
HAL Id: hal-04787039
https://hal.science/hal-04787039v1

Submitted on 16 Nov 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Rapport quadriennal 2007 - 2011
Jérôme Dyment

To cite this version:
Jérôme Dyment. Rapport quadriennal 2007 - 2011. Comité national français de géodésie et géo-
physique. 2011. �hal-04787039�

https://hal.science/hal-04787039v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


 
 
 
 
 
 
 
Comité National Français de Géodésie et Géophysique 
 
French National Committee of Geodesy and Geophysics 

 
 

 
 
 

RAPPORT QUADRIENNAL  
 

QUADRENNIAL REPORT  
 
 
 

2007 - 2011 
 
 
 

FRANCE 
 



  
 
 
 
 
 
Comité National Français de Géodésie et Géophysique 
 
French National Committee of Geodesy and Geophysics 

 
 
 
 
 

RAPPORT QUADRIENNAL DU CNFGG A l’UGGI 
 
 

QUADRENNIAL REPORT OF CNFGG TO IUGG 
 
 
 
 
 
 
 
 
 
 

PREFACE 
 
 
 
 
 

FOREWORDS 
 



PREFACE 
 
 
Le CNFGG (Comité National Français de Géodésie et de Géophysique), organisme correspondant 
français de l’Union Géodésique et Géophysique Internationale (UGGI), a le plaisir de publier son 
rapport quadriennal pour la période 2007-2010, préparé à l’intention de l’UGGI et des autres 
organismes correspondants nationaux.   
 
Cette année, les huit sections du CNFGG – calquées sur les huit associations constitutives de l’UGGI 
– ont eu toute liberté de décider de la forme et du fond de leur contribution à ce rapport.  Certaines 
sections ont bâti leur rapport sur les activités françaises de leur domaine, telles les sections 1 
(Géodésie) ou 3 (Volcanologie et Chimie de l’Intérieur de la Terre).  D’autres l’ont centré sur quelques 
contributions importantes dans leur domaine, collectées dans la communauté, telles les sections 4 
(Géomagnétisme et Aéronomie) ou 7 (Sciences Physiques de l’Océan).  D’autres encore ont compilé 
la liste des publications de leur domaine auxquelles des auteurs français ont contribué, rassemblées par 
thèmes, telle la section 8 (Sciences de la Cryosphère), ou pas, telle la section 2 (Sismologie et 
Physique de l’Intérieur de la Terre).  Les sections 5 (Météorologie et Sciences de l’Atmosphère) et 6 
(Sciences Hydrologiques) n’ont malheureusement pas fourni de contribution à ce jour.   
 
Je profite de l’opportunité de ce rapport pour décrire rapidement le CNFGG et ses activités.  Le 
CNFGG joue deux rôles.  Il est le correspondent français de UGGI et, per se, échange avec l’Union et 
aussi avec l’Académie des Sciences de Paris sur tous sujets qui relèvent de la Géodésie et de la 
Géophysique.  Il est aussi une société savante, association d’environ 300 membres, qui acquittent une 
cotisation annuelle de 30 € et participent aux activités de l’association, principalement des réunions 
scientifiques organisées par le Comité ou les sections.   
 
Outre ses assemblées générales annuelles, dont la partie scientifique porte sur un thème 
multidisciplinaire (multi-section), le Comité a récemment lancé un colloque biennal sur des sujets 
spécifiques et s’adressant en priorité aux jeunes scientifiques.  Deux colloques ont déjà eu lieu, le 
premier intitulé “L’eau dans tous ses états” dans les locaux prestigieux de l’UNESCO à Paris en 2008, 
et le second intitulé “Topographie et déformations multi-échelles, reflet d’une Terre dynamique” à 
l’ESGT (Ecole Supérieure des Géomètres et Topographes” au Mans en 2010.  Le CNFGG participe 
occasionnellement à l’organisation d’événements conduits par d’autres sociétés (par exemple le C2I, 
“Colloque Interdisciplinaire en Instrumentation”, organisé par l’Université du Mans en 2010).  Au 
delà des réunions scientifiques, le CNFGG a été très actif au sein du Comité National Français pour 
l’Année Internationale de la Planète Terre (AIPT) qui a coordonné les nombreux événements 
organisés localement, régionalement, et nationalement entre 2008 et 2010.   
 
Le CNFGG distribue aussi des subventions de voyage pour permettre à des scientifiques français de 
participer à des réunions internationales ; cet effort est plus particulièrement dirigé vers les jeunes 
scientifiques et les réunions organisées par les Associations de la famille UGGI.  Enfin, le CNFGG 
remet annuellement son Prix de Thèse, de renommée nationale, à la meilleure thèse de doctorat 
soutenue dans l’année et soumise à son appréciation.   
 
La liste des membres du Bureau et du Conseil du CNFGG à la date de la XXV Assemblée Générale de 
l’UGGI est donnée en Annexe de ce rapport.  A tous ceux qui ont préparé ce rapport, et à tous ceux qui 
ont contribué et contribuent aux activités du CNFGG, j’adresse mes plus sincères remerciements. 
 
 

 
Jérôme Dyment, President du CNFGG, Melbourne 2011. 



 
 

FOREWORDS 
 
 
CNFGG (Comité National Français de Géodésie et de Géophysique), the French corresponding 
organization to the International Union of Geodesy and Geophysics (IUGG), is glad to release its 
2007-2010 quadrennial report to the IUGG and other corresponding bodies.   
 
This year, the eight sections of CNFGG – mimicking the eight constitutive associations of the IUGG – 
have been given complete freedom to decide what their contribution should be.  Some sections have 
built a report of the French activities in their field, as Section 1 (Geodesy) or Section 3 (Volcanology 
and Chemistry of the Earth Interior).  Some others have focused on some important contributions in 
their field, collected in the community, as Section 4 (Geomagnetism and Aeronomy) or Section 7 
(Physical Sciences of the Ocean).  Others have listed the important publications to which French 
authors have contributed, gathered by topics, as Section 8 (Cryospheric Sciences), or not, as Section 2 
(Seismology and Physics of the Earth Interior).  Section 5 (Meteorology and Sciences of the 
Atmosphere) and Section 6 (Hydrological Sciences) have not provided a contribution so far.   
 
I use the opportunity of this report to say a few words on CNFGG and its activities.  CNFGG plays 
two roles.  It is the French correspondent to the IUGG and, per se, exchanges with the Union and with 
the French National Academy of Sciences as well on all topics which are relevant to Geodesy and 
Geophysics.  It is also a non-profit organisation with about 300 members, who pay an annual fee of 30 
€ and can participate the activities of the Society, mostly scientific meetings organized either by the 
Committee or by the Sections.   
 
In addition to its annual General Assembly, which scientific part focuses on a multidisciplinary (multi-
section) topic, the Committee has recently started a biennial topical meeting addressed to young 
scientists.  Two such meetings have already taken place, the first one entitled “L’eau dans tous ses 

états” in the prestigious location of UNESCO in Paris in 2008, and the second entitled “Topographie 

et déformations multi-échelles, reflet d’une Terre dynamique” in ESGT (Ecole Supérieure des 

Géomètres et Topographes” in Le Mans in 2010. CNFGG occasionally participates in the organisation 
of events led by other societies (e.g. C2I, the “Colloque Interdisciplinaire en Instrumentation” 
organized by the University of Le Mans in 2010).  Beyond meetings, CNFGG has been very active in 
the French National Committee for the International Year of Planet Earth (IYPE) which has 
coordinated the many events organized locally, regionally, and nationally between 2008 and 2010.   
 
CNFGG also distribute travel grants for French scientists to attend international meeting; this effort is 
particularly aimed toward young scientists and the meetings gathered by the IUGG family of 
Associations.  Last but not least, CNFGG awards annually its nationally renowned “Thesis Prize” to 
the best Ph.D. thesis produced in the year and submitted to its appreciation.   
 
The list of the members of the Bureau and Council of CNFGG at the date of the XXV UGGI General 
Assembly is given in the Annex.  To all who have been active to prepare this report, and to all who 
contributed and contribute in CNFGG activities, I address my most sincere thanks. 
 

 
Jérôme Dyment, President of CNFGG, Melbourne 2011. 
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CNFGG quadriennal report 2007-2010 
Section of Geodesy 

 
 
Trough its members the section 1 of the CNFGG gathers French competences in terms of research and 
realization aspects in geodesy. They pertain to national organisms such as BDL, BRGM, CNES, 
CNRS, EOST, ESGT, IGN, OCA, OMP, OP, SHOM, UPF involved in different geodetic activities.  
This quadriennal report of the geodesy section cannot evidently claim being exhaustive. It includes a 
selection of reports delivered from eigth organisms: Bureau des longitudes, Centre National d’Etudes 
Spatiales, Ecole Supérieure des Géomètres et Topographes, Institut Géographique National, 
Observatoire de la Côte d’Azur, Observatoire de Paris Service Hydrographique et Océanographique de 
la Marine, and Université de la Rochelle. It includes moreover in appendix a list of publications from 
these organisms. 
 

1) Bureau des longitudes (Nicole Capitaine) 
Missions 

The Bureau des longitudes, established in 1795, devotes its activities to scientific areas which come 
from its history (astronomy, geodesy, geophysics, etc.), constantly adapting to developments and 
projects in these areas. It functions as a scientific academy, with one session per month, plus meetings 
of working groups on specific topics for the preparation of books, documents, or colloquiums. 

The Bureau des longitudes has been given the mission of publication and provision of public French 
astronomical ephemeris (Connaissance des temps, Annuaire du Bureau des longitudes), both having 
an annual publication. It has the scientific responsibility of these ephemeredes, whose implementation 
is entrusted, since 1998, to the Institut de mécanique céleste et de calcul des éphémérides (IMCCE), a 
division of Paris Observatory. The Bureau des longitudes "Commission des éphémérides" has been in 
charge of defining, in coordination with IMCCE, the content and evolution of these publications, with 
a special care to comply with the IAU and IUGG resolutions. This was especially the case for the IAU 
2006/IUGG 2007 resolutions.  As a member of the Research Group of Space Geodesy (GRGS), the 
Bureau des longitudes has a representative in its Directing Board, its Executive Committee and 
Scientific Council and gives advice on the GRGS organization, work and projects. 

As part of its mission to disseminate scientific information, the Bureau des longitudes organizes each 
year a series of monthly lectures related to its areas, as well as one scientific colloquium, each year on 
a specific theme. These lectures and colloquiums have brought together a wide audience during the 
period 2007-2011. The Bureau des longitudes also participates in the organization and scientific 
sponsorship of colloquiums at national, European or international level, especially in the field of 
celestial and space navigation.  It gives advice and recommendations on scientific issues related to its 
areas, in particular as published documents, with the participation of outside experts and in 
cooperation with other institutions. 

Organization 

The Bureau des longitudes is composed of 13 members, ex-officio representatives and additional 
corresponding members as described below: 

Members (as of March 2011, provided in chronological order of the year of election): J.-F. Denisse, 
J. Kovalevsky, B. Guinot, P. Giacomo, R. Cayrel, N. Capitaine, J.-L. Le Mouël, S. Débarbat, 
J.-P. Poirier, C. Audoin, F. Barlier, A. Lebeau, P. Bauër. (NB: C. Fehrenbach passed away on January 
9, 2008.) 

Ex-officio representatives (as of March 2011): P. Delécluse (MétéoFrance), B. Frachon (SHOM, 
D. Hestroffer (Paris Observatory), J.-Ph. Lagrange (IGN). 
NB: G. Bessero served as SHOM representative until 2010, while W. Thuillot served as IMCCE 
representative until February 2011. 



Corresponding members (as of March 2011, provided in chronological order of the year of election): 
M. Golay, J.-C. Pecker, P. Merlin, R. Michard, G. Amat, M. Lefebvre, C. Boucher, J. Chapront, 
J.-C. Duplessy, J.-E. Arlot, F. Mignard, V. Brumberg, J.-C. Husson, J.-L. Simon, G. Balmino, 
M. Crépon, P. Willis, S. Ferraz-Mello, E.F. Arias, C. Turon, C. Sotin, J. Achache, C. de Bergh, 
Y. Desnoës, F. Rémy, C. Balkovski, A. Cazenave, V. Déhant, N. Dimarcq, M. Diament, A. Souriau, 
A. Morbidelli. (NB: B. Saint-Guily passed away on December 1, 2007). 

The Bureau is elected and appointed for a 1-year period; its composition for 2007-2011, was: 
2007: President: François Barlier, Vice-President: André Lebeau, Secretary: Pierre Bauër, 
2008-2009: President: André Lebeau, Vice-President: Nicole Capitaine, Secretary: Pierre Bauër, 
2010-2011: President: Nicole Capitaine, Vice-President: Pierre Bauër, Secretary: Pascal Willis. 

Meetings 2007-2011 

Monthly meetings and scientific colloquiums 
Besides its regular monthly meetings open to a large public (see above), the scientific colloquiums 
(including 4 to 5 presentations each), organized on a yearly basis by the Bureau des longitudes have 
been as follows: 

2008 (June 18): Les glaces de la Terre 
2009 (June 17): La quête Galiléenne 
2010 (June 16): Terre en mouvement 
2011 (June 15): La nouvelle géographie 

Scientific colloquiums with the scientific sponsorship of the Bureau des longitudes 
The Bureau des longitudes was involved in the organization of the 1st and 2nd Colloquium on 
“Scientific and Fundamental Aspects of the Galileo System”, organized by the European Space 
Agency, in Toulouse (France) from 1 to 4 October 2007, and in Padova (Italy) from 14 to 16 October 
2009, respectively.  It was also involved in the “Journées Lalande and Lœwy”, from 13 to 14 June 
2007, and in a scientific meeting on the “Nautical Ephemerides”, on 19 June 2007, both organized at 
Paris Observatory. More details as well as past scientific conferences can be found at 
(http://www.bureau-des-longitudes.fr/conferences.htm#). 

Publications 2007-2011 

Besides its responsibility of yearly publications of the French astronomical ephemeredes (see above), 
the Bureau des longitudes publishes books, written by its members or corresponding members, with 
the participation of outside experts and in cooperation with other institutions on selected scientific 
topics related to its mission.  

In the last 4 years, the following books were published. More details can be found at 
http://www.bureau-des-longitudes.fr/publications.htm. 

The book on Galileo (2003, 2005: English version and 2008: 2d edition) includes recommendations on 
Galileo development, its civil use, technical applications, scientific applications, security and defence 
and industrial issues. 

The book "Les Observatoires: Observer la Terre" (2009), includes general recommendations on the 
importance of observations, on the sustainability, continuity and accuracy of these observations, 
archival and accessibility, interoperability, governance and services; it also includes specific 
recommendations in the fields of geodesy, geodynamics, solid Earth, oceanography, glaciology and 
hydrology, atmospheric environment and climate. 
 
 
 



2) Centre National d’Etudes Spatiales (Richard Biancale) 
 
Les activités du CNES en géodésie, et notamment en géodésie spatiale, sont multiples. Elles vont de la 
conception d’instruments de géodésie spatiale, tel DORIS, à la programmation de missions spatiales 
de métrologie (par exemple MICROSCOPE), aux études de faisabilité de nouvelles missions (par 
exemple MICROMEGA), aux activités de traitement et de recherche qui sont essentiellement 
conduites par l’équipe de Géodésie Spatiale du CNES. 

Ce rapport présente de façon succincte des réalisations de cette équipe, membre du Groupe de 
Recherche de Géodésie Spatiale (GRGS), et notamment celles relevant de la thématique champ de 
gravité dans trois chapitres : modélisation par méthodes spatiales, réalisation de cartes d’anomalies 
de gravité corrigées de la topographie, champs planétaires. 

Cette équipe est également impliquée dans les traitements des mesures GNSS et DORIS – elle est 
centre d’analyse de l’IGS et de l’IDS -, dans des projets de modélisation de la thermosphère, dans les 
activités relevant du Bureau Gravimétrique International (BGI)… De plus et dans un cadre coopératif, 
elle met à disposition d’autres équipes de recherche son logiciel de géodésie spatiale, GINS-PC, pour 
lequel elle assure la formation d’utilisation. 

La bibliographie des années 2007-2010 est à retrouver dans celle du GRGS donnée en annexe. 

 

• Modélisation du champ de gravité par méthodes spatiales 

La mission GRACE (Gravity Recovery and Climat Experiment) a révolutionné notre appréhension de 
la gravité depuis l’espace. Cette mission NASA/DLR composée de deux satellites jumeaux en orbites 
polaires vers 460 km d’altitude a continué à délivrer des mesures inter-satellites de précision 
micrométrique. Ces mesures acquises sur une distance moyenne de 220 km donnent une information 
relative sur les perturbations gravitationnelles entre les deux satellites, les accélérations non-
gravitationnelles étant mesurées directement à bord par des accéléromètres électrostatiques (à 10-10 
m/s2 près) 

A côté des centres de traitements officiels du projet GRACE, l’équipe CNES s’est investi dans le 
traitement des données de niveau 1b (mesures GPS, laser, Kbr, accélérométriques, quaternions) pour 
modéliser le champ de gravité terrestre par périodes décadaires à la résolution spatiale de 400 km. Ces 
modèles, disponibles à travers le site internet du GRGS (http://grgs.obs-mip.fr), servent notamment à 
l’interprétation des variations hydrologiques et à quantifier la déglaciation des zones polaires (par 
exemple, l’estimation obtenue de la déglaciation du Groendland est de l’ordre de 150Gt/an). La série 
décadaire RL02 a servi à produire le premier modèle statique en 2008 (EIGEN-
GRGS.RL02.MEAN_FIELD) qui incorpore des termes temporels, à savoir les dérives linéaires, et des 
termes périodiques de périodes annuelle et semi-annuelle pour tous le coefficients harmoniques 
sphériques du degré 2 au degré 50. Ce modèle, comme le modèle suivant, EIGEN-5S, produit en 
coopération avec l’institut allemand GFZ, est développé jusqu’au degré harmonique sphérique 160, 
correspondant à la résolution spatiale de 125 km. 

En 2009, la mission GOCE (Gravity field and Ocean Circulation Explorer) est venue compléter la 
constellation de satellites dédiés à la gravimétrie spatiale. Le satellite est maintenu sur une orbite 
héliocentrique à 255 km d’altitude grâce une propulsion ionique qui compense la traînée 
atmosphérique. La gravité est mesurée de façon relative par six accéléromètres (de précision 10-12 m/s2 
près) qui produisent par différentiation le tenseur des gradients gravitationnels. 

L’équipe CNES fait partie du consortium européen EGG qui participe aux traitements des données 
gradiométriques GOCE. En coopération avec le GFZ-Potsdam, l’équipe a produit le premier modèle 
GOCE de référence en 2010. Ce modèle améliore et homogénéise notre connaissance du géoïde aux 
longueurs d’onde de 200 à 80 km, soit bien en complément de GRACE. La précision atteinte 
dorénavant est de 2 mGal (10-5 m/s2) en anomalie de gravité et de 5 cm en hauteur de géoïde à la 



résolution de 100 km. Elle permet de déterminer à cette échelle la topographie dynamique moyenne 
des océans (différence entre la surface altimétrique moyenne et le géoïde) et de quantifier ainsi, à 
quelques cm/s près, la circulation océanique générale. 

En parallèle, de nouveaux concepts de missions de gravimétrie spatiale ont été étudiés, tels les 
formations en roue inclinée (3 satellites en mouvement relatif circulaire) ou pendulaire (2 satellites en 
oscillation relative dans la direction normale au plan orbital). Cette dernière version a d’ailleurs été 
proposée en réponse à un appel d'offre de l'ESA (Earth Explorer 8 Opportunity Mission) à travers un 
partenariat européen. Ce projet, dénommé e.motion, qui vise à mesurer les transferts de masse à 
l'intérieur du système Terre avec une précision d'environ 10 cm de hauteur d'eau équivalente à 250 km 
de résolution spatiale et avec une résolution temporelle d'environ 10 jours, n'a finalement pas été 
retenue par l'ESA. Cependant, ce travail a permis de réunir de nombreux scientifiques européens pour 
réfléchir à la suite de la mission GRACE à moyen terme. 

 

• Réalisation de la carte d’anomalies gravimétriques mondiales 

A l’initiative du BGI et de la Commission de la Carte Géologique du Monde (CCGM), un projet de 
réalisation d’une carte globale des anomalies de pesanteur a été initié en 2007 avec le soutien de 
l’IAG, de l’IGFS et de l’UNESCO. Ce projet « WGM » (World Gravity Map) vise à mettre à 
disposition de la communauté internationale une carte des anomalies (ou perturbations) 
gravimétriques, corrigée de la topographie, et divers produits dérivés (grilles numériques d’anomalie, 
livret en différentes langues…), pour des applications de recherche et d’éducation. Ce projet doit venir 
compléter une série de cartes géologiques et géophysiques globales produites par la CCGM 
(http://ccgm.free.fr), à l’instar de la carte magnétique mondiale publiée et également disponible sous 
forme numérique à une résolution spatiale de 3’x 3’. 

Pour les besoins de cette carte, de nouveaux développements ont été réalisés au BGI, dans le but 
d’effectuer le calcul global des corrections topographiques en symétrie sphérique. En 2010, de 
nouveaux développements théoriques ont été mis au point par G. Balmino (CNES) en vue de la 
modélisation haute résolution du champ de gravité en harmoniques sphériques. Ces développements 
originaux ont été appliqués spécifiquement à ce projet de cartographie globale. Un calcul global des 
corrections de terrain à 1’ de résolution (sur la base de ETOPO1), prenant en compte l’effet des 
masses liées aux irrégularités topographiques (reliefs terrestres et sous-marins) ainsi qu’aux océans, 
grands lacs et calottes polaires a été réalisé pour la première fois. Ces corrections ont été appliquées au 
modèle de référence global EGM08, produit en 2008 par la NGA (National Geospatial-intelligence 
Agency, USA) et qui intègre l’information la plus actualisée et complète à ce jour sur le champ de 
pesanteur terrestre (ensemble des observations issues de mesures sol, aéroportées ou spatiales). 

 

• Modélisation des champs de gravité planétaires 

Les études planétaires ont principalement concerné la planète Mars et la comète Churyumov-
Gerasimenko (67P), objectif de la sonde ROSETTA de l’ESA en 2014. 

Les travaux sur le champ de gravité martien ont utilisé les observations de trajectographie des 
missions américaines Mars Global Surveyor (MGS), Mars Odyssey (MODY) ainsi que Mars 
Reconnaissance Orbiter (MRO), collectées par les stations du réseau DSN de NASA-JPL. Un nouveau 
champ de gravite de Mars développé au degré 95 (MGGM08A) a été produit en coopération avec 
l'Observatoire Royal de Belgique (ORB). Les variations saisonnières des termes C20 et C30 
(amplitude : 2 10-9) dues aux transferts de masse (sublimation/condensation du CO2) entre les calottes 
polaires et l'atmosphère ont pu être déterminées ainsi que le nombre de Love k2 dont la valeur (0,12) 
laisse penser que le noyau de Mars aurait un rayon de quelque 1500 km. 

L'objectif des études sur la comète Churyumov-Gerasimenko est d’analyser les possibilités de 
restitution du champ de gravité par l’analyse des perturbations d’orbite de la sonde ROSETTA (à 
l’aide des données de radio-science). Des simulations ont donc été menées à partir d’un modèle de 



forme en tenant compte de plusieurs hypothèses de densité (de 0,3 à 1g/cm3), et par différentes 
modélisations : en harmoniques sphériques et sous forme polyédrique. Ce travail est réalisé en étroite 
collaboration avec l’équipe du CNES en charge de la trajectoire de descente de l’atterrisseur Philae car 
il doit servir à analyser les scénarii d’atterrissage de Philae sur la comète. 
 
 



3) Ecole Supérieure des Géomètres et Topographes – ESGT   
(Stéphane Durand) 

 
L’Ecole Supérieure des Géomètres et Topographes est un institut du Cnam (Conservatoire National 
des Arts et Métiers) destiné à la formation initiale d’ingénieurs dans le domaine des sciences 
topographiques et l’aménagement du territoire. L’ESGT qui apporte une double compétence technique 
et juridique est la principale voie d’accès à la profession de géomètre-expert. 

L’ESGT héberge deux équipes de recherche en son sein, l’ADéGeF (Administration, Délimitation et 
Gestion du Foncier) liée aux activités juridiques et foncières de l’école, et le Laboratoire de Géodésie 
et Géomatique (L2G), orienté vers les domaines de la géomatique. Ce dernier est par ailleurs reconnu 
depuis 2007 comme Jeune Equipe (JE 2508) du Ministère. 
 
Le présent rapport ne fait état que de l’activité de recherche de l’ESGT dans les domaines liés aux 
activités de la section 1 du CNFGG, à savoir la géodésie, la gravimétrie et l’interférométrie radar 
différentielle (DInsar). Dans ces domaines, l’ESGT s’intéresse essentiellement à l’utilisation de la 
géodésie pour la mesure de déformation géophysique ou géotechniques.  

L’ESGT utilise principalement la géodésie pour mesurer les déformations de l’écorce terrestre, à 
toutes les échelles et qu’elles soient d’origine naturelle ou anthropique. Trois techniques sont 
maîtrisées au sein du laboratoire L2G de l’ESGT: 

• la topométrie de précision, qui consiste à mesurer des distances et des angles entre les points 
d’un réseau, 

• le GPS différentiel qui fournit des mesures ponctuelles 

• l’interférométrie radar qui exploite les interférences obtenues entre les images radar acquises 
par un satellite à deux différentes pour mettre en évidence des déformations de surface . 

L’étude de ces techniques, l’évaluation et les tentatives d’amélioration de leurs performance, leur mise 
en oeuvre dans des projets de recherche en géophysique, sont abordés dans un esprit comparatif qui 
permet avec l’expérience, dans une situation donnée, de recommander la technique la plus adaptée. 
Parallèlement au développement de cette expertise, le L2G s’était notamment fixé comme objectifs : 

• la modélisation des effets atmosphériques sur ces techniques et notamment sur le GPS 
(travaux sur la ionosphère dans le cadre de l’accueil d’un thésard australien P.Grgich, et sur la 
troposphère dans le cadre de la thèse de F.Fund).  

• la tentative de combinaison des 3 techniques (pour l’instant limitée à deux techniques – 
topométrie de précision et GPS – dans le cadre de la thèse de B. Legru, mais la fusion avec 
l’interférométrie radar reste un objectif réaliste à moyen terme). 

 La thèse de François Fund, réalisée en collaboration avec le laboratoire de Planétologie et 
Géodynamique de Nantes, cofinancée par l’Ordre des Géomètres-Experts français et la Région des 
Pays de la Loire, a été soutenue en décembre 2009. Cette thèse a conduit à deux études spécifiques , 
d’une part l’évaluation des produits troposphériques issus des données météo dans le cadre du réseau 
européen GPS, et d’autre part l’étude du phénomène de surcharge océanique dans le Grand Ouest avec 
une plus forte densité de stations, une période de données plus conséquente que celle des études 
antérieures ainsi qu’une optimisation du traitement tenant compte des dernières évolutions. 

 La thèse de Benoit Legru, débutée fin 2007 et financée par le Cnam, devrait être achevée 
courant 2011. Cette thèse vise essentiellement à exploiter la complémentarité des différentes 
techniques et aura permis entre autre de clarifier les conditions théoriques de cette complémentarité et 
de les tester avec le GPS et la topométrie sur la base de simulations numériques (amélioration des 
précisions formelles par combinaison) et d’expérimentations sur le terrain dans des conditions 
contrôlées. 
 
 Concernant l’interférométrie radar différentielle (DInsar), le laboratoire a essentiellement 
durant le quadriennal 2007-2011 élaborer sa chaîne de traitement. Les méthodes ont été mises en place 
à partir d’outils gratuits (compilation et écriture de scripts) : DORIS, STAMPS. Les développements 
entrepris dans le cadre d’un stage de M2 puis d’un post-doctorat d’un an (M. Chendeb) terminé en 



décembre 2009, permettent à la fois de disposer d’outils de traitement opérationnels et d’une bonne 
connaissance du potentiel et des limites des logiciels existants (libres et commerciaux). Les outils de 
mesure de déformation du sol ont été appliqués en contexte urbain. Des données des satellites ERS 
sont actuellement utilisées, et d’autres capteurs seront utilisés par la suite. La confrontation de 
l’interférométrie radar avec les autres techniques de mesure de déformation devrait se concrétiser au 
cours du prochain quadriennal. 
 

En matière de gravimétrie, l’ESGT est devenue membre du Bureau Gravimétrique 
International pour l’élaboration et la validation de données gravimétriques. Le L2G contribue dans ce 
cadre à la validation de l’automatisation du calcul du géoïde sur un jeu de données du BGI (travaux en 
cours). Les travaux en matière de gravimétrie mobile constituent le prolongement de travaux 
antérieurs, avec le développement d’un système inertiel à composants discrets liés (strapdown) 
permettant d’estimer les composantes du champs de pesanteur avec une exactitude de l’ordre du mGal 
et une résolution spatiale de quelques kilomètres, en collaboration avec le Laboratoire de Recherche en 
Géodése de l’IGN. Ces travaux ont aboutis à la soutenance en juin 2008 de la thèse de bertrand de 
Saint Jean intitulée « Etude et développement d’un système de gravimétrie mobile » (thèse de 
l’Observatoire de Paris avec co-encadrement LAREG et L2G). Le système actuel, appelé LiMOG, 
permet de fonctionner en gravimétrie scalaire avec une précision du mGal mais d’autres 
développements instrumentaux sont nécessaires pour restituer les trois composantes du champ de 
pesanteur avec une précision du même ordre de grandeur. 
 



4) Institut Géographique National  
(David Coulot, Françoise Duquenne, Pascal Willis) 

 
The geodetic activity of IGN is divided in two parts: operational and research respectively managed by 
the SGN (Service de la Géodésie et du Nivellement) and the LAREG (Laboratoire de Recherche en 
Géodésie)  
The SGN is in charge of the realization and maintenance of the national geodetic and height references 
in France, and has also a significant activity on International networks and services. 
The RGP is the French GNSS permanent network. The constitution of this network is based on a wide 
partnership between the IGN, public institutions (universities, research laboratories, urban 
communities, etc..) and private companies, especially RTK networks managers. The increase of the 
number of stations, from 75 in 2006 to 241 in 2010 is mainly due to these private partners. The present 
repartition of stations is IGN (9,5%), public institutions(25%), private companies (65,5%). Since 2008 
the GPS network is becoming a GNSS one by installing GPS and GLONASS receivers (174 at the end 
of 2010). SGN collects data, checks data quality, delivers data on the internet, process hourly, daily 
and weekly solution and manages two operational centers. SGN contributes to E-GVAP by sending 
every hour atmospheric behavior parameters (ZTD) which are introduced by Météo-France in the 
atmospheric prediction models.  

 
All the observations of the RGP measured between 1998 and 2009 have been reprocessed and a new 
set of coordinates has been obtained in the ETRS89 (European geodetic system) with a millimetric 
accuracy.  
The RBF (Réseau de Base Français) , geodetic network of about 1000 points, created in 1995 was 
observed again with GPS  between 2000 and 2009. A new set of coordinates was obtained with the 
new RGP coordinates. In June 2010, these new coordinates were published with a new altimetric 
conversion grids (RAF09, RAC09). 
 



 
 
The RBF is now a combined network.The link with 
the vertical network was made with spirit levelling 
and since 2000 IGN has measured gravimetry on 
every point of the RBF, in relative gravimetry and for 
about 200 points of them in absolute gravimetry with 
a A10 gravimeter in collaboration with the “Institut 
de Géophysique du Globe de Paris” and the “Institut 
de Recherche pour le Développement”. Every point 
of the RBF has a geometrical position (λ, φ, h), an 
altitude (H) and a gravity value (g). 
 

 
 
Concerning the French Vertical Reference (IGN69), IGN has deployed a new process for the network 
maintenance. The French territory is covered with 13200 “triplets” which are composed of at least 
three benchmarks, far away one another at the most one kilometre. Anywhere in France, some body is 
at five kilometers far from a “triplet”. During the period 2000-2007 a visit was performed on the entire 
leveling network (about 350000 benchmarks) and the aeras without triplets were completed. Since 
2009 about 1100 triplets/year are observed with spirit levelling to control the inside stability and with 
GPS which provides the ellipsoid height on each triplet and give the absolute stability in connection 
with the RGP stations. This will allow the monitoring of the vertical deformations.  

 
 
The observations of the Reference Levelling Network started in 2001, were carried on between 2007-
2010 with 717 kilometers. New vehicules and levels were purchased for the motorized levelling. This 
network will be the French component of EVRS. The first processing shows that this levelling has a 
very good agreement with tide gauges and European Geoid (EGG2008). It confirms that IGN69 is 
biased. 



 
IGN has also activities in the international services and networks : DORIS in collaboration with CNES 
and IGS (International GNSS Service) in the frame of IAG. 
DORIS activity at IGN includes 4 different aspects and are handled by SGN or in conjunction with 
Institut de Physique du Globe de Paris (IPGP): 

1) DORIS network installation and maintenance 
2) DORIS/IGN analysis center activity 
3) Research activity related to DORIS (geodetic positioning and precise orbit determination 
4) Geophysical research activity based on DORIS results 

The first 2 points are already addressed in the IDS Report to the IAG Travaux (Willis, 2011). In the 
last 4 years, the DORIS permanent tracking network has been very stable and a major renovation was 
undergone leading to an almost complete network based on Starec 3.0 antennas with improved 
geodetic stability. The latest DORIS/IGN weekly solution provided is ignwd08 (Willis et al., 2010), 
also available as expressed in ITRF2005 and named ignwd09. This solution was used to create the IDS 
combined solution used for ITRF2008. Both weekly solutions can be downloaded at: 
ftp://cddis.gsfc.nasa.gov/pub/doris/products/sinex_series/ignwd. They include early data since 1993 
and are updated about once a week with a couple of days of delay after DORIS data are released by 
CNES.  
Major research activities at IGN in the last 4 years and linked with Marie-Line Gobinddass’ doctoral 
dissertation presented on October 1, 2010 and addressed issues related to solar radiation pressure 
estimation as well as atmospheric drag corrections (Gobinddass et al., 2009, 2010a, 2010b). Other 
research activities are linked to tropospheric estimation using the DORIS system (Bock et al., 2010, 
Willis et al., in press) or inter-comparisons with other space technique (Teke et al., in press). All these 
research are mostly dependant on precise orbit determination (Cerri et al., 2010, Lemoine et al., 2010, 
Zelensky et al., 2010). A DORIS-specific reference, including all DORIS stations, based on ITRF2005 
was also produced (DPOD2005, Willis et al., 2009) for precise orbit applications. Aspects related to 
DORIS phase center location were also addressed (Doornbos and Willis, 2007, Willis et al., 2007).  
Time series of precise geodetic coordinates of all DORIS stations can be found at http://ids-
doris.org/network/ids-station-series.html. A few stations were analyzed in more details for geophysical 
purposes in cooperation with other scientists over the world: global plate tectonic (Argus et al., 2010), 
post-glacial rebound (King et al., 2010) Socorro island (volcanic activity, Briole et al., 2009), Everest 
station (Himalaya, Flouzat et al., 2009), Syowa (Antarctica, Amalvict et al., 2007), Ny-Alesund (post-
glacial rebound, Kierulf et al., 2009), Tahiti station (vertical monitoring for altimetry calibration, Fadil 
et al., in press). 



IGN is one of the IGS data center. Between 2007 and 2010 a big effort was done in the modernization 
and optimization of this data center. Since February 2010, IGN has replaced Natural Resources 
Canada as the terrestrial frame coordinator of IGS. 
The activities of the LAREG aims to reach two main objectives: 

• to improve the quality of geodetic references, namely the International terrestrial reference 
frame (ITRF) and the height references (geoid) ; 

• to improve the modeling of the atmosphere delay (and, in particular, the troposphere 
delay) for the space-geodetic data processing, to reach a better precision for the height 
component of the station positions. 

The researches are organized in four themes: reference systems, gravity field, geodesy and atmosphere 
and space geodesy. 
 
Reference systems 
In the field of reference systems, the research activities are mainly related to the determination of the 
ITRF (LAREG is the ITRS center) and the assessment of its quality, which is of primary importance 
for the measurement of sea-level rise, for instance. 
The computation of the first realization of ITRF based on time series of station positions and EOP 
(ITRF2005) has been a step towards the consistency between IERS products. Indeed, since its 
computation, a new process has been developed and maintained at the IERS EOP Product Center 
(SYRTE, Observatoire de Paris), which ensures the long-term consistency between reference EOP 
time series and ITRF. A specific study, based on the interpolation of velocity fields, has showed  that 
there was a rotation between ITRF2005 and a NNR frame (PhD thesis of J. Legrand, March 2007). We 

took the opportunity of ITRF2005 computation to 
also develop a methodology of comparison of the 
station position time series of different techniques 
at colocation sites. We also searched for the best 
way of referencing times series to improve the 
determination of the geocenter by SLR (PhD 
thesis of X. Collilieux, June 2008). 
During the time period, a new realization of the 
ITRS (ITRF2008, cf. figure) has been computed 
with significant improvements with respect to the 

past realizations, especially regarding scale. All the results are available on the ITRF Website1. Since 
2008, collaborations with geophysics laboratories (especially at the Institut de physique du Globe de 
Paris – IPGP – France, and at the European Centre for Geodynamics and Seismology – ECGS – 
Luxembourg) have been intensified. They aim at confronting the kinematic model of Earth provided 
by space geodesy to the geodynamical models of the phenomena at hand, to validate reference frames. 
For instance, we have established a link between the loading effects and the stability of the origin and 
the scale of the SLR terrestrial frame and we currently compare the secular origin of ITRF to the 
secular motion of the geocenter predicted by geophysical models. 
A PhD thesis (P. Rebischung) on the improvement of the contribution of GNSS to ITRF began in 
October 2010. 
 
Gravity field 
The activities related to the determination of the gravity field are conducted in two main directions: (i) 
the computation of multiscale determinations of the gravity field (based on spherical wavelet 
decompositions) and (ii) the methodologies for processing mobile measurements of gravity (vectorial 
accelerometry). The methodologies developed at LAREG aims to merge, into a unique modeling, 
measurements of heterogeneous resolutions: large wavelengths with space gravimetry, medium 
wavelenghts with mobile gravimetry and short wavelengths with ground measurements. 

                                                 
1 http://itrf.ign.fr/ITRF_solutions/2008/ITRF2008.php  



Regarding the first axis, the interest of the representation of the 
gravity field by decompositions over wavelets for interpreting 
gravity data has been demonstrated. The exploitation of the 
GRACE-derived monthly gravity field models with this 
methodology has provided an interpretation of the seisms of 
Sumatra in december 2004 and march 2005. This approach has 
also been applied to compute a high-resolution (10-15 km) model 
over Japan (cf. figure), in collaboration with the Geospatial 
Information Authority (GSI) of Japan. The time period has seen the 
launch of the ESA GOCE satellite (17.03.2009). Since this launch, 
LAREG has been involved, in collaboration with IPGP, in the 
SEEGOCE project (exploration of solid Earth with GOCE). 
The second axis has given rise to two PhD theses, in collaboration 
with L2G (Laboratoire Géodésie et Géomatique) de l'ESGT2 and 
IPGP. The first one was defended in June 2008 (B. de Saint-Jean) 
and the second one (Q. Li) will be defended at the end of 2011. 
Both theses are related to the validation and the exploitation of the 
measurements provided by the mobile gravimetric system Limo-
G3. 
A PhD thesis (P. Valty) on the study of the climatic change in the 
Mediterranean, based on GRACE data, GPS data and 
geodynamical models, began in October 2009. 
 
Geodesy and atmosphere 
Ground-based GNSS networks are increasingly used in geodesy, meteorology and environmental 
research (climatology, hydrology). Our research in this fields are both at a methodological level (study 
and mitigation of errors sources in GNSS measurements) and at the application-level. 

 
We have been involved in several international scientific projects for studying the atmospheric water 
cycle like AMMA (African Monsoon Multidisciplinary Analyses, http://www.amma-international.org) 
and HYMEX (http://www.hymex.org). With AMMA, we have installed six GPS stations in West 
Africa. We investigated the multiscale nature of the water cycle with the help of precipitable water 
vapour estimates retrieved from the GPS data in addition to other observational data and numerical 
models (PhD thesis of R. Meynadier, March 2010) – cf. figure. We have also detected biases in the 
measurements from radiosondes and have provided useful diagnostics for the evaluation of 
meteorological models. 
In the framework of the GHYRAF project (gravity and hydrology in Africa, coordinated by the 
EOST4), the time series of positions of the African GPS stations have also revealed a signature of 
regional surface loadings from the atmosphere and hydrology. They have been confronted to 
geodynamical models and GRACE loading estimates (PhD thesis of S. Nahmani which will be 
defended during 2011). 
LAREG is also participating to the development of a Raman lidar devoted to the measurements of 
water vapour profiles in the troposphere and the correction of wet tropospheric delay in GPS signals. 
The use of lidar measurements has been shown to improve the positioning precision for short-time 
measurement sessions (6h). It is considered as an efficient tool for studying the error sources in GNSS 
data and achieving a high level of positioning accuracy (~2mm) from short sessions (whereas GNSS 

                                                 
2 École supérieure des géomètres et topographes. 
3 Light moving gravimetry system. 
4 École et observatoire des sciences de la Terre. 



data usually need be averaged over days to months). This research activity has been conducted in 
collaboration with the Laboratoire d'opto-électronique et de micro-informatique (LOEMI) of IGN 
since 2001. 
 
Space geodesy 
The IGN carries out methodological researches on the GNSS, DORIS (see above), SLR and VLBI 
data processing. Since September 2007, the LAREG has contributed, in collaboration with IMCCE5 
and OCA6, to the ILRS GRGS7 analysis center. In this framework, during the debate on the scale bias 

between VLBI and SLR techniques evidenced by the 
ITRF2005 computation, we demonstrated the great impact of 
range biases on the scale derived by SLR. The LAREG also 
participated, in collaboration with the University of la 
Rochelle (ULR), to an analysis center of the IGS TIGA pilot 
project with, as a result, a new improved GPS velocity field 
to correct the measurements of tide gauges of ground motions 
(PhD thesis of A. Santamaría-Gómez, October 2010). 
 We also study the direct combination of space-
geodetic measurements (cf. figure) for the determination of 
terrestrial frames and EOP. We proved the feasibility of such 
a computation, showed its interest for EOP determination and 
quantified the impact of local ties, common zenithal 
tropospheric delays and measurements of satellites 
embarking several geodetic instruments (PhD thesis of A. 
Pollet, January 2011). 
During the period, some new research topics also emerged: 
researches on the benefit of modern global optimization 

methods for space-geodetic issues and on the modeling of the drag force in the framework of the 
kinetic theory of gas, in collaboration with the Centre de Mathématiques Laurent Schwartz (CMLS, 
École Polytechnique). 
 
IAG REFAG 2010 symposium 
 
Since 2007, Z. Altamimi has been chair of the first commission (reference 
systems) of IAG. In this context, IGN organized, with the support of NASA, 
CNES, the Leica society and the University of Marne la Vallée, the 
symposium of this commission in October 2010. This symposium gathered 
about 150 scientists, coming from 30 countries, who presented and discussed 
issues related to the definition, realization and use of geodetic references for 
Earth's sciences. 
 
 
 
 
 

                                                 
5 Institut de mécanique céleste et de calcul des éphémérides. 
6 Observatoire de la Côte d'Azur. 
7 Groupe de recherche en géodésie spatiale. 



5) Observatoire de la Côte d’Azur (Pierre Exertier) 

Le site géodésique et métrologique du plateau de Calern  
 

Le site accueille les équipements propres à la télémétrie laser (instrument fixe MeO, basé sur un 
télescope de 154cm et laboratoire de la station mobile) ainsi qu’au transfert de temps (T2L2, GPS et 
Two-Way ou TWSTFT). En outre, le système de temps de référence est fourni par l’horloge Cesium 
de l’Observatoire accompagnée, en 2010, d’un nouveau Maser-hydrogène (modèle TS-4), en 
remplacement du Maser de l’ex LHA (Paris).  

S’ajoute aux équipements laser, les installations liées aux systèmes de positionnement GPS et DORIS 
(balise re-installée fin 2008 dans le cadre de T2L2), ce qui fait de Calern un site multi-techniques, 
aspect fortement recommandé par le GGOS.  

L’ILRS a noté la reprise d’activités du Laser Lune français en 2008, et les tirs laser effectués 
régulièrement sur les satellites géodynamiques LAGEOS, se sont ajoutés à la la nouvelle solution 
ITRF2008 du repère de référence terrestre international. 

Développements des stations Laser, Mobile (FTLRS) et Fixe (MEO)  

FTLRS 

Evolutions technologiques 

Suite à la campagne probatoire menée à l’Observatoire de Paris en Octobre 2009, une faiblesse dans le 
bilan de liaison laser avait été mise en évidence menant à des observations peu nombreuses en raison 
aussi de la forte atténuation atmosphérique du ciel  parisien. 

Un important travail de remise en état, avec des améliorations conceptuelles sur le système laser, a été 
entrepris au cours du premier semestre 2010. Le but de ces travaux a été d’obtenir une répartition 
spatiale de la tâche laser proche d’un profil gaussien et surtout sans « points chauds » de façon à éviter 
l’endommagement récurrent des éléments optiques (barreaux laser, lentilles, miroirs, lames de phase, 
...). Les résultats sont satisfaisants avec une divergence du faisceau réduite à quelques secondes d’arc 
et, par conséquent, un bilan de liaison très nettement amélioré (confirmé par la suite lors de la 
campagne T2L2 à Paris).   

Campagne Laser Mobile à Paris pour le projet T2L2 (Juin-Octobre 2010) : 

Afin d’observer dans de meilleures conditions et de sécuriser l’accès des personnels aux installations 
d’observation Laser, le projet T2L2 a fait développer, en 2008/2009, et installer une plateforme 
métallique sur la toiture terrasse de l’Observatoire de Paris. 

La campagnes T2L2 de 2010 proprement dite s’est déroulée du 1er juin au 6 octobre avec une 
interruption de deux semaines au mois d’août impliquant la présence continue d’équipes du groupe 
laser pour maintenir les équipements et effectuer les tâches d’observations opérationnelles 24h/24, à la 
fois à Grase et à Paris. 

Les résultats ont été tout à fais satisfaisants avec 140 passages télémétrés depuis l’Observatoire de 
Paris sur Jason2 dont 88 simultanément avec la station Meo de Grasse. 

Les données scientifiques ont été traitées par le Centre de Mission Scientifique (CMS) de T2L2, 
installé à l’OCA, et la stabilité du lien atteinte dans ce transfert de temps entre les Masers (OP et 
OCA), eux-mêmes suivis par des fontaines atomiques de part et d’autre, se situe aujourd’hui aux 
alentours de quelques dizaines de picosecondes. 

Prospective pour une station mobile de nouvelle génération : 

Un projet de station de télémétrie Laser Ultra mobile de nouvelle génération couplée au 
développement d’un système pour équiper l’observatoire géodésique de Tahiti est en cours 
d’élaboration depuis début 2009, avec une participation budgétaire à répartir entre le CNES et le projet 
RESIF proposé dans le cadre d’Equipex et soutenu par l’INSU.  



Ce projet ambitieux pourra permettre à la communauté géodésique Française d’envisager à la fois la 
pérennité de cette activité alliée à des évolutions technologiques et opérationnelles très intéressantes 
dans le contexte scientifique international. L’INSU a mis en place un CDD de 3 ans, avec un 
personnel (Ing de Recherche, C. Courde) qui commencera un travail d’analyse dès le début de 2011.  

Station MeO 

Instrumentation 

Le développement de la station MeO suit son cours avec, notamment, le développement des logiciels, 
l’organisation du coudé optique, le développement de la nouvelle détection et le démarrage d’un 
programme de détection des débris spatiaux (notamment avec l’IMCCE).  

Plusieurs travaux ont été entrepris en 2010, sur MeO, dont schématiquement, l’intégration d’une 
optique guide grand champ (1°) en parallèle sur l’optique primaire du télescope, le développement 
d’une chaine de détection faible bruit et grand champ adapté à la détection des débris spatiaux  
(compromis bruit – performance), enfin l’intégration de l’infrastructure pour un projet d’optique 
adaptative d’imagerie satellitaire  (en collaboration avec l’ONERA) ;  

Observations 

La station MeO est opérationnelle depuis juin 2009. Elle observe régulièrement des cibles LEO 
(Jason2) et MEO (dont Lageos, GIOVE et GNSS), les réflecteurs de la Lune ainsi que la sonde LRO 
en orbite autour de la Lune. Nombre de passage acquis depuis juillet 2008 :  

 

Cibles Nombre de passages 
Lageos 1&2 608 
Glonass, Etalon GPS 758 
LEO 1749 
Apollo XV 43 
Apollo XI 3 
Apollo XIV 1 
LRO 25 ( 6 h d’observation) 
Total 3187 

Analyses  

IERS-ITRF  
L’OCA est devenu Centre d’Analyse ILRS (Internat. Laser Ranging Service, de l’AIG) depuis 2007, 
suite aux travaux de thèse de D.Coulot (IGN/Lareg) et à l’investissement de F.Deleflie (aujourd’hui à 
l’OP/IMCCE).  

Ce centre s’est développé autour de l’assimilation des données de poursuite de télémétrie laser sur les 
satellites Lageos (à 6000 Km, d’altitude), et de la réduction en terme d’orbitographie précise puis en 
termes de positionnement géocentrique absolu, incluant les paramètres de rotation de la Terre et les 
coordonnées des stations (ITRF).  

CMS-T2L2 
Le CMS a été créé à l’occasion du lancement du satellite Jason2, porteur de l’instrument T2L2, de 
transfert de temps par lien laser. Ce centre s’est développé autour de l’assimilation des données bord 
(dates bord des pulses laser reçus) et des données sol (dates sol et temps de vol des pulses laser).  

Plusieurs cmapagnes ont été analysées, en plus des données courantes, afin de valider l’expérience en 
vol, établir le bilan des performances instrumentales, et ouvrir aux applications scientifiques, 
notamment en temps-fréquence, géodésie spatiale et physique fondamental.  



Altimétrie Spatiale 
L’Observatoire de la Côte d’Azur est un des rares centres à développer les expériences d’étalonnage 
absolu des altimètres spatiaux, grâce à la télémétrie laser et à des équipements spécifiques au sol 
(bouées, GPS, marégraphes, stations météo, ...). Le site de Corse est ainsi maintenu depuis 1998, 
permettant de créer une base de données, sol et spatiales, liée à l’étude du niveau moyen de la 
Méditerranée et de façon corrélative au suivi des missions d’altimétrie satellitaire. 

Depuis 2007, l’OCA a participé a l’étalonnage de Jason2 (campagne en 2008), en colocation avec 
Jason1, ainsi qu’aux développements liés au suivi de la mission EnviSat dans le cadre d’EumetSAT. 
Une groupe, le groupe FOAM, s’est créé autour de P.Bonnefond, incluant IFREMER, l’OMP/Legos et 
d’autres partenaires. Le but de ce groupe de recherche est d’appliquer le savoir-faire du site de Corse à 
d’autres sites (mers intérieurs, grands fleuves et grands lacs). D’où des relations avec l’hydrologie 
continentale.  

 



6) Observatoire de Paris (Daniel Gambis) 

I - Activités de recherches 

Elles concernent les aspects conceptuels liés aux divers systèmes de référence et à la rotation 
de la Terre: définition de ces systèmes de référence, modèles et paramètres propres aux études 
géodynamiques (précession, nutation, mouvement du pôle, variations de la rotation de la Terre). 
L'équipe a un rôle important dans le cadre des travaux de l’Union Astronomique Internationale 
notamment dans l’édification du modèle de référence de la Précession adopté par l’UAI en 2006. 
Celle-ci a largement contribué à la préparation et l’adoption de  Résolutions UAI sur la nomenclature 
des Systèmes de référence ainsi qu’à une redéfinition rigoureuse du Temps dynamique barycentrique, 
TDB (http://syrte.obspm.fr/iauWGnfa). 

Citons également d’autres recherches concernant des comparaisons entre divers modèles de 
précession-nutation et les modèles semi-analytiques UAI 2000/2006 et pour la première fois le 
développement des équations de la rotation de la Terre en fonction des coordonnées célestes du pôle 
céleste intermédiaire, qui expriment le plus directement possible cette orientation sans utiliser 
l’écliptique auquel ces observations ne sont pas sensibles. 

Parallèlement à ces travaux qui s'inscrivent dans la continuité de ceux développés à 
l'Observatoire de Paris depuis sa création dans le domaine de l'Astronomie fondamentale, l'équipe 
poursuit également ses recherches sur des sujets scientifiques liés à l'Astronomie, la Géodésie spatiale, 
la Géodynamique et la Géophysique et qui sont aujourd'hui en plein essor grâce à la précision 
croissante des observations modernes. D'une part, les aspects métrologiques concernant les relations 
entre systèmes de référence terrestres et systèmes de référence célestes, et d'autre part, l'analyse des 
phénomènes géophysiques externes (atmosphère, océans) ou internes (noyau, manteau) affectant la 
rotation de la Terre. 
 

La connaissance de l’orientation de la Terre dans l’espace est fondamentale. Les applications 
principales concernent la navigation spatiale, l’astrométrie, la géodésie et la géophysique. La rotation 
de la Terre est irrégulière sous l’action, en premier lieu, des marées gravitationnelles induites par le 
Soleil et la Lune, et, en second lieu, des couches externes (atmosphère, océans, hydrosphère, glaces 
continentales) et internes (manteau, noyau, graine) difficilement prévisibles. Les thématiques de 
recherche concernent plusieurs axes , citons notamment : 

- Les effets atmosphériques, océaniques et hydrologiques sur la rotation terrestre  
- L’influence de l’activité solaire sur la durée du jour  
- Relations entre champ magnétique de la Terre et rotation terrestre  
- Effets des séismes sur la rotation Terrestre notamment estimation de l’effet des séismes de 

Sumatra, du Chili et du japon en 2011 sur la variabilité de la rotation de la Terre (Durée du jour, 
mouvement du pôle)  

- L’exploration de la structure interne de la Terre par VLBI  
- La détermination des coordonnées célestes du pôle à partir de la télémétrie laser Lune  
- La détermination astro-géodésique de la rotation terrestre (réduction des observations VLBI, 

réduction des observations LLR, combinaisons multi techniques (projet DYNAMO).  
 

I I- Activités de services 

Plusieurs composantes de services internationaux : centres de produits IERS, centres d’analyses des 
techniques VLBI et télémétrie laser Lune sont hébergés par le département du SYRTE à 
l’Observatoire de Paris. 
 

• Service international de la rotation de la Terre et des systèmes de référence (IERS) 
- Le Centre de produits de la rotation de la Terre (EOP-PC) 



Il a pour mission de collecter les données sous forme de séries temporelles concernant les 
variations de l'orientation terrestre (Earth Orientation Parameters ou EOP) afin de les combiner de 
manière optimale et de mettre les résultats à disposition ades utilisateurs travaillant dans les 
domaines liés à la navigation, l'astronomie, la géodésie et les sciences spatiales, la géophysique, et le 
temps. Une base de données sous ORACLE  contient l’ensemble des informations historiques de 
référence concernant les variations de la rotation de la Terre.  

- Le Centre de produits des Systèmes de référence célestes (ICRS-PC) 
Il a été chargé par l’UAI du suivi du Repère International de Référence Céleste (ICRF) et d’en 

estimer les rattachements avec d’autres repères célestes (optique, GAIA,..). Il poursuit en parallèle 
plusieurs thématiques de recherche  associées à la géodésie spatiale et aux systèmes de référence 
célestes : il s’agit du suivi au sol de satellites géostationnaires, de la construction d’une base de 
données des quasars par le biais du catalogue LQAC et de l’astrométrie grand champ. 

- Le Groupe de travail sur les combinaisons au niveau des observations 
Actuellement les séries de variations de la rotation terrestre sont calculées séparément des 

systèmes de référence terrestre et céleste. Cependant  la cohérence entre les produits dérivés par 
chaque technique n’est pas pleinement assurée. L’approche de combinaison inter-technique globale 
devrait résoudre cette problématique. La  tâche principale de ce groupe crée en 2009 est d’étudier les 
avantages de ces méthodes de combinaison par rapport aux méthodes courantes de combinaison de 
séries temporelles. 

 
• Centres d’analyse et de données du Service international VLBI pour la géodésie et 

l’astrométrie (IVS/OPAR) 
Les développements récents du centre d’analyse concernent la mise en place des solutions 

opérationnelles trimestrielles et rapides, ces dernières devant être lancées deux à trois fois par 
semaine. La solution trimestrielle donne des séries temporelles d’EOP et des catalogues de 
positions/vitesses des stations d’observation et de coordonnées de radiosources extragalactiques. Les 
EOP sont disséminés à l’IVS via les centres de données primaires de ce service et au centre de 
produits de l’IERS (IERS/EOP-PC). La solution rapide, générée dans les 48 heures après la 
corrélation des observations, donne uniquement les paramètres de rotation de la Terre (EOP) et les 
positions des stations d’observation. Les produits du centre d’analyse sont compatibles avec le 
format de l’Observatoire Virtuel (OV). 

 
• Centre d'analyse des données Laser Lune  

Le centre d'analyse POLAC (Paris Observatory Lunar Analysis Centre) est intégré à l'ILRS 
(International Laser Ranging Service). Il travaille en étroite collaboration avec l'équipe Laser Lune 
de l'Observatoire de la Côte d'Azur. Il collabore aussi avec les deux centres de produits de l'IERS 
implantés au SYRTE. Les analyses faites au SYRTE sur les données de télémétrie Laser Lune ont 
pour but principal d'améliorer la connaissance de la dynamique du système Terre-Lune et d'évaluer 
les paramètres des mouvements de circulation et de libration de la Lune qui sont mesurables grâce à 
l'observation. 

 
 
 



7) Service Hydrographique et Océanographique de la Marine : SHOM 
(Marie Françoise Lalancette) 

 
Parmi les activités du SHOM depuis 2007 on peut cité deux projets relatifs à l’amélioration des 
références géodésiques (GRAL et BATHYELLI).  
 
Projet GRAL : Gravimétrie par altimétrie haute résolution 

 
Le projet GRAL est piloté par le SHOM/GRGS et regroupe des chercheurs de l’IFREMER  et 

de l’Université de Bretagne Occidentale (IUEM/UMR 6538 Domaines Océaniques  
Ce projet se situe en amont des prochaines missions altimétriques. Il s’agit de réaliser un bilan 

des modèles gravimétriques actuellement disponibles et après avoir identifié les besoins précis en 
terme de couverture spatiale et de précision, de spécifier une future mission altimétrique. Les apports 
des missions déjà programmées ainsi que les possibilités induites par des constellations de micro 
satellites seront évalués. Quatre étapes ont été définies : 

 
1) Analyser les données actuelles, faire une évaluation systématique à partir des 

données marines disponibles des zones sous échantillonnée et/ou de mauvaise 
qualité.  

2) Spécifier les besoins en terme de couverture spatiale et de résolution. Définir 
les spécifications d’une nouvelle mission altimétrique géodésique en analysant 
les contraintes liées à l’échantillonnage spatiale en terme de stratégie de 
mesures et de technologie de l’altimètre. 

3) Evaluer les potentialités des missions altimétriques futures (Altika, cryosat, 
SWOT..) et des possibilités induites par une constellation de micro satellites. 

 
Ce projet est en cours et à démarrer en 2007 par une journée scientifique réunissant les acteurs en 
gravimétrie/altimétrie de la communauté française (réunion juin 2007 – CNES Paris). Ensuite les 
thématiques 1 et 2 ont été étudiées et ont fait l’objet de présentation en colloque et de publications 
(voir publications). 
 
 
Quelques références :  

a – Journée scientifique ‘altimétrie pour un champ de gravité haute résolution : quel avenir ? ». 
http://ganymede.ipgp.jussieu.fr/frog/actualites.htm 

b - Groupe de projet : GRAL : Projet ‘gravimétrie par altimétrie haute résolution” proposé au 
séminaire de prospective du CNES en avril 2008 ? en cours d’examen pour le séminaire prévu en 
mars 2009.  

c -  Projet ˝gravimétrie par altimétrie haute résolution” soumis en 2008 pour le séminaire de 
prospective du CNES; non retenue par le CNES mais bien évalué par le groupe PASO.  

 
Projet BATHYELLI 
 
Ce projet a en particulier pour but la détermination du zéro hydrographique à partir de l’altimétrie 
spatiale et du GPS.  Il a pour objectifs : 
 

� Produire un modele de zero hydrographique par rapport à l’ITRS  
� Produire des surfaces de references en hydrographie  (CD, MSL, LAT, IGN69, geoid, ITRS 

ellipsoid) 
 

� Permettre de changer de système de référence verticale (passage d’un système marin à un 
système terrestre)  

 



� Permettre de réaliser des measures bathymétriques avec le GPS sans corrections de mare ou 
météorologiques  

 
� Permettre de mesurer la bathymétrie par rapport à un ellipsoide de référence (BATHYELLI) 

 
Les résultats sont très importants pour les références d’altitudes et de profondeur en mer ainsi que pour 
la réalisation de cartes Terre-Mer. 
 
 
 



8) Université de la Rochelle  
(Guy Wöppelmann, M. Gravelle, M. Guichard, P. Tiphaneau)  

 
Introduction:  Les activités géodésiques de l’université de la Rochelle portent sur l’observation du 

niveau de la mer et ses variations long terme à la côte par marégraphes co-localisés à des stations GPS 
permanentes. Elles se placent dans le cadre de l’infrastructure de recherche basée sur l’observation 
SONEL, développée en partenariat avec le SHOM et le laboratoire LEGOS (http://www.sonel.org). 
Les grandeurs enregistrées sont le niveau de la mer par rapport au socle sur lequel repose un 
marégraphe à la côte et la position du marégraphe déterminée dans un repère géocentrique le plus 
stable et précis possible, en l’occurrence la dernière réalisation de l’ITRS. 

Dans ce rapport nous mettons l’accent sur la composante GPS de SONEL car elle a connu un 
développement notable et remarqué au niveau international depuis les premiers résultats publiés en 
2007 à l’échelle globale dans une application du GPS exigeante en termes de métrologie [1]. Les 
résultats sont encourageants mais l’objectif constitue encore un défi pour la Géodésie, car les 
contributions climatiques aux tendances du niveau de la mer enregistrées par les marégraphes sont de 
l’ordre de 1 à 3 mm/an. Pour être utiles, les vitesses GPS aux marégraphes doivent donc être 
déterminées à quelques dixièmes de millimètres par an sur la composante verticale dans un repère 
géocentrique. La meilleure réalisation d’un repère géocentrique, l’ITRF, reste encore le facteur 
limitant dans cette application exigeante [2]. 

 
Infrastructure d’observation:  La composante GPS de SONEL comprend un centre de données et 

un centre d’analyses. Le centre de données rassemble aujourd’hui les mesures GPS de quelque 480 
stations permanentes réparties dans le monde. Il s’agit de stations en co-localisation avec un 
marégraphe ou de stations dites ‘reference frame’ par le service international IGS (http://igs.org). 
Certaines remontent au début des années 1990 et le nombre de fichiers journaliers de mesures 
disponibles au format RINEX totalise plus de 1,5 millions. Le système informatique de collecte, 
gestion, archivage et diffusion des observations s’est considérablement développé depuis 2007, doté 
d’une base de données relationnelle de plus de 90 tables. L’accès aux données se fait par serveurs FTP 
et Web (http://www.sonel.org/-GPS-.html). De nombreux outils sont développés en relation avec la 
base de données pour la meilleure gestion possible de l’information et sa diffusion aux utilisateurs. Le 
centre de données GPS de SONEL contribue au projet TIGA du service international IGS et en 
constitue le centre de données prinicipal. 

Le centre d’analyses GPS contribue également à ce projet TIGA. Il est connu sous le nom de 
‘consortium ULR’, car l’initiative vient de l’université de la Rochelle et l’infrastructure informatique 
matérielle et logicielle sur laquelle il s’appuie y est implantée. La puissance de calcul a 
considérablement évolué avec l’acquisition d’un cluster qui comprend aujourd’hui 392 cœurs de 
calcul. Il a permis de réduire de un an à deux semaines le traitement de dix ans de mesures d’un réseau 
global de 220 stations GPS, ouvrant ainsi des possibilités d’expérimentation considérables. 

 
Consortium ULR et solutions GPS: Le consortium ULR réunit aujourd’hui des chercheurs de 

l’IGN France (LAREG), de l’IGN Espagne et de l’UMR LIENSs (CNRS – Université de la Rochelle). 
Quatre générations de solutions se sont succédées. Chacune est caractérisée par le réseau de stations 
analysé (nombre de stations, géométrie), par la période des mesures couverte (de plus en plus longue), 
par le repère terrestre dans lequel elle est exprimée (réalisation de l’ITRF), et par le choix des modèles, 
des corrections, de la paramétrisation et de la stratégie d’ajustement. Une stratégie en réseau global 
avec des contraintes très lâches sur les positions des stations et sur les orbites, qui sont également 
ajustées, a prévalu dès l’origine du centre d’analyses ULR. Le principe sous-jacent est la réanalyse 
complète des mesures dès lors qu’un élément de la stratégie est changé. Les logiciels utilisés sont 
GAMIT/GLOBK du MIT et CATREF du LAREG (IGN) pour le traitement des mesures GPS, d’une 
part, et la combinaison des solutions journalières, hébdomadaires et long terme, d’autre part. Les 
détails sont dans les publications associées, par ordre de solution, qui n’est pas celui de parution des 
articles en raison des délais des journaux : [3] ; [1] ; [4] et [5]. Les deux dernières solutions (ULR3 [4] 
et ULR4 [5]) examinent la nature du bruit dans les séries de position avec le logiciel CATS pour 
estimer avec rigueur les erreurs sur les vitesses GPS selon le type de bruit et son niveau. L’étude 



détaillée [5] confirme la dominante de bruit de scintillation observée par ailleurs et explore différentes 
sources possibles du bruit. 

 
Quelques resultats marquants: Le centre d’analyses ULR fait figure de précurseur en France 

dans le traitement des mesures GPS en réseau global de plusieurs centaines de stations, et au niveau 
international dans la publication des premiers résultats à l’échelle globale de prise en compte des 
mouvements verticaux du sol aux marégraphes [1]. Nous avons montré que nous étions capables de 
mettre en place un centre d’analyses GPS aux dimensions globales et, par la suite, de concourir 
honorablement avec le club assez restreint des équipes internationales à la pointe de ce domaine du 
spatial réunies dans la campagne reprocessing du service international IGS 
(http://acc.igs.org/reprocess.html). Les retombées de cette campagne sont riches. La figure suivante 
montre le niveau de qualité des résultats ULR en terme de positionnement des stations sur les trois 
composantes (vert clair ou UL1 dans la légende). Cette évaluation géodésique nous situe parmi les 
meilleurs groupes. Elle complète l’évaluation géophysique que nous avions menée sur la solution 
précédente [6] et donne confiance dans l’application de nos solutions pour corriger les mouvements 
verticaux des marégraphes.  
 

 
Ecarts moyens quadratiques hebdomadaires sur les composantes Nord (haut), Est (milieu) et Verticale 
(bas) par rapport aux solutions combinées IGS. Résultats du consortium ULR : UL1, en vert clair. 
 

Autres activités et perspectives: Des progrès sont encore nécessaires dans l’application visée. Les 
retours d’expérience de la campagne reprocessing de l’IGS permettront de progresser dans la maîtrise 
fine des analyses GPS, aussi bien pour la correction des mouvements verticaux des marégraphes que 
dans les autres exploitations géodésiques ou géodynamiques que nous envisageons (e.g., [6] ; [7] ; 
[8]). 

Outre les centres de données et d’analyses GPS, l’université de la Rochelle a installé plusieurs 
stations GPS aux marégraphes avec le concours du SHOM et du GRGS, et en assure la gestion. Il 
s’agit de La Rochelle (2001), Sète (2007), Roscoff (2009) et Saint-Malo (2010). Notre concours est 
par ailleurs apporté pour le contrôle géodésique de la référence d’autres marégraphes, mais aussi dans 
la métrologie des technologies modernes des marégraphes et l’évaluation de leurs performances ([9] et 
[10]). 

Un travail original sur des nivellements historiques a été mené dans le cas de Brest pour établir la 
continuité de la référence de la série de mesures remise en question par la destruction du marégraphe 



en 1944 [11]. Un travail analogue a été réalisé sur l’île de Saint-Paul dans l’océan Indien où des 
observations historiques de niveau de la mer effectuées lors du passage de Vénus devant le Soleil en 
1874 ont été retrouvées et rattachées aux modernes [12]. 
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Le bureau de la Section 2, en place depuis 2005 est en cours de renouvellement. La recherche 
des candidats n'est pas aisée et le bureau continue d'assurer le fonctionnement, mais dans une 
version très réduite, son Vice-président étant démissionnaire depuis 2 ans, et son Président 
appelé vers de nouvelles responsabilités scientifiques et administratives prenantes.  
 
Lors du précédant rapport, nous avions réussi à trouver le temps pour organiser et gérer la 
rédaction de récentes découvertes sous forme de 3 articles, par des collègues de différents 
laboratoires. Cette fois-ci, nous avons choisi une démarche alternative, à savoir compiler de 
façon aussi exhaustive que possible toutes les contributions françaises aux publications 
scientifiques avec comité de lecture des 4 dernières années relevant des disciplines de la 
section 2. Cela peut paraître fastidieux à première vue, mais nous disposons aujourd'hui de 
base de données très complètes et d'outils de recherche performants, rendant réalisable une 
telle compilation, et ce en peu de temps. Nous avons utilisé le moteur de recherche Web of 
Science disponible sur le Portail d’information scientifique des unités CNRS en Sciences de 
la Terre et de l’Univers "BiblioPlanets" donnant accès au texte intégral des articles de plus de 
4000 publications mises à disposition de ses unités par le CNRS et l’INSU.  
 
Cette liste présentée et qui contient 344 références résulte d'une recherche sur les quatre 
dernières années (2007-2010) incluant les domaines de Sismologie et de Physique de 
l'Intérieur de la terre, et où au moins l'un des auteurs a une adresse d'affiliation en France.  
 
Mireille Laigle et Tony Monfret  
(Secrétaire et Président de la Section 2) 
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Activités des équipes de recherche françaises 
 
Ce rapport présente un résumé des principales recherches, principaux résultats et 
publications des équipes françaises en Volcanologie dans la période 2007-2010. Les 
recherches ont concerné différents aspects allant de la genèse des magmas, de 
leur différenciation et transfert, à la dynamique des éruptions volcaniques, aux 
processus de dégazage magmatique, aux panaches volcaniques, et à la prévision 
des éruptions et l’évaluation des risques. Des approches méthodologiques variées 
ont été utilisées, tant sur le terrain qu’en laboratoire.  Les résultats, excellents, 
ont donné lieu à un grand nombre de publications dans des revues internationales à 
comité de lecture (246 publications de rang A en quatre ans, soit une moyenne de 
3.1 publications par an, en auteurs ou co-auteurs pour les membres de la Section 
3).  

 
 

 
Four years Report of CNFGG’s Section 3 

‘Volcanology and Chemistry of the Earth interior’ 
2007 – 2010 

 
Summary of activities of French research teams 

 
Here below are summarized the main activities, results and publications of French 
research groups in the domain of Volcanology during the period 2007-2010. 
Research activities have dealt with different aspects of magma genesis, 
differentiation and transfer, eruption dynamics and processes, magma degassing 
and volcanic plumes, eruption forecasting and volcanic hazard assessment, by using 
various methodological approaches both in the field and in laboratory. Excellent 
results have led to a great number of peer-reviewed publications in international 
journals during that period (co-authoring of 246 A-ranked publications in four 
years, i.e. an average of 3.1 publications per year, for the Section 3 members).  
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Equipe de Volcanologie LMV-OPGC, UMR 6524, Clermont-Ferrand 
 

 
1. Processus éruptifs et écoulements volcaniques  
Participants LMV permanents : T. Druitt, K. Kelfoun, J.-L. LePennec, C. Robin, O. Roche, P. Samaniego, J.-C. 
Thouret, B. van Wyk de Vries. 

Objectifs. Cet axe concerne la dynamique des éruptions (processus de conduit) et les mécanismes de mise en 
place des écoulements pyroclastiques, des lahars, et des avalanches de débris en combinant des travaux de 
terrain, expérimentaux et théoriques. Ce résumé se focalise uniquement sur nos travaux concernant les 
écoulements. 

Dynamique des écoulements pyroclastiques.  Nous avons effectué un programme d’expériences pour mieux 
comprendre le comportement physique de propagation et de sédimentation des mélanges denses air-particules 
(Figure 1). Nous avons montré que de tels écoulements se propagent comme des fluides inertiels, à la faveur 
d’une forte pression de fluide interstitiel, avant d’être en régime granulaire-frictionnel lors d’une courte phase 
d’arrêt [183, 334]. Dans le cas de mélanges obtenus avec des cendres volcaniques, nous avons déterminé : les 
lois d’échelle pour la distance parcourue par les écoulements en fonction de leur expansion initiale, le champ 
de vitesse interne des écoulements et le mode de formation des dépôts [75, 149].  Les travaux de modélisation 
numérique ont suivi deux approches. La première a consisté à déterminer des lois de comportement au premier 
ordre pour les écoulements pyroclastiques, en comparant des données de terrain avec des résultats théoriques 
pour des rhéologies données [234]. Il s’est avéré qu’un comportement plastique (friction constante) était le 
mieux adapté pour simuler des écoulements naturels. La seconde approche a consisté à développer un modèle 
numérique 2D, testé à l’aide d’expériences de laboratoire, pour des écoulements denses en tenant compte des 
interactions entre les particules solides et le fluide interstitiel [326]. L’ensemble des résultats de ces travaux 
expérimentaux et théoriques apporte des contraintes pour l’interprétation des mécanismes des écoulements 
pyroclastiques à partir des observations des dépôts [342].  

Mesure des propriétés des lahars.  Des données obtenues sur le terrain ont permis de mieux comprendre les 
régimes d’écoulement des lahars et constituent une base de données utile pour de futures simulations de ces 
phénomènes naturels [297, 116, 117]. Des mesures faites à l’aide de capteurs géophysiques ont permis de 
déterminer la profondeur, le débit, et la concentration en particules des lahars du Volcan Semeru (Java). Elles 
ont montré que ces lahars sont caractérisés par une initiation rapide puis par des bouffées instables, et que les 
particules sont le plus souvent concentrées vers le cœur de l’écoulement. De plus, les lahars incorporent du 
substrat ou bien sédimentent lorsque leur débit est respectivement élevé ou faible, pouvant ainsi causer 
d’importantes variations de leur volume. 

 

 

Figure 1. Gauche : transition entre régime inertiel (t<450 ms) et frictionnel pour un écoulement air-particules (haut), déduite 
par comparaison avec un écoulement d’eau (bas). Droite : champs de vitesse dans des écoulements de cendres (E : expansion 
initiale), avec formation d’un dépôt basal (vitesse nulle). 

Mécanismes des avalanches de débris.  Une première étude a porté sur une comparaison entre des résultats 
de simulations numériques et d’analyses structurales de dépôts naturels à partir d’images satellites haute 
résolution [158]. Il a pu être démontré que l’avalanche de Socompa (Chili) était constituée d’une partie interne 
au comportement fluide, expliquant ainsi sa forte mobilité, surmontée d’une croûte rigide cassante.  Une 
seconde étude a été réalisée en couplant des expériences analogiques et des travaux sur le terrain (Mombacho, 
Chimborazo). Les expériences et les études de terrain ont mis en évidence les mécanismes par lesquels des 
structures préexistantes dans les édifices volcaniques peuvent contrôler le déclenchement des avalanches [284, 
134, 190]. 
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2. Processus volcano-tectoniques 
Participants LMV permanents : P. Labazuy, J.-F. Lénat, O. Merle, JC Thouret, B. van Wyk de Vries. 

Objectifs.  Une thématique importante de l’équipe de volcanologie est la compréhension des dynamiques 
structurales de l’édifice liées à la gravité, la tectonique régionale, l’activité du magma (vidange et remplissage 
d’un réservoir, injections de magma dans les filons), le développement du système hydrothermal (altération 
des produits volcaniques par circulation de fluides chauds), les déstabilisations de flanc et l’action de 
l’érosion.  

Construction et destruction d’un volcan bouclier. Le volcan bouclier de l’Ile de La Réunion sert de 
laboratoire naturel à notre groupe depuis plusieurs décennies. Pendant ce quadriennal, les résultats 
spectaculaires obtenus sur la formation et l’histoire de cette ile océanique proviennent de la mise en œuvre et 
de la confrontation de multiples méthodes, principalement la tomographie sismique [261], l’analyse des 
anomalies magnétiques, gravimétriques et géo-électriques [223], la bathymétrie [171, 242], la géologie 
structurale [142, 325], la stratigraphie et la géochronologie des laves [241].  Ces méthodes ont permis (1) de 
montrer que l’étalement du panache mantellique de La Réunion a été canalisé entre deux failles 
transformantes parallèles, provoquant la formation d’un haut topographique prononcé, strictement limité au 
compartiment lithosphérique situé entre ces deux failles transformantes et se mettaient en place sous forme 
d’intrusion vis, (2) de mettre en évidence que ce volcan bouclier a été régulièrement affecté par de 
spectaculaires effondrements de flancs, dans toutes les directions, effondrements qui entourent les deux 
édifices volcaniques du Piton des Neiges et du piton de la Fournaise sur une superficie supérieure à l’Ile elle-
même, (3) de tracer la limite interne entre le volcan des Alizés sous-jacent et sa superstructure constituée par 

le Piton de la Fournaise, (4) d’imager en carte et en coupe les complexes hypovolcaniques denses du volcan 
des Alizés et du Piton de la Fournaise, (5) de préciser l’extension du système hydrothermal à l’échelle de la 
caldera de l’Enclos et de visualiser l’épaisseur des terrains résistants correspondants au remplissage de la 
caldera, enfin (6) de montrer que la morphologie actuelle de ce volcan dépend étroitement de l’interaction 
entre l’érosion et les épisodes volcano-tectoniques (calderas, paléo-canyons et remplissages par les coulées, 
glissements), la permanence et la constance de cette interaction au cours du temps étant une des 
caractéristiques essentielles de ce type de volcan bouclier.  

Formation des calderas.  Le modèle standard de formation des calderas implique la vidange du réservoir 
magmatique sous-jacent et l’effondrement du toit rigide dans l’espace ainsi libérée. Dans de nombreux cas, les 
volcans ne possèdent pas un réservoir de taille suffisante pour expliquer la formation des grandes calderas 
pluri-kilométriques, en particulier pour les volcans basaltiques. Un nouveau modèle structural, alternatif au 
modèle standard, a été proposé.  Les études de polarisation spontanée révèlent que les calderas sont le siège 
d’une intense circulation de fluides hydrothermaux contrôlée par les discontinuités structurales [197]. Des 
modélisations analogiques ont montré que le cœur altéré d’un édifice volcanique pouvait fluer provoquant 
l’effondrement vertical du couvercle résistant et former des structures caldériques de grande taille [64, 324]. 
Ce nouveau modèle de formation des calderas a été appliqué à la caldera de l’Enclos au Piton de la Fournaise, 
ainsi qu’à d’autres volcans. 

 
3. Dynamique et suivi des panaches de cendres volcaniques 
Participants LMV permanents : F. Donnadieu, P. Labazuy, S. Moune, A. Harris, J.-L. LePennec, L. Gurioli. 

Objectifs : Le Laboratoire possède une combinaison unique de techniques de télédétection sol et satellite très 
favorable à l’étude de la dynamique, de la charge et de la dispersion des panaches de cendres. Quelques 
résultats tirés des radars Doppler sol et de l’imagerie satellitaire MSG sont présentés.  

Quantifier la dynamique des panaches de cendres par radar Doppler sol. La modélisation des signaux radar 
d’éruptions de l’Etna en 2001 a permis d’améliorer l’interprétation des signaux temporels et spectraux en 
termes de paramètres éruptifs. L’analyse statistique possible grâce à la continuité des enregistrements et la 
haute résolution temporelle, permet de caractériser les vitesses initiales et leur évolution, voire des flux de 
gaz minimums, la distribution spatiale des éjectas (uniforme vs. Gaussienne, [305]). L’inversion de la puissance 

 
Figure 2. L’étude gravimétrique et l’analyse des données magnétiques permettent d’imager les complexes hypovolcaniques du  
Piton de la fournaise et des Alizés (à gauche) et de visualiser l’extension en mer du flanc Est du volcan des Alizés (à droite). 
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radar pour quantifier les masses de pyroclastes, les flux massiques, les concentrations particulaires, les 
énergies cinétique et thermique des explosions est un résultat majeur [150]. Il ouvre la voie à une 
quantification de la dynamique et de la charge des panaches de cendres, en particulier à l’Etna où un radar 
Doppler de l’OPGC effectue la surveillance continue des cratères sommitaux depuis 2009. Le couplage des 
méthodes géophysiques [232], géochimiques [327] et texturales [308] est un autre outil puissant pour donner 
une image plus complète de la dynamique éruptive, depuis les processus de dégazage en profondeur jusqu’à 
l’activité en surface. A l’Arenal les caractéristiques des signaux radars sont en accord avec le modèle de 
clarinette magmatique suggéré pour la genèse du tremor, mais l’association du radar avec des sismomètres LB 
et des capteurs acoustiques montre une grande variabilité des signaux [1025] et un caractère non systématique 
des corrélations et des répartitions d’énergie, qui conduisent à envisager des processus de dégazage plus 
complexes que ceux des modèles de conduit actuels (S. Valade, thèse en cours).  

Etude et surveillance de l’activité volcanique par télédétection spatiale et sol infrarouge.  Ce projet 
d’étude  a été initié depuis 2006, en synergie avec les autres thématiques de télédétection spatiale et in-situ, 
développées au LMV. L’étude de l’éruption de l’Eyjafjöll (Islande) en avril-mai 2010 (Figure 3) est une 
démonstration claire de l’expertise de notre groupe en télédétection spatiale basée sur l’imagerie satellitale, 
dans l’infrarouge et l’ultraviolet, pour la caractérisation et la quantification des émissions volcaniques 
(cendres, aérosols, …) liées à une activité éruptive. 

  Les travaux engagés récemment (Y. Guéhenneux, thèse en cours) s’appuient sur les données à basse 
résolution spatiale et haute résolution temporelle des satellites géostationnaires, qui sont d’un intérêt majeur 
pour la surveillance quasi temps réel de l'activité volcanique. Les satellites météorologiques Météosat Seconde 
Génération (MSG), à très haute répétitivité temporelle (une image toutes les 15 minutes) et grande couverture 
spectrale, représentent de formidables outils pour la détection, la surveillance et l'analyse des anomalies 
thermiques volcaniques et des panaches de cendres volcaniques (Gouhier et al., soumis). Ce volet est renforcé 
par la formidable opportunité de disposer d’une série de données de référence unique, grâce à la base de 
données en cours de constitution au sein du Service d’Observation HotVolc à l’OPGC.  

  Un autre axe de recherche (Postdoc M. Gouhier) concerne la détection et l’estimation quantitative des 
produits de panaches volcaniques (cendres, eau/glace, SO2, …), par les méthodes d’analyse spectrale, dans les 
domaines de l’infrarouge et de l’ultraviolet. Les modèles d’inversion des données satellites, développés au LMV 
permettent l’estimation quantitative au premier ordre de la teneur des différents produits de l’éruption 
(Figure 3 ; Gouhier et al., soumis). 

 
4. Géophysique volcanique : Transferts de magma 
Participants LMV permanents. J. Battaglia, V. Cayol, J.-L. Froger, T. Souriot. 

Objectifs.  Cette thématique concerne la détection des transferts de magma et la compréhension des 
mécanismes qui gouvernent ces transferts. Pour cela, nous mesurons les déplacements et les accélérations du 
sol et les variations de gravité. Nous analysons également des données de géologie structurale. Afin 
d'interpréter ces différentes données, nous utilisons des méthodes combinant modélisations 3D et inversions ou 
des modélisations analogiques. 

Détection de transferts de magma.  La méthode principale utilisée au LMV pour la détermination des 
transferts de magma est la mesure des déplacements de surface par interférométrie radar (InSAR). Cette 
méthode permet de déterminer les déplacements sur de grandes surfaces avec une précision centimétrique. 
Les sites que nous avons étudiés avec cette méthode sont les suivants : 

o Le Piton de la Fournaise (île de la Réunion). Ce volcan est l'objet d'une  surveillance particulière puisque, 
depuis 2003, des images satellitales radar sont systématiquement acquises sur le volcan. Elles ont permis 
de caractériser les déplacements du sol associés à une vingtaine d’éruptions. Ces données, traitées dans 
le cadre du Service d’Observation OPGC VOLInSAR, sont mises à disposition de la communauté via 
l’interface web CASOAR (https://wwwobs.univ-bpclermont.fr/lmv/RV/casoar/), conçue pour la gestion 

Figure 3. Distribution quantitative des produits volcaniques. L’inversion des données Météosat-SEVIRI IR permet 
l’estimation de divers  produits volcaniques, comme  (a) la concentration en cendres, (b) le rayon des cendres, (c) 
l’altitude du panache de cendres et (4) and (d) la teneur en SO2. 
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et la consultation de grandes bases de données. 

o Sur le complexe volcanique Cordon del Azufre – Lastaria (Chili-Argentine), des données d'interférométrie 
radar ont permis de détecter une inflation de grande étendue dont la modélisation a montré qu'elle était 
due à la mise en pression d'une source magmatique profonde [82].  

En parallèle, des données de sismicité très large bande sont utilisées pour déterminer les mouvements 
de magma. Toutefois, ces données sont surtout sensibles aux variations d'inclinaisons et il faut les utiliser en 
les combinant à d'autres données pour obtenir des interprétations fiables [205]. 

Interprétations des données.  Afin d'analyser les mesures de déplacements, nous combinons des modélisations 
numériques 3D à des inversions par méthodes d'optimisation locales (algorithme de Levenberg-Marquardt) ou 
globales (proches voisins). Ces analyses ont été utilisées pour diverses études.   

o Au Piton de la Fournaise, ces inversions ont été utilisées pour les éruptions qui se sont produites entre 
mars 1998 et juin 2000. Nous avons montré [301] qu'après une phase de propagation verticale, les dikes 
se propageaient latéralement à environ 1000 m sous la topographie (Figure 4). Il est probable que ces 
changements dans la direction de propagation du magma soient guidés par la présence d'un niveau de 
flottabilité neutre.  

Figure 4. L'analyse de données d'interférométrie radar par une méthode combinant modélisations 3D et inversions a permis 
de modéliser les dikes mis en place entre 1998 et 2000 

o Au Nyiragongo (Thèse C. Wauthier) pour l'éruption de février 2002, nous avons montré que les 
déplacements enregistrés par InSAR dans la région de Goma, étaient dus à l'action combinée du dike 
associé à la fissure éruptive, et d'un autre dike plus profond situé sous le lac Kivu.  

Ces méthodes 3D sont précises mais lentes numériquement. Aussi, une autre méthode d'analyse des 
déplacements basée sur la superposition de sources ponctuelles, et faisant une hypothèse de faible 
topographie et de continuité des sources a été développée et testée pour l'étude des déplacements post-
effondrement de 2007 de la zone sommitale du Piton de la Fournaise (Thèse A. Augier).  

List of publications 
 
2010 

1. Andrade SD, van Wyk de Vries B (2010) Structural analysis of the early stages of catastrophic stratovolcano flank-
collapse using analogue models. Bulletin of Volcanology 72, 771-789, doi 10.1007/s00445-010-0363-x. 

2. Applegarth LJ, James MR, van Wyk de Vries B, Pinkerton H (2010) The influence of surface clinker on the crustal 
structures and dynamics of `a`a- lava flows. Journal of geophysical Research 115, B07210, 
doi:10.1029/2009JB006965. 

3. Borgia A, Aubert M, Merle O, van Wyk de Vries B (2010) What is a volcano? Geological Society of America, 
special publications 479, 1-9, doi: 10.1130/2010.2470(01). 

4. Burgisser A, Poussineau S, Arbaret L, Druitt TH, Giachetti T, Bourdier JL (2010) Pre-explosive conduit conditions 
of the 1997 Vulcanian explosions at Soufrière Hills Volcano (Montserrat): I. Pressure and vesicularity distributions. 
Journal of Volcanology and Geothermal Research 194, 27-41, doi:10.1016/j.jvolgeores.2010.04.008. 

5. Calvari S, Lodato L, Steffke A, Cristaldi A, Harris AJL, Spampinato L, Boschi E (2010) The 2007 Stromboli 
eruption: event chronology and effusion rates using thermal infrared data. Journal of Geophysical Research 115, 
B04201, doi:10.1029/2009JB006478. 

6. Davies A, Keszthelyi L, Harris AJL (2010) The Thermal Signature of Volcanic Eruptions on Io and Earth. Journal 
of Volcanology and Geothermal Research 194, 75-99, doi:10.1016/j.jvolgeores.2010.04.009. 

7. Davies T, McSaveney M, Kelfoun K (2010) Runout of the Soccompa volcanic debris avalanche, Chile: a 
mechanical explanation for low basal shear resistance. Bulletin of Volcanology 72, 933-944, doi 10.1007/s00445-
010-0372-9. 

8. Delle Donne D, Harris AJL, Ripepe M, Wright R (2010) Earthquake-induced thermal anomalies at active 
volcanoes. Geology 38, 771-774, doi: 10.1130/G30984.1. 

9. Doyle EE, Cronin SJ, Cole SE, Thouret JC (2010) The coalescence and organization of lahars at Semeru volcano, 
Indonasia. Bulletin of Volcanology 72, 961-970, doi 10.1007/s00445-010-0381-8. 

10. Dumaisnil C, Thouret JC, Chambon G, Doyle EE, Cronin SJ (2010) Hydraulic, physical and rheological 
characteristics of rain-triggered lahars at Semeru volcano, Indonesia. Earth Surface Processes and Landforms 35, 
1573-1590, doi: 10.1002/esp.2003. 



 6

11. Elitok, O., Ozgür, N., Drüppel, K., Dilek, Y., Platevoet, B., Guillou, H., Poisson, A., Scaillet, S., Satir, M., Siebel, 
W., Bardintzeff, J.M., Deniel, C. & Yilmaz, K. (2010). Origin and geodynamic evolution of Late Cenozoic 
potassium-rich volcanism in the Isparta area, southwestern Turkey. International Geology Review, 52, 4-6, 454-
504. DOI: 10.1080/00206810902951411. 

12. Favalli M, Fornaciai A, Mazzarini F, Harris A, Neri M, Behncke B, Pareschi MT, Tarquini S, Boschi E (2010) 
Evolution of an active lava flow field using a multitemporal LIDAR acquisition. Journal of geophysical Research 
115, B11203, doi:10.1029/2010JB007463. 

13. Favalli M, Harris AJL, Fornaciai A, Pareschi MT, Mazzarini F (2010) The distal segment of Etna’s 2001 basaltic 
lava flow. Bulletin of Volcanology 72, 119-127, doi:10.1007/s00445-009-0300-z. 

14. Fukushima Y, Cayol V, Durand P, Massonnet D (2010) Evolution of magma conduits during the 1998–2000 
eruptions of Piton de la Fournaise volcano, Réunion Island. Journal of Geophysical Research 115, B10204, 
doi:10.1029/2009JB007023. 

15. Giachetti T, Druitt TH, Burgisser A, Arbaret L, Galven C (2010) Bubble nucleation and growth during the 1997 
Vulcanian explosions of Soufrière Hills Volcano, Montserrat. Journal of Volcanology and Geothermal Research 
193, 215-231, doi:10.1016/j.jvolgeores.2010.04.001. 

16. Girolami L, Roche O, Druitt TH, Corpetti T (2010) Particle velocity fields and depositional processes in laboratory 
ash flows, with implications for the sedimentation of dense pyroclastic flows. Bulletin of Volcanology 72, 747-759, 
doi:10.1007/s00445-010-0356-9. 

17. Gouhier M, Donnadieu F (2010) The geometry of Strombolian explosions: insights from Doppler radar 
measurements. Geophysical Journal International 183, 1376–1391 doi: 10.1111/j.1365-246X.2010.04829.x. 

18. Gunnell Y, Thouret JC, Brichau S, Carter A, Gallagher K (2010) Low-temperature thermochronology in the 
Peruvian Central Andes: implications for long-term continental denudation, timing of plateau uplift, canyon 
incision, and lithosphere dynamics. Journal of the Geological Society, London 167, 803-815 Doi:10.1144/0016-
76492009-166. 

19. Gurioli L, Sulpizio R, Cioni R, Sbrana A, Luperini W, Santacroce R, Andronico D (2010) Pyroclastic flow hazard 
assessment at Somma-Vesuvius based on the geological record. Bulletin of Volcanology 72, 1021-1038, doi 
10.1007/s00445-010-0379-2. 

20. Harris AJL, Favalli M, Steffke A, Fornaciai A, Boschi E (2010) A relation between lava discharge rate, thermal 
insulation, and flow area set using lidar data. Geophysical Research Letters,  37, L20308, 
doi:10.1029/2010GL044683. 

21. Kelfoun K, Giachetti T, Labazuy P (2010) Landslide–generated tsunamis at Réunion Island. Journal of 
Geophysical Research, Earth Surface 115, F04012, doi:10.1029/2009JF001381. 

22. Kervyn M, Boone MN, van Wyk de Vries B, Lebas E, Cnudde V, Fontijn K, Jacobs P (2010) 3D imaging of 
volcano gravitational deformation 3 by computerized X-ray micro-tomography. Geosphere 6, 482-498; doi: 
10.1130/GES00564.1. 

23. Mangeney A, Roche O, Hungr O, Mangold N, Faccanoni G, Lucas A (2010) Erosion and mobility in granular 
collapse over sloping beds. Journal of Geophysical Research – Earth Surface 115, F03040, 
doi:10.1029/2009JF001462. 

24. Merle O, Barde-Cabusson S, van Wyk de Vries B (2010) Hydrothermal calderas. Bulletin of Volcanology 72, 131-
147, doi: 10.1007/s00445-009-0314-6. 

25. Merle O, Mairine P, Michon L, Bachèlery P, Smietana M (2010) Calderas, Landslides and Paleo-canyons on Piton 
de la Fournaise Volcano (La Réunion Island, Indian Ocean). Journal of Volcanology and Geothermal Research 
189, 131-142. 

26. Meruane C, Tamburrino A, Roche O (2010) On the role of the ambient fluid on gravitational granular flow 
dynamics. Journal of Fluid Mechanics 648, 381-404, doi: 10.1017/S0022112009993181. 

27. Miallier D., Boivin P., Deniel C., Gourgaud A., Lanos P., Sforna M., Pilleyre, T. (2010) : The ultimate summit 
eruption of Puy de Dôme volcano (Chaîne des Puys, French Massif Central) about 10,700 years ago. C R 
Geoscience 342, 847-854, doi:10.1016/j.crte.2010.09.004. 

28. Moune S, Gauthier P-J, Delmelle P (2010) Trace elements in the particulate phase of the plume of Masaya volcano, 
Nicaragua. Journal of Volcanology and Geothermal Research 193, 232-244, doi:10.1016/j.jvolgeores.2010.04.004. 

29. Ripepe M, Marchetti E, Bonadonna C, Harris AJL, Pioli L, Ulivieri G (2010) Monochromatic Infrasonic Tremor 
Driven by Lava Lake Degassing and Convection at Villarrica Volcano, Chile. Geophysical Research Letters 37, 
L15303, doi:10.1029/2010GL043516. 

30. Rivera M, Thouret J-C, Marino J, Berolatti R, Fuentes J (2010) Characteristics and management of the 2006-2008 
volcanic crisis at the Ubinas volcano (Peru). Journal of Volcanology and Geothermal Research 198, 19-34, 
doi:10.1016/j.jvolgeores.2010.07.020. 

31. Robin C, Samaniego P, Le Pennec JL, Fornari M, Mothes P, van der Plicht J (2010) New radiometric and 
petrological constraints on the evolution of the Pichincha volcanic complex (Ecuador). Bulletin of Volcanology 72, 
1109-1129, doi: 10.1007/s00445-010-0389-0. 

32. Roche O, Montserrat S, Niño Y, Tamburrino A (2010) Pore fluid pressure and internal kinematics of gravitational 
laboratory air-particle flows : insights into the emplacement dynamics of pyroclastic flows. Journal of Geophysical 
Research – Solid Earth 115, B09206, doi:10.1029/2009JB007133. 

33. Samaniego P, Robin C, Chazot G, Bourdon E, Cotten J (2010) Evolving metasomatic agent in the Northern Andean 
subduction zone, deduced from magma composition of the long-lived Pichincha volcanic complex (Ecuador). 
Contribution to Mineralogy and Petrology, doi 10.1007/s00410-009-0475-5 



 7

34. Schiano P, Monzier M, Eissen J-P, Martin H, Koga KT (2010) Simple mixing as the major control of the evolution 
of volcanic suites in the Ecuadorian Andes. Contribution to Mineralogy and Petrology 160, 297-312, doi: 
10.1007/s00410-009-0478-2. 

35. Shea T, Gurioli L, Larsen J, Houghton BF, Hammer JE, Cashman KV (2010) Linking experimental and natural 
textures in Vesuvius 79AD white pumice. Journal Volcanology and Geothermal Research 192, 69-84, doi: 
10.1016/j.jvolgeores.2010.02.013. 

36. Shea T, Houghton BF, Gurioli L, Cashman KV, Hammer JE, Hobden BJ (2010) Textural studies of vesicles in 
volcanic rocks: an integrated methodology. Journal Volcanology and Geothermal Research, 
doi:10.1016/j.jvolgeores.2009.12. 

37. Shea T, van Wyk de Vries B (2010) Collapsing volcanoes: the sleeping giants’ threat: Geohazards Explained. 
Geology Today 26, 72-77. 

38. Silva Parejas C, Druitt TH, Robin C, Moreno H, Naranjo JA (2010) The holocene Pucon eruption of volcan 
Villarrica, Chile: deposit architecture and eruption chronology. Bulletin of Volcanology 72, 677-692. 

39. Singh RP, Medhi W, Gauta R, Senthil Kumar J, Zlotnicki J, Kafatos M (2010) Precursory Signals Using Satellite 
and Ground data Associated with the Wenchuan Earthquake of 12 May, 2008. International Journal of Remote 
Sensing 31, 3341-3354. 

40. Steffke AM, Fee D, Garces M, Harris A (2010) Eruption chronologies, plume heights and eruption styles at 
Tungurahua Volcano: Integrating remote sensing techniques and infrasound. Journal of Volcanology and 
Geothermal Research 193, 143-160, doi:10.1016/j.jvolgeores.2010.03.004. 

41. Temel A, Yürür T, Alici P, Varol E, Gourgaud A, Bellon H, Demirbag H (2010) Alkaline series related to early-
Middle Miocene intra-continental rifting in a collision zone: an example from Polatli, Central Anatolia, Turkey. 
Journal of Asian Earth Sciences 38, 289-306. 

42. Thouret JC (2010) Volcanic hazards and ricks: a geomorphological perspective. In: eIA-AaAS Goudie 
(ed.)Geomorphological Hazards and Disaster Prevention. pp. 13-32. Cambridge University Press. 

43. Thouret JC, Gupta A, Lube G, Cronin SJ, Surono (2010) Analysis of the 2006 eruption deposits of Merapi 
Volcano, Java, Indonesia, using high-resolution IKONOS images and complementary ground based observations. 
Remote Sensing of Environment 114, 1949-1967, doi: 10.106/j.rse.2010.03.016. 

44. Vargas Franco R, Thouret JC, Delaite G, van Westen C, Sheridan MF, Siebe C, Mariño J, Souriot T, Stinton A 
(2010) Mapping and assessing volcanic hazards and risks in the city of Arequipa, Peru, based on GIS techniques. 
In G Groppelli & L. Viereck-Goette, eds.,’Stratigraphy and Geology of volcanic areas’, Geological Society of 
America Special Publication SPE464. 

45. Zlotnicki J, Li F, Parrot M (2010) Signals recorded by DEMETER satellite over active volcanoes during the period 
September 2004 – December 2007. Geophysical Journal International 183, 1332-1347, doi: 10.1111/j.1365-
246X.2010.04785.x. 

 
2009 

1. Aldanmaz E, Schmidt MW, Gourgaud A, Meisel T (2009) Mid-ocean ridge and supra-subduction geochemical 
signatures in spinel–peridotites from the Neotethyan ophiolites in SW Turkey: Implications for upper mantle 
melting processes. Lithos 113, 691-708, doi:10.1016/j.lithos.2009.03.010. 

2. Barde-Cabusson S, Levieux G, Lénat, J.F., Finizola, A., Revil, A., Chaput, M., Dumont, S., Duputel, Z., Guy , A., 
Mathieu, L., Saumet, S., Sorbadère, F., Vieille, M. (2009) Transient self-potential anomalies associated with recent 
lava flows at Piton de la Fournaise volcano (Réunion Island, Indian Ocean). Journal of Volcanology and 
Geothermal Research 187, 158-166, doi:10.1016/j.jvolgeores.2009.09.003. 

3. Battaglia J, Cayol V (2009) A comment on “Hidden dykes detected on ultra long period seismic signals at Piton de 
la Fournaise volcano?” by N. Houlié and J.-P. Montagner, EPSL 261, (2007). Earth and Planetary Science Letters 
287, 284-287, doi:10.1016/j.epsl.2009.06.023. 

4. Bernard B, van Wyk de Vries B, Leyrit H (2009) Distinguishing volcanic debris avalanche deposits from their 
reworked products: the Perrier sequence (Franch Massif Central). Bulletin of Volcanology 71, 1041-1056, doi: 
10.1007/s00445-009-0285-7. 

5. Byrne PK, van Wyk de Vries B, Murray JB, Troll VR (2009) The geometry of volcano flank terraces on Mars. 
Earth and Planetary Science Letters 281, 1-13, doi:10.1016/j.epsl.2009.01.043. 

6. Deniel C. (2009): Heterogeneous initial Sr isotope compositions of highly evolved volcanic rocks from the Main 
Ethiopian Rift, Ethiopia. Bull Volc, 71, 5, 495-508, doi:10.1007/s00445-008-0228-8. 

7. Finizola A, Aubert  M, Revil  A, Schütze C, Sortino F (2009) Importance of structural history in the summit area of 
Stromboli during the 2002–2003 eruptive crisis inferred from temperature, soil CO2, self-potential, and electrical 
resistivity tomography. Journal of Volcanology and Geothermal Research 183, 213-227, 
doi:10.1016/j.jvolgeores.2009.04.002. 

8. Gailler LS, Lénat JF, Lambert M, Levieux G, Villeneuve N, Froger JL (2009) Gravity structure of Piton de la 
Fournaise volcano and inferred mass transfer during the 2007 crisis. Journal of Volcanology and Geothermal 
Research 184, 31-48, doi:10.1016/j.jvolgeores.2009.01.024. 

9. Gonzales K, Froger JL, Audin L, Orlando M (2009) Ejemplos de deformación producto de la tectonica extensiva de 
los Andes Centrales, zonas de Huambo-Cabanaconde (Arequipa) y Calacoa-Huaytire (Moquegua), Vistos Por 
Interferometria Radar – InSAR. Earth and Planetary Science Letters 255. 

10. Grosse P, van Wyk de Vries B, Petrinovic IA, Euillades PA, Alvarado GE (2009) Morphometry and evolution of 
arc volcanoes. Geology 37, 651-654, doi: 10.1130/G25734A.1. 

11. Harris AJL, Baloga SM (2009) Lava discharge rates from satellite-measured heat flux. Geophysical Research 
Letters 36, L19302, doi:10.1029/2009GL039717. 



 8

12. Kelfoun K, Samaniego P, Palacios P, Barba D (2009) Testing the suitability of frictional behaviour for pyroclastic 
flow simulation by comparison with a well-constrained eruption at Tungurahua volcano (Ecuador). Bulletin of 
Volcanology 71, 1057-1075, doi: 10.1007/s00445-009-0286-6. 

13. Kervyn M, Ernst GGJ, van Wyk de Vries B, Mathieu L, Jacobs P (2009) Volcano load control on dyke propagation 
and vent distribution: Insights from analogue modeling. Journal of Geophysical Research 114, B03401, 
doi:10.1029/2008JB005653. 

14. Lénat JF, Boivin P, Deniel C, Gillot P-Y, Bachèlery P, 1 FT (2009) Age and nature of deposits on the submarine 
flanks of Piton de la Fournaise (Reunion Island). Journal of Volcanology and Geothermal Research 184, 199-207, 
doi:10.1016/j.jvolgeores.2009.01.013. 

15. Lénat JF, Merle O, Lespagnol L (2009) La réunion: An example of channeled hot spot plume. Journal of 
Volcanology and Geothermal Research 184, 1-13, doi:10.1016/j.jvolgeores.2008.12.001. 

16. Mathieu L, Van Wyk de Vries B (2009) Edifice and substrata deformation induced by intrusive complexes and 
gravitational loading in the Mull volcano (Scotland). Bulletin of Volcanology 71, 1133-1148, doi: 10.1007/s00445-
009-0295-5. 

17. Michon L, Cayol V, Letourneur L, Peltier A, Villeneuve N, Staudacher T (2009) Edifice growth, deformation and 
rift zone development in basaltic setting: Insights from Piton de la Fournaise shield volcano (Réunion Island). 
Journal of Volcanology and Geothermal Research 184, 14-30, doi:10.1016/j.jvolgeores.2008.11.002. 

18. Michon L, Villeneuve N, Catry T, Merle O (2009) How summit calderas collapse on basaltic volcanoes: New 
insights from the April 2007 caldera collapse of Piton de la Fournaise volcano. Journal of Volcanology and 
Geothermal Research 184, 138-151, doi:10.1016/j.jvolgeores.2008.11.003. 

19. Mora M, Lesage P, Donnadieu F, Valade S, Schmidt A, Soto G, Taylor W, Alvarado G (2009) Joint Seismic, 
Acoustic and Doppler Radar observations at Arenal Volcano, Costa Rica: preliminary results. In: CJ Bean, Braiden, 
A. K., Lokmer, I., Martini, F., O’Brien, G. S. (ed.)Volume project / Volcanoes: Understanding subsurface mass 
movement. pp. 330-340. 

20. Moune S, Holtz F, Botcharnikov RE (2009) Sulphur solubility in andesitic to basaltic melts: implications for Hekla 
volcano. Contributions to Mineralogy and Petrology 157, 691-707, doi: 10.1007/s00410-008-0359-0. 

21. Murray JB, van Wyk de Vries B, al. e (2009) Late-stage water eruptions from Ascraeus Mons volcano, Mars: 
Implications for its structure and history. Earth and Planetary Science Letters, doi:10.1016/j.epsl.2009.06.020. 

22. Peltier A, Hurst T, Scott B, Cayol V (2009) Structures involved in the vertical deformation at Lake Taupo (New 
Zealand) between 1979 and 2007: New insights from numerical modelling. Journal of Geophysical Research 181, 
173–184,  doi:10.1016/j.jvolgeores.2009.01.017. 

23. Peltier A, Staudacher  T, Bachèlery B, Cayol V (2009) Formation of the April 2007 caldera collapse at Piton de La 
Fournaise volcano: Insights from GPS data. Journal of Volcanology and Geothermal Research 184, 152-163, 
doi:10.1016/j.jvolgeores.2008.09.009. 

24. Prôno E, Battaglia J, Monteiller V, Got JL, Ferrazzini V (2009) P-wave velocity structure of Piton de la Fournaise 
volcano deduced from seismic data recorded between 1996 and 1999. Journal of Volcanology and Geothermal 
Research 184, 49-62, doi:10.1016/j.jvolgeores.2008.12.009. 

25. Robin C, Eissen J, Samaniego P, Martin H, Hall M, Cotten J (2009) Evolution of the late Pleistocene Mojanda–
Fuya Fuya volcanic complex (Ecuador), by progressive adakitic involvement in mantle magma sources. Bulletin of 
Volcanology 71, 233-258, doi: 10.1007/s00445-008-0219-9. 

26. Sahetapy-Engel ST, Harris AJL (2009) Thermal structure and heat loss at the summit crater of an active lava dome. 
Bulletin of Volcanology 71, 15-28, doi: 10.1007/s00445-008-0204-3. 

27. Sahetapy-Engel ST, Harris AJL (2009) Thermal-image-derived dynamics of vertical ash plumes at Santiaguito 
volcano, Guatemala. Bulletin of Volcanology 71, 827-830, doi: 10.1007/s00445-009-0284-8. 

28. Shea T, Larsen J, Gurioli L, Houghton B, Hammer J, Cioni R (2009) Leucite crystals: surviving witnesses of the 
pre-eruptive magma chamber of the 79AD eruption at Vesuvius, Italy. Earth Planetary Science Letters, 
doi:10.1016/j.epsl.2009.02.014. 

29. Thouret JC (2009) Volcanic Hazards and Risks: a Review with a geomorphological Perspective. In: IGA 
Alcantayala (ed.)Geomorphological Hazards, chap 3. pp. 13-32. Cambridge University Press. 

30. Thouret JC, Gupta A, Lube G, Cronin SJ, Surono (2009) Analysis of the 2006 eruption deposits of Merapi 
Volcano, Java, Indonesia, using high-resolution IKONOS images and complementary ground based observations. 
Remote Sensing of Environment, doi:10.1016/j.rse.2010.03.016. 

31. Vargas Franco R, Thouret JC, Delaite G, van Westen C, Sheridan MF, Siebe C, Marino J, Souriot T, Stinton A 
(2009) Mapping and Assessing Volcanic Hazards and Risks in the city of Arequipa, Peru, based on GIS techniques. 
In: GG Viereck-Goette (ed.)Stratigraphy and Geology of volcanic areas. Geological Society of America Special 
Publication SPE464, Chap 13. 

32. Vlastelic I., Deniel C., Bosq C., Telouk P., Boivin P., Bachelery P., Famin V., Staudacher T. (2009): Pb isotope 
geochemistry of Piton de la Fournaise historical lavas. J Volcanol Geotherm Res, 184, 1-2, 63-78, 
doi:10.1016/j.jvolgeores.2008.08.008. 

33. Wooler L, van Wyk de Vries B, Cecchi E, Rymer H (2009) Analogue models of the effect on long-term basement 
fault movement on volcanic edifices. Bulletin of Volcanology 71, 1111-1131, doi 10.1007/s00445-009-0289-3. 

34. Zlotnicki J, Sasai  Y, et al. (2009) Combined electromagnetic, geochemical and thermal surveys of Taal volcano 
(Philippines) during the period 2005–2006. Bulletin of Volcanology 71, 29-47, doi: 10.1007/s00445-008-0205-2. 

35. Zlotnicki J, Sasai Y, et al. (2009) Electromagnetic and geochemical methods applied to investigations of 
hydrothermal/volcanic unrests: Examples of Taal (Philippines) and Miyake-jima (Japan) volcanoes. Physics and 
Chemistry of the Earth 34, 394-408, doi:10.1016/j.pce.2008.09.012. 

 



 9

2008 
1. Arellano SR, Hall M, Samaniego P, Le Pennec JL, Ruiz A, Molina I, Yepes H (2008) Degassing patterns of 

Tungurahua volcano (Ecuador) during the 1999–2006 eruptive period, inferred from remote spectroscopic 
measurements of SO2 emissions. Journal of Volcanology and Geothermal Research 176, 151-162, 
doi:10.1016/j.jvolgeores.2008.07.007. 

2. Aubert M, Diliberto S, Finizola A, Chébli Y (2008) Double origin of hydrothermal convective flux variations in the 
Fossa of Vulcano (Italy). Bulletin of Volcanology 70, 743-751, Doi:10.1007/s00445-007-0165-y. 

3. Barba D, Robin C, Samaniego P, Eissen JP (2008) Recurrent Pyroclastic flows at Chimborazo Volcano, between 
~8000 and ~1000 yr BP. Journal of Volcanology and Geothermal Research 176, 27-35. 

4. Battaglia J, Zollo A, Virieux J, Iacono D (2008) Merging active and passive data sets in traveltime tomography: the 
case study of Campi Flegrei caldera (Southern Italy). Geophysical Prospecting 56, 555-573. 

5. Bernard B, Wyk de Vries van B, Barba D, Leyrit H, Robin C, Alcaraz S, Samaniego P (2008) The Chimborazo 
sector collapse and debris avalanche: Deposit characteristics as evidence of emplacement mechanisms. Journal of 
Volcanology and Geothermal Research 176, 36-73, doi:10.1016/j.jvolgeores.2008.03.012. 

6. Buisson C, Merle O (2008) A universal method to compute the finite strain ellipsoid for any strain combination. In: 
SJLaGM Hammler (ed.)Structural Geology : New Research. Nova Sciences publisher Inc., chapter 7. 

7. Cesca S, Battaglia J, Dahm T, Tessmer E, Heimann S, Okubo P (2008) Effects of topography and crustal 
heterogeneities on the source estimation of LP event at Kilauea volcano. Geophysical Journal International 172, 
1219-1236, doi:10.1111/j.1365-246X.2007.03695.x. 

8. Delcamp A, Van Wyk de Vries B, James MR (2008) The influence of edifice slope and substrata on volcano 
spreading. Journal of Volcanology and Geothermal Research 177, 925-943, doi:10.1016/j.jvolgeores.2008.07.014. 

9. Ersoy O, Aydar E, Gourgaud A, Bayhan H (2008) Quantitative analysis on volcanic ash surfaces : application of 
extended depth-of-field (focus) algorithm for light and scanning electron microscopy and 3D reconstruction. 
Micron 39. 

10. Girolami L, Druitt TH, Roche O, Khrabrykh Z (2008) Propagation and hindered settling of laboratory ash flows. 
Journal of Geophysical Research 113, B02202, doi/10.1029/2007JB005074. 

11. Gouhier M, Donnadieu F (2008) Mass estimations of ejecta from Strombolian explosions by inversion of Doppler 
radar measurements. Journal of Geophysical Research 113, B10202, doi:10.1029/2007JB005383. 

12. Hall M, Samaniego P, Le Pennec JL, Johnson JS (2008) Ecuadorian Andes volcanism: A review of Late Pliocene 
to present activity. Journal of Volcanology and Geothermal Research 176, 1-6, 
doi:10.1016/j.jvolgeores.2008.06.012. 

13. Hoffer G, Eissen JP, Beate B, Bourdon E, Fornari M, Cotten J (2008) Geochemical and petrological constraints on 
rear-arc magma genesis processes in Ecuador: The Puyo cones and Mera lavas volcanic formations. Journal of 
Volcanology and Geothermal Research 176, 107-118. 

14. Holohan EP, Troll VR, van Wyk de Vries B, Walsh JJ, Walter TR (2008) Unzipping Long Valley: an explanation 
for vent migration patterns during an elliptical ring fracture eruption. Geology 36, 323-326. 

15. Holohan EP, Wyk de Vries van B, Troll VR (2008) Analogue models of caldera collapse in strike-slip tectonic 
regimes. Bulletin of Volcanology 70, 773-796, DOI 10.1007/s00445-007-0166-x. 

16. Kelfoun K, Druitt TH, Wyk de Vries van B, Guilbaud MN (2008) Topographic reflection of Socompa debris 
avalanche, Chile. Bulletin of Volcanology 70, 1169-1187, doi:10.1007/s00445-008-0201-6. 

17. Le Pennec JL, Java D, Samaniego P, Ramón P, Moreno Yánez S, Egred J, van der Plicht J (2008) The AD 1300–
1700 eruptive periods at Tungurahua volcano, Ecuador, revealed by historical narratives, stratigraphy and 
radiocarbon dating. Journal of Volcanology and Geothermal Research 176, 70-81, 
doi:10.1016/j.jvolgeores.2008.05.019. 

18. Liew SC, Thouret JC, Gupta A, Kwoh LK (2008) First Satellite Image of a Moving Pyroclastic Flow. EOS, 
Transactions American Geophysical Union 89, doi:10.1029/2008EO220002. 

19. Loock S, Diot H, Van Wyk de Vries B, Launeau P, Merle O, Vadeboin F, Petronis MS (2008) Lava flow internal 
structure found from AMS and textural data: An example in methodology from the Chaîne des Puys, France. 
Journal of Volcanology and Geothermal Research 177, 1092-1104, doi:10.1016/j.jvolgeores.2008.08.017. 

20. Mathieu L, van Wyk de Vries B, Holohan EP, Troll VR (2008) Dykes, cups, saucers and sills: analogue 
experiments on magma intrusion into brittle rocks. Earth and Planetary Science Letters 271, 1-13, 
doi:10.1016/j.epsl.2008.02.020. 

21. Merle O, Michon L, Bachèlery P (2008) Caldera rim collapse: A hidden volcanic hazard. Journal of Volcanology 
and Geothermal Research 177, 525-530, doi:10.1016/j.jvolgeores.2008.06.011. 

22. Paquereau-Lebti P, Fornari M, Roperch P, Thouret JC, Macedo O (2008) Paleomagnetism, magnetic fabric, and 
40Ar/39Ar dating of Pliocene and Quaternary ignimbrites in the Arequipa area, southern Peru. Bulletin of 
Volcanology 70, 977-997, DOI 10.1007/s00445-007-0181-y. 

23. Peltier A, Famin V, Bachèlery P, Cayol V, Fukushima Y, Staudacher T (2008) Cyclic magma storages and 
transfers at Piton de La Fournaise volcano (La Réunion hotspot) inferred from deformation and geochemical data. 
Earth and Planetary Science Letters 270, 180-188, doi:10.1016/j.epsl.2008.02.042. 

24. Robin C, Samaniego P, Le Pennec JL, Mothes P, Van der Plicht J (2008) Late Holocene phases of dome growth 
and Plinian activity at Guagua Pichincha volcano (Ecuador). Journal of Volcanology and Geothermal Research 
176, 7-15, doi:10.1016/j.jvolgeores.2007.10.008. 

25. Roche O, Montserrat S, Nino Y, Tamburrino A (2008) Experimental observations of water-like behavior of initially 
fluidized, dam break granular flows and their relevance for the propagation of ash-rich pyroclastic flows. Journal of 
Geophysical Research B113, B12203, doi:10.1029/2008JB005664. 



 10

26. Samaniego P, Eissen JP, Le Pennec JL, Robin C, Hall M, Mothes P, Chavrit D, Cotten J (2008) Pre-eruptive 
physical conditions of El Reventador volcano (Ecuador) inferred from the petrology of the 2002 and 2004–05 
eruptions. Journal of Volcanology and Geothermal Research 176, 82-93, doi:10.1016/j.jvolgeores.2008.03.004. 

27. Shea T, Van Wyk de Vries B (2008) Structural analysis and analogue modeling of the kinematics and dynamics of 
rockslide avalanches. Geosphere 4, 657-686, doi: 10.1130/GES00131.1. 

28. Shea T, Wyk de Vries van B, Pilato M (2008) Emplacement mechanisms of contrasting debris avalanches at 
Volcan Mombacho (Nicaragua), provided by structural and facies analysis. Bulletin of Volcanology 70, 899-921, 
doi 10.1007/s00445-007-0177-7. 

29. Smellie JL, Johnson JS, McIntosh WC, Esser R, Gudmundsson MT, Hambrey MJ, Van Wyk de Vries B (2008) Six 
million years of glacial history recorded in volcanic lithofacies of the James Ross Island Volcanic Group, Antarctic 
Peninsula. Palaeogeography, Palaeoclimatology, Palaeoecology 260, 122-148, doi:10.1016/j.palaeo.2007.08.011. 

30. Ulusoy I, Labazuy P, Aydar E, Ersoy O, Cubukçu E (2008) Structure of the Nemrut caldera (Eastern Anatolia, 
Turkey) and associated hydrothermal fluid circulation. Journal of Volcanology and Geothermal Research 174, 269-
283, doi:10.1016/j.jvolgeores.2008.02.012. 

31. Varol E, Temel A, Gourgaud A (2008) Textural and compositional evidence for magma mixing in the evolution of 
th Camhdere volcanic rocks (Galatean volcanic province), Central Anatolia, Turkey. Turkish Journal of Earth 
Sciences 17, 709-727. 

 
2007 

1. 1 Barde-Cabusson S, Merle O (2007) From steep-slope volcano to flat caldera floor. Geophysical Research Letter 
34, L10305, doi: 10.1029/2007GL029784. 

2. Bogoutdinov SR, Agayan SM, Gvishiani AD, Graeva EM, Rodkin MV, Zlotnicki J, Le Mouël JL (2007) Fuzzy 
Logic Algorithms in the Analysis of Electrotelluric Data with Reference to Monitoring of Volcanic Activity. 
Izvestiya. Physics of the Solid Earth 43, 597-609. 

3. Borgia A, Grieco G, Brondi F, Badali M, Merle O, Pasquarè G, Martielli L, di Nardo T (2007) Reply to comment 
by V. Picotti and F.J Pazzaglia on Shale diapirism in the Quaternary tectonic evolution of the Northern Apenine, 
Bologna, Italy. Journal of geophysical Research 112, doi: 10.1029/20034JB003375. 

4. Carter A, Van Wyk de Vires B, Kelfoun K, Bachèlery P, Briole P (2007) Pits, rifts and slumps: the summit 
structure of Piton de la Fournaise. Bulletin of Volcanology 69, 741-756, doi:10.1007/s00445-006-0103-4. 

5. Cubuckçu E, Aydar E, Gourgaud A (2007) Comments on « Volcanostratigraphy and petrogenesis of the Nemrut 
stratovolcano (East Anatolian High plateau) : the most recent post-collisional volcanism in Turkey » by Ozdemir et 
al. (Chemical Geology 226 (2006) 189-211. Chemical Geology 245, 120-129. 

6. Delacour A, Gerbe MC, Thouret JC, Wörner G, Paquereau-Lebti P (2007) Magma evolution of Quaternary minor 
volcanic centres in southern Peru, Central Andes. Bulletin of Volcanology 69, 581-608. doi10.1007/s00445-006-
0096-z. 

7. Druitt TH, Avard G, Bruni G, Lettieri P, Maez F (2007) Gas retention in fine-grained pyroclastic flow materials at 
high temperatures Bulletin of Volcanology 69, 881-901, doi 10.1007/s00445-007-0116-7. 

8. Ersoy O, Aydar E, Gourgaud A, Artuner H, Bayhan H (2007) Clustering of volcanic ashes arising from different 
fragmentation mechanisms using Kohonen self-organizing maps. Computer and Geosciences 33, 821-828. 

9. Ersoy O, Gourgaud A, Aydar E, Chinga G, Thouret JC (2007) Quantitative scanning-electron microscope analysis 
of volcanic ash surfaces : application to the 1982-83 Galunggung eruption (Indonesia). Geological Society of 
America Bulletin 119, 743-752. 

10. Froger JL, Remy D, Bonvalot S, Legrand D (2007) Two scales of inflation at Lastarria-Cordon del Azufre volcanic 
complex, central Andes, revealed from ASAR-ENVISAT interferometric data. Earth and Planetary Science Letters 
255, 148-163. 

11. Garcia-Aristizabal A, Kumagai H, Samaniego P, Mothes P, Yepes H, Monzier M (2007) Seismic, petrologic, and 
geodetic analyses of the 1999 dome-forming eruption of Guagua Pichincha volcano, Ecuador. Journal of 
Volcanoloy and Geothermal Research 161, 333-351. 

12. Holohan E, Van Wyk de Vries B, Troll TR (2007) Caldera collapse in strike-slip environments. Bulletin of 
Volcanology 7, 773-776. 

13. Hradecky P, Sébasta J, Havelick, P., Hrubes, M., Kyck, P., Mloch, B., Mrazova, S., Novack, Z., Opletal, M., 
Prichystal, A., Rapprich, V., Stanick, E., van wyk de Vries, B. et al. (2007) Map of the Nicarguan volcanic chain 
1:200 000 eds. Hradecky P, Sebasta J. Czech Geological Survey ISBN 978-80-7075-671-3. 

14. Huggel C, Ceballos JL, Pulgarin B, Ramirez J, Thouret JC (2007) Review and reassessment of hazards owing to 
volcano glacier interactions in Colombia. Annals of Glaciology/ (The International Symposium on Earth and Mars 
Ice-Volcano Interactions, Reykjavik, Iceland, June 2006) 45, 115-127. 

15. Kuentz A, Galán de Mera A, Ledru MP, Thouret JC (2007) Phytogeographical data and modern pollen rain of the 
puna belt in southern Peru (Nevado Coropuna, Western Cordillera). Journal of Biogeography 34, 1762-1776. 

16. Lénat JF (2007) Retrieving  Self Potential anomalies in a complex volcanic environment : a SP/elevation gradient 
approach. Near Surface Geophysics, 161-170. 

17. Meloni A, Zlotnicki J (2007) Electromagnetic Studies of Earthquakes and Volcanoes,. Annals of Geophysics 50. 
18. Moune S, Faure F, Gauthier PJ, Sims K (2007) Pele’s hairs and tears: natural probe of volcanic plume. Journal of 

Volcanology and Geothermal Research 164, 244-253. 
19. Moune S, Sigmarsson O, Thordarson T, P.J. G (2007) Recent volatile evolution in the magmatic system of Hekla 

volcano, Iceland. Earth and Planetary Science Letters 255, 373-389. 
20. Oehler JF, Lénat JF, Labazuy P (2007) Growth and collapse of the Reunion Island volcanoes. Bulletin of 

Volcanology, 717-742, doi 10.1007/s00445-007-0163-0. 



 11

21. Sasai Y, Johnston MJS, Tanaka, Y., Mueller, R., Hashimoto, T., Utsugi, M., Sakanaka, M., Uyeshima, M., 
Zlotnicki, J., Yvetot, P. (2007) Drag-out effect of piezomagnetic signals due to a borehole: The Mogi source as an 
example. Annals of Geophysics 1, 93-104. 

22. Shea T, Wyk de Vries van B, Pilato M (2007) Emplacement mechanisms of contrasting debris avalanches at 
Volcan Mombacho (Nicaragua), provided by structural and facies analysis. Bulletin of Volcanology 70, 899-921, 
doi: 10.1007/s00445-007-0177-7. 

23. Thouret JC, Lavigne F, Suwa H, Sukatja B, Surono (2007) Volcanic hazards at Mount Semeru, East Java 
(Indonesia), with emphasis on lahars. Bulletin of Volcanology 70, 221-244. 

24. Thouret JC, Ramirez C, Gibert-Malengreau B, Vargas CA, Naranjo JL, Vandemeulebrouck J, Valla F, Funk M 
(2007) Volcano-glacier interactions on composite cones and lahar generation: Nevado del Ruiz, Colombia, case 
study. Annals of Glaciology 45, 115-127. 

25. Thouret JC, Ramirez J, Naranjo JL, Gibert-Malengreau B, Vandemeulebrouck J, Funk M, Valla F (2007) The 
Nevado del Ruiz ice cap, Colombia, 21 years after: volcano-glacier interactions, meltwater generation, and lahar 
hazards. Annals of Glaciology 45, 115-127. 

26. Thouret JC, Wörner G, Gunnell Y, Singer B, Zhang X, Souriot T (2007) Geochronologic and stratigraphic 
constraints on canyon incision and Miocene uplift of the Central Andes in Peru. Earth and Planetary Science 
Letters 263, 151-166. 

27. Varol E, Temel A, Gourgaud A, Bellon H (2007) Early Miocene adakite-like volcanism in the Balkuyumcu region, 
central Anatolia, Turkey : petrology and geochemistry. Journal Asian Earth Sciences 30, 613-628. 

 
 
Groupe des Sciences de la Terre, LPS, CNRS-CEA, Saclay 
(rattaché à l’IPGP en en 2010) 
 
Mécanismes et bilans de transferts des fluides magmatiques 

 
 
Les constituants volatils majeurs - H2O, CO2, S (SO2, H2S), et halogènes (Cl, F) – exercent une influence majeure 
sur les propriétés rhéologiques des magmas (viscosité, densité, température de liquidus) et, par leur exsolution 
sous forme des bulles de gaz lors de la remontée des magmas, constituent la force motrice des éruptions 
volcaniques. Les recherches ont été développées sur différents aspects : comportement des volatils dissous et 
des processus de dégazage magmatique, composition chimique et des flux émissions gazeuses volcaniques,  
géochimie des magmas à la frontière des plaques Africaine et Européenne, développement ou/et acquisition de 
nouveaux outils analytiques. Différents volcans actifs ont été étudiés, notamment l’Etna et le Stromboli, mais 
aussi des volcans de l’arc du Vanuatu (Yasur, Ambrym, Ambae), de l’arc des Antilles (St. Vincent, Grenade), le 
Piton de la Fournaise, et l’éruption 2010 de l’Eyjafjallajökull en Islande. Parmi les avancées majeures, on peut 
citer : 
- La modélisation du comportement des volatils dissous et exsolvés dans les magmas en fonction de la pression, 
grâce à leur étude dans les inclusions vitreuses des cristaux d’olivine par microfaisceaux (microsondes 
électronique, ionique et nucléaire). 
- La quantification des dégazages magmatiques par analyses couplées des volatils dans les magmas et des 
émissions gazeuses magmatiques en surface (outils spectroscopiques). 
- Les développements analytiques : dosage quantitatif et rapide de l’eau dissoute dans les verres et inclusions 
vitreuses par micro-spectroscopie Raman, et dans les verres volcaniques et minéraux mantéliques par ERDA ; le 
dosage des éléments en trace des laves par ICP-MS sur des microquantités d’échantillon; et 
l’acquisition/utilisation d’un spectromètre infrarouge à transformée de Fourier en parcours ouvert (OP-FTIR) 
pour la mesure à distance et en temps réel de la composition chimique des gaz magmatiques pendant les 
éruptions. 
Ces recherches ont été développées en collaborations avec différents partenaires français (CRPG, LMV, IPGP, 
LMPP, LSCE, IRD) et étrangers (notamment l’INGV et les Universités de Palerme et Pise, en Italie, DGMWR au 
Vanuatu, VSI en Islande), dans le cadre de projets ANR (EXPLANT, VOLGASPEC, Arc Vanuatu, MIME), de projets 
INSU, et de collaborations bilatérales. On en donne ci-dessous quelques illustrations. 
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1. Caractérisation des volatils dans les magmas  
 

1.1 Spéciation du soufre en fonction de la composition et de l’état redox des magmas  
Participants : Métrich N., Berry A.(Imperial College of London), O’Neill H.(ANU, Australie), Susini J.(ESRF) 
 
La solubilité du soufre dans les magmas est liée directement à son état redox et représente un paramètre 
important à déterminer pour comprendre les processus géologiques (dégazage magmatique, formation des gîtes 
métallifères, géochimie des éléments chalcophiles..). 
Les séries de mesures réalisées par micro-spectrométrie d’absorption X ([XANES*) au seuil K du soufre, sur la 
ligne ID21 de l’ESRF, ont permis d’identifier sans ambiguïté les espèces soufrées présentes dans les verres et 
les inclusions vitreuses silicatées. On a ainsi pu démontrer que la proportion de soufre dissous sous forme 
sulfate prédomine dans les magmas basaltiques d’arc, oxydés et riches en eau (Bonnin-Mosbah et al., 2002, 
Métrich et al., 2002). La spéciation du soufre semble plus complexe dans des inclusions basaltiques 
représentatives de magmas moins oxydés et saturés vis à vis du globule de sulfure. L’ensemble des spectres 
acquis sur ces inclusions vitreuses montre la 
coexistence systématique de sulfate (SVI) et sulfure 
(SII), la présence possible d’autres espèces soufrées, 
ainsi qu’un pic à 2469.4 eV, non identifié (Figure ci-
contre). 
Pour comprendre cette variabilité nous avons mené 
une étude systématique de la spéciation du soufre 
dans des verres de compositions variables (basaltiques 
à liquides riches en Ca-Na-Mg), synthétisés sous 
différentes conditions d’oxydation. Les verres 
synthétisés en conditions réductrices (log fO2 –8.8 à –
10.9; log fS2 –1.9) à 1200-1400°C et 1 bar, sont 
caractérisés par un pic à 2476.3 eV, identifiant 
l’espèce sulfure. Dans les verres oxydés (log fO2 –0.49 
à – 0.30; log fS2 –0.18 à –0.31; log fSO2 –1.5 à –2.1), le 
soufre est dissous sous forme sulfate (pic à 2482 eV). 
Nous montrons aussi que l’espèce sulfite (SIV) est 
présente dans les verres très oxydés, mais peut aussi 
résulter de la réduction des sulfates par photo-réduction en cours d’analyse (Métrich et al., 2009). 

 
1.2. Dosage quantitatif de l’eau dissoute par spectroscopie micro-Raman 
Participants : Di Muro A, M. Mercier, Métrich N., O. Belhadj, D. Massare 
H2O jouant un rôle majeur dans les processus magmatiques, il est essentiel de disposer d’un outil analytique 
permettant son dosage rapide et précis. Dans le cadre du projet et d’un doctorat (M. Mercier, 2009), l’analyse 
quantitative de l’eau dans les verres volcaniques par spectroscopie micro-Raman a été développée en trois 
étapes: a) quantification et calibration de l’influence des effets de matrice, dus à la composition complexe des 
verres volcaniques, sur les spectres Raman de l’hydrogène (H2Otot) mais aussi du carbone (CO2) dissous; b) 
inter-comparaison des résultats aux données jusque-là obtenues par spectroscopie FTIR; et c) application des 
nouveaux protocoles à l’analyse des produits vitreux de différents volcans. Les résultats ont donné lieu à 6 
publications de rang A et à 5 communications à congrès internationaux. 
Les effets de matrice ont été étudiés et calibrés sur une large série de verres de synthèse (>60 compositions 
différentes), produits pour la plupart à partir des matériaux naturels (Mercier et al., 2008, 2009, 2010; Di Muro 
et al., 2009, 2010). Ont été étudiés: des verres anhydres avec un degré de dépolymérisation croissant, 
couvrant la presque totalité du spectre de composition des magmas (à l’exception des magmas exotiques ultra-
alcalins ou carbonatitiques); des verres anhydres mafiques avec un degré d’oxydation croissant; et des verres 
hydratés à moyenne-basse pression (<2 kb) et haute pression (jusqu'à 20 kbar), ayant des teneurs en eau (0.1-7 
% poids) caractéristiques de la diversité des magmas naturels. Des verres siliceux (haplogranite) synthétisés à 
haute pression nous ont permis d’étudier la dissolution de H et C en fonction de la pression à composition 
constante (Ardia et al., 2011). Les résultats ont permis de quantifier, pour des verres naturels et synthétiques, 
l’effet sur la topologie des spectres Raman et infrarouges de plusieurs paramètres tels que : a) le degré de 
polymérisation, b) l’état redox du fer, c) la teneur en eau dissoute et d) la pression. Une équation générale a 
été formulée qui permet prédire avec précision la teneur en eau dissoute des verres naturels d’après les 
spectres micro-Raman (Mercier et al., 2009), en bon accord avec les mesures par spectroscopie FTIR (Figure ci-
dessous). La méthode a été appliquée avec succès à différents magmas et produits (basaltes riches en fer; 
inclusions vitreuses vésiculées de l’andésite de Montserrat (Williamson et al., 2010); micro-cheveux de Pelé du 
Piton de la Fournaise; inclusions vitreuses du Yasur).  
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Figure – Analyse de l’eau dissoute dans les verres volcaniques par spectroscopie micro-Raman : a) Calibration externe de 
l’intensité du pic H2OT (3550 cm-1) dans les spectres Raman en fonction de la concentration en eau pour 6 verres synthétiques 
de composition différente (basanite à rhyolite); b) Inter-comparaison entre contenus en eau dans des verres naturels mesurés 
par spectroscopies micro-Raman et FTIR (Mercier et al., 2010). 

 

2. Signature géochimique de la source des magmas  
 
2.1 Etna (éléments traces, teneur en eau et rapport isotopique D/H) 

Participants : Métrich N., Allard P.; Collaborations: E. Deloule (CRPG-Nancy), Kamenetsky V. (Univ. 
Tasmanie), Pompilio M. (INGV-Pise, Italie), Sobolev A. et Kuzmin D.W. (Max Planck Institute, Germany). 
L’Etna est situé dans un contexte géodynamique complexe, à la frontière des plaques Africaine et Européenne 
et à l’arrière de la subduction ionienne. La source des magmas etnéens a fait l’objet de nombreux débats et 
publications. Pour approfondir cette question nous avons premièrement étudié le magma picritique riche en 
olivine (Fo90) de l’éruption explosive sub-plinienne datée à 3900 ans BP, l’un des magmas plus primaires de 
l’histoire récente du volcan. On montre que les roches totales et les inclusions vitreuses des olivines ont des 
teneurs en éléments en traces et des rapports entre ces éléments parfaitement comparables (Kamenetsky et 
al., 2007; Métrich et al., 2007). Ces picrites et les basaltes actuels ou historiques de l’Etna ont des rapports 

Th/U et Ce/Th compatibles avec leur 
dérivation d’une source de mantélique de type 
OIB à affinité HIMU. Leurs rapports U/Nb, 
Sr/Nd et H2O/Ce indiquent cependant une 
contamination de cette source par un fluide 
métasomatique (lié ou non à la subduction de 
la lithosphère ionienne), avec un 
enrichissement marqué du magma picritique 
en eau et CO2 (Figure ci-contre). Les  pressions 
de piégeage du liquide magmatique, comprises 
entre 400 et 500 MPa, correspondent à des 
profondeurs comprises entre le manteau et la 
croûte inférieure sous l’Etna. 
Le rapport isotopique de l’eau dissoute dans 
les magmas étnéens a ensuite été mesuré par 
SIMS dans les inclusions vitreuses des olivines 
des du magma picritique de 3900 BP et dans 

les basaltes primitifs produits par les deux puissantes éruptions de 2001 et 2002. Les résultats révèlent une eau 
magmatique enrichie en deutérium (D ~ -30‰) comparée aux valeurs caractéristiques du manteau supérieur 
(D ~ -60‰), indiquant une source enrichie en eau recyclée par subduction. De plus, l’évolution des D  en 
fonction de la pression permet de tracer les fractionnements isotopiques associés au dégazage en système 
fermé ou ouvert des magmas lors de leur remontée vers la surface (Allard et al., 2009 and in prep.).  
 
2.2. Géochimie isotopique des magmas primaires de l’arc des Antilles (St Vincent, Grenade)  
Participants : Bouvier A.S., Métrich N. Collaborations : E. Deloule (CRPG-Nancy), ANR-UD Antilles. 
Ce travail est entrepris dans le cadre de l’ANR-UD-Antilles (2006-2008) a fait l’objet de la thèse d’Anne Sophie 
Bouvier co-dirigée avec E. Deloule. L'arc volcanique des Petites Antilles résulte de la subduction de la plaque 
Atlantique sous la plaque Caraïbes, à une vitesse relativement lente de 2 à 4 cm par an. Les laves sont à 
dominante andésitiques, les basaltes primaires riches en MgO (HMB) n’étant présents qu’au sud de l’arc. Les 
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magmas aux Antilles sont engendrés par la fusion d’un manteau type MORB modifié par des fluides provenant 
de la croûte océanique altérée et des sédiments subductés. Cependant, la nature des fluides contaminants 
issus de la plaque en subduction varie du nord au sud de l’arc et fait l’objet de débats. Nous avons donc étudié 
les magmas primaires de l’arc pour clarifier cette question. Les scories basaltiques magnésiennes (MgO ~ 12 à 
15%) de Grenade et St Vincent (sud de l’arc) ont été échantillonnées puis, après sélection, ont été analysées 
pour leurs inclusions vitreuses les plus représentatives des magmas primaires (Figure 23). Les concentrations en 
H2O, Li, B, Cl, F et S des inclusions, ainsi que les compositions isotopiques de Li, B, O et S, ont été 
systématiquement déterminées par microsonde ionique (IMS 1270) au CRPG. 

 
 
Les résultats acquis sur les basaltes magnésiens de St Vincent sont extrêmement intéressants. Les inclusions 
ont des compositions très variables, compatibles avec la contamination d’une source type MORB par deux 
fluides : l’un issu de la déshydratation de la croûte océanique, et l’autre des sédiments subductés sous le sud 
de l’arc (Figure 22). Les teneurs en eau des inclusions, rapportés aux travaux expérimentaux (Pichavant & 
McDonald, 2007), permettent de contraindre les conditions de pression et température de genèse des magmas 
(Bouvier et al., 2008). Un travail identique mené sur les liquides primaires de l’île de Grenade, piégés en 
inclusions vitreuses, conforte ces observations nouvelles (Bouvier et al., 2010). 
 

3. Comportement de la phase gazeuse et dynamismes éruptifs 
 
Ce paragraphe regroupe et résume différents travaux effectués sur les dégazages magmatiques et les 
dynamismes éruptifs, étudiés tant à partir des abondances et du comportement des éléments volatils dissous 
dans les magmas, qu’à partir des mesures de composition chimique et de flux massique des émissions gazeuses 
volcaniques en surface. 
 
3.1 Mécanismes à l’origine de l’activité explosive et des paroxysmes du Stromboli. Dualité 
magma/gaz. 
Participants : P. Allard, N. Métrich, A. Di Muro, O. Belhadj, D. Massare. Collaborations : A. Bertagnini, P. 
Landi, M. Burton  (INGV-Pise, Italie), M. Rosi (Univ. Pise, Italie), A. La Spina, F. Murè (INGV-Catane, Italie), A. 
Aiuppa (CFTA, Univ. Palerme, Italie) 
Stromboli est fameux pour son activité explosive récurrente (activité strombolienne) qui, chaque 10 à 20 
minutes, donne lieu à des jets de gaz et de scories denses (riches en cristaux : 50% de plagioclase, pyroxène, 
olivine) aux cratères sommitaux, et ceci depuis environ 1500 ans.  Cependant, Stromboli produit aussi des 
paroxysmes explosifs isolés, particulièrement dangereux, dont la fréquence moyenne varie de 1 à 3 par an pour 
les explosions ‘majeures’, et de 1-2 par décennie pour les plus violents paroxysmes de type vulcaniens. Une 
caractéristique unique et commune à ces paroxysmes est l’éruption, sous forme de ponce aphyrique et 
vésiculée, du basalte shoshinitique riche en gaz qui alimente le volcan (Bertagnini et al., 2003; Métrich et al., 
2005). 
Nos travaux ont permis de caractériser la source (profondeur) des différents évènements explosifs du Stromboli 
et de proposer des modèles quantitatifs pour leur genèse. 
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L’activité explosive strombolienne est engendrée par l’ascension puis la rupture de poches de gaz (slugs) 
formées en profondeur par coalescence de bulles plus petites. La profondeur d’origine de ces poches de gaz 
était estimée à environ 250-400 m sous les cratères d’après les signaux sismiques et acoustiques associés aux 
explosions. Or, nos mesures des gaz par spectroscopie infrarouge à transformée de Fourier en parcours ouvert 
(OP-FTIR) ont permis de montrer (i) que les slugs gazeux responsables des explosions étaient notablement 
enrichis en CO2 par rapport au dégazage calme persistant (Figure ci-dessous) et (ii) se forment à des 
profondeurs allant de 1 à 3 km sous les cratères, soit entre la base du volcan et le niveau de la mer, bien 
supérieures aux estimations admises jusque là. Ces résultats ont été publiés dans Science (Burton et al., 2007). 

 
La genèse des paroxysmes explosifs a fait l’objet d’études minutieuses de leurs produits solides et des volatils 
piégés dans les inclusions vitreuses de leurs cristaux d’olivine (Bertagnini et al., 2008 ; Francalanci et al., 
2008 ; Landi et al., 2008 ; Métrich et al., 2010 ; Aiuppa et al., 2010). Il en ressort un modèle de remontée 
rapide de ‘blobs’ de magma primitif,  riche en gaz (≥3% poids de H2O+CO2+S+Cl), depuis des pressions de 240-
250 MPa (environ 7-8 km de profondeur sous le sommet du volcan). Ce modèle rend bien compte des explosions 
paroxysmales historiques mais aussi de l’explosion paroxysmale du 5 Avril 2003. 
Toutefois, sur la base de différentes observations et d’un modèle de dégazage du magma basaltique basé sur le 
comportement des volatils en fonction de la pression, un modèle alternatif a été proposé (Allard, 2010) qui fait 
jouer un rôle moteur au dioxyde de carbone exsolvé et accumulé en profondeur. Les explosions majeures, mais 
aussi certaines explosions paroxysmales au moins, seraient principalement déclenchées par de larges poches de 
gaz  riches en CO2 accumulées aux discontinuités du système d’alimentation. Ce modèle est compatible avec 
les anomalies de tremor sismique décelées une quinzaine d’heures avant le paroxysme du 5 Avril 2003 (Pino et 
al., in press), ainsi qu’avec des variations de flux de CO2 enregistrées depuis quatre ans avant chaque explosion 
‘majeure’ (Aiuppa et al., soumis). Il est possible, cependant, que les deux mécanismes proposés opèrent 
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séparément ou simultanément selon les circonstances et la profondeur de genèse des paroxysmes, les 
différences portant sur les rôles respectifs de la phase gazeuse et du liquide magmatique. 
 
3.2 Processus et bilans de dégazage magmatique dans l’arc du Vanuatu (Yasur et Ambrym) 

Participants : P. Allard, N. Métrich, A. Di Muro, O. Belhadj, D. Massare, G. Sawyer. Collaborations: P. Bani, B. 
Pelletier (IRD, Noumea), Bertagnini, M. Burton  (INGV-Pise, Italie), A. Aiuppa, F. Parello (CFTA, Univ. 
Palerme, Italie), E. Garaebiti (DGMWR, Vanuatu) 

 
Les dégazages magmatiques aux deux volcans Yasur (trachyandésite) et Ambrym (basalte) ont été étudiés en 
détail dans le cadre des contrats ANR ‘Arc Vanuatu’ et ‘Volgaspec’ (2007-2010).  
- Yasur :  
L’analyse des produits solides anciens et actuels du complexe volcanique à caldera Siwi-Yasur (ignimbrite de 
Siwi, produits explosifs du Yasur depuis 1400 ans) et de 
ses émissions gazeuses nous a permis de 
démontrer (Métrich et al., 2008, 2009, 2011; Allard et 
al., 2008, 2011 et en prép.): (i) son alimentation, depuis 
au moins 2 millions d’années, par un même basalte 
parent, relativement anhydre, qui se différencie en 
magma trachyandésitique par 50% de cristallisation 
fractionnée; (ii) un dégazage continu, partiellement 
ouvert du magma trachyandésitique (1107±15°C) entre 
5-4 km de profondeur et la surface, associé à un flux de 
chaleur intense; (iii) un flux total de 15x103 tonnes/jour 
de gaz magmatique (97 mol% d’H2O), dont ~700 
tonnes/jour de SO2 et 165 tonnes/jour de HCl, qui, 
normé aux teneurs pré-éruptives en soufre et chlore 
dissous, implique un taux moyen d’alimentation en 
basalte de 0.05 km3/an; enfin, (iv) l’accumulation de 26 
km3 de magma trachyandésitique dégazé en 1000 ans sous la caldera de Siwi, qui suffirait amplement à 
expliquer la résurgence cumulée (2.8 km3) du horst du Yenkahe dans le même temps (Figure 1, ci-dessus).  
- Ambrym :  
Des investigations fines ont été menées (i) sur le contenu en volatils des basaltes du volcan Ambrym (H2O-CO2-
S-Cl-F dissous en inclusion vitreuses des olivines) et (ii) sur les gaz émis par ce volcan à lac de lave (Post-doc  
ANR Volgaspec de G. Sawyer). Les  inclusions ont été analysées par spectroscopie micro-Raman (H2O), 
microsonde nucléaire (CO2) et microsonde électronique (éléments majeurs, S, Cl et F). Les résultats obtenus, 
les tout premiers sur ce volcan, révèlent: (i) une grande homogénéité chimique des liquides basaltiques 
d’Ambrym, vérifiée par l’analyse des roches totales; (ii) l’existence, cependant, de liquides calciques riches en 
volatils (olivine Fo88), communs à d’autres volcans d’arc mais dont l’origine reste mal comprise; (iii) des 
concentrations massiques relativement modestes en CO2 (0.1%), 
H2O (1.2%), S (0.15-0.17%) et Cl (~0.1%) des liquides basaltiques 
les moins évolués (olivine Fo83); et (iv) une exsolution rapide, 
lors de la décompression, du CO2 par rapport à l’eau et du 
soufre par rapport au chlore (Figure ci-contre qui va faire varier 
les rapports entre ces espèces dans la phase gazeuse en 
fonction de la pression.  
 
Figure  – Inclusions vitreuse dans les olivines des basaltes 
d’Ambrym: évolution du rapport soufre sur chlore lors de la 
décompression et différenciation (P2O5) du liquide basaltique 
 
Les pressions totales de fluides calculées à partir des teneurs en 
CO2 et H2O dissous indiquent une alimentation à plus de 6 km 
de profondeur (olivine Fo83) et un réservoir magmatique superficiel situé à ~4 km sous le volcan, en bon 
accord avec les premières données sismiques existantes (Legrand et al., 2005). C’est ce réservoir qui alimente 
le dégazage continu et l’activité à lacs de lave d’Ambrym (Allard et al., 2009, et en soumission), dont la 
composition a pu être mesurée pour la première fois par spectroscopie OP-FTIR (Figure page suivante). 
Les flux de gaz, normés au flux de SO2 mesuré par spectroscopie DOAS aéroportée, montrent qu’ Ambrym est 
l’un des plus forts émetteurs volcaniques de matière volatile dans l’atmosphère, produisant  environ 10% des 
flux volcaniques globaux de SO2, HF, Cu, As, Se, 210Po et 210Pb (Allard et al., 2008,2009, et en soumission) et 
une fraction importante du budget total en SO2 de l’arc du Vanuatu (Bani et al., en révision). Combinés aux 
analyses du soufre dissous en inclusions vitreuses, les flux de SO2 permettent de calculer un taux 
d’alimentation magmatique moyen de 10 m3/s (Allard et al., 2009). 
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Figure   –  Composition chimique des gaz magmatiques émis par le lac de lave basaltique du volcan Ambrym, 
Vanuatu, enregistrée chaque 4 secondes par spectroscopie OP-FTIR  (Allard et al., en soumission). 
 

  
 
 
 
3.3  Un archétype des éruptions basaltiques dues à la propagation latérale de dykes d’origine 
profonde: l’éruption de l’Etna  en février-avril 1974 
Participants:  N. Métrich, P. Allard, Fourmentraux C. ; collaborations: R. Corsaro, D. Andronico, L. Miraglia 
(INGV, Catania, Italy) 
L’Etna, comme les autres stratovolcans basaltiques, produit des éruptions latérales, dont les coulées de lave 
constituent un risque majeur pour les populations avoisinantes. Ces éruptions résultent de la propagation du 
magma dans des fractures (dykes) qui, soit drainent les conduits centraux, soit se propagent depuis un 
réservoir sous le volcan indépendamment des conduits centraux. Quelques rares éruptions appartenant à cette 
seconde catégorie ont eu lieu en 1763, 1974, 2001 et 2002. Elles ont eu en commun une très forte explosivité 
et la particularité d’avoir produit des magmas riches en gaz et très peu cristallisés. Appelées ‘excentriques’, 
ces éruptions peuvent cependant se produire en différents points du volcan, selon le lieu et l’altitude 
d’émergence des dykes. L’origine et les conditions de remontée de leurs magmas restent de plus mal connues.  
Ceci nous a conduit à étudier en détail les produits de l’éruption latérale de 1974 (1650 m, sur le flanc ouest), 
évènement ‘clef’ dans l’histoire de l’Etna en raison de son explosivité, de son déroulement en deux phases 
séparées, et surtout de la composition anormale de son magma basaltique, enrichi en alcalins (K, Rb), en 226Ra 
et strontium radiogénique. L’éruption fut précédée et accompagnée par deux fortes crises sismiques. Elle a 
produit 4.5x106 m3 de lave et formé deux nouveaux cônes de scories (Mt. De Fiore I et II, Figures 6-7).  

 
Nous avons repris et développée l’étude minéralogique et géochimique des laves et scories de l’éruption, ainsi 
que celle des inclusions vitreuses de leurs cristaux d’olivine (Figure :7). Combinés aux données sismiques, les 
résultats obtenus nous permettent de démontrer que l’éruption de 1974 a résulté successivement de : (i) la 
fracturation tectonique du flanc ouest du volcan puis de la croûte profonde, (ii) la décompression du système 
d’alimentation intermédiaire et la nucléation, à environ 15 km de profondeur, d’un dyke qui s’est propagé vers 
la surface à une vitesse moyenne de l’ordre du centimètre par seconde, et enfin (iii) la remontée rapide, en 
système fermé du magma et des gaz jusqu’à faible profondeur (1 km) sous le site de l’éruption. La richesse 
initiale en eau (3% poids) du basalte et son ascension rapide ont empêché la cristallisation du plagioclase. La 
composition du basalte démontre l’injection d’un nouveau magma enrichi en alcalin dans le système 
d’alimentation de l’Etna, mélangé à 75%/25% au magma préexistant, qui fut émis pour la première fois en 
1974. Pour cette éruption, archétype des éruptions ‘excentriques’ de l’Etna, nous proposons une nouvelle 
nomenclature qui peut être généralisée à d’autres volcans basaltiques (Corsaro et al., 2009). 
. 
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4. Autres activités 
 
- Traçage isotopique de la source des magmas ou/et des interactions fluides 
magmatiques/aquifères par les isotopes de l’hélium 
 Premières analyses isotopiques de l’hélium dans les fluides volcaniques hydrothermaux de l’archipel des 

Açores (Jean-Baptiste et al., EPSL 2009 ; collab. avec l’Univ. des Açores et programme CNRS-JNICT). 
 Premières analyses isotopiques de l’hélium dans les fluides et les olivines de l’arc volcanique du Vanuatu 

(Jean-Baptiste et al., 2009, et en cours). 
 Etude des eaux thermales de Tunisie et premières analyses isotopiques de l’hélium dissous (Fourré et al., 

en révision; collaboration avec l’Univ. Al Manar de Tunis). 
 

-  Spéciations et flux volcaniques de mercure  
 Soufrière de Guadeloupe et Italie (Bagnato et al., 2008, 2009) 
 Flux volcaniques globaux (Bagnato et al., 2010) 
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1. Introduction 

Dans les dernières années, la volcanologie a connu de rapides progrès dans plusieurs domaines. Les systèmes 
d’observation, qu’ils soient permanents ou temporaires, se sont grandement améliorés, entraînant une 
augmentation de la qualité, de la quantité et de la variété des données disponibles. Pour exploiter la masse 
d’information obtenue, des méthodes d’analyse détaillée et de traitement systématique des signaux ont été 
développées. Des observations multi-méthodes se multiplient et l’interprétation conjointe des différents types 
de données permet de mieux comprendre les phénomènes dans les systèmes magmatiques et hydrothermaux. 
Ces résultats apportent des contraintes à des modèles physiques de ces systèmes. Par exemple, des modèles de 
dynamique des écoulements de magma dans des conduits et de l’évolution des dômes de lave  rendent compte 
de nombreux aspects du comportement complexe des éruptions de volcans andésitiques. D’autres études 
montrent que les effets du dégazage des colonnes magmatiques jouent un rôle fondamental dans l’évolution 
des systèmes et dans leur réponse sismique (Collombet, 2009). Une meilleure compréhension des processus 
physique dans les volcans repose donc sur le développement de modèles conceptuels et numériques ainsi que 
sur des expériences analogiques. En parallèle, les études de structure ont été l’objet de développements 
remarquables. La résolution des méthodes d’imagerie a été améliorée grâce à la densification des réseaux de 
capteurs et à l’amélioration des méthodes. Sur des volcans très actifs et particulièrement bien instrumentés 
comme l’Etna, des tomographies à 4D ont mis en évidence des évolutions temporelles de la structure en 
relation avec des intrusions magmatiques. Toutefois, malgré les progrès mentionnés ci-dessus, la connaissance 
partielle que l’on a des structures génère de fortes incertitudes sur la localisation et le mécanisme des sources 
sismiques. 

2. Sismo-mécanique et structure des volcans 

Notre effort a porté sur la mise au point d’une méthode de tomographie en doubles-différences (Monteiller, 
2005). Cette méthode permet l’utilisation de décalages temporels d’ondes P premières arrivées, mesurés très 
précisément par méthode interspectrale dans le cas de séismes semblables, pour une tomographie en vitesse 
sismique du milieu de propagation. Cette méthode nécessite un calcul direct très précis (effectué par retracé 
des rais dans le champ des temps de parcours calculé par un algorithme Podvin-Lecomte) et une inversion 
robuste, une attention particulière étant portée aux problèmes de conditionnement du système d’équations à 
inverser. Elle a nécessité la mise en œuvre d’un algorithme d’inversion Tarantola-Valette dans l’espace des 
paramètres, et donc une approximation correcte de l’inverse de la matrice de covariance des paramètres 
(vitesses), réalisée grâce à une relation de récurrence originale. L’application réalisée sur le volcan Kilauea a 
permis de mettre en évidence, à petite échelle, le système d’approvisionnement magmatique du volcan avec 
une résolution et une stabilité jamais atteintes jusqu’ici (Monteiller et al., 2005). 
Deux autres résultats notables de cette étude ont été la mise en évidence dans le volcan et ses rifts d’un noyau 
rapide (donc dense, mis en place par intrusion) entouré de matériau lent (léger, mis en place par extrusion), et 
d’un système plan de décollement (au toit de la croûte océanique) – faille inverse (dans la croûte océanique) à 
la limite du noyau rapide. Une modélisation mécanique des déformations du volcan a été effectuée en 
différenciant le noyau dense et élastique de la couverture périphérique, légère et élasto-plastique. Elle permet 
de retrouver une faille inverse dans la croûte, créée sous l’action du poids du noyau et des contrastes de 
propriétés mécaniques noyau/remplissage. Un édifice de la taille du Mauna Loa peut atteindre la masse 
critique permettant de poinçonner profondément la croûte océanique, en engendrant un système de faille qui 
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traverse la croûte, créant les conditions pour l’ascension du magma et la naissance d’un nouvel édifice 
volcanique (le Kilauea et ses rifts). 
 

 
Modélisation mécanique du volcan Mauna 
Loa, Hawaii, et de la lithosphère sous-
jacente (Got et al., 2008) 
 
L’introduction d’une poussée horizontale 
du magma provoque un poinçonnement de 
la couverture d’origine effusive, légère et 
élasto-plastique par le noyau dense et plus 
rigide, engendrant une zone de 
déformation intense exactement à 
l’endroit où l’on observe les gigantesques 
escarpements de failles d’Hilina Pali, dont 
les mouvements sont à l’origine de 
tsunamis (Got et al., 2008). 
La même méthode, comportant une 

nouvelle paramétrisation en Vp, Vp/Vs et un nouveau test de validation de la position des séismes localisés, a 
été utilisée pour étudier la structure des volcans Cotopaxi (Equateur) et Etna (Italie). Pour le Cotopaxi, l’étude 
a nécessité la mise au point d’un modèle de vitesse régional à l’échelle de l’Equateur, puis à celle du volcan 
Cotopaxi. Le résultat montre une zone de vitesse plus élevée au Sud-Est du Cotopaxi, dans la région où Molina 
et al. (2009) ont localisé un essaim de séismes très longue période accompagnant une intrusion. Cette zone 
rapide délimite probablement le système d’alimentation du volcan. 
 
3. Etude et modélisation des sources sismo-volcaniques 
 
Nous avons étudié les sources sismo-volcaniques et la sismicité des volcans en combinant plusieurs méthodes. 
En collaboration avec l’OPGC, Nous avons développé une approche multi-méthode pour observer en détail des 
explosions volcaniques. Elle consiste à déployer simultanément un réseau de sismomètres large-bande, des 
antennes sismiques, des capteurs acoustiques, un radar Doppler, complétés si possible par des mesures de flux 
de gaz par spectromètres UV (DOAS) et des enregistrements vidéo. Cette approche permet de mieux mettre en 
évidence la complexité et la variabilité des phénomènes et aussi de mieux contraindre les modèles 
interprétatifs. Des expériences de ce type ont été menées sur les volcans Arenal (Costa rica), Popocatépetl 
(Mexique) et Yasur (Vanuatu). Les données obtenues sont en cours d’analyse (Mora et al., 2009) et montrent 
une grande complexité des phénomènes. Nous avons proposé un modèle conceptuel de la source des trémors 
volcaniques de l’Arenal (Lesage et al., 2006). Ce modèle fait intervenir un couplage entre un flux intermittent 
de gaz à travers des fractures du bouchon de lave et la résonance du conduit magmatique. Les observations 
multi-méthodes effectuées récemment sur ce volcan sont en accord avec ce modèle. 
Les localisations de sources d’événements émergents, tels que les séismes LP et les trémors, que l’ont peut 
effectuer à l’aide d’antennes sismiques, sont fortement perturbées par les hétérogénéités de la structure. 
Nous avons étudié et pris en compte les effets de topographie et des couches superficielles à faibles vitesses en 
calculant les sismogrammes synthétiques complets par la méthode Lattice-Boltzman de O’Brien et Bean (2004). 
Nous avons montré ainsi que l’on peut améliorer les localisations et mieux choisir les sites d’installation des 
antennes (Métaxian et al., 2009). 
 
La localisation, le mécanisme et la fonction temporelle des sources sont des informations essentielles pour 
mieux comprendre la dynamique des systèmes éruptifs. Nous avons abordé le problème de la détermination du 
tenseur des moments sismiques des sources associées aux explosions par l’inversion des formes d’onde. Ce 
travail est mené en collaboration avec l’University 
College of Dublin et l’INGV de Pise. Nous avons 
appliqué cette méthodologie aux explosions de 
l’Ubinas (Pérou) qui présentent des formes d’onde 
très similaires suggérant une source non destructive. 
Dans ce cas, le modèle de source le plus probable 
correspond à une fracture de 40° de pendage 
(Monteiller et al., 2008). D’autres applications sur 
les volcans Arenal (Davi et al., 2008, 2010) et Yasur 
(thèse de Laurence Perrier) sont en cours. 
 
Modèle de source sismique dans le volcan Ubinas 
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Par ailleurs, nous avons développé divers outils d’analyse. Un logiciel dédié au traitement des signaux sismo-
volcaniques avec interfaces graphiques a été réalisé et distribué dans des observatoires et des groupes de 
recherche (Lesage, 2008 ; 2009). Un système de classification automatique de signaux basé sur les Chaînes de 
Markov Cachées (Benitez et al., 2009) a été mis au point en collaboration avec l’Universidad de Granada 
(Espagne) et l’Universidad de Colima (Mexique). Celui-ci sera intégré dans des systèmes de surveillance pour 
améliorer les diagnostiques en temps réel. De plus, ce système sera utilisé pour classer l’ensemble des 
événements enregistrés sur plusieurs volcans et obtenir des catalogues complets et cohérents de sismicité par 
classe d’événement. 

4. Evolution temporelle des signaux géophysiques (sismicité, déformation) associée au 
stockage et au transport du magma. 

Des modèles mécaniques prenant en compte le couplage entre la roche encaissante et le magma fluide ont été 
développés afin d’expliquer l’évolution temporelle de la sismicité et de la déformation induite par le stockage 
et le transport du magma. Ces modèles ont été appliqués avec succès à plusieurs volcans basaltiques. Lengliné 
et al. (2009) montrent une évolution exponentielle de la sismicité et de la déformation au Kilauea (Hawaii) et 
au Piton de la Fournaise (La Réunion) compatible avec un stockage de magma dans un réservoir superficiel 
alimenté par une source profonde ayant une pression constante. La constante de temps déterminée apporte 
une information sur les dimensions du système d’alimentation profond. Traversa & Grasso (2009) et Traversa et 
al. (2010) montrent une stationnarité de la sismicité lors de l’épisode de propagation de dyke sur plusieurs 
volcans basaltiques (par ex. Etna, Piton de la Fournaise) compatible avec un flux d’injection de magma 
constant dans le temps. Ce modèle apporte des contraintes sur la taille et la surpression du réservoir 
superficiel nourrissant l’intrusion magmatique. Par ailleurs, Albino et al. (2010) ont montré que l’étude des 
déformations enregistrées sur un cycle éruptif et des volumes de magma émis permettait d’obtenir une 
estimation de la résistance à la fracturation en tension des roches et de la compressibilité du magma. Enfin, 
Pinel et al. (2010) montrent que ces modèles peuvent également servir à interpréter des données pétrologiques 
obtenues à des échelles de temps beaucoup plus grandes : ils permettent d’expliquer des variations temporelle 
de flux magma émis en surface. 
 
Un travail important a été effectué sur les effets des perturbations externes au système volcanique. Nous 
avons caractérisé la déformation induite par une variation superficielle de charge. Ceci a apporté une 
estimation du module de Young caractérisant la croûte superficielle en Islande (Pinel et al., 2007; Grapenthin 
et al., 2006) et de séparer la déformation induite par un apport de magma de celle due à des phénomènes 
externes (Sturkell et al., 2008 ; Pinel et al., 2009). Nous avons estimé les perturbations de pression induite 
dans une zone de stockage superficielle et les conséquences pour la sismicité enregistrée et le déclenchement 
des éruptions (Pinel et al., 2009 ; Albino et al., 2010). Les modèles développés apportent une information sur 
la forme du réservoir magmatique, sa taille et sa profondeur. 

 
Vitesse moyenne dans la ligne de visée du satellite pour le volcan de Colima (les valeurs positives 
correspondent à un éloignement du satellite). Les résultats sont présentés sur le Modèle Numérique de 
Terrain SRTM. (d’après Pinel et. al, 2008). 
 
Les modèles développés ayant montré l’intérêt d’avoir une bonne information sur l’évolution 
temporelle de la déformation, nos efforts ont également porté sur l’acquisition de données de 
déformation par InSAR  dans le cas des  strato-volcans andésitiques.  Ces volcans présentent des 
changements rapides et mal compris de leur dynamisme éruptif et leur étude par interférométrie 
présente des difficultés certaines principalement due à la topographie importante des édifices. 
Nous avons travaillé sur des séries temporelles de données SAR en incorporant des corrections des 
artéfacts atmosphériques par apport d’informations météorologiques. Cette étude a été appliquée à 
deux volcans Mexicains : le Popocatepetl et le Colima (Pinel et al., 2008). 
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5. Dynamique des fluides hydrothermaux 

Cet axe de recherche vise à reconnaître et comprendre les processus physiques qui régissent le fonctionnement 
des systèmes hydrothermaux. Il s’appuie d’une part sur l’observation et l’imagerie géophysique de ces 
systèmes, et d’autre part sur la modélisation analogique et numérique. 
L’observation des processus naturels a été réalisée par des suivis temporels et des campagnes d’imagerie 
géophysique multi-méthodes (a) à grande échelle sur des volcans actifs, (b) à petite échelle, sur des zones 
laboratoires choisies pour leur activité cyclique comme la zone hydrothermale de Waimangu (thèse A. Legaz, 
2008) ou les geysers de Yellowstone (thèse en cours d’E. Cros). Les techniques d’imagerie utilisées, acoustique, 
thermique et électrique, se sont révélés très complémentaires et bien applicables aux champs hydrothermaux 
(Revil et al., 2008). L’application des méthodes géophysiques est allé de pair avec des développements 
méthodologiques en acoustique et électrique, comme par exemple l’application de techniques acoustiques 
sous-marines, comme le Matched Field Processing (Legaz et al, 2008) en liaison avec l’équipe acoustique du 
LGIT, le développement de méthodes inverses en polarisation spontanée (Jardani et al., 2008) et en méthode 
sismo-électrique, et le développement d’un modèle mécanistique en polarisation provoquée. 
La modélisation analogique des systèmes hydrothermaux a tout d’abord permis de caractériser leurs 
instabilités intrinsèques, ces systèmes étant gravitationnellement instables à cause de leur structuration 
thermique (liquide au dessus de vapeur). En utilisant des milieux poreux saturés soumis à des conditions 
thermiques similaires aux systèmes naturels, on a d’abord pu montrer qu’ils pouvaient présenter une activité 
cyclique naturelle (Vandemeulebrouck et al., 2005), similaire à celle observée sur plusieurs sites volcaniques 
dont Waimangu (Vandemeulebrouck et al., 2008). Dans un deuxième temps, nous avons étudié la réponse 
mécanique et thermique d’un système hydrothermal à un forçage externe, comme un dégazage d’origine 
magmatique. L’injection instantanée de vapeur à la base du milieu poreux étudié précédemment provoque une 
rapide surrection du milieu, suivie d’une lente subsidence sur laquelle viennent se superposer des oscillations 
amorties. Une telle évolution est tout à fait semblable aux variations du mouvement du sol observées depuis 
1980 aux Champs Phlégréens (Italie), comme le montre la figure ci-dessous, et prouve que la réponse 
hydrothermale est complexe et contient des composantes non magmatiques. Une coopération en cours avec M. 
Todesco de l’INGV Bologne sur l’application du code numérique TOUGH2 va permettre d’étudier le passage à 
grande échelle des processus observés analogiquement à petite échelle. 

 
Comparaison (a) de la déformation verticale obtenue suite à d’un injection de vapeur (trait pointillé) sur un 
modèle poreux analogique avec (b) le déplacement vertical du sol mesuré aux Champs Phlégréens, d’après 
Chiodini et al., 2003 . Le modèle analogique montre qu’une seule injection suffit pour générer la totalité de 
l’évolution observée, y compris les épisodes de mini-uplifts. 
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Institut de Physique du Globe, UMR7154 (CNRS-Univ. Paris 
Diderot) et LGSR (Université de la Réunion, St. Denis) 
 
L’Institut de Physique du Globe de Paris exerce la responsabilité de la surveillance des volcans français 
d’Outre-mer (Antilles et Réunion) et est actuellement co-tutelle de l’Observatoire volcanologique de 
Montserrat. Il développe en même temps des recherches dans différentes disciplines de la volcanologie. Les 
travaux mentionnés ci-dessous ne font état que des rapports reçus. 
 
1. Modélisation des transferts et stockages magmatique au Piton de La Fournaise à 
partir de leur signature géophysique de surface 
A. Peltier et collaborateurs (IPG, UMR 7154 CNRS-Univ. Paris Diderot, Paris) 
 
La thématique abordée aux travers de ces études est de mieux contraindre et comprendre le fonctionnement 
du système d'alimentation du Piton de La Fournaise, allant de son système de stockage superficiel à la 
propagation des dykes vers la surface. 
Au Piton de La Fournaise, cette étude jouit d'une activité volcanique soutenue (1 à 2 éruptions par an depuis 
20 ans) ainsi que d'un large nombre de données géophysiques de surface collectées par l'observatoire 
volcanologique. L'analyse croisée des données de déformation et de leur modélisation numérique, des données 
sismologiques ainsi que des données géochimiques de la période 1998-actuel a permit d'imager un réservoir 
superficiel localisé aux alentours de 2000-2500m de profondeur et contraindre les différents chemins 
préférentiels empruntés par les dykes se situant aux limites structurales est et ouest du cratère Dolomieu. 
Les études les plus récentes (post 2007) des déformations de surface ont permis également de caractériser 
l'influence de l'effondrement du cratère Dolomieu d'Avril 2007 sur l'activité actuelle du volcan. Les résultats 
préliminaires suggèrent que l'augmentation de la fréquence des intrusions avortées en 2008 et 2009, serait 
influencée par les conséquences de l'effondrement du cratère Dolomieu (Peltier et al., 2010). Les changements 
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de distribution de contrainte dans l'édifice suite à l'effondrement, ont temporairement au moins, favorisés 
l'arrêt des dykes en profondeur. 
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2. Modélisation  
 
a. Développement d'un modèle de turbulence mieux adapté à la dynamique des panaches volcaniques, 

prenant en compte notamment l'impact de l'échelle de ces écoulements et l'effet de la flottabilitédans 
les jets volcaniques. Nous avons mis en oeuvre des expériences analogiques pour valider ces modèles 
avant de les appliquer aux cas géologiques. 

b. Développement d’un modèle théorique pour l'extraction des liquides magmatiques dans les milieux visco-
élastiques.  

c. Modèle de détection des liquides magmatiques dans le manteau par l'anisotropie sismique. 
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3. Synthèse de la recherche en volcanologie menée entre 2007 et 2010 par le 
Laboratoire Géosciences Réunion de l'Université de la Réunion. 

Préambule: 
Le laboratoire GéoSciences Réunion comprend 6 enseignants-chercheurs, 1 chercheur CNRS depuis juillet 2010, 
et entre 6-8 doctorants. Depuis 2005, les membres du laboratoire ont intégré l'équipe Géologie des Systèmes 
Volcaniques de l'UMR 7154 de l'IPGP. Notre recherche s'articule autour de plusieurs thématiques qui ont pour 
finalité de renforcer notre compréhension globale des systèmes volcaniques.  

1- Structure Mantellique des points chauds 

La mise en commun des données PLUME (2001-2005) et BBOBS a permis d'obtenir une couverture suffisante 
pour effectuer une tomographie du Pacifique sud par les ondes de volume. 1500 temps d'arrivées (P et PP) 
ont été utilisés (Tanaka et al., 2008) dans une tomographie régionale et dans un modèle de tomographie 
globale du manteau. La tomographie régionale met en évidence une anomalie lente à 400 km sous le point 
chaud de la Société et s'enracinant dans le manteau inférieur (Figure 1). Une large anomalie lente est 
visible sous le centre du superswell jusqu'à 1600 Km de profondeur. La prise en compte de données 
sismologiques temporaires (Suetsugu et al., 2009) enregistrées dans le Pacifique Sud dans un modèle de 
tomographie globale (Fukao et al., 2003) a mis en évidence une anomalie lente de vitesse sismique 
culminant à 1000 Km de profondeur (Tanaka et al., 2009a; Tanaka et al., 2009b), c'est à dire bien en 
dessous de l'interface à 660 Km qui avait été proposée comme limite supérieure d'un "superplume" dans le 
manteau inférieur. La modélisation du superswell à partir de ces données tomographiques (Adam et al., 
2010) montre que l'anomalie bathymétrique est très bien expliquée par les anomalies de densité dans le 
manteau supérieur.  

  
 
 
 

Figure 1: Coupes de l'ensemble du manteau sous le 
pacifique Sud à travers le modèle tomographique 
global en prenant en compte les données PLUME 
(2001-2005) et BBOBS (Suetsugu et al., 2009; Tanaka 
et al., 2008). La tomographie régionale met en 
évidence une anomalie lente à 400 km sous le point 
chaud de la Société et s'enracinant dans le manteau 
inférieur. Le modèle de tomographie globale (Fukao 
et al., 2003) a mis en évidence une anomalie lente 
de vitesse sismique culminant à 1000 Km de 
profondeur (Tanaka et al., 2009a; Tanaka et al., 
2009b), c'est à dire bien en dessous de l'interface à 
660 Km qui avait été proposée comme limite 
supérieure d'un "superplume" dans le manteau 
inférieur. 
  

 

L'utilisation des ondes SKS dans le Pacifique sud est rendue complexe par le faible nombre de données 
utilisables. En effet, il faut être situé à des distances épicentrales supérieures à 85° pour pouvoir utiliser 
les phases SKS et caractériser l'anisotropie du manteau. Le Pacifique ouest et sud ne sont pas des endroits 
les plus propices à ces mesures (couleurs bleues sur la carte) (Barruol et al., 2002).  

Malgré un nombre assez réduit de données aux stations temporaires, nous avons pu caractériser 
l'anisotropie sous la plupart des stations du Pacifique sud. L'anisotropie a été détectée sous toutes les 
stations temporaires excepté sous Tahiti, malgré un grand nombre de données analysées.  
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Les mesures effectuées montrent des directions rapides proches de celle du déplacement de la plaque 
Pacifique (N120°) qui peuvent être expliquée par un cisaillement asthénosphérique induit par le 
déplacement de la plaque, et des directions parallèles aux failles transformantes (N70°), parallèles aux 
anciennes directions d'expansion (Figure 2). Des variations azimutales des paramètres anisotropes observées 
en certaines stations sont compatibles avec la présence de deux couches d'anisotropie (Fontaine et al., 
2007) actuelle (dans l'asthénosphère) et ancienne (dans la lithosphère). 

 

 Figure 2: Carte d'anisotropie sous le Pacifique sud (déphasage 
d'ondes SKS) aux stations permanentes et temporaires PLUME 
(Fontaine et al., 2007) ainsi qu'aux OBS (Barruol et al., 2009; 
Suetsugu et al., 2009). Les points chauds sont indiqués par les 
étoiles jaunes. Les mesures effectuées montrent des directions 
rapides proches de celle du déplacement de la plaque 
Pacifique (N120°) qui peuvent être expliquée par un 
cisaillement asthénosphérique induit par le déplacement de 
la plaque, et des directions parallèles aux failles 
transformantes (N70°), parallèles aux anciennes directions 
d'expansion. Des variations azimutales des paramètres 
anisotropes observées en certaines stations sont compatibles 
avec la présence de deux couches d'anisotropie (Fontaine et 
al., 2007) actuelle (dans l'asthénosphère) et ancienne (dans la 
lithosphère). 

 

Les mesures des déphasage des ondes SKS incluant les données des OBS ont montré que l'anisotropie observée 
sur les fonds océaniques non affectés par les points chauds est très semblable à celle observée sur les îles. Les 
stations localisées au dessus du point chaud de la Société semblent dépourvues d'anisotropie, ce qui peut être 
expliqué par un flux mantellique vertical, ou bien par la présence d'un flux asthénosphérique parabolique lié à 
l'étalement du panache sous la lithosphère en mouvement (Barruol et al., 2009).  

2- Interaction points chauds édifices 

L'influence du point chaud sur le développement des édifices volcaniques a été évaluée par l'étude 
multi-échelle des structures volcano-tectoniques des volcans réunionnais (Michon et al., 2007). Ce travail a 
révélé un fort parallélisme entre les structures lithosphériques héritées de l'accrétion océanique, des failles 
majeures recoupant le Piton des Neiges et la majorité des rifts zones des Piton de Neiges et Piton de la 
Fournaise. Une telle superposition des orientations a été interprétée comme le résultat d'un contrôle structural 
de la lithosphère sur le développement et l'évolution du Piton des Neiges et du Piton de la Fournaise.  

Par ailleurs, les données sismiques acquises pendant la campagne REUSIS suggéraient une absence de 
flexure lithosphérique au droit de la Réunion (de Voogd et al., 1999). Cette caractéristique, bien différente des 
points chauds du Pacifique (Hawaii et Marquises) où la lithosphère s'infléchit sous la charge des édifices (Figure 
3a), serait liée à l'érosion thermique de la base de la lithosphère réunionnaise (Figure 3b). La capacité d'un 
point chaud à éroder la lithosphère dépendrait à la fois de l'ampleur de l'anomalie de température et de la 
vitesse de déplacement de la plaque (Michon et al., 2007). 

  

 

Figure 3: a) Impact de l'emplacement d'un plume mantellique sous une plaque se déplaçant rapidement. Le déplacement 
rapide empêche une érosion thermique efficace de la base de la lithosphère. La charge liée à l'édifice provoque donc une 
flexure lithosphérique comme à Hawaii ou aux Marquises. Les formes en pointillés représentent l'anomalie à différentes 
périodes. b) Erosion thermique efficace d'une lithosphère se déplaçant lentement. L'érosion thermique induit un déséquilibre 
isostatique et un bombement qui contre-balance la charge de l'édifice comme à la Réunion. 
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3- Dynamique de chambre, intrusions et déformation 

En grande majorité, les compositions de laves du Piton de la Fournaise ont pu être expliquées par trois 
mécanismes de différenciation magmatique distincts, à partir d’un seul et unique magma source (Famin et al., 
2009; Figure 4). La première différentiation privilégie la cristallisation de clinopyroxène et de plagioclase, dans 
le réservoir le plus profond (> 7,5 km). La deuxième différentiation favorise la cristallisation d’olivine à 0,5 – 
2,6 km, ce qui explique son abondance dans les éruptions d’océanites comme la coulée de février 2005. La 
troisième différentiation se produit lors de la remontée des magmas en surface ou dans des poches à très faible 
profondeur (0,5 km), et se traduit à nouveau par la cristallisation d’un assemblage clinopyroxène + plagioclase. 
Le passage d’un mode de différentiation au suivant dépend principalement de la pression.  

 

Figure 4 : Profondeur des réservoirs de magma sous le piton de la Fournaise et style de différentiations chimiques. Les 
couleurs correspondent aux compositions des laves, qui indiquent trois styles de différentiation magmatique en fonction de 
la profondeur des réservoirs (Famin et al. 2009). 

Les cristaux d’olivine des éruptions récentes montrent des textures associées à des cycles rapides de 
refroidissement et de réchauffement (Figure 5). Ceci suggère que le réservoir situé entre 0,5 et 2,6 km de la 
surface entre en convection thermique juste avant les éruptions. Il est donc possible d’imaginer que ce sont les 
instabilités thermiques qui engendrent les éruptions (Welsch et al., 2009). 
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Figure 5 : a) Microcristal d’olivine à croissance symétrique ayant piégé une paire d’inclusions vitreuses à chaque cycle de 
refroidissement-réchauffement. Ce cristal a subi trois cycles. b) Modèle de convection dans le réservoir magmatique à 
olivine, d’après la texture des microcristaux. La convection se produit au toit de la chambre car c’est la zone où l’instabilité 
thermique se développe (Welsch et al., 2009). 

L'étude des éruptions depuis 1981 nous a permis de montrer qu'au Piton de la Fournaise le magma 
s'injectait le long de deux rift zones perpendiculaires orientées N25-30 et N120 (Michon et al., 2007a). La 
majorité des intrusions entraine le développement de fissures éruptives qui s'organisent selon une géométrie en 
échelon sur le cône actif. Nous avons montré que cette distribution ne traduisait pas un cisaillement latéral 
associé au déplacement co-éruptif du flanc est du volcan mais résultait du champ de contraintes prévalant en 
sub-surface (Michon et al. 2009a). 

La modélisation numérique d'intrusions récurrentes le long des rift zones N25-30 et N120 a montré que 
cette activité intrusive produisait une déformation asymétrique du cône actif du Piton de la Fournaise, 
identique à celle observée par GPS et au niveau de la topographie (Michon et al., 2009a; Figure 6). 

 

 
Parallèlement, nos travaux menés dans le cœur du Piton des Neiges ont révélé qu'en profondeur, les 

intrusions magmatiques se développaient essentiellement sous forme de sills faiblement inclinés vers 
l'extérieur. Un niveau de forte concentration en sills, mis en place dans la partie nord, entre un massif 
gabbroïque et des dépôts d'avalanche de débris, a été reconnu comme un détachement ayant contrôlé la 
déstabilisation latérale du volcan (Famin et Michon, 2010; Figure 7). Ce type de structure et de processus, 
jamais observé sur les autres volcans boucliers car localisé en profondeur, constitue une alternative mécanique 
au modèle d'injections de dykes le long des rift zones. 

 

Figure 6: a) Modélisation des changements de 
pente dus à l'intrusion répétée de dykes dans les 
rift zones N25-30 et N120. La trace des dykes en 
surface est représentée par une ligne blanche. b) 
Carte de pente suggérant l'effet des dykes dans le 
développement des flancs est et sud-est du cône 
actif. c) Coupe E–W présentant l'inflation de la 
moitié est du cône. 

 

 

Figure 7: Coupe géologique au 
niveau du gabbro de l'îlet à Vidot 
montrant la zone de déformation 
(vert) sur laquelle le flanc nord du 
Piton des Neiges a continuellement 
glissé (Famin et Michon, 2010). 

 



 33

 

4- Structuration et dynamique des systèmes hydrothermaux 

Les systèmes hydrothermaux correspondent à la zone d'interaction entre le système purement 
magmatique et les fluides météoriques descendants. Les nombreuses campagnes géophysiques (tomographie de 
résistivité électrique, polarisation spontanée et température du sol) et d'analyse de gaz (CO2 dans le sol) ont 
permis d'imager les systèmes hydrothermaux du Stromboli, de Vuclano, du Piton de la Fournaise et des volcans 
Santa Maria, Cerro Quemado et Zunil au Guatemala (Finizola et al., 2008, 2009, 2010; Revil et al. 2008, 2010). 
Sur ces différents systèmes, nous avons pu mettre en évidence le contrôle étroit des limites structurales sur la 
remontée de fluides et dans le confinement latéral du système hydrothermal (Figure 8). A Stromboli, la 
récurrence des campagnes de mesure a permis de suivre les variations du système hydrothermal lors des phases 
d'activité "normales" ou exceptionnelles, comme lors de la crise éruptive de 2002-2003. 

 

5- Dynamique des calderas magmatiques 

L'effondrement du cratère Dolomieu d'avril 2007 au Piton de la 
Fournaise constitue l'exemple le plus récent d'effondrement caldérique. La 
déformation péri-caldérique a été enregistrée par un dense réseau GPS. Les déplacements associés à cet 
événement, pluri-métriques pour certains, ont été maximum le long de la bordure sud du Dolomieu (Michon et 
al., 2009b; Figure 8). La décroissance rapide des déplacements depuis la bordure vers l'extérieur a entrainé la 
formation d'un dense réseau de fractures concentriques, fragilisant cette partie du sommet. 

 
 
Figure 9: Représentation 3D 
de la Fossa, à Stromboli, avec 
en coupe un profil de 
tomographie de résisitivité 
électrique et en surface une 
carte de température du sol. Cf 
Finizola et al., (2009) pour une 
description détaillée. 
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La dynamique d'effondrement du Dolomieu a été comparée à celle enregistrée lors des effondrements 
caldériques du Fernandina en 1968 et du Miyakejima en 2000. Nous avons pu montrer que ces trois événements 
s'étaient produits de manière similaire, i.e. en un effondrement incrémental d'un piston dans la chambre 
magmatique (Michon et al., 2009b). L'intégration des données sismiques et de déformation a permis de 
déterminer le déplacement vertical du piston lors de chaque incrément d'effondrement, et incidemment les 
taux de vidange magmatique pour ces trois volcans (Michon et al., 2011). La dynamique d'effondrement 
observée dans le cas des calderas basaltiques est identique à celle, supposée, des calderas siliceuses. 

6- Erosion des volcans insulaires et transfert sédimentaire  

L’exploitation des données acquises lors des campagnes à la mer, FOREVER (2006) et ERODER (2006, 
2008, 2010), a permis une caractérisation précise des processus mis en jeu dans la construction des pentes 
sous-marines de La Réunion. En particulier, la découverte de plusieurs systèmes turbiditiques en connexion 
avec les grandes rivières de l’île de La Réunion démontre l’efficacité du transfert sédimentaire depuis la zone 
émergée vers le domaine marin. Le système de Cilaos a été bien étudié (thèses de Saint-Ange – 2009 et 
Sisavath – en cours, Saint-Ange et al. 2011; Figure 9). Il constitue le plus bel exemple de système 
volcanoclastique sous-marin décrit autour d’une île. Loin de toute source continentale, il fournit des 
informations uniques sur l’architecture et les processus associés à la mise en place de ce type de formation, 
dont l’importance était jusqu’alors largement minimisée dans le volcanisme insulaire intraplaque. 

 

Figure 9: Le système turbiditique de 
Cilaos : Imagerie acoustique au 
sud-ouest de l’île de La Réunion 
acquise durant les campagnes 
FOREVER ET ERODER (in Saint-
Ange et al., Geology, 2011). 
Abbreviations: dad—Dépôts 
d’avalanche de débris; dsf—deep-
sea fan; vr—rides volcaniques. 

Figure 8: Déplacements 
enregistrés sur la bordure du 
Dolomieu entre mars et mai 
2007. a) Déplacements totaux 
(en cm). b) Vecteurs 
déplacement pour la 
composante horizontale. c) 
Composantes horizontale et 
verticale du déplacement (en 
cm). 
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Equipe Géochronologie - Dynamique des Systèmes Volcaniques 
UMR IDES 8148, Université Paris-Sud 11, Orsay. 
 

Les recherches de l’équipe géochronologie-dynamique des systèmes volcaniques (GDSV) portent 
principalement sur la reconstruction de l’histoire des systèmes éruptifs en tous types de contextes 
géodynamiques et l’analyse des différents facteurs de risque liés à leur évolution (aléas éruptifs et gravitaires). 
Ces recherches mettent en œuvre des compétences et des approches variées, à l’interface entre les 
différentes disciplines des Sciences de la Terre et des Planètes (cartographie des systèmes volcaniques, 
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géochronologie, géomorphologie quantitative, géochimie des magmas et des fluides crustaux, modélisations 
numériques). Une part importante des travaux est également consacrée à la calibration des échelles des temps 
géologiques et des inversions magnétiques et à la datation des grandes crises de l’histoire de la Terre. 
L’originalité du groupe GDSV est en effet fondée sur des techniques de mesure d’âge exploitant le K-Ar et le 
40Ar/39Ar. Les techniques de datation sont mises au point et les appareils conçus et réalisés par les chercheurs 
afin d’atteindre la meilleure performance analytique adaptée aux besoins des études. Les recherches du 
groupe sont réalisées en partenariat avec des collègues français et étrangers dans le cadre de programmes 
nationaux (ANR, DYETI, INSU-relief, CNES) et internationaux (UFI, TEAMINT, GTS-Next, MEGA-HAZARDS). Ces 
financements servent actuellement de support à la réalisation de cinq thèses en cours, dont 1 en cotutelle, et 
quatre thèses soutenues ces quatre dernières années. Les travaux de l’équipe ont donné lieu à la publication 
de plus de 30 articles de rang A dans des revues internationales entre 2007 et 2010. 
 
English summary 

Research topics of the team geochronology-dynamics of volcanic systems in Orsay are mostly focussed on 
the reconstruction of the history of volcanic systems in all types of geodynamic settings and on the analysis of 
natural hazards linked to their evolution (eruptive and mass-wasting processes). This research involves Earth 
scientists with complementary skills and expertise (geological mapping of volcanic systems, geochronology, 
quantitative geomorphology, geochemistry of magma and crustal fluids, numeric modelling). An important part 
of our work is also devoted to the calibration of the geological and paleomagnetic timescales, and to dating of 
the major crises in the history of the Earth. The originality of our group relies on the development of high-
precision accurate geochronology including conventional unspiked K/Ar and 40Ar/39Ar. The techniques and 
instruments are designed and developed in-house to reach the best performance adapted to the requirements 
of our different studies. Our research is conducted in collaboration with partners from France and abroad in 
the framework of national and international programs (e.g., UFI, TEAMINT, GTS-Next, MEGA-HAZARDS). Such 
funding is presently supporting 5 ongoing PhDs, including one in co-supervision with academics from foreign 
universities, and 4 thesis defended during the last four years. The research from our team for the 2007-2010 
period has been published as more than 30 articles in peer-reviewed international journals. 
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DATATIONS DES ACTIVITES VOLCANIQUES HISTORIQUES 

M. Condomines (Montpellier), J-C. Tanguy (St Maur) 
L’essentiel de nos résultats concerne la succession des éruptions des derniers millénaires pour les volcans 

italiens par la méthode archéomagnétique de haute précision particulière au laboratoire de St Maur (Tanguy et 
al., 2007, 2009, Figure 1). Dans de nombreux cas cependant il a été nécessaire de recourir à la méthode 226Ra-
230Th (Condomines et al., 2005, Fig. 2) pour discriminer entre des directions géomagnétiques semblables à des 
époques différentes. 

 
 
 

Figure 1 
 
La Figure 1 montre la variation de la direction 
du champ géomagnétique en Sicile (ligne 
orange) au cours des derniers 2000 ans, en bon 
accord avec la courbe archéomagnétique en 
France (tireté noir). Les cercles de confiance à 
95% de probabilité des directions magnétiques 
figées dans les laves (Etna en bleu, Vésuve en 
rouge, Ischia en jaune), permettent des 
datations très précises (40 ans en moyenne). 
On voit cependant qu’il est impossible de 
discriminer les périodes 600-800 et 1600-1650 
où le champ montrait des orientations très 
voisines. 

 
 
 

La Figure 2 montre la corrélation (226Ra)0 - Th obtenue à partir de coulées historiques d'âges connus, et qui 
sert de référence pour la datation des coulées d'âge indéterminé. (226Ra)0 est l’activité du 226Ra en 
désintégrations par minute et par gramme, recalculée au moment de l’éruption. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
L’identification des produits volcaniques par ces méthodes montre que beaucoup de laves 

« historiquement datées » (80% de celles antérieures à 1700, dates entre guillemets sur la fig. 1) sont dues en 
réalité à d’autres éruptions (dates entre parenthèses), souvent non enregistrées par les documents écrits, les 
écarts atteignant plusieurs siècles et parfois plus d’un millénaire. Cette révision de l’histoire des volcans 
italiens a des implications importantes sur la cartographie, les statistiques, les mécanismes éruptifs, la 
protection civile. 

 
Un autre aspect des travaux basés sur les déséquilibres 226Ra-230Th récents concerne un modèle d’accumulation 
du 222Rn (Radon) dans les magmas, qui peut expliquer les excès de 210Pb observés dans beaucoup de roches 
volcaniques actuelles (Condomines et al., 2010). Ce modèle vient compléter celui établi par Gauthier et 
Condomines (1999) pour le dégazage du 222Rn. Il a été appliqué au cas de Santorin et de Surtsey, et les 
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résultats suggèrent que l’accumulation de Rn peut en effet expliquer les forts excès de 210Pb, aussi bien dans 
une chambre zonée (Santorin) que dans les vésicules de ségrégation  d’une coulée de lave (Surtsey). 
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INTRODUCTION 
Avec plus de 120 volcans actifs répartis sur les 4000 km de l'archipel et une densité de 

population  de  l'ordre  de  120  habitants/km
2 
(830  à  Java),  l'Indonésie  est  le  pays  au 

monde où le risque volcanique est le plus élevé. L'Indonésie est par ailleurs un terrain 
d'activité exceptionnel pour  la communauté volcanologique  française. La coopération 
franco‐indonésienne  en  volcanologie,  initiée  en  1986  sous  l'égide de Haroun Tazieff, 
alors  secrétaire  d'Etat  à  la  Prévention  des  Risques  Majeurs,  s’est  développée  sous 
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l'impulsion  du MAEE  (Ministère  des Affaires  Etrangères  et  Européennes). Outre  les 
activités de formation et de transfert de technologies vers le partenaire indonésien, les 
équipes  françaises  ont  obtenu  des  résultats  scientifiques  remarquables  qui  se 
traduisent  par  une  bibliographie  fournie  et  une  reconnaissance  internationale 
incontestable. Le partenaire privilégié en  Indonésie est  le Center of Volcanology and 
Geological Hazards Mitigation (CVGHM, ex‐VSI : Volcanological Survey of Indonesia). 
Il  est  chargé  de  la  gestion  des  risques  naturels  et  est  l'autorité  de  tutelle  des 
observatoires  répartis dans  l'archipel.  Il  contribue  à  la mise  en  place  et  soutient  les 
missions et la maintenance des équipements.  

L'Ambassade  de  France,  dans  le  cadre  de  son  programme  de  coopération 
culturelle et scientifique, co‐finance pour partie les activités de recherche appliquée et 
d’échanges  (équipements  et  fonctionnement, missions).  Elle  finance  également  des 
bourses d'étude pour les étudiants indonésiens pour la réalisation de mémoires de M2 
et de thèses dans les laboratoires français.  

Cette coopération poursuit trois objectifs :  
1) la  formation  à  la  recherche  à  l’intention  des  Indonésiens  (thèses,  stages, 

collaborations sur site), l’aide à la surveillance opérationnelle (mise en place de 
réseaux de surveillance) et le transfert de technologie ; 

2) Une  contribution  essentielle  à  l’évaluation  de  l’aléa  et  du  risque  volcanique 
grâce  à  la  surveillance  des  volcans  dangereux,  la  prévision  de  certains 
phénomènes  précurseurs  et  l’aide  à  la  prévention,  qui  incombe  à  notre 
partenaire DVGHM en Indonésie ; 

3) un  retour  d’expérience  fondamental  pour  la  France  :  compréhension  des 
processus, mise  au  point  d’instrumentation  et  de  protocoles  expérimentaux, 
formation de scientifiques français (chercheurs, doctorants), apprentissage de la 
confrontation aux situations de crise sur les volcans explosifs.  

4)  

ACTEURS DE LA COOPERATION  
Responsables de thématiques intervenus en 2010 :  
Franck LAVIGNE (LGP, aspect sociétal du risque) : francklavigne@yahoo.fr 
Philippe LESAGE (OSUG‐LGIT, sismologie) : lesage@univ‐savoie.fr 
Jean‐Philippe  METAXIAN  (OSUG‐LGIT,  sismologie) :  Jean‐Philippe.Metaxian@univ‐
savoie.fr 
Patrick RICHON (CEA‐DASE, géochimie gaz) : patrick.richon@cea.fr 
Coordonnateur :  Jean‐Claude  THOURET  (LMV‐OPGC,  dynamique  coulées 
pyroclastiques et lahars) : J.C.Thouret@opgc.univ‐bpclermont.fr  
Jean‐Paul TOUTAIN (OMP‐LMTG et IRD, géochimie) : toutain@lmtg.obs‐mip.fr 
Impliqués également dans la coopération, n'étant pas intervenus en 2010, mais 

susceptibles d'intervenir dans les années prochaines : 
François BEAUDUCEL (IPGP, déformations, GPS) : beauducel@ipgp.jussieu.fr 
Anastasia BORISSOVA (LMTG, pétrologie) : borisova@lmtg.obs‐mip.fr 
Hélène Celle‐JEANTON (LMV‐OPGC, hydrogéologie) : h.celle‐jeanton@opgc.univ‐
bpclermont.fr 
Catherine DENIEL (LMV‐OPGC, géochimie) : deniel@opgc.univ‐bpclermont.fr 
Alain  GOURGAUD  (LMV‐OPGC,  dynamique  des  dômes) :  A.Gourgaud@opgc.univ‐
bpclermont.fr 
Philippe JOUSSET (BRGM), p.jousset@brgm.fr 
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Karim  KELFOUN  (LMV‐OPGC,  dynamique  des  dômes) :  K.Kelfoun@opgc.univ‐
bpclermont.fr 
Jean‐Luc  LE  PENNEC  (LMV‐IRD,  volcanologie  physique) :  J.L.Lepennec@opgc.univ‐
bpclermont.fr  
Séverine MOUNE  (LMV‐OPGC,  géochimie  gaz,  flux  de  SO2) :  S.Moune@opgc.univ‐
bpclermont.fr 
Dominique REMY (LMTG‐OMP, télédétection, INSAR) : remy@lmtg.obs‐mip.fr  
Jacques ZLOTNICKI (LMV‐OPGC, électromagnétisme) : jacques.zlotnicki@wanadoo.fr 

Affiliations : 
LMV‐OPGC  : Observatoire de Physique du Globe de Clermont‐Ferrand, Laboratoire 
Magmas et Volcans CNRS et IRD, Université Blaise Pascal (Clermont‐Ferrand)  
LMTG‐OMP  : Observatoire Midi‐Pyrénées,  Laboratoire  d'Etude  des Mécanismes  de 
Transfert en Géologie (Toulouse)  
OSUG‐LGIT  :  Observatoire  des  Sciences  de  l'Univers  de  Grenoble,  Laboratoire  de 
Géophysique  Interne  et  de  Tectonophysique  (Grenoble)    et  Université  de  Savoie  à 
Chambéry 
IPGP : Institut de Physique du Globe de Paris (Paris)  
CEA‐DASE  :  Département  Analyse  Surveillance  Environnement,  Commissariat  à 
l'Energie Atomique  
LGP : Laboratoire de Géographie Physique, CNRS UMR 8591, Meudon et Université 
Panthéon‐Sorbonne. 
 

ACTIVITES EN 2010 : OBJECTIFS 
Nos activités en 2010 se sont plus particulièrement concentrées sur les volcans 

Merapi et Semeru. Elles ont inclus trois thèmes de recherche appliquée et une action 
de valorisation et de diffusion du savoir. 
1. Surveillance des appareils actifs  

‐ Etude des gaz des sols au volcan Merapi, actuellement en état d’alerte 
(éruption le 26 octobre 2010),  

‐ Sismologie et exploration pour un projet ANR 
2. Mesures des lahars au Semeru et télédétection haute résolution : 

‐ suivi de l’évolution de l’appareil sommital par télédétection, 
‐ étude des écoulements pyroclastiques de l’éruption du Merapi en 2006 par 

télédétection. 
3. Evaluation des aléas et des risques, utilisation des matériaux volcaniques 
4. Valorisation et diffusion du savoir et des savoir faires. 

 
MISSIONS effectuées en 2010 

P.  Richon  et  J.‐P.  Toutain  (septembre  2010),  F.  Lavigne  (septembre  2010),  J.‐Ph. 
Metaxian (octobre 2010) ; J.‐C. Thouret et A. Solikhin (février 2010). 

 
ACTIVITE 1 : 

SURVEILLANCE DES APPAREILS ACTIFS 

1.1. MESURE DES GAZ DES SOLS SUR LE MERAPI, 222RN, TEMPERATURE ET CO2, DEVELOPPEMENT 

D’UN NOUVEL OUTIL DE SURVEILLANCE. 
P. Richon (CEA), J.P. Toutain (IRD) ‐ CEA‐DASE & BPPTK, VSI, BMKG 
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Le Mérapi est l'un des volcans les plus actifs et plus explosifs (VEI = 2‐4) d’Indonésie. Il 
menace directement l'une des zones les plus densément peuplées de Java (Yogyakarta et 
sa  région). Ses éruptions paroxysmales dans  le passé, associées à des écroulements de 
flancs, ont  recouvert  toute  la région d’épais dépôts pyroclastiques  (ensevelissement du 
temple de Borobudur). En dépit d’une  longue  surveillance,  ses éruptions  font  toujours 
des victimes, un millier en 1930 et une vingtaine en 1994. Depuis 1872, l’activité continue 
du volcan consiste en des phases de croissance puis démantèlement (effondrement ou/et 
explosion) de dômes andésitiques, avec émission de coulées pyroclastiques et de lahars. 
Le  Merapi  est  considéré  comme  le  volcan  de  référence  pour  l'émission  de  coulées 
pyroclastiques engendrées par écroulement gravitaire de dôme. Il présente également un 
intense dégazage magmatique, matérialisé par un panache permanent issu du dôme de 
lave  (>900  °C)  et  d’évents  fumerolliens  latéraux  (>  600  °C ). C’est  un  des  volcans  de 
référence pour  la géochimie des gaz volcaniques et  l'étude des processus de dégazage. 
Son  éruption  très  spectaculaire  en  2006,  qui  a  fortement  affecté  le  tissu  socio‐
économique  javanais,  fut  atypique,  avec  un  dôme  de  volume  inhabituel,  d'étroites 
interactions avec la sismicité régionale et une phénoménologie inhabituelle des coulées 
pyroclastiques.  Il  est  surveillé  par  l'Observatoire  du  Merapi  (BPPTK)  qui  relève  de 
l'autorité du DVGHM.  
L’intérêt pour  le Mérapi est dicté d’abord par  la nécessité d'apporter un  soutien aux 
autorités  scientifiques  indonésiennes,  et  ensuite  par  la  forte  ressemblance  de  cet 
appareil  avec  les  volcans  français  antillais  à  dômes  explosifs  (Soufrière, Montagne 
Pelée).  L’objectif  est  donc  d’obtenir  également  un  retour  d’expérience  directement 
utilisable en cas de crise volcanique en Guadeloupe ou Martinique. 
 
Dans le cadre de la collaboration Franco‐Indonésienne, le CEA‐DASE participe depuis 
2002 à des campagnes de mesure des gaz des sols sur  le Merapi. Notre collaboration 
sur  place  s'effectue  essentiellement  avec  les  scientifiques  de  l'Observatoire 
Volcanologique du Merapi (BPPTK) et son directeur, mais aussi, historiquement, avec 
le  BMKG,  Badan  Meteorologi  Klimatologi  dan  Geofisika,  Institut  national  de 
Météorologie et de Géophysique où un VIE du CEA‐DASE y est en poste permanant. 
 
Notre domaine d’intervention réside essentiellement dans la prospection et le suivi des 
émanations  gaz  des  sols  (T°,  222Rn, CO2),  cf.  Fig.  1,  ainsi  que  dans  l’étude  de  leurs 
relations  avec  les  structures  volcano‐tectoniques  et  les  fluctuations  d’activité 
volcanique.  
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Figure  1. Totalité des données enregistrées à  la  station MK1  (Kawha Mati crater) de 
2002 à 2006, juste avant l’éruption de Juin 2006 et le séisme de Yogyakarta (Mw 6.4).  
 
L’objectif, à terme, est d’obtenir un outil de surveillance des phases de pressurisation 
du  dôme  de  lave  qui  nous  permettrait  d’anticiper  les  épisodes  d’écroulements 
catastrophiques qui se produisent de façon récurrente et qui menacent la sécurité des 
populations environnantes. Les objectifs principaux de cette collaboration sont : 
 
1)  La  mise  en  place  de  réseaux  de  surveillance  novateurs  (mesures  T°,  222Rn  et 
météorologie). 
2) L'expérimentation et la validation de nouvelles stratégies de prospection des zones de 
gaz summitales (mesure de flux par chambre d’accumulation et par imagerie thermique 
basse température, TestoTM). 
3) La surveillance par la mesure ponctuelle du radon‐222 et du thoron (radon‐220)  dans 
les gaz fumerolliens de Woro et Gendol. 
4) La  formation des chercheurs du MVO,  sur  la  thématique du  radon‐222 des gaz des 
sols,  formation  devant  déboucher  à  terme  à  la  maitrise  de  la  métrologie  par  les 
chercheurs de l’observatoire. 
5)  Une  cartographie  thermique  des  zone  de  dégazage,  et  choisir  ainsi  plus 
judicieusement les point intéressants pour le déploiement des 4 sondes radon et des dix 
capteurs de températures.  
6)  Les  données  météorologiques  sont  nécessaires  pour  interpréter  les  signaux  des 
réseaux  électromagnétiques  et  géochimie.  La  station  actuelle  hors  service  depuis 
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l'éruption de 2006  sera  redéfinie,  se  limitant à un pluviomètre équipé d’un capteur de 
température de l’air + pression atmosphérique (T°air, Patm, pluviométrie).  
Un  des  objectifs  à  terme,  une  fois  que  la  dynamique  de  chaque  station  sera  bien 
comprise,  est  de  transmettre  en  temps  réel,  les  données  collectées  directement  à 
l’observatoire,  afin que les chercheurs du MVO prennent possession du réseau.  
Le planning prévisionnel débutera en Septembre 2011 pour les opérations de prospection 
et de remise en place du réseau et ce jusqu’à la prochaine éruption.  
Intervenants : 
Patrick Richon,  Ingénieur‐Chercheur au CEA‐DASE ;  Jean‐Paul Toutain (IRD,  Jakarta) ; 
VIE DASE (BMKG Jakarta). 
References 
Richon  P.,  J.‐C.  Sabroux,  M.  Halbwachs,  J.  Vandemeulebrouck,  N.  Poussielgue,  J. 
Tabbagh, R. Punongbayan, Radon anomaly in the soil of Taal volcano, the Philippines: 
A likely precursor of the M 7.1 Mindoro earthquake (1994), Geophys. Res. Lett., 30 (9), 
1481, doi:10.1029/2003GL016902, 2003.  

Toutain  J. P., Sortino F., Baubron  J. C., Richon P., Surono, Sumarti S., Nonell A., 2009. 
Structure  and  CO2  budget  of  Merapi  volcano  during  inter‐eruptive  periods.  B. 
Volcanol. 71(7), 815‐826.  

Richon P., Toutain  J.‐P., Baubron  J.‐C.,  Labat D., Radtmatopurbo A.,  2010. Radon‐222 
and  thermal  transient  related  to  the  2006  seismo‐volcanic  event  at Merapi  volcano, 
Indonesia. Geophys. Res. Lett., Submitted. 

 
1.2. Mission en sismologie et exploration pour un projet ANR en Indonésie 
(Octobre 2010)  ‐Jean‐Philippe Métaxian, IRD et LGIT 
 
Objectifs 
Cette mission avait pour objectifs 1) l’évaluation des besoins en sismologie volcanique ; 
2) la préparation d’un projet ANR sur le thème de la modélisation de la dynamique des 
dômes volcaniques appliquée au Merapi. Ce projet se place dans le cadre du 
développement des activités scientifiques de VELI. 3) l’analyse de données en 
collaboration avec des collègues du CVGHM. 
 
Calendrier 
4 octobre 2010 : arrivée à Bandung. 
5‐8 Octobre : Séjour à Bandung, discussions avec le Dr Surono et le Dr Hendra 
Gunawan, travaux sur un logiciel de transformation de format de données sismiques. 
8‐14 Octobre : Séjour à l’Observatoire de Yogyakarta, discussion avec le directeur et les 
responsables de la surveillance. Analyse de données sismiques du volcan Merapi. 
15 octobre : Visite au Service de Coopération et d’Action Culturelle à Jakarta. 
 
Préparation d’un projet ANR Modélisation de la croissance de dômes : 
Application au Merapi 
Le Merapi est un volcan emblématique et un laboratoire international. Les 
conséquences de l’éruption actuelle montre, s’il était nécessaire, que cet appareil est le 
plus dangereux de l’Indonésie. Il s’agit aussi d’un volcan dont le dôme est actif, c’est‐à‐
dire que l’extrusion de lave, lente, y est permanente. L’édification et la destruction de 
ce dôme, dont les pentes sont très raides au‐dessus des flancs densément peuplés, 
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entraîne des écoulements pyroclastiques qui sont les processus volcaniques les plus 
meurtriers, avec les lahars. 
Ce projet consiste à contraindre les modèles de dégazage, d’évolution rhéologique et 
de comportement mécanique d’extrusion et d’évolution de dômes magmatiques par 
des observations géochimiques, qui apportent par ailleurs des informations sur les 
processus magmatiques, des mesures géophysiques (déformations, activité sismique) 
et topographiques ainsi que par des données pétrologiques. Ce projet est en cours 
d’élaboration. Le produit devrait être un ou des modèles numériques d’écoulement du 
magma dans le conduit et de formation des dômes magmatiques. Le projet comporte 
également un volet surveillance. Il regroupe plusieurs laboratoires, le Laboratoire 
Magmas et Volcans ; (LMV), le laboratoire des mécanismes et transferts en Géologie 
(LMTG), L’institut de Sciences de la Terre d’Orléans (ISTO), l’Institut de Physique du 
Globe de Paris (IPGP) et le Laboratoire de Géophysique Interne et Tectonophysique 
(LGIT). Le partenaire indonésien est le CVGHM. 
Les grandes lignes du projet ont été présentées au Dr Surono, directeur du CVGHM, et 
au directeur de l’Observatoire du Merapi à Yogyakarta. Ils ont donnés leur accord de 
principe pour l’accès à des données anciennes, l’installation de nouveaux équipements, 
une participation du personnel du CVGHM à la maintenance des équipements sur le 
terrain pendant la durée du projet. J’ai recueilli des informations concernant les 
données géophysiques et géochimiques existantes : type d’instrument, mode 
d’enregistrement des données, périodes de fonctionnement. La plupart de ces données 
sont inexploitées. C’est le cas notamment des données sismologiques. Le catalogue de 
données débute en 1990, ce qui englobe 6 éruptions du Merapi. L’analyse de ces 
données pour une meilleure définition des précurseurs éruptifs, la recherche de 
corrélations entre les différents cycles pré‐éruptifs et éruptifs constituera une partie du 
projet. Les diverses informations recueillies nous permettent d’alimenter la réflexion 
concernant la structuration du projet et seront exploitées pour sa rédaction.  
Analyse de données sismiques du Merapi, propositions d’amélioration du 
système de surveillance 
Mon séjour à l’observatoire de Yogya a coïncidé avec le début d’une crise du Merapi. Le 
niveau 2 a été déclaré fin septembre 2010. Cela a été l’occasion d’observer le 
fonctionnement du service de surveillance et noter des améliorations qui pourraient 
être apportées. 
Le système de surveillance se compose d’un réseau sismique dont les données sont 
transmises par radio en temps réel. Il existe un réseau de mesures de déformations 
(EDM). Plusieurs réflecteurs sont installés autour du cône. Les mesures sont faites 
depuis les observatoires lorsque la visibilité le permet. Il y a aussi des capteurs de 
température proches du sommet au nord (coulée 1956) et au sud (WORO). Ces 
données sont aussi transmises par radio. Les autres mesures (GPS, gaz) sont faîtes 
ponctuellement sur le terrain. Le réseau sismique se compose de 4 stations équipées de 
capteurs courte période et d’une transmission analogique (réseau le plus ancien), de 3 
stations large bande Guralp CMG‐3ESP (60 sec) du projet MIA VITA équipés d’une 
transmission numérique (4 ou 5 stations sont prévues) et d’une station équipée d’un 
capteur large bande STS2 (120 sec) et d’une télémétrie numérique. Or ces 3 systèmes 
ont des temps différents. C’est un problème technique majeur qui doit être résolu dès 
que possible car les séismes ne peuvent être localisés à l’heure actuelle qu’avec les 4 
stations du réseau analogique.  
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Par ailleurs, le personnel de l’Observatoire n’est pas formé à la localisation des séismes. 
J’ai travaillé avec Agus Budi Santoso sur ce thème en installant un programme de 
pointé des phases sismiques (pickev) et un programme de localisation (Hypoellipse). 
Les figures 1 et 2 représentent les résultats des localisations effectuées pendant mon 
séjour avec 4 stations. 

 
Figure 1 : Localisation de séismes volcano‐tectoniques pendant la période fin 
Septembre‐début Octobre. Coupe Ouest‐Est 
 Figure 2 : Localisation de séismes volcano‐tectoniques pendant la période fin 
Septembre‐début Octobre. Coupe horizontale. 
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Les résultats mettent en évidence 2 zones distinctes, une au sommet correspondant à 
la zone du dôme et l’autre plus profonde. On observe un manque de sources sismiques 
entre le niveau de la mer et 2 km d’altitude. La distribution horizontale de la sismicité 
correspond aux résultats obtenus lors de l’éruption de 2006. Ce résultat est très 
préliminaire, il reste à confirmer ou à infirmer en utilisant plus de stations. 
 
Le comptage des séismes par type est effectué manuellement sur les enregistrements 
papier. Les signaux précurseurs caractéristiques d’une intrusion sont principalement 
des signaux de fracturation type VA (profonds) et type VB (superficiels), et des signaux 
associés au mouvements du magma de type MP (Multi‐phase). Ce travail effectué 
manuellement est long et fastidieux. Il peut y avoir plusieurs centaines à plusieurs 
milliers de signaux en une journée pendant une éruption. La figure 3 représente la 
sismicité depuis début 2009. Ce système de comptage pourrait être amélioré en 
utilisant un programme qui intègre la visualisation de signaux numériques, le pointé 
de phases pour identifier l’heure de début, la durée, de l’analyse spectrale permettant 
de différencier les différents types de sources et enfin des calculs d’énergie. La 
demande d’un outil de ce type a été formulée par Agu Budi Santoso. Des programmes 
existant au LGIT seront adaptés au cas du Merapi pour améliorer le processus de 
comptage et la classification des séismes. Cet outil permettra de créer un catalogue de 
données qui pourra être utilisé ultérieurement comme entrée d’un système de 
classification automatique. 
 

 
Figure 3 : Nombre de séismes par jour entre le 1er janvier 2009 et le 14 octobre 2010. 
Vulkanik : séismes volcano‐tectoniques types A (profonds) et B (superficiels) ; MP : 
séismes Multi‐Phase ; LF : séismes basse fréquence ; Guguran : éboulements ; Tek : 
séismes tectoniques. 
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Conclusions 
Cette mission a permis de préparer le projet ANR modélisation de la dynamique de 
dômes volcaniques appliqué au Merapi en collaboration avec le CVGHM. Elle a aussi 
permis de mettre en évidence des améliorations à apporter au système de surveillance 
du Merapi. 
 

ACTIVITE 2 
LAHARS ET TELEDETECTION, VOLCANS SEMERU ET MERAPI 

2.1. Mesures et surveillance des lahars au Semeru  
J.‐C. Thouret et A. Solikhin (CVGHM, futur doctorant au LMV en 2011) 
Les lahars ou coulées de débris et de boue sont les phénomènes volcaniques les plus 
dangereux, avec les écoulements pyroclastiques qui les engendrent souvent durant la 
saison des pluies. Les lahars sont d’autant plus dangereux qu’ils se déclenchent en 
dehors des éruptions (fortes pluies) ou par la rupture d’un lac, etc. En outre, ils se 
propagent dans les vallées à plus grande distance que les écoulements pyroclastiques ; 
leur volume et parfois leur vitesse augmentent lors de leur propagation par 
entraînement des matériaux issus du lit et des berges de la vallée qu’ils empruntent. 
Comprendre les modalités de leur initiation, de leur propagation est fondamental dans 
le but d’alerter les populations très nombreuses sur les flancs et le long des vallées qui 
drainent les volcans indonésiens. Cartographier et mesurer la part des matériaux qui 
sont remobilisés par ces lahars dans les vallées lors des saisons des pluies après chaque 
éruption permettront d’évaluer plus précisément les zones affectées par les prochains 
lahars sur les volcans actifs (Semeru et Merapi). 
Depuis quelques années, nous avons installé temporairement un équipement de 
mesures et surveillance des lahars dans la vallée de Lengkong sur le volcan actif 
Semeru à Java. L’un des posters joints (PDF) montre le thème de l’étude des lahars en 
Indonésie, le site choisi sur le Semeru, les outils et méthodes utilisés et enfin les 
résultats des mesures effectuées.  
Nous installons une batterie de capteurs afin de mesurer les caractéristiques des 
écoulements et leur propagation entre deux stations distantes de 500 m : les capteurs 
de pression interstitielle (espace entre grains solides occupés par l'eau) et les 
géophones permettent d'estimer le débit, les capteurs de charge mesurent la force 
aplliquée sur le lit du chenal, un sismomètre à large bande permet d'analyser les 
fréquences induites par les vibrations dans le sol dues aux lahars, les cameras aident à 
mesurer la vitesse de l'écoulement et à enregistrer les phénomènes d'instabilité à la 
surface des écoulements, l'échantillonnage dans l'écoulement à intervalles réguliers 
fournit des valeurs de la concentration en solides, etc. (Doyle et al., 2010a,b ; Dumainsil 
et al., 2010) 
Notre étude expérimentale “grandeur nature” poursuit quatre objectifs :  1. 
Acquérir des mesures in situ pendant ces écoulements particuliers ; 2. Comprendre les 
caractéristiques hydrauliques des flux, physiques des dépôts et matériaux, et leur 
comportement comparable à celui des “laves torrentielles” des Alpes ; 3. Suivre 
l’évolution d’une vallée qui convoie des lahars fréquents et estimer le bilan de l’érosion 
; 4. Prévoir l’extension et l’impact des lahars sur les piémonts du Semeru où vit un 
million d’habitants. 
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Les données analysées sont le débit, la concentration en solides, la vitesse d'arrivée 
du front du lahar, la propagation et la vitesse des pulsations ou "bouffées" qui se 
succèdent pendant 1 à 2 heures. Ces données permettront de comprendre les processus 
d'entraînement ou de charge des matériaux dans le lahar, de sédimentation et 
d'érosion le long du chenal pendant l'écoulement. Les processus d'érosion et 
d'accumulation sont suivis annuellement depuis 2006 grâce aux levés topographiques 
effectués avec des GPS et au moyen de MNT (voir la dernière carte à droite). Toutes ces 
données serviront à calibrer des modèles d'écoulement de lahar. Les résultats sont 
rassemblés dans 3 publications en 2010.

 
Fig ; 1. Quatre enregistrements acquis durant le lahar du 5 mars 2008 : la première et la 
dernière courbes représentent quatre parties de l'écoulement lors de leur passage aux 
stations amont et aval et les variations de leur concentration en sédiments (ellipses et 
trait fin interrompu). Le spectre noir indique la vitesse du mouvement du sol et la 
troisième ligne est l'énergie induite par les vibrations des écoulements dans le lit, deux 
données mesurées par un sismomètre situé à la station amont. 
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Fig. 2. L’évolution du volume du lahar du 5 mars 2008 entre les 2 stations amont 
« lava » et aval « sabo » . « Packet » = segment ou pulsation. Les variations de volume 
et de concentration en sédiments (en %) sont liées. Ces variations sont dues aux 
processus d'entraînement (incorporation de matériaux) et de sédimentation (dilution). 
La courbe et la zone grise du bas montre qu’ au passage du lahar à la station amont le 
volume croît peu entre les paquets (= bouffées ou pulsations du lahar). Au contraire, la 
courbe et la zone grise du haut montre qu’au passage du lahar à la station aval, le 
volume des paquets 3 et 4 a cru 4 fois.  Ceci reflète l’entraînement de matériaux des 
berges et peut‐être du lit. 
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Fig ; 3. Acquisition de données topographiques avec GPS différentiel, comparaison 
inter‐annuelle de Modèles Numériques de Terrain de 2006 à 2008 : les zones d'érosion 
(en rouge) et d'accumulation (en bleu) de matériaux sont montrées dans le chenal de 
la vallée de Lengkong sur 2 km de distance. 
En 2011, nous voudrions effectuer trois tâches sur ce site expérimental grandeur 
nature : 

1. Mesurer les lahars en février‐mars pendant la saison des pluies avec 

l’équipement décrit plus haut durant au mois 3 semaines. Le but est d’acquérir 

des caractéristiques hydrauliques des écoulements et des matériaux afin de les 

utiliser dans les modèles d’écoulement à tester (à Grenoble, au Cemagref) 

2. Acquérir une nouvelle topographie du chenal de la rivière Lengkong (avec 

GPS différentiel et avec des photos prises à basse altitude avec un ULM). Le but 

est de suivre l’évolution du chenal et surtout de mesurer les processus d’érosion 

et de dépôt en détail. Ce paramètre (érosion ou incorporation de matériau et 

dépôt ou dilution de l’écoulement) est fondamental pour comprendr e le 

phénomène et pour prévoir la propagation vers les zones peuplées à l’aval et 

autour du site expérimental. 

3. Collaborer avec des économistes de Montpellier qui étudient les attitudes et 

les réponses (assurance, etc.) face aux risques d’inondation et de coulées 

de boue, et qui analysent le type de gestion de ces risques par les autorités 
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locales. Ceci se fera par l’intermédiaire d’enquêtes sur place avec l’aide d’un 

doctorant ou post‐doctorant Indonésien. 

2.2. TELEDETECTION HAUTE RESOLUTION AU MERAPI ET AU SEMERU 
  L’imagerie satellitaire est largement utilisée pour surveiller les volcans actifs et 
analyser l’évolution des édifices. Les progrès des techniques instrumentales et la 
résolution des images actuellement disponibles (1 m pour Ikonos, 50 cm pour GeoEye) 
nous permettent, selon les conditions météorologiques, d’appliquer cet outil aux deux 
volcans dangereux choisis pour cible. Sur le Merapi, volcan laboratoire, l’interprétation 
des images de haute résolution nous aide à suivre l’évolution du dôme et les effets des 
écoulements pyroclastiques induits par les effondrements (par ex. juin 2006, octobre 
2010) en direction des flancs S et SW densément peuplés. Sur le Semeru, l’activité 
permanente, quotidienne et les conditions d’accès difficiles nous interdisent une 
approche répétée de la zone sommitale et du cratère. Nous exploitons donc les images 
des satellites Ikonos et SPOT5 afin de détecter des modifications au sommet et afin de 
délimiter sur des cartes détaillées les effets actuels et futurs des écoulements 
pyroclastiques et des lahars sur les piémonts densément peuplés. 

En 2009 et 2010, nous avons utilisé l’imagerie satellitaire de haute résolution Ikonos 
(1m) et Spot (5 2,5 m) disponible à CRISP (National University of Singapore) avec trois 
objectifs : 

- Détecter les différents types d’écoulements pyroclastiques issus de l’éruption de 

2006 au Merapi (effondrement de dôme, coulées de blocs et cendres, 

déferlantes). Nous avons détecté leurs effets sur les versants et la forêt de la 

vallée de Gendol et déduit les causes de débordement des écoulements hors de 

la vallée principale en direction du village de Kaliadem (Thouret et al., 2010). 

Ces débordements sont dus aux facteurs morphologiques de la vallée (sinuosité, 

obstacles), au changement de la capacité du chenal vis‐à‐vis des écoulements 

répétés, et aux obstacles d’origine anthropique (Sabo dam récemment construit 

à l’amont du village), à l’origine de débordements meurtriers vers Kaliadem en 

2006 et 2010°. Ce constat remet en cause l’utilité des ouvrages de défense de 

type Sabo dam (Lube et al., 2010). Ceci débouche sur une évaluation des effets et 

des dommages lors des éruptions, qui surviennent tous les 4 ans en moyenne 

depuis 1904 au Merapi.  

-  Suivre l’évolution du sommet du Semeru et des bassins versants fréquemment 

empruntés par les écoulements pyroclastiques et surtout les lahars. Ceci se fera 

avec A. Solikhin (CVGHM, procahin doctorant au LMV). 

- Reconnaître les formations géologiques du volcan, surtout les plus récentes, 

inventorier les produits principaux et le contexte structural de l’édifice, 

notamment les flancs instables comme celui exposé à l’est (A. Solikhin, Master2, 

2009 à Clermont). 
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Fig. 4. Image Ikonos drapée sur un MNT du flanc sud du Merapi (vallée de Gendol). 
Les types, les effets et les processus liés aux écoulements pyroclastiques mis en place 
lors de l’éruption de 2006 sont indiqués. NB. Un écoulement de blocs et cendres se 
propage à l’amont de la vallée de Gendol au moment même où le satellite IKONOS 
acquérait cette image le 16 juin 2006. 
Références 
Thouret  J.‐C.,  Gupta  A.,  Lube  G.,  Cronin  S.J.,  Surono,  2010.  Analysis  of  the  2006 
eruption deposits of Merapi Volcano,  Java,  Indonesia, using high‐resolution  IKONOS 
images  and  complementary  ground  based  observations.  Remote  Sensing  of 
Environment, 114, 1949‐1967 DOI:10.1016/j.rse.2010.03.016. 
Dumaisnil  C.,  Thouret  J.‐C.,  Chambon  G.,  Doyle  E.E.,  Cronin  S.J.,  2010. Hydraulic, 
physical  and  rheological  characteristics  of  rain‐triggered  lahars  at  Semeru  volcano, 
Indonesia. Earth Surface Processes and Landforms, online2 June, DOI: 10.1002/esp.2003. 
Doyle E.E., Cronin S.J., Cole S.E., Thouret J.‐C., 2010a. The coalescence and organization of 
lahars at Semeru, Indonesia. Bulletin of Volcanology, 72, 8, 961‐970. DOI: 10.1007/s00445‐010‐
0381‐8. 

 
Doyle E., Cronin S.J., Thouret J.‐C., 2010b. Cycles of bulking and debulking in lahars at 
Semeru, Indonesia. Geol Soc Amer Bull, Accepted August 2010, in the press. 
Lube G., Cronin J.S., Thouret J.‐C., Surono, 2010. Kinematic characteristics of pyroclastic 
density currents at Merapi and controls on their avulsion from natural and engineered 
channels. Geological Society America Bulletin, accepted September 2010.  

 
 

ACTIVITE 3 : 
MISSION D’EVALUATION DES RISQUES, UITILSATION DES MATERIAUX 

VOLCANIQUES ET VALORISATION DE LA RECHERCHE 
Franck Lavigne, LGP et Université Paris 1 

 
Activités de coordination de la recherche  
1. Rencontres avec Dr Surono, directeur DVGHM, Bandung  
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‐ Mercredi  7  et  jeudi  8  juillet  2010,  Jeudi  26  août  2010,  Bandung,  Lundi  20 
septembre 2010, Paris, Mercredi 29 septembre 2010, Bandung.  
2. Rencontres avec Dr Subandryio, directeur BPPTK, Yogyakarta en juillet ‐ août 2010  
  
Activité de valorisation de la recherche  
 
1. Conférence « Le risque volcanique en Indonésie »  

‐ Lundi 27 septembre 2010, Lycée International Français (LIF) de Jakarta  
Classes de 4e (Ecole Internationale Française de Bali) et de 1ère (LIF)  

‐ Jeudi 30 septembre2010, Résidence de l’ambassadeur de France à Jakarta  
Une  soixantaine  de  personnes  de  la  communauté  française  et 
francophone de Jakarta. Conférence avec J.P. Toutain et Dr Surono.  

‐ Vendredi 12 novembre 2010, Section française de l’Indonesian Heritage Society 
(IHS). Communauté française et francophone de Jakarta.  

2. Visite du Musée de la Géologie et projection de film à Bandung  
‐ Mardi  28  septembre  2010 :  accompagnement  de  la  classe  de  4e  de  l’Ecole   
Internationale Française de Bali.  

   Projection du film de F. Lecuyer « Volcans d’Indonésie, Java sur l’échine du dragon ».  
 
Activités de recherche  
 
1. Photographie haute résolution par ULM (Ultra‐Light Motorized)  
Une série de 116 photographies à haute résolution a été acquise par ULM fin août 2010 (Fig. 
5).   
Objectifs :  
‐  Disposer  de  vues  2D  et  3D  des  vallées  Gendol  et Woro  en  anticipant  les  prochains 
écoulements pyroclastiques du Merapi. Un  second  survol  est prévu  au  lendemain de  la 
prochaine éruption (2011 ?).  
‐ Cartographier les impacts géomorphologiques liés aux extractions au fond des vallées.  
‐  Compter  les  camions  au moment  du  survol  afin  d’estimer  les  volumes  de matériaux 
extraits en un temps donné.  
  
Méthodes  
‐ Photointerprétation et cartographie 2D des vallées.  
‐ Construction d’un Modèle Numérique de Terrain (MNT) à partir de couples d’images par 
stéréophotogrammétrie (réalisée à l’Ecole Nationale des Sciences Géographiques – ENSG).  
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Fig. 5. Photographie haute résolution par ULM dans la vallée Gendol. 
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2. Relevés topographiques d’un tronçon de la vallée Gendol (Fig. 6)  
Des relevés topographiques par station totale TRIMBLE ont été effectués en août 2010 (Fig. 
6) afin de construire un Modèle Numérique de Terrain (Fig. 7) dans deux tronçons de la 
vallée : Kaliadem dam et un second site à 2 km plus en aval. Les objectifs étaient identiques 
que ceux présentés stéréophotogrammétrie ne s’étant concrétisés que récemment. 
 

3. Cartographie des facteurs de vulnérabilité sur les flancs du Merapi  
Travaux entrepris dans le cadre du programme européen MIA VITA. 
 

 
ACTIVITE 4 

VALORISATION ET DIFFUSION DU SAVOIR ET DES SAVOIR FAIRE 
 

Fig. 2. Extraction de sable dans la vallée Gendol, 
août  2010 

Fig. 6. Relevés topographiques par Station 
Totale. Dans la vallée Gendol, août 2010.  
 

Fig. 7. Modèle Numérique de Terrain issu 
d’une campagne de relevés topographiques 
par Station Totale. 
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Plusieurs posters destinés à la diffusion des savoir faires et des résultats acquis en 
Indonésie depuis quelques années ont été remis à l’Ambassade de France en juillet 
2010. Les titres de ces 8 posters sont les suivants :  

1) Coopération franco‐indonésienne : historique, objectifs et moyens (J.‐P. 
Toutain) 

2) Emanations gazeuses à hautes et basses températures sur un volcan actif, 
moyen de surveillance (J.‐C. Baubron, J.‐P. Toutain, P. Richon, F. Sortino) 

3) Mesure du radon et de la température du gaz des sols ; au sommet du Merapi 
(P. Richon) 

4) Coopération franco‐indonésienne en sismologie volcanique (Ph. Lesage et J.‐Ph. 
Metaxian) 

5) Utiliser l’imagerie satellitaire de haute résolution afin de suivre l’activité et 
l’évolution des deux appareils les plus actifs et dangereux en Indonésie (J.‐C. 
Thouret et A. Solikhin) 

6) Coopération franco‐indonésienne en volcanologie : les lahars (J.‐C. Thouret, A. 
Solikhin et collaborateurs) 

7) Dômes du Merapi et écoulements pyroclastiques associés (K. Kelfoun) 
8) Volcans et sociétés en Indonésie : vivre avec les risques (F. Lavigne, D. 

Grancher, E. De Bélizal, E. Mei et A. Picquout) 

D’autres activités de valorisation des acquis de la recherche ont été mentionnées 
dans le rapport de F. Lavigne ci‐dessus. 
 
Jean‐Claude Thouret, Clermont le 28 octobre 2010. 
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Introduction 
Following an international workshop held in Manila in January 2003 for ‘Initiating seismic and 
volcanic electromagnetic monitoring in Asian countries’ the Inter-Association Working Group 
EMSEV has developed a scientific cooperation in the electromagnetic field and other geophysical 
methods with the Philippines Institute of Volcanology and Seismology 
(http://www.phivolcs.dost.gov.ph/). Priority was given to Taal volcano which may involve large 
eruptions with pyroclastic flows, base surges and violent phreatic explosions. The volcano has 
always shown signs of sporadic activity since the last period of activity (1965-1977) during which 
about 200 people were killed. In 1991, 1992, 2000-2004, 2006, and 2010 major seismic crises were 
recorded inducing occasionally felt earthquakes, opening of fissures, cyclic ground surface uplifts, 
increase in ground and water temperatures, bubbling in the acidic inner crater lake, and surface 
activity. Based on local authorities and PHIVOLCS researches, about 10,000 inhabitants should be 
concerned by a mild activity within a radius of only 7 km while more than 650,000 people should 
be affected in case of a violent eruption as that in 1749. 
To respond and mitigate to this high level volcanic risk, EMSEV and PHIVOLCS have joined their 
best efforts for (1) understanding the interactions between the magma feeding system and the 
hydrothermal system buffered by both the hot acidic inner Crater Lake (MCL) and the cold outer 
Taal Lake(TL), the geological discontinuities along which heat and soil degassing prevail, (2) 
evaluating scenarios of activities, (3) monitoring the volcanic activity, and (4) constituting an 
electromagnetic scientific community at PHIVOLCS. 
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Figure 1: Topographic map of Taal volcano. White rectangle is the main area where EM and other 

geophysical field studies have been performed. 

 
 
Time line of the cooperation 
 2003 
International EMSEV-PHIVOLCS workshop in Manila held in January 2003 on ‘Initiating 
seismic and volcanic electromagnetic monitoring in Asian countries’ 
Formation an international electromagnetic (EM) EMSEV team based on Japanese and French 
counterparts. 
 2004 
Memorandum of agreement signed by PHIVOLCS and EMSEV on ‘The understanding of the 
geotectonics, seismicity and volcanism of the southern Luzon region’ 
 2005 
PHIVOLCS designs an initial EM team. First joint field campaign on Taal. 
Magnetic (TMF), self-potential (SP), ground temperature (GT) and soil degassing surveys 
(CO2) are performed. 
A first continuous multi-parametric station located across the active fissures opened during the 
1991-92 seismic activities is set. Data are recorded locally. 
 2006 
Two joint field campaigns are led. During the first January campaign, felt earthquakes incite 
people living on the volcanic Island to spontaneously evacuate for a few days.  
A network of magnetic benchmarks is achieved on which the total magnetic field is regularly 
measured. 
 2007 
Two tasks were simultaneously performed during the two multiparty field works. One is to 
extend the electromagnetic, soil degassing and temperature surveys on the ground through the 
two identified geothermal fields. The second task is to build a new continuous multi-parametric 
station located inside the crater above the second geothermal field.  
A real telemetry system was implemented between the two multi-parametric stations and the 
local Taal observatory. Data can be visualized and analyzed by PHIVOLCS. 
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Two continuous stations recording the total magnetic field were installed in the immediate 
vicinity of the two multi-parametric stations. Data which are recorded locally are collected 
every month by PHIVOLCS members. 
One cross section of 13 audio-magnetotelluric soundings along a North-South direction 
highlights the rooting and the interconnection of the two geothermal fields.  
During field work, particular attention is made to educate EM-PHIVOLCS team to the methods 
which are applied. EM-PHIVOLCS team is advised on  best techniques to make measurements .  
Reports were written, and meetings were held at PHIVOLCS headquarter. 
 2008 
Two years IUGG grant is obtained. It greatly allows the cooperation to speed up research. 
A memorandum of agreement was made on the use of geomagnetic data from Muntinlupa 
magnetic observatory in the Philippines. It was signed by the National Mapping and Resources 
Information Authority (Philippines), the Ocean Hemisphere Research Center, the Earthquake 
Research Institute (University of Tokyo) the Japan Agency for Marine-Earth Science and 
Technology, PHIVOLCS, and EMSEV. This memorandum allows EMSEV and PHIVOLCS to 
use Muntinlupa magnetic data as remote reference. 
Magnetic and bathymetry surveys of the inner Crater Lake were performed during the two joint 
2008 campaigns. 
Water level and temperature of the Crater Lake are now recorded thanks to a combined sensor 
located in the middle of the Crater Lake. 
Reports were, and meetings at PHIVOLCS were held. 
 2009 
Meetings at PHIVOLCS, and two common field work efforts were organized. 
Detail and large scale magnetic, self-potential, soil degassing and ground temperature surveys 
are done. 
Because of the relative quietness of the surface activity of the Crater Lake, water temperatures 
(WTE) at the bottom of the Lake were measured. Detail bathymetry was updated. 
An outstanding effort was made by both parties to install a more reliable internet connection 
between the computer recording multi-parametric data at the local observatory and PHIVOLCS 
headquarter, and the French server. Automatic transfers were set, and data can now be 
visualized and processed routinely on the Virtual ElectroMagnetic Laboratory (VEML; 
http://virtual-electromagnetic-laboratory.com/). 
 

 
 

Figure 2: At MCL station, self-potential, ground temperature and gradient, seismic noise, 

components of the magnetic field, seismicity, , and Rn emission are recorded. At DAK station, in 

addition to the same parameters, two components of the tilt are also recorded (2010). 2 seconds 

http://virtual-electromagnetic-laboratory.com/
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sampled data are radio-transmitted in real time. 

 
 2010 
Thanks to IUGG grant, PHIVOLCS and French Embassy supports, a second international 
workshop was held at PHIVOLCS. Title is ‘Monitoring active volcanoes by electromagnetic 
and other geophysical methods; Application to Asian volcanoes’. About 60 participants attended 
the meeting (http://www.emsev-iugg.org/emsev/).  
A new memorandum of agreement was signed between PHIVOLCS and EMSEV for the period 
2010-2014. 
Following the meeting, a large field campaign was organized: 
- Resistivity, Very Low Frequency soundings are performed along the tracks followed by SP, 

ground temperature and soil degassing surveys (Greek participation). 
- A borehole tiltmeter is installed at the northern multi-parametric station (DAK, USGS 

participation). 
- Magnetic surveys were measured along the magnetic network of benchmarks, and new SP 

profiles allow building a complete map describing the extent of the hydrothermal field 
including the two geothermal fields. 

In October and November 2010, a new step in the cooperation was achieved: 
- Three magnetotelluric stations are installed under the framework of a JICA support (Japan). 
- A new EMSEV multi-parametric station was build on the northwestern edge of the crater 

rim, at the limit of the northern geothermal field. Data recorded on site will be telemetered 
in real time in 2011. 

From mid-April to the end of July, Taal volcano exhibited an abrupt and strong seismic crisis.  
PHIVOLCS raised the alert level from 1 to 2 temporarily and included a possible plan to 
partially evacuate the volcanic Island. Thanks to the real-time multi-parametric network, 
EMSEV was able to regularly process data and to inform PHIVOLCS about the observed 
signals and the interpretation. Two reports were sent to PHIVOLCS during this period. This 
several months of activity were useful for all the participants who rapidly communicate data, 
evaluation of the activity and so forth. 
 2011 prospective 
Two main field campaigns should be done during the year. 
- Magnetotelluric soundings should be performed on the volcanic Island in order to study the 

deep structure, 
- A fourth EMSEV multi-parametric station should be installed on the volcano. The 

objectives of this new station are multiple. First, parameters similar to those at the other 
stations (SP, temperature, gradient of temperature, seismic noise …) will be recorded, and, 
second, a current system which will allow dipole-dipole resistivity soundings on the basis of 
the multi-parametric network will be implemented. 

- Depending on the budgets that each foreign EM team will get, theoretical and applied 
studies and stages will be proposed to PHIVOLCS EM team members. 

 
  
Main results and achievements 
Combined SP, GT, WTE, soil degassing and TMF surveys indicate that the northern part of the 
volcano is undergoing strong thermal transfers and degassing. The activity takes place along E-W 
fissures that could be linked to the root of the northern border of the Crater (MC) at a depth of some 
hundreds of metres, and also connected to a thermal source near the MCL shore line. This thermal 
source location could be the initial spot of the next eruptive activity. In such a case, strong activity 
could induce a collapse of a part of the northern MC rim into the MCL, due to mechanical 
weakening by the active 1992-1994 fissures. To the south, this system appears to be bounded by a 
NW-SE fault suspected from the NW-SE alignment of negative SP and WT anomalies in the MC. 
Seismic activity and dike injection may be taking place along this alignment. Changes in SP, TMF 
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and GT are measured by means of repeat profiles, suggesting that potentially hazardous 
phreatic/and gas eruptions may be associated with future seismic unrest in these geothermal areas. 
The two geothermal fields are linked at several hundreds meters depth and the 
hydrothermal/volcanic fluids are prevailing in the northern part of the crater. Bathymetry and 
bottom water temperature of MCL clearly show that a bulge of 5 to 10 m high is present and is cut 
by active hot springs located along a N.NW-S.SE direction. 
Resistivity soundings outline that hydrothermal fluids have mineralized and altered the northern rim 
of the crater which make it unconsolidated. 
When one considers the background seismicity on the volcano, it is clear that seismic crises appear 
abruptly and are accompanied by rapid ground deformation as observed on many similar volcanoes. 
High levels of activity can be quickly reached. Therefore, real time monitoring and data analysis 
systems are a necessity for anticipating the level of hazard expected. 
Earthquakes during the April-July 2010 crisis have again re-activated the 1991-94 fissures, which 
might unconsolidate the northern outer rim of the crater. Many data indicate that the region beneath 
the northern Crater Lake is still active. During this crisis, the near-surface activity in MCL is 
apparent, and one may consider that the general hydrothermal activity will again be similar to that 
observed in 2007 or before. Taking into consideration all the available data, it seems that is new 
crisis is serious although the details of the deep activity and its potential are not clear.  Magmatic 
intrusion, together with hydrostatic overpressure, could be reactivating the region below the 
northern part of the volcano. Under this hypothesis, any depressurization, resulting from faulting 
triggered by teleseismic or local earthquakes, landsliding, etc, could destabilize the system and lead 
to a phreatic explosion on the volcano. 
Four real time multi-parametric EMSEV stations will be operating in 2011. They allow continuous 
monitoring of the volcanic activity and greatly contribute to improved understanding of the on-
going activity. The program adds further value to the seismic networks, geophysical and 
geochemical surveys operated by PHIVOLCS. PHIVOLCS already integrate some of our results in 
the information planning to Local authorities and inhabitants. 
Several PHIVOLCS members are now aware of EM methods and they would go further in the next 
years in the study of the EM field. Some of the methodologies developed during the cooperation 
may already be integrated in the monitoring of other volcanoes in the Philippines. 
 
 
PHIVOLCS and International EMSEV consortium and evolution 
 PHIVOLCS team 
From the beginning of the cooperation PHIVOLCS (Director R. Solidum) made a huge effort to 
mobilize active researchers, engineers and technicians in the EMSEV-PHIVOLCS cooperation. 
The Institute has always largely contributed to providing adequate  numbers of personnal in the 
field in order to complete joint field campaigns. PHIVOLCS has also financially supported the 
contribution of PHIVOLCS members on the field. 
About 8 to 10 PHIVOLCS members may be regularly involved in the cooperation. Most of 
them are coming from the Volcanological section (directed by J. Sincioco). Two groups were 
constituted and each of them has focused his interest in the ‘Magnetic field monitoring’ (J.M. 
Gordon, Jr, P. Alanis, Freddy)or in the ‘Electric field monitoring’ (E. Villarcorte, L. Bong, P. 
Reniva). During each field visit, a representative (J.P. Sabit) of the volcanological section 
accompanies PHIVOLCS members on the field. The local support is given by Taal observatory 
(A. Loza Loic, L.A. C. Banes). 
 EMSEV team and other contributions 
EMSEV team has largely increased during the past years. 
- Initially the cooperation was supported by two teams mainly belonging to the Earthquake 
Prediction Research Centre (T. Nagao, M. Harada located at Tokai University, Shimizu) and 
Tokyo Metropolitan City (Y. Sasai) in Japan, and to the French National Research Centre in 
France (J. Zlotnicki, F. Fauquet, and P. Yvetot positioned at the Observatory of Physics of 
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Globe, Clermont-Fd). About 6 researchers and engineers, experts in the EM field, were 
involved.  
From these countries other research teams joint the cooperation, bringing their own expertise: 
For instance the Aso observatory for total field magnetometers, and J.P. Toutain from the 
Laboratoire de Mécanismes de Transfert en Géologie for geochemical studies and soil 
degassing. 
- Later on, F. Sortino from the Istituto Nazionale per la Vulcanologia of Palermo (INGV, Italy) 
contributed to heat fluxes and CO2 degassing measurements, while A. Bernard from the 
Laboratoire de Géochimie et Minéralogie (Université Libre de Bruxelles, Belgium) focuses on 
Thermal Aster imagery of Taal Crater Lake. 
- In 2010, G. Vargemezis from the Aristotle University of Thessaloniki entered the scientific 
consortium and manages the resistivity soundings on the volcano with J.R. Puertollano, R.C. 
Pigtain from PHIVOLCS. US Geological Survey greatly enlarges the monitoring of the volcano 
by setting a borehole tiltmeter at a first multi-parametric station (DAK). Now, M.J.S. Johnston 
is deeply involved in the monitoring of the volcano as the French and Japanese teams. 
- Satellite observations progressively enlarge the multi-disciplinarity of the EMSEV consortium. 
EM observations by DEMETER are active til the end of the experiment. MOPITT observations 
are done by R.P. Singh working at Chapman University (USA). V. Tramutoli and N. Pergola 
from Department of Engineering and Physics of The Environment (DIFA, University of 
Basilicata) are presently setting a time domain analysis of robust satellite techniques (RST) for 
near real-time monitoring of active volcanoes and thermal precursor identification. 
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Earth’s magnetic field measurements

Arnaud Chulliat, Jérôme Dyment, and Gauthier Hulot

Institut de Physique du Globe de Paris, INSU/CNRS, F-75005 Paris

Abstract The French community contributes to the international effort of monitoring the Earth’s
magnetic field. The "Bureau Central de Magnétisme Terrestre" (BCMT) gathers French institu-
tions contributing to ground observations. As of Feb. 2011, 18 INTERMAGNET observatories
are affiliated to BCMT, among which 8 are in collaboration with foreign institutions. During 2007-
2011, BCMT developed its instrument technical abilities, installed two new observatories (Easter
Island and Antarctica), and upgrade the data processing procedures to provide quasi-definitive
data within one month. Regarding marine measurements, new techniques were developed and
marine campaigns were conducted. The French community has also an important role in the
soon-to-be-launched SWARM ESA mission, with an instrument-PIship.

Magnetic observatories

The BCMT, founded in 1921 and attached to the
Institut de Physique du Globe de Paris (IPGP), is
in charge of coordinating ground observations of
the Earth’s magnetic field by French institutions.
Three French institutions are currently operating
magnetic observatories: the IPGP, the École et
Observatoire des Sciences de la Terre (EOST)
and the Institut de Recherche pour le Développe-
ment (IRD). A fourth institution, the Observatoire
Versailles Saint Quentin (OVSQ), attached to In-
stitut Pierre Simon Laplace (IPSL) and Université
Versailles Saint Quentin (UVSQ), hosts the Inter-
national Service of Geomagnetic Indices (ISGI),
which provides data products derived from mag-
netic observatory data. The BCMT currently op-
erates a network of 18 observatories through-
out the world (including 8 observatories in co-
operation with foreign institutions) and a network
of 30 repeat stations in metropolitan France.
All BCMT observatories belong to INTERMAG-
NET (www.intermagnet.org), the global network
of magnetic observatories transmitting their data
in near real time and fulfilling high quality stan-
dards. In addition, the BCMT develops, builds
and calibrates its own lines of vector and scalar
magnetometers (Figure 1), providing significant
flexibility to its variations of the Earth’s magnetic
field having time scales from a few seconds to
several decades [Matzka et al., 2010]

Over the time interval 2007-2011, the BCMT
has made the following strides: New magne-
tometers and data acquisition systems were de-
veloped in order to acquire data every sec-
ond [Chulliat et al., 2009], as opposed to ev-

ery minute which was the previous international
standard. New 1 Hz systems were installed in
13 observatories (as of February 2011), thus
providing new data for investigations of rapid
geomagnetic variations (such as geomagnetic
pulsations, tsunami generated magnetic fields,
etc.) Two new INTERMAGNET-type observato-
ries were installed in challenging locations, one
in Easter Island (Chile) [Chulliat et al., 2009,
Manoj et al., 2011] and the other one in Dome C
(Antarctica) [Schott and Rasson, 2007, Chambo-
dut et al., 2009, Chambodut and Schott, 2010].
Forty years of data from the Parc St Maur
and Val Joyeux observatories, covering the pe-
riod 1883-1922, were digitized from yearbooks,
quality-controlled and distributed on the internet
[Fouassier and Chulliat, 2007, 2009]. The World
Monthly Means Database maintained by IPGP
was upgraded [Chulliat and Telali, 2007]. Data
processing procedures were upgraded [Schott
and Linthe, 2007, Truong et al., 2009] and so-
called quasi-definitive data are now available in
one month time delay (Figure 2) [Peltier and
Chulliat, 2010]. This new data product, recently
endorsed by INTERMAGNET and IAGA, has
been used to validate IGRF-11 candidate mod-
els [Chulliat and Thebault, 2010] and will be used
during the upcoming ESA Swarm mission.

Marine measurements

Instrumental developments have been carried
out in deep-sea magnetometry, with the design
and operations of a deep-tow scalar magne-
tometer and a vector magnetometer attached
to deep-sea vehicles such as manned sub-
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Figure 1: The IPGP VM391 tri-axis fluxgate mag-
netometer.

Figure 2: Latencies of the BCMT data products.

mersible, remotely operated vehicles (ROV),
or autonomous underwater vehicles (AUV). A
long, high-resolution magnetic profile across the
whole Cretaceous Quiet Zone in the Central At-
lantic Ocean off Africa has been collected by
the deep-tow magnetometer and reveals varia-
tions in the geomagnetic regime during this 35
My period of constant polarity [Dyment et al.,
2009]. Magnetic profiles acquired on the seafloor
by deep-sea submersible Nautile have provided
important constraints on the structure of slow-
spreading ridge segment [Honsho et al., 2009]
and on the detailed age of the seafloor, allow-
ing a fine description of magmatic processes
[Cordier et al., 2010]. Detailed magnetic and to-
pographic surveys have been achieved by ROV
Victor on several hydrothermal sites with ultra-
mafic basement. Unlike the sites lying on basalt,
associated to magnetic lows due to the alteration
of basalt titanomagnetite to titanomaghemite and
non-magnetic minerals, the sites lying on ser-
pentinite exhibit a magnetic high due to the for-
mation of magnetite as part of the serpentinisa-
tion process and its conservation in a reducing
environment [Tivey and Dyment, 2010]. This re-
sult will help to detect and characterized poten-
tial mineral resources associated to inactive hy-
drothermal sites on the seafloor.

Satellite measurements

France has also taken a very active role in the
development of Low Earth Orbit (LEO) space
magnetometry over the past decade, even more
so over the past four years. It contributed to
the two very successful Danish Oersted and
German Champ missions, both of which car-
ried OVH absolute scalar magnetometers built
by CEA/LETI (and provided by CNES, in the
case of Oersted). These missions provided a
wealth of high quality data until very recently,
well beyond the nominal lifetime of both these
missions (Champ re-entered the atmosphere on
September 19, 2011, after more than ten years
of good and faithful service, Oersted is still in
orbit). These remarkable data have allowed
much progress in our ability to identify and re-
cover the various types of magnetic signals [Hu-
lot et al., 2007], particularly those of internal ori-
gin: the main field and its secular variation [Gillet
et al., 2010], and the field of lithospheric ori-
gin [Thébault et al., 2010]. But these missions
also revealed the limits of single satellite mag-
netometry missions and the need for more ad-
vanced concepts [Olsen et al., 2010]. Such an
advanced concept, SWARM, was selected by
ESA as the fifth Earth Explorer Mission in 2004,
following a joint proposal by DNSC (now DTU) in
Denmark, GFZ in Germany and IPGP in France
[Friis-Christensen et al., 2006, 2009].

The SWARM mission is to involve two satellites
orbiting side by side (Fig. 3) on a low polar orbit
to measure the East-West gradient of the mag-
netic field, and a third satellite to be launched
(with the same launcher) at a slightly higher al-
titude. The orbital plane of this third spacecraft
will progressively shift with respect to the orbital
plane of the lower spacecraft pair, to provide data
at different local times [see e.g. Olsen et al.,
2010, for a full justification of this constellation
configuration]. It will carry similar but more ad-
vanced instruments as the Champ mission. In
particular, the absolute scalar magnetometers,
again built by CEA/LETI, provided by CNES as
a Customer Furnished Instrument under the sci-
entific responsibility of IPGP, is now a latest gen-
eration Helium 4 optical pumping absolute mag-
netometer. It will make it possible to reach an
accuracy of 0.3 nT. The French scientific com-
munity has been very active in both the technical
and scientific preparation of this mission, which
is now due to be launched in the summer of 2012
for a nominal lifetime of five years.

SWARM will provide both so-called level 1b data
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Figure 3: Two (out of three) Swarm satellites.

(calibrated 1Hz and 50 Hz vector and scalar field
values from each satellite) and level 2 products,
such as core field, lithospheric field and iono-
spheric field models, but also local estimates of
ionospheric parameters such as the Eastward
Electrical Field that drives much of the iono-
sphere’s equatorial dynamics. These level 2
products will be prepared by IPGP and several
other institutions within an international consor-
tium led by DTU in Denmark. Both level 1b data
and level 2 products will be made freely available
by ESA to the scientific community and are ex-
pected to considerably enhance our knowledge
of the various sources of the Earth’s magnetic
field.
The perspective of the SWARM mission has also
prompted much related scientific development in
geomagnetism (for a recent review see e.g. [Hu-
lot et al., 2010, 2011, and references therein],
in particular investigations of short timescale dy-
namics [Finlay et al., 2010], initiation of data as-
similation techniques in geomagnetism [Fournier
et al., 2010], and the construction of maps of the
lithospheric field by merging satellite, airborne,
marine and ground-based magnetic data [He-
mant et al., 2007]. All these areas of research
are expected to considerably benefit from the fu-
ture SWARM data.
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Processing of Magnetic Field Measurements
from Ground to Space

Erwan Thébault (1) and Yoann Quesnel (2)

(1) Institut de Physique du Globe de Paris, Université Paris-Cité, INSU/CNRS, F-75005 Paris
(2) Université Aix Marseille, CEREGE, CNRS, F-13545 Aix En Provence

Abstract Satellite and near-surface measurements are by nature different. Satellites travel
at hundreds kilometers altitude and do not detect all details pertaining to the magnetic signal
of the crust. However, they allow a global view, provide homogeneous vector and scalar
measurements and survey almost the entire Earth, including remote and inhospitable regions.
To the contrary, near-surface aeromagnetic and marine data are restricted to regions, are scalar
only, but offer views at meters to kilometer resolutions. Reconciling both source of information
is essential to study the Earth’s magnetic crust but this requires developing very different tools.

One important resolution of the Working Group
V-MOD of the International Association of Geo-
magnetism and Aeronomy is to encourage the
production of a World Digital Magnetic Anomaly
Map (WDMAP). In this framework, the French
community collaborated closely with other inter-
national groups. On Earth, magnetic anoma-
lies are defined as the vector, or scalar, differ-
ences between the measured magnetic field and
an estimate of the main field originating from the
core that dominates up to SH degree 13 (Fig-
ure 1). Magnetic anomalies, also known as the
lithospheric field, are commonly assumed to re-
flect the magnetic properties of rocks lying in the
Earth’s crust. Therefore, a product like WDMAM
should help to better identify and connect widely
separated geological units. The first WDMAM
was released during the IUGG meeting in Pe-
ruggia in 2007 [Thebault, 2011]. This composite
map was built upon measurements from space,
airplanes and ships collected during more than
60 years by researchers of all nationalities world-
wide.

During the last four years, significant efforts were
made to improve the first version of the WDMAM
at both ends of the magnetic field spectrum and
to try filling the spectral gap between large and
small scales (SH degree 100 to about 200; Fig-
ure 1). The French community was involved in
collecting new data. In the oceanic regions, for
instance, high resolution magnetic field profiles
were recorded over the whole Cretaceous Quiet
Zone offshore Africa [Dyment et al., 2009]. In
addition, an effort was made to retrieve old aero-
magnetic maps over the French territory that are

Figure 1: Synthetic view of the crustal field power
spectrum at satellite altitude (400-km; dashed
line) and aeromagnetic altitude (5-km; solid line).
The noise at satellite altitudes does not allow
seeing scales smaller than SH degree 100, or
so ( 400-km), while airplanes poorly detect fea-
tures larger than about 200 -km (SH degree 200,
or so). After [Thebault, 2011]

now ready to be digitized. These new data will be
included in future versions of the WDMAM map.

Many technical difficulties were faced in the first
WDMAM version because of the nature of the
considered data. This was further investigated.
First, the available raw scalar marine measure-
ments acquired at very different epochs are
noisy. A first step consisted in screening 20 mil-
lions of GEODAS data and in removing the un-
realistic spikes. Then, improved corrections for
the diurnal external and the main fields were per-
formed (see Geomagnetic Field Models) to bet-
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Figure 2: Reprocessed oceanic compilation. After [Quesnel et al., 2009]

ter delineate the structures of the lithospheric
field. This work was compiled in a new oceanic
world compilation [Quesnel et al., 2009] (Figure
2). Secondly, the CHAMP satellite data were
also better processed. It appeared, thanks to the
development of high-resolution modelling tech-
niques (see Geomagnetic Field Models) that cor-
rections for the magnetospheric field could intro-
duce artifacts in the satellite based final anomaly
maps. These artifacts may be visually distract-
ing when they coincidentally align along oceanic
ridges and could lead to wrong geophysical in-
terpretations [Thébault et al., 2011]. It is there-
fore important to correct for these errors when
satellite and near-surface data are merged to-
gether in a by-product such as WDMAM. Recog-
nizing the importance of these works, a new ten-
tative map was produced. This was performed
outside the official WDMAM project because the
new map intends to test prototype techniques of
data analysis, such as line levelling, gridding by
colocation, and an anisotropic interpolation be-
tween sparse marine track lines using a strong
prior information concerning the direction of the
oceanic chrons based on a model of the age of
the oceanic crust [Maus et al., 2009].
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Geomagnetic Field Models

Erwan Thébault

Institut de Physique du Globe de Paris, Université Paris-Cité, INSU/CNRS, F-75005 Paris

Abstract Magnetic field measurements are not available everywhere on Earth. Therefore,
mathematical tools must be applied and developed to estimate the field outside the dominion
of data. Measurements are traditionally carried out on the Earth’s surface but the availability of
satellite data during the last decade allowed stupendous progresses in predicting the geomag-
netic field anywhere between ground and space altitudes. Modeling the geomagnetic field is
important for practical and scientific applications. It is an essential tool for aeronautic naviga-
tion, resource exploration, and fundamental research related to the dynamics of the Earth’s core.

The Earth’s magnetic field is traditionally repre-
sented in Spherical Harmonics when data are
available worldwide. Every five years, an in-
ternational team of scientists produces and re-
leases an International Geomagnetic Reference
Field model (IGRF). This activity is supervised
by the working group V-MOD of the Interna-
tional Association of Geomagnetism and Aeron-
omy (IAGA). The aim of this working group is to
promote and coordinate international efforts to
model the main geomagnetic field and its sec-
ular variation. The French community has been
significantly involved in deriving the 11 th gener-
ation of IGRF models [Finlay et al., 2010]. The
complete process took about a year. After sub-
mission of two French candidate models [Cham-
bodut et al., 2010, Thebault et al., 2010] (Fig-
ure 1), and models in collaborations with other
teams [Olsen et al., 2010], a phase of evalua-
tion and validation was completed [Finlay et al.,
2010]. The IGRF model was released in January
2010 in a special issue published in the journal
Earth Planets and Space.

During the construction of the IGRF candidate
models interesting methodological and geophys-
ical researches were conducted. For instance,
comparisons between main geomagnetic field
models developed during the previous decade
[Gillet et al., 2010] showed how both the infor-
mation contained in the data, particularly the
satellite ones, and the a priori constraints intro-
duced by their modeling could result in artificial
geomagnetic spatial and time variations. Keep-
ing in mind these limitations, independent ob-
servatory data were used to assess the occur-
rence of a pulse of geomagnetic field accelera-
tion around 2006 that could be responsible of two
geomagnetic jerks observed around 2003 and

2007 [Chulliat et al., 2010]. This core field accel-
eration pulse might be the relevant phenomenon
to be investigated from the point of view of rapid
core dynamics rather than the jerks (see Numeri-
cal Dynamo Modelling). Theoretical studies were
also carried out in order to estimate the extent to
which the secular variation could be predicted in
space and forward in time. It was concluded that
the minimum spatial resolution achievable for the
secular variation is estimated to be about 1800
-km at the Earth’s surface [Hulot et al., 2009],
which confirms the need in the near future to de-
velop alternative strategies to infer the physical
properties of the Earth’s core at higher resolu-
tions using, in particular, the framework of data
assimilation (see Geomagnetic Data Assimila-
tion).

The derivation of main field models like IGRF is
also of utmost importance for correcting the data
for a main field in order to highlight the perma-
nent structures of the Earth’s lithospheric field
that are poorly detected from space [Thébault
et al., 2010] but almost invisible in near-surface
data because of their poor lateral extent. After
dedicated processing and the merging satellite
and ground based data, it was possible to pro-
duce an integrated picture of the magnetic field
contribution of the Earth’s crust at 5-km altitude
(see Processing the satellite and near-surface
data for geomagnetic field models). The problem
of reconciling surface, near-surface, and satel-
lite measurements at high spatial resolution in
Spherical Harmonics is a long standing prob-
lem because of computational burden and un-
even data distribution. The French community
has contributed to develop very specific tools
to address these problems using local functions
like wavelets, spherical caps, etc. (see Schott
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Figure 1: Declination map in 2010.0 at the Earth’s mean radius and mid-latitudes derived from a french
candidate model to the 11th generation of IGRF Thebault et al. [2010]

Figure 2: The declination (D in degrees) and ver-
tical (Z in nT) components of the magnetic field
in France in 2007.5 [Thébault, 2008]

and Thebault [2011] for a review). For instance,
a technique based on Spherical Cap Harmonic
Analysis was specifically developed to model the
Earth’s magnetic field variations in France over
40 years [Thébault, 2008] (Figure 2). When
the problem arises from the amount of available
data, but at global scales, local expansion may
be derived to speed up the computational pro-
cess and to perform data compression [Minchev
et al., 2009].
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Geomagnetic Data Assimilation

Alexandre Fournier

Institut de Physique du Globe de Paris, Sorbonne Paris Cité, Univ. Paris Diderot, INSU/CNRS, F-75005 Paris

Abstract Geomagnetic data assimilation aims at combining the information contained in present
and past measurements of the Earth’s magnetic field with the information contained in numer-
ical models describing the dynamics of the Earth’s core, where the main geomagnetic field is
generated and sustained by means of a dynamo process. It aims at bringing new constraints on
the physical processes occurring in the core responsible for the geomagnetic secular variation,
in light of the available data. (Note that we are only interested in this short review with the secu-
lar variation whose origin is rooted in the core, and which occurs on interannual to millenial time
scales.) In addition to the fundamental issues that such an approach could help address, it could
have more practical applications, regarding for instance the design of geomagnetic field models
in which the time-dependency would need not be parameterized or approximated as currently
done, since it would be controlled by the numerical model. This field has recently come to the
fore in geomagnetism for two main reasons: 1) the continuous increase in quality and size of the
databases of geomagnetic measurements on the recent, historical, and archeomagnetic time
scales and 2) our increased ability to model numerically Earth’s core dynamics. It is a young
field, and most studies published during the past few years are concerned with the feasibility
of applying techniques routinely used in the fields of meteorology, climate dynamics or physical
oceanography to the field of terrestrial magnetism. During the past year the first geophysical
applications of geomagnetic data assimilation appeared. They are very encouraging and indi-
cate that the field will continue to develop in the years to come. This development will hopefully
trigger fruitful collaborations between observers and theoreticians of the geomagnetic field.

The principle of data assimilation is illustrated in
Fig. 1. Starting from an unconstrained model tra-
jectory, data assimilation aims at correcting the
trajectory in order to provide an optimal fit to the
available observations (the stars), given their er-
ror bars. This is an inverse problem set in a dy-
namical context, for which time t is a variable.

Figure 1: Assimilation starts with an uncon-
strained model trajectory over the time window
of interest. It aims at correcting this initial model
trajectory in order to provide an optimal fit to the
available observations (the stars), given their er-
ror bars. Adapted from Fournier et al. [2010].

In geomagnetism, early studies have focused on
the feasibility of implementing data assimilation
algorithms to the problem of the geomagnetic
secular variation, by analyzing the response

and behavior of the assimilating system in a
well-controlled environment, using databases
of synthetic observations, starting from one-
dimensional toy models [Fournier et al., 2007,
Sun et al., 2007], and moving on to systems
of higher complexity [Liu et al., 2007, Kuang
et al., 2008, Canet et al., 2009]. Those stud-
ies are generically referred to in the litera-
ture as "observing system simulations experi-
ments" (OSSEs), or, equivalently, "twin experi-
ments". More recent applications have consid-
ered "level-2" observations (geomagnetic field
models coefficients, also known as Gauss coef-
ficients), thereby permitting to make some infer-
ence on the state of the core [Kuang et al., 2009].
The approaches followed nowadays, reviewed in
Fournier et al. [2010], differ by the choice of the
physical and numerical model employed to de-
scribe core dynamics, and the form of assimila-
tion they resort to (sequential or variational, see
Fig. 2 for an illustration). Let us stress that spe-
cific to the core problem is the remote, blurred
and incomplete observation of its state. Accord-
ingly, we lack a well-defined background state
(the equivalent of a "climatological" mean), about
which the dynamics of the secular variation is
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Figure 2: Left: The sequential approach to data assimilation. Starting from the initial time, the model
trajectory follows the initial forecast. As soon as the first observation is available, the analysis is per-
formed. The same cycle is repeated anytime an observation is available, with the assimilated trajectory
deviating from the initial guess (the dashed line). Right: the variational approach to data assimilation.
After adjustment of the initial condition (the green bullet on the t=t0 axis) by means of an iterative mini-
mization algorithm, the model trajectory is corrected over the entire time window, in order to provide an
optimal fit to the data (in a generalized least squares sense). The dashed line corresponds to the initial
(unconstrained) guess of the model trajectory introduced in Fig. 1.

likely to take place, even though we have a fairly
good idea of the large to medium length scales
of the poloidal field at the top of the core over a
400 year period, and for the largest scales much
longer back in time (e.g. Hulot et al. [2010]).
All the preliminary results obtained so far show
that, in the assimilation framework, surface mea-
surements of the radial component of the field
at the core surface can provide some informa-
tion and constraints about the structure of the
field and the flow within the core. The propaga-
tion of the information (the innovation) from the
core-mantle boundary to the bulk of the core is
achieved either through the non-linear interac-
tions between the dynamical actors (the various
components of the state vector, which include
the poloidal field), when operating with a three-
dimensional (3D) model of the geodynamo, or by
some a priori constraint imposed on the nature
of the dynamics (under the quasi-geostrophic as-
sumption, the invariance of the flow in the direc-
tion of rotation). This propagation can also be
made more effective through the use of a back-
ground error covariance matrix coupling effec-
tively the surface of the core with its interior.
The last year has witnessed the first geophys-
ical applications of geomagnetic data assimila-
tion techniques. Using geomagnetic field models
spanning the past 7,000 years as observations
and an iterative predictor-corrector time scheme
to reduce model errors, Kuang et al. [2010] con-
tributed to the 2010 release of the IGRF (for the
secular variation); Beggan and Whaler [2010]
also contributed to the same IGRF. They predict
the evolution of the geomagnetic field over the
next 5 years, their secular variation being based
on an ensemble of steady core flows.
On a more fundamental level, Gillet et al. [2010]

Figure 3: Sketch illustrating the propagation of
torsional Alfvén waves in the Earth’s core interior.

were able to estimate the strength of the mag-
netic field in the core interior (on the order of 4
mT). This represents the first application of vari-
ational data assimilation to geomagnetism. That
study uses time series of core flow streamfunc-
tions calculated with the quasi-geostrophic as-
sumption. A recurring signal of period about 6
years was detected in the time series for the
zonal flow. It can be interpreted as the result of
Alfvén waves propagating in the fluid outer core.
These special AlfvÃl’n waves consist in the mo-
tion of nested cylinders aligned with the rotation
axis and linked by the magnetic field that threads
them (see Figure 3); the stronger the field, the
faster the wave. This promising study recon-
ciles observations and theoretical estimates of
the strength of the field based on scaling laws
[Christensen and Aubert, 2006]. It also leaves
many questions unanswered. These will likely be
addressed in the years to come within the frame-
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work of data assimilation.
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Numerical Dynamo Models

Hagay Amit

Univrsité de Nantes and CNRS, Laboratoire de Planétologie et Géodynamique de Nantes, 44322 Nantes cedex 3

Abstract Studies of numerical dynamo models by researchers in France in the period 2006-
2010 focused on (a) scaling laws and extrapolations of model results to the planets, (b)
core-mantle thermal interactions and their impact on the dynamo, (c) dipole polarity reversals,
and (d) short-term secular variation (SV) with implications to core flow inversions. Other studies
include Earth-like field morphology, inner core super-rotation, dynamo predictability time,
dynamos generated by shear flows and inner core size affecting stellar or planetary dynamo
behavior. Here we briefly note these studies.

Numerical dynamos operate in a parameter
regime very far from Earth’s core (due to compu-
tational limitations), so any inference to the geo-
dynamo is questionable. Extrapolations of scal-
ing laws may bridge the models and the Earth.
Christensen and Aubert [2006] used a large data
base of dynamo models to derive scaling laws
based on a buoyancy-flux Rayleigh number inde-
pendent of any diffusivities. They found that in-
ertial effects define the transition between dipole-
dominated non-reversing to multipolar reversing
dynamos. The magnetic field strength is con-
trolled by the buoyancy flux. They also predicted
a slow inner core growth rate and a relatively old
inner core. Aubert et al. [2009] combined numer-
ical dynamos with varying inner core sizes and
different convective styles with thermal history
models to expand the scaling laws to early Earth
conditions. They argued that a thermally-driven
dynamo acting prior to the inner core could pro-
duce a dipole moment comparable to today’s
field. They predicted that the early Earth field
reversed less frequently due to lower convective
power.

Non-axisymmetric geodynamo observations
suggest that the heterogeneous mantle affects
the dynamics in Earth’s core. Aubert et al. [2007]
used numerical dynamos with heterogeneous
core-mantle boundary (CMB) heat flux to study
mantle control on the dynamo. They compared
long-term time-average flow below the CMB
with intermediate averages corresponding to
the length of available geomagnetic data. The
statistically significant correlation between the
intermediate and long-term flows suggests
that a signature of the mantle heterogeneity
on time-average core flows inverted from the
historical geomagnetic SV is expected. Aubert

et al. [2008a] demonstrated that the steady part
of a numerical dynamo model with tomographic
CMB heat flux pattern inferred from a lower
mantle seismic tomography recovers important
features of geophysical observations, including
the locations of high-latitude paleomagnetic flux
patches, large cyclones in the time-average core
flow from geomagnetic SV, and hemispheric
seismic anomalies in the upper inner core. The
mantle heterogeneity is coupled to the inner
core via columnar convection that concentrates
magnetic flux at high-latitudes of the CMB and
extracts anomalous buoyancy flux from the
inner-core boundary (ICB) at the same longitude
on the equatorial plane. Amit and Choblet
[2009] examined different interpretations of
lower mantle seismic shear velocities in terms
of thermal and post-Perovskite origins. Com-
paring their numerical dynamo time-average
properties to geophysical observations, they
found that accounting for post-Perovskite in
the lower mantle tomography may generally
improve the agreement. They also proposed
that quasi-axial convective rolls may reconcile
dominant rotational effects and deviations from
equatorial symmetry in the CMB heat flux pre-
scribed by the lower mantle. Amit et al. [2010]
used tomographic numerical dynamos and a
tracking algorithm to study the time-dependence
of the robust high-latitude intense magnetic flux
patches. They found that the patches oscillate
about preferred locations prescribed by the
mantle, with episodic drifts from one location
to another. The drift events correspond to
azimuthal motions of fluid downwelling struc-
tures that concentrate magnetic flux. Their
models reconcile the correlation of the patches
location in historical and paleomagnetic field
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models together with their weaker signature
in the paleomagnetic field and their mobility in
archeomagnetic field models.

The mechanisms controlling geomagnetic polar-
ity reversals are not fully understood. Aubert
et al. [2008b] designed a Dynamical Magnetic
Fieldlines Imaging (DMFI) algorithm to study re-
versals in numerical dynamos. They showed that
magnetic upwellings originating in the ICB pro-
duce reversed flux patches on the CMB that sub-
sequently trigger reversals. Olson et al. [2009]
compared two dipole collapse events in a numer-
ical dynamo model, one that reversed and one
that did not reverse. They found that prior to the
dipole collapse, the ratio of reversed/normal flux
contributions to the axial dipole is much larger in
the reversing case and may therefore serve as a
possible reversal precursor. Application of their
criterion to the current geomagnetic dipole de-
crease suggests that the present field will not re-
verse. Gissinger et al. [2010] found in numerical
dynamos where the viscosity is smaller than the
magnetic diffusivity that the reversal can be sim-
plified to the interaction among the axial dipole,
the axial quadrupole and a symmetry breaking
zonal flow. In their low order system, reversals
are triggered by deterministic chaos.

Numerical dynamos may assess the reliabil-
ity of core flow inversions and improve their
quality. Amit et al. [2007] tested their helical-
geostrophic core flow inversion method against
synthetic SV data generated by numerical dy-
namos. They found decent agreement between
the true dynamo flow and their inverted flow for
large-scale dynamos, but deteriorating correla-
tions for smaller scale dynamos. They attributed
the discrepancies to magnetic diffusion and data
truncation effects. Amit and Christensen [2008]
showed in dynamo models a correlation between
radial and tangential diffusion contributions to
magnetic SV. They extrapolated the ratio of the
two diffusive terms to Earth-like conditions and
incorporated magnetic diffusion in core flow in-
versions. They concluded that a thin magnetic
boundary layer at the top of the core might cause
strong radial diffusion and significant non frozen-
flux SV.

The plethora of numerical dynamo models pro-
vide different field morphologies which one is
most Earth-like? Christensen et al. [2010] de-
fined quantitative criteria for field morphology
characterization and ranked the semblance of
their large data base of dynamo models to the
observed geomagnetic field. They found that
Earth-like dynamo models exist all the way from

accessible simulations to the geodynamo.

Some seismic observations suggest inner
core super-rotation. Aubert and Dumberry
[2010]used high-resolution low-viscosity numeri-
cal dynamos where the inner core is allowed to
differentially rotate with respect to the mantle by
viscous and magnetic torques applied by the liq-
uid outer core and gravitational restoring torque
exerted by the mantle. They found that time-
dependent fluctuations dominate steady drift,
and that the observed seismic signal is likely part
of a fluctuation.

Assuming complete knowledge of all dynamo
variables, how far in time can the field be pre-
dicted? Hulot et al. [2010] introduced small
perturbations to numerical dynamo models and
measured the time until the system deviates from
the unperturbed models. They found that this
time, i.e. the predictability time of the dynamo,
depends on the magnetic Reynolds number. Ap-
plying their results to Earth’s core, they found
one century as the maximum predictability time,
precluding the possibility to discover whether the
current dipole decrease is a beginning of a rever-
sal or not.

Spherical Couette flows may generate dynamos.
Guervilly and Cardin [2010] imposed such me-
chanical boundary condition on a numerical dy-
namo. They found that non-axisymmetric flow is
required to excite a dynamo. Without global ro-
tation, the critical magnetic Reynolds number is
very high. Their study has important implications
for MHD laboratory experiments.

The size of the inner core may dramatically al-
ter dynamo action. Goudard and Dormy [2008]
compared numerical dynamos with different in-
ner to outer core aspect ratios. They showed that
varying the aspect ratio may cause a sharp tran-
sition from Earth-like steady dynamos to Sun-like
dynamo waves.
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Laboratory dynamo experiments

Jean-François Pinton
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Abstract Since the turn of the century, experiments have produced laboratory fluid dynamos
which enable a study of the effect in controlled conditions. The most recent one, the VKS
experiment, demonstrate the possibility of dynamo generation from turbulent motions and
exhibits a rich variety of time dynamics.

Although dynamo research is essentially moti-
vated by observations from planetary and stel-
lar dynamos, the conditions that prevail in such
natural objects cannot be reproduced in the lab-
oratory. Experiments and numerics can only be
run in quite different parameter regimes, but they
both provide useful insights into the features of
natural dynamos. Experiments cannot be rotated
as fast as real systems do, convective motion
cannot be as strong, etc, but they run with real
fluids and probe quantities that cannot be ac-
cessed from remote observations of natural dy-
namos.

In order for a dynamo to be self-sustained, the
production of induced currents by fluid motions
must overcome the resistive Joule dissipation.
This condition sets an instability threshold, re-
quiring that the magnetic Reynolds number of
the flow (RM = UL/λ) exceeds a critical value
Rc

M – U and L are characteristic velocity and
length and λ is the magnetic diffusivity. As-
suming Rc

M values of the order of 10 to 100 (a
value often quoted for the Earth), and given the
fact that all liquid metals have magnetic Prandtl
numbers (ratio of kinetic to magnetic diffusivi-
ties) of the order of PM ∼ 10−5, one realizes
that dynamo flows are associated with huge ki-
netic Reynolds number values RV = RM/PM ,
typically exceeding 106. Such high RV values
are associated with fully developed turbulence,
an observation that raises several central issues
for dynamo experiments. Turbulence is often
synonymous of (a) disordered motions, and (b)
strongly diffusive features. In this context, (a)
means that the specific motions that favor dy-
namo action maybe disrupted by the random-
ness of the flow. In addition, the small magnetic
Prandtl number values impose that the Joule re-
sistive scale is very much larger than the hydro-
dynamic viscous length. It is therefore tempt-
ing to perform some kind of sub-scale average

Figure 1: Sketch of the VKS flow configuration.
The flow is generated by rotating two impellers
371 mm apart in a thin cylindrical copper ves-
sel, 2R = 412 mm in inner diameter and 524 mm
in length. The impellers are fitted with 8 curved
blades of height h = 41.2 mm; in most experi-
mental runs, the impellers are rotated so that the
blades move in a non-scooping direction, defined
as the positive direction by arrows. Positions 1 to
5 correspond to points where magnetic measure-
ments have been made, using 3D Hall probes.

of the action of the turbulent velocity field. Then
(b) leads to an effective magnetic diffusivity that
could be much larger than the molecular value.
These considerations have raised doubts on the
very existence of fully turbulent dynamos.

One alternative is to engineer flow configura-
tions that will preserve flow patterns which are
essential for the dynamo generation. The de-
sign of the Riga and Karlsruhe experiments have
been made to ensure that the time-averaged
flow field resembles laminar flows which are
kinematic dynamo solutions [Moreau and Pin-
ton, 2008]. These pioneering studies have val-
idated the principle of a fluid dynamo, and have
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Figure 2: Dynamical regimes observed in the von Kármán sodium experiment when the impellers driving
the flow rotate at varying rates: the coordinates in the main plot are the magnetic Reynolds numbers built
from the velocity of each impeller. The insets give examples of time signals of the 3 components of the
magnetic field recorded in the mid-plane of the cylinder.

shown many fundamental dynamo properties.
The threshold for dynamo action has been found
to be in good agreement with predictions, show-
ing the predominance of the large scales in their
dynamo processes.

Another possibility, often explored in the geo-
physics community, is provided by strongly ro-
tating flows. In this case, the Proudman-Taylor
constrain may be able to prevent the develop-
ment of strong three-dimensional turbulent fluc-
tuations. This effect may even be strengthened
by the generation of a dynamo dipole with its
axis parallel to the rotation vector. Experiments
in rotating Couette flows are studied in Grenoble
and Maryland [Schmitt et al., 2008, Kelley et al.,
2007]. Preliminary studies have not shown self-
generation, but have pointed to the existence of
waves in these strong rotating and magnetized
flows: inertial, magneto-rotational, Alfvèn, etc.
Their role regarding dynamo self-generation has
yet to be elucidated.

The VKS experiments have shown that it is pos-
sible to generate a dynamo from fully turbulent
motions, with non-trivial dynamics [Monchaux
et al., 2009]. The existence of fully turbulent mo-
tions has a major impact on the power require-

ments of the experiment. In the limit of very
high RV values, the hydrodynamic power con-
sumption (below dynamo threshold) scales as
P = ρL2U3 (ρ is the fluid’s density), leading to
magnetic Reynolds number RM = µσ(PL/ρ)1/3

(µ and σ are the magnetic permeability and elec-
trical conductivity of the fluid, so that λ = 1/µσ is
its magnetic diffusivity). Engineering difficulties
typically scale with the size L of the experiment,
while operational costs are best associated with
the power input P . Then, the above scaling
shows that in order to reach high RM values,
one should use a fluid with the best electrical
conductivity and lowest density (hence the use
of liquid sodium), with size and power consump-
tion only contributing to the one-third power. This
is a noteworthy peculiarity of the study of this hy-
dromagnetic instability: energy and engineering
constrains are such that one is not able to in-
crease at will the control parameter of the insta-
bility; one must also choose conditions such that
the thresholds is within the capacity of the se-
lected setup. In the case of the VKS experiment
this is ensured when ferromagnetic impellers are
used to drive the flow. When rotating, they pro-
mote a strong omega effect in their vicinity. Cou-
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pled with local sources of alpha processes (he-
lical flow structures, turbulence gradients), this
arrangement generates a dynamo at Rc

M ∼ 30.
A stationary dynamo is produced when one im-
peller rotates while the other is kept at rest. The
main magnetic mode has the shape of an axial
dipole. When both are set into (counter) rota-
tion, a rich variety of regimes are observed from
the interactions of the dynamos generated from
the rotation of each impeller. As shown in [Mon-
chaux et al., 2008] they share many properties
with the dynamics of low dimensional systems.
Liquid metal flows reach magnetic Reynolds
numbers of the order of 100, at most. Using a
plasma as the working fluid is a possibility cur-
rently explored to generate laboratory dynamos
at significantly higher RM values [Spence et al.,
2009]. This may enable the observation in the
lab of small scale fluctuating dynamos which pre-
vail in many astrophysical situations.
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Paleomagnetism and Rock Magnetism

Jean Pascal Cogné and France Lagroix

Université Paris Diderot, Institut de Physique du Globe de Paris
PRES Sorbonne Paris-Cité, INSU/CNRS, F-75005 Paris

Abstract Paleomagnetism has proven a powerful tool providing valuable constraints on Plate
Tectonics, depicting history and helping theory of continental drift. In France, Paleomagnetism
and rock magnetism have grown following pioneering works of Profs. Emile Thellier and Louis
NÃl’el in the middle of the XXth century, giving rise to the establishment of several paleomagnetic
labs in the country at present. Since the time of Plate Tectonics theory and establishment of
magnetic field reversal evidences, french labs have largely contributed and developped use of
magnetic memory of rocks, synthetic materials and other human ancient artifacts. Here we cite
some significant french contributions.

Archeomagnetism pioneered by St Maur lab,
later joined by IPGP, is currently being de-
velopped by most paleomag labs in France.
Archeomagnetism allows recovery of magnetic
field direction and intensity as recorded by baked
archeological artifacts (e.g. potteries, ovens...)
at a given location. As a result, high resolu-
tion directional and intensity variation curves for
a given region, Gallet et al. [2009] (Fig. 1) pro-
vide constraints for geomagnetic studies, and, for
archeologist, a dating tool [eg Kovacheva et al.,
2009, Schnepp et al., 2009].

Magnetostratigraphy, paleointensity and geo-
magnetic field behaviour polarity timescales
are progressively obtained from more and more
ancient eras, as far back as the Paleozoic and
Proterozoic. They have noticeably revealed
a long normal superchron in the Ordovician
[Pavlov and Gallet, 2010], or periods of high re-
versal frequencies in the Proterozoic, possibly
larger than 5-10 reversals per Myr [Pavlov and
Gallet, 2009]. The last element defining the ge-
omagnetic field vector, its intensity, is uneasy to
evaluate. In marine sediments, relative paleoin-
tensity methods provide important contribution to
the study of the geomagnetic field, particularly
in its reversals and excursions history [eg Valet
et al., 2008, Laj et al., 2006]. Absolute paleoin-
tensity is the last parameter which allows full def-
inition of magnetic field vector and its changes
through geological times. This parameter can
be defined in effusive formations only, mainly
basalts. Experimental determination of this pa-
rameter is still uneasy. Therefore, methodolog-
ical developments are still being held, together

Figure 1: Directional evolution of the Earth’s
magnetic field in France (Paris) during the past
three millennia, from [Gallet et al., 2009].

with data acquisition [Biggin and Perrin, 2007,
Valet et al., 2010, Thouveny et al., 2008].

Plate tectonics and continental deformation
Paleomagnetism remains a powerful tool in de-
ciphering deformation of continents and their
movements at the Earth’ surface. Beyond contin-
uing establishement of reference Apparent Polar
Wandering Paths (APWP) [Moreau et al., 2007],
some significant efforts, which deserve attention,
have focused on tectonics of recent mountain
chains such as the Andes [Arriagada et al., 2008,
Fig 2.](Fig. 2) or the Asian system (Tibet, China,
Mongolia... [Hankard et al., 2007, Cogne et al.,
2011, Fig. 3.].
Fig. 2 and 3 illustrate tectonic analyses which
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Figure 2: Two-dimensional map-view restora-
tions of the central Andes using paleomagneti-
cally derived shortening and block rotation mod-
els [Moreau et al., 2007].

Figure 3: Cenozoic paleolatitude anomaly over
Asia, resulting from anomalously shallow paleo-
magnetic inclinations. The origin, geomagnetic
and/or tectonic [Hankard et al., 2007] of this
anomaly is still hotly debated [Cogne et al., 2011]

are now possible, due to increasing density and
coverage (but far from being sufficient and of ho-
mogeneous coverage and quality) of paleomag-
netic database, to which french labs have signif-
icantly contributed.

True Polar Wander (TPW) and global dynam-
ics Using a geodynamic model based on plate
reconstructions that estimates the location and
rate of subducted slabs, and taking into account
the effect of large-scale upwellings as evidenced
by tomography, it is shown that temporal varia-
tion of the mantle density heterogeneities is es-
sentially due to changes in the subduction his-
tory of plates. Since 120 Myr, both the max-
imum and intermediate Principal Inertia Axes
have moved in a plane perpendicular to Africa,
along a circle corresponding to the low of geoid
induced by subduction around the Pacific. The
minimum PIA seems to be relatively stable since
120 Myr, and close to the maximum degree 2
geoid high under Africa. This can account for ob-
served TPW or African APW in the last 200 Myr
[Rouby et al., 2010, Fig. 4].

Figure 4: Principal Inertia Axes since 120 Myr
[Rouby et al., 2010] (dots every 10 Myr, stars
denote present day values) for a mantle den-
sity heterogeneities model arising from circum-
Pacific subductions. The corresponding present-
day geoid (degrees 2-12) is also shown.

Rock magnetism To end this brief overview,
we finally underline that a significant part of
scientific activity in paleomagnetism deals with
magnetic properties of natural, synthetic and/or
anthropogenic materials. The aim is to fur-
ther understand the remanence acquisition pro-
cesses, its alteration through time and in dif-
ferent geological settings together with apply-
ing mineral magnetic properties to investigate
a variety of questions, such as rock formation
processes (weathering, deposition etc... [e.g.
Lagroix and Banerjee, 2004a, Ricordel-Prognon
et al., 2010], characterization of extra-terrestrial
materials [Rochette et al., 2009], or environmen-
tal studies such as heavy metal pollution evalua-
tions [Franke et al., 2009], and paleoclimate [e.g.
Lagroix and Banerjee, 2004b, Blanchet et al.,
2009].
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Recent French activity in archeomagnetism
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Abstract Archeomagnetism is a very active domain of research in France thanks to several
French laboratories involved in magnetic property analyses of baked clay archeological artifacts.
Here we list some recent results.

Recent archeomagnetic studies have been fo-
cused on the evolution, both in direction and in
intensity, of the geomagnetic field over the past
few centuries and/or millennia in several regions,
in Western Europe [Gomez-Paccard et al., 2008,
Genevey et al., 2009, Schnepp et al., 2009, Gal-
let et al., 2009a, Hervé et al., 2011], in the Mid-
dle East [Gallet et al., 2008] or in Central and
Southern America [Hartmann et al., 2010]. In
particular, these studies led to the acquisition
of numerous high-quality archeointensity data,
allowing one to gradually compensate for the
lack of data of this nature, which existed un-
til now. Hence, a 3000 year-long full (direction
and intensity) geomagnetic field record is pro-
gressively emerging for Western Europe. Stud-
ies performed in Brazil further brought important
new information on the geomagnetic field behav-
ior in southern hemisphere where archeointen-
sity results are still rare, representing as a whole
less than 5% of all available intensity data [Gen-
evey et al., 2008]. Other investigation is being
conducted in Syria in order to pursue the con-
struction of a detailed regional archeointensity
variation curve encompassing a large part of the
Holocene.

The main objectives of these studies are three-
fold. The first target concerns geomagnetism.
The new data greatly contribute to the develop-
ment of more reliable and accurate regional or
global archeomagnetic field models [Valet et al.,
2008]. Our interest is to recover the millennial-
scale evolution of the geomagnetic field with a
sub-centennial temporal resolution. This am-
bitious objective makes necessary the acqui-
sition of numerous archeomagnetic data from
carefully selected well-dated archeological arti-
facts. Whatever the periods, our data sets show
the important regional geomagnetic field vari-

ability. Regarding intensities, the occurrence
of several peaks in intensity was detected from
Western European data, with a prominent max-
imum during the High Middle Age (∼800 AD)
and two other peaks during the second half of
the XIVth century and around 1600 AD (Figure 1
and Gomez-Paccard et al. [2008], Genevey et al.
[2009], Schnepp et al. [2009]).
The second target of the French archeomagnetic
studies is to strengthen the possibility of using
the geomagnetic field secular variation as a dat-
ing tool for archeological purposes. Archeomag-
netic dating relying on geomagnetic directional
variations are being currently made in close col-
laboration with archeologists from firing in situ
structures, such as pottery and domestic kilns.
The analyses are particularly frequent for do-
mestic kilns dated to the High Middle Age found
in abundance in the Ile-de-France region and for
which the archeological dating constraints are
generally scarce [Warmé, 2009]. On another
hand, the large number of archeointensity data
recently obtained from French and Syrian ob-
jects gives rise to the possibility of further using
the geomagnetic field intensity fluctuations for
deriving dating constraints. The interest would
be to be able to use the archeomagnetic dat-
ing technique on virtually all archeological arti-
facts, either found in situ or in displaced con-
text from their original firing position (potsherds,
bricks and tiles).
Our archeomagnetic studies also penetrated the
domains of environmental and climatic sciences.
Trends in secular variation recognized in carbon-
ate concretions sampled in Roman water con-
ducts were for instance used to put temporal con-
straints on climatic indicators obtained from the
same concretions [Carlut et al., 2009]. Other
studies were focused on the possible causal

CNFGG Quadriennal Report

IV - 23



Figure 1: French archeointensity data over the
past eight centuries after Genevey et al. [2009].

link existing between geomagnetic secular vari-
ation and regional and/or global climatic fluctua-
tions during the Holocene [Gallet et al., 2009a,
Hartmann et al., 2010]. This challenging topic
is closely connected to the necessity of bet-
ter knowing the geomagnetic field behavior over
centennial time scales, including new constraints
on the origin of the so-called archeomagnetic
jerks [Gallet et al., 2009b], and, from this point
of view, joins the first theme discussed above.
The interest for the different applications of
archeomagnetism in geomagnetism, archeology
and climatology rapidly and significantly grew
over the past few years within the French and in-
ternational communities of Paleomagnetism and
Geomagnetism; there is no doubt that this inter-
est will be even more important in the near future.
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Paleomagnetism and Climate
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Abstract The Earth’s surface has undergone successive episodes of formation of continental
landmasses through Wilson cycles, which formed supercontinents, such as Pangea, followed
by their dispersal. As a consequence, the land-sea distribution, as well as its distribution with
respect to latitude has evolved. Using oceanic magnetic anomalies and palaeomagnetic data,
we are able to reconstruct the locations of continents in the past until the Late Jurassic. If
paleomagnetic methods are used by many researchers, very few work on the potential influence
of the continental drift on the climate change. A French team of scientists has intensively inves-
tigated this interplay, and has shown that the paleogeography is among the first mechanisms
proposed to explain the climate change at the long term scale.

Indeed it has long been recognized that paleo-
geography may potentially influence the climate
via the continental silicate weathering which is
the main carbon sink at the long term scale
[Francois and Walker, 1992]. The two cli-
matic factors affecting the rate of continental sil-
icate weathering are the air temperature and
the continental runoff, both of these factors be-
ing strongly linked to atmospheric pCO2 via the
greenhouse effect. The essence of the mecha-
nism is that accumulation of CO2 in the atmo-
sphere would be compensated by an increase
in its removal through silicate weathering under
enhanced greenhouse conditions, the pCO2 in-
crease would halt at the point where the silicate
weathering rate balances the rate of input by vol-
canic outgassing. On the basis of the existence
of this relationship, the continental silicate weath-
ering feedback governs the pCO2 and therefore
the Earth’s climate at the geological timescale
[Walker et al., 1981].

Five years ago, a French team has developed
a new tool to investigate the interplays between
tectonic and climate [Donnadieu et al., 2006].
This model, named GEOCLIM, includes a Gen-
eral Circulation Model (GCM) [Jacob, 1997] cou-
pled to a box model of the geological carbon-
alkalinity cycles (COMBINE) [Godderis et al.,
2005]. The spatial resolution of GEOCLIM al-
lows to capture the evolution of the main features
of geographies and their impacts on the carbon
cycle. To illustrate the potential magnitude of
continental drift control on the long term atmo-
spheric CO2 and climate, an international team,
mainly composed by French researchers [Don-
nadieu et al., 2006] has quantified the pCO2 evo-

lution in response of the waltz of continents over
the course of the Mesozoic. It should be noted
that, regarding the abundance of the oceanic
crust, paleogeographies prior the Jurassic are
less well constrained.
Looking for the Fig. 1, we see that the general
pattern of the simulated CO2 curve illustrates
the fundamental importance of the paleogeog-
raphy in controlling atmospheric CO2 and then
the Earth climate. From a global point of view,
the breakup of Pangea causes a transition from
a generally dry climatic regime during the Trias-
sic to a wetter one during the Cretaceous. In the
same time, global and continental air tempera-
ture largely decreases in response of the pCO2

reduction. Hence the paleogeography, by influ-
encing the continental weathering pattern, gov-
erns the global climate and could explain the
Earth cooling or warming at the long-term scale.
As shown with this brief example, the paleomag-
netism is an essential tool to reconstruct the past
land-sea distributions and therefore the Earth cli-
mate. However, three years ago, a second pa-
leomagnetism application has emerged, allow-
ing us to capture the Deccan trap impact on the
global climate. Indeed, by a flow-by-flow anal-
ysis of paleomagnetic directions, Chenet et al.
[2009] have reconstructed the eruptive history of
the Deccan trap. They have discovered that the
volcanism duration was shorter than previously
expected and constituted by volcanic pulses. Us-
ing this fact, climate modelers are now able to re-
construct the climatic consequences of the Dec-
can eruption, and determinate its potential im-
pact on the Life. In conclusion, the paleomag-
netism and its recent developments contribute to
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Figure 1: (left) Links between paleogeography and runoff using a climate model. Mean annual runoff
(cm/yr) for two paleogeographies spanning the Mesozoic obtained in fixing the pCO2 at the same level
(here 1680ppmv). (right) Evolution of atmospheric CO2 through the Mesozoic. Bars represent atmo-
spheric CO2 estimates (min/max values) coming from the data sets built by [Royer et al., 2004] and
available online at http://www.geosociety.org/pubs/ft2004.htm. The squares represent the modeled at-
mospheric CO2 in the reference run under boundary conditions (full description available in [Donnadieu
et al., 2006]).

increase our understanding of the past climate
changes and the Earth evolution.
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Environmental Magnetism and Magnetotactic Bacteria
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Abstract Studying the crystallographic and magnetic properties of magnetite crystals produced
by magnetotactic bacteria present a great interest in many fields such as physics of fine
particles, biomineralization, medicine and environmental and planetary sciences. Indeed,
(1) biomagnetites represent an interesting object of study in the field of fine particles mag-
netism and a source of potential medical application, (2) studying the biological mechanisms
implied in the formation of magnetite crystals is a means to better understand the different
processes of biomineralization in living organisms, (3) and last, fossil magnetosomes could
significantly contribute to magnetic properties of sediments and soils, their spatial organisation
in chains being considered as a potential biomarker in terrestrial or extraterrestrial environments.

Magnetotactic bacteria mineralize nanometer-
sized magnetite (Fe3O4) or greigite (Fe3S4) crys-
tals in intracellular vesicles, also called magne-
tosomes. The sizes, morphologies, crystallo-
graphic characteristics, and chemical composi-
tions of the biogenic crystals of magnetite are
controlled by the bacteria and can thus be used
as potential biosignatures (Fig. 1). Magneto-
somes are generally arranged in chains that act
as compass needles so that the bacteria tend to
align passively along the Earth’s magnetic field
lines. This phenomenon called magnetotaxis,
coupled with flagellar motility and aerotaxis, al-
lows the cells to locate and maintain an optimal
position for their growth in vertical chemical gra-
dients within aquatic environments.

The French community studying magnetotac-
tic bacteria, due to the transversal aspect of
this subject of research, is composed of spe-
cialists of different domains including biophysi-
cists, biochemists, microbiologists and geophysi-
cists. One first aim of the working group is
to better understand the contribution of fossil
magnetosomes to magnetic properties of sedi-
ments. Various morphotypes of magnetotactic
bacteria have been observed in aqueous envi-
ronments. The freshwater magnetotactic popu-
lation found in the Seine River [Isambert et al.,
2007] is an example of the variety of both mag-
netic cells and crystals shapes. Different mor-
photypes were recognized using morphological
criteria, which rely on the number of magnetite
crystals and their organization within cells, the
size and shape of the cells and their statistical
distribution. Among the collected rod-shaped
bacteria, a type similar to Magnetobacterium

bavaricum has been found (Fig. 2). This species
is indeed easily recognizable by the fact that
these large rod-shaped magnetic cells, up to
12 µm in length, may contain more than 600
highly anisotropic bullet-shaped magnetosomes
in a unique cell, arranged in 3 up to 5 bundles
of magnetosomes chains. Those bullet-shaped
magnetites may contribute significantly to sedi-
mentary magnetism. To begin to answer, mag-
netic measurements on enrichments of freshly
collected natural living cells and on magnetic ex-
tracts of river sediments are in progress.
In parallel, to improve the knowledge of MTB dis-
tribution and ecology, we have just started to in-
vestigate the temporal variation of MTB commu-
nities in the Seine River by combining the study
of phenotypic criteria with phylogenetic analy-
sis and cultivation-independent molecular tech-
niques [Gerard et al., 2005]. This technology, ap-
plied for the first time to natural samples could
give us specific information on MTB species.
Indeed, the biomineralization process of bullet
shaped magnetites is still poorly understood and
culturing these bacteria has been unsuccessful
until now.
A second aim is to better understand the an-
thropogenic effect on the development of mag-
netotactic populations and to precise the natu-
ral (biomagnetite, sedimentary magnetite) ver-
sus anthropogenic input in magnetic particles in
the Seine River system. A challenge is to trace
both geological, biological and human induced
processes and particularly to identify the poten-
tial effect of pollution on fine magnetic particles
present in these fluvial sediments. A first analy-
sis of the regional distribution of suspended mag-
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Figure 1: TEM images showing the diversity of magnetosomes morphologies observed in the Seine River
(from left to right : cuboctahedral, truncated prismatic, tooth-shaped and elongated prismatic magnetite).

netic material has been conducted on sediment
trap samples [Franke et al., 2009]. A combina-
tion of rock magnetic and advanced scanning
electron microscopic techniques has shown an
increase in magnetic concentration coupled with
a coarsening in magnetic grain size downstream
of the Seine river system. A significant corre-
lation between anthropogenic antimony-rich iron
oxide particles and the magnetic concentration
has been observed. In the continuity of this
study, it seems important to determine the con-
tribution of magnetic fine grains of biological ori-
gin at nanometre scale, which are the princi-
pal carriers of remanence in sediment, and to
observe the potential adsorption of pollutant on
those magnetic nanograins.

Figure 2: Rod-shaped bacteria extracted from
the Seine River, similar to Magnetobacterium
bavaricum, containing more than 600 highly
anisotropic bullet-shaped magnetites.

In addition to microscopic approach [Isambert

et al., 2007], magnetic measurements, because
of the nature of the studied object, represent a
useful analysis tool able to serve to identify the
contributions of individual tributaries in the Seine
river system [Alphandery et al., 2010, Vasiliev
et al., 2008].
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Planetary Magnetic Fields and Magnetized Environments

Benoit Langlais
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Abstract There exists magnetic fields around other planets than the Earth. The closest
body, the Moon, possesses a weak remanent magnetic field, of the order of a few nT at 10
km altitude or so. Mars has a similars magnetic field in origin, but its anmplitude reaches
up to 1500 nT at 90 km, as it was measured by Mars Global Surveyor. These intense
crustal fields strongly interact with the light Martian atmosphere and the solar wind, creating
minimagnetospheres. Mercury has the most ’earth-like’ magnetic signature, with a magnetic
field of core origin. Observations and models of these planetary magnetic fields, as well as
measurements on extraterrestrial samples, help to better understand the geodynamo processes.

The existence of a global magnetic field around
a planet is important, as it may help to protect
and shield the atmosphere against the solar wind
[Dehant et al., 2007]. Thus, the magnetic ex-
ploration of our solar system is important, as it
brings constraints on the conditions under which
dynamo action is possible [Breuer et al., 2010].
Here we briefly review some recent results deal-
ing both with planetary magnetic fields and their
effects on their environment.

Mars

The Martian magnetic field was measured by the
Mars Global Surveyor (MGS, 1996-2006) probe,
with a very good accuracy and a very good and
complete coverage. Soon after the first measure-
ments, the nature of the martian field revealed its
complexity: intense and large magnetic anoma-
lies are heterogeneously located, mainly above
the southern and highly cratered highlands. The
northern hemisphere, as well as the largest vol-
canic provinces and the largest impact craters,
seems to be devoid of significant anomalies,
meaning that the dynamo which was active when
units acquired a remanent magnetization shut
down early in Mars’ history [Langlais and Ques-
nel, 2008], although this was recently challenged
[Michel and Forni, 2011].
Recently, the absence of magnetization above
the northern lowlands were tentatively reinter-
preted. Rather than invoking a giant impact,
possibly affecting a whole hemisphere, Quesnel
et al. [2009] suggested large scale serpentiniza-
tion processes, affecting the southern hemi-
sphere only. This metamorphic process pro-
duces magnetite, and also decrease the density,

Figure 1: Map of the probability to be in a closed
field line region at 400 km in altitude on the
Martian nightside as calculated from MGS-ER.
Also plotted are the trajectories of Mars Express
(black line) below 1000 km altitude for four orbits
with aurora events (crosses). After Leblanc et al.
[2008].

which may explain the topographic dichotomy.
Another explanation may be the existing oxyda-
tion conditions that existed at Mars’ surface while
the dynamo was active [Hood et al., 2010]. This
would explain why some volcanic units, post-
dating the large demagnetized impacts, are still
magnetized. An alternate is a different dynamo
regime: recently, computations proved that a
heat flux dichotomy at the CMB creates a hemi-
spherical dynanmo [Amit et al., 2011].

The existence of these strong localized magnetic
field modify the way the planet and its environ-
ment interacts with the solar wind. For instance,
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aurorae were recorded by SPICAM on board
Mars Express above areas where crustal mag-
netic field lines are not closed, i.e. organized into
cusp-like structures [Leblanc et al., 2008]. 3-D
hybrid simulations of the solar wind/Mars interac-
tion were also performed, to quantify the impor-
tance of the solar wind source to the helium bal-
ance of the Martian atmosphere [Chanteur et al.,
2009]. The importance of the dayside induced
magnetic field in the ionosphere were also stud-
ied [Akalin et al., 2010].

Mercury

Mercury’s magnetic field will be partially moni-
tored by the US probe MESSENGER very soon,
giving the first hemispheric (but not global) view
of the Hermean magnetic field. While it is of
core origin [Wicht et al., 2007], the exact con-
ditions under which a dynamo action is possi-
ble in such a small planet remain unknown. Re-
cently, Malavergne et al. [2010] suggested a lay-
ered core, due to the presence of sulfur and sili-
con. Such a structure would indeed limit the area
in which the dynamo action is possible, explain-
ing the weak observed magnetic field.

Lunar and other rocks

Measurements and experiments on extraterres-
trial rocks may constrain the nature and the ex-
tent of the lunar magnetic fields. The origin of
the weak lunar magnetic field is still unknown
[Langlais et al., 2010]. Has it a core, external
or in-situ origin? [Gattacceca et al., 2010] per-
formed experimental acquisition of shock rema-
nence by lunar rocks in the 0.1-2 GPa range,
and showed that shock explanation is plausible
as the origin of lunar magnetization. This is con-
firmed by analyses of lunar Apollo and Luna re-
turned samples [Rochette et al., 2010].

Paleomagnetic studies of chondritic and small-
body achondritic meteorites have revealed a di-
versity of magnetic field records [Weiss et al.,
2010]. When coupled with new theoretical in-
sights into the possibility of dynamo genera-
tion on small bodies, these records indicate that
some planetesimals formed metallic cores and
early dynamos within just a few million years of
solar system formation.

Titan

The Cassini mission has provided much infor-
mation about the Titan environment, with numer-
ous low altitude encounters with the moon. The
structure of its ionosphere was studied by Ågren
et al. [2009], who highlighted the dependence of
electron number density and electron tempera-
ture w.r.t. the Solar Zenith Angle. The atmo-
spheric escape is strongly related to these quan-
tities too [Edberg et al., 2010], as it was predicted
by a hybrid model [Modolo and Chanteur, 2008].
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Balloon Campaigns Dedicated to the Study of the Dynamics
and the Chemistry of the Atmosphere
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Abstract Several campaigns involving different kinds of balloons were dedicated to the study
of the atmosphere between 2006 and 2010. These campaigns were conducted by CNES.
The main campaigns were the ENVISAT validation missions between 2006 and 2008, VASCO
(climate variability above the Indian Ocean) in 2007, SCOUT (troposhere - stratosphere
interactions in tropical areas) in 2008, StrapolEté (summertime polar stratosphere), Kiruna 2010
(water vapour, ozone, nitrogen dioxide and carbon dioxide in the stratosphere), and Concordiasi
(validation campaign of the IASI instrument).

Envisat validation (2006)

Since its launch in 2002, several validation cam-
paigns of the European satellite Envisat have
been conducted at various latitudes using strato-
spheric balloons [Renard et al., 2008]. The 2006
campaign, conducted from Kiruna, Sweden, was
mainly dedicated to the validation of NOx mea-
surements, in particular in the lower stratosphere
by combining in situ and remote sensing mea-
surements.

It has been show that remote-sensing measure-
ments can be biased in the lower stratosphere
when the stratosphere is dynamically perturbed,
as in the outer part of the winter polar vortex
[Berthet et al., 2007].

VASCO (2007)

This camapgin was dedicated to better unde-
stand the climate variability in the Indian Ocean
[Vialard et al., 2009]. In tropical regions, the
atmosphere undergoes marked fluctuations of
temperature, pressure and humidity. These fluc-
tuations, which are particularly intense in the In-
dian Ocean, cause disturbances over differing
time-scales.

The method involves using low-flying aeroclip-
pers and stratospheric balloons that drift with
disturbances over the oceans and in the atmo-
sphere’s boundary layer, where the circulation of
airstreams is influenced by surface relief and by
thermal exchanges with the surface, both land
and sea. The programme will run for several
years in the form of annual campaigns during

which balloons will be launched from January un-
til mid-February.

SCOUT / Envisat validation (2008)

7 flights were performed. The campaign was in
the (sub)tropical regions with the following objec-
tives [Cairo et al., 2010]:

• to investigate transport from the tropical
tropopause layer into the stratosphere;

• to study the role of deep convection on the
transport of species into the stratosphere;

• to investigate the microphysics of aerosols
and clouds and their impact on the compo-
sition of this atmospheric region.

As Teresina (Brasil) is truly tropical (lat 5S), the
campaign adds value and gives more insight into
the tropical trace gas distribution in the upper tro-
posphere, lower and middle stratosphere. The
Quasi-Biennal Oscillation (QBO) is an important
modulator for the transport insight the tropical
pipe. Because of the QBO modulation of the
wind direction and speed in the equatorial strato-
sphere, it is often possible to manage rather long
balloon flights by taking advantage of different
wind directions at different layers and using the
valve and ballast to stabilize the balloon at the
preferred altitude levels.
Flight were also dedicated to the validation of the
MIPAS instrument onboard the Envisat satellite.
The SCOUT project is funded by the European
commission, and the Envisat valuation is funded
by the European Space Agency.
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Figure 1: Launch of a stratospheric balloon from
Kiruna (Sweden).

Strapolet é (2009)

The summer polar stratosphere was poorly doc-
umented in the past, since most of the previous
polar campaigns were dedicated to the ozone-
hole studies [Huret, 2010].

The core of the project is based on measure-
ments obtained during an Arctic campaign in-
volving seven flights of balloon-borne instru-
ments in August-September 2009 from Kiruna,
Sweden (Fig. 1). The data set obtained from
balloon-borne instruments and satellites will al-
low us to provide a detailed picture of the po-
lar stratosphere in August for the content in NOx
and halogenes species, and in aerosols

Concerning the modelling approach the goal is
twofold with firstly an assessment of their oper-
ational results from comparisons with measure-
ments, and secondly detailed investigations to
highlight key processes controlling the strato-
sphere composition and to improve the model
calculations. The project is funded by ANR
(French National Research Agency) and IPEV
(Institut polaire français Paul Emile Victor).

Kiruna (2010)

This small campaign was mainly dedicated to the
study of the water vapour and aerosol content
trend in the stratosphere.

In particular, a flight was performed up to an alti-
tude of 42 km, has unambiguously confirmed the
presence of (solid) aerosols in significant amount
at such altitude [Renard et al., 2010].

Concordiasi (2010)

Concordiasi [Rabier et al., 2010] is an in-
ternational project, currently supported by
the following agencies: MÃl’tÃl’o-France,
CNES, CNRS/INSU, NSF, NCAR, University
of Wyoming, Purdue University, University of
Colorado, the Alfred Wegener Institute, the Met
Office and ECMWF. Three field experiments are
part of Concordiasi, two which have occurred
during the autumn 2008 and 2009 (Austral
spring) in Antarctica and a third one planned in
Austral spring 2010.
Additional in-situ measurements include ra-
diosoundings at the Concordia station at Dome
C and at Dumont d’Urville in 2008, at Con-
cordia in 2009 and high altitude balloons able
to drop dropsondes, launched on demand un-
der a parachute and measuring atmospheric pa-
rameters on their way down over Antarctica in
2010. Some of the balloons will carry experi-
mental instruments measuring ozone and parti-
cles at flight level. Some will also be enhanced
to carry GPS receivers in order to perform radio-
occultation measurements.
Numerical simulations will be use to complete
the experiment data. The main goal is to provide
validation data to improve the usage of polar-
orbiting satellite data over Antarctica, in particu-
lar IASI radiances (IASI is a sounder instrument
onboard the Metop sateliite measuring the in-
frared spectrum with an improved accuracy for
temperature and humidity sounding in the tropo-
sphere and stratosphere).
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French Satellite Programme for the Study of the
Troposphere and Climate

Jean-Baptiste Renard

Université Orléans and CNRS, LPC2E, F-45071 Orléans 2

Abstract Four main programmes have been conducted during the last years by the French
Space Agency for the study of the troposphere and climate from space. The objectives is a
better understanding of the water vapour cycle, the better detection of the aerosols, pollutions
studies, meteorological previsions, and role of solar irradiance on climate. These programmes
are CALLISPSO (tropospheric aerosols), PARASOL (clouds and aerosols properties), IASI
(study weather forecast and atmospheric chemistry), and PICARD (effects of sun irradiance on
climate).

CALIPSO

The Franco-American CALIPSO mission (Cloud
Aerosol Lidar and Infrared Pathfinder Satellite
Observations) was selected by the NASA for the
Earth System Science Pathfinder (ESSP) pro-
gram to supply a unique data set of atmosphere
vertical profiles measured by a Lidar on-board a
satellite [Vernier et al., 2009, Winker et al., 2010].
The CALIPSO satellite has a payload composed
of one backscattering Lidar at 532 and 1,060
nm, with polarization measurements, a 1 meter
telescope, a visible camera, and an infrared im-
ager provided by CNES. This minisatellite pro-
vides vertical distribution of the properties of
aerosols and thin clouds to better understand the
aerosol-cloud-radiation interactions. In particu-
lar, CALIPSO has detected the ashes of the Ey-
jafjöll volcano above Paris (Figure 1). CALIPSO
has been launched on 28 April 2006.
CALIPSO flies in tandem with CLOUDSAT radar
satellite, and both integrated the A-TRAIN, con-
stellation of satellites dedicated to the observa-
tion of clouds, aerosols and the water cycle (Fig.
2).

PARASOL

PARASOL, for Polarization and Anisotropy of
Reflectances for Atmospheric Science coupled
with Observations from a Lidar is the second
microsatellite in the Myriade series, developed
by CNES. It carries the POLDER widefield ra-
diometer (Polarization and Directionality of the
Earth’s Reflectances), designed with the sup-
port of the LOA atmospheric optics laboratory

(CNRS-USTL). POLDER measures the direc-
tional characteristics and polarization of light re-
flected by the Earth and atmosphere to fur-
ther our understanding of the radiative and mi-
crophysical properties of clouds and aerosols.
For example, this innovative observing technique
will allow scientists to distinguish natural and
manmade aerosols more accurately [Fan et al.,
2008]. PARASOL is also in the A-Train. PARA-
SOL was launched on 18 December 2004.

IASI

IASI, Infrared Atmospheric Sounding Interferom-
eter, is a key payload element of the METOP se-
ries of European meteorological polar-orbit satel-
lites. It is developed by CNES in the frame-
work of a co-operation agreement with EUMET-
SAT. The first flight model was launched in
2006 onboard the first European meteorologi-
cal polar-orbiting satellites, METOP-A. The sec-
ond and third instruments will be mounted on the
METOP-B and C satellites with launches sched-
uled in April 2012 and October-November 2016.
IASI has been designed for operational meteo-
rological soundings with a very high level of ac-
curacy (specifications on Temperature accuracy
of 1K for 1 km and 10% for humidity) being de-
voted to improved medium range weather fore-
cast. It is also designed for atmospheric chem-
istry aiming at estimating and monitoring trace
gases like ozone, methane or carbon monoxide
on a global scale [Clerbaux et al., 2009]. The
IASI system includes the 3 instruments. The
measurement technique is based on passive IR
remote sensing using an accurately calibrated
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Figure 1: Ashes of the Eyjafjöll volcano above Paris (from IPSL, NASA and CNES).

Figure 2: The "A-Train".

Fourier Transform Spectrometer operating in the
3.7 - 15.5 µm spectral range and an associated
infrared imager operating in the 10.3 - 12.5 µm
spectral range. The optical configuration of the
sounder is based on a Michelson interferometer.
The integrated infrared imager allows the co reg-
istration of the IASI sounder with AVHRR imager
on-board METOP.

METOP (Fig. 3) was launched on 19 October
2006.

Figure 3: The METOP satellite.

PICARD

PICARD is a micro-satellite dedicated to the si-
multaneous measurement of the absolute total
and spectral solar irradiance, the diameter and
solar shape, and to the Sun’s interior probing
by the helioseismology method [Thuillier et al.,
2009, Schmutz et al., 2009]. These measure-
ments obtained all along the mission will allow
to study their variations as a function of the so-
lar activity. The PICARD payload is composed
of the following instruments: SOVAP SOlar VAri-
ability PICARD: composed of a differential abso-
lute radiometer and a bolometric sensor to mea-
sure the total solar irradiance (previously called
solar constant) ; PREMOS PREcision MOnitor
Sensor: a set of 3 photometers to study the
ozone formation and destruction, and to perform
helioseismologic observations, and an absolute
differential radiometer to measure the total so-
lar irradiance; SODISM SOlar Diameter Imager
and Surface Mapper: an imaging telescope ac-
curately pointed and a CCD which allows to mea-
sure the solar diameter and shape with an ac-
curacy of a few milliarc second, and to perform
helioseismologic observations to probe the solar
interior.

The PICARD measurements will help to better
understand the effect of the Sun irradiance on
Earth climate. PICARD was launched on 15
June 2010.
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The terrestrial ionosphere and its connections

Pierre-Louis Blelly (1) and the French community in ionospheric physics

(1) Institut de Recherche en Astrophysique et Planétologie, Toulouse, France

Abstract The ionosphere is a good tracer of the interactions between the Sun and the terrestrial
environment, as it is connected to the different regions of the magnetospheric system and it is in
strong interaction with the thermosphere. Our studies aim at taking advantage of this specificity
to access the different levels of couplings within the Earth system in the frame of the scientific
part of an international Space Weather program. For doing that we jointly use experimental
facilities and complex numerical models of the ionospheric subsystem.

The community is strongly involved in studies
aiming at understanding the key role of the
thermosphere-ionosphere subsystem within the
magnetospheric system, in the frame of Solar-
Terrestrial connection programs. The activity
of the community is based on a combined use
of experiment facilities and numerical models,
with clear scientific objectives related to the cou-
plings at high latitudes and applications to the
Space Weather. Moreover, our scientific inter-
ests evolve towards the couplings at low latitude
(interhemispheric dynamics) and couplings with
low and mid-altitude regions which may be sig-
nificant contributors to the overall dynamics.

Experimentation

The instruments we base our studies on are ba-
sically EISCAT incoherent scatter radars, Super-
DARN coherent scatter radars, satellites (DEME-
TER, Cluster) and optical instruments. How-
ever, the four-year period has been marked by
the death of Jean-Paul Villain, the Principal In-
vestigator of the French contribution to Super-
DARN chain. This imposed us to reconsider our
involvement in SuperDARN community and we
decided to refocus our activity around Kergue-
len radar. Moreover, France decided to withdraw
from EISCAT association and our involvement is
now restricted to the purchase of radar hours
around dedicated campaigns. Beside this, a new
optical instrument devoted to the measurement
the polarity of the oxygen red line emission has
been developed and deployed in the polar region
(Svalbard) for joint campaigns with EISCAT-ESR
radar.
These facilities are located at high latitudes, and
our studies mainly deal with solar-wind / mag-
netosphere couplings. In particular, the penetra-

tion within the magnetosphere of particles and
energy coming from the solar wind, observed at
high altitude with Cluster, has been studied in
term of ionospheric signatures in radar measure-
ment, either on EISCAT or SuperDARN. Follow-
ing this, a mapping at ionospheric level of the dif-
ferent regions of the magnetosphere has been
handled. In connections with these couplings,
we have made several studies on the dynamics
of the ionospheric plasma:

• ULF waves, which are observed on iono-
spheric profiles and magnetometer radars at
either local scales or global scales;

• relationships between convection and
plasma field aligned transport in the vicinity
of auroral arcs.

The red line emission is polarized because of the
existence of a static magnetic field, and we were
able to detect, for the first time this polarity, with
the new optical instrument.
More recently, the eclipse au August 1st 2008
was a good opportunity to study the couplings of
the ionospheric plasma with the atmosphere in
the auroral and polar regions by using our nu-
merical tools (Fig. 1).

Numerical models

Numerical models are important part of our con-
tribution, as they help us in analyzing and inter-
preting the experimental data (see figure 1). We
have developed a series of ionospheric model,
the TRANSCAR family, which are intended to
provide a very good insight of the ionospheric
plasma dynamics, controlled by the couplings
with the atmosphere and the magnetosphere.
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Figure 1: temporal profiles of the electron tem-
perature at ESR during the eclipse period. The
black lines are the contours between 500 and
3000 K (by step of 550 K) of our simulation-
with TRANSCAR and should be compared to the
same contours for the experiment (in white).

Two new models were built, one dedicated to
the inclusion of the impact of energetic protons
on the atmosphere and one dedicated the inter-
hemispheric transport of plasma within the plas-
masphere. Beside this, we also built a new
model for the runaway electrons which are one
of the energetic contributions of the ionosphere
to the global system.

Space Weather activity

Space weather is the physical and phenomeno-
logical state of natural space environments
which focus on the possible impacts on biolog-
ical and technological systems. Our contribution
to the Solar-Terrestrial physics is completely em-
bedded in the scientific aspects of this large pro-
gram. We made some efforts to provide some
parameters, like proxies, characteristics of the
magnetospheric system activity which may help
to forecast the solar and non-solar driven pertur-
bations that affect Sun-Earth system.

Low and mid-atmosphere couplings

There are more and more evidences that the
couplings between the ionosphere and the mid-
dle and low atmosphere play a significant role in
the dynamics of the Earth system. Thus, we de-
cided to extend our studies to the low ionosphere
(D region) where chemical processes can pro-
duce molecules (e.g. NOx) that can be trans-
ported to lower regions (in the stratosphere).
In this perspective we are involved in TARANIS
project which will study the couplings between
thunderstorms and the magnetosphere.
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Cluster’s insights in solar wind-magnetosphere coupling

Aurélie Marchaudon

Laboratoire de Physique et Chimie de l’Environnement et de l’Espace, CNRS, Orléans

Abstract Despite more than 10 years spent in space, the four spacecraft Cluster mission is
still making important progress on the understanding of the Earth’s solar-wind magnetosphere
coupling. The multi-point nature of this mission allows discriminating between temporal and
spatial structures. Recent results include new insights on large-scale and small-scale properties
of magnetopause reconnection, dynamics of polar cusp, polar cap and of its boundaries.

Reconnection process at the magnetopause

Magnetopause reconnection has long been rec-
ognized as the main process by which energy
momentum and plasma can be transferred from
the solar wind to the magnetosphere. The Clus-
ter mission flying in tetrahedron configuration
through the high-latitude magnetopause has im-
proved our understanding of this region and of
the reconnection process, especially when used
in conjunction with other missions, such as the
Chinese Double Star mission.
Berchem et al. [2008] have compared Cluster
and Double Star magnetopause data to results
of MHD model. They have been able to discrim-
inate between anti-parallel and ’component’ re-
connection models; in the latter magnetic fields
do not need to be strictly anti-parallel for recon-
nection to occur. Pitout et al. [2008] investigated
properties of the magnetosheath at different al-
titudes with Cluster and Double Star showing
that unlike predictions from gasdynamic model-
ing, the density is found lower near the nose of
the magnetopause than further downstream.
Pitout et al. [2008] and Owen et al. [2008]
also used the four-point measurement capabil-
ity of Cluster to discriminate between sporadic
reconnection signatures known as Flux Trans-
fer Events (FTE) and magnetopause pressure
pulses caused by solar wind/magnetosheath
compressions. Owen et al. [2008] confirmed for
the first time without ambiguity that specific mag-
netopause signatures, known as ’Crater’ FTE,
are caused by reconnection.
Magnetopause studies for very quiet and very
disturbed solar wind conditions have also been
possible with Cluster. Maggiolo et al. [2008]
showed that very efficient magnetopause re-
connection process can occur even during ex-
tremely low solar wind density conditions, ex-

plaining why the plasmasheet and magnetotail
regions are maintained during such conditions.
Dandouras et al. [2009] studied unusual day-
side magnetosphere compression, penetration
of high-energy particles in the magnetotail, and
ring current development following Interplanetary
Coronal Mass Ejections (ICME) shock arrival on
the magnetopause.

Dynamics of the polar cusp

Cluster is also a powerful tool for studying po-
lar cusp dynamics, region providing direct ac-
cess to solar wind plasma into the magneto-
sphere via magnetopause reconnection process.
When crossing the cusp at mid-altitude, the Clus-
ter spacecraft adopt a string-of-pearl configura-
tion following each other on the same orbit with
a certain time delay (usually several minutes).
With this configuration, temporal variations of the
cusp precipitation can be studied and location
of the magnetopause reconnection site with re-
spect to Interplanetary Magnetic Field (IMF) vari-
ations can be inferred.

By means of statistical analysis, Pitout et al.
[2006] studied the size and location of the polar
cusp. Pitout et al. [2009] recently completed this
study by investigating large-scale cusp morphol-
ogy. They showed that the occurrence of clearly
dispersed ion structures in the cusp, caused by
magnetopause reconnection, is 48% and corre-
sponds generally to stable IMF conditions. In all
other cases, the cusp exhibits a more disturbed
behaviour in terms of ion structures and gener-
ally correlates with variable or rotating IMF.

By studying evolution of cusp precipitation with
the four Cluster spacecraft, Escoubet et al.
[2008a,b] showed that the cusp responds quickly
to IMF rotation causing generally a relocation
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Figure 1: Summary sketch of the suggested current geometry for a polar cap crossing by northward IMF.
The red (green) arrows point toward the Earth (magnetosphere) and represent the downgoing (upgoing)
currents mostly carried by the electron beams (ion structures) [Teste et al., 2007].

of the magnetopause reconnection site. During
the transition period between two different sta-
ble IMF orientations, particles coming from two
distinct magnetopause reconnection sites are si-
multaneously observed.

Marchaudon et al. [2009] used a conjunction be-
tween Cluster, Double Star and ionospheric Su-
perDARN radars, to study properties of cusp re-
connected flux tubes issued from magnetopause
reconnection. Using a method develop in a
previous paper [Marchaudon et al., 2006], they
determined the transverse sizes (0.5-2 RE),
the bean-shape like, the velocity (20-40 km.s-
1) and the field-aligned current distribution (up-
ward/downward current pair) of these flux tubes.
They thus gained a complete picture of the flux
tubes electrodynamics.

Electrodynamics of the polar cap and of its
boundaries

Field-aligned electron and ion beams have long
been observed in the auroral zones. On the
other hand, polar cap mainly connected to the
magnetospheric lobe region, has long been re-
garded as an almost void region, apart from
weak ion outflows originating from the dayside
region and transported anti-sunward with the so-
lar wind flow.

Cluster, crossing the polar cap between 5 and
9 RE altitude, discovered complex particles sig-
natures associated with broadband electrostatic
emissions during northward IMF periods. The
polar ionosphere suddenly appeared as a wide

region of successive extended particle popula-
tions forming a complex electrodynamical circuit
in the polar cap. Maggiolo et al. [2006] first
identified ion outflows originating from the iono-
sphere and accelerated locally by potential drop
as confirmed by their inverted-V shaped energy-
time signatures. Teste et al. [2007] identified ex-
actly between these ion outflow structures, nar-
row upward electrons beams with large fluxes,
also escaping the ionosphere and responsible
for broadband electrostatic emissions (Fig. 1).
Teste et al. [2010] showed recently that these
beams are likely to destabilize Langmuir waves
and could be responsible for the appearance of
electrostatic solitary waves above the polar cap.

A large set of phenomena occur at polar cap
boundaries and can be observed by Cluster
combined with ionosphere measurements (EIS-
CAT radars, ground-based magnetometers, low-
latitude spacecraft...). Aikio et al. [2008] ob-
served zig-zag motion of the polar cap bound-
ary (PCB) with a 30 minutes period during sub-
storm late expansion phase. They proposed
that the poleward motions of the PCB are pro-
duced by bursts of enhanced reconnection at the
near-Earth neutral line (NENL) in the magneto-
tail. The subsequent equatorward motions of
the PCB represent the recovery of the merging
line towards the equilibrium state. Echim et al.
[2009] studied a stable discrete auroral arc as-
sociated with fluxes of field-aligned accelerated
electrons and ions at the interface of the polar
cap. They compared Cluster and DMSP obser-
vations with a quasi-stationary magnetosphere-
ionosphere coupling model. The matching data
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and model results suggest a quasi-stationary
field-aligned acceleration of auroral electrons
and ions, probably associated with a conver-
gent perpendicular electric field at the polar cap
boundary.
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Rapport quadriennal IUGG de la Section 7 "Sciences Physiques de l'Ocean" 
 

Observations of the ACC across the Kerguelen Plateau: TRACK project 
PI: Young-Hyang Park (yhpark@mnhn.fr) 

LOCEAN/DMPA, Muséum National d’Histoire Naturelle, Paris, France 
 

Rational and objectives 

The Kerguelen Plateau is the largest near-meridional submarine topographic obstacle, diverting the Antarctic 
Circumpolar Current (ACC) over a great distance between the subtropical and subpolar regions. It acts as a natural 
barrier for closing the eastern boundary of the Weddell Gyre to the west and developing the western boundary of the 
Australian-Antarctic Gyre to the east of the plateau, thus providing an important meridional pathway for the 
equatorward evacuation of transformed subpolar water masses. Despite its indisputable role in the ACC dynamics and 
the Southern Ocean meridional circulation, our knowledge on the physics and dynamics of the ACC across the 
Kerguelen Plateau has been seriously hampered until recently due to lacking of high-quality oceanographic 
observations. The TRACK (Transport across the Kerguelen Plateau) cruises carried out as part of a French contribution 
to the International Polar Year activities, were designed to measure directly the top-to-bottom physical properties, 
currents and transport over the Kerguelen Plateau, especially across the Fawn Trough and the Deep Western Boundary 
Current (DWBC) on the eastern flank of the southern plateau.  

 

TRACK cruises and preliminary results 

In February-March 2009 closely-spaced, full-depth hydrographic and direct current measurements in the Fawn Trough 
area were made during the TRACK cruise (Chief Scientist: Y.-H. Park) on R/V Marion Dufresne II. This cruise 
occupied in particular a near-meridional section across the Fawn Trough and repeated the western boundary segment of 
the WOCE I8S section at 58°S (Fig. 1). Three lines of current meter mooring with a total of 12 current meters were 
maintained for about 1 year across the Southern ACC Front (SACCF), which were recovered in January 2010 during 
the TRACK recovery cruise (Chief Scientist: F. Vivier). The preliminary results from the 2009 TRACK cruise (Park et 
al., 2009) are summarised below, while the velocity time series data from recovered current meters are under analysis as 
part of a thesis work. 

Vertical profiles of cross-track lowered acoustic Doppler current profiler (LADCP) velocities and corresponding 
transport across the western (SACCF) and southern (DWBC) sections are shown in Figure 2. In the western section 
most of the eastward flow is tightly concentrated in the Fawn Trough, with the strongest flow of 0.6 m s-1 at the surface 
decreasing to 0.3 m s-1 at 1000 m, below which the velocity is nearly constant reaching >0.2 m s-1 at 2000 m, 
indicating that both the baroclinic and barotropic components of current are equally important. A secondary eastward 
flow branch with a depth-averaged velocity on the order of 0.2 m s-1 is observed on the near-shore slope just south of 
the Heard/McDonald Islands. The net transport across this 750 km-long western section amounts to 50 Sv (1 Sv = 106 
m3 s-1) northeastward, 43 Sv of which are concentrated at the SACCF and 6 Sv immediately south of the 
Heard/McDonald Islands. In the southern section the northwestward flowing DWBC is highly barotropic and mostly 
confined within a narrow (~75 km) continental slope. It is also characterized by a bottom-intensified flow, with the 
highest velocity >0.3 m s-1 being found at the bottom at station 48. The total transport of the DWBC amounts to 43 Sv, 
which is largely compensated by a poleward recirculation transport of 34 Sv in the offshore area.  

The TRACK cruise has permitted us to evaluate for the first time reliable transport values of different ACC branches 
crossing the Kerguelen Plateau (Fig. 3). Including ~2 Sv inferred at the Polar Front (PF) branch south of the Kerguelen 
Islands, the net ACC transport to the south of the islands amounts to 58 Sv: 43 Sv at the SACCF passing through the 
Fawn Trough; 6 Sv south of the Heard/McDonald Islands; 7 Sv at the Southern Boundary (SB) of ACC through the 
northern Princess Elizabeth Trough. The latter 7 Sv was obtained by considering only those stations in the southern 
section where the bottom water has a temperature >0.1°C, while the major component (36 Sv) of the DWBC with a 
bottom temperature <0.1°C should be fed by the northward turning of the Antarctic Slope Current along the western 
limb of the cyclonic subpolar gyre. According to previous work, the ACC main branch associated with the Subantarctic 
Front (SAF) should carry 89-94 Sv north of the Kerguelen Islands and ~6 Sv at the PF just east of the islands. 
Combining these with the TRACK transports sums up to 147-152 Sv as the total ACC transport in the Kerguelen area, 
which are not significantly different from the 147±10 Sv at 140°E south of Australia and the Drake Passage transport of 
137±8 Sv augmented by 10-15 Sv of the Indonesian Throughflow.  
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Fig.1_Park.  (a) Surface streamlines from the altimetry-derived mean dynamic height, with bold streamlines standing 
for four circumpolar fronts and a red box for the TRACK cruise area. (b) the 2009 TACK cruise map showing the grid 
of 60 CTD stations, with two southernmost circumpolar fronts being superimposed. A dotted line is the Jason altimeter 
ground track #94. Adapted from Park et al. (2009). 

 

 

Fig. 2_Park.  Vertical profiles of cross-track LADCP velocities and cumulative top-to-bottom transport in the (a) 
western (Fawn Trough) and (b) southern (DWBC) sections. Adapted from Park et al. (2009). 
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Fig. 3_Park.  Schematic of major pathways and transports (in Sv) of the ACC system (bold continuous lines) and 
DWBC of the Australian-Antarctic Gyre (bold discontinuous lines). Adapted from Park et al. (2009). 
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Figure captions 

Fig.1_Park. (a) Surface streamlines from the altimetry-derived mean dynamic height, with bold streamlines standing for 
four circumpolar fronts and a red box for the TRACK cruise area. (b) the 2009 TACK cruise map showing the grid of 
60 CTD stations, with two southernmost circumpolar fronts being superimposed. A dotted line is the Jason altimeter 
ground track #94. Adapted from Park et al. (2009). 

Fig. 2_Park. Vertical profiles of cross-track LADCP velocities and cumulative top-to-bottom transport in the (a) 
western (Fawn Trough) and (b) southern (DWBC) sections. Adapted from Park et al. (2009). 

Fig. 3_Park. Schematic of major pathways and transports (in Sv) of the ACC system (bold continuous lines) and 
DWBC of the Australian-Antarctic Gyre (bold discontinuous lines). Adapted from Park et al. (2009). 
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The DRAKE project - Experimental aims and design 
Christine Provost 

 
 
The DRAKE project is a recently concluded experiment consisting of in situ measurements made over a period of about 
3 years (February 2006 to April 2009), which are tightly coupled to satellite altimetry (TOPEX/POSEIDON and Jason). 
A major goal of DRAKE is to attempt to combine in situ current meter observations with simultaneous satellite data 
from Jason to gain a better understanding of the relationship between sea surface height (SSH) and volume transport. 
The measurement array consisted of 10 subsurface current meter moorings deployed below Jason track 104, with 
individual moorings located at altimeter crossover points (Fig. 1). High resolution hydrography and LADCP 
measurements were made on the cruises that serviced the moorings [Provost et al., 2011]. All cruises were performed 
from R.V. Polarstern. A total of 5 full-depth hydrographic sections were performed.  

 
DRAKE early results 

Early results from analyses of satellite data and the Drake hydrographic data are summarized below, while the time 
series from the moorings are under analysis as parts of two Ph.D. thesis.  

The altimetric time-series documented the long-term trends in sea surface height, the recurrence of major frontal 
meanders and statistical links between them (Barré et al., 2011). Trends are not homogeneous in Drake Passage, rather 
they change sign, suggesting a regional effect caused by the complicated bathymetry and geometry (Fig. 2). 
Topography favors the recurrence of some meanders and eddies in specific spots in Drake Passage. For example a 
dipole occurring with a close to annual periodicity is observed at the entrance to DP over the Phoenix Antarctic Ridge 
(PAR) and corresponds to adjacent meanders of the SAF and PF (Barré et al., 2011) (Fig. 3). An anticyclonic meander 
of the PF was found to be recurrent over the Ona sea floor depression (OSD) to the northwest of the Ona Basin (54°W, 
58°S) and constitutes an important element of the cyclonic recirculation in the Ona Basin (Barré et al., 2008).  

Barre et al. [2011] used isolines of absolute dynamic topography from satellite altimetry data to map out locations of 
fronts and eddies, providing a temporal and spatial context for the 2006 DRAKE mooring deployment cruise. Multiple 
branches of ACC fronts were observed to merge into single jets in the narrowest part of the passage, with two branches 
of the SAF merging at about 61°W and three branches of the PF merging over the Shackleton Fracture Zone (SFZ) (Fig. 
4 a and b). The SACCF branches could also be traced using altimetry. The agreement between the location of the 
frontal branches and eddies detected by altimetry and the patterns observed in sea surface temperature and ocean color 
is remarkable in spite of the differences in spatial and temporal resolution (Fig. 4 c, d, e). The crest of the SFZ 
constitutes a barrier in the south of DP, causing the two SACCF branches to separate by about 400 km, creating 
sheltered conditions in partial isolation from the ACC, while promoting an active recirculation region in the Ona Basin 
(Fig. 4 c, d, e). This recirculation, marked by cyclonic eddies carrying cold fresh and oxygenated water from south of 
the Southern Boundary of the ACC (Fig. 4 c, d, e), causes effective ventilation of the whole Circumpolar Deep Water 
(CDW) density range (Provost et al., 2011). 

The 2006 cruise comprised a hydrographic section under Jason-1 track 104 repeated within 3 weeks, providing a unique 
opportunity to document full depth in situ variability at about a 10-day interval. Between the two occupations, the 
contributions of frontal meanders and eddies to the total volume transport changed notably, although the net transport 
changed by only 10% and agreed within confidence limits with prior WOCE and ISOS estimates [Renault et al., 2011]. 
Due to high quality of the data and a fine horizontal resolution, transport was estimated (143 Sv) with the best accuracy 
ever achieved of 7-10 Sv. 

Considerable differences in properties between the 10-day-apart sections are observed throughout the whole water 
column with values as high as 0.2°C in temperature, 0.01 in salinity, 0.03 kg.m-3 in neutral density and 10 µmol.kg-1 in 
dissolved-oxygen concentration found below a depth of 3000 m [Provost et al., 2011; Sudre et al., 2011]. Only part of 
the differences is attributable to frontal or eddy displacements along the section. The other part results from the spatial 
heterogeneity of water properties upstream the section and the funnelling of the flow due to the topographic constraints 
of the Shackleton Fracture Zone (SFZ). The considerable short-term differences in water properties in rather large-scale 
structures that cannot be accounted for by frontal motions along the section, call for caution when interpreting 
differences in hydrographical properties obtained by oceanographic cruises that are years apart in terms of climatic 
signals. 
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Figure 1: Location of the 10 Drake current meter moorings M1 through M10)along Jason ground 
track #104. Background is bathymetry in meters. Major bathymetric features are labeled: YB 
Yaghan Basin, OB Ona Basin, PAR: Phoenix Antarctic Ridge, SFZ: Shackleton Fracture Zone, 
WSR: West Scotia Ridge, OSD: Ona Sea floor Depression,. 

 
Figure 2: Linear trends in dynamic topography (mm per year) from January 1993 to December 2009. 
The significance of the trend was computed using a two-sided Student t-test with a confidence limit of 
99%. Areas where the trend is not significant are colored in green. White areas correspond to the 
regions where the time series are incomplete and the data from over the continental slope (depth less 
than 500 m) are disregarded. Black contours represent the bathymetry between 4000 m and 1000m 
with contour intervals of 500 m. The black diagonal line indicates the Jason track 104. Black dashed 
lines represent XBT surveys from the US Antarctic supply vessel (west of track 104) and the repeat 
hydrographic section SR1b (east of track 104). (updated from Barré et al, 2011). 
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Figure 3:  

a Time series of sea level anomaly (SLA) over a 1°x1° box centered at 68°W and 58.5°S 
(location P1). The linear trend has been removed.  

b Regression of SLA, in Drake Passage, on the normalized time-series in Fig.3a. Solid 
black contours represent the correlation at the 90% confidence level; dashed black contours 
represent the 95% confidence level. The regression map suggests that the strong anomaly 
(P1) on the western side of the PAR can be associated with an anomaly of the opposite sign 
(N1) on the eastern side of the PAR. Thin black lines are bathymetry isobaths (2000, 3000 
and 4000m). (updated from Barré et al., 2011) 
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Figure 4:  

a Schematic of the frontal branch and eddy location during the ANT-XXIII/3 cruise period derived from altimetry 
(composite map from 15 to 21 January 2006). SAF branches in orange; PF branches in purple; SACCF branches in 
green; and SB, in black. Blue patches are the major cyclonic eddies and red patches are the major anticyclonic eddies.  

b One-week (17-24 January 2006) composite image of chlorophyll-a concentration (mg.m-3) from MODIS. Black 
contours are the branches of the ACC fronts and eddies like in a. 

c, d, e :Satellite views of the Ona Basin late January 2006:  

c: Sea surface temperature (°C) from 22 January 2006 (MODIS). Superimposed are the front and eddy locations derived 
from the 7-day composite altimetry map centered on January 25: PF-S (purple dotted line); SACCF-N (green solid 
line), SACCF-S (green dashed line); and SB (black line). The white dotted line is the 2.36 mg.m-3 isoline in 
Chlorophyll-a concentration and the continuous white line the northern limit to surface waters colder than 2.3°C. 

d: Chlorophyll-a concentration (mg.m-3) from 22 January 2006 (MODIS). Contours like in c. 

e: Surface geostrophic velocity field derived from the 7-day composite map of altimetric absolute dynamic topography 
centered on January 25. The color code indicates absolute dynamic topography values (in centimeters). Schematics of 
the front and eddy locations correspond to the date of the map (same color code as in c and d). 

On all maps, thin black contours represent the bathymetry between 4000m and 1000m with contour intervals of 500m. 
Bottom depths shallower than 3000 m are shaded in grey. The black diagonal line indicates the Jason track 104. 
(adapted from Provost et al., 2011) 
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The OVIDE Project 
Documenting and understanding the inter annual  

to decadal variability of the North Atlantic Subpolar gyre 
 

Herlé Mercier, Pascale Lherminier, Nathalie Daniault, Virginie Thierry, Bruno Ferron, Thierry Huck 
Laboratoire de Physique des Océans, CNRS, Ifremer, IRD, UBO, Plouzané, France 

 

Since 2002, the Ovide project occupies every other year, in June-July, the A25 hydrographic section between the 
southern tip of Greenland at 60°N and Portugal at 40°N (Figure 1). This is a repeat of a line that was previously 
occupied during the International Geophysical year and, in the framework of the Fourex project, in September 1997. 
The Ovide project is a contribution to CLIVAR. During each cruise, CTDO2 and L-ADCP measurements are conducted 
from the surface down to the sea-floor at about 95 hydrographic stations and VM-ADCP is running during all cruises. 
Nutrients, CFCs, pH and alkalinity are measured from water samples obtained from the 28 bottle rosette. The Ovide 
cruises also contributes to maintaining the Argo array by deploying ~15 floats during each cruise. The cruises are a 
collaborative work with P. Morin (station biologique de Roscoff, France) and A. Rios and F. Perez (IIM Vigo, Spain). 
We summarize below one of the results obtained from the analysis of the Ovide data set that was complemented by a 
reanalysis of Fourex. 

For the first time in the subpolar North Atlantic, a large variability in the amplitude of the meridional overturning 
circulation (MOC) and the associated heat flux (HF) has been documented. Estimates are based on an inverse model 
analysis of the Ovide and Fourex hydrographic sections (Lherminier et al., 2007, Lherminier et al. 2010, Gourcuff et al. 
2011). Figure 2 shows that across the Fourex/Ovide hydrographic section the main balance in terms of transport is 
between the North Atlantic Current (NAC, σ1 < 32.1), east of the subarctic front (SAF) and the net transport of dense 
water (σ1 > 32.1) west of the SAF. This balance defines the MOC and shows that the NAC transport variability is a 
good proxy of the MOC variability. Focussing now on the MOC, the maximum amplitudes were observed in September 
1997 (19 Sv and 0.69 PW for the MOC and the HF, respectively) and the minimum amplitudes were observed in June 
2006 (11 Sv and 0.29 PW for the MOC and the HF). Values for 2002, 2004 and 2008 are in between. Although it is 
tempting to relate the decrease in the MOC amplitude between Fourex and Ovide 2006 to the spin-down of the subpolar 
gyre that has been reported by Hakkinen and Rhines (2009), it should be stressed here that those measurements quantify 
the variability of the MOC and associated heat flux but the associated time scales have still to be determined. For 
instance, Daniault et al. (2011) showed from an analysis of a current meter array in the East Greenland Irminger Current 
that at the time of the Ovide 2006 the transport of this current, which is an essential component of the MOC, reached a 
minimum that lasted for a few weeks, associated with a relatively weak wind stress curl in the Irminger Gyre (as 
compared to the 20-year average). 
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Figure 1: The Fourex (1997) and the Ovide (2002, 2004, 2006, 2008, 2010) hydrographic lines 

 

 
Figure 2 : Transport variability in Sv (1 Sv = 106 m3 s-1) contributing to the MOC obtained from an inverse 
model analysis of Fourex (1997) and OVIDE (2002, 2004, 2006) hydrographic sections. Northward transports 
are positive. EGIC : East-Greenland Irminger Current ; DWBC : Deep Western Bourndary Current ; Recirc. : 
Deep recirculation in the Island basin and the eastern Irminger Sea; NAC: North Atlantic Current. SAF: Sub-
arctic front. The σ1 = 32.1 isopycnal is the limit between the upper and lower limbs of the MOC.  
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Ocean fine scales – micro-scales horizontal and vertical mixing 
 

Gilles Reverdin (LOCEAN, Paris), Pascale Bouruet-Aubertot (LOCEAN, Paris), Bruno Ferron (LPO, Brest),  
Louis Marié (LPO, Brest), Ariane Koch-Larrouy (LEGOS, Toulouse) 

 
During the last 4 years, the French contribution in this field of research has been more extensive on the vertical 
dimension with studies of fine and micro-scales in different environments. 

This includes investigations during cruises aimed at better understanding large scale or meso-scale circulation and their 
role on climate or biogeochemical cycles. We can refer to the Ovide cruises in the North Atlantic subpolar gyre (in 
particular in 2008), with emphasis on finding a structuration of vertical mixing related to bathymetry and understanding 
how it influences large scale ocean circulation, the Indomix cruise in the Indonesian seas (2010) with emphasis on 
vertical mixing related to the internal wave field, in particular in the Banda Sea, and its relation to the large internal 
tides found in these seas. During cruise Boum (summer 2007 in the Mediterranean Sea), the emphasis was on vertical 
transport of nutrients in the thermocline and the mixed layer during summer in the oligotrophic environment of anti-
cyclonic surface eddies of the eastern Mediterranean Sea. During cruise Keops (early 2007, Kerguelen plateau in the 
Austral Ocean), the emphasis was on understanding the contribution of vertical mixing associated to the internal waves 
to vertical transport of micro-nutrient over the Kerguelen plateau in the south Indian Ocean. Mixing related to the 
generation of internal tidal waves near the shelf Break has been investigated during the Mouton summer 2008 cruise in 
the Bay of Biscay. Some of these data contribute to the parameterization of mixing in numerical models of the regional 
to large scale ocean circulation. 

Other investigations focused on mixing in deep sill environments, in particular near the Lucky Strike segment of the 
Mid-Atlantic Ridge where deep flows strongly constrained by topography are associated with large vertical mixing, and 
a very active internal wave field, with a strong contribution of internal tides and  background vertical shear to mixing. 

A new field of investigation appeared during this period: vertical mixing on the deep shelves surrounding France. This 
was in particular structured over the Bay of Biscay shelves with the EPIGRAM project, within which the generation of 
internal waves was investigated in 2010, the dilution by mixing of the freshwater spring plume of the Gironde in 2009-
2010, and in 2010, the structuration of mixing near a front (Ushant Front west of Brittany) and how tidal mixing 
interfers with the structure of this front. This is a fairly new field of research in France, strongly based on the collection 
of new observations.  

Investigation of small horizontal scales and the associated mixing, on the other hand, has been mostly driven by ocean 
modeling, and surface satellite observations. These satellite observations and model simulations strongly suggest a 
continuity of scales that structure the ocean dynamics, but also ecosystems and biogeochemical processes. On which 
scales these structures mix, and the role of small scale vertical processes on this mixing has only been barely touched by 
the French community on an in situ basis (for example: Gogasmos Bay of Biscay cruises in 2009 and Latex cruise in the 
Gulf of Lion in 2010).  

 
Figure 1 

Turbulent kinetic energy Dissipation (log-scale W/kg) measured by VMP micro-structure profiled along Ovide summer 
2008 section between Portugal and Greenland  Notice the large values near 4000m (station 40), as well along the 

Portugal continental slope, and the slightly larger values within the thermocline (east of station 60). 
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MESOSCALE AND SUBMESOSCALE TURBULENCE 
 

Patrice Klein (LPO, Plouzané, France) and Guillaume Lapeyre (LMD, Paris, France) 

 

The first 500-1000m of the upper ocean have been known for many years to be crucial for the biogeochemical and the 
atmosphere-ocean coupling systems. At the end of the 20th century, data from conventional satellite altimeters (that 
capture O(100km) structures) and global-scale oceanic simulations with a 10km resolution have unveiled the strong 
turbulent character of the mesoscale eddy field in many oceanic regions. These oceanic mesoscale eddies (the ocean 
weather system), characterized by horizontal scales of O(100km) and depths between 500m and 1000m constitute the 
dominant part of the total kinetic energy and are known to significantly contribute to the lateral transport of heat, 
momentum and tracers (Ferrari and Wunsch, ARFM, 2009) and to the biogeochemical system (McGillicuddy, GGC, 
2003). 

Since 2005 a bunch of studies, both numerical and experimental, have profoundly changed our « turbulent » vision of 
the upper oceanic layers. They reveal the importance of submesoscales (such as filaments with a 10km width and small-
scale vortices with a 5-40km diameter) that are ubiquitous on the Sea Surface Temperature (SST) and Ocean Color 
images but whose dynamical impacts were totally ignored before. Dynamics of the first 500m of the ocean can now be 
viewed as captured by a sea of interacting mesoscale eddies and submesoscale structures (Klein et al., JPO, 2008, Capet 
et al., JPO, 2008, Klein and Lapeyre, ARMS, 2009). These new studies have offered an unprecedented insight on the 
dramatic impact of these submesoscales. These submesoscales are associated with vertical velocities that can reach 
100m/day (typically one order of magnitude larger than those associated with mesoscale eddies) down to 200-500m 
below the surface (Legal et al., JPO, 2007; Nagai et al., JGR 2006; Klein et al., JPO, 2008; Capet et al., JPO, 2008). As 
a consequence they impact much more significantly, than previously thought, the global ocean circulation and the 
biogeochemical system. Such new insight has been made possible because of the development of instruments mounted 
on towed vehicles, new float devices in the upper layer but, principally, because of the fast development of 
supercomputers.  

Quantification on a global scale indicates that, in oceanic regions overcrowded with mesoscale eddies such as in the 
Gulf Stream, the Kuroshio and the Antartic Circumpolar Current, the vertical velocity field associated with 
submesoscales represent almost 70% of the total vertical velocity field (Lapeyre and Klein, JMR, 2006; Klein et al., 
JPO, 2008). The remaining 30% being located inside mesoscale eddies. As a result submesoscales explain more than 
60% of the total nutrient vertical fluxes. This may provide an answer to the ongoing debate about which physical 
processes can close the nutrient balance in the ocean (McGillicuddy, GGC, 2003). Furthermore the presence of 
submesoscales make the primary production in the ocean to be multiplied by a factor 2 (Levy, 2005; Martin et al., GGC, 
2006; Klein and Lapeyre, ARMS, 2009). High resolution primitive equation simulations (1km) in large domain 
performed on the Earth simulator have unveiled the impact of submesoscales on the ocean dynamics at larger scales. 
Kinetic energy associated with these submesoscales is globally smaller than that associated with mesoscale eddies but 
their presence explains that the mesoscale kinetic energy is multiplied by a factor 2 (Klein et al., JPO, 2008; and Capet 
et al., JPO, 2008) and that the sea surface temperature increase by almost 1o K (due to ageostrophic motions) (Klein et 
al., JPO, 2008)! Roullet and Klein (PRL, 2010) further point out that the submesoscales accelerates the ocean energy 
circuit – between potential and kinetic energy among the different (large and small) scales - through the vertical 
velocity field.  

The physics that explains the importance of submesoscales in the upper ocean is frontogenesis (the same mechanism 
that drives atmospheric fronts): density anomalies are stretched by mesoscale eddies into small-scale elongated patterns 
which increases the density gradient they are associated with and triggers frontogenesis. The resulting vertical velocity 
field affects the first 500m and provides a pathway between the surface boundary layer (or the surface mixed-layer) and 
the ocean interior. These submesoscales are part of a surface dynamical mode, first introduced by Blumen (JAS, 1978), 
extended to the ocean by Held et al. (JFM,1995) and Lapeyre and Klein (JPO, 2006) and to the atmosphere by Hakim et 
al. (JAS, 2002) and Tulloch and Smith (JAS, 2009). This mesoscale/submesoscale turbulence in the upper ocean is 
driven by the surface potential vorticity (that can be estimated from the Sea Surface Height) and by the interior potential 
vorticity (Lapeyre and Klein, JPO, 2006). The high resolution simulations performed by the French scientists on the 
Earth Simulator and by the UCLA scientists have provided unvaluable insights on the importance of this 
mesoscale/submesoscale turbulence. Global observations of the dynamics this mesoscale/submesoscale turbulence are 
presently lacking but are highly needed to constrain future realistic numerical simulations at these resolutions. Sea 
Surface Temperature and Ocean Color satellites images have such a high resolution but they are much affected by the 
clouds and, when available, do not provide any dynamical information. Future satellite altimeter missions (such as the 
Surface Water and Ocean Topography (SWOT) mission, see Fu and Ferrari, EOS, 2009) should allow to get dynamical 
information at the ocean surface at a resolution ten times higher than the conventional altimeters and, therefore, reduce 
the gap between numerical and data resolutions. But one major challenge is how to exploit the full potential information 
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provided by these new high resolution satellite data - when combined with existing data (such as the Global Argo float 
database- to retrieve and diagnose these new dynamical impacts related to the submesoscales in particular those related 
to the vertical velocity field in the first 500m and to the air-sea fluxes. This is one of the major challenge of the present 
decade.  
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A global numerical model to study the interannual variability of the ocean 
Anne Marie Treguier, CNRS 

Laboratoire de Physique des Oceans, UMR 6523 CNRS-IFREMER-IRD-UBO, IUEM 
 

The DRAKKAR project is a collaboration between French research laboratories (LEGI, Grenoble; LPO, Brest; 
LOCEAN, Paris), Mercator-Ocean, and other teams in Europe (Southampton, U.K; Kiel, Germany) and Canada. In 
2006-2010 a global ocean and sea ice model has been developed, based on the NEMO platform (www.nemo-ocean.eu), 
with a ¼° resolution: a grid scale ranging from 27 km at the equator to an average of 12 km in the Arctic ocean. A new 
representation of bottom topography and numerical schemes have brought improvements in the representation of the 
main current systems and the associated eddies (Barnier et al, 2006; figure 1). Simulations of the ocean variability over 
the past decades (1958-2007) have been performed, forced by atmospheric data based on ECMWF reanalysis and 
analyses (Brodeau et al, 2010). The results of these simulations have been distributed to a wide international 
community. Variability mechanisms have been analyzed globally or regionally (in the Arctic, the Mediterranean sea, 
the Southern Ocean, the North Atlantic…). Only two examples are given here. 

 
Figure 1: Map of a 5-day average of sea level in the DRAKKAR ¼° model (the 
ice cover is indicated in white). The model reproduces well some eddying 
regions like the Agulhas retroflection or the Zapiola Anticyclone south of the 
Brazil-Malvinas confluence zone. The ¼° resolution is still too coarse in other 
areas, for example in the Gulf stream, the Kuroshio, or west of Australia in the 
Indian Ocean 

 

 

 

Mechanisms of regional sea level trends (1993-2001).  

Lombard et al (2008) have compared the trend in sea level in DRAKKAR simulations and observations. The good 
agreement (figure 2) allows to use the model to analyse the possible causes of the observed trends. The model (which 
has no assimilation of satellite nor in situ data) demonstrates that regional changes in sea level over that period are 
largely forced by the atmosphere. They are mainly due to thermosteric changes in the upper 750m. Wind stress trends 
over that period explain some of the sea level trends, especially in the tropical Pacific and Indian Ocean.  
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Figure 2: Regional trends of sea level between 1993 and 2001 (mm/year). 
Top: ORCA025; bottom: observation by satellite altimetry. From Lombard 
et al, 2008.  

 

Ice and freshwater transport variability along both sides of Greenland 

The ¼° global DRAKKAR model simulates the variability of the Arctic Ocean and its interaction with the Pacific and 
Atlantic Oceans, with a mesh fine enough to resolve Bering Strait and the main pathways through the Canadian 
Archipelago. The model allows to propose a quantitative estimate of the liquid freshwater and ice fluxes from the Arctic 
to the Atlantic (Lique et al, 2009; figure 3). Regarding the mechanisms of interannual variability, the model suggests a 
striking difference between both sides of Greenland. At Davis Strait to the west, the variability is due to the volume 
transport, while on the east side at Fram Strait, the variability is due in equal parts to the variations of the volume 
transport and to variations of the salinity, linked with interannual variability of the ice-ocean exchanges north of Fram 
Strait.  
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Figure 3 (Lique et al, 2009). Schematic view of the Arctic freshwater balance. Mean value of each source and sink is 
represented (bar, in mSv), as well as the correlation of its variations with the times series of the Arctic freshwater 
content derivative (circular diagrams). The sign of the freshwater  

fluxes indicates if the flux represents a sink or a source of freshwater for the Arctic Ocean, regardless the direction of 
the volume fluxes (For instance, the inflow branch through Fram Strait brings waters with salinity higher than 34.8, and 
thus has a negative sign)  
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Inter-decadal modulation of ENSO nonlinearity and its evolution in a warming climate 
Boucharel J. (1), Dewitte B. (1) (2), du Penhoat Y. (1) (2), Garel B. (3), Yeh, S.-W. (4), Kug J.-S. (5) 
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1. Introduction 

El Niño Southern Oscillation (ENSO) is the dominant mode of tropical climate variability, whose variations influence 
climate and ecosystems as well as many societies around the globe. It is therefore of great interest to understand its past, 
present and future variations. Over the last century, ENSO properties including amplitude, frequency and propagating 
features underwent significant changes at decadal to interdecadal timescales (An, 2004), which are partly revealed by 
the presence of climate shifts (Guilderson and Schrag, 1998) within ENSO typical timeseries. For instance, the two 
decades after the 1976/77 climate shift were characterised by more frequent and stronger El Niño events compared to 
previous decades (An and Wang, 2000; An, 2004; Moon et al., 2004). These changes in ENSO characteristics are 
intimately linked to changes in the mean state of the tropical Pacific because the dominant feedback processes 
associated with ENSO, namely the zonal advective and thermocline feedbacks, depend explicitly on the zonal mean Sea 
Surface Temperature (SST) and thermocline gradients, respectively (Zebiak and Cane, 1987; An and Jin, 2001).  

Another recently documented characteristic of ENSO is its asymmetry, which reflects the nonlinearity of the tropical 
Pacific system (An and Jin, 2004). ENSO asymmetry also fluctuates over decadal to interdecadal timescales that are 
related to changes in mean state (Rodgers et al, 2004; Dewitte et al., 2007). In particular, the latter can result from the 
residual effect of the ENSO asymmetry variability (Schopf and Burgman, 2006; Dewitte et al., 2007), potentially 
leading to a tropical Pacific natural coupled mode over decadal timescales (Choi et al., 2009). 

Because of this complex interaction between mean state and ENSO at a wide range of frequencies, it is difficult to 
provide an unambiguous explanation for the impact of global warming on ENSO. As a matter of fact, the current 
generation of models exhibits a wide range of behaviours with regards to their sensitivity to global warming (Guilyardi 
et al., 2009). In particular, the evolution of tropical Pacific SST, especially the mean zonal equatorial gradient remains a 
noteworthy source of uncertainty (DiNezio et al., 2009). 

Recently, Yeh et al. (2009) showed, with a group of IPCC models, that most consistent changes in ENSO characteristics 
due to global warming take place in the central equatorial Pacific (i.e. the Niño4 region (150°E-150°W; 5°S-5°N)). 
They showed that global warming leads to increased SST variability over the central tropical Pacific in the form of an 
increased occurrence of the so-called Modoki or Central Pacific (CP) El Niño (Ashok et al., 2007) relatively to the 
traditional so-called Eastern Pacific (EP) El Niño characterized by positive SST departure from normal in the Niño3 
region (150°W-90°W; 5°S-5°N). 

In this study, we further examine the relationships between changes in mean state and changes in ENSO properties, 
especially El Niño flavours and the importance of associated nonlinear mechanisms through an alternative statistical 
measure. These analyses are carried out on both reconstructed historical datasets and CGCMs outputs. 

 

2. Statistical diagnosis of ENSO nonlinearity 

Whereas ENSO nonlinearity has usually been considered through its asymmetric character (in particular as El Niño 
events are stronger and more numerous than La Niña’s), recent studies indicate that ENSO also has a signature on 
higher-order statistical moments (Timmermann, 1999). This tends to emphasize the highly nonlinear nature of the 
tropical Pacific system and calls for the use of statistical tools that can effectively measure ENSO nonlinearity.  

 We propose here an alternative to classic Gaussian statistics, namely the �-stable laws, to explicitly consider 2 main 
features of the ENSO Probability Density Function (PDF) (Figure 1): the asymmetry and the weight of the distribution 
tail associated with warm strong El Niño episodes.  

In brief, non-Gaussian α-stable laws, (heavy tailed laws) are characterized by four main parameters. The main ones, 0 < 
α ≤ 2 and -1 ≤ β ≤ 1, respectively allow to diagnose the “non-Gaussian degree” (the PDF tails weight) and the 
asymmetry (~ skewness) of the set to be measured. Simply put, the analyses of these two parameters allow measuring 
the deviation of a distribution from a Normal law; this deviation being representative of the underlying nonlinear 
processes. When α = 2 and β = 0, the result is a Gaussian law. The lower α, the more α-stable the distribution and the 
more nonlinear the associated mechanisms. See Mandelbrot (1963) and Boucharel et al. (2009) for a more complete 
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description. It is noteworthy that the measurement of nonlinearity through the α parameter does not discriminate 
between nonlinear processes. Actually, the sources of nonlinearities of the tropical Pacific system remain numerous 
ranging from turbulent and ocean-mixing processes in the form of tropical instability waves for instance, to high 
frequency atmospheric forcing (An, 2009). 

Koutrouvelis (1980) proposed a trustful regression method to estimate α-stable laws parameters. 

 
Figure 1. Histogram of Niño3 SST anomalies from Kaplan et al. (1998) 
reconstructed dataset. The y-axis of red bars (events greater than standard 
deviation) has ten times increased scale. Normalized histogram I the upper left 
quadrant. 

 

3. Inter-decadal modulation of ENSO nonlinearity (statistics). 

Over the inter-shift periods detected in Boucharel et al. (2009) (statistically confident ruptures detected in 1903, 1976 
and 1998 through a bivariate test elaborated by Maronna and Yohai, 1978), the results of the estimation of � and � on 
distinct warm/cool periods (Figure 2) indicate that the ENSO statistics experienced significant changes. In particular, 
warm periods were characterised by stronger asymmetry and a greater deviation from Gaussianity (smaller α and � ~ 
1) whereas the cool period exhibited a Gaussian symmetrical pattern on average over the tropical Pacific (α ≈ 2 and � ~ 
0). A comparable tendency was found in the intermediate complexity Zebiak and Cane (ZC) model. In particular the ZC 
model had increased (reduced) nonlinearity quantified through nonlinear advection within the mixed layer (Nonlinear 
Dynamical Heating (NDH)) during warm (cool) periods (An and Jin, 2004; Boucharel et al., 2009). Consistently with 
recent studies, nonlinear dynamics is found to be responsible for rectification of ENSO variability through changes in 
ocean background. Although current measures of ENSO nonlinearities (through NDH) have provided meaningful 
information on the rectification of ENSO variability by changes in mean state, they may not fully account for the 
complexity of the rectified effect. 
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Figure 2. � and � parameters on distinct warm (1870-1903 and 1976-1998) and cool (1903-1976 and 1998-2009) inter-
shifts periods estimated from Kaplan et al. (1998) reconstructed dataset. Confidence intervals for parameters estimation 
on Niño3 and Niño4 indices are provided below each plot. 

 

In order to test further the relationships between ENSO nonlinearity and the tropical Pacific mean state, we took 
advantage of the CMIP3 Coupled General Circulation Models (CGCMs) database and the different scenario 
experiments provided by the fourth version of the assessment report of the IPCC. We selected a set of models available 
through the CMIP3-IPCC-AR4 data centre at the Program for Climate Model Diagnosis and Intercomparison (PCMDI) 
and tested them in different configurations in terms of greenhouse gases concentration (respectively the Pre-Industrial 
reference -PICTRL-, the doubling -2xCO2- and quadrupling -4xCO2- greenhouse gases concentration). In particular, 
since the focus of the study deals with the diagnostic of high-order statistics and their response to changes in mean state, 
we followed the classification established in Table 5 in Boucharel et al. (2009). The latter evaluates the performances of 
the whole CMIP3 database in simulating irregular (nonlinear, �-stable) ENSO timeseries along with a noteworthy low 
frequency modulation of the tropical Pacific mean state (revealed by the presence of climate shifts). Interestingly, 
models able to represent a significant decadal to inter-decadal variability are also strongly nonlinear (with regards to the 
α parameter analysis). These models (in bold in Table 5 in Boucharel et al. (2009)) will be the models of interest in the 
present study. Interestingly, this “nonlinear” classification is consistent with other recent studies dedicated to 
intercomparison (Belmadani et al., 2010 among others). 
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Figure 3. Changes in tropical Pacific statistics between different IPCC scenarios for the multi model 
ensemble mean (2xCO2 – PICTRL on left panels and 4xCO2 – PICTRL on right panels). Changes in: 
mean SST a) and b), RMS SST c) and d). Dots denote 95% statistical confidence level based on a 
Student’s t-test. Changes in: � parameter e) and f), � parameter g) and h). Contours in e), f), g) and h) 
panels denote � and � parameters values for the multi models mean for the PICTRL experiment. 

 

Figure 3 displays the change in mean state for the model ensemble mean considered in this study for the 2xCO2 and 
4xCO2 scenario. It consists of an El Niño-like pattern (i.e. maximum mean SST changes over the Cold Tongue region, 
Figure 3a). Interestingly, for the 4xCO2 scenario, models simulate an enhanced equatorial warming (Figure 3b), rather 
than an El Niño-like warming. These changes in mean SST are associated with changes in ENSO variability as 
evidenced by Figures 3cd. Interestingly, the largest changes for these quantities are observed over the Warm Pool 
region similarly to the study by Yeh et al. (2009) and are less sensitive to the concentration of greenhouse gases, 
suggesting a nonlinear response of the tropical Pacific. 

Figure 3 also displays changes in α and β parameters induced by global climate change under different projection 
scenarios for the multi-model ensemble mean. The pattern of maps for the β parameter (Figures 3fh) denotes increase 
(decrease) in negative (positive) asymmetry associated with global warming in the Warm Pool (Cold Tongue) region. 
Interestingly, for the α parameter, a peculiar pattern of changes associated with increased GHG concentrations emerges 
(Figure 3eg): it consists of a region of decreased α-stability (decrease in deviation from Gaussianity i.e. Δα>0) in the 
Cold Tongue region and a region of increased α-stability (Δα<0) in the Warm Pool. In the far western equatorial Pacific 
the rising concentration of GHG tends to favour a more Gaussian-type behaviour (Δα>0). The decrease in � over the 
Warm Pool region indicates a tendency towards more EEs in a warmer climate over this region. See Boucharel et al. 
(2011) for more explanations and details about the statistical confidence (and consistency among models) of Figure 
3efgh.  

This is consistent with the recent results by Yeh et al. (2009) who diagnosed an increase of the CP to EP El Niño ratio 
in a warmer climate. The increase in negative asymmetry over the Warm Pool region also suggests a tendency towards 
more and/or “stronger” cold events (relative to a warmer climate mean state) consistently with Timmermann (1999).  
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This raises the question of whether the tendency towards more El Niño events over the Warm Pool region (new 
“Modoki flavour” of El Niño) is directly related to the tropical Pacific mean state change associated with global 
warming (seen as an external forcing) or whether it is associated with changes in nonlinearity as an intermediate step in 
the process. In the next section, we will explore the relationships between the different types of El Niño and tropical 
Pacific nonlinearity, as measured by the � parameter. 

4. El Niño flavours and tropical Pacific nonlinearity. 

In this section, we investigate the extent to which the change in El Niño type under global warming can be related to the 
change in nonlinearity. Whereas Yeh et al. (2009) suggest that the increase of CP El Niño frequency in a warmer 
climate may be associated with changes in mean state (mean thermocline depth and slope), we hypothesize here that it 
is also related to changes in nonlinearity of the tropical Pacific system. It is noteworthy that timescale interactions (low 
frequency mean state changes versus ENSO variability) through nonlinear processes are subject to decadal or inter-
decadal modulation (see the review by An (2009)) so that diagnostics of global warming on such processes are not 
straightforward.  

In particular, although observational records suggest a tendency towards more frequent CP El Niño in recent years, this 
may hide fluctuations in statistics on decadal to inter-decadal timescales. For instance, Kug et al. (2010) found a clear 
phase relationship between the frequency of occurrence of CP El Niño and low frequency changes in mean state in the 
Warm Pool region in the GFDL-CM2.1 model (see their Figure 13). It is therefore important to verify whether such low 
frequency variability can also be found in ENSO nonlinearity and the extent to which it can be influenced by global 
greenhouse warming. 

The simple detection test proposed by Yeh at al. (2009) for distinguishing a CP El Niño from an EP El Niño is applied 
to data and model outputs. However, instead of using a fixed threshold of +0.5°C for the ENSO indices (Niño3 and 
Niño4 averaged over the boreal winter months of December-January-February) to account for El Niño, we used a 
threshold that depends on model variability (see Boucharel et al., 2011) 

For sake of clarity, we chose to present results for one model among the most sensitive to global warming (seen as a 
change in tropical SST mean state), i.e. the MRI-CGCM2.3.2.A. 

 
Figure 4. Running α parameter (27-year running windows) in blue lines (right panels for Niño3 and left 
panels for Niño4W) and running El Niño types frequency in red lines (left panels for Central Pacific and 
right panels for Eastern Pacific) 

 MRI-CGCM2.3.2.A PICTRL run (a. and b.) 

 MRI-CGCM2.3.2.A 2xCO2 run (c. and d.) 
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Figure 4 presents results for this model for the PICTRL and 2xCO2 scenarios. While the occurrence of so-called 
Modoki events does not seem to be related to nonlinear processes in a Pre-Industrial climate (correlation of -0.10, 
Figure 4a.), EP El Niño and over the Niño3 region exhibits a clear out of phase relationship (-0.66, Figure 4b.). 
Interestingly, the picture is reversed for this particular model under anthropogenic warming hypothesis. The correlation 
between El Niño Modoki and Niño4 index nonlinearity increases up to -0.80 (Figure 4c.), while the relationship 
between EP El Niño and Δα over the Niño3 region falls to 0.16 (Figure 4d.). This relationship between Δα and El Niño 
“flavours” appears to be a robust feature of the Tropical Pacific coupled system as it is clearly simulated by the majority 
of the selected models (Table 3 of Boucharel et al., 2011). 

This raises the question of the evolution of low frequency tropical Pacific coupled modes under global warming 
hypothesis. Actually, beyond the inter-decadal alternation of favourable EP and CP El Niño periods (e.g. see the out of 
phase relationships between the red curves in the upper panels of Figure 4), Yeh et al. (2009) and Boucharel et al. 
(2011) diagnosed a dominance of the “Modoki/CP” mode in a warmer climate. The present study highlights the 
possible significant role of nonlinear mechanisms in driving this low frequency modulation of El Niño flavours. 

 

5. Summary and Discussion 

In the present study, we examined the response of ENSO statistics, particularly the high-order statistical moments 
through an alternative statistical framework, to abrupt changes in the mean climate background. Reconstructed data for 
the 20th century exhibited a clear modulation of ENSO nonlinearity (deviation of its statistics from a Gaussian 
distribution) according to the mean state. In particular, warm (cool) periods tend to favour more (less) nonlinear 
processes. This sensitivity to changes in mean state was further investigated in the CMIP3 database, using different 
scenario experiments provided by IPCC-AR4 to characterize different mean state. We found drastic changes in ENSO 
nonlinearity patterns in a warmer climate. The activity of nonlinear mechanisms tends to be translated from the Cold 
Tongue region to the central equatorial Pacific under greenhouse climate hypothesis.   

This is consistent with recent studies which indicate that global warming may have a significant impact on El Niño 
characteristics, leading in particular to an increased occurrence of the so-called Modoki El Niño located in the central 
Pacific (Yeh et al., 2009). There are many processes that may be responsible for such changes. They involve complex 
interactions between mean state, ENSO variability and nonlinearity.  

We evidenced here a low frequency modulation of the different El Niño flavours, namely the EP and CP El Niño, both 
in a Pre-Industrial and in a warmer climate. We found that the EP flavour was directly related to the Eastern Pacific 
nonlinearity in the PICTRL experiments, whereas the CP flavour does not seem to be driven by the central/western 
pacific nonlinear mechanisms. Interestingly, the picture is reversed in a warmer climate. These findings provide further 
arguments to the existence of a tropical Pacific natural coupled mode oscillating on decadal to inter-decadal timescales. 

Further study is required to diagnose which of the numerous nonlinear processes is more influential in this low 
frequency modulation. 
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The Warm Pool (WP) of the western tropical Pacific Ocean is characterized by some of the warmest seawaters of the 
global ocean, with Sea Surface Temperatures (SST) warmer than 28–29°C. Reaching depths of 100 m, the WP covers a 
large surface area of about 159106 km2 and contains an important warm water volume. Its warm waters supply the 
atmosphere with water vapor and heat, releasing latent heat and leading to convection and heavy rainfall in excess of 2–
3 m per year. This high precipitation rate, associated with light winds in the region, induces Sea Surface Salinity (SSS) 
lower than 35 pss, and results in the formation of a relatively low density and stable oceanic mixed layer.  

At the equator, the Warm and low-salinity waters of the WP are separated from the cold and saltier waters of the central 
Pacific by a sharp salinity front. The position of the eastern edge of the Warm Pool in the equatorial band, associated 
with an oceanic convergence zone and a salinity front, is a key parameter for ENSO dynamics and ocean–atmosphere 
interactions.  

 
Figure 1: Mean SST from WOA2000 

 

In a paper published in Climate Dynamics in 2009, S. Cravatte, T. Delcroix from IRD-LEGOS and coauthors from 
NOAA/PMEL and RSMAS used sea surface temperature and in situ sea surface salinity (SSS) data to address the 
central questions of whether Warm/Fresh Pool size, eastern extent and properties have changed in recent decades. Their 
results are striking: a significant surface freshening (up to 0.75 pss per 50 years) concurrent with an important surface 
warming (up to 1.2°C per 50 years, but typically from 0.2°C to 1°C per 50 years) was detected in the western tropical 
Pacific since 1955. Both warming and freshening are highly significant, since they reach at some locations five 
interannual standard deviations of the signal per 50 years. An increase in SSS is, in contrast, observed in regions of high 
evaporation, in the western Coral Sea and in the subtropical regions. Both geographical and seasonal SSS patterns are 
enhanced. 
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Figure 2 (@Climate Dynamics): Linear trends in SST (a) and SSS (b). Units are 
°C/50 years and pss/50 years. Positions of the 28.5°C isotherms (c) and of the 34.8 
isohalines (d), averaged during 1956–1965 (black), 1966–1975 (red), 1976–1985 
(green), 1986–1995 (blue) and 1996–2003 (light blue). The regions where the linear 
trends are not significant at the 90% confidence level are hatched in black 

 

In response to these warming and freshening trends, the Warm/Fresh Pool extended both latitudinally and longitudinally 
at the surface during the past few decades. Interestingly, the warmest and freshest waters expanded the most in relative 
terms. The eastern edge of the Warm/Fresh Pool migrated eastward along the equator, as indicated by displacements of 
isohalines and isotherms. Strong decadal variability of the same magnitude as the long-term trend leads to a stronger 
eastward displacement from 1955 to the mid-1990s, and to a rather negligible displacement from 1978 to 2003. In the 
Southwestern tropical Pacific, the salinity front located under the South Pacific Convergence Zone also migrated 
southward and eastward. At decadal timescales, its longitudinal movements are opposite to those of the equatorial front, 
as they are at interannual timescales. Long-term trends are in the same direction though, which emphasizes that they are 
not simply the result of decadal variability or increased interannual variability. 

Forcing fields that could be used to tentatively explain the observed freshening are not reliable. Alternatively, the “ wet 
get wetter and dry get drier” paradigm associated with quasi-uniform tropical SST warming can provide useful 
guidance for the interpretation of the long-term SSS trends. Increased heating will enhance evaporation, while increased 
air moisture due to increase in saturation vapour pressure with temperature will produce more intense precipitation. 
They use a very simple model to predict the SSS changes using Clausius–Clapeyron scaling. Their results suggest that 
the increase of the mean hydrological cycle predicted by a simple Clausius–Clapeyron scaling is already happening, 
consistent with other recent works.  

Following many previous studies, the paper suggests that salinity is an important indicator of climate change in the 
tropics. However, in some regions, decadal variability appears greater or on the same order of magnitude than longer 
term trends. 
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Figure 3 (@Climate Dynamics): Left: Time series of the surface area covered by 
waters warmer than SST thresholds. Right: Time series of surface area covered 
by waters fresher than SSS thresholds. 
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Abstract 

On interdecadal timescales, the Atlantic meridional overturning circulation (AMOC) is thought to be in phase with the 
North Atlantic Sea Surface Temperatures (as measured by the Atlantic Multidecadal Oscillation – AMO – index). 
However, it appears that we have entered a positive phase of the AMO since 1995-2000 although we fear the Atlantic 
meridional overturning may be on a declining trend, as suggested by several observational and modelling studies. Here 
we constrain ocean models with temperature and salinity fields built on observations, and compare the results with 
various simple methods (namely diagnostic, robust diagnostic and prognostic), models (North Atlantic and global 
configurations at various resolutions), and forcings. Mean transports of heat and mass are sensitive to the method and 
model configuration, but their decadal variability is much more coherent and does not depend explicitly on the 
variations of the surface forcing, its influence being imprinted in the thermohaline structure. Multidecadal variations are 
of the order of 20% (0.15 PW in heat transport and 4 Sv in overturning), with large transports in the subpolar gyre in the 
early 1960’s and mid 1990’s, and low values in the mid 1970’s. Declining transports of heat and mass are coherent in 
several models and methods since 1995, especially in the subpolar gyre, and opposite to the long term tendency from 
1958 to 2008. 

1. Introduction 

Variations in the oceanic thermohaline structure have been documented over the last decades: surface intensified 
warming and changes in salinity, as well as deep water properties and formation rates [Dickson et al. 1996, 2002]. 
However the associated changes in the large-scale ocean circulation are poorly known, and deserve much interest in the 
context of the ongoing global warming and possible decay of the thermohaline circulation [Bryden et al. 2005; Gregory 
et al. 2005], or recent decline observed in the North Atlantic subpolar gyre [Häkkinen and Rhines 2004]. Several ocean 
models have been forced by atmospheric reanalysis forcings, but these forcings have significant uncertainties and well-
known heterogeneities over the last 50 years. The main model deficiencies lie in formulation of subgrid-scale mixing 
with consequences on deep-water formation, usually impacting the overturning circulation on the long term. In situ data 
assimilation in such models on long time scales requires complex tools and delicate choices on the method, that largely 
influence the results. On the other hand, to avoid the need for accurate surface fluxes of heat and freshwater, one can 
use the observed temperature and salinity (TS) fields. Density providing the baroclinic velocities through the thermal 
wind relation, the barotropic part is obtained from the vorticity equation forced by the wind and a bottom pressure 
torque [Sarkisyan and Keonjiyan 1975]. Mellor et al. [1982] integrated this equation along f /H contours, whereas 
Holland and Hirschman [1972] used the dynamical part of numerical ocean models, although some adjustment of the 
bottom density field may be necessary [Ezer and Mellor 1994]. These methods have been applied to compare the 
pentads 1955–59 and 1970–74 [Greatbatch et al. 1991; Ezer et al. 1995], and more recently for 7 pentads from 1950 to 
1994 using a finite element formulation [Myers et al. 2005]. NODC has made available global fields of TS pentadal 
anomalies from 1955–59 to 1994–98 based on hydrographic data. We will diagnose mean ocean currents from these 
fields to investigate the low-frequency variations of mass and heat transports in the North Atlantic. We first use three 
simple, well-documented methods: constant tracers, robust diagnostic, and short prognostic. Although the methods 
provide different results on the mean state, the low-frequency variations are rather coherent. Then, we implement only 
the robust diagnostic method in a global model continuous simulation with the seasonal cycle and TS anomaly fields 
updated to 2008.  

 
2. First methodological step in a North Atlantic configuration with ROMS 

The Regional Ocean Modeling System ROMS [Shchepetkin and McWilliams 2005] is used here, based on topography-
following sigma coordinates. A smoothed bottom topography is required for accurate calculations of pressure gradients 
[Barnier et al. 1998 DSR]. We used a 1/2° resolution and 50 sigma levels to reproduce correctly the ocean bottom 
topography and capture the signature of the boundary currents in the TS climatologies. The model configuration spans 
from 10°N to 66°N in the Atlantic. The model is used to produce mean fields of T, S and velocities for each 5-yr period 
from 1955–59 to 1994–98. The initial TS fields were optimally interpolated on the model grid from the pentadal fields 
available on a 1°x1° grid and 33 z-levels. These pentadal fields were constructed from objectively analyzed anomalies 
of T and S down to 3000 m [Levitus et al. 2005; Boyer et al. 2005] and from the associated mean climatology (down to 
the bottom). Wind stress and surface fluxes are provided by the atmospheric reanalyses from NCEP [Kalnay et al. 1996 
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BAMS] and ECMWF ERA-40 [Uppala et al. 2005 QJRMS], averaged over the corresponding 5-yr periods. Three semi-
diagnostic methods are implemented. Constant Tracers (hereafter CT): T and S are kept constant during the model 
integration, only the momentum equations are integrated in time and reach a steady state within months [Holland and 
Hirschman 1972]; the final velocity fields are averaged over months 6 to 12. Robust Diagnostic (RD): the tracer 
equations are now integrated in time with an additional relaxation to initial values with a timescale of 30 days 
[Sarmiento and Bryan 1982]; kinetic and potential energy adjusts within 6 months, and the final fields are averaged over 
the second year of integration. Short Prognostic (PR): the full dynamics and tracer equations are integrated for 45 days 
such that the barotropic velocities adjusts but the tracers do not drift away from the initial state [Ezer and Mellor 1994]; 
the final fields are averaged over the days 31 to 45. Rms differences between the initial and final TS fields are similar 
for both RD and PR methods (around 0.3 K at 100 m, 0.05 K at 1000 m and less than 0.01 K below 2000 m), although 
the former is in steady-state while the latter drifts rapidly from the initial state and longer prognostic integration would 
lead to much larger differences. Because the use of annual mean fields instead of seasonal cycle may be arguable, we 
have tested that the diagnostic transports of mass and heat on the annual mean climatology very closely resemble the 
mean of these diagnostics for the seasonal climatologies. Results are shown in Fig.1 for 1957-1996. 

 

 

 

 

 

Figure 1: (top) Poleward heat transport 
maximum in the subpolar gyre (45-60°N) 
for the 3 diagnostic methods (RD robust 
diagnostic, CT constant tracers, SP short 
prognostic) implemented in a North 
Atlantic ROMS configuration using NODC 
pentadal TS anomalies and various 
forcings: ERA-40 (solid) or NCEP (dashed) 
5-yr averaged surface fluxes, ERA-40 40-
yr-averaged fields (dash-dotted); global 
prognostic reference simulation of the 
Drakkar project, ORCA025-G70, annual 
and pentadal means (green). (middle) 
Thermohaline circulation and (bottom) 
barotropic subpolar gyre intensity at 48°N, 
here for the RD method, show coherent 
variations with the poleward heat transport. 
Source: Huck et al. (2008). 

 

 

 

 

 

3. Implementation of the robust diagnostic method in a global model configuration 

Several limitations of the previous methods are addressed in this next step. First, to avoid open boundaries, a global 
model configuration is used with a ½° resolution, refined towards the equator: OPA ORCA05 [Molines et al. 2006]. 
The model integration is now continuous in time from 1958 to 2008. The surface forcing set is DFS4 [Brodeau et al. 
2010] based on ERA-40 atmospheric reanalysis. The robust diagnostic method is implemented with relaxation time 
scale of 50 days in the upper 800m and 1 year in the deep ocean [Madec and Imbard 1996], although comparison with a 
uniform restoring field of 120 day shows no major change. The restoring TS fields, now varying in time and according 
to the seasonal cycle, are reconstructed from the annual or pentadal anomaly added to the monthly mean climatology. 
NODC pentadal fields are used for the period 1958 to 1996 as in the previous section. From 1997 to 2008, annual 
anomaly fields are used down to 2000m [von Schuckmann et al. 2009, Gaillard et al. 2009]. A twin prognostic 
experiment (ie. with no restoring in the ocean interior) is run for the same period. The restoring term efficiently removes 
incorrect trends in heat and salt content (not shown), and the evolutions of MOC and MHT diverge within 15 yr but 
show similar decadal variability (Fig. 2). Comparison is also performed with the Drakkar project reference experiment 
at ¼° resolution, ORCA025-G70 [Barnier et al. 2006]. In general, although the mean values of heat and mass transport 
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significantly vary from one model to the other, especially at 24°N, the decadal and longer variations show more 
coherence. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Synthesis of global ORCA05 simulations, prognostic (blue) and robust diagnostic (red), and 
comparison with Drakkar reference simulation (ORCA025-G70, green) for the evolution of the maximum 
meridional overturning circulation (MOC) and meridional heat transport (PHT) at 24°N (bottom) and 48°N 
(top) in the Atlantic. Thin (bold) lines are annual (pentadal) means. Dots correspond to average over the last 2 
years for "equilibrium" 12-yr long simulations with restoring and DFS4 forcing of the year repeated (magenta). 
The decline of mass and heat transport at 48°N since 1995, opposite to the long term 1958-2008 tendency, 
appears as the most robust signal. 

 
4. Discussion and conclusion 

This work provides an estimate of the low-frequency variability in the North Atlantic circulation based on in situ TS 
data using simple methods: diagnostic, robust-diagnostic and short prognostic. Without finely tuning the model 
configuration or parameterizations, the variability in mass and heat transports associated with the thermohaline changes 
has been successfully captured in the subpolar gyre, as compared to state-of-the-art prognostic models: energetic 
barotropic and overturning circulations drive high heat transport in the early 60’s and mid 90’s, whereas both 
circulations and heat transport are at the lowest in the mid 70’s, and declining since 1995, in agreement with 
observational estimates attributed to NAO forcing [Curry and McCartney, 2001]. Our methods also point out an 
apparent phase opposition in heat transport between the subtropical and subpolar gyres, that could result from the 
delayed adjustment of the meridional overturning at lower latitude to the low-frequency NAO forcing [Eden and Jung 
2001]. The original idea of relying on in situ observations rather than changes in the surface forcing to investigate the 
variations of the ocean circulation provides an alternative to prognostic hindcast models, with or without assimilation, 
that avoids potential model drift associated with uncertainties in both subgrid-scale processes parameterizations and 
surface fluxes. Yet let us recall that these are dynamical and not thermodynamical methods: they allow only limited 
insight in heat or salt budgets for instance. The pentadal/annual TS fields are certainly not perfectly constrained over the 
last decades, especially at depth, and due to the scarcity of salinity data: the robustness of our results should be 
investigated with the use of alternative products, analyzed on isopycnal surfaces for instance. The large smoothing in 
the NODC data set, as discussed by Myers et al. [2005], may also have some influence on our results, as well as the 
transition from NODC to LPO fields. A radical change occurred in the observing system since 2003 with Argo, that 
allows to build reliable annual fields of TS for the upper 2000m, and we have shown this is sufficient to reconstruct 
most of the large-scale circulation changes. See Huck et al. [2008] for a detailed analysis of the results. 

 



 32 

References 

Barnier, B., et al., 2006: Impact of partial steps and momentum advection schemes in a global ocean circulation model at eddy 
permitting resolution. Ocean Dyn., 56, 1616-7341. 

Boyer, T. P., et al., 2005: Linear trends in salinity for the world ocean, 1955–1998, Geophys. Res. Lett., 32, L01604. 

Brodeau, L., et al., 2010: An ERA40-based atmospheric forcing for global ocean circulation model. Ocean Model., 31, 3-4, 88-104. 

Bryden, H. L., H. R. Longworth, S. A. Cunningham, 2005: Has the Atlantic overturning circulation slowed?, Nature, 438, 655 – 657. 
Curry, R. G., M. S. McCartney, 2001: Ocean gyre circulation changes associated with the NAO, J. Phys. Oceanogr., 31, 3374– 3400. 

Dickson, B., et al., 2002: Rapid freshening of the deep North Atlantic Ocean over the past four decades, Nature, 416, 832– 837. 

Dickson, R., et al., 1996: Long-term coordinated changes in convective activity of the North Atlantic, Prog. Oceanogr., 38, 241– 295. 

Eden, C., T. Jung, 2001: North Atlantic interdecadal variability: Oceanic response to the NAO (1865-1997). J. Clim., 14, 676– 691. 

Ezer, T., G. L. Mellor, 1994: Diagnostic and prognostic calculations of the North Atlantic circulation and sea level using a sigma 
coordinate ocean model, J. Geophys. Res., 99, 14,159–14,172. 

Ezer, T., et al., 1995: On the interpentadal variability of the North Atlantic Ocean. J. Geophys. Res., 100, 10,559 – 10,566. 

Gaillard, F., et al., 2009: Quality control of large Argo datasets. J. Atmos. Ocean. Technol., 26 (2),. 337-351. 

Greatbatch, R. J., J. Xu, 1993: On the transport of volume and heat through sections across the North Atlantic: Climatology and the 
pentads 1955 – 1959, 1970 – 1974, J. Geophys. Res., 98, 10,125 – 10,142. 

Gregory, J. M., et al., 2005: A model intercomparison of changes in the Atlantic thermohaline circulation in response to increasing 
atmospheric CO2 concentration, Geophys. Res. Lett., 32, L12703, doi:10.1029/2005GL023209. 

Häkkinen, S., P. B. Rhines, 2004: Decline of subpolar North Atlantic  circulation during the 1990s, Science, 304, 555 – 559. 

Holland, W. R., A. D. Hirschman, 1972: A numerical calculation of the circulation in the North Atlantic Ocean, J. Phys. Oceanogr., 
2, 336 – 354. 

Huck, T., et al., 2008: Low-frequency variations of the large-scale ocean circulation and heat transport in the North Atlantic 
from 1955-1998 in-situ temperature and salinity data. Geophys. Res. Let., 35, L23613. 

Levitus, S., J. Antonov, T. Boyer, 2005: Warming of the world ocean, 1955 – 2003, Geophys. Res. Lett., 32, L02604. 

Madec, G., M. Imbard, 1996: A global ocean mesh to overcome the North Pole singularity. Clim. Dyn., 12, 381-388. 

Mellor, G. L., et al., 1982: A diagnostic calculation of the general circulation of the Atlantic Ocean, Deep Sea Res. A, 29, 1171-1192. 

Molines, B. et al., 2006: Definition of the global 1/2° experiment with CORE forcing, ORCA05-G50. LEGI report DRA-1-11-2006. 

Myers, P. G., S. Grey, K. Haines, 2005: A diagnostic study of interpentadal variability in the North Atlantic Ocean using a finite 
element model, Ocean Modell., 10, 69–81. 

Sarkisyan, A. S., V. P. Keonjiyan, 1975: Review of numerical ocean circulation models using the observed density field, Numerical 
Models of Ocean Circulation, pp. 76– 93, Natl. Acad. of Sci., Washington, D. C. 

Sarmiento, J. L., K. Bryan, 1982: An ocean transport model for the North Atlantic, J. Geophys. Res., 106, 16,711 – 16,728. 

Shchepetkin, A., J. C. McWilliams, 2005: The Regional Oceanic Modeling System: A split-explicit, free-surface, topography-
following coordinate ocean model, Ocean Modell., 9, 347– 404. 

von Schuckmann, K., F. Gaillard, P.-Y. Le Traon, 2009: Global hydrographic variability patterns during 2003-2008. J. 
Geophys. Res., 114, C9, C09007, doi:10.1029/2008JC005237. 

 

 



 33 

Rapport quadriennal IUGG de la Section 7 "Sciences Physiques de l'Ocean" 
 

Ocean wave research in France, 2007-2010 
Fabrice Ardhuin, Ifremer, Brest, France 

 

Recent developments in the investigations of ocean waves are marked by their connections with other geophysical 
disciplines, from air-sea interactions and remote sensing to seismology, through coastal oceanography. Indeed the 
current wave of progress toward ever more realistic numerical models of sea states (e.g. WISE group 2007) has been 
based on the analysis of a wider range of observations from various types of instruments. Among these, the space-borne 
synthetic aperture radar data acquired in “wave mode” by the Advanced SAR on board ESA's Envisat mission, a legacy 
of the ERS 1 and 2 missions thanks to Klaus Hasselmann, has been used to measure the dissipation rates of trans-
oceanic swells, with unprecedented accuracy (Ardhuin et al. 2009). The e-folding scales of swells was found to vary 
systematically with wave steepness and period, from 2000 to over 20000 km for wave periods in the range 13 to 18s. 
This measurement gave us the biggest missing piece in the energy balance of wave fields at global scale. A tentative 
theory has been proposed for the observed nonlinear dissipation rate, with stronger dissipation for steeper swells, which 
may reconcile observations of wave-driven winds and the persistence of swells at global scales. Yet a full understanding 
of the air-sea boundary layer is still missing.  

Based on this observation, the parameterizations of wave dissipation processes have been re-established, with more 
accurate numerical wave models (Ardhuin et al. 2010). This accuracy was verified against measurements of wave 
heights, directional wave parameters spectral distributions which include some parameters relevant for many 
geophysical applications. In particular the mean square slopes of the sea surface can now be estimated with  a relative 
accuracy of about 15% r.m.s., which thus includes the long wave contribution to the slopes. This opens new 
perspectives for the processing of remote sensing data, in particular for the sea surface salinity retrievals from the 
SMOS and Aquarius missions, for which the slopes induced by the long waves can produce deviations in the measured 
quantities (brightness temperatures) equivalent to a salinity change by up to 3 P.S.U. Likewise, these effort make it now 
possible to improve the sea state bias estimates for more accurate estimates of sea level using altimetry (Tran et al. 
2010).  

A more challenging area of application, because of the poor knowledge of the directional wave properties, is the 
estimation of seismic noise sources from ocean wave spectra. Ardhuin et al. (manuscript submitted to J. Geophys. Res.) 
have demonstrated the capability to reproduce observed seismic spectra with unprecedented accuracy, for most of the 
global seismic network stations (e.g. figure 1). Using the theory by Hasselmann (1963), this numerical model has 
revealed that seismic noise sources are strongest in the middle of ocean basins, although many land-based seismometers 
are mostly sensitive to coastal sources only. This determination of seismic source locations is an important step for 
better interpretations of seismic noise correlations (Shapiro and Campillo 2004). This seismic noise model was also 
used to refine estimates of sea states from seismic noise which should provide more accurate analyses of past wave 
climates, as already proposed by Bernard (1990) or Grevemeyer et al. (2000).  

There has also been strong developments in the theoretical formulation of the interaction of waves, currents and 
turbulence (e.g. Ardhuin et al. 2008), which are now being implemented in three-dimensional primitive equation models 
for the investigation of nearshore flows with a wide variety of applications: from sediment dynamics to water quality or 
storm surges. In this area the parameterization of bottom friction and mixing will still require more work, while  
observations are still scarce and limited. The general improvement in our understanding of wave dynamics should not 
conceal the formidable questions that are still unaswered. These include the effect of breaking waves on fluxes across 
the ocean surface. This is probably the most important problem at hand, either for upper ocean mixing (e.g. Rascle and 
Ardhuin 2009) or for the production of marine aerosols which have a key role in the climate regulation by clouds. On 
this front we can mention the remarkable measurements by Reul et al. (2008) of modifications of the wind stress by 
breakers. These observations and others made internationally are feeding the development of the next generation of 
wave model parameterization, which should aim at predicting wave breaking statistics for many geophysical and other 
applications.  
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Figure 1: Observed and modelled ground motion caused by secondary microseisms in the North Atlantic, 
as recorded by two seismic stations. The model is described in Ardhuin et al. (submitted) using the latest 
improvements in numerical wave modelling. Earthquakes have been filtered out from the measured time 
series. 
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Coastal patterns tracking: a lagrangian approach 
 

Philippe FRAUNIE  
 

Several investigations have been recently conducted in coastal areas in the framework of collaborative field campaigns 
granted and organized by research agencies and national oceanography administrations (INSU, SHOM, IFREMER) 
together with university laboratories. 

Process oriented measurements and modeling have been performed concerning wind induced and baroclinic small scale 
features including vortices, filaments, fronts, alongshore current stability, internal tides and waves for better prediction 
of retention structures and confinement barriers.  

In addition to high resolution RV cruises, satellite and HF radar synoptic mapping of the sea surface and vertical 
profilers and moorings, lagrangian measurements from drifting buoys and gliders have been extensively analysed. 
Especially, complementary deployment strategy allowed to validate each other measurements and models for high 
frequency patterns and sudden events both in tidal (bay of Biscay) and microtidal (Gulf of Lions, Adriatic sea) coastal 
environments. Figures 1 to 3 give examples of investigations in different coastal areas. 

 

      
Fig 1. Drifted buoys trajectories in the bay of Biscay (EPIGRAM project, 2009-2012) (Charria et al)  

and Navidad event (southern warm waters inflow on the shelf) (Le Cann, Serpette et al) 

 

  
Fig 2. Anticyclonic vortices in the Gulf of Lions (LATEX and ECOLO experiments) 

ADCP, drifters and HF radar measurements) (Hu et al., 2010, Allou et al 2009) 
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Fig. 3 Model-based directed drifter launches in the Adriatic Sea:  

Results from the DART experiment, Haza et al., 2007. 

 

 

New projects are concerning better understanding of coastal and internal waves from theoretical and high resolution 
long series measurements (Bouruet Aubertot et al, Zeitline et al).  
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In this report are found a selection of papers related to cryosphere with an important 
contribution of french scientists. The objective is to give a general view of the research 
conducted in France in this domain. The period of interest in 2007-2010. 
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1 – SNOW 
 
1-1 Snow modelling (including snow-climate interactions) 
 

1-1-1 Main references with abstracts 
 
Lejeune, Y., P. Wagnon, L. Bouilloud, P. Chevallier, P. Etchevers, E. Martin, E. Sicart and F. 
Habets (2007) : Melting of snow cover in a tropical mountain environment in Bolivia : 
Processes and modeling. Journal of Hydrometeorology, 8(4), 922-937. 

Abstract : To determine the physical processes involved in the melting and 
disappearance of transient snow cover in nonglacierized tropical areas, the CROCUS 
snow model, interactions between Soil–Biosphere–Atmosphere (ISBA) land surface 
model, and coupled ISBA/CROCUS model have been applied to a full set of 
meteorological data recorded at 4795 m MSL on a moraine area in Bolivia (16°17′S, 
68°32′W) between 14 May 2002 and 15 July 2003. The models have been adapted to 
tropical conditions, in particular the high level of incident solar radiation throughout 
the year. As long as a suitable function is included to represent the mosaic 
partitioning of the surface between snow cover and bare ground and local fresh snow 
grain type (as graupel) is adapted, the ISBA and ISBA/CROCUS models can 
accurately simulate snow behavior over nonglacierized natural surfaces in the 
Tropics. Incident solar radiation is responsible for efficient melting of the snow 
surface (favored by fresh snow albedo values usually not exceeding 0.8) and also for 
the energy stored in snow-free areas (albedo = 0.18) and transferred horizontally to 
adjacent snow patches. These horizontal energy transfers (by conduction within the 
upper soil layers and by turbulent advection) explain most of the snowmelt and 
prevent the snow cover from lasting more than a few days during the wet season in 
this high-altitude tropical environment. 

 
Brzoska, J.B., F. Flin and J. Barckicke (2008) : Explicit iterative computation of diffusive 
vapour field in the 3-D snow matrix : some preliminary results for low flux 
metamorphism. Annals of Glaciology, 48, 13-18. 

Abstract : The metamorphism of seasonal snow is classically considered as limited by 
vapour diffusion in the pore phase. To account for the lack of knowledge of the ice–
vapour reaction coefficient near 0◦C, the assumption of a reaction-limited 
metamorphism was first tested in three-dimensional simulations at low and very low 
temperature gradients; however, the validity of such results is difficult to verify 
experimentally. By a reasoned use of traditional iterative schemes, vapour diffusion is 
now simulated in three dimensions on tomographic snow data, mapping the gradient 
of vapour pressure near the grains. Repeating this process may provide a way to 
simulate the isothermal metamorphism without grain packing at a reasonable expense 
of computation time. Preliminary results are compared with existing computations 
made within the reaction-limited hypothesis. 

 
Flin, F. and J.B. Brzoska (2008) : The temperature gradient metamorphism of snow: 
vapour diffusion model and application to tomographic images. Annals of Glaciology, 
vol. 49, pp 17-21. 

Abstract : A simple physical model describing the temperature-gradient 
metamorphism of snow is presented. This model, based on Kelvin’s equation and 
Fick’s law, takes into account the local variation of the saturating vapour pressure 
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with temperature. It can determine locally whether the ice is condensing or subliming, 
depending on both the pressure and temperature fields in the snow structure. This 
model can also explain the formation of facets that occurs during the metamorphism. 
Using X-ray microtomographic images of snow samples obtained under low to 
moderate temperature-gradient conditions, this model has been tested and compared 
to the reaction-limited model proposed in a previous work. 

 
Bouilloud, L.; Martin, E.; Habets, F.; Boone, A.; Moigne, P. L.; Livet, J.; Marchetti, M.; 
Foidart, A.; Franchistéguy, L.; Morel, S.; Noilhan, J. and Pettré, P. (2009), Road Surface 
Condition Forecasting in France, Journal of Applied Meteorology and Climatology, 48, 
2513-2527. 

Abstract : A numerical model designed to simulate the evolution of a snow layer on a 
road surface was forced by meteorological forecasts so as to assess its potential for 
use within an operational suite for road management in winter. The suite is intended 
for use throughout France, even in areas where no observations of surface conditions 
are available. It relies on short-term meteorological forecasts and long-term 
simulations of surface conditions using spatialized meteorological data to provide the 
initial conditions. The prediction of road surface conditions (road surface temperature 
and presence of snow on the road) was tested at an experimental site using data from 
a comprehensive experimental field campaign. The results were satisfactory, with 
detection of the majority of snow and negative road surface temperature events. The 
model was then extended to all of France with an 8-km grid resolution, using forcing 
data from a real-time meteorological analysis system. Many events with snow on the 
roads were simulated for the 2004/05 winter. Results for road surface temperature 
were checked against road station data from several highways, and results for the 
presence of snow on the road were checked against measurements from the Météo-
France weather station network. 

 
Durand, Y., G. Giraud, M. Laternser, P. Etchevers, L. Mérindol and B. Lesaffre (2009) : 
Reanalysis of 47 years of climate in the French Alps (1958 – 2005): climatology and 
trends for snow cover. Journal of Applied Meteorology and Climatology, 48(12), 2487-
2512. 

Abstract : Since the early 1990s, Météo-France has used an automatic system 
combining three numerical models to simulate meteorological parameters, snow cover 
stratification, and avalanche risk at various altitudes, aspects, and slopes for a 
number of mountainous regions in France. Given the lack of sufficient directly 
observed long-term snow data, this “SAFRAN”–Crocus–“MEPRA” (SCM) model 
chain, usually applied to operational avalanche forecasting, has been used to carry 
out and validate retrospective snow and weather climate analyses for the 1958–2002 
period. The SAFRAN 2-m air temperature and precipitation climatology shows that 
the climate of the French Alps is temperate and is mainly determined by atmospheric 
westerly flow conditions. Vertical profiles of temperature and precipitation averaged 
over the whole period for altitudes up to 3000 m MSL show a relatively linear 
variation with altitude for different mountain areas with no constraint of that kind 
imposed by the analysis scheme itself. Over the observation period 1958–2002, the 
overall trend corresponds to an increase in the annual near-surface air temperature of 
about 1°C. However, variations are large at different altitudes and for different 
seasons and regions. This significantly positive trend is most obvious in the 1500–
2000-m MSL altitude range, especially in the northwest regions, and exhibits a 
significant relationship with the North Atlantic Oscillation index over long periods. 
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Precipitation data are diverse, making it hard to identify clear trends within the high 
year-to-year variability. 

Langlois, A., L. Brucker, J. Kohn, A. Royer, C. Derksen, P. Cliche, G. Picard, M. Fily and 
J.M. Willemet (2009) : Simulation of Snow Water Equivalent (SWE) using 
Thermodynamic Snow Models in southern Québec between 2005 and 2006. Journal of 
Hydrometeorology, 10(6), 1447-1462. 

Abstract : Snow cover plays a key role in the climate system by influencing the 
transfer of energy and mass between the soil and the atmosphere. In particular, snow 
water equivalent (SWE) is of primary importance for climatological and hydrological 
processes and is a good indicator of climate variability and change. Efforts to quantify 
SWE over land from spaceborne passive microwave measurements have been 
conducted since the 1980s but a more suitable method has yet to be developped for 
hemispheric-scale studies, and tools such as snow thermodynamic models allow a 
better understanding of the snow cover and can potentially significantly improve 
existing snow products at the regional scale. In this study, the use of three snow 
models (SNOWPACK, CROCUS and SNTHERM) driven by local and reanalysis 
meteorological data for the simulation of SWE is investigated temporally through 
three winter seasons and spatially over intensively sampled sites across Northern 
Québec. Results show that the SWE simulations are in agreement with ground 
measurements through three complete winter seasons (2004–2005–2005–2006 and 
2007–2008) in southern Québec, with higher error for 2007–2008. The correlation 
coefficients between measured and predicted SWE values ranged between 0.72 and 
0.99 for the three models and three seasons evaluated in southern Québec. In 
subarctic regions, predicted SWE driven with the North American Regional 
Reanalysis (NARR) data fall within the range of measured regional variability. NARR 
data allow snow models to be used regionally, and this paper represents a first step 
for the regionalization of thermodynamic multi-layered snow models driven by 
reanalysis data for improved global SWE evolution retrievals. 

 
Rutter N. et al. (2009), Evaluation of forest snow processes models (SnowMIP2), J. 
Geophys. Res., 114, D06111, doi:10.1029/2008JD011063. 

Abstract: Thirty-three snowpack models of varying complexity and purpose were 
evaluated across a wide range of hydrometeorological and forest canopy conditions at 
five Northern Hemisphere locations, for up to two winter snow seasons. Modeled 
estimates of snow water equivalent (SWE) or depth were compared to observations at 
forest and open sites at each location. Precipitation phase and duration of above-
freezing air temperatures are shown to be major influences on divergence and 
convergence of modeled estimates of the subcanopy snowpack. When models are 
considered collectively at all locations, comparisons with observations show that it is 
harder to model SWE at forested sites than open sites. There is no universal ‘‘best’’ 
model for all sites or locations, but comparison of the consistency of individual model 
performances relative to one another at different sites shows that there is less 
consistency at forest sites than open sites, and even less consistency between forest 
and open sites in the same year. A good performance by a model at a forest site is 
therefore unlikely to mean a good model performance by the same model at an open 
site (and vice versa). Calibration of models at forest sites provides lower errors than 
uncalibrated models at three out of four locations. However, benefits of calibration do 
not translate to subsequent years, and benefits gained by models calibrated for forest 
snow processes are not translated to open conditions. 
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Wagnon, P., M. Lafaysse, Y. Lejeune, L. Maisincho, M. Rojas, and J. P. Chazarin (2009) : 
Understanding and modeling the physical processes that govern the melting of snow 
cover in a tropical mountain environment in Ecuador. Journal of Geophysical Research, 
114, D19113. 

Abstract : The ISBA/CROCUS coupled ground-snow model developed for the Alps 
and subsequently adapted to the outer tropical conditions of Bolivia has been applied 
to a full set of meteorological data recorded at 4860 m above sea level on a moraine 
area in Ecuador (Antizana 15 glacier, 0°28′S; 78°09′W) between 16 June 2005 and 30 
June 2006 to determine the physical processes involved in the melting and 
disappearance of transient snow cover in nonglaciated areas of the inner tropics. 
Although less accurate than in Bolivia, the model is still able to simulate snow 
behavior over nonglaciated natural surfaces, as long as the modeled turbulent fluxes 
over bare ground are reduced and a suitable function is included to represent the 
partitioning of the surface between bare soil and snow cover. The main difference 
between the two tropical sites is the wind velocity, which is more than 3 times higher 
at the Antizana site than at the Bolivian site, leading to a nonuniform spatial 
distribution of snow over nonglaciated areas that is hard to describe with a simple 
snow partitioning function. Net solar radiation dominates the surface energy balance 
and is responsible for the energy stored in snow-free areas (albedo = 0.05) and 
transferred horizontally to adjacent snow patches by conduction within the upper soil 
layers and by turbulent advection. These processes can prevent the snow cover from 
lasting more than a few hours or a few days. Sporadically, and at any time of the year, 
this inner tropical site, much wetter than the outer tropics, experiences heavy 
snowfalls, covering all the moraine area, and thus limiting horizontal transfers and 
inducing a significant time lag between precipitation events and runoff. 

 
Céron, J.-P. , Tanguy, G., Franchistéguy, L., Martin, E., Regimbeau, F. and Vidal, J.-P. 
(2010), Hydrological seasonal forecast over France: feasibility and prospects, 
Atmospheric Science Letters, 11, 78-82 

Abstract: This article presents a first evaluation of a hydrological forecasting suite at 
seasonal time scales over France. The hydrometeorological model SAFRAN-ISBA-
MODCOU is forced by seasonal forecasts from the DEMETER project for the March–
April–May period. Despite a simple downscaling method, the atmospheric forcings 
are reasonably well represented at the finest scale. The computed soil moisture shows 
some predictability with large regions of correlation above 0.3. Probabilistic scores 
for soil moisture and river flows for four different catchments are higher than that for 
atmospheric variables. These results suggest to go further for building an operational 
hydrological seasonal forecast system. 

 
Douville H. (2010) Relative contributions of soil and snow hydrology to seasonal climate 
predictability: a pilot study. Climate Dyn., 34, 797-818, doi: 10.1007/s00382-008-0508-1. 

Abstract: Land surface hydrology (LSH) is a potential source of long-range 
atmospheric predictability that has received less attention than sea surface 
temperature (SST). In this study, we carry out ensemble atmospheric simulations 
driven by observed or climatological SST in which the LSH is either interactive or 
nudged towards a global monthly re-analysis. The main objective is to evaluate the 
impact of soil moisture or snow mass anomalies on seasonal climate variability and 
predictability over the 1986–1995 period. We first analyse the annual cycle of zonal 
mean potential (perfect model approach) and effective (simulated vs. observed 
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climate) predictability in order to identify the seasons and latitudes where land 
surface initialization is potentially relevant. Results highlight the influence of soil 
moisture boundary conditions in the summer mid-latitudes and the role of snow 
boundary conditions in the northern high latitudes. Then, we focus on the Eurasian 
continent and we contrast seasons with opposite land surface anomalies. In addition 
to the nudged experiments, we conduct ensembles of seasonal hindcasts in which the 
relaxation is switched off at the end of spring or winter in order to evaluate the impact 
of soil moisture or snow mass initialization. LSH appears as an effective source of 
surface air temperature and precipitation predictability over Eurasia (as well as 
North America), at least as important as SST in spring and summer. Cloud feedbacks 
and large-scale dynamics contribute to amplify the regional temperature response, 
which is however, mainly found at the lowest model levels and only represents a small 
fraction of the observed variability in the upper troposphere. 

 
Eckert, N., C. Coleou, H. Castebrunet, M. Dechatres, G. Giraud and J. Gaume (2010), Cross-
comparison of meteorological and avalanche data for characterising avalanche cycles : 
The example of December 2008 in the eastern part of the French Alps. Cold Regions 
Science and Technology, 64(2), 119-136. 

Abstract : In December 2008, an intense avalanche cycle occurred in the eastern part 
of the southern French Alps. Southerly atmospheric fluxes that progressively evolved 
into an easterly return caused important snowfalls with return periods up to 10 years. 
Cold temperatures and drifting snow had important aggravating effects. The return 
period for the number of avalanches was above 50 years in two massifs and some of 
the avalanche had very long runouts that exceeded historical limits recorded in the 
French avalanche atlas. Using this case study, this paper illustrates and discusses 
how avalanche reports, snow and weather data and results from numerical modelling 
of the snow cover can be combined to analyse abnormal temporal clusters of snow 
avalanches. For instance, it is shown how statistical techniques developed in other 
fields can be used to test the significance of different explanatory factors, extract 
spatio-temporal patterns, compare them with previous cycles and quantify the 
magnitude/frequency relationship at different scales. 

 
Peings Y., H. Douville (2010) Influence of the Eurasian snow cover on the Indian 
summer monsoon variability in observations and CMIP3 simulations. Climate Dyn., 34, 
643-660, doi:10.1007/s00382-009-0565-0. 

Abstract: The present study is aimed at revisiting the possible influence of the 
winter/spring Eurasian snow cover on the subsequent Indian summer precipitation 
using several statistical tools including a maximum covariance analysis. The snow–
monsoon relationship is explored using both satellite observations of snow cover and 
in situ measurements of snow depth, but also a subset of global coupled ocean–
atmosphere simulations from the phase 3 of the Coupled Model Intercomparison 
Project (CMIP3) database. In keeping with former studies, the observations suggest a 
link between an east–west snow dipole over Eurasia and the Indian summer monsoon 
precipitation. However, our results indicate that this relationship is neither 
statistically significant nor stationary over the last 40 years. Moreover, the strongest 
signal appears over eastern Eurasia and is not consistent with the Blanford hypothesis 
whereby more snow should lead to a weaker monsoon. The twentieth century CMIP3 
simulations provide longer timeseries to look for robust snow–monsoon relationships. 
The maximum covariance analysis indicates that some models do show an apparent 
influence of the Eurasian snow cover on the Indian summer monsoon precipitation, 
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but the patterns are not the same as in the observations. Moreover, the apparent 
snow–monsoon relationship generally denotes a too strong El Niño- Southern 
Oscillation teleconnection with both winter snow cover and summer monsoon rainfall 
rather than a direct influence of the Eurasian snow cover on the Indian monsoon. 

 
Peings Y., H. Douville, R. Alkama, B. Decharme (2010) Snow contribution to springtime 
atmospheric predictability over the second half of the twentieth century. Climate Dyn., in 
press, doi: 10.1007/s00382010-0884-1. 

Abstract: A set of global atmospheric simulations has been performed with the 
ARPEGE-Climat model in order to quantify the contribution of realistic snow 
conditions to seasonal atmospheric predictability in addition to that of a perfect sea 
surface temperature (SST) forcing. The focus is on the springtime boreal hemisphere 
where the combination of a significant snow cover variability and an increasing solar 
radiation favour the potential snow influence on the surface energy budget. The study 
covers the whole 1950–2000 period through the use of an original snow mass 
reanalysis based on an off-line land surface model and possibly constrained by 
satellite snow cover observations. Two ensembles of 10-member AMIP-type 
experiments have been first performed with relaxed versus free snow boundary 
conditions. The nudging towards the monthly snow mass reanalysis significantly 
improves both potential and actual predictability of springtime surface air 
temperature over Central Europe and North America. Yet, the impact is confined to 
the lower troposphere and there is no clear improvement in the predictability of the 
large-scale atmospheric circulation. Further constraining the prescribed snow 
boundary conditions with satellite observations does not change much the results. 
Finally, using the snow reanalysis only for initializing the model on March 1st also 
leads to a positive impact on predicted low-level  temperatures but with a weaker 
amplitude and persistence. A conditional skill approach as well as some selected case 
studies provide some guidelines for interpreting these results and suggest that an 
underestimated snow cover variability and a misrepresentation of ENSO 
teleconnections may hamper the benefit of an improved snow initialization in the 
ARPEGE-Climat model. 

 
Rabier, F. et al. (2010), The CONCORDIASI project in Antarctica. Bull. Amer. Meteor. 
Soc.,91, 69-86. 

Abstract: The Concordiasi project is making innovative observations of the 
atmosphere above Antarctica. The most important goals of the Concordiasi are as 
follows: 
   1. To enhance the accuracy of weather prediction and climate records in Antarctica 
through the assimilation of in situ and satellite data, with an emphasis on data 
provided by hyperspectral infrared sounders. The focus is on clouds, precipitation, 
and the mass budget of the ice sheets. The improvements in dynamical model analyses 
and forecasts are used in chemical-transport models that describe the links between 
the polar vortex dynamics and ozone depletion, and to advance the understanding of 
the Earth system by examining the interactions between Antarctica and lower 
latitudes. 
   2. To improve our understanding of microphysical and dynamical processes 
controlling the polar ozone, by providing the first quasi-Lagrangian observations of 
stratospheric ozone and particles, in addition to an improved characterization of the 
3D polar vortex dynamics. Techniques for assimilating these Lagrangian observations 
are being developed. 
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A major Concordiasi component is a field experiment during the austral springs of 
2008–10. The field activities in 2010 are based on a constellation of 19 long-duration 
stratospheric super-pressure balloons (SPBs) deployed from the McMurdo station. Six 
of these balloons carried GPS receivers and in situ instruments measuring 
temperature, pressure, ozone, and particles. Thirteen of the balloons released more 
than 600 drop-sondes on demand for measuring atmospheric parameters. Lastly, 
radiosounding measurements were collected at various sites, including the Concordia 
station. It is shown in the accompanying  Figure that the appropriate use of IASI data 
in retrievals allowed the analysis to retrieve surface temperature at Concordia, in 
agreement with in situ measurements. 

 
Rousselot, M., Y. Durand, G. Giraud, L. Mérindol, L. Daniel (2010) : Analysis and forecast 
of extreme new-snow avalanches : a numerical study of the avalanche cycle of February 
1999 in France. Journal of Glaciology, 56 (199), 758-770. 

Abstract : Snow and weather conditions typical of exceptional cycles of fresh-snow 
avalanches in the northern Alps are investigated using the numerical avalanche-
hazard forecasting procedure of Météo-France. Sensitivity tests are performed on the 
events of February 1999 in the Chamonix France region, and resulting snowpack 
instability modeled at the massif scale is compared using adapted new indices and 
maps. Our results complete conclusions of earlier observation-based studies by 
providing new insights into the snow and weather conditions of February 1999. The 
large avalanches mainly resulted from large and very unstable fresh-snow 
accumulations. Moreover, the snowpack instability was increased locally by wind 
transport of light and fresh snow in February. The mechanical weaknesses resulting 
from the weather conditions prior to February were a key factor in explaining the 
unusual volumes of these avalanches. This study suggests that the operational 
numerical SAFRAN/Crocus/ME´PRA (SCM) chain provides reliable forecasts of 
extreme new-snow avalanche situations at the massif scale, but that local-scale 
simulations are still needed to improve the efficiency of risk mitigation and civil 
protection policies. 

 
Jacobi, H.-W., F. Domine, W.R. Simpson, T.A. Douglas, and M. Sturm, Simulation of the 
specific surface area of snow using a one-dimensional physical snowpack model: 
Implementation and evaluation for subarctic snow in Alaska, The Cryosphere 4, 35-51, 
2010. 

Abstract : The specific surface area (SSA) of the snow constitutes a powerful parameter to 
quantify the exchange of matter and energy between the snow and the atmosphere. 
However, currently no snow physics model can simulate the SSA. Therefore, two different 
types of empirical parameterizations of the specific surface area (SSA) of snow are 
implemented into the existing one-dimensional snow physics model CROCUS. The 
parameterizations are either based on diagnostic equations relating the SSA to 
parameters like snow type and density or on prognostic equations that describe the 
change of SSA depending on snow age, snowpack temperature, and the temperature 
gradient within the snowpack. Simulations with the upgraded CROCUS model were 
performed for a subarctic snowpack, for which an extensive data set including SSA 
measurements is available at Fairbanks, Alaska for the winter season 2003/2004. While a 
reasonable agreement between simulated and observed SSA values is obtained using both 
parameterizations, the model tends to overestimate the SSA. This overestimation is more 
pronounced using the diagnostic equations compared to the results of the prognostic 
equations. Parts of the SSA deviations using both parameterizations can be attributed to 
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differences between simulated and observed snow heights, densities, and temperatures. 
Therefore, further sensitivity studies regarding the thermal budget of the snowpack were 
performed. They revealed that reducing the thermal conductivity of the snow or 
increasing the turbulent fluxes at the snow surfaces leads to a slight improvement of the 
simulated thermal budget of the snowpack compared to the observations. However, their 
impact on further simulated parameters like snow height and SSA remains small. 
Including additional physical processes in the snow model may have the potential to 
advance the simulations of the thermal budget of the snowpack and, thus, the SSA 
simulations. 

 
Domine, F., A. S. Taillandier, and W. R. Simpson (2007) : A parameterization of the 
specific surface area of seasonal snow for field use and for models of snowpack 
evolution. Journal of Geophysical Research-Earth Surface, 112(F2), F02031. 

Abstract : The specific surface area (SSA) of snow is needed to model air-snow 
exchange of chemical species. SSA is related to many snow physical properties, such 
as albedo and permeability. However, it is not described in models of snowpack 
evolution, in part because it is difficult to measure. Snowpack models often predict 
snow grain shape and snow density, and the goal of this paper is to propose 
parameterizations of snow SSA, based on snow density and grain shape. SSA values of 
345 snow samples from snowpacks of the Alpine, maritime, tundra and taiga types are 
presented. Samples are regrouped into three main types: fresh ( F), recent ( R), and 
aged ( A) snows, with several subtypes referring to grain shapes. Overall, there is a 
clear inverse correlation between SSA and density, d. Empirical equations of the form 
SSA = A ln(d) + B are proposed for the F and R types. For aged snows, separate 
correlations are proposed for subtypes A1 ( rounded grains), A2 ( faceted crystals), 
A3 ( depth hoar), and A4 ( lightly melted snow). Within subtypes A1, A2, and A3, more 
elaborate classifications are made by considering the snowpack type ( Alpine, taiga, 
or tundra). For A1, A2, and A3 types, different trends are related to different 
intensities of wind action, which increases in the order taiga, Alpine, and tundra. We 
finally propose three parameterizations of snow SSA with increasing sophistication, 
by correlating SSA to snow type, then to snow type and density, and finally to snow 
type, density, and snowpack type. 

 
Domine, F., A.-S. Taillandier, A. Cabanes, T. A. Douglas, and M. Sturm (2009) :  Three 
examples where the specific surface area of snow increased over time. The Cryosphere, 
3(1), 31-39. 

Abstract : Snow on the ground impacts climate through its high albedo and affects 
atmospheric composition through its ability to adsorb chemical compounds. The 
quantification of these effects requires the knowledge of the specific surface area 
(SSA) of snow and its rate of change. All relevant studies indicate that snow SSA 
decreases over time. Here, we report for the first time three cases where the SSA of 
snow increased over time. These are (1) the transformation of a melt-freeze crust into 
depth hoar, producing an increase in SSA from 3.4 to 8.8 m2 kg−1. (2) The 
mobilization of surface snow by wind, which reduced the size of snow crystals by 
sublimation and fragmented them. This formed a surface snow layer with a SSA of 61 
m2 kg−1 from layers whose SSAs were originally 42 and 50 m2 kg−1. (3) The sieving 
of blowing snow by a snow layer, which allowed the smallest crystals to penetrate into 
open spaces in the snow, leading to an SSA increase from 32 to 61 m2 kg−1. We 
discuss that other mechanisms for SSA increase are possible. Overall, SSA increases 
are probably not rare. They lead to enhanced uptake of chemical compounds and to 
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increases in snow albedo, and their inclusion in relevant chemical and climate models 
deserves consideration. 

 
Taillandier, A. S., F. Domine, W. R. Simpson, M. Sturm, and T. A. Douglas (2007) :  Rate of 
decrease of the specific surface area of dry snow: Isothermal and temperature gradient 
conditions. Journal of Geophysical Research-Earth Surface, 112(F3), F03003. 

Abstract : The specific surface area (SSA) of snow is the surface area available to 
gases per unit mass. It is an important variable for quantifying air- snow exchange of 
chemical species, and it is closely related to other variables such as albedo. Snow SSA 
decreases during metamorphism, but few data are available to quantify its rate of 
decrease. We have performed laboratory experiments under isothermal and 
temperature gradient conditions during which the SSA of snow samples was 
monitored for several months. We have also monitored the SSA of snowfalls subjected 
to large temperature gradients at a field site in the central Alaskan taiga. The same 
snow layers were also monitored in a manipulated snowpack where the temperature 
gradient was greatly reduced. In all cases, the SSA decay follows a logarithmic 
equation with three adjustable variables that are parameterized using the initial snow 
SSA and the time- averaged temperature of the snow. Two parameterizations of the 
three adjustable variables are found: One applies to the isothermal experiments and 
to the quasi- isothermal cases studied in Alaska ( equitemperature ( ET) 
metamorphism), and the other is applicable to both the laboratory experiments 
performed under temperature gradients and to the natural snowpack in Alaska ( 
temperature gradient ( TG) metamorphism). Higher temperatures accelerate the 
decrease in SSA, and this decrease is faster under TG than ET conditions. We discuss 
the conditions of applicability of these parameterizations and use them to speculate on 
the effect of climate change on snow SSA. Depending on the climate regime, changes 
in the rate of decay of snow SSA and hence in snow albedo may produce either 
negative or positive feedbacks on climate change. 

 
Morin., S., F. Domine, L. Arnaud and G. Picard (2010), In-situ monitoring of the effective 
thermal conductivity of snow, Cold Reg. Sci. Technol., 64, 73–80. 

Abstract : We report on a 3-month long time series of in-situ measurements of the 
effective thermal conductivity (keff) of snow at 6 heights in an Alpine snowpack in the 
Mont-Blanc mountain range, France, at an altitude of 2400 m. Measurements were 
carried out automatically every 2 days using heated-needle probes embedded in the 
snowpack. The experimental procedure used is presented in detail and demonstrates 
the applicability of single heated-needle probes for the evaluation of keff in snow, 
both for long-term measurements within the snowpack and occasional use in the 
field. Results based on 139 automatically collected data show keff values ranging 
between 0.04 and 0.35 W m− 1 K− 1, and a consistent pattern of effective thermal 
conductivity increase throughout the measurements campaign. The temporal rate of 
change of keff varies up to 0.01 W m−1 K− 1day− 1, with maximum values just after 
snowfall. 

 
1-1-2 – Other references without abstracts 
 
King, C.and Pomeroy, J.; Gray, D. M.; Fierz, C.; Föhn, P.; Harding, R.; Jordan, R. & Martin, 
E.and Plüss, C. Armstrong, R. & Brun, E. (Eds.) (2008), Snow-atmosphere energy and 
mass balance Snow and Climate: Physical Processes, Surface Energy Exchange and 
Modelling, Cambrige University Press, 70-124. 
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1-2 Snow observation (including remote sensing). 
  
1-2-1 Main references with abstracts 
 
Brucker, L., Picard, G. and Fily, M. Snow grain size profiles deduced from microwave 
snow emissivities in Antarctica. Journal of Glaciology, 56(197), 514-526, 2010 TOC  

ABSTRACT. Spaceborne microwave radiometers are an attractive tool for observing 
Antarctic climate because their measurements are related to the snow temperature. 
However, the conversion from microwave emission to snow temperature is not simple 
and strongly depends on the emissivity through snow properties. This difficulty in 
predicting the snow property profile for Antarctic conditions is the main bottleneck in 
the retrieval of accurate climate information from microwave radiometers. We attempt 
to explain the vertically polarized emissivity at 19.3 and 37GHz derived from 
brightness temperatures acquired by the Special Sensor Microwave/Imager (SSM/I) 
and physical temperature from the ERA-40 re-analysis. In Antarctica the snow 
emissivities at 19.3 and 37GHz are nearly equal, although a decrease with frequency 
is expected. To explain this, we consider various profiles of snow grain size and 
density and predict their emissivity using a dense-medium radiative transfer (DMRT) 
model. The results show that the emissivities cannot be explained by constant profiles 
of grain size and density. Heterogeneous snowpacks need to be considered. We first 
test random variations of snow density and grain radius with depth and then 
monotonic and continuous variations in the snow grain radius. In both cases, we show 
that an overall increase of the snow grain radius with depth is required to match the 
observed emissivity in Antarctica. In addition, two parameters characterizing the snow 
grain profiles are retrieved and compared with (1) in situ measurements of grain size 
at various locations in East Antarctica, (2) grain size estimated using visible 
spaceborne radiometers and (3) a semi-empirical relationship for grain growth. 

 
J.-C. Gallet, F. Domine, C. Zender, and G. Picard Measurement of the specific surface 
area of snow using infrared reflectance in an integrating sphere at 1310 and 1550 nm 
The Cryosphere Vol.3, pp. 167-182, 2009 

Abstract. Even though the specific surface area (SSA) and the snow area index (SAI) 
of snow are crucial variables to determine the chemical and climatic impact of the 
snow cover, few data are available on the subject. We propose here a novel method to 
measure snow SSA and SAI. It is based on the measurement of the hemispherical 
infrared reflectance of snow samples using the DUFISSS instrument (DUal Frequency 
Integrating Sphere for Snow SSA measurement). DUFISSS uses the 1310 or 1550 nm 
radiation of laser diodes, an integrating sphere 15 cm in diameter, and InGaAs 
photodiodes. For SSA<60 m  kg , we use the 1310 nm radiation, reflectance is 
between 15 and 50% and the accuracy of SSA determination is 10%. For SSA>60 m  
kg , snow is usually of low density (typically 30 to 100 kg m ), resulting in 
insufficient optical depth and 1310 nm radiation reaches the bottom of the sample, 
causing artifacts. The 1550 nm radiation is therefore used for SSA>60 m  kg . 
Reflectance is then in the range 5 to 12% and the accuracy on SSA is 12%. We 
propose empirical equations to determine SSA from reflectance at both wavelengths, 
with that for 1310 nm taking into account the snow density. DUFISSS has been used to 
measure the SSA of snow and the SAI of snowpacks in polar and Alpine regions.
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G. Picard, L. Brucker, M. Fily, H. Gallée, G. Krinner, Modeling timeseries of 
microwave brightness temperature in Antarctica. Journal of Glaciology, 55 (191), pp 
537-551, 2009. 

ABSTRACT. This paper aims to interpret the temporal variations of microwave 
brightness temperature (at 19 and 37GHz and at vertical and horizontal polarizations) 
in Antarctica using a physically based snow dynamic and emission model (SDEM). 
SDEM predicts time series of top-of-atmosphere brightness temperature from widely 
available surface meteorological data (ERA-40 re-analysis). To do so, it successively 
computes the heat flux incoming the snowpack, the snow temperature profile, the 
microwaves emitted by the snow and, finally, the propagation of the microwaves 
through the atmosphere up to the satellite. Since the model contains several 
parameters whose value is variable and uncertain across the continent, the parameter 
values are optimized for every 50 km × 50 km pixel. Simulation results show that the 
model is inadequate in the melt zone (where surface melting occurs on at least a few 
days a year) because the snowpack structure and its temporal variations are too 
complex. In contrast, the accuracy is reasonably good in the dry zone and varies 
between 2 and 4 K depending on the frequency and polarization of observations and 
on the location. At the Antarctic scale, the error is larger where wind is usually 
stronger, suggesting either that meteorological data are less accurate in windy 
regions or that some neglected processes (e.g. windpumping, surface scouring) are 
important. At Dome C, in calm conditions, a detailed analysis shows that most of the 
error is due to inaccuracy of the ERA-40 air temperature (2 K). Finally, the paper 
discusses the values of the optimized parameters and their spatial variations across 
the Antarctic. 

 
A. Mialon, Royer, A., Fily, M., Picard, G., 2007, Daily Microwave-Derived Surface 
Temperature over Canada/Alaska Journal of Applied Meteorology and Climatology, 
vol 46, issue 5 (May 2007), p 591-604.  

The land surface temperature variation over northern high latitudes in response to the 
increase in greenhouse gases is challenging because of the lack of meteorological 
stations. A new method to derive the surface temperature from satellite microwave 
measurements that improves the frequency of measurements relative to that of infrared 
data is presented. The daily Special Sensor Microwave Imager 25 km × 25 km Equal-
Area Scalable Earth Grid (EASE-Grid) dataset provided by the National Snow and Ice 
Data Center in Boulder, Colorado, is processed to derive the surface temperature 
using the method proposed by Fily et al. A normalization approach based on the 40-yr 
ECMWF reanalysis (ERA-40; 2.5°) temperature diurnal cycle fitted for each pixel is 
applied to overcome the time acquisition variation of measurements as well as to 
interpolate missing data. An adaptive mask for discriminating between ice-free pixels 
and snow-free pixels is also applied. The resulting database is thus a new consistent 
hourly series of near-surface air temperatures during the summer (without snow). The 
mean accuracy is on the order of 2.5–3 K when compared with the synchronous in situ 
air temperature and different gridded datasets over Canada and Alaska. The trend 
over the last 10 yr confirms observed climate evolution: an increase in summer 
surface temperature of +0.09° ± 0.04°C yr−1, at the 90% confidence level, for Canada 
between 1992 and 2002, whereas a decrease of −0.15° ± 0.05°C yr−1, at the 95% 
confidence level, is observed for Alaska. Spatial and temporal anomalies show 
regional impacts of meteorological phenomena such as the El Niño extreme warm 
summer episode of 1998, the decrease in temperatures in 1992 in Canada following 
the volcanic eruption of Mount Pinatubo in June 1991, and the strong drought in the 
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prairies in 2001. The annual sum of positive degree-days (thawing index) has been 
related to the permafrost distribution. The lower values of the derived thawing index 
(<1400 degree-days) are related well to the presence of continuous and dense 
discontinuous permafrost. The observed increase in the thawing index during the 
1992–2002 period represents a decrease of classified permafrost area of 7%. 

 

Bouchard, A., F. Rabier, V. Guidard, F. Karbou (2010), Enhancement of satellite data 
assimilation over Antarctica, Monthly Weather Review, Vol. 138, No. 6., 2149–2173,doi : 
10.1175/2009MWR3071.1. 

Abstract: The Concordiasi field experiment, which is took place in Antarctica, 
involved the launching of radiosoundings and stratospheric balloons. One of the main 
goals of this campaign is the validation of the Infrared Atmospheric Sounding 
Interferometer (IASI) radiance assimilation. Prior to the campaign, it was necessary 
to improve satellite data assimilation at high latitudes. Two types of sensors, 
microwave and infrared, have been considered to help with this issue. A major 
problem associated with microwave satellite data is the calculation of the surface 
emissivity. An innovative approach, based on satellite observations, improves the 
surface emissivity modeling over land and sea ice within the constraints of the four-
dimensional variational data assimilation (4D-VAR) system. With this new calculation 
of emissivity, it has been possible to include many more microwave observations 
during the assimilation. In this study, this method has been applied to high latitudes, 
after some adjustments have been made to assimilate additional Advanced Microwave 
Sounding Unit-A/B (AMSU-A/B) data over sea ice and snow. The use of additional 
data from IASI and the Atmospheric Infrared Sounder (AIRS) sensors over land and 
sea ice has also been tested. The use of the microwave and infrared data over this 
polar area has modified the dynamical and thermodynamical model fields such as the 
snow precipitation quantity. Additional data have been found to have a positive 
impact on the skill of a model specially tuned for Antarctica (see the accompanying 
figure for some forecast scores). 

 
Guedj, S., F. Karbou, F. Rabier, A. Bouchard (2010), Microwave land emissivity over 
Antarctica : Impact of the surface approximation, IEEE Trans. on Geoscience and Remote 
sensing, Vol. 48, Issue 4, 1976-1985, 10.1109/TGRS.2009.2036254 

Abstract: This work is in direct line with the Concordiasi international project. It aims 
to better constrain atmospheric analyses by improving the assimilation of low-level 
Advanced Microwave Sounding Unit (AMSU)-A and AMSU-B microwave 
observations over Antarctica. So far, a very small amount of available AMSU 
observations is effectively assimilated over Antarctica. To assimilate more 
observations, different issues have to be dealt with. In this work, the surface emissivity 
issue over Antarctica is examined. In a first step, a thorough review of the use of a 
specular assumption to calculate emissivity from AMSU-A measurements has been 
undertaken. The effect of five different assumptions about the surface on retrieved 
AMSU emissivities has then been evaluated using a one-year database: specular, 
Lambertian, and three intermediate assumptions. Simulations of brightness 
temperatures at AMSU sounding frequencies have been produced using a radiative 
transfer model. The emissivities obtained using the five assumptions have been found 
very useful in improving these simulations (see the following figure). The most 
successful schemes are found to be the Lambertian scheme during the winter season 
and a specular or an intermediate scheme (50% specular, 50% Lambertian) during 
Antarctica's short summer. 
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Longepe, N., S. Allain, L. Ferro-Famil, E. Pottier and Y. Durand (2009) : Snowpack 
Characterization in Mountainous Regions Using C-Band SAR Data and a 
Meteorological Model. IEEE Transactions on Geoscience and Remote Sensing, 47(2), 406-
418.  

Abstract : This paper presents a method to characterize snow cover in mountainous 
regions using dual-polarization C-band synthetic aperture radar (SAR) data. It is 
demonstrated that an accurate modeling of the liquid water distribution inside the 
snowpack, using a multilayer meteorological snow model, is required to characterize 
snow with precision. A multilayer-snow electromagnetic (EM) backscattering model is 
developed based on the vector radiative transfer, the strong fluctuation theory, and 
physical parameters supplied by the meteorological model. However, the limited 
resolution of the meteorological snow model is insufficient for predicting a refined EM 
backscattering at a massif scale. An adequate spatial reorganization of these snow 
profiles, based on a comparison between simulated and measured dual-polarization 
SAR data, leads to a better estimation of some snowpack parameters. In particular, 
the monitoring of snow liquid water content is presented improving the capacity of wet 
snow mapping as compared to a classical SAR-based method. This methodology 
shows good capacities both for qualitative and quantitative snow assessments, 
opening the way for a new operational method. 

 
1-2-2 – Other references without abstracts 
 
Dumont, M., Brissaud, O., Picard, G., Schmitt, B., Gallet, J.-C., and Arnaud, Y. High-
accuracy measurements of snow Bidirectional Reflectance Distribution Function at 
visible and NIR wavelengths - comparison with modelling results, Atmos. Chem. Phys., 
10, 2507-2520. 
 
J.C. Gallet, F. Domine, L. Arnaud, G. Picard, and J. Savarino, Vertical profiles of the 
specific surface area of the snow at Dome C, Antarctica, The Cryosphere Discussion, 4, 
1647-1708, 2010. 
 
Langlois, A., Royer, A., Montpetit, B., Picard, G., Brucker, L., Arnaud, L., Goïta, K. and Fily, 
M. On the relationship between snow grain morphology and in-situ near infrared 
calibrated reflectance photographs, Cold Regions Science and Technology, 61, pp 34-42, 
2010.  

 
M. van den Broeke, G. König-Langlo, G. Picard, P. Kuipers Munneke and J. Lenaerts 
Surface energy balance, melt and sublimation at Neumayer Station, East Antarctica. 
Antarctic Science, 22 (01), pp 87-96, Feb 2010. 

 
G. Picard, L. Arnaud, F. Domine, M. Fily, Determining snow specific surface area from 
near-infrared reflectance measurements: numerical study of the influence of grain 
shape. Cold Region Science and Technology, 56 (1), pp 10-17, 2009. 
 
Lacroix, P., Legresy, B., Remy, F., Blarel, F., Picard, G. and Brucker, L. Rapid change of 
the snow surface properties at Vostok, East Antarctica, revealed by altimetry and 
radiometry. Remote Sensing of Environment, 113(12), pp 2633-2641, Dec 2009. 
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1-3 Snow chemistry (including water isotopes) 
 

1-3-1 Main references with abstracts 
 

Amoroso, A., et al. (2010):  Microorganisms in Dry Polar Snow Are Involved in the 
Exchanges of Reactive Nitrogen Species with the Atmosphere, Environmental Science & 
Technology. 44(2), 714-719. 

Abstract : The snowpack is a complex photochemical reactor that emits a wide variety 
of reactive molecules to the atmosphere. In particular, the photolysis of nitrate ions, 
NO3−, produces NO, NO2, and HONO, which affects the oxidative capacity of the 
atmosphere. We report measurements in the European High Arctic where we observed 
for the first time emissions of NO, NO2, and HONO by the seasonal snowpack in 
winter, in the complete or near-complete absence of sunlight and in the absence of 
melting. We also detected unusually high concentrations of nitrite ions, NO2−, in the 
snow. These results suggest that microbial activity in the snowpack is responsible for 
the observed emissions. Isotopic analysis of NO2− and NO3− in the snow confirm 
that these ions, at least in part, do not have an atmospheric origin and are most likely 
produced by the microbial oxidation of NH4+ coming from clay minerals into NO2− 
and NO3−. These metabolic pathways also produce NO. Subsequent dark abiotic 
reactions lead to NO2 and HONO production. The snow cover is therefore not only an 
active photochemical reactor but also a biogeochemical reactor active in the cycling 
of nitrogen and it can affect atmospheric composition all year round. 

 
Domine, F., S. Houdier, A. S. Taillandier, and W. R. Simpson (2010) :  Acetaldehyde in the 
Alaskan subarctic snowpack. Atmospheric Chemistry and Physics, 10(3), 919-929. 

Abstract : Acetaldehyde is a reactive intermediate in hydrocarbon oxidation. It is both 
emitted and taken up by snowpacks and photochemical and physical processes are 
probably involved. Understanding the reactivity of acetaldehyde in snow and its 
processes of physical and chemical exchanges requires the knowledge of its 
incorporation mechanism in snow crystals. We have performed a season-long study of 
the evolution of acetaldehyde concentrations in the subarctic snowpack near 
Fairbanks (65 degrees N), central Alaska, which is subjected to a vigorous 
metamorphism due to persistent elevated temperature gradients in the snowpack, 
between 20 and 200 degrees C m(-1). The snowpack therefore almost entirely 
transforms into depth hoar. We have also analyzed acetaldehyde in a manipulated 
snowpack where temperature gradients were suppressed. Snow crystals there 
transformed much more slowly and their original shapes remained recognizable for 
months. The specific surface area of snow layers in both types of snowpacks was also 
measured. We deduce that acetaldehyde is not adsorbed onto the surface of snow 
crystals and that most of the acetaldehyde is probably not dissolved in the ice lattice 
of the snow crystals. We propose that most of the acetaldehyde measured is either 
trapped or dissolved within organic aerosol particles trapped in snow, or that 
acetaldehyde is formed by the hydrolysis of organic precursors contained in organic 
aerosols trapped in the snow, when the snow is melted for analysis. These precursors 
are probably aldehyde polymers formed within the aerosol particles by acid catalysis, 
but might also be biological molecules. In a laboratory experiment, acetaldehyde-di-
n-hexyl acetal, representing a potential acetaldehyde precursor, was subjected to our 
analytical procedure and reacted to form acetaldehyde. This confirms our suggestion 
that acetaldehyde detected in snow could be produced during the melting of snow for 
analysis. 
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Domine, F., A. Cincinelli, E. Bonnaud, T. Martellini, and S. Picaud (2007) :  Adsorption of 
phenanthrene on natural snow. Environmental Science & Technology, 41, 6033-6038. 

Abstract : The snowpack is a reservoir for semivolatile organic compounds (SVOCs) 
and, in particular, for persistent organic pollutants (POPS), which are sequestered in 
winter and released to the atmosphere or hydrosphere in the spring. Modeling these 
processes usually assumes that SVOCs are incorporated into the snowpack by 
adsorption to snow surfaces, but this has never been proven because the specific 
surface area (SSA) of snow has never been measured together with snow composition. 
Here we expose natural snow to phenanthrene vapors (one of the more volatile POPs) 
and measure for the first time both the SSA and the chemical composition of the snow. 
The results are consistent with an adsorption equilibrium. The measured Henry's law 
constant is H-Phen(T) = 2.88 x 10(22) exp(-10660/T) Pa m(2) mol(-1), with Tin 
Kelvin. The adsorption enthalpy is Delta H-ads = -89 +/- 18 kJ mol(-1). We also 
perform molecular dynamics calculations of phenanthrene adsorption to ice and 
obtain Delta H-ads = -85 +/- 8 kJ mol(-1), close to the experimental value. Results 
are applied to the adsorption of phenanthrene to the Arctic and subarctic snowpacks. 
The subarctic snowpack, with a low snow area index (SAI = 1000), is a negligible 
reservoir of phenanthrene, but the colder Arctic snowpack, with SAI = 2500, 
sequesters most of the phenanthrene present in the (snow + boundary layer) system. 

 
Savarino, J., J. Kaiser, S. Morin, D. M. Sigman, and M. H. Thiemens (2007), Nitrogen and 
oxygen isotopic constraints on the origin of atmospheric nitrate in coastal Antarctica, 
Atmospheric Chemistry and Physics, 7, 1925-1945. 

Throughout the year 2001, aerosol sam- ples were collected continuously for 10 to 15 
days at the French Antarctic Station Dumont d’Urville (DDU) (66°40’ S, l40°01’ E, 
40 m above mean sea level). The nitrogen and oxygen isotopic ratios of particulate 
nitrate at DDU exhibit seasonal variations that are among the most extreme observed 
for nitrate on Earth. In association with concentration measurements, the isotope 
ratios delineate four distinct periods, broadly consistent with previous studies on 
Antarctic coastal areas. Based on the measured isotopic composition, known 
atmospheric trans port patterns and the current understanding of kinetics and isotope 
effects of relevant atmospheric chemical processes, we suggest that elevated 
tropospheric nitrate levels during Period 3 are most likely the result of nitrate 
sedimentation from polar stratospheric clouds (PSCs), whereas elevated nitrate levels 
during Period 4 are likely to result from snow re-emission of nitrogen oxide species. 
We are unable to attribute the source of the nitrate during periods 1 and 2 to local 
production or long-range transport, but note that the oxygen isotopic composition is in 
agreement with day and night time nitrate chemistry driven by the diurnal solar cycle. 
A precise quantification is difficult, due to our insufficient knowledge of isotope 
fractionation during the reactions leading to nitrate formation, among other reasons. 

 
Morin, S., J. Savarino, N. Yan, M. M. Frey, J. Bottenheim, S. Bekki, and J. Martins (2008), 
Tracing the origin and fate of NOx in the Arctic atmosphere using stable isotopes, 
Science, 322, 730-732. 

Atmospheric nitrogen oxides (NOx = NO + NO2) play a pivotal role in the cycling of 
reactive nitrogen (ultimately deposited as nitrate) and the oxidative capacity of the 
atmosphere. Combined measurements of nitrogen and oxygen stable isotope ratios of 
nitrate collected in the Arctic atmosphere were used to infer the origin and fate of 
NOx and nitrate on a seasonal basis. In spring, photochemically driven emissions of 
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reactive nitrogen from the snowpack into the atmosphere make local oxidation of 
NOx by bromine oxide the major contributor to the nitrate budget. The comprehensive 
isotopic composition of nitrate provides strong constraints on the relative importance 
of the key atmospheric oxidants in the present atmosphere, with the potential for 
extension into the past using ice cores. 

 
Frey, M. M., J. Savarino, S. Morin, J. Erbland, and J. M. F. Martins (2009), Photolysis 
imprint in the nitrate stable isotope signal in snow and atmosphere of East Antarctica 
and implications for reactive nitrogen cycling, Atmospheric Chemistry and Physics, 9, 
8681–8696.  

The nitrogen (δ15N) and triple oxygen (δ17O and δ18O) isotopic composition of 
nitrate (NO3- ) was measured year-round in the atmosphere and snow pits at Dome C, 
Antarctica (DC, 75.1° S, 123.3° E), and in surface snow on a transect between DC 
and the coast. Comparison to the isotopic signal in atmospheric NO3- shows that 
snow NO3 is significantly enriched in δ15N by >200‰ and depleted in δ18O by 
<40‰. Post-depositional fractionation in δ17O(NO3- ) is small, potentially allowing 
reconstruction of past shifts in tropospheric oxidation pathways from ice cores. 
Assuming a Rayleigh-type process we find fractionation constants of 60±15‰, 8±2 
and 1±1‰, for δ15N, δ18O and δ17O, respectively. A photolysis model yields an 
upper limit for the photolytic fractionation constant 15 of δ15N, consistent with lab 
and field measurements, and demon- strates a high sensitivity of 15Îµ to the incident 
actinic flux spectrum. The photolytic 15 is process-specific and therefore applies to 
any snow covered location. Previously published 15 values are not representative for 
conditions at the Earth surface, but apply only to the UV lamp used in the reported 
experiment (Blunier et al., 2005; Jacobi et al., 2006). Depletion of oxygen stable 
isotopes is attributed to photolysis followed by isotopic exchange with water and 
hydroxyl radicals. Conversely, 15N enrichment of the NO3-fraction in the snow 
implies 15N depletion of emissions. Indeed, δ15N in atmospheric NO3- shows a strong 
decrease from background levels (4±7‰) to 35‰ in spring ng followed by recovery 
during summer, consistent with significant snowpack emissions of reactive nitrogen. 
Field and lab evidence therefore suggest that photolysis is an important process 
driving fractionation and associated NO3- loss from snow. The δ17O signature 
confirms previous coastal measurements that the peak of at- mospheric NOâˆ’3 in 
spring is of stratospheric origin. After sunrise photolysis drives then redistribution of 
NO3- from the snowpack photic zone to the atmosphere and a snow surface skin layer, 
thereby concentrating NO3 at the surface. Little NO3- appears to be exported off the 
EAIS plateau, still snow emissions from as far as 600 km inland can contribute to the 
coastal NO3- budget.  

Legrand, M., S. Preunkert, B. Jourdain, H. Gallée, F. Goutail, R. Weller, and J. Savarino 
(2009), Year-round record of surface ozone at coastal (Dumont d'Urville) and inland 
(Concordia) sites in East Antarctica, Journal of Geophysical Research, 114(D20), 
D20306,10.1029/2008jd011667.  

Surface ozone is measured since 2004 at the coastal East Antarctic station of Dumont 
d’Urville (DDU) and since 2007 at the Concordia station located on the high East 
Antarctic plateau. Ozone levels at Concordia reach a maximum of 35 ppbv in July and 
a minimum of 21 ppbv in February. From November to January, sudden increases of 
the ozone level, up to 15–20 ppbbv above average, often take place. They are 
attributed to local photochemical ozone production as previously seen at the South 
Pole. The detailed examination of the diurnal ozone record in summer at Concordia 
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suggests a local photochemical ozone production of around 0.2 ppbv  during the 
morning. The ozone record at DDU exhibits a maximum of 35 ppbv in July and a 
minimum of 18 ppbv in January. Mixing ratios at DDU are always higher than those 
at Neumayer (NM), another coastal Antarctic station. A noticeable difference in the 
ozone records at the two coastal sites lies in the larger ozone depletion events 
occurring from July to September at NM compared to DDU, likely due to stronger 
BrO episodes in relation with a larger sea ice coverage offshore that site. A second 
difference is the large day-to-day fluctuations which are observed from November to 
January at DDU but not at NM. That is attributed to a stronger impact at DDU than 
at NM of air masses coming from the Antarctic plateau. The consequences of such a 
high oxidizing property of the atmosphere over East Antarctica are discussed with 
regard to the dimethylsulfide (DMS) chemistry. 

 
Larose, C., Dommergue, A., De Angelis, M., Cossa, D., Averty, B., Marusczak, N., Soumis, 
N., Schneider, D., Ferrari, C., 2010. Springtime changes in snow chemistry lead to new 
insights into mercury methylation in the Arctic. Geochimica et Cosmochimica Acta 74, 
6263-6275. 

Seasonal snow is an active media and an important climate factor that governs 
nutrient transfer in Arctic ecosystems. Since the snow stores and transforms nutrients 
and contaminants, it is of crucial importance to gain a better understanding of the 
dynamics of contaminant cycling within the snowpack and its subsequent release to 
catchments via meltwater. Over the course of a two-month field study in the spring of 
2008, we collected snow and meltwater samples from a seasonal snowpack in Ny-
Alesund, Norway (78_560N, 11_520E), which were analyzed for major inorganic ions 
and some organic acids, as well as total, dissolved, bioavailable mercury (THg, DHg, 
BioHg, respectively) and monomethylmercury (MMHg) species. We observe a 
seasonal gradient for ion concentrations, with surface samples becoming less 
concentrated as the season progressed. A significant negative correlation between 
BioHg and MMHg was observed in the snowpack. MMHg was positively and 
significantly correlated to methanesulfonate concentrations. Based on these results, 
we propose a new model for aerobic methylation of mercury involving species in the 
dimethylsulfoniopropionate cycle. 

 
Dommergue, A., Larose, C., Faïn, X., Clarisse, O., Foucher, D., Hintelmann, H., Schneider, 
D., Ferrari, C.P., 2010. Deposition of mercury species in the Ny-Ålesund area (79°N) and 
their transfer during snowmelt. Environmental Science and Technology 44, 901-907. 

Arctic snowpacks are often considered as temporary reservoirs for atmospheric 
mercury (Hg) deposited during springtime deposition events (AMDEs). The fate of 
deposited species is of utmost importance because melt leads to the transfer of 
contaminants to snowmelt-fed ecosystems. Here,we examined the deposition, fate, and 
transfer of mercury species (total Hg (THg) and methylmercury (MeHg)) in an arctic 
environment from the beginning of mass deposition of Hg during AMDEs to the full 
melt of the snow. Following these events, important amounts of THg were deposited 
onto the snow surface with concentrations reaching 373 ng · L-1 and estimated 
deposition fluxes of 200-2160 ng ·m-2. Most of the deposited Hg was reemitted to the 
atmosphere via photochemical  reactions. However, a fraction remained stored in the 
snow and we estimated that the spring melt contributed to an input of 1.5-3.6 kg · 
year-1 of THg to the fjord (i.e., 8-21% of the fjord’s THg content). A monitoring of 
MeHg in snow using a new technique (DGT sensors) is also presented. 
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Dommergue, A., Bahlmann, E., Ebinghaus, R., Ferrari, C., Boutron, C., 2007. Laboratory 
simulation of Hg° emissions from a snowpack. Analytical and Bioanalytical Chemistry 388, 
319-327. 

Snow surfaces play an important role in the biogeochemical cycle of mercury in high-
latitude regions. Snowpacks act both as sources and sinks for gaseous compounds. 
Surprisingly, the roles of each environmental parameter that can govern the air–
surface exchange over snow are not well understood owing to the lack of systematic 
studies. A laboratory system called the laboratory flux measurement system was used 
to study the emission of gaseous elemental mercury from a natural snowpack under 
controlled conditions. The first results from three snowpacks originating from alpine, 
urban and polar areas are presented. Consistent with observations in the field, we 
were able to reproduce gaseous mercury emissions and showed that they are mainly 
driven by solar radiation and especially UV-B radiation. From these laboratory 
experiments, we derived kinetic constants which show that divalent mercury can have 
a short natural lifetime of about 4–6 h in snow. 

 
V.Masson-Delmotte et al., A review of Antarctic surface snow isotopic composition : 
observations, atmospheric circulation and isotopic modelling, J. Climate, 21, 13, 3359-
3387, 2008. 

A database of surface Antarctic snow isotopic composition is constructed using 
available measurements, with an estimate of data quality and local variability. 
Although more than 1000 locations are documented, the spatial coverage remains 
uneven with a majority of sites located in specific areas of East Antarctica. The 
database is used to analyze the spatial variations in snow isotopic composition with 
respect to geographical characteristics (elevation, distance to the coast) and climatic 
features (temperature, accumulation) and with a focus on deuterium excess. The 
capacity of theoretical isotopic, regional, and general circulation atmospheric models 
(including “isotopic” models) to reproduce the observed features and assess the role 
of moisture advection in spatial deuterium excess fluctuations is analyzed. 

 

1-3-2 – Other references without abstracts 
 

Bock, J., and H.-W. Jacobi, Development of a mechanism for nitrate photochemistry in 
snow, J.Phys.Chem.A 114, 1790–1796, 2010. 
 
F. Domine, M. Albert, T. Huthwelker, H.-W. Jacobi, A. A. Kokhanovsky, M. Lehning, 
G. Picard, and W. R. Simpson, Snow physics as relevant to snow photochemistry, Atmos. 
Chem. Phys., 8, 171-208, 2008  
 
Grannas, A.M., et al. An overview of snow photochemistry: Evidence, mechanisms and 
impacts, Atmos.Chem.Phys. 7, 4329-4373, 2007. 

Castebrunet, H., P. Martinerie, C. Genthon and E. Cosme, A  three-dimensional model 
study of methanesulphonic acid to non sea salt  sulphate ratio at mid and high-southern 
latitudes. Atmos. Chem. Phys.,  9, 9449-9469, 2009. 
 
Fain, X., C. P. Ferrari, A. Dommergue, M. Albert, M. Battle, L.  Arnaud, J.M. Barnola, W. 
Cairns, C. Barbante and C. Boutron, Mercury  in the snow and firn at Summit Station, 
Central Greenland, and  implications for the study of past atmospheric mercury levels. 
Atmos. Chem. Phys., 7, 18221-18268, 2007. 
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Fain, X., S. Grangeon, E. Bahlmann, J. Fritsche, D. Obrist, A.Dommergue, C. Ferrari, W. 
Cairns, R. Ebinghaus, C. Barbante, P. Cescon  and C. Boutron, Diurnal production of 
gaseous mercury in the alpine  snowpack before snowmelt. Journal Geophys. Res., 
10.1029/2007JD008520,  112, 2007. 
 
Fain, X., S. Grangeon, E. Bahlmann, FritscheJ., D. Obrist, C.P.  Ferrari, W. Cairns, W. 
Ebinghaus, C. Barbante, P. Cescon and C.Boutron, Diurnal production of Gaseous 
Mercury in the alpine snowpack  before snowmelt. Journal of Geophysical Research, 
10.029/2007JD008520,  112, D21311, 2007. 
 
U.Heikkilä, Beer, J., Jouzel, J., Feitchter, J., Kubik, P., 10Be measured in a GRIP snowpit 
and modelled using the ECHAM5-HAM general circulation model, Geophys. Res. lett., 
35, 5, L05817, 2008. 
 
Wang Y.T, Hou S.G, Masson-Delmotte, V. and Jouzel J. A new spatial distribution map of 
d18O in Antarctic surface snow. Geophys. Res . Lett., 36, L06501, 2009. 
 
Y.T.Wang, S.G.Hou, V.Masson-Delmotte and J.Jouzel, A generalized additive model for 
the spatial distribution of stable isotopic composition in Antarctic surface snow. 
Chemical Geology, 271, 3-4, 133-141, 2010. 
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2 – GLACIERS 
 
2-1 Main references with abstracts 
 

Wagnon, P., A. Linda, Y. Arnaud, R. Kumar, P. Sharma, C. Vincent, J. Pottakal, E. Berthier, 
A. Ramanathan, S.I; Hasnain & P. Chevallier, Four years of mass balance of Chhota Shigri 
glacier (Himachal Pradesh, India), a new benchmark glacier in western Himalaya, J. 
Glaciol., 53(183), 603-610, 2007. 

Little is known about the Himalayan glaciers although they are of particular interest 
in terms of future water supply, regional climate change and sea level rise. In 2002, a 
long-term monitoring program was started on Chhota Shigri glacier (32.2°N, 77.5°E; 
15.7 km2, 6263 to 4050 m a.s.l., 9 km long) located in Lahaul and Spiti valley, 
Himachal Pradesh, India. This glacier lies in the monsoon-arid transition zone 
(western Himalaya) which is alternatively influenced by Asian monsoon in summer 
and the mid-latitude westerlies in winter. Here, we present the results of 4 years of 
mass balance and surface velocities. Overall specific mass balances are mostly 
negative during the study period and vary from a minimum value of -1.4 m water 
equivalent (w.e.) in 2002-2003 and 2005-2006 (Equilibrium line altitude (ELA) at 
∼5180 m a.s.l.) to a maximum value of +0.1 m w.e. in 2004-2005 (ELA at 
4855 m a.s.l.). Chhota Shigri glacier seems rather similar to mid-latitude glaciers with 
an ablation season limited to the summer months and a mean vertical gradient of mass 
balance in the ablation zone (uncovered part) of 0.7 m w.e. 100 m-1, similar to those 
reported in the Alps. Mass balance is strongly dependent on debris cover, exposure 
and shading effect of surrounding steep slopes. 

 

Vuille M., B. Francou, P. Wagnon, I. Juen, G. Kaser, B. Mark, R. Bradley, Climate change 
and tropical Andean glaciers - past, present and future, Earth Science Review, 89, 79-96, 
2008. 

Observations on glacier extent from Ecuador, Peru and Bolivia give a detailed and 
unequivocal account of rapid shrinkage of tropical Andean glaciers since the Little Ice 
Age (LIA). This retreat however, was not continuous but interrupted by several 
periods of stagnant or even advancing glaciers, most recently around the end of the 
20th century. New data from mass balance networks established on over a dozen 
glaciers allows comparison of the glacier behavior in the inner and outer tropics. It 
appears that glacier variations are quite coherent throughout the region, despite 
different sensitivities to climatic forcing such as temperature, precipitation, humidity 
etc. In parallel with the glacier retreat, climate in the tropical Andes has changed 
significantly over the past 50-60 years. Temperature in the Andes has increased by 
approximately 0.1°C/decade, with only two of the last 20 years being below the 1961-
90 average. Precipitation has slightly increased in the second half of the 20th century 
in the inner tropics and decreased in the outer tropics. The general pattern of 
moistening in the inner tropics and drying in the subtropical Andes is dynamically 
consistent with observed changes in the large-scale circulation, suggesting a 
strengthening of the tropical atmospheric circulation. Model projections of future 
climate change in the tropical Andes indicate a continued warming of the tropical 
troposphere throughout the 21st century, with a temperature increase that is enhanced 
at higher elevations. By the end of the 21st century, following the SRES A2 emission 
scenario, the tropical Andes may experience a massive warming on the order of 4.5˚-
5˚C. Predicted changes in precipitation include an increase in precipitation during the 
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wet season and a decrease during the dry season, which would effectively enhance the 
seasonal hydrological cycle in the tropical Andes.  
These observed and predicted changes in climate affect the tropical glacier energy 
balance through its sensitivity to changes in atmospheric humidity (which governs 
sublimation), precipitation (whose variability induces a positive feedback on albedo) 
and cloudiness (which controls the incoming long-wave radiation). In the inner tropics 
air temperature also significantly influences the energy balance, albeit not through the 
sensible heat flux, but indirectly through fluctuations in the rain-snow line and hence 
changes in albedo and net radiation receipts.  
Given the projected changes in climate, based on different IPCC scenarios for 2050 
and 2080, simulations with a tropical glacier-climate model indicate that glaciers will 
continue to retreat. Many smaller, low-lying glaciers are already completely out of 
equilibrium with current climate and will disappear within a few decades. But even in 
catchments where glaciers do not completely disappear, the change in streamflow 
seasonality, due to the reduction of the glacial buffer during the dry season, will 
significantly affect the water availability downstream. In the short-term, as glaciers 
retreat and lose mass, they add to a temporary increase in runoff to which 
downstream users will quickly adapt, thereby raising serious sustainability concerns.   
 

Gilbert, A. P.Wagnon, C. Vincent, P. Ginot & M. Funk, 20th century temperature 
reconstitution in a high altitude tropical site from Illimani (6340 m a.s.l., Bolivia 
16°39’S) englacial temperature, J. Geophys. Res., 115, D10109, 
doi:10.1029/2009JD012961, 2010. 

In June 1999, a deep (138.7-meter) ice core was extracted from the summit glacier of 
Illimani (Bolivia, 6340 m a.s.l., 16°39’S) and an englacial temperature profile was 
measured in the borehole. Using on-site and regional meteorological data as well as 
ice core stratigraphy, past surface temperatures were reconstructed with a heat flow 
model. The englacial temperature measurements exhibit a profile that is far from a 
steady state, reflecting an increasing atmospheric temperature over several years and 
non-stationary climatic conditions. Englacial temperature interpretation using air 
temperature data, borehole temperature inversion and melting rate quantification 
based on ice core density shows two warming phases from 1900 to 1960 (+0.5 ± 0.3 K 
starting approximately in 1920-1930) and from 1985 to 1999 (+0.6 ± 0.2 K), 
corresponding to a mean atmospheric temperature rise of 1.1 ± 0.2 K over the 20th 
century. According to various climate change scenarios, the future evolution of 
englacial temperatures was simulated to estimate when and under what conditions this 
high-elevation site on the Illimani summit glacier could become temperate in the 
future. Results show that this glacier might remain cold for more than 90 years in the 
case of a +2 K rise over the 21st century, but could become temperate in the first 20 
meters depth between 2050 and 2060 if warming reaches +5 K. 

Berthier, E., R. Le Bris, L. Mabileau, L. Testut, and F. Rémy (2009), Ice wastage on the 
Kerguelen Islands (49S, 69E) between 1963 and 2006, Journal of Geophysical Research, 
114, F03005, doi: 10.1029/2008JF001192. 

We observed the wastage of ice masses on the Kerguelen Islands (Indian Ocean, 49°S, 
69°E) using historical information and recent satellite data. Overall, the total ice-
covered area on the islands declined from 703 to 552 km² between 1963 and 2001, a 
reduction of 21%. The area of Cook ice cap (the main ice body) decreased 
asymmetrically from 501 to 403 km². West-flowing glaciers lost 11% of their area 
while east-flowing glaciers lost 28%. After 1991, the retreat rate accelerated from 1.9 
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km²/yr (1963-1991) to 3.8 km²/yr (1991-2003). Between 1963 and 2000, the ice 
volume loss was 25-30 km3, equivalent to an area-average ice thinning rate of 1.4-1.7 
m/yr. The glacial retreat took place in the climatic context of a relatively low level of 
precipitation (compared to the 1950s) and a ~1°C warming that occurred between 
1964 and 1982. The acceleration of the ice losses since, at least, the 1990s indicates 
that the state of the ice bodies on the Kerguelen Islands is still far from balanced. 
Together with other studies in Patagonia, South Georgia and Heard Island, our 
analysis is consistent with a pattern of strong and accelerated wastage of ice masses 
influenced by the Southern Ocean. 

 
Berthier, E., E. Schiefer, G.K.C. Clarke, B. Menounos, and F. Rémy (2010), Contribution of 
Alaskan glaciers to sea level rise derived from satellite imagery, Nature Geoscience, 3(2), 
92-95. 

Over the last 50 years, retreating glaciers and ice caps (GIC) contributed 0.5 mm/yr 
to sea level rise (SLR), and one third is believed to originate from ice masses 
bordering the Gulf of Alaska. However, these estimates of ice wastage in Alaska are 
based on methods that measure a limited number of glaciers and extrapolate the 
results to estimate ice loss for the many thousands of others. How these methods 
capture the complex pattern of decadal elevation changes at the scale of individual 
glacier and mountain range is unclear. Here, combining a comprehensive glacier 
inventory with elevation changes derived from sequential digital elevation models 
(DEMs), we found that, between 1962 and 2006, Alaskan glaciers lost 41.9±8.6 km3/yr 
water equivalent (w.e.) and contributed 0.12±0.02 mm/yr to SLR. Our ice loss is 34% 
lower than previous estimates. Reasons for our lower values include the higher spatial 
resolution of our glacier inventory and the reduction of ice thinning under debris and 
at the glacier margins which were not resolved in earlier work. Estimates of mass loss 
from GIC in other mountain regions could be subject to similar revisions.  

 
Sicart, J. E., R. Hock, P. Ribstein and J. P. Chazarin (2010), Sky long-wave radiation on 
tropical Andean glaciers: parameterization and sensitivity to atmospheric variables, 
Journal of Glaciology, 56 (199), 854–860. 
 Abstract. In mountain environments, long-wave radiation provides large amounts of melt 

energy for high-albedo snow surfaces and can dominate in the energy balance of snow 
or glacier surfaces under cloudy skies. This study examines the atmospheric controls of 
sky long-wave radiation at Zongo Glacier, Bolivia (16°15′S, 5060 m asl) over an entire 
year to derive a parameterization suitable for melt studies. Tropical glaciers are 
characterized by a pronounced seasonality of long-wave radiation due to cloud 
emissions during the wet season that strongly enhance the small emissivity of the thin 
and dry clear-sky atmosphere of very high altitudes. Clear-sky radiation is well 
simulated as a function of air temperature and humidity but changes in humidity 
atmospheric profiles from daytime to nighttime entail different optimized coefficients for 
hourly and daily data. Cloud emission, which enhances clear-sky emissivity by up to 
60% with an average of 20%, is estimated using daily atmospheric transmissivity for 
solar radiation. Partial correlations show that in high mountains cloud emissions 
control the variations of long-wave radiation, far more than clear-sky emissivity and 
temperature of the emitting low atmosphere. An independent test on Antizana Glacier in 
the humid tropics of Ecuador (0°28′S, 4860 m asl) indicates that the parameterization is 
robust for the Central Andes. 
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Sicart J. E., R. Hock, D. Six (2008), Glacier melt, air temperature, and energy balance 
in different climates: The Bolivian Tropics, the French Alps, and northern Sweden, 
Journal of Geophysical Research, 113, D24113, doi:10.1029/2008JD010406. 
 Abstract. This study investigates the physical basis of temperature-index models for three 

glaciers in contrasting climates: Zongo (16°S, 5050 m, Bolivian tropics), St Sorlin 
(45°N, 2760 m, French Alps), and Storglaciären (67°N, 1370 m, northern Sweden). The 
daily energy fluxes were computed during melt seasons and correlated with each other 
and with air temperature on and outside the glacier. The relative contribution of each 
flux to the correlations between temperature and melt energy was assessed. At Zongo, 
net short-wave radiation controls the variability of the energy balance and is poorly 
correlated to temperature. On tropical glaciers, temperature remains low and varies 
little, melt energy is poorly correlated to temperature, and degree-day models are not 
appropriate to simulate daily melting. At the yearly scale, the temperature is better 
correlated to the mass balance because it integrates the ablation and the accumulation 
processes over a long time period. At Sorlin, the turbulent sensible heat flux is greater 
because of higher temperatures, but melt variability is still controlled by short-wave 
radiation. Temperature correlates well with melt energy mainly through short-wave 
radiation, probably due to diurnal advection of warm air from the valley. At 
Storglaciären, high correlations between temperature and melt energy result from 
substantial variability and good correlations with temperature of the turbulent fluxes of 
sensible and latent heat, which both supply energy to the glacier. In the three climates, 
long-wave irradiance is the main source of energy, but its variatibility is small and 
poorly correlated to the temperature mainly because of cloud emissions 

 
Pomeroy, J. W., A. Rowlands, J. Hardy, T. Link, D. Marks, R. Essery, J. E. Sicart, and C. R. 
Ellis (2008), Spatial Variability of Shortwave Irradiance for Snowmelt in Forests, 
Journal of Hydrometeorology, 9(6), 1482–1490, doi: 10.1175/2008JHM86. 
 Abstract. The spatial variation of melt energy can influence snow cover depletion rates 

and in turn be influenced by the spatial variability of shortwave irradiance to snow. The 
spatial variability of shortwave irradiance during melt under uniform and discontinuous 
evergreen canopies at a U. S. Rocky Mountains site was measured, analyzed, and then 
compared to observations from mountain and boreal forests in Canada. All observations 
used arrays of pyranometers randomly spaced under evergreen canopies of varying 
structure and latitude. The spatial variability of irradiance for both overcast and clear 
conditions declined dramatically, as the sample averaging interval increased from 
minutes to 1 day. At daily averaging intervals, there was little influence of cloudiness on 
the variability of subcanopy irradiance; instead, it was dominated by stand structure. 
The spatial variability of irradiance on daily intervals was higher for the discontinuous 
canopies, but it did not scale reliably with canopy sky view. The spatial variation in 
irradiance resulted in a coefficient of variation of melt energy of 0.23 for the set of U. S. 
and Canadian stands. This variability in melt energy smoothed the snow-covered area 
depletion curve in a distributed melt simulation, thereby lengthening the duration of melt 
by 20%. This is consistent with observed natural snow cover depletion curves and shows 
that variations in melt energy and snow accumulation can influence snow-covered area 
depletion under forest canopies. 

 
Sicart, J. E., and Y. Arnaud (2007), Preliminary spectral characterization of snow in a 
high altitude tropical glacier and potential effects of impurities in snow on albedo of 
tropical glaciers, Hydrological Processes, 21(26), 3642-3644. 
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 Abstract. This paper presents some preliminary measurements of snow spectral 
reflectance on the tropical Bolivian Zongo glacier. Measurements show a correct 
agreement with theoretical spectral albedo of pure snow in the near infrared region, but 
lower values in the visible region (by 10-20%) probably due to aerosols contained in 
snow. Impurity contents ranged from 10 to 100 ppmw in one-week-old snow collected 
from the Zongo glacier, but measurements are scarce. Large amounts of snowfall partly 
compensate the proximity of dust sources in mid-latitude glaciers, whereas on outer-
tropical glaciers precipitations are not abundant and are very seasonal, and sources of 
aerosols are proximate. 

 
Sicart, J. E., P. Ribstein, B. Francou, B. Pouyaud, and T. Condom (2007), Glacier mass 
balance of tropical Zongo glacier, Bolivia, comparing hydrological and glaciological 
methods, Global Planetary Change, 59(1), 27-36. 
 Abstract. A glaciological program has been undertaken since 1991 on Zongo glacier in 

Bolivia (6000-4850 m asl, 2.4 km(2), 16 degrees S). This program involves mass balance 
measurements, hydrological studies and energy balance investigations. On outer-
tropical glaciers, melting and snow accumulation are both maximum in the wet season 
(austral summer), whereas the dry season (winter) is a period of low ablation. Errors on 
each term of the glaciological (stakes, snow-pits and integration method of the 
measurements) and hydrological (precipitation, discharge and runoff coefficient of free 
ice areas) methods are investigated to estimate the overall accuracy of the mass balance 
measurements. The hydrological budget is less than the glaciological one (mean 
difference: 60 cm w.e. per year), but both methods reproduce similar inter-annual 
variations. Errors in assessment of evaporation or water storage inside the glacier 
cannot explain the discrepancy. Errors using the glaciological method are large (around 
+/- 40 cm w.e. per year), but no bias can explain the departure from the hydrological 
balance. Errors on discharge measurements are small and the uncertainty on the runoff 
coefficient has a minor effect on the mass balance. We concluded that hydrological 
budgets are too low due to the catch deficiency of rain gauges and absence of 
precipitation measurements at high altitudes, emphasizing the difficulty to assess 
snowfall distribution in high mountainous basins. 

 
Berthier, E., Y. Arnaud, S. Ahmad, R. Kumar, P. Wagnon, and P. Chevallier (2007), Remote 
sensing estimates of glacier mass balances in the Himachal Pradesh (Western Himalaya, 
India). Remote Sensing of the Environment, 108(3), 327-338. 

Although they correspond to an important fraction of the total area of mountain 
glaciers (33,000 km2 out of 546,000 km2), Himalayan glaciers and their mass balance 
are poorly sampled. For example, between 1977 and 1999, the average area surveyed 
each year on the field was 6.8 km2 only. No direct mass balance measurement is 
available after 1999. To contribute to fill this gap, we use remote sensing data to 
monitor glacier elevation changes and mass balances in the Spiti/Lahaul region 
(32.2°N, 77.6°E, Himachal Pradesh, Western Himalaya, India). Our measurements 
are obtained by comparing a 2004 digital elevation model (DEM) to the 2000 SRTM 
(Shuttle Radar Topographic Mission) topography. The 2004 DEM is derived from two 
SPOT5 satellite optical images without any ground control points. This is achieved 
thanks to the good onboard geolocation of SPOT5 scenes and using SRTM elevations 
as a reference on the ice free zones. Before comparison on glaciers, the two DEMs are 
analyzed on the stable areas surrounding the glaciers where no elevation change is 
expected. Two different biases are detected. A long wavelength bias affects the SPOT5 
DEM and is correlated to an anomaly in the roll of the SPOT5 satellite. A bias is also 
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observed as a function of altitude and is attributed to the SRTM dataset. Both biases 
are modeled and removed to permit unbiased comparison of the two DEM on the 915 
km2 ice-covered area digitized from an ASTER image. On most glaciers, a clear 
thinning is measured at low elevations, even on debris-covered tongues. Between 1999 
and 2004, we obtain an overall specific mass balance of −0.7 to −0.85 m/a (water 
equivalent) depending on the density we use for the lost (or gained) material in the 
accumulation zone. This rate of ice loss is twice higher than the long-term (1977 to 
1999) mass balance record for Himalaya indicating an increase in the pace of glacier 
wastage. To assess whether these ice losses are size-dependant, all glaciers were 
classified into three samples according to their areal extent. All three samples show 
ice loss, the loss being higher for glaciers larger than 30 km2. In the case of the 
benchmark Chhota Shigri glacier, a good agreement is found between our satellite 
observations and the mass balances measured on the field during hydrological years 
2002–2003 and 2003–2004. Future studies using a similar methodology could 
determine whether similar ice losses have occurred in other parts of the Himalaya and 
may allow evaluation of the contribution of this mountain range to ongoing sea level 
rise. 

 
Caballero, Y., P. Chevallier, A. Boone, J. Noilhan, and F. Habets (2007), Calibration of the 
Interaction Soil Biosphere Atmosphere land-surface scheme on a small tropical high-
mountain basin (Cordillera Real, Bolivia), Wat.Resour.Res., 43(W07423 ). 

In a continuing effort to test the behaviour of Meteo France’s land-surface scheme, 
ISBA, under a wide range of hydro-meteorological conditions, the scheme was applied 
to a small tropical high mountain river basin of the Cordillera Real in Bolivia. The 
surface scheme simulates the key hydrological processes, such as evaporation, 
infiltration, surface runoff, and snow and soil ice freeze-thaw processes, which are 
essential for accurately simulating the hydrological behaviour of the river basin in this 
type of location. The 12.5 km² nonglacierized sub-basin has been divided into 
homogeneous surface units with irregular shapes, based on their elevation and soil 
surface characteristics. The ISBA scheme was applied to each unit and the water 
fluxes were transferred from one unit to another using a system dynamics modelling 
approach. The method was applied step by step, improving its efficiency based on 
several hypotheses. This special application of the ISBA scheme, combining the high 
mountain conditions and the tropical seasonality is discussed.  

 
Lopez, P., P. Sirguey, Y. Arnaud, B. Pouyaud, and P. Chevallier (2008), Snow cover 
monitoring of Northern Patagonia Icefield using MODIS satellite images (2000-2006), 
Global & Planetary Change, 61, 103-116. 

The snow cover of the Northern Patagonia Icefield (NPI) was monitored after 
applying the Normalized Difference Snow Index (NDSI) and the Red/NIR band ratio to 
134 Moderate Resolution Imaging Spectroradiometer (MODIS) images captured 
between 2000 and 2006. The final results show that the snow cover extent of the NPI 
fluctuates a lot in winter, in addition to its seasonal behaviour. The minimum snow 
cover extent of the period (3600 km2) was observed in March 2000 and the maximum 
(11,623 km2) in August 2001. We found that temperature accounts for approximately 
76% of the variation of the snow cover extent over the entire icefield. We also show 
two different regimes of winter snow cover fluctuations corresponding to the eastern 
and the western sides of the icefield. The seasonality of the snow cover on the western 
side was determined by temperature rather than precipitation, while on the east side 
the seasonality of the snow cover was influenced by the seasonal behaviour of both 
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temperature and precipitation. This difference can be explained by the two distinct 
climates: coastal and continental. The fluctuations in the winter snow cover extent 
were more pronounced and less controlled by temperature on the western side than on 
the eastern side of the icefield. Snow cover extent was correlated with temperature 
R2 = 0.75 and R2 = 0.74 for the western and eastern sides, respectively. Since limited 
meteorological data are available in this region, our investigation confirmed that the 
change in snow cover is an interesting climatic indicator over the NPI providing 
important insights in mass balance comprehension. Since snow and ice were 
distinguished snow cover fluctuations can be associated to fluctuations in the snow 
accumulation area of the NPI. In addition, days with minimum snow covers of summer 
season can be associated to the period in which Equilibrium Line Altitude (ELA) is the 
highest. 

 
Lopez, P., P. Chevallier, V. Favier, B. Pouyaud, F. Ordenes, and J. Oerlemans (2010), A 
regional view of fluctuations in glacier length in Southern South America, Global & 
Planetary Change, 71(1-2), 85-108. 

Fluctuations in the length of 72 glaciers in the Northern and Southern Patagonia 
Icefield (NPI and SPI, respectively) and the Cordillera Darwin Icefield (CDI) were 
estimated between 1945 and 2005. The information obtained from historical maps 
based on 1945 aerial photographs was compared to ASTER and Landsat satellite 
images and to information found in the literature. The majority of glaciers have 
retreated considerably, with maximum values of 12.2 km for Marinelli Glacier in the 
CDI, 11.6 km for O’Higgins Glacier in the SPI and 5.7 km for San Rafael Glacier in 
the NPI. Among the 20 glaciers that have retreated the most relative to their size, 
small (less than 50 km²) and medium (between 50 and 200 km²) glaciers are the most 
affected. However, no direct relation between glacier retreat and size was found for 
the 72 glaciers studied. The highest percentage retreat in the CDI was by the CDI-03 
Glacier (37.9%) and Marinelli Glacier (37.6%). In the SPI, relative retreats were 
heterogeneous and fluctuated between 27.2% (Amelia Glacier) and 0.4% (Viedma 
Glacier). In the NPI, relative retreat was very high for Strindberg and Cachet glaciers 
(35.9% and 27.6%, respectively) but for the remaining glaciers in this icefield it 
ranged between 11.8% (Piscis Glacier) and 3.6% (San Quintín Glacier). In addition 
to surface area, the surface slope (calculated on the basis of the DEM SRTM) was also 
related to the relative retreat and no straightforward relation was found. From a 
global point of view, we suggest that glacier retreat in the region is controlled firstly 
by atmospheric warming, as it has been reported in this area. Besides the general 
increase in temperature observed, no signal of a geographical pattern for the 
fluctuations in glacier length was found. Consequently, glaciers appear to initially 
react to local conditions most probably induced by their exposition, geometry and 
hypsometry. The heterogeneity of rates of retreat suggests that differences in basin 
geometry, glacier dynamics and response time are key features to explain fluctuations 
of each glacier.  

 
Suarez, W., P. Chevallier, B. Pouyaud, and P. Lopez (2008), Modelling the water balance in 
the glacierized Parón Lake basin (White Cordillera, Peru), Hydrological Sciences 
Journal, 53(1), 266-277. 

The White Cordillera (northern Peru), with a glacial surface of 631 km2, is the largest 
glacierized mountain range in the Tropics. Due to the lack of physical data from most 
of its sub-basins, it is difficult to build a physical model to estimate the water resource 
flowing from the glaciers at the present time and a fortiori for the future. The most 
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recent GCM simulations indicate a significant increase in the temperature and an 
accelerated shrinking of the glaciers. Consequently, we sought a model that would be 
based on the data available within instrumented sub-basins. A theoretical/conceptual 
water model makes it possible to quantify the local glacier contribution, which could 
then be applied to the other non-instrumented subbasins. A total of 43.6% of Parón 
Lake’s instrumented sub-basin area (47.4 km2) corresponds to glacial surfaces. 
Within this sub-basin, a smaller watershed (8.8 km²), called Artesón, with 72.9% 
glacierized area, has been accurately observed over a 5-year hydrological period 
(September 2000–August 2005). This information allowed us to calibrate the model 
over the Artesón sub-basin. The parameters obtained were applied to the entire Parón 
basin using the same modelling approach.  

 
Trouvé, E. et al., 2007, Combining Airborne Photographs and Spaceborne SAR Data to 
Monitor Temperate Glaciers: Potentials and Limits IEEE TRANSACTIONS ON 
GEOSCIENCE AND REMOTE SENSING, VOL. 45, NO. 4, APRIL 2007 

Abstract—Monitoring temperate glacier activity has become more and more 
necessary for economical and security reasons and as an indicator of the local effects 
of global climate change. Remote sensing data provide useful information on such 
complex geophysical objects, but they require specific processing techniques to cope 
with the difficult context of moving and changing features in high-relief areas. This 
paper presents the first results of a project involving four laboratories developing and 
combining specific methods to extract information from optical and synthetic aperture 
radar (SAR) data. Two different information sources are processed, namely: 1) 
airborne photography and 2) spaceborne C-band SAR interferometry. The difficulties 
and limitations of their processing in the context of Alpine glaciers are discussed and 
illustrated on two glaciers located in the Mont-Blanc area. The results obtained by 
aerial triangulation techniques provide digital terrain models with an accuracy that is 
better than 30 cm,which is compatible with the computation of volume balance and 
useful for precise georeferencing and slope measurement updating. The results 
obtained by SAR differential interferometry using European Remote Sensing Satellite 
images show that it is possible to measure temperate glacier surface velocity fields 
from October to April in one-day interferograms with approximately20-m ground 
sampling. This allows to derive ice surface strain rate fields required to model the 
glacier flow. These different measurements are complementary to results obtained 
during the summer from satellite optical data and ground measurements that are 
available only in few accessible points. 

 
Pétillot Ivan, Emmanuel Trouvé, Philippe Bolon, Andreea Julea, Yajing Yan, Michel Gay, 
and Jean-Michel Vanpe. Radar-Coding and Geocoding Lookup Tables for the Fusion of 
GIS and SAR Data in Mountain Areas IEEE GEOSCIENCE AND REMOTE SENSING 
LETTERS, VOL. 7, NO. 2, APRIL 2010 

Abstract—Synthetic aperture radar (SAR) image orthorectifi- cation induces an 
important alteration of information due to the side-looking geometry of SAR acquisition. 
In high-relief areas, the difficulty is increased by the foldover effect: The images 
acquired with low incidence angles cannot be registered by a bijective trans- formation 
like polynomial transformations, as usually proposed by conventional software. In this 
letter, a simple and efficient method, fitted to geocoded data and SAR images, is 
introduced to propose a generic coregistration tool that takes SAR geometry into 
account without requiring the exact sensor model, specific parameters, and precise 
navigation data. This method is based on a simulated SAR image and on the 
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computation of lookup tables (LUTs) that represent the coordinate transform from one 
geometry to the other. Results are presented on a high-relief area in the Alps, where 
satellite and airborne SAR images are used for glacier evolution monitoring. A 
comparison to other sensor-independent approaches has been performed, showing that 
the proposed ap- proach performs better in mountain areas. The resulting LUTs allow 
merging SAR data with the georeferenced data, either in ground geometry by 
orthorectifying the SAR information or in radar geometry by the inverse transformation, 
namely, radar- coding data from a geographic information system, to improve the 
analysis of SAR images and the result interpretation. 

 
Rabatel, A., V. Jomelli, B. Francou, P. Naveau, D. Grancher. 2008. The Little Ice Age in the 
tropical Andes of Bolivia (16°S) and its implication for a climate reconstruction. 
Quaternary Research, 70, 198-212, doi: 10.1016/j.yqres.2008.02.012. 

Abstract: Dating moraines by lichenometry enabled us to reconstruct glacier recession 
in the Bolivian Andes since the Little Ice Age maximum. On the 15 proglacial margins 
studied, we identified a system of ten principal moraines that marks the successive 
positions of glaciers over the last four centuries. Moraines were dated by performing 
statistical analysis of lichen measurements based on the extreme values theory. Like 
glaciers in many mid-latitude mountain areas, Bolivian glaciers reached their maximal 
extent during the second half of the 17th century. This glacier maximum coincides with 
the Maunder minimum of solar irradiance. By reconstructing the equilibrium-line 
altitude and changes in mass-balance, we think the glacier maximum may be due to a 
20 to 30% increase in precipitation and a 1.1 to 1.2 °C decrease in temperature 
compared with present conditions. In the early 18th century, glaciers started to retreat 
at varying rates until the late 19th to early 20th century; this trend was generally 
associated with decreasing accumulation rates. By contrast, glacier recession in the 
20th century was mainly the consequence of an increase in temperature and humidity. 
These results are consistent with observations made in the study region based on other 
proxies. 

 
Rabatel, A., J.-P. Dedieu, E. Thibert, A. Letreguilly, C. Vincent. 2008. Twenty-five years of 
equilibrium-line altitude and mass balance reconstruction on the Glacier Blanc, French 
Alps (1981-2005), using remote-sensing method and meteorological data. Journal of 
Glaciology, 54 (185), 307-314.  

ABSTRACT. Annual equilibrium-line altitude (ELA) and surface mass balance of 
Glacier Blanc, Ecrins region, French Alps, were reconstructed from a 25 year time 
series of satellite images (1981–2005). The remote-sensing method used was based on 
identification of the snowline, which is easy to discern on optical satellite images taken 
at the end of the ablation season. In addition, surface mass balances at the ELA were 
reconstructed for the same period using meteorological data from three nearby weather 
stations. A comparison of the two types of series reveals a correlation of r > 0.67 at the 
0.01 level of significance. Furthermore, the surface mass balances obtained from 
remote-sensing data are consistent with those obtained from field measurements on five 
other French glaciers (r ¼ 0.76, p < 0.01). Also consistent for Glacier Blanc is the total 
mass loss (10.8mw.e.) over the studied period. However, the surface mass balances 
obtained with the remote-sensing method show lower interannual variability. Given that 
the remote-sensing method is based on changes in the ELA, this difference probably 
results from the lower sensitivity of the surface mass balance to climate parameters at 
the ELA. 
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2-2 – Other references without abstracts 
 
Lejeune, Y., P. Wagnon, L. Bouilloud, P. Chevallier, P. Etchevers, E. Martin, J.E. Sicart, F. Habets, 

Melting of snow cover in a tropical mountain environment: processes and melting, J. 
Hydrometeorol., 8, 922-937, Doi: 10.1175/JHM590.1, 2007. 

Blard, P.H., J. Lavé, R. Pik, P. Wagnon & D. Bourlès, Persistence of full glacial conditions in the 
central Pacific until 15,000 years ago, Nature, 449, doi:10.1038/nature06142, 2007. 

Favier, V., A. Coudrain, E. Cadier, B. Francou, E. Ayabacha, L. Maisinsho, E. Praderio, M. Villacis, 
P. Wagnon, Evidences of underground circulations on Antizana ice covered volcano, 
Ecuador, Hydrol. Sci.J., 53(1), 278-291, 2008. 

Soruco, A., C. Vincent, B. Francou, P. Ribstein, T. Berger, J.E. Sicart, P. Wagnon, Y. Arnaud, V. 
Favier & Y. Lejeune, Mass balance of Glaciar Zongo, Bolivia, between 1956 and 2006, using 
glaciological, hydrological and geodetic methods, Ann. Glaciol., 50, 1-8, 2009. 

Winkler, M., I. Juen, T. Mölg, P. Wagnon, J. Gómez, and G. Kaser, Measured and modelled 
sublimation on the tropical Glaciar Artesonraju, Perú, The Cryosphere, 3, 21-30, 2009. 

Six, D., Wagnon, P., Sicart, J.E. & Vincent C., Meteorological controls on snow and ice ablation 
for two contrasting months on Glacier de Saint-Sorlin, France, Ann. Glaciol., 50(50), 66-72, 
2009. 

Gascoin, S., C. Kinnard, R. Ponce, S. Lhermitte, S. MacDonell, A. Rabatel. 2010. Glacier 
contribution to streamflow in two headwaters of the Huasco River, Dry Andes of 
Chile. The Cryosphere Discussion. 4, 2373–2413, doi:10.5194/tcd-4-2373-2010. 

Rabatel, A., H. Castebrunet, V. Favier, L. Nicholson, C. Kinnard. 2010. Glacier changes in 
the Pascua-Lama region, Chilean Andes (29°S): recent mass-balance and 50-year 
surface-area variations. The Cryosphere Discussion, 4, 2307–2336, doi:10.5194/tcd-4-
2307-2010. 

Nicholson, L., J. Marín, D. Lopez, A. Rabatel, F. Bown, A. Rivera. 2009.Glacier inventory 
of the upper Huasco valley: glacier characteristics, recent change and comparison 
to the upper Aconcagua valley, Chile. Annals of Glaciology, 53, 111-118 

Jomelli, V., V. Favier, A. Rabatel, D. Brunstein, G. Hoffmann, B. Francou. 2009. 
Fluctuations of glaciers in the tropical Andes over the last millennium and 
paleoclimatic implications: a review. Palaeogeography, Palaeoclimatology, 
Palaeoecology, 281, 269-282. doi:10.1016/j.palaeo.2008.10.033. 

Favier, V., M. Falvey, A. Rabatel, E. Praderio, D. Lopez. 2009. Interpreting discrepancies 
between discharge and precipitation 1 n in high altitude 2 area of Chile's Norte 
Chico region (26°S-32°S). Water Resources Research, 45, W02424, 
doi:10.1029/2008WR006802. 

Vincent, C., A. Soruco, D. Six and E. Le Meur, Glacier thickening and decay analysis from 
fifty years of glaciological observations performed on Argentière glacier, Mont-
Blanc area, France. Annals of glaciology, 50, 73-79, 2009. 

Le Meur, E., M. Gerbaux, M. Schäfer and C. Vincent, Disappearance of an Alpine glacier 
over the 21st Century simulated from modeling its future surface mass 
balance. Earth Planet. Sci. Lett., 10.1016/j.epsl.2007.07.022, (261) 367-374, 2007. 
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Vincent, C., E. Le Meur, D. Six, M. Funk, M. Hoelzle and S. Preunkert, Very high-elevation 
Mont Blanc glaciated areas not affected by the 20th Century climate 
change. Journal of Geophysical research, 112, (D9) D09120, 2007. 

Vincent, C., E. Le Meur, D. Six, P. Possenti, E. Lefebvre and M. Funk, Climate warming 
revealed by englacial temperatures at Col du Dôme (4250 m, Mont Blanc 
area). Geophys. Res. Lett., 10.1029/2007GL029933, 34, L16502, 2007. 

Vincent, C., S. Auclair and E. LeMeur, Outburst flood hazard for glacier-dammed 
Rochemelon lake (France), 56. Journal of Glaciology, 56, (195) 91-100, 2010. 

Vincent, C., S. Garambois, E. Thibert, E. Lefebvre, E. LeMeur and D. Six , Origin of the 
outburst flood from Tête Rousse glacier in 1892 (Mont-Blanc area, 
France). Journal of Glaciology, 56, (198) 688-698, 2010. 
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3- SEA ICE 
 
3-1- Main references with abstracts 
 
Girard, L., S. Bouillon, J. Weiss, D. Amitrano, T. Fichefet, V. Legat, A new modelling 
framework for sea ice ice mechanics based on elasto-brittle rheology, Annals Glaciol., 
52(57), 123-132, 2011 

We present a new modeling framework for sea-ice mechanics based on elasto-brittle 
(EB) behavior. The EB framework considers sea ice as a continuous elastic plate 
encountering progressive damage, simulating the opening of cracks and leads. As a 
result of long-range elastic interactions, the stress relaxation following a damage 
event can induce an avalanche of damage. Damage propagates in narrow linear 
features, resulting in a very heterogeneous strain field. Idealized simulations of the 
Arctic sea-ice cover are analyzed in terms of ice strain rates and contrasted to 
observations and simulations performed with the classical viscous–plastic (VP) 
rheology. The statistical and scaling properties of ice strain rates are used as the 
evaluation metric. We show that EB simulations give a good representation of the 
shear faulting mechanism that accommodates most sea-ice deformation. The 
distributions of strain rates and the scaling laws of ice deformation are well captured 
by the EB framework, which is not the case for VP simulations. These results suggest 
that the properties of ice deformation emerge from elasto-brittle ice-mechanical 
behavior and motivate the implementation of the EB framework in a global sea-ice 
model. 

 
Rampal, P., Weiss, J. and Marsan, D., Positive trend in the mean speed and deformation 
rate of Arctic sea ice, 1979-2007, J. Geophys. Res., 114, C05013, 2009  

Using buoy data from the International Arctic buoy Program, we found that the sea 
ice mean speed has substantially increased over the last 29 years (+17% per decade 
for winter; +8.5% for summer). A strong seasonal dependence of the mean speed is 
also revealed, with a maximum in October and a minimum in April. The sea ice mean 
strain rate also increased significantly over the period (+51% per decade for winter; 
+52% for summer). We check that these increases in both sea ice mean speed and 
deformation rate are unlikely a consequence of a stronger atmospheric forcing. 
Instead, they suggest that sea ice kinematics plays a fundamental role in the albedo 
feedback loop and sea ice decline: increasing deformation means stronger fracturing, 
hence more lead opening and therefore a decreasing albedo. This accelerates sea ice 
thinning in summer and delays refreezing in early winter, therefore decreasing the 
mechanical strength of the cover and allowing even more fracturing and larger 
drifting speed and deformation, and possibly a faster export of sea ice through the 
Fram Strait. The September minimum sea ice extent of 2007 might be a good 
illustration of this interplay between sea ice deformation and sea ice shrinking, as we 
found that for both winter 2007 and summer 2007, exceptionally large deformation 
rates affected the Arctic sea ice cover. 

 
 
Weiss, J., Schulson, E.M., Stern, H.L., Sea ice rheology from in-situ, satellite and 
laboratory observations: Fracture and friction, Earth Planet. Sci. Lett., 255, 1-8, 2007 

On the basis of an analysis of in-situ ice stresses and of satellite-derived ice strain-
rates, as well as of a comparison between field and laboratory behaviour, we describe 
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an alternative viewpoint for modelling sea ice deformation during winter. We propose 
that fracture and frictional sliding govern inelastic deformation over all spatial and 
temporal scales, even under small stresses. Consequently, winter and/or perennial sea 
ice does not behave as a viscous material, even at large scales, the normal flow rule is 
not obeyed (as observed during laboratory tests on sea ice samples harvested from the 
field), and stresses are highly intermittent and poorly correlated spatially. 

Pierre Mathiot, Bernard Barnier, Hubert Gallée, Jean Marc Molines, Julien Le Sommer, 
Mélanie Juza and Thierry Penduff, Introducing katabatic winds in global ERA40 fields to 
simulate their impacts on the Southern Ocean and sea-ice, OCEAN MODELLING 
  Volume: 35   Issue: 3   Pages: 146-160, doi:10.1016/j.ocemod.2010.07.001  

A medium resolution (10–20 km around Antarctica) global ocean/sea-ice model is 
used to evaluate the impact of katabatic winds on sea-ice and hydrography. A 
correction is developed to compensate for the drastic underestimation of these 
katabatic winds in the ERA40 reanalysis. This correction derives from a comparison 
over 1980–1989 between wind stress in ERA40 and those downscaled from ERA40 by 
the MAR regional atmospheric model. The representation in MAR of the continental 
orography surrounding the ocean, like the Transantarctic Mountains, and a specific 
parameterisation of roughness length in the planetary boundary layer yield a major 
improvement in the representation of katabatic winds along the coast of Antarctica. 
Wind stress directions at the first ocean point are remarkably similar in ERA40 and 
MAR, but MAR wind stress amplitudes are much greater. From this comparison, a 
scale factor constant in time (i.e. no seasonal variation) but spatially varying 
(decreasing off-shore over a distance of about 150 km) is created for the meridional 
and zonal wind stress components and adapted to the wind vector. The correction thus 
consists of a local amplification of the amplitude of the 6-hourly ERA40 wind vector 
components at ocean points near the coast. The impact of katabatic wind correction is 
investigated in 40-year long twin simulations of a global ocean/sea-ice model. The 
wind stress over polynyas is increased by a factor of 2, and amplitudes of sensible and 
latent air–sea heat exchanges are increased by 28% and 18%, respectively. Sea-ice 
thickness and ice-fraction near the coast of Antarctica show a marked decrease. The 
amplified katabatic winds also increase the extent of coastal polynyas by 24% (i.e. the 
total polynya area is augmented by 60,000 km3 around Antarctica), and the winter 
sea-ice production in polynyas is greater by 42%. Outside polynyas, the impact is a 
reduction of sea-ice production in the Southern Ocean sea-ice pack. Impacts on the 
ocean circulation are also marked. Katabatic wind amplification strengthens the local 
overturning in coastal polynyas with a more intense transformation of Antarctic 
Surface Waters into colder and denser shelf waters (in total over all polynyas around 
Antarctica, the overturning reaches 4.7 Sv in annual mean, an increase of 1.8 Sv, and 
peaks to 6 Sv in winter). The modification of shelf water properties and of the zonal 
surface winds yields an increase of the amplitude of the seasonal cycle of the Antarctic 
Coastal Current. 

Houssais M.-N., Herbaut C., Schlichtholz P. and C. Rousset, Arctic salinity anomalies and 
their link to the North Atlantic during positive phases of the Arctic Oscillation, Progress 
in Oceanogr., 73, 160-189, 2007 
 Many of the changes observed during the last two decades of the 20th century in the 

Arctic Ocean and adjacent seas have been linked to the concomitant abrupt decrease 
of the sea level pressure associated with a shift of the Arctic Oscillation (AO) to a 
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positive phase, which persisted throughout the mid 1990s. The present study 
investigates modifications in the ocean circulation and in the fresh water storage and 
transport by sea ice in the context of idealized ice-ocean experiments forced by 
atmospheric surface wind-stress or temperature anomalies representative of a positive 
AO index. Wind stress anomalies representative of a positive AO index generate a 
decrease of the fresh water content of the upper Arctic Ocean, which is mainly 
concentrated in the eastern Arctic. Sea ice contributes to about two-third of this 
salinification. The volume of ice exported through Fram Strait increases by 20% 
primarily due to thicker ice advected into the strait from the northern Greenland 
sector, the increase of ice drift velocities having comparatively less influence. The 
export anomaly is comparable to those observed during events of Great Salinity 
Anomalies and induces substantial freshening in the Greenland Sea, which in turn 
contributes to increasing the fresh water export to the North Atlantic via Denmark 
Strait. With a fresh water export anomaly of 7 mSv, the latter is the main fresh water 
supplier to the subpolar North Atlantic. The removal of fresh water by sea ice mainly 
occurs through enhanced thin ice growth in the eastern Arctic. Winter SAT anomalies 
have little impact on the thermodynamic sea ice response, which is rather dictated by 
wind driven ice deformation changes. The global sea ice mass balance of the western 
Arctic indicates almost no net sea ice melt due to competing seasonal thermodynamic 
processes. The surface freshening and likely enhanced sea ice melt observed in the 
western Arctic during the 1990s should therefore be attributed to extra-winter 
atmospheric effects, such as the noticeable recent spring–summer warming in the 
Canada–Alaska sector, or to other modes of atmospheric circulations than the AO, 
especially in relation to the North Pacific variability. 

 
Williams, G. D., Hindell M., Houssais M.-N. , Tamura T. and I. C. Field, Upper ocean 
stratification and sea ice growth rates during the summer-fall transition, as revealed by 
Elephant seal foraging in the Adélie Depression, East Antarctica, Ocean Sci. Discuss., 7, 
1–40. 

 Southern elephant seals (Mirounga leonina), fitted with Conductivity-Temperature-
Depth sensors at Macquarie Island in January 2005 and 2010, collected unique 
oceanographic observations of the Adélie and George V Land continental shelf (140-
148ºE) during  the summer-fall transition (late February through April). This is a key 
region of dense shelf water formation from enhanced sea ice growth/brine-rejection in 
the local coastal polynyas. In 2005 two seals occupied the continental shelf break near 
the grounded icebergs at the northern end of the Mertz Glacier Tongue for nearly two 
weeks at the onset of sea ice growth. In 2010, after that years calving of the Mertz 
Glacier Tongue, two seals migrated to the same region but penetrated much further 
southwest across the Adélie Depression and occupied the Commonwealth Bay polynya 
from March through April. Here we present unique observations of the regional 
oceanography during the summer-fall transition, in particular the upper ocean 
stratification across the Adélie Depression, including alongside iceberg C28 that 
calved from the Mertz Glacier and the convective overturning of the deep remnant 
seasonal mixed layer in Commonwealth Bay from sea ice growth (7.5–12.5 cm s−1). 
Heat and freshwater budgets to 200–300m are used to estimate the ocean heat 
content, heat flux and sea ice growth rates. We speculate that the continuous foraging 
by the seals within Commonwealth Bay during the summer-fall transition was due to 
favorable feeding conditions resulting from the convective overturning of the deep 
seasonal mixed layer and chlorophyll maximum that is a reported feature of this 
location.  
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Krinner, G., A. Rinke, K. Dethloff, et I. Gorodetskaya. Impact of prescribed Arctic sea ice 
thickness in simulations of the present and future climate. Climate Dynamics, 35, 619-
633, 2010. 

This paper describes atmospheric general circulation model climate change 
experiments in which the Arctic sea-ice thickness is either fixed to 3 m or somewhat 
more realistically parameterized in order to take into account essentially the spatial 
variability of Arctic sea-ice thickness, which is, to a first approximation, a function of 
ice type (perennial or seasonal). It is shown that, both at present and at the end of the 
twenty-first century (under the SRES-A1B greenhouse gas scenario), the impact of a 
variable sea-ice thickness compared to a uniform value is essentially limited to the 
cold seasons and the lower troposphere. However, because first-year ice is scarce in 
the Central Arctic today, but not under SRES-A1B conditions at the end of the twenty-
first century, and because the impact of a sea-ice thickness reduction can be masked 
by changes of the open water fraction, the spatial and temporal patterns of the effect 
of sea-ice thinning on the atmosphere differ between the two periods considered. As a 
consequence, not only the climate simulated at a given period, but also the simulated 
Arctic climate change over the twenty-first century is affected by the way sea-ice 
thickness is prescribed. 

 
3-2 - Other references: 
 
Marsan, D., Weiss, J., Metaxian, J.P., Grangeon, J., Roux, P.F. and Haapala, J., Low 
frequency bursts of horizontally-polarized waves in the Arctic sea ice cover: a signature 
of remote regional-scale icequakes?, J. Glaciol., in press 
 
Rampal, P., Weiss, J., Marsan, D. and Bourgoin, M., Arctic sea ice velocity field: general 
circulation and turbulent-like fluctuations, J. Geophys. Res., 114, C10014, 2009 
 
Girard, L., Weiss, J., Molines, J.M., Barnier, B. and Bouillon, S., Evaluation of high 
resolution sea ice models on the basis of statistical and scaling properties of Arctic sea 
ice drift and deformation, J. Geophys. Res., 114, C08015, 2009 
 
Weiss, J. and Schulson, E.M., Coulombic faulting from the grain scale to the geophysical 
scale: Lessons from ice, J. Phys. D: Appl. Phys., 42, 214017, 2009 
 
Weiss, J., Marsan, D. and Rampal, P., Space and time scaling laws induced by the 
multiscale fracturing of the Arctic sea ice cover, in Scaling in Solid Mechanics , IUTAM 
Bookseries Vol. 10, Springer (P. Borodich Ed.), 101-109, 2009 
 
Weiss, J., Intermittency of principal stress directions within Arctic sea ice, Phys. Rev. E, 
77, 056106, 2008 
 
Rampal, P., Weiss, J., Marsan, D., Lindsay, R., Stern, H., Scaling properties of sea ice 
deformation from buoy dispersion analysis, J. Geophys. Res., 113, C03002, 2008 
 
Germe, A., Houssais M.-N., Herbaut C. and C. Cassou, Greenland Sea sea ice variability 
over 1979-2007 and its link to the surface atmosphere, J. Geophys. Res., submitted, 2010.  
  
Schlichtholz, P. and M.-N. Houssais, Forcing of oceanic heat anomalies by air-sea 
interactions in the Nordic Seas area, J. Geophys. Res., doi:10.1029/2009JC005944, 2010. 
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4- ICE SHEETS 
 
4-1 Dynamics and modelling 
 
4-1-1 - Main references with abstracts 
 
Alvarez-Solas, J., S. Charbit, C. Ritz, D. Paillard, G. Ramstein and C. Dumas, Links between 
ocean temperature and iceberg discharge during Heinrich events. Nature 
Geoscience, 10.1038/ngeo752, 10.1038/ngeo752, (122126) 2010. 

Palaeoclimate records have revealed the presence of millennial-scale climate 
oscillations throughout the last glacial period1. Six periods of extreme cooling in the 
Northern Hemisphere—known as Heinrich events—were marked by an enhanced 
discharge of icebergs into the North Atlantic Ocean2,3, increasing the deposition of 
ice-rafted debris2. Increased sliding at the base of ice sheets as a result of basal 
warming has been proposed to explain the iceberg pulses4–6, but recent 
observations7,8 suggest that iceberg discharge is related to a strong coupling between 
ice sheets, ice shelves and ocean conditions. Here we use a conceptual numerical 
model to simulate the effect of ocean temperature on ice-shelf width, as well as the 
impact of the resultant changes in ice-shelf geometry on ice-stream velocities. Our 
results demonstrate that ocean temperature oscillations affect the basal melting of the 
ice shelf and will generate periodic pulses of iceberg discharge in an ice sheet with a 
fringing shelf. We also find that the irregular occurrence of Heinrich events seen in 
the palaeoclimate records can be simulated by periodic ocean forcing combined with 
varying accumulation rates of the ice sheet. Our model simulations support a link 
between millennial-scale ocean temperature variability and Heinrich events during 
the last glacial period. 

 
Charbit, S., C. Ritz, G. Philippon, V. Peyaud and M. Kageyama, Numerical reconstructions 
of the Northern Hemisphere ice sheets through the last glacial-interglacial cycle. Climate 
of the Past, 15-37, 2007. 

A 3-dimensional thermo-mechanical ice-sheet model is used to simulate the evolution 
of the Northern Hemisphere ice sheets through the last glacial-interglacial cycle. The 
ice-sheet model is forced by the results from six different atmospheric general 
circulation models (AGCMs). The climate evolution over the period under study is 
reconstructed using two climate equilibrium simulations performed for the Last 
Glacial Maximum (LGM) and for the present-day periods and an interpolation 
through time between these snapshots using a glacial index calibrated against the 
GRIP 18O record. Since it is driven by the timing of the GRIP signal, the temporal 
evolution of the ice volume and the ice-covered area is approximately the same from 
one simulation to the other. However, both ice volume curves and spatial distributions 
of the ice sheets present some major differences from one AGCM forcing to the other. 
The origin of these differences, which are most visible in the maximum amplitude of 
the ice volume, is analyzed in terms of differences in climate forcing. This analysis 
allows for a partial evaluation of the ability of GCMs to simulate climates consistent 
with the reconstructions of past ice sheets. Although some models properly reproduce 
the advance or retreat of ice sheets in some specific areas, none of them is able to 
reproduce both North American or Eurasian ice complexes in full agreement with 
observed sea-level variations and geological data. These deviations can be attributed 
to shortcomings in the climate forcing and in the LGM ice-sheet reconstruction used 
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as a boundary condition for GCM runs, but also to missing processes in the ice-sheet 
model itself. 
 

Peyaud, V., C. Ritz and G. Krinner, Modelling the Early Weichselian Eurasian ice sheets: 
role of ice shelves and influence of ice-dammed lakes. Climate of the Past, 375-386, 2007. 

During the last glaciation, a marine ice sheet repeatedly appeared in Eurasia. The 
floating part of this ice sheet was essential to its rapid extension over the seas. During 
the earliest stage (90 kyr BP), large ice-dammed lakes formed south of the ice sheet. 
These lakes are believed to have cooled the climate at the margin of the ice. Using an 
ice sheet model, we investigated the role of ice shelves during the inception and the 
influence of ice-dammed lakes on the ice sheet evolution. Inception in Barents sea 
seems due to thickening of a large ice shelf. We observe a substantial impact of the 
lakes on the evolution of the ice sheets. Reduced summer ablation enhances ice extent 
and thickness, and the deglaciation is delayed by 2000 years. 

 
Gagliardini, O., G. Durand, T. Zwinger, R. Hindmarsh and E. LeMeur, Coupling of ice-shelf 
melting and buttressing is a key process in ice-sheets dynamics.  Geophys. Res. Lett.,  
10.1029/2010GL043334,  10.1029/2010GL043334,  (L14501) 2010. 

Increase in ice-shelf melting is generally presumed to have triggered recent coastal 
ice-sheet thinning. Using a full-Stokes finite element model which includes a proper 
description of the grounding line dynamics, we investigate the impact of melting below 
ice shelves. We argue that the influence of ice-shelf melting on the ice-sheet dynamics 
induces a complex response, and the first naive view that melting inevitably leads to 
loss of grounded ice is erroneous. We demonstrate that melting acts directly on the 
magnitude of the buttressing force by modifying both the area experiencing lateral 
resistance and the ice-shelf velocity, indicating that the decrease of back stress 
imposed by the ice-shelf is the prevailing cause of inland dynamical thinning. We 
further show that feedback from melting and buttressing forces can lead to nontrivial 
results, as an increase in the average melt rate may lead to inland ice thickening and 
grounding line advance.  

 
Durand, G., O. Gagliardini, B. De Fleurian, T. Zwinger and E. Le Meur , Marine Ice-Sheet 
Dynamics : Hysteresis and Neutral Equilibrium. J. of Geophys. Res,  
10.1029/2008JF001170,  10.1029/2008JF001170, (114) F03009, 2009. 

The stability of marine ice sheets and outlet glaciers is mostly controlled by the 
dynamics of their grounding line, i.e., where the bottom contact of the ice changes 
from bedrock or till to ocean water. The last report of the Intergovernmental Panel on 
Climate Change has clearly underlined the poor ability of models to capture the 
dynamics of outlet glaciers. Here we present computations of grounding line dynamics 
on the basis of numerical solutions of the full Stokes equations for ice velocity, 
coupled with the evolution of the air ice– and sea ice–free interfaces. The grounding 
line position is determined by solving the contact problem between the ice and a rigid 
bedrock using the finite element code Elmer. Results of the simulations show that 
marine ice sheets are unstable on upsloping beds and undergo hysteresis under 
perturbation of ice viscosity, confirming conclusions from boundary layer theory. The 
present approach also indicates that a 2-D unconfined marine ice sheet sliding over a 
downsloping bedrock does not exhibit neutral equilibrium. It is shown that mesh 
resolution around the grounding line is a crucial issue. A very fine grid size (<100 m 
spacing) is needed in order to achieve consistent results. 
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Parrenin, F., et al. 1-D ice flow modelling at EPICA Dome C and Dome Fuji, East 
Antarctica. Climate of the Past, 3, 243-259, 2007. 

One-dimensional (1-D) ice flow models are used to construct the age scales at the 
Dome C and Dome Fuji drilling sites (East Antarctica). The poorly constrained 
glaciological parameters at each site are recovered by fitting independent age 
markers identified within each core. We reconstruct past accumulation rates, that are 
larger than those modelled using the classical vapour saturation pressure relationship 
during glacial periods by up to a factor 1.5. During the Early Holocene, changes in 
reconstructed accumulation are not linearly related to changes in ice isotopic 
composition. A simple model of past elevation changes is developed and shows an 
amplitude variation of 110–120m at both sites. We suggest that there is basal melting 
at DomeC (0.56±0.19 mm/yr). The reconstructed velocity profile is highly non-linear 
at both sites, which suggests complex ice flow effects. This induces a non-linear 
thinning function in both drilling sites, which is also characterized by bumps 
corresponding to variations in ice thickness with time. 

 
Colleoni, F., G. Krinner, et M. Jakobsson. The role of an Arctic ice shelf in the climate of 
the last glacial maximum of MIS 6 (140 ka). Quat. Sci. Res., 29, 3590-3597, 2010. 

During the last decade, Arctic icebreaker and nuclear submarine expeditions have 
revealed large-scale Pleistocene glacial erosion on the Lomonosov Ridge, Chukchi 
Borderland and along the Northern Alaskan margin indicating that the glacial Arctic 
Ocean hosted large Antarctic-style ice shelves. Dating of sediment cores indicates that 
the most extensive and deepest ice grounding occurred during Marine Isotope Stage 
(MIS) 6. The precise extents of Pleistocene ice shelves in the Arctic Ocean are 
unknown but seem comparable to present existing Antarctic ice shelves. How would 
an Antarctic-style ice shelf in the MIS 6 Arctic Ocean influence the Northern 
Hemisphere climate? Could it have impacted on the surface mass balance (SMB) of 
the MIS 6 Eurasian ice sheet and contributed to its large southward extent? We use an 
Atmospheric General Circulation Model (AGCM) to investigate the climatic impacts 
of both a limited MIS 6 ice shelf covering portions of the Canada Basin and a fully ice 
shelf covered Arctic Ocean. The AGCM results show that both ice shelves cause a 
temperature cooling of about 3 °C over the Arctic Ocean mainly due to the combined 
effect of ice elevation and isolation from the underlying ocean heat fluxes stopping the 
snow cover from melting during summer. The calculated SMB of the ice shelves are 
positive. The ice front horizontal velocity of the Canada Basin ice shelf is estimated 
to ≈ 1 km yr−1 which is comparable to the recent measurements of the Ross ice shelf, 
Antarctica. The existence of a large continuous ice shelf covering the entire Arctic 
Ocean would imply a mean annual velocity of icebergs of ≈12 km yr−1 through the 
Fram Strait. Our modeling results show that both ice shelf configurations could be 
viable under the MIS 6 climatic conditions. However, the cooling caused by these ice 
shelves only affects the Arctic margins of the continental ice sheets and is not strong 
enough to significantly influence the surface mass balance of the entire MIS 6 
Eurasian ice sheet. 
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4-2 Surface mass-balance 
 
4-2-1 - Main references with abstracts 
 
O. Magand, G. Picard, L. Brucker, M. Fily, and C. Genthon Snow melting bias in 
microwave mapping of Antarctic snow accumulation The Cryosphere, 2, 109-115, 2008  

Abstract. Satellite records of microwave surface emission have been used to 
interpolate in-situ observations of Antarctic surface mass balance (SMB) and build 
continental-scale maps of accumulation. Using a carefully screened subset of SMB 
measurements in the 90°–180° E sector, we show a reasonable agreement with 
microwave-based accumulation map in the dry-snow regions, but large discrepancies 
in the coastal regions where melt occurs during summer. Using an emission 
microwave model, we explain the failure of microwave sensors to retrieve SMB by the 
presence of layers created by melt/refreeze cycles. We conclude that regions 
potentially affected by melting should be masked-out in microwave-based 
interpolation schemes.

 
Urbini S., Frezzotti M., Gandolfi S., Vincent C., Scarchilli C., Vittuari L., Fily M., 2008, 
Historical behaviour of Dome C and Talos Dome (East Antarctica) as investigated by 
snow accumulation and ice velocity measurements., Global and Planetary Change, 60, 
576-588. 

Ice divide–dome behaviour is used for ice sheet mass balance studies and 
interpretation of ice core records. In order to characterize the historical behaviour 
(last 400 yr) of Dome C and Talos Dome (East Antarctica), ice velocities have been 
measured since 1996 using a GPS system, and the palaeo-spatial variability of snow 
accumulation has been surveyed using snow radar and firn cores. The snow 
accumulation distribution of both domes indicates distributions of accumulation that 
are non-symmetrical in relation to dome morphology. Changes in spatial distributions 
have been observed over the last few centuries, with a decrease in snow accumulation 
gradient along the wind direction at Talos Dome and a counter-clockwise rotation of 
accumulation distribution in the northern part of Dome C. Observations at Dome C 
reveal a significant increase in accumulation since the 1950s, which could correlate to 
altered snow accumulation patterns due to changes in snowfall trajectory. Snow 
accumulation mechanisms are different at the two domes: a wind-driven snow 
accumulation process operates at Talos Dome, whereas snowfall trajectory direction 
is the main factor at Dome C. Repeated GPS measurements made at Talos Dome have 
highlighted changes in ice velocity, with a deceleration in the NE portion, acceleration 
in the SW portion and migration of dome summit, which are apparently correlated 
with changes in accumulation distribution. The observed behaviour in accumulation 
and velocity indicates that even the most remote areas of East Antarctica have 
changed from a decadal to secular scale. 

 
Magand, O., C. Genthon, M. Fily, G. Krinner, G. Picard, M. Frezzotti, and A. A. Ekaykin, 
2007, An up-to-date quality-controlled surface mass balance data set for the 90 180E 
Antarctica sector and 1950 2005 period, J. Geophys. Res., 112, D12106, 
doi:10.1029/2006JD007691. 

  On the basis of thousands of surface mass balance (SMB) field measurements over the 
entire Antarctic ice sheet it is currently estimated that more than 2 Gt of ice 
accumulate each year at the surface of Antarctica. However, these estimates suffer 
from large uncertainties. Various problems affect Antarctic SMB measurements, in 
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particular, limited or unwarranted spatial and temporal representativeness, 
measurement inaccuracy, and lack of quality control. We define quality criteria on the 
basis of (1) an up-to-date review and quality rating of the various SMB measurement 
methods and (2) essential information (location, dates of measurements, time period 
covered by the SMB values, and primary data sources) related to each SMB data. We 
apply these criteria to available SMB values from Queen Mary to Victoria lands (90–
180E Antarctic sector) from the early 1950s to present. This results in a new set of 
observed SMB values for the 1950–2005 time period with strong reduction in density 
and coverage but also expectedly reduced inaccuracies and uncertainties compared to 
other compilations. The quality-controlled SMB data set also contains new results 
from recent field campaigns (International Trans-Antarctic Scientific Expedition 
(ITASE), Russian Antarctic Expedition (RAE), and Australian National Antarctic 
Research Expeditions (ANARE) projects) which comply with the defined quality 
criteria. A comparative evaluation of climate model results against the quality-
controlled updated SMB data set and other widely used ones illustrates that such 
Antarctic SMB studies are significantly affected by the quality of field SMB values 
used as reference. 

 
Fettweis, X., E. Hanna, H. Gallée, P. Huybrechts and M. Erpicum, Estimation of tfe 
Greenland ice sheet surface mass balance for the 20th and 21st centuries. The 
Cryosphere, 2, 117-129, 2008. 

 Results from a regional climate simulation (1970 2006) over the Greenland ice sheet 
(GrIS) reveals that more than 97% of the interannual variability of the modelled 
Surface Mass Balance (SMB) can be explained by the GrIS summer temperature 
anomaly and the GrIS annual precipitation anomaly. This multiple regression is then 
used to empirically estimate the GrIS SMB since 1900 from climatological time series. 
The projected SMB changes in the 21st century are investigated with the set of 
simulations performed with atmosphere-ocean general circulation models (AOGCMs) 
of the Fourth Assessment Report of the Intergovernmental Panel on Climate Change 
(IPCC AR4). These estimates show that the high surface mass loss rates of recent 
years are not unprecedented in the GrIS history of the last hundred years. The 
minimum SMB rate seems to have occurred earlier in the 1930s and corresponds to a 
zero SMB rate. The AOGCMs project that the SMB rate of the 1930s would be 
common at the end of 2100. The temperature would be higher than in the 1930s but 
the increase of accumulation in the 21st century would partly offset the acceleration of 
surface melt due to the temperature increase. However, these assumptions are based 
on an empirical multiple regression only validated for recent/current climatic 
conditions, and the accuracy and time homogeneity of the data sets and AOGCM 
results used in these estimations constitute a large uncertainty. 

 
Fettweis, X., J.P. Van Ypersele, H. Gallée, F. Lefebre and W. Lefebvre, The 1979-2005 
Greenland ice sheet melt extent from passive microwave data using and improved 
version of the melt retrieval XPGR algorithm. Geophysical Research 
Letter, 10.1029/2006GL028787, 34, L05502, 2007. 

Analysis of passive microwave satellite observations over the Greenland ice sheet 
reveals a significant increase in surface melt over the period 1979-2005. Since 1979, 
the total melt area was found to have increased by +1.22 x 10(7) km(2). An improved 
version of the cross-polarized gradient ratio (XPGR) technique is used to identify the 
melt from the brightness temperatures. The improvements in the melt retrieval XPGR 
algorithm as well as the surface melt acceleration are discussed with results from a 

 41

http://www-lgge.obs.ujf-grenoble.fr/publiscience/resume.php?request=abstract&doi=10.1029/2006GL028787&type=1&site=lgge


 

coupled atmosphere-snow regional climate model. From 1979 to 2005, the ablation 
period has been increasing everywhere over the melt zone except in the regions where 
the model simulates an increased summer snowfall. Indeed, more snowfall in summer 
decreases the liquid water content of the snowpack, raises the albedo and therefore 
reduces the melt. Finally, the observed melt acceleration over the Greenland ice sheet 
is highly correlated with both Greenland and global warming suggesting a continuing 
surface melt increase in the future. 

 
Eisen, O., et al. Snow accumulation in East Antarctica. Review of Geophysics, 
 10.1029/2006RG000218,  46, (46) RG2001, 2008. 

The East Antarctic Ice Sheet is the largest, highest, coldest, driest, and windiest ice 
sheet on Earth. Understanding of the surface mass balance (SMB) of Antarctica is 
necessary to determine the present state of the ice sheet, to make predictions of its 
potential contribution to sea level rise, and to determine its past history for 
paleoclimatic reconstructions. However, SMB values are poorly known because of 
logistic constraints in extreme polar environments, and they represent one of the 
biggest challenges of Antarctic science. Snow accumulation is the most important 
parameter for the SMB of ice sheets. SMB varies on a number of scales, from small-
scale features (sastrugi) to ice-sheet-scale SMB patterns determined mainly by 
temperature, elevation, distance from the coast, and wind-driven processes. In situ 
measurements of SMB are performed at single points by stakes, ultrasonic sounders, 
snow pits, and firn and ice cores and laterally by continuous measurements using 
ground-penetrating radar. SMB for large regions can only be achieved practically by 
using remote sensing and/or numerical climate modeling. However, these techniques 
rely on ground truthing to improve the resolution and accuracy. The separation of 
spatial and temporal variations of SMB in transient regimes is necessary for accurate 
interpretation of ice core records. In this review we provide an overview of the various 
measurement techniques, related difficulties, and limitations of data interpretation; 
describe spatial characteristics of East Antarctic SMB and issues related to the spatial 
and temporal representativity of measurements; and provide recommendations on how 
to perform in situ measurements 

 
Krinner, G., B. Guicherd, K. Ