. The latitude of Eeunicn
Lsland (21°5) 15 marked by a vertical black lne (from ECMWE
data).

in the middle and wpper troposphere (Fig. 3).

The end of November corresponds to the end of the dry
seazon and, hence, to the termination of traditional foi-
est fires that generate extended smoke plumes visible over
Madagascar more than 300 km downstream (Cahoon et al,
1992 Justice and al., 1996; Goldammer et al., 1996; Brivio
and Grégoire, 1997, Randriambelo et al., 1998; and Arino
et al., 2001). Large quantities of aerosols associated with
biomass burning have also been observed in the Polder satel-
lite data over the Indian Ocean near the Mozambigue channel
and Madagascar during the end of November (Deuzé et al |
1999).

Dusing the pericd November—December 1999 total czone
from TOMS images indicates quite large czone values in the
study region (=295 DU (Fig. 10). TOMS also evidences the
interseasonal variability corresponding to a decrease in the
TOMS data during December. Indeed, TOMS 15 influenced
by the contribution of anthropogenic sowrce in the tropics
(Fishman et al, 1990). Heace, these cbservations further
suggest that the observed czone enhancement is likely to re-
sult from biomass burning emissions.

Moreover, during the interseasonal period in the latter
part of biomass burning, deep comvection i3 intensive, and
through venting of czone precursors, 15 likely to contribute to
an ozone increase. Actmally, during this period lightning is
intense due to the presence of ITCZ over the southern Africa
continent and Madagascar (Fig. 11). In addition, lightning
could further earich the upper troposphere in NO, (Picker-
ing et al., 1996).
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44 Stratospheric influence

Westerly disturbances are still cbserved in the end of the dry
season and stratospheric contributions should be considered
at Beunion Island. The evolution of potential vorticity (PV)
(Fig. 12} calculated from ECMWE data show low PV values
in the middle troposphere. Higher PV values in the upper
troposphere suggests a stratospheric infrusion. A compari-
son between Fig. 4 and Fig. 12 suggests that stratospheric
and anthropogenic influences coexist during this period. In-
deed, Beekmann et al. (1994) showed, from a mid-latitude
European data ase, that a good correlation between PV and
ozone mixing ratio in the free troposphere is a good indi-
cation of recent strafospheric intrusion into the troposphere.
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Fig. 9. As Fig. 8. cluster back trajectories for 3 days ending on 2
December (blue), 3 (red) and 4 {black) 1999, over Reumion Island,
at 300 hPa level, comesponding approximately to 9 km altitude.

Air masses characterized by high ozone concentrations, and
wealk PV values, are more likely to be influenced by anthro-
pogenic sources like biomass burning, or other pollution.

On 30 November. the upper tropespheric (300 hPa) czone
mixing ratio values are also consistent with higher potential
vortieity, and the correspending czone profile could be in-
fluenced by a stratospheric intrusion. But this stratosphere
troposphere exchange is not expected to be induced by the
subtropical jet stream. which is very far from Reunion Is-
land (Fig. 2¢). In addition, winds are very low in the upper
troposphera. It 13 further to be noted that back trajectories
(above 300 hPa) indicate that air masses are coming from the
southern African continent and cross over the mid-latitude
regions (Fig. §8). After cloud venting near the source region,
atr masses tndergo subsidence before reaching Reunien Is-
land. Biomass buming and deep convection near soutce
regions confribute to the czone enhancement and westerly
waves that enhance transport which exits the subcontinent to
the east info the Indian Ocean (Garstang et al., 1996). Below
600hPa, back trajectories show that air masses are coming
from ozone poor regions to the mid-latitudes.

On 3 December, strong ozone values were cbserved
(110 ppbv at 8 km, more than 80 ppbv between 5 and 10 km).
Since the subtropical jef stream is localised at Reunien Island
stratospheric intrusions are possible (Fig. 7). Strong czone
values observed over Bewmon are not associated with high
potential vorticity values, but we cannot exclude a strato-
spheric influence for this date. However, potential vorticity
remains very weak over Reunion, compared to valves for a
typical subtropical fold (Baray et al, 2000). Since czone
values observed on 3 December 1999 are close to those ob-
served on 16 July 1998, and since potential vorticity val-
ues are mmuch lower than July 1998 records, stratosphere-
troposphere exchange is not likely to be the only source of
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Fig, 10, Dismibution of total ozone as measured by the TOMS in-
stnument for 23 November 1999 (top) and § December 1999 (bot-
tom). Data provided by web site at http/www.toms. gsfe nasa. gov.

tropospheric ozone on 3 December 1999, Indeed, potential
vorticity measured during July 1998 reached up to 1.25 PVU
(Baray et al., 2000). To better determine the different contri-
butions, the analysis of ozone profiles around 3 December 13
of special interest.

Around 9 km alttude, ozone values on 2, 3, and 4 Decem-
ber are, respectively, 59 ppbv, 108 ppbv and 97 ppbv. Corre-
sponding cluster back-trajectories starting from Reunten Is-
land at 300 hPa pressure level, approximately 9km altitude,
are given i Fig. 9. It is first to be noted that every cluster-
trajectory crosses a potential source zone of ozone precus-
sors (Madagascar, eastern and southeastern Africa) and also
a deep convection zone able to induce vertical transports of
these precursors. Moreover, from one day to another, the
source areas are expected to greatly vary. On 2 December,
air masses oross over the centre of Madagascar and eastern
Africa, then influenced by biomass burning. On 3 December,
4 December air masses are influenced by biomass burning,
respectively, in the North of Madagascar and in the south of
Madagascar and the southern Africa. During this seguence,
the jet stream induvces a strong enhancement of ozone in the
middle troposphere on 3 December. After a few days, due
to the displacement of the jet stream far from Fevnion, the
ozone peak disappears and comversely ozone in the upper
troposphere increases. Hence, the influence of tropical con-
vection 15 observed on 5 December which comresponds to a
regular ozone profile enhancement. These results show that
during one week from 30 November to 5 December, different
contributions influence the ozone vertical distributions.

5 Concluding discussion

Since 1998, a ground-based tropospheric ozone lidar has
operated at Feunion Island (Baray et al, 1999). A sec-
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Fig. 11. Lightning data for November 1999 detected by the

Optical Tramsient Detecter.  Data provided by web site at
http://thunder nsste.nasa. gov/data.

ond lidar campaign has been performed during the end of
the biomass buming season in November—December 1999,
The averaged lidar ozone profile obtained during November—
December 1999 i3 consistent with the averaged ozonesonde
profile obtained during November—December from 1992 to
2001. Beth the seasonal picture based on ozonesonde ob-
servations and the continuous ground-based from lidar ob-
servations show large standard deviations values. Although
the week-to-week variability 15 intense, weekly measurement
15 not sufficient to characterize the day-to-day variability of
ozone profile. The ozene profile responds to the nature of
disturbances which vary from one day to the next.

The comparison of each daily ozone profile appeared very
stratified compared to austral winter 1998 daily profiles:
ozone maxima are observed at different heights within the
whole free troposphere (from 5 to 16km). The dvnami-
cal context iz different compared to July where the effect
of the subtropical jet stream is predominant. The period
of November-December ceincides with the end of the dry
season where bicmass burning from forest fires is intense at
Madagascar and with the onset of the rainy season charactes-
ized by numerous deep convective clouds. Back trajectories
show that most of the enhanced ozone crossed over biomass
burning and convection regions at Madagasear and the south-
ern Africa continent.

WVertical ozone distributions during the observing period
displays three sequences in agreement with the synoptic sit-
uations. First, the 23-23 November period corresponds to the
enhancement of ozone in the middle troposphere, which is in
accordance with winds that come from the nerthwest in the
middle and upper troposphere. Second, the 26-30 Novem-
ber period corresponds to an enhancement of upper tropo-
spheric ozone and coincides with the strong westerly waves.
The 2—6 December pericd correspends fo stronger values of
ozone in the middle troposphere, associated with the shifting
of the subtropical jet stream and the northerly winds.
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Fig. 11. Evolution of the profiles of potential vorticity as a fune-

tien of pressure level, over Feumion Island from 23 November to
4 December 1999 from ECMWT data. The nght scale shows the
approximate correspondence betwesn pressure levels and altitodes.

The vertical ozone distributions show daily stratification
in agreement with disturbances that can vary greatly dus-
ing a single week. For example. from 30 November to
5 December, ozone profiles display stratosphenie intmsion,
notrthetly influence. jet stream influences and convection, in-
cluding passing ridge and trough disturbances. This study
shows that because of the dynamical context and the fre-
quent superposition of multiple ozene sources, the transport
of aerosels and trace gases in the troposphere over southern
Africa, Madagascar and adjacent oceans 15 conditioned by
interacting planetary and synophic-scale features of the gen-
eral circwlation of the Sovthemn Hemisphere, Consequently,
the impact of biomass burning over troposphetic ozone at
Reunion Island, located far way from source regions, is actu-
ally not a steady ozene enhancement, but at the opposite, 13
composed of sporadic events with a large variability.
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[1] In this paper, we present tropopause characteristics using in situ radiosonde-
ozonesonde observations camried out over the past 13 years (September 1992 to February
2005) from a southern subtropical site, Reunion Island (21°5, 55°E). Three kinds of
tropopause definitions, namely, cold-point tropopause (CPT), lapse rate tropopause (LRT),
and ozone tropopause (OT), are characterized. The ozone tropopause for Reunion is
appropriately defined as the height at which the vertical gradient of the ozone mixing ratio
exceeds 55 ppbv/km and the ozone mixing ratio is over 75 ppbv. The overall height
distribution of the three kinds of tropopause ranges in between [2.5 and 18.5 km. Of the
three definitions, CPT follows higher heights of distribution, followed by LRT and then
OT. The sharpness of tropopause height detection for LRT and OT has been examined,
and it has been found that the detection frequency of a definite OT is larger than that for

LRT. The results also showed no indefinite OT for a subtropical station in comparison
to the results obtained for Northern Hemisphere midlatitude and high-latitude stations.
After adopting a few modifications in the shampness of ozone tropopause detection,

the result remains the same, with a single indefinite case. The indefinite ozone tropopause
case was identified when Reunion Island was located nearer to the divergence zone of
wind as well as in the anticyclonic region of jet stream entrance. The LRT sharpness
results are found to be in good agreement with the other published definiton.

Citation:

Sivakomar, ¥, J.-L. Baray, 5. Baldy, and H. Benchenif (2006), Tropopause characleristics over a southern subtropical site,

Reunion Island (21°8, 55°E): Using radiosonde-ozonesonde data, J Geophys. Res., 111, D19111, doi:10.1029/2005JD006430.

1. Introduction

[2] The wopopause plays an important role in trace gas
exchange and wave dynamics between the froposphere and
lower stratosphere (e.g., stratosphere-tropos phere exchange
(STE), gravity wave dynamics or planctary/Rosshy wave
interactions, ete.). Further, the studies on topopause char-
actenistics are expected to provide a better understanding of
stratosphenc/troposphenic chemical constituents (mainly
water vapor and ozone). Glohally, temperature measure-
ments from radiosonde data have been used to charactenze
ropopause and to study the temperature varability be-
tween the troposphere and lower stratosphere [Atticks and
Robinson, 1983; Parker, 1985; Gaffen, 1993, 1996, Reid,
1994; Finger et al., 1995; Parker and Cox, 1995; Parker et
al., 1997, Highwood and Hoskins, 1998; Seidel et al., 2001].

[3] At present, five different definitions are accepted and
widely used for wdentifymg the tropopause, namely, the
cold-point tropopause (CPT), the lapse rate tropopause
(LET). the ozone tropopause (OT), the sentropic potential
vorticity (IPV) tropopavse and the 100-hPa pressure level
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(PLT). Seffark [1993] and Highwood and Hosking [1995]
suggested that the cold-pont tropopause height (the height
where the temperature nversion takes place) plays an
important role in stratosphere-troposphere exchange
(STE). Later, Highwood and Hoskins [1998] used three
different definitions to locate tropopause and charactenzed
the significance of each definition. The World Meteorolog-
ical Organtzation (WMO) defines the thermal tropopause as
the lowest level where the lapse mate exceeds 2 Kkm,
provided that ot remams abowve this threshold within this
level and 2 km above, this definition has operational use but
limited physical relevance, especially over equatorial lati-
tude where there is a possible link between the convective
processes and LRT [Highwood and Hoskins, 1998]. The
IPV tropopause definition of the tropopause 15 useful for
higher latindes, but not close to the equator. The 100-hPa
pressure surface has been considered for the tropopause
as available directly from models, such as climate change
maodels or simple radiative convective models. Over a
subtropical site, Pan Chiao, (25°N; 121°E), Taiwan,
Thulasiraman et al. [1999] presented the temperature
structure for 0.5-30 km region and found that the CPT
follows the annual vanation with height around 16.5 km
and temperature about 192.6 K. Shimizu and Teuda [2000]
also used the CPT definition to characterize the tropical
tropopause at Bandung (6.9°5, 107.6°E) and found that the
tropopause heght 15 distnbuted between 16.6 and 17.4 km
with a minimum temperature i the range from 188 K to
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191 K. Their results are also in agreement with Reid and
Gage [1996] for Truk (7.47°N; 151.857E ). Recently, Seidel et
al. [2001] used radwsonde data from 83 stabions around the
globe dunng the period from 1961 to 1990 and studied the
tropopause climatological statistics. The study idicated an
merease in height of about 20 m/decade, a decrease in
pressure of about 0.5 hPa/decade, a cooling of about
0.5 K/decade, a small change in potential temperature,
and a decrease in saturation volume mixing ratio of about
0.3 ppmy/decade.

[4] ©Om the other hand, the tropopause sharpness depends
on the method of detection and 1t quantifies the separation
between troposphere and stratosphere [Zdngl and Hoinka,
2001; Birner et al., 2002; Pan et al., 2004; Zahn et al,
20044, 2004b; Schmidt et al., 2005]. Further, the failure or
low accuracy of tropopause height detection is due to the
background atmosphence conditions, such as STE, cyelonic
events, Intertropical Convective Zone (ITCZ) passage and
strong jet streams. Few results are published m connection
with this, and many of them are focused on the lapse rate
tropopause (or thermal tropopause) detection. Kyro ef al
[1992] suggested that the ozone concentration and its
gradient provide a more accurate and appropriate measure
of tropopause height than the temperature lapse rate. How-
ever, the ozone tropopause identification is difficult when
there are mterleaved layers of low and high ozone concen-
trations m the upper tropospheric heights (as in the case of
STE). Bethan e al. [1996] compared the ozone and thermal
tropopause heights for the northern extratropical region and
found that the czone ropopause i just below the thermal
tropopause. They reported that ozone tropopause could
provide a more accurate position of tropopause height than
thermal tropopause. Zingl and Hoinka [2001] used radio-
sonde and ERA Reanalysis data to characterize tropopause
i the polar regions. They also provided details on the
sharpness of the thermal tropopause defined by a change in
the vertical temperature gradient across the ropopause and
found high and low wvalue in summer and winter, respec-
tively. Using 10 years of radiosonde data for two midlati-
tude stations, Birmer ef al. [2002] illustrated a strong
mversion at the lapse rate tropopause with a wvertical
extension of 2 km and a temperature increase of 4 K
Similarly, Bethan ef al. [1996], Pan ef al [2004], and Zahn
et all [2004a] have also addressed the sharpmess of tropo-
pause using the relationship between stratospheric fracer
(3) and tropospheric tacer (CO) and they proposed a
“chemical ropopavse™ definition based on sudden changes
m correlation between O and CO concentrations. The result
also documented that the uncertainty in chemical tropo-
pause height determination was ~150-200 m. More re-
cently, Schmidt et al. [2005] used Global Positioning
System (GPS) radio occultation (RO) and studied lapse rate
tropopause varmtions and their sharpness. They gquantified
the sharpness of tropopause with changes in the vertical
temperature gradient across the tropopause and documented
that the sharpness is high for the tropics and less for the
polar regions.

[5] Tropopause height vares with latitude and is gener-
ally higher at the equator and decreasing toward the poles. It
15 also highly variable from day to day and from season to
season [Hoerling e al., 1993; Hoinka et al |, 1993]. Overthe
subtropies, very few studies are available for charactenzng
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the tropopause and the sharpness of its detection. In this
paper, we present the detalled characteristics of the tropo-
pause and ther sharpness of detection using 13 years of
radiosonde-ozonesonde data from a subtropical site, Re-
union (21°8, 557E). The paper is organized as follows: the
next section provides a brief sketch on data vsed and the
analysis pursued. Section 3 presents results obtamed from
13 years of n situ radiosonde-ozonesonde data. It includes
the detection of czone tropopause height and the sensitivity
of detection, different tropopause characteristics and sharp-
ness varation. Subsequently, the results are discussed and
compared with the earlier reported results. The summary
and conclusion are given in section 4.

2. Radiosonde-Ozonesonde Data

[] We have used standard radiosonde-pzonesonde data
to study the tropopause characteristics. The radiosonde
inchides different atmospheric sensors that provide infor-
mation on temperature, humidity and pressure. The radio-
somde s of Vaisala RS 80 type with ascent rate of 5 m/'s.
The raw data correspond to a ~35 m height resolution in the
tropospheric height region and extend o ~90 m in the
tropopause region. Further details on the explanation and
accuracy of oroncsonde measurements are available else-
where [Baldv et al, 1996; Randriambelo et al, 2000].
Balloons were launched bimonthly from September 1992
to December 1999 and once a week since January 1999,
The registered data at a fixed time interval are linearly
interpolated to fit for 150 m vertical resolution in the height
range of 0.5-30 km. The radiosonde is accompanied by an
Electrochemical Concentration Cell (ECC) to provide
height profile of czone mixing ratio (in terms of partial
pressure m nanobars). Then the ozone mixing ratio is
converted to parts per billion volume (ppbv) and used for
the present study. The data have been collected regularly in
the framework of two different programs: the Southern
Hemisphere Additional Ozonesonde (SHADOZ) and the
MNetwork for Detection of Atmosphene Composition and
Change (NDACC, previously NDSC). Maore details on the
SHADOZ program are available from Thompson et al.
[2003a, 2003b] and for NDACC from Kunvle and Solomon
[ 1990].

[7] The present study wses 293 radiosonde-ozonesonde
flights data collected for the period from September 1992 to
February 2005, The available data distnbutions for each
month are of ~25-30 flights. In case of tropopause
characterization, the radiosonde-czonesonde flights that
reached a height range of at least 20 km have been used.
Qutof 293 observations, 275 cases (94%:) are considered for
tropopause charactenstics, rrespective of year and month.

2.1. Tropopause Definitions

[¢] Following Bethan et al. [1996], Reid and Gage
[1996], Highwood and Hosking [1998], and Seidel et al.
[2001], we have used the existing three kinds of tropopause
definitions with mimor modifications: (1) The lapse rate
tropopause (LRT) is the lowest height at which the temper-
ature gradient 15 greater than or equal to —2 Kkm, provided
that the averaged temperamre gradient between this level
and all the higher levels within 2 km does not exceed
—2 K/km. (2) The cold-point tropopause (CPT) is the height
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Figure 1. Height profile of temperature, temperature

gradient, and ozone obtained for 19 July 2000,

where the mimimum temperature 1 found below 20 km.
(3} The ozone ropopause (OT) is the height at which the
vertical gradient of ozone mixing ratio exceeds 55 ppbv/km
and ozone mixing ratio is over 75 ppbv (at and above this
height).

[¢] The above mentioned methods of identification of
ropopause height are illustrated in Figure 1, which shows
the height profiles of temperature and ozone as observed on
19 July 2000, It is noted that the acmal measurements of
temperature and ozone are obtained for the height region
from ground to 30 km. By applying the above definitions
to this profile, the tropopause heights are found to be at
162 km, 156 km and 17.1 km, which correspond to OT,
LRT and CPT.

2.2, Sharpness Criteria

[12] The accuracy of detecting ropopause is sometimes
questionable and needs to be examined. Few studies on
tropopause detection found the existence of more than one
ropopause and mopopause folding [e.g. Selfiek, 1993;
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Bethan et al., 1996; Folking et al., 1999; Baray et al,
2000]. Bethan ef al. [1996] reported on the sharpness of
LRT and OT detection for midlatitude regions. There is no
study on sharpness for tropical tropopause detection though
the topies are highly influenced by ITCZ, convections,
cyclones, etc. Here, we examine the sharpness of detected
LRT and OT. Initially, we have examined the Bethan ef al.
[1996] criteria for OT and LRT definition by adopting the
sharpness height h as definite when h < 0.6 km, mterme-
diate when 1.2 km = h = 0.6 km and indefinite when
h = 1.2 km. The results obtained are tabulated in Table 1.
This leads to a large number of indefinite LRT cases and
very few definite LRT cases, whereas most OT are reported
as defimte with a few indefimte cases. This distnbution 15
likely to result from a lower interval of sharpness height
region (0.6 km) used and a lower heght resolution of data
than given by Bethan et al. [1996]. To optimize h for our
data sets, we have used varous permutation level of h for
classifying the tropopause sharpness and optimized by
finding the lower frequency of ocourrence of indefmite
tropopause for both LRT and OT. We proceeded in step of
0.3 km, 1re., h with an interval of 0.9 km, 1.2 km and
1.5 km. When we used the sharpness interval (h) of 0.9 km,
we found almost the simular result as before (1.e., more
number of indefinite LRT cases). Whereas when 1.2 km
sharpness height mterval was utilized, we found that the
LET show more intermediate cases than indefinite. At the
same time, we have not found any significant difference n
OT distribution between hoas 0.9 km, 1.2 km and 1.5 km.
Thereby we modified the Bethan et al. [1996] criteria with
hointerval as 1.2 km, which uniformly fit for the LRT and
OT definitions. The cnteria used are as follows: (1) For the
lapse rmate tropopause, the sharpness of LRT has been
classified mto three categories: defnite, (h < 1.2 km),
imtermediate, (2.4 km > h > 1.2 km) and Indefinite,
(h = 2.4 km). Here, h stands for the height region from
the lapse rate tropopause height to the height where the
temperature gradient 15 less than —5 K/an (upper tropo-
sphere lapse rate). (2) For the ozone tropopause, the
sharpness 15 defined as above, with h given by the distance
from the ozone tropopause to the level where the ozone
miximg ratio falls to within 5 ppbv of the mean free
tropospheric ozone value, The free roposphere 1s defined
as the region between 3 km and OT.

3. Results and Discussion
3.1, Sensitivity of Ozone Tropopause Definition

[11] The ozone tropopause defimtion 15 not widely used
and the threshold adopted by Bethan ef al. [1996] (e, OT
as the height at which the vertical gradient of ozone mixing
ratio exceeds 60 ppbv/km and ozone mixing ratio s over
80 ppby ) might be applicable for the northern extratropics.
Henee we performed a sensitivity study on the above

Table 1. Percentage of Detected LRT and OT Sharpness
Following the Bethan ef all [1996] Criteria

Criteria LET, % OT, %
Diefinite, h < 0.6 55 957
Intermediate, 12 < h =04 7.3 2
Indefmite, h = 1.2 72 1.7
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Table 2. Sensitivity of the Ozone Tropopanse Height Detection Using Different Thresholds

Criteria Parmameters

Referential Threshold

Modified Threshold

Tropopause Height Within #0.15 km

O, ppbyv d0yidz, ppbwim 0, pphyv d0yidz, ppbvikm by Change in Criteria, %
&0 ) 80 5 862
£0 ) 75 35 705
75 60 75 35 850
£0 60 75 0 £22
£0 55 75 35 £14

defined definition (refer to section 2.1) to optimize the
threshold value of ozone vertical gradient and the ozone
mixing ratio for dentifying the ozone wopopause height
over Reunwon (southern subtropics). The study was con-
ducted by decreasing the threshold wvalue of wvertical
gradient of ozone mixing ratio and ozone mixing ratio in
steps of 5. The result obtained from different kinds of
threshold vanations and the mumber of cases (in terms of
percentage) where OT remains within £0.15 km is listed
in Table 2. Finally, we ascertained that the OT defmed
by the wvertical gradient of czone mixing ratio exceeds
55 ppbyv/km and ozone mixing ratio over 75 ppbyv is found
to be BE% of cases m agreement with OT differences
within #1.15 km by the one defined with the wertical
gradient of 60 ppbyv/km.

3.2, Tropopause Characteristics: Frequency
of Distribution

[12] The radiosonde-vzonesonde balloon flights that
reached vp to a minimum height of 20 km and above are
used for a statistical study (275 observations). The three
different tropopause heights are determined for each case
using the definitions given i section 2.1. Thereby the
frequency distnbutions based on three different kinds of
tropopause height, such as cold-point tropopause (CPT),
lapse rate tropopanse (LRT) and ozone tropopause (OT), are
obtained and shown in Figures 2a-2e. The distributions of
all kmds of ropopause height (CPT, LRT and OT) are m the
height range from 14 to 18 km with small differences in the
maximum number of occurrences and also roughly depict a
Craussian shape. The CPT, LET and OT show the maximum
mumber of occurrences at 17.2 km, 160 km and 15.5 km,
respectively. Relatively, it is noted that the highest tropo-
pause corresponds to CPT followed by LRT and then by
OT. The above obtained tropopause height charactenstics
are analogous to the results presented by Seidel ef al
[2001], on tropical topopause climatology by employing
the radiosonde data from 83 stations located 1 the tropical
belt from 30°N to 30°5. The result documented that the
LRT wanes from ~16.5 km in the equatonal zone to less
than 16 km m the subtropics. Similarly, the CPT is found to
be resided at ~16.9 km with very little north-south hemi-
sphere vanability. Highwood and Hoskins [1998] also found
that the mean oceurrence of CPT and LRT are 16 km and
13 km over tropics. They suggested that CPT is a reliable
tropopause definition when the lower stratosphere s not
close to being isothermal, 1.e., within the deep tropics.

[13] Figures 3a-3c illustrate the frequency of occurrence
of the differences between CPT, LRT and OT. The differ-
ences m dismbution between CPT-LRT, CPT-OT and LRT-OT
are respectively within —0.3 km to +4.8 km, —1.5 km to

+6.0 km and —3.3 km to +6.0 km ranges. The maximum
number of occurrence differences of CPT versus LRT, CPT
versus OT and LRT versus OT correspond to positive values
with mean differences at 1.1 km, 1.9 km and 0.4 km. The
result agam evidenced that OT i observed at lower height
than LRT and CPT. The distribution s also highly weighted
toward the positive sign and further venfies the tropopause
height distribution, ie., highest ropopause recorded for
CPT followed by LRT and OT.

[14] The presented result shows that the differences
between CPT and LRT are from —0.3 km to +3.0 km with
0.3 km differences for maximum number of times. Similarly,
Seidel et al. [2001] reported in their study that the differences
between CPTand LET up to ~ 1 km. They also proposed that
the LRT and CPT are likely to meet at the same height, if the
coldest pomt of a soundmg 15 located at the base of an
inversion layer deep enough (2 km) and it could be the case
when there 15 a deep convection. Folkins et all [1999] also
argued that the difference between ozone tropopause and
LRT or CPT is due to the convective detramment of ozone-
depleted marine boundary layer air above 14 km where the
Hadley circulation occurs and convective penetration above
this altiude 15 rare.

3.3, Sharpness of Detected Tropopause Height

[15] In this section, we present the result obtaned on
sharpness of detected LRT and OT heights. As explained in
section 2.2, the sharpness determmes the separation be-
tween troposphere and stratosphere region. So far, very few
studies have been published for extratropics, and there are
no results on sharpness of detection for tropics/subtropics
using radicsonde data. Here, the ropopause sharpness is
classified into three different categories: definite, interme-
diate and indefinite (refer to section 2.2). Table 3a shows the
occurrence frequencies of LRT and OT based on the
classified categones. It substantiates that the ozone tropo-
pause of definite category is found to ocecur for a larger
number of cases (98.2%) 1 comparison with LRT (24.7%).
Next to the definite ropopause, the indefinite tropopause is
more numerous for LRT than OT.

[15] The above results of more definite ozone tropopause
detection are consistent with the earlier reported result
revealing that the OT provides a definite one [Kweo et al,
1992; Bethan eial., 1996; Pan et al., 2004]. They suggested
that the ozone concentration and its gradient provide a more
accurate and appropriate measure of ropopause height than
the temperature lapse rate. Yet the ozone tropopause fails
when there are interleaved layers of low and high ozone
concentration in the upper troposphere (as in the case of
STE). Earher reports from Reumon suggest that there could
be many occourrences of STE, tropopause folds induced by
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Table 3a. Sharpness of Detected Tropopause Height: Occurrence Table 3e. Modified Distribution of OT
LET OT Frequency and Pemcentage Mean Height
Definite 6% [24.7%) 270 (98.2%) of Qocurrence Distribution, km
Intermediate 148 {53.5%) 5 (1.5%) Diefinite 260 (94 6%) 142 +25
Indefinite 0 (21.5%) Intermediate 14 {5.07%) 10.2 = 1.6
Indefmite 1 {0 4%) 1.9

subtropical jet streams [Baray er al., 2000], wopical cyclo-
nes [Baray ef al, 1999] and cutoff lows [Baray ef al,
2003]. The changes in the LRT height may be due to
prevailing different atmosphene conditions, due to convec-
tive activity, atmosphene waves and also doe to the pres-
ence of high-level cirrus clouds. An earlier study [Cader et
al., 2003] on chmatological aspect of subvisible cirrus at
Reunion Island, reports that the occurrence frequency is
relatively high in December and less dunng July and
August. The occurrence height is predominantly positioned
within 11— 14 km range, with maximum level during
January. This also further eclicidates that the detected
cold-point wopopause i1s at higher height than the cirrus
used to oceur.

[17] Table 3b presents the mean tropopause height and its
standard deviation obtained for the LRT and OT defnitions
and for the three categones (defintte, mtermediate and
mdefmite). The definite tropopause heights show the high-
est height (16,8 km) of occurrence for LRT than OT and a
larger standard deviation for OT than LRT. The intermediate
tropopause height reveals a high value with standard devi-
ation for the cases of LRT than OT. The indefinite cases
were found to be zero for OT in comparison with maore in
number for the LRT.

[18] More recently, Schmidr ef al. [2005] smdied the
sharpness of LRT detection using the equation

I, -r

uppertop

()~ ()

S=
6.5

I I irar (1)
where (8T7¢z), and (#T/#2)_ are the mean temperature
gradient above and below the detected tropopause height
for the height region of about 1 km.

[19] They considered that the parameter (5) quantifies the
order of separation between troposphere and stratosphere.
The value 6.5 in the denominator is the difference between
the lapse rate assuming that '), 1s 0 Kk and the upper
froposphere Ugnp as —6.5 K'km. Here, we compare the
obtained LRT sharpness result by applying the above
equation. Smee we have wsed —50 Khm as the upper
troposphere lapse rate and the sharpness height “*h,” inter-
val as 1.2 kan (see section 2.2), we therefore use the same
value here too, Values greater than | refer to high sharpness,
or, in other words, it is adefinite tropopause. The parameter 5
15 computed for all 275 cases and 1t was found that ~38.5%
of cases had values greater than one. This i1s m agreement

Table 3b. Sharpness of Detected Tropopause Height: Mean
Height and Tis Standard Deviation

with the LRT sharpness result presented by using the criteria
(h = 1.2) and found for 24.7% as definite (see Table 3a).
Further, it confirms that the threshold vsed is highly
coherent and approprate for the subtropical site.

[2¢] Owr classification of OT sharpness reveals no indef-
inite case. Hence we modified the sharpness of tropopause
definition followed by Bethan o al [1996] for middle/high
latitudes, which may not suit for subtropical stations, like
Reunion (2178, 55°E). To conform and get a clear view, we
have mtroduced modification on the sharpness eriteria for
ozone tropopause height, i.e., we changed the fall of czone
mixing ratio of free troposphere czone regions from 5 pphyv
to 10 ppby. The results obtained are presented in Table 3c.
They exhibit agam a similar distnbution with very little
varation in comparison with the earlier results. The mean
height distnbutions for the definite and mtermediate cases
are almost the same except varation in standard deviation
and now an indefinite case found at 11.9 km. Yet the
modified distribution for indefinite ozone tropopause
detected only ome case, which further ascertains that the
OT provides the exact location of tropopause for a subtrop-
ical station.

[21] The identified indefinite ozone tropopause case cor-
responds to the observation made on 3 January 2001, The
height profile of ozone mixing ratio, temperature and the
temperature gradient for the above day 15 shown in Figure 4.
It 15 evident from the temperature gradient profile that a
large perturbations just above and below to the ropopause.
The ozone profile shows a significant perturbation in the
ozone value. Though the figure illustrates the location of
ozone tropopause just near to the LET at ~16 km, the
method identifies the OT at ~11.9 km. The figure displays a
peak m the ozone values ~60 ppbv just above ~11.85;
thereby the method pointed the OT at 11.9 km. This could
be the reason for the detected indefinite ozone ropopause.
The LRT sharpness defimbion followed by Schmidt et al.
[2005] also illustrates the value of 0.22, which is again less
than 1 and illustrating low sharpness. To examine the
background synoptic situations on this day, we used wind
and potential vorticity data from the European Centre for
Medium-Range Weather Forecasts (ECMWF ) Reanalysis. It
15 found that Reunion is located nearer to the entrance zone
of a strong jet seam (in the anticyelone side) and the
caleulated potential vorticity (PV) at 350 K isentropic
surface is greater than 1.5 PVU (data not shown). The high
PV value suggests that there is a possibility of STE and of
stratospheric ozone wansfers mto the troposphere heights,
This background meteorological conditton could probably
be the reason for the detected ndefinite tropopause. The
thearctical mterpretation by Shapire and Kennedy [1981]
sugpested that zones of honzontal convergence and diver-

LRT, kan OT, km _ -

- genee appear at the entrance and exit zones of jet stream,
?m:“m:dim t:‘f N ::; t::g N i? and vertical ageostrophic winds are induced over and under
Indefinite 154512 " these convergence and divergence zones. Hence the ob-
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Figure 4. Height profile of temperamre, temperature
gradient, and ozone obtained for 3 January 2001,

served indefinite case is influenced by the passage of jet
stream and STE, which makes the proposed method, fails to
identify the location of ozone tropopause,

[22] During summer, other mechanisms are known to
mfluence the upper tropospheric and ropopause dynamics
(severe convection, cyclones and ITCZ). Several cases of
stratosphere-troposphere exchange near convection have
been reported, over Reunion Island [Baray e al, 1999],
and over other locations [ Poulida e al, 1996, Stenchikov et
al., 1996; Follins et al.. 1999]. However, the method has
not detected many indefinite cases (except the one presented
m Figure 4) dunng summer (December—February), when
there are possibilities of severe convection, cyclone, or
ITCZ over Reunton. This implies that a more sophisticated
method is required to detect the ropopause height exactly,
during convection, cyclone or ITCZ. Further, few results are
published on chemical tropopause definition based on the
O and CO relationship and stated that the chemical
fropopause provide a better result than one defined usmg

SIVAKUMAR ET AL.: SUBTROPICAL TROPOPAUSE CHARACTERISTICS
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single traces gas (ozone) [Par o al, 2004; Zahn o al,
20044, 2004b].

4. Summary and Conclusion

[23] In this paper. the tropopause characteristics using
13 wears of n situ radiosonde-czonesonde measurements
from a subtropical site (Reunion; 2175, 55°E) are presented.
The following salient features are noted:

[24] 1. The performed sensitivity study on threshold to
define the ozone tropopause has proven that the vertical
gradient of ozone mixmg ratio exceeds 55 pphv/km and that
the pzone mixing ratio over 75 pphy 15 an appropriate for
the site.

[25] 2. Three different kinds of ropopause height defi-
nitions, i.e., LRT, CPT and OT, have been mvestigated. The
distribution of CPT is found to be at higher heights than
LET and OT with the maximum number of occurrences at
17.2 km, 16.0 km and 15.5 kan, respectively.

[26] 3. Differences between the tropopause heights indi-
cate that OT is found to be 1.9 km below the CPT and 0.4 km
below the LRT for most of the cases. Mostly, the differ-
ences between CPT and LRT are within the height differ-
ence of ~1 km.

[27] 4. The performed analysis on sharpness of tropo-
pause height evidenced that the OT acts as the more highly
sensitive one (98%), even at the subtropical stations in
comparison with LRT (24.7%). Also, the frequency of
occurrence of indefinite tropopause height for OT 15 found
to be lower (one case) for the subtropical site, Reunion
(2178, S57E), in comparison with the midlatitude and high-
latitude observations reported by Bethan e al. [1996]. The
result suggests that the ozone tropopause also locates the
tropopause height accurately for the subtropical site.

[26] 5. The LRT sharpness results are also found to be
concurrent with the definition followed by Schmidt e al.
[2005].

[2¢] 6. It was ascertammed that the occurrence of the
indefinite ozone tropopause is due to the ocourrence of
STE and divergence zone of the jet stream near the site
location.

[3¢] Though the method of dentification of tropopause
sharpness detection 15 well sutted for a subtropieal site, ke
Reunion, it fails to reproduce the indefinite cases during the
presence of a cyclone or ITCZ passage. Further improve-
ments i the method are planned m fumre studies. The
identification of tropopause height by isentropic potential
vorticity and its comparison with other definitions may
provide a better understanding of tropopause charactenstics.
The exammation of tropopause 1dentification fatllure with
the help of classic/ddynamic models is in perspective.
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2.3 Travaux en cours

2.3.1 LACYTRAJ : un code de trajectoires-RDF développé au LACY
2.3.1.1 Contexte

Historiquement, l'origine de LACYTRAJ est un code de trajectoire cinétique développé dans le
cadre de ma these et codé en langage Matlab. Le code fonctionnait convenablement, mais présentait
deux défauts. Tout d'abord il était trés lent car basé sur des boucles d'interpolation qui n'étaient pas
optimisées. Pour remédier a ce probléme, une solution était de réduire la taille des matrices de
champs initiaux a la région dans laquelle restaient localisées les trajectoires. Mais cela faisait
apparaitre un deuxieme défaut du code, les conditions aux limites n'étaient pas gérées. Lorsqu'une
trajectoire du faisceau sortait du domaine couvert par les matrices contenant les parameétres
ECMWF (qui avait été optimisé pour réduire le temps de calcul), celui-ci s'arrétait et il fallait
reprendre le calcul en agrandissant la matrice ECMWE. C'était donc un code qu'il était possible
d'utiliser pour des cas d'étude, et il a été utilisé sous cette forme pour plusieurs articles**'***3, Mais
lancer un grand nombre de calculs, par exemple pour une étude climatologique ou statistique n'était
pas envisageable avec le code sous cette forme. Or, tel était notre objectif lorsque j'ai proposé le

sujet de these de Gaélle Clain en 2005.

Pour les études de l'ozone troposphérique menées jusqu'alors, l'approche de l'influence des
différentes sources a été abordée au moyen de cas d'études. Des climatologies de 1'ozone
troposphérique avaient permis d'établir la variation saisonniere de l'influence des feux de
végétation, mais nous avions alors comme objectif de franchir un pas supplémentaire, avec la
quantification climatologique des sources sur l'ozone troposphérique. Pour cela, il fallait disposer
d'un outil trajectographique qui puisse étre lancé sur un grand nombre de calculs pour pouvoir
déterminer l'origine des masses d'air pour chaque profil d'ozone lidar et radiosondage de la base de
données ozone de 'OPAR. L'outil trajectographique le plus élaboré est actuellement FLEXPART™.
C'est un code d'advection-dispersion lagrangien qui est couramment utilis¢é pour les études de
dynamique troposphérique. Cependant, s'il est parfaitement judicieux d'utiliser FLEXPART pour

approfondir un cas d'étude, ce code étant relativement lourd a installer et utiliser, il n'est pas tres

3 Roumeau S. et al., Tropical cirrus clouds: a possible sink for ozone, Geophys. Res. Lett., 27, 15, 2233-2236, 2000.

3! Randriambelo T., et al., The effect of biomass burning, convective venting and transport on tropospheric ozone over
the Indian ocean : Reunion island field observations, J. Geophys . Res., 105, D9, 11813-11832, 2000.

32 Baray J.L. et al., Dynamical study of a tropical cut-off low over South Africa, and its impact on tropospheric ozone,
Atmos. Environ., 37, 11, 1475-1488, 2003.

33 Randriambelo T., et al., Investigation of the short-time variability of tropical tropospheric ozone, Annales Geophys.,
21,9, 2095-2106, 2003.

** Stohl, A., et al., Validation of the Lagrangian particle dispersion model FLEXPART against large scale tracer
experiments. Atmos. Environ. 32, 4245-4264., 1998.
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bien adapté pour une application en bloc sur 500 profils d'ozone a la Réunion. Deux autres codes
ont été envisagés, MIMOSA, un code d'advection de vorticité potentielle développé initialement
pour les études de dynamique stratosphérique®, et LAGRANTO, un code de trajectoires tri-
dimentionnelles développé a I'école polytechnique de Zurich®®. L'application de MIMOSA a la
troposphere n'est pas sans poser quelques problémes par rapport aux conditions aux limites basses
par exemple, et il n'est également pas possible de calculer simplement des coupes verticales de
vorticité potentielle advectée avec MIMOSA, celui-ci étant basé sur le principe d'advection sur
surfaces isentropes. Ce code pourra donc étre utilisé pour des inter-comparaisons, ou pour des cas
d'études, mais il n'est pas trés bien adapté pour détecter les masses d'air d'origine stratosphériques
sur toute une base de données de profils d'ozone troposphérique. Quant a LAGRANTO, des
problémes de compilations de librairies se sont révélés insurmontables lors de son installation sur

titan, le centre de calcul de l'université de la Réunion.

Pour les raisons indiquées précédemment, le code de trajectoire codé pendant ma thése n'était pas
adapté¢ a ce travail non plus. Cependant, grace au travail de Franck Gabarrot, ingénieur
informaticien arrivé au LACY en 2007, mon programme de trajectoires a été recodé en C++,
optimisé et les conditions aux limites gérées. Devenu LACYTRAJ, ce code a été appliqué a la base
de données de la Réunion par Gaélle Clain dans le cadre de sa thése, ce qui a permis de quantifier
l'influence des échanges stratosphére-troposphere sur la climatologie de 1'ozone troposphérique de
la Réunion. Les résultats sont en cours de finalisation et seront présentés par Gaélle dans le cadre de

sa thése et d'un article en cours de rédaction.

D'autre part, 1'objet du chapitre 1 de ce document était la présentation du parc instrumental qui s'est
développé a la Réunion. L'analyse géophysique des données qui y sont faites, et particulierement
pour les études troposphériques, nécessite de pouvoir identifier sur un profil vertical les
contributions des origines des masses d'air et leur mélange, pour comprendre les contributions des
différents mécanismes. Cela peut étre fait pour des études de cas. Cela peut aussi étre étendu a la
dimension climatologique et tendances a long terme. Les analyses de modeles globaux tels que
ECMWEF peuvent fournir des informations sur la compréhension des mesures, et c'est pour cela que

la base de données des reanalyses ERA-40 est archivée sur les serveurs de 'OPAR.

3 Hauchecorne, A., et al., Quantification of the transport of chemical constituents from the polar vortex to midlatitudes
in the lower stratosphere using the high-resolution advection model MIMOSA and effective diffusivity, J. Geophys.
Res., 107 (D20), 8289, doi :10.1029/2001JD000491, 2002.

¢ Wernli, H. and Davies, H. C.: A Lagrangian-based analysis of extratropical cyclones. Part I: The method and some
applications, Quart. J. Roy. Meteorol. Soc., 123, 467489, 1997.
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Au-dela se son exploitation dans le cadre de la thése de Gaélle Clain, un autre intérét de
LACYTRAIJ pourra donc étre, en liaison avec les données de 'OPAR, de le faire fonctionner en
routine sur toutes les données produites par la station et ainsi fournir une information additionnelle

sur l'origine des masses d'air.

En aval du calcul des trajectoires LACYTRAJ, nous avons également développé un module
RDF*7** utilisant les trajectoires calculées avec LACYTRAJ. RDF est une technique d'advection de
traceurs conservatifs qui, a partir d'un champ donné, permet de retrouver des informations
supplémentaires sous-grille par rapport aux champs d'assimilation. Ce type d'outil peut étre utilisé
pour la caractérisation de l'influence des feux de biomasse ou des échanges stratosphére-

tropospheére.

L'algorithme du code de calcul de trajectoire, ses performances et des comparaisons avec
FLEXPART seront présentés dans la section 2.6.2. La vorticité potentielle est un traceur
stratosphérique dont la durée de vie dans la troposphere est de 1'ordre d'une semaine. Des exemples
de reconstructions RDF de vorticité potentielle et leur utilisation pour I'étude climatologique qui est
faite dans le cadre de la thése de Gaélle Clain seront présentés dans la section 2.6.3. Le rapport de
mélange de vapeur d'eau peut également étre utilis€ comme traceur des masses d'air, puisque ce
traceur présente des distributions trés contrastées, avec de fortes valeurs dans les plus basses
couches de la troposphere et des faibles valeurs dans la haute troposphére et la stratosphere.
Néanmoins, I'utilisation de la technique RDF sur les rapports de mélange de vapeur d'eau n'est pas
aussi simple que sur la vorticité potentielle, du fait du caractére peu conservatif de la vapeur d'eau
dans la troposphere. Les premiers tests de reconstructions de profils et de champs de vapeur d'eau
seront présentés dans la section 2.6.4, ainsi que les pistes prospectives que nous proposons pour

améliorer la méthode.

2.3.1.2 Trajectoires : Algorithme de LACYTRAJ et comparaisons avec FLEXPART

37 Dritschel, D. G., Contour Surgery: A topological reconnection scheme for extended integrations using contour
dynamics, J. Comput. Phys., 77, 240-266, 1988.

% Sutton, R. T, et al., High-Resolution Stratospheric Tracer Fields Estimated from Satellite Observations using
Lagrangian Trajectory Calculations, J. Atmos. Sci., 51, 2995-3005, 1994.
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LACYTRAJ est un code de trajectoires cinétiques codé en C++ utilisant les réanalyses ECMWF
ERA-40 archivées localement et en format wgrib. Les données ont une résolution horizontale de
1.125 degrés, 21 ou 23 niveaux de pression et une résolution temporelle de 6 heures (analyses a 0,
6, 12, 18 UTC). Il est possible de lancer LACYTRAJ sur des données ayant une meilleure
résolution. Il peut également étre lancé sur d'autres types de données en format wgrib (d'autres types

de reanalyses, données de forecast... etc).

L'utilisateur définit une grille de départ en 3 dimensions (une pour un profil ou 2 pour une coupe
verticale ou un champ horizontal), et chaque point de grille est advecté par interpolation bi-linéaire
du champ de vent horizontal et du temps. L'altitude de chaque point est calculée par interpolation du
vent vertical ECMWEF par interpolation logarithmique sur le niveau de pression. Cette opération est
faite sur un pas de temps défini par l'utilisateur, typiquement entre 15 minutes pour un calcul de
trajectoire de l'ordre de quelques jours. Apres le calcul, un fichier de sortie binaire contenant les
points de toutes les trajectoires est écrit, il est possible de ne sauvegarder qu'une partie des points

(uniquement les points d'origine, 25 ou 50% des points).

LACYTRAJ fonctionne actuellement sur un PC-linux équipé d'un double processeur Intel, 4MB
Cache, 1.60GHz, 1066MHz FSB, 4GB FB 533MHz Memory (4x1GB dual rank DIMMs). Sur cette
machine, un calcul LACYTRAJ de 40000 trajectoires de 6 jours avec un pas de temps de 15

minutes ne dure que 2'52.

LACYTRAIJ ne fonctionne actuellement qu'en mode retro-trajectoire, mais un mode de trajectoires
avant est a 1'étude. Dans le futur, compte tenu de la vitesse de calcul et de la facilité d'utilisation de
LACYTRAIJ, ce mode pourrait étre utilis¢é en quasi-temps réel pour optimiser les stratégies

d'observations lors de campagnes multi-instrumentales.

Dans I'¢tude présentée dans la section 2.3.2 (Leclair de Bellevue et al., 2006) des trajectoires ont été
calculées avec le modele de dispersion FLEXPART dans sa version 4.3. FLEXPART était initialisé
avec les réanalyses ECMWF avec une résolution horizontale de 1 degré, 60 niveaux verticaux de
modele et une résolution temporelle de 3 heures. Les trajectoires LACYTRAJ présentées dans la
figure 2.3 correspondent aux trajectoires FLEXPART de la situation synoptique du cyclone
Guillaume en Février 2002, (figure 8 de Leclair de Bellevue et al., 2006, section 2.3.2).
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Figure 2.3 Faisceau de rétrotrajectoires arrivant au-dessus de la Réunion le 19 et le 15 Février
2002, coincidant aux trajectoires Flexpart présentés dans la figure 8 de I’article présenté dans la

section 2.3.2 (Leclair de Bellevue et al., 2006).

Calculer des trajectoires a proximité d'un cyclone tropical n'est pas un exercice simple, car les
champs de vent présentent des gradients localement forts et un petit écart de trajectoire a un instant
donné peut trés vite induire des écarts beaucoup plus grands sur une trajectoire de quelques jours,
d'autant plus lorsque l'on veut comparer des mod¢les de nature différente. FLEXPART est un code
de dispersion recalculant les niveaux verticaux avec son propre schéma convectif, ce que ne fait pas
LACYTRAIJ. Ceci étant précisé, les comparaisons FLEXPART-LACYTRAJ pour le cas de

Guillaume montrent que :

-Pour les trajectoires arrivant au-dessus de la Réunion le 15 Février 2002, les deux mode¢les sont en

accord pour voir deux subsidences, séparées par une ascension des masses d'air entre -60 et -30
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heures.

-Une partie du faisceau de trajectoire LACYTRAIJ provient de la basse troposphére dans le canal de
Mozambique, ou des zones convectives associées a Guillaume sont visibles sur les images
Meteosat. Cette origine n'est pas vu par FLEXPART. Le reste du faisceau LACYTRAJ est en accord

avec FLEXPART, avec une origine dans 1'océan Atlantique pour les deux mode¢les.

-Pour les trajectoires arrivant au-dessus de la Réunion le 19 Février 2002, les trajectoires sont tres

similaires pour les deux modeles.

On peut donc constater qu'en dépit de la différence de nature des deux codes, et de la différence de
résolution des données d'initialisation, les deux modeéles sont en relativement bon accord pour les

comparaisons de Février 2002.

2.3.1.3 Advection RDF de vorticité potentielle

Apres le calcul des trajectoires, il est possible d'advecter un traceur le long de chaque trajectoire, et
ainsi reconstruire un profil ou un champ du parametre advecté. Cette méthode appelée RDF permet
d'obtenir de I'information qui ne figure plus dans le champ d'initialisation, y compris a une échelle

sous-grille sur la distribution de traceur.

La vorticité potentielle (PV) peut étre considérée comme un traceur des masses d'air d'origine
stratosphérique, conservatif dans la troposphére a une échelle temporelle de quelques jours. Deux
profils d'ozone avaient été obtenus par lidar le 3 et le 4 décembre 1999, 18 heures TU a la Réunion,
a l'occasion de 1'étude qui est présentée dans la section 2.4. La figure 2.4 la comparaison entre les
deux profils d'ozone et les profils de vorticité potentielle directement obtenus avec les analyses
ERA-40 de ECMWEF, et les profils advectés avec LACYTRAJ sur 24 et 48 heures le 4 décembre
1999, 0 heure TU. Dans les deux profils, on peut observer une couche présentant des fortes valeurs
d'ozone entre 5 et 11 km le 3 décembre, et entre 6 et 12 km le 4 décembre, avec des valeurs
maximales de 108 ppbv a 8.3 km le 3 décembre et 94 ppbv a 8.8 km le 4 décembre. La
reconstruction de PV montre un pic important, 2.5 PVU avec un temps de trajectoire de 48 h, et
également un pic de 1 PVU avec un temps de trajectoire de 24 heures. L'altitude du pic de PV est
entre les niveaux isobares 500 et 350 hPa, correspondant a la partie basse de la couche enrichie en
ozone observée sur les radiosondages, environ 2 km en dessous du pic d'ozone. L'origine
stratosphérique suggérée par les reconstructions RDF n'était pas bien capturée par les analyses

ERA-40 sans advection RDF. On peut supposer que dans le cas étudié, des échanges stratosphere-

196



H.D.R. Jean-Luc Baray — Chapitre 2, l’ozone troposphérique tropical

troposphére ont partiellement contribu¢ a l'enrichissement d'ozone troposphérique observé par le
lidar, en plus de l'influence des feux de biomasse, début Décembre étant la fin de la saison des feux
d'Afrique et de Madagascar. Cet exemple montre que pour la PV, une advection de 48 heures est
préférable que 24 heures pour la détection des masses d'air stratosphériques. Dans le cadre de sa
theése, Gaélle Clain va utiliser LACYTRAJ avec une combinaison de trajectoires de 48 heures et de
120 heures pour détecter les masses d'air d'origine stratosphérique sur les profils d'ozone obtenus

par lidar et radiosondage a la Réunion.
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Figure 2.4 Profils de vorticité potentielle (en valeur absolue) le 4 décembre 1999, 0 hTU (gauche)

et d’ozone (droite) obtenus par mesure lidar.

Le code ne permet pas uniquement de calculer un profil de traceur advecté, mais sur un domaine

tridimensionnel, et donc sur une coupe verticale ou un champ isobare. La figure 2.5 présente la

section verticale méridienne de PV a la longitude de la Réunion le 3 et le 4 Décembre 1999, en
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comparaison avec les analyses ERA-40. On observe que la reconstruction RDF amplifie le filament
stratosphérique d'une foliation de tropopause, la Réunion étant localisée en entrée d'un noyau de
courant-jet. L'analyse ERA-40 voyait une déformation de la tropopause d'amplitude trop limitée
pour qu'elle concerne la latitude de Réunion. Le 4 Décembre, on observe une dilution du filament

qui reste toutefois visible avec la reconstruction RDF.

Nous avons également effectué une comparaison avec un calcul de vorticité potentielle advectée par
le code MIMOSA dans le cadre de la thése de Nadége Montoux™. L'advection de la vorticité
potentielle avec LACYTRAIJ permet de faire apparaitre des filamentations trés proches de celles

obtenues avec le code MIMOSA (Figure 2.6).
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Figure 2.5 Coupes de vorticité potentielle (en valeur absolue) a la longitude 55°E , de gauche a

droite respectivement : ECMWF et RDF, le 3 et le 4 Décembre 1999.

¥ Montoux N., Etude du transport isentrope de la vapeur d’eau dans la haute troposphére et la basse stratosphére, thése
de doctorat de I’université Pierre et Marie Curie, 2008.
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Figure 2.6 Champs horizontaux de vorticité potentielle advectée sur le niveau 250 hPa le 14 Février
2004, en haut avec MIMOSA (figure4.4 de la page 82 de la thése de Nadege Montoux), et en bas
avec LACYTRAJ.

2.3.1.4 Advection RDF de vapeur d'eau

Nous avons vu que l’advection RDF de la vorticité potentielle avec 48 heures de temps de
trajectoire permet d’apporter une information additionnelle par rapport aux champs d’initialisation,
et en accord avec d’autres codes validés tels que MIMOSA. Un autre traceur utilisable pour la
détection de I’origine des masses d’air est le rapport de mélange de vapeur d’eau. Le rapport de
mélange est calculé a partir de I’humidité relative en utilisant la formule de Hyland et Wexler®. Le
probléme de I’utilisation de ce traceur avec la méthode RDF est la non-conservation de ce traceur
dans la troposphere a 1’échelle de quelques jours. Nous avons donc effectué les premiers tests en

limitant les temps de trajectoire a 6 ou 12 heures.

Sur la figure 2.7 nous présentons une comparaison entre le profil de vapeur d’eau obtenu a la

“ Hyland, R. W. and A. Wexler, Formulations for the Thermodynamic Properties of the saturated Phases of H20 from
173.15K to 473.15K, ASHRAE Trans, 89(2A), 500-519, 1983.
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Réunion par lidar Raman le 5 avril 2002. Le profil lidar est comparé avec les profils de vapeur

d’eau ECMWF et RDF.
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Figure 2.7 Profils de vapeur d’eau obtenus le 5 avril 2002 par lidar Raman, en comparaison des
profils ECMWF et RDF sur 6 et 12 heures. Développement instrumental et acquisition lidar :

Laurent Robert ; Traitement : Christophe Hoareau.

Le profil lidar Raman a été calibré avec le profil ECMWF entre 3 et 8 km. Le profil ECMWF
présente une couche séche sur deux points : 700 et 600 hPa. Le profil RDF confirme cette couche
seche, particuliérement avec 6 heures de trajectoires. L’accord entre les profils de vapeur d’eau est
bon jusqu’a 180 hPa. Le profil ECMWF sous-estime la vapeur d’eau au-dessus de 180 hPa, en

comparaison avec le lidar Raman, I’advection RDF n’améliorant pas I’accord avec le profil Raman.

Des profils de reconstruction RDF ont été calculés sur d’autres profils lidar Raman, ainsi que sur la
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campagne de mesure par sondes CFH" effectuée en juin-juillet 2006. Ces inter-comparaisons ne

présentent pas un meilleur résultat que celle présentée dans la figure 2.7.

La reconstruction RDF de profils de vapeur d’eau avec 6 heures de trajectoire n’¢loigne donc pas le
profil ECMWF des données in-situ. Par contre, les exemples calculés jusqu’alors ne permettent pas
non plus d’affirmer qu’ils apportent une information additionnelle significative par rapport aux

champs d’initialisation, contrairement a 1’advection de PV sur 48 heures.

De la méme fagon que pour la PV, il est possible de reconstruire des coupes verticales de rapport de
mélange de vapeur d’eau, ce qui a été fait pour le 3 et le 4 décembre 1999 (figure 2.8). On peut voir
que les filaments qui avaient été identifiés comme d’origine stratosphérique sur la vorticité
potentielle (figure 2.5) correspondent effectivement a des zones séches. Les gradients des structures
séches semblent mieux marquées avec la reconstruction RDF avec 6 heures de trajectoires que sur

les champs ECMWEF.

IR 33120413 55,55 ECHE R 83120413 55,55~ FIFSh

Figure 2.8 Coupes verticales de rapport de mélange de vapeur d’eau (en valeur absolue) a la
longitude 55°E, de gauche a droite respectivement : ECMWF et RDF (6 heures), le 3 et le 4
décembre 1999. Les échelles de couleur sont logarithmiques entre 0.001 (bleu) et 3 g/kg (rouge).

' Vomel H. et al., Accuracy of tropospheric and stratospheric water vapor measurements by the cryogenic frost point
hygrometer: Instrumental details and observations, J. Geophys. Res., 112, D08305, doi:10.1029/2006JD007224, 2007.
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latitude
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Figure 2.9 Comparaison entre le canal vapeur d’eau de Meteosat 7 le 12 Janvier 2007 (haut), avec

le champ ECMWF-ERA 40 (milieu), et la reconstruction RDF-LACYTRAJ. Les échelles de
couleur sont logarithmiques entre 0.001 (bleu) et 3 g/kg (rouge).

Pour la vapeur d’eau, les inter-comparaisons les plus convaincantes sont celles qui ont été calculées

sur des champs horizontaux dans la haute troposphere. La figure 2.9 présente une comparaison de
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RDF-LACYTRAJ avec le canal vapeur d’eau de Meteosat 7 le 12 janvier 2007, et la figure 2.10

avec une simulation MIMOSA présentée dans la thése de Nadege Montoux.

MIMOSA est un code d’advection isentrope, un module microphysique a ét¢ développé pour
modéliser les changements de phase de I’eau et la sédimentation des particules de glace. Cela
permet de modéliser la coexistence dans le modele des 3 phases de ’eau, et les interactions entre
ces trois réservoirs en fonction de la température et de la pression. L’utilisation de trajectoires plus

longues (6 jours) devient donc possible et réaliste.

Les inter-comparaisons entre les champs de vapeur d’eau LACYTRAJ et les images Meteosat
(figure 2.9) et les modélisations MIMOSA (Figure 2.10), tout en restant dans le domaine qualitatif,

sont satisfaisantes par rapport aux petites structures seches et humides.

LACYTRAT WY 2006011818 - 250 hPa - RIFEh

latitude

Figure 2.10 Comparaison entre le champ de vapeur d’eau obtenu au-dessus de I’Europe a Ialtitude
250 hPa par simulation mimosa (a gauche, en ppmv, I’échelle de couleur allant de 0-bleu a 100—
rouge) et avec LACYTRAIJ a droite (en g/kg, méme échelle de couleurs que la figure 2.9). La
simulation MIMOSA est extraite de la thése de Nadége Montoux (figure 5.7, page 125).

Toutefois, deux problémes subsistent :

- La durée de vie de la vapeur d’eau dans la troposphére est court. A cause des changements de
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phase de ’eau, en particulier dans les masses d’air influences par la convection tropicale, le rapport
de mélange de vapeur d’eau est un traceur peu conservatif, ce qui nous a amené a réduire le temps
des trajectoires a 6 heures. Nous prévoyons d’améliorer ce point en allongeant le temps des
trajectoires et en appliquant le code micro-physique qui a été développé pour le code MIMOSA

dans le cadre de la thése de Nadege Montoux.

- Les calculs RDF sont initialisés avec les données ECMWF-ERA40 qui, pour 'humidité et la
vapeur d’eau, sont bonnes pour la basse et moyenne troposphéere, mais qui sous-estiment la vapeur
d’eau dans ’UTLS. Pour améliorer ce point, une possibilité serait de n’utiliser les données
ECMWEF que pour les calculs de trajectoires, et d’utiliser d’autres données pour I’initialisation de la
vapeur d’eau pour les calculs RDF. Nous prévoyons de tester dans un premier temps les nouveaux
produits ECMWF tels que les analyses ERA-INTERIM. Les données satellites telles que
AIRS/AMSU, SAGE-II, HALOE, MIPAS ou GOMOS pourront également étre utilisées dans le

futur.

2.3.2 Etude des tendances de 1'ozone troposphérique par régression linéaire

2.3.2.1 Méthodologie

Les mesures d'ozone ayant débuté en 1992 a la Réunion, nous disposons d'un jeu de données qui
couvre plus de 15 ans. La base de données de Irene en Afrique du sud a commencé en 1990, mais
avec une interruption des données entre 1994 et 1998. La temporalité¢ de ces jeux de données étant
suffisante pour effectuer une estimation des tendances, nous avons donc choisi, comme premicre

approche, d'effectuer une simple régression linéaire sur le jeu de données.

La droite de régression linéaire liant 1'ozone et le temps est donnée par la formule suivante :

(1) y=a-x+b

ou x est la colonne d'ozone, y le temps (en années), a est le coefficient directeur de la droite de

régression linéaire et b la valeur a l'origine.

Le jeu de données x des colonnes d'ozone (en DU) comporte n valeurs, chacune d'entre elles étant
associée a une date (en années + jours juliens). Le coefficient directeur a représente donc la

tendance de l'ozone que l'on cherche a estimer. Nous devons également déterminer I'erreur
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statistique sur a. Pour cela, nous avons besoin d'un certain nombre de calculs intermédiaires.

La moyenne, la variance et 1'écart-type de I'ozone :

2

La moyenne, la variance et I'écart-type du temps :

)

i

=

L . B
Ci=1 n 4

La covariance de la matrice (ozone, temps) est donné par la formule :

“4) 1< - N
cov(z,y) =~ (@i =T)(Yi—F) =T Y-T-7
b i=1
On obtient finalement les coefficients de la droite de régression :
(5) cov(x,y) _ T-cov(zy) _ _
- h—7 — —J—a-T
TV TV YT

Pour calculer l'erreur statistique sur la tendance, due a la variabilité des données d'ozone, nous

devons calculer la différence entre les valeurs observées et la valeur données par le modele de

régression, avec la formule suivante :

(6) g =1 —ax; —b

L'estimateur de la variance résiduelle et de la variance de a sont données respectivement par :

(7 o1 —~ 2 -2 7
 n-—2 ;di “ n-Viz)
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On est dans le cadre d'un test de Student sur l'espérance avec écart-type inconnu. L'erreur statistique

sur a est donc donné par la formule suivante:

n—=2a

Dans laquelle (1—a)/2

table 1.

est le quantile de la loi de Student, dont les valeurs sont données dans la

Table 1. Valeurs des quantiles de la loi de Student, en fonction du nombre de données n et du niveau

de confiance. D'aprés Spiegel M.R et al.*%.

75% 85% 95% 97.5% 99%

0.727 1.156 2.015 2.571 3.365
20 0.687 1.064 1.725 2.086 2.528
100 0.677 1.042 1.660 1.984 2.364
120 0.677 1.041 1.658 1.980 2.358
00 0.674 1.036 1.645 1.960 2.326

Nous prendrons comme valeur de quantile 1,645 , correspondant au niveau de confiance 95% pour

un échantillon infini, le nombre de points étant supérieur a 120.

La tendance et l'erreur statistique ainsi calculées sont en DU/an. Par la suite nous multiplierons par

10 pour les obtenir en DU/décade.

2.3.2.2 Résultats

Les tendances de l'ozone troposphérique calculées pour les sites de Irene et de la Réunion sont

présentées dans la figure 2.11.

2 Spiegel, et al., Statistique. Cours et problemes, Paris : McGraw-Hill ed., Série Schaum, 432 p., 1993.
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Figure 2.11 Tendances de I’ozone troposphérique a la Réunion (a gauche) et Irene (a droite). La ligne

pointillées indique la tendance pour la période 1998-2008 a Irene.

La limite inférieure de la colonne troposphérique est fixée a 1 km pour la Réunion et 2 km pour
Irene, de fait de I'altitude des sites de mesure. La limite supérieure est fixée a 16 km, ce qui se situe
en dessous de la hauteur de tropopause des deux sites”. La tendance observée pour la colonne
troposphérique est positive (1.94 +/- 1.81 DU/décade) pour la Réunion, ainsi que pour (1.81 +/-
0.97 DU/décade). Ces deux valeurs sont supérieures a l'erreur statistique calculée pour les deux

sites.

Dans le but d'¢tudier l'influence potentielle des deux principales source de I'ozone troposphérique
(anthropiques-feux et dynamiques-STE) sur les tendances observées, la troposphére a été séparée en
trois couches. Une en dessous de 4 km, l'altitude ou I'on observe généralement l'inversion des
alizés*, et la troposphére libre qui est séparée en 2 couches d'égale épaisseur : la moyenne

troposphere entre 4 et 10 km et la haute troposphére entre 10 et 16 km.
Certaines différences entre les deux sites apparaissent (Fig. 2.12):

-La tendance pour basse troposphere a Irene est clairement positive (0.93 +/- 0.26 DU/décade),

alors qu'a la Réunion, aucune tendance significative n'est observée (0.01 +/- 0.37 DU/décade).

-La tendance pour la moyenne troposphére a Irene est positive (0.63 +/- 0.53 DU/décade), mais plus
faible que la tendance pour la basse troposphére (0.92 +/- 0.26 DU/décade). La tendance la plus
faible est obtenue pour la haute troposphere (0.24 +/- 0.43 DU/décade).

# Sivakumar, V. et al., Tropopause characteristics over a southern subtropical site, Reunion Island (21 S, 55 E): Using
radiosonde-ozonesonde data, J. Geophys. Res., 111, D19111, doi:10.1029/2005JD006430, 2006.

* Taupin F.G. et al., tropospheric ozone above southwestern Indian ocean is strongly linked to dynamical conditions
prevailing in the tropics, J. Geophys. Res., 104, 8057-8066, 1999.
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-Pour la Réunion, on observe le comportement opposé. La tendance pour la moyenne troposphere

\

est supérieure a ce

lle pour la basse troposphére, mais n'est pas significative (0.70 +/- 0.93
DU/décade). La tendance la plus forte est obtenue pour la haute troposphére (1.31 +/- 0.62
DU /décade).
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Reunion 1992-2008 10-16 km

14 40 40
.
12 N 35 * ] 35
* 30 5 30
10 . . 5 I 6 5 i
=) b+ + o Q * * [a)
= =t + L N =25 + + + F =25
S ol * . it A <, 5 3 P e ; +
[ P + o A A T € % + R + £ .
=1 T h + iy + =2 + iy + LR R =]
5 # A PR L SR 5205 P A T 320 +oy
S ¥ o gyt THg g S R T 87 . . PP
o PR TS = S DU hy PR ] 2 + R I X T TR @ - taogt
S T L T et sy 1 1 T T rid S15 T+ Trani Pl AR S15F & + + 1 +F 1+ e T ¥4
] SRR S - S-S SRS DT S R VLA I D W Y
Sul vy PR LTS S AR PO 5 Sl EE B A LI IR T S i, v
L A S P S A R A 1 10ttt T TS
o v RN ; s L R T A N
+ b 1 5 £ + P +
. » . + .
1362 1964 1996 1998 2000 2002 2004 2006 2008 102 1994 1996 1998 2000 2002 2004 2006 2008 1892 1994 1996 1998 2000 2002 2004 2006 2008
Years Years Years
Irene 1990-2008 2-16 km Irene 1990-2008 4-10 km Irene 1990-2008 10-16 km
70 40 40
65
60 . 35¢ 35+ 1
550
550 . % S =30 =30r N 1
Bugl ¥ Lo RS 3 . 3 '
O . g ¥ T8 e L+ + s 25 ¢
c * & ot st % N c c
Nt e UMDLIR O BTN S-SR SN £
£ E = fef o+ =
R R R 0,k S0 i 3 A A K 32
Oao| A TR e P < e AL SO s <
8l Et A E R a4 PR T T 24
Qe # I o ES Q| et PR RS Q
R + EaR N oY PR
020 o P P o
150 * 10F s T + + T 10F +
10 5l .
5

1%90 1992 1994 1996 1998 2000 2002 2004 2006 2008

Years

1%90 1992 1994 1996 1998 2000 2002 2004 2006 2008

Years

1%90 1992 1994 1996 1998 2000 2002 2004 2006 2008

Years

Figure 2.12 Tendances troposphériques par couches, a la Réunion (en haut) et a Irene (en bas),

entre 2 et 4 km (2 gauche), entre 4 et 10 km (au centre) et entre 10 et 16 km (a droite). La ligne

pointillées indique la tendance pour la période 1998-2008 a Irene.
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Figure 2.13 Tendances saisonnieres troposphériques a la Réunion.

Pour approfondir d'avantage I'é¢tude de l'influence des différents mécanismes sur les tendances, nous
avons sépar¢ le jeu de données en saisons pour les deux sites, La Réunion (Figure 2.13) et Irene

(Figure 2.14).

-Pour les deux sites, aucune tendance significative n'est observée pour Mars-Avril-Mai.

-Pour la Réunion, une la tendance est importante en Septembre-Octobre-Novembre (2.69+/-2.47
DU/décade) et maximale en Juin-Juillet-Aotut (4.14 +/- 3.70 DU/décade). La tendance la plus forte
de la saison Septembre-Octobre-Novembre est observée en haute troposphere, et en Juin-Juillet-

Aoft, dans toute la troposphére libre (moyenne et haute).

-Pour Irene, la tendance est forte en Septembre-Octobre-Novembre (2.70 +/- 1.66 DU/décade),
mais également en Décembre-Janvier-Février (2.41 +/- 1.95 DU/décade), les deux avec des fortes
valeurs dans la basse troposphere. La tendance est maximale en Juin-Juillet-Aolt (3.12 +/- 1.74

DU/décade) dans la moyenne troposphere, entre 4 et 10 km.
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Season JJA Irene 1990-2008 2-16 km Season SON Irene 1990-2008 2-16 km
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Figure 2.14 Tendances saisonni€res troposphériques a Irene. La ligne pointillées indique la tendance

pour la période 1998-2008 a Irene.

2.3.2.3 Discussions

Si la troposphére libre est potentiellement sous l'influence des feux de biomasse africains, les plus
basses couches ne le sont pas directement a cause du régime d'est des vents d'alizés. On suppose
que la plus basse couche n'est également pas directement influencée par les échanges stratospheére-
troposphere, mais indirectement, des échanges avec la troposphere libre peuvent avoir lieu. A Irene,
les sources locales de pollution sont importantes, en plus des feux de biomasse. Pour les deux sites,
les deux couches 4-10 km et 10-16 km peuvent étre influencées par les feux de biomasse et par les

échanges stratosphére-troposphere.

Irene a une tendance positive pour la plus basse couche, ce qui n'est pas le cas de la Réunion.
L'hypothése d'une augmentation des feux de biomasse et/ou de la pollution en Afrique du Sud serait
cohérente avec une tendance positive des plus basses couche a Irene, du fait des recirculations qui
ont lieu en Afrique du Sud dans les basses couches* (Tyson and Preston-Whyte, 1988). Ce n'est pas
le cas pour la Réunion ou les plus basses couches subissent le régime d'alizés, une injection des
polluants suffisamment haute pour atteindre les régimes d'ouest est nécessaire pour que ceux-ci

contaminent la Réunion.

Au regard des trois couches troposphériques, on observe que la tendance a Irene diminue avec
l'altitude, ce qui suggere également que cette tendance est gouvernée par les plus basses couches, et

donc par une éventuelle augmentation des sources anthropiques.

A la Réunion, la tendance est maximum entre 10 et 16 km. Deux explications pour cette tendance
positive dans la plus haute couche troposphérique sont possibles : L'influence de 'augmentation des
sources Anthropiques en Afrique du sud qui, du fait du contexte dynamique, peuvent influencer la

troposphere libre de la Réunion apres transport. La seconde explication serait une augmentation des

* Tyson, P. D. and Preston-Whyte, R. A.: the weather and Climate of Southern Africa, Oxford Univ. Press, 2000.
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¢échanges stratosphére-tropospheére induit par le changement climatique.

La séparation saisonniere du jeu de données de la Réunion et Irene est basée sur les résultats des
travaux développé dans le cadre des théses de Fabienne Taupin, Tantely Randriambelo, Jimmy

Leclair de Bellevue et la mienne :
-L'influence des feux de biomasse est maximale en Septembre-Octobre-Novembre.

-La position en latitude du courant-jet subtropical est la plus haute, et son intensité est maximale en
Juin-Juillet-Aolt. La Réunion étant localisée au nord de la position moyenne du courant-jet, en
théorie, on peut supposer que l'influence maximale du courant-jet est donc maximale pendant cette

saison.

-La saison cyclonique de la Réunion est Décembre-Janvier-Février. L'influence des échanges

stratosphere-troposphére associés a la convection tropicale est donc maximale pendant cette saison.

-La saison Mars-Avril-Mai est représentation du niveau de fond de 'ozone troposphérique, puisque

ses deux sources sont relativement faibles.
En regard de ces considérations, les résultats sur les tendances saisonni¢res montrent que :
-Les deux sites montrent effectivement des tendances faibles en Mars-Avril-Mai.

-Pour la Réunion, la tendance est maximale en Juin-Juillet-Aott, ce qui suggere que la tendance a la
Réunion est principalement influencée par les échanges stratosphere-tropospheére, la source d'ozone

la plus importante a cette saison.

-A Irene, la tendance est forte en Septembre-Octobre-Novembre, Décembre-Janvier-Février et Juin-
Juillet-AotGit. Les intrusions stratosphériques et les mécanismes photo-chimiques ont donc

probablement joué un réle important sur les tendances observées.

Récemment, une étude des tendances a long terme de 1'ozone troposphérique a été publiée®. L étude
de Oltmans et al. était basée sur un réseau global d'observation, avec plusieurs stations des régions
subtropicales de I'hémisphere sud : les iles Samoa, Nouvelle Z¢lande, Australie et Afrique du Sud.
Pour Cape Grimm (Australie) et Lauder (Nouvelle Zélande), Oltmans et al. n'observent pas de
tendance en été, mais ils observent une tendance positive et significative a la fin de l'hiver et au
printemps austral. Pour Lauder, ils montrent une structure verticale pour les tendances, positive en
dessous de 500 hPa, légerement négative (non significativement) au-dessus de 500 hPa pour
Lauder, ce qui est assez similaire a ce que nous avons observé pour le site de Irene. Pour Cape Point
(Afrique du Sud) des tendances positives sont observées tout au long de l'année, mais les plus fortes

augmentations sont ¢galement reportées pour la fin de I'hiver et le printemps. Pour tous les sites de

* Oltmans, S.J., et al., Long-term changes in tropospheric ozone, Atmos. Environ., 40, 3156-3173, 2006
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I'hémisphere sud, ils signalent que les tendances positives saisonnicres coincident avec les saisons

ou les feux de biomasse sont les plus actifs.

En conclusion, cette ¢étude des tendances de l'ozone troposphérique met en évidence un
comportement légeérement différent entre les deux sites étudiés, et donc des influences sur 'ozone
troposphérique et son évolution a long terme dans la région. Ce travail peut étre poursuivi et étendu.

Il ouvre des perspectives importantes dans plusieurs directions :

-Utiliser d'un mode¢le de tendances plus complexe et élaboré, utilisant par exemple des régressions

multiples ou des réseaux de neurones®’.

-Calculer des tendances a la TTL (hauteur de tropopause, tendances sur les quantités d'ozone a la
tropopause...etc.), certains modeles climatiques prévoient une diminution de la hauteur de

tropopause de plusieurs hPa/décade®.

-Calculer des tendances d'ozone troposphérique en utilisant la détermination lagrangienne des
échanges stratosphére-troposphére qui est actuellement en cours de finalisation dans le cadre de la

thése de Gaélle Clain.

4 Lu C.S and Chang T.S., Meteorologically adjusted trends of daily maximum ozone concentrations in Tapei, Taiwan,
Atmos. Environ., 39, 6491-6501, 2005
* Gettelman A., et al., The tropical tropopause layer 1960-2100, Atmos. Chem. Phys. Discuss., 8, 1367-1413, 2008.
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Comme indiqué dans le préambule de ce documens, aans commencé a réfléchir sur les
échanges stratosphere-troposphere a la Réunion ldanannées 1995. Pour les régions
subtropicales, linfluence de ces mécanismes sagorle troposphérique était alors
hypothétique et non démontrée.

Je me suis impliqué depuis plus de douze ansé&udé de lI'ozone troposphérique, qui est
devenu une thématique importante du LACY et dandéleloppement de 'OPAR qui est
devenu une station importante de la zone tropiade I'hémisphere sud. Une étape

supplémentaire sera franchie avec la stationtdidétidu Maido prévue en 2010.

Sur le plan de la thématique de I'ozone troposphbérinous avons pu détailler et expliciter de
nombreux mécanismes dynamiques d'échange stratesjpbgosphere et leur influence sur
l'ozone troposphérique : foliation de tropopausdedement d'onde de Rossby, goutte froide
d'altitude, filamentation de la tropopause en m@fativec les mécanismes de convection

tropicale.

Une climatologie de la tropopause a été établieSpaakumar avec qui j'ai collaboré dans le
cadre de son seéjour post-doctoral. Une premieremasbn des tendances de l'ozone

troposphérique a été établie.

J'ai été associé également a des études surdlicude la photo-chimie effectuée dans le

cadre d'études menées par Tantely Randriambelo.

J'encadre actuellement deux étudiants en theséle@iéin qui est en phase de rédaction et
Valentin Duflot qui débute.

Gaélle a établi une climatologie de l'ozone coniparaentre divers instruments (lidar,
sondes, données avions MOZAIC) et divers site deuneedans la région (Réunion et Afrique
du Sud). Elle a pu mettre en particulier en évidemertaines différences entre les
climatologies lidar et radiosondage, qui sont dums fait que contrairement aux
radiosondages, l'acquisition des mesures lidadégstndante du temps, ce qui peut influencer
significativement la climatologie de I'ozone, peutierement en été austral. D'autre part, la

gamme d'altitude couverte par le lidar est variailelépend de plusieurs facteurs, dont la
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guantité d'ozone troposphérique mesurée, ce qui @galement induire des biais sur les
climatologies dans la partie haute des profilse El également participé aux travaux de
développement de LACYTRAJ, et appliqué cet outiaiypique sur toute la base de données
ozone de la Réunion (radiosondages et lidar) pétardhiner l'influence climatologique des

échanges stratospheére-troposphere. Les résultdtesaours d'analyse, et plusieurs articles

basés sur son travail sont en cours de rédaction.

Aprés avoir participé a I'encadrement du stage asten de Valentin Duflot qui portait sur le
traitement et I'analyse des données de la camgapiie de 2007, je lui ai proposé un sujet
sur |'étude du transport et de la dispersion dédaas a la Réunion. L'objectif de ce sujet est
d'avoir une approche multi-instrumentale de la taune de l'influence des feux de biomasse
et de la pollution sur la troposphere dans l'océdien, et de combiner I'exploitation des
données instrumentales (FTIR, lidar), satellital®dOPITT) et en utilisant aussi la
modélisation de type MOCAGEen s'appuyant sur des collaborations extérieures,
principalement avec le laboratoire d'aérologie. €asles seront menées dans un cadre
régional et seront intégrées dans le GroupemeRabderche International ARSAfOUne
étude des distributions de monoxyde de carboneskmgdes campagnes FTIR de 2004 et de
2007 et sur les données MOPITT dans I'hnémisphé&tesgula période 2000-2007 est déja en

cours de formalisation pour un article.

D'un point de vue instrumental, la station de laufén était au tout début de son
développement avec des sondages effectués a uperfice bi-hebdomadaire depuis 3 ans et
un systéme lidar fournissant ses premiers proéilsethpérature. Comme cela a été développé
dans le chapitre 1, la station a connu une évalltistrumentale importante constituée par les
mesures de constituants trace par radiométrie (FT&ugmentation de la fréequence des
mesures d’ozone grace aux radiosondages hebdoemdaimplétés par les mesures lidar
ozone, les mesures d'aérosols par lidar et la reedwirvent par sonde GPS et lidar doppler.
Cette évolution instrumentale nous a permis de éparéhender la dynamique atmosphérique

a I'échelle locale et régionale.

! Teyssedre, H., et al.: A new tropospheric andagpiteric Chemistry and Transport Model MOCAGE-Climat
for multi-year studies: evaluation of the presemy-alimatology and sensitivity to surface procesgemos.
Chem. Phys., 7, 5815-5860, 2007.
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D’autres projets instrumentaux tels que les mespaegadar UHF et le développement des
mesures de vapeur d’eau par lidar et radiométaadront compléter cet essor instrumental.
Nous franchirons une nouvelle étape du développemesc la construction de la station
d’observation du Maido et son intégration dans stnecture fédérative, 'Observatoire des

Sciences de I'Univers de la Réunion.

La perspective de la station d’altitude permet dissger un nouveau cadre de travail et de
dégager un développement de l'activité scientifigumur du projet thématique dynamique et
physico-chimie de la troposphere du LACY dont jésvarendre la responsabilité et qui va
s’intégrer dans I'organigramme fonctionnel qui & ptoposé dans le document prospectif du
LACY pour la période 2009-2013

Organigramme fonctionnel de P'UMR 8105 LACy 2009-2013

Direction: Secrétariat — Gestion
F. DELMAS (DR CE CHNRES) J. POINEN (Al CNES)
Théme 2: Dynamigue
Théme 1: Dynamique et physico-chimie Théme 3: Modélisation
de |la stratosphére dela troposphére Des cyclones
Fesponsahle Responsable: ~ b
H BEMNCHERIF (PR 2 o EspolisEllE.
( ) J.L.BARAY (Fhys. Adj.) M. PLU (IPC)
<. LEVEAU (PR1) FE DELMAS (DR CE CHNRES) D. BARBARY (ITM)
F. WMOLINARO (MCF)
F.POSNY (MCF) FALURE G.(ITM)
J. LECLAIR DE
F.TULET (ITM) C. BARTHE [CR CHNRS)
BELLEVUIE(MCF)
G. CLAIN (ATER) F. CHANE-MING (MCF)
VPEASANTH (post doc) 0 LESOUEF (d
N MZE (doc) : (doc) A RECHOU (MCF)
V. DUFLQT (doc) F. LEE-AH-SIEM (T)
G, SAMSOMN (doc)
Equipe technique LACY/OPAR A (doc)
Théme transversal vapeur d’eau: J L Baray, H. Benchérif (LACy),
A Hauchecorne | P Keckhut (SA), FP. Ricaud (LA), X doc SA, Y doc LA- LACY

Le domaine d’activité de ce projet thématique, @&liia contribuer de maniére importante
Pierre Tulet dont I'arrivée au laboratoire est pwées 2009, va englober la poursuite des
études des échanges stratosphere-troposphéreqeantification et I'étude du transport des

2 Atmospheric Research in Southern Africa and In@aean
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especes polluantes (ozone, CO, ,C@tc, et aérosols) dans toute la troposphéere et aux
différentes échelles d’espace et de temps. Il \&deément englober I'analyse des mesures
effectuées dans le cadre du programme de sunalldas gaz a effet de serre puisque que,
comme indigué dans la partie 1.4 du chapitre dstilenvisagé de faire de 'OPAR, apres son
installation dans le batiment du Maido, une statglobale du programme GAW. La
compréhension des mesures in situ en altitudeb&diwvatoire du Maido nécessite cependant
un une bonne connaissance des échanges vertigaikeaéchelle au niveau de la I'lle de la
Réunion pour étre capable de discriminer d’évetagymdliutions par les sources locales a la
fois sur les gaz a effet de serre et sur les al&roStest la raison pour laquelle il est important
de mener a terme les études entreprises dans e dada these de Dorothée Lesouef de
modélisation numérique a haute résolution en legl@asant d’'une approche expérimentale
basée sur I'exploitation du lidar mobile aérosdlsles radiosondages GPS effectués dans le
cadre de I'expérience ECLAIR. L’arrivée de Pierralel et les données acquises par les
nouveaux systemes lidar aérosol nous permettrodbdementer de facon précise I'étude de
la distribution des aérosols a la Réunion et leypact sur le changement climatique. Au
niveau de I'océan Indien, I'Afrique Australe airgiie Madagascar sont des zones sources
d’aérosols significatives a I'échelle globale eprésentant des mélanges de particules que
I'on ne rencontre que dans peu de région du mdh@st aujourd’hui largement admis que
les aérosols atmosphériques ont un fort impactesubilans thermodynamique et radiatif de
la Terré*. Les aérosols ont une large palette d’effets dlomas que I'on peut, de facon
simplifiée, classifier entre effet radiatif dire@te., les effet basés sur l'interaction des
particules avec le rayonnement solaire ou tell@)oet les effets radiatifs indirects (i.e., les
effets radiatifs qui résultent de l'influence de&rasols sur I'abondance et propriétés des
nuages). Les aérosols influent aussi sur les psosede formation des précipitations et les
aérosols d'origine anthropique sont susceptiblemdeifier ces processys Ces effets sont
une des principales causes d’incertitudes surr@afe anthropique et ses répercussions dans
les modeles climatiques et dans leurs projecti@nkegtolution du climat sur les décennies a

venir’ B,

% Houghton J.T et al, Climate Change 2001: The séietiasis. Contribution of working group | to tHiest
assessment report of the International Panel ana# Change, Cambridge University Press, UK 882012

4 Andreae M.O., Climatic effects of changing atmasjihaerosol levels, in Henderson-SellersA. (edprid/
survey of climatology, Future climates of the woié, Elsevier Amsterdam, 341-292, 1995.

® Charlson R.J. and Heitzenberg J;, (eds) Aerasolrfg on climate, Wile Chichester, NewYork, 416pp95.

® Lohmann U., Feitcher J., Global indirect aerostéatf a review, Atmos. Chem. Phys. 5, 715-737, 2005

"IPCC 2007, The physical science basis, summarpdticy makers, 2007.

8 JAPSAG, 2007WMO/IUGG International Aerosol Pregigion Science Assessment Group (IAPSAG® report:
Aerosol pollution impact on precipitation, a sciéatreview. WMO, Geneva, 2007.
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Pour ce qui me concerne plus personnellement,igenwampliquer dans I'étude des échanges
stratosphere-troposphére dont les perspectiveégagdnt de la these de Gaélle Clain, et dans
I'étude des mécanismes de contamination et derlardigue des polluants dans le cadre de la
thése de Valentin Duflot.

En effet, les résultats obtenus par Gaélle dacadee de sa these permettent de dégager un
certain nombre de perspectives que nous avonsll@ésadans le cadre du projet ANR
TOST.

- Effectuer l'analyse statistique de l'occurrenes ohtrusions stratosphériques sur le site de
Irene en Afrigue du Sud, ainsi que sur dautresssdu réseau SHADOZ pour analyser
d'éventuelles différences entre les sites.

- Combiner différents outils diagnostiques tels g#YTRAJ, FLEXPART ou MIMOSA
pour produire une meilleure description du transpatour de la TTH.

- Développer une méthodologie pour analyser larsfvdité des transports verticaux lors de

la mise en évidence climatologique des intrusidregssphériques.

Pour ce qui concerne les perspectives pour la tEaisation de la dynamique et la physico-
chimie de la troposphére tropicale, un certain nenadle nouveaux instruments, détaillés dans
le paragraphe 1.4 de ce document, seront disparilales le proche futur.

Le lidar vent, le radar UHF, les radiomeétres tale dg FTIR permettront de produire des
profils résolus de vent et de traceurs et documemtede maniére originale les études

troposphériques, et particulierement dans le cdélla thése de Valentin Duflot.

Un autre aspect sur lequel je compte m'impliquersdavenir est le domaine de la vapeur
d'eau dans I'UTLS qui, comme l'indique I'organigramme fonctionnel HACY, constitue

un theme transversal du LACY.

En effet, 'eau dans I'UTLS, aussi bien sous fodeevapeur d’eau que de glace (cirrus) joue
un role important sur le climat du fait de sa cimiion majeure dans le bilan radiatif. La

distribution de I'eau et sa variabilité au voisieagde la tropopause n’est pas parfaitement

° Transport de I'Ozone dans la Stratosphére Tropicale
9 Tropical transition layer
M Haute troposphére et basse stratosphére
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comprise du fait des nombreux processus mis enesxatide leurs échelles spatio-temporelles
variées. Les mesures a long terme de sa variahigsi bien dans la haute troposphere que la
basse stratosphére restent, encore a I'heure lectirxpliquées. En effet, ni la tendance
positive du méthane (source stratosphérique) neddance négative de la température a la
tropopause (injection directe de la tropospheres dastratosphére) ne permettent d'expliquer
la tendance positive de la vapeur d'eau stratosplgéjusque dans les années 2806t sa
stagnation depuis. Cette augmentation pourrait iéfiée soit a des changements dans les
échanges verticaux entre troposphére et stratasplsdit a des changements dans les
échanges isentropiques (quasi-horizontaux) ergred@iques et les moyennes latitudes.

Le site de la Réunion, en région tropicale, esti@dierement adapté a I'étude du cycle de

I'eau dans 'UTLS, car c’est la région ou se prodiitransport d’air de la troposphere vers la

stratosphére et ou la tropopause est suffisammeidief pour le dessécher et 'amener a de

tres faibles concentrations en vapeur d’eau. Conmdigjué dans le paragraphe 1.4 de ce

document, des outils d'observations de la vapeaudsont donc en cours de développement a
la Réunion, par lidar (projet d'utiliser le télegseode 1.20 m de diametre a la station du

Maido) et radiométre (en collaboration avec I'équige Philippe Ricaud, Laboratoire

d'aérologie, Toulouse).

Mon implication dans cette thématique portera foia sur le plan de la modélisation et de

['observation.

Sur le plan de I'observation, le lidar permet dedso les cirrus et la vapeur d’eau (technique
Raman) avec une grande sensibilité, et une bongelutéon verticale. Des mesures
systématiques ont été réalisées a la Réunion detne continu par un systéme lidar Raman

vapeur d'eau. Une base de données couvre la p@d@de2005.

Dans le cadre de la thése de Christophe Hoareaua qiébuté récemment au service
d'aéronomie et dont I'encadrement principal estréagsar Philippe Keckhut, il est prévu de :
- Traiter et valider la base de données lidar Rar@rpour la période 2001-2005.

12 SPARC Assessment of Upper Tropospheric and Stiag¢oispWater Vapour, Prepared by the SPARC Water
Vapour Working Group under the auspices of the SBARientific Streering Group, Edited by D. Kley, J.M
Russell Il and C. Phillips, December 2000
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- Exploiter cette base de données pour la caraatérn de la variabilité aux différentes

echelles de la vapeur d'eau dans la troposphgmeate, et sa climatologie.

Si les profils de vapeur d'eau acquis durant léodér2001-2005 s'avérent de bonne qualité,
nous envisageons de poursuivre les mesures egauntilcette voie du systéme lidar de la

Réunion et d'assurer une activité de surveillaggeliere de ce paramétre atmosphérique.

Sur le plan de la modélisation, nous avons vu dapsaragraphe 2.6 de ce document que le
modele LACYTRAJ permettait la reconstruction RDFatleamps de vorticité potentielle avec
un accord satisfaisant avec les données in-sitofilprd'ozone) et les autres modeles
disponibles. Pour l'advection de vapeur d'eaugestta a améliorer le code pour pouvoir
prendre en compte les changements de phase det'eaoduire des champs pertinents dans
toutes les situations.

L'intégration dans LACYTRAJ du code micro physigi&veloppé pour MIMOSA devrait

nous permettre d'atteindre cet objectif.

Grace au parc instrumental unique pour I'étudeadeapeur d’eau en cours d’installation a
'OPAR, le LACY pourra développer un projet transse particulierement original sur la

vapeur d’eau dans 'UTLS tropicale. Ceci contrilzuér améliorer la compréhension des
processus qui interviennent dans le transport gatesformation de I'eau sous ses différentes

phases et de contribuer ainsi a mieux représeataapeur d'eau et des cirrus dans les

modeéles climatiques.

D'un point de vue général, le couplage vapeur d‘eazone — CO - vent, la mise en synergie
des moyens d’étude, des données satellitale, epléorant des observations et des outils de
modélisation, et le développement de mesures dansadre régional nous permettront

d'aborder les études dynamiques de maniére beaydosiglobale et compléte, que ce soit

pour la caractérisation des échanges stratosptuwyesphere, ou des transports de polluants.

Les perspectives générales a long terme s’artitilatour de I'implication des études de
caractérisation des échanges dynamiques entraifesppux compartiments atmosphérique
et de I'évolution des sources de polluants surélehauffement climatiqgue planétaire. La
complexité des mécanismes implique a la fois lan@hiet la dynamique, et & des échelles de

temps et d'espaces tres variables et les coupkhgemmiques devraient étre directement
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influencés par ces évolutions différentielles et,retour, devraient avoir une rétroaction sur
les forcages primaires. Une étude préliminairetdadances de I'ozone troposphérique a été
présentée dans la partie 2.7 du chapitre 2. Ellera@tre poursuivi et étendu dans I'avenir. A

terme, je serai donc amené a m'impliquer d’avantagda détermination des tendance a long
terme de I'évolution des compositions atmosphésigueozone, vapeur d’eau, humidité et des
différents polluants émis et diffusés dans la tegb@re, et a analyser les couplages
dynamiques des différents compartiments atmospiesiglans I'optique de leur évolution a

long terme.
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Annexe 1 Activités d’enseignement et d’encadrememjveau maitrise
et master

Au cours de la période 1996-2001, jai eu des #@ésvd’enseignement en premier cycle
universitaire au département de physique de 'usit&ede la Réunion, sous le statut de moniteur (3
ans, 64 heures par an) puis ATER (1 an, 96 heuvks).service était composé de travaux dirigés et
de travaux pratigues de physique en premier cycdvetsitaire (optigue, mécanique,

électromagnétisme).

J'ai été recruté comme physicien-adjoint en 2004i &té affecté a l'université Versailles St
Quentin, I'établissement de tutelle de I'InstituéfPe Simon Laplace, et détaché a I'universitéade |
Réunion pour mon service d'observation a I'OPAR. fait de I'éloignement, il m'était difficile
d'effectuer un service d'enseignement classique TIR cours) au sein de mon université
d’affectation (Université Versailles St Quentinou? compenser ce manque de contact avec les
étudiants, j'ai proposé des sujets de stages audagits de la maitrise de physique et applications
du département de physique de l'université de lanié.

L'année 2006 a vu l'application de la réforme L.MdD sein du département de physique de
I'université de la Réunion. J'ai saisi cette oppoité de retrouver une activité d’enseignement en
proposant de faire un cours sur l'instrumentati@opghysique au niveau M1 et un autre sur les
réseaux d'observation au niveau M2. Je dispense doa quinzaine d’heures de cours au master
géosphere depuis 2006. J'ai d'autre part continpéoposer des sujets de stage aux étudiants de

niveau master 1 et 2.
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Encadrement de stages de maitrise de Physiquepiitafons

Année Etudiant Sujet Co-encadrant
2002 Ulrich  Développement de codes de trajectoires
Frontin

2002 Shaick Modéle HYSPLIT
Akbaraly

2003 Laurent Classification des profils d’ozone troposphérique os&ne Diab
Lasour

2003 Thierry Influence de I'l'TCZ sur 'ozone troposphérique

Lin Chan
2004 Olivier Données Meteosat
Payet
2005 Raphaél Modéle HURRICANE Jimmy Leclair de
Huet Bellevue

Encadrement de stages de master

Année Etudiant Sujet Niveau Co-encadrant

2007 Joannie Climatologie des cirrus tropicaux Master 1 Bertrand Cadet
Payet

2008 Valentin Mesures FTIR Master 2 Martine De Maziére
Duflot

2008 Stefan  Exploitation des sondages vent GPS Master 2
Bourge

2009 Elodie |Etude dynamigue d’'une dépression Master 2 Gaélle Clain

Felds mousson
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Annexe 2 Encadrement de theses

Depuis mon recrutement en tant que physicien-ailjpa proposé trois sujets de these et donc
participé a I'encadrement de trois étudiants esdghéa direction de these a été assurée par Serge
Baldy jusqu’a son départ a la retraite, puis erspitr Robert Delmas. Le sujet de Jimmy Leclair de
Bellevue consistait a approfondir notre connaissates échanges stratosphére-troposphére induits
par la convection tropicale, sujet qu’il a menéi@nbde fagcon remarquable puisqu’il a soutenu
durant sa quatrieme année de thése, que deweartinol été publiés (section 2.3 de ce document
d’'H.D.R.), qu’il a obtenu sa qualification CNU dispremiére candidature et qu'’il a été recruté

comme maitre de conférences au sein de I'équiptosphére du LACY.

Alors que Jimmy était en fin de these, j'ai eu poptunité de proposer un nouveau sujet a Gaélle
Clain. L'objectif de ce nouveau sujet est d’avoineuapproche climatologique des échanges
stratosphere-troposphére, pour exploiter la bas#daées ozone lidar et radiosondages acquis a la
Réunion depuis maintenant plus de 10 ans. Gaélfieetué un travail important dans I'exploitation
de LACYTRAJ sur la base de données de 'OPAR, &rabdes résultats intéressants, qui ne sont
pas pour I'essentiel présentés dans ce documeltRi’plisque Gaélle est actuellement en cours de
rédaction de thése. Enfin, ayant eu I'opportuniéétidvailler avec Valentin Duflot un étudiant
particulierement brillant en master, je lui ai ppep un nouveau sujet sur I'étude du transport des
especes polluantes a la Réunion. L'objectif deugat st d'avoir une approche multi-instrumentale
de la thématique de linfluence des feux de biomadsde la pollution sur la troposphere dans
l'océan indien, et de combiner I'exploitation desrEes instrumentales (FTIR, lidar), satellitales
(MOPITT) et en utilisant aussi la modélisation gieet MOCAGE.

Etudiant Sujet Début Soutenance Co-directeur

Jimmy Leclair de Analyse et modélisatic Octobre 2002  Mars 2006  Serge Baldy
Bellevue des échanges vertica

induits par les systéem

convectifs des latitude

tropicales effets sul

I'ozone troposphérique

Gaélle Clain Climatologie de I'ozone Octobre 2005 Prévue débL Serge Baldy pui
troposphérique par 2009 Robert Delmas
approche lagrangienne

Valentin Duflot Quantification et étude ¢ Octobre 2008 2011-2012  Robert Delmas
transport des espec
polluantes dans \
troposphére tropicale (|
de la Réunion)
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Annexe 3 Responsabilités instrumentales, administtizes et extra-
universitaires

A/ Responsabilités instrumentales
1996-2008 Suivi de campagnes de mesure et accueil d'instrisnpenr 'OPAR

1998-2008 Responsable scientifique du lidar ozone tropospghbérde I'OPAR

2001-2008 : Coordination scientifique de linstrumentation dO©HAR et participation a
I'élaboration des demandes de financement et deptes-rendu d'activité pour 'OPAR

2002-2008 Responsable scientifique du lidar ozone stratosgpirgide I'OPAR
Depuis 2008 Responsable scientifique du lidar vapeur d'eatQieAR

B/ Responsabilités administratives
1999-2008 :Reviewer de 17 publications pour des journaux dg ra

2001-2008 Accueil de visiteurs et présentation des instalfegilidar lors des visites de 'OPAR

2001-2008 :Participation a I'élaboration des demandes de de@ent pour le laboratoire de
physique de I'atmospheére (LPA) puis le laboratded'atmosphere et des cyclones (LACY)

2002 a 2005 :Responsable de la thématique « Echanges Stratespfi@oposphére et bilan de
I'ozone troposphérique» du LPA

2003-2008 Membre du comité de pilotage de 'OPAR

2003-2007 Responsable de plan de Formation du laboratoiredtPALACY (UMR 8105)
2006-2008 Membre du bureau NDACC-France

2007 :Membre du comité d'organisation de RIIS (Reunidenid International Symposium)

2007-2008 :Participation aux opérations de présentation etvudgarisation de l'instrumentation
(participation a I'émission « les nouveaux défsirRFO en 2007, tournage d'un DVD en 2008

Depuis 2008 Responsable de la thématique « Dynamique et phgsicoie de la troposphére » du
LACY

Depuis 2008 :Membre du comité AGACC (Advanced exploitation obGnd-based measurements
for Atmospheric Chemistry and Climate applications)

C/ Responsabilités extra-universitaires

Depuis 2004 :Membre du comité directeur de la ligue réunionmais tennis de table

Depuis 2004 :Membre de la commission informatique et classendenta ligue réunionnaise de
tennis de table (président de cette commissior08d 2 2006 et depuis 2008).

Depuis 2005 Secrétaire du club Sainte Marie Tennis de Table.
Depuis 2006 :Membre de la commission sportive de la ligue idumaise de tennis de table
2008 :Médaille de bronze du mérite fédéral de la féd@ndrancaise de tennis de table.

Depuis 2008 :Membre du bureau et secrétaire du Comité RégibemMédaillés de la Jeunesse et
des Sports de la Réunion
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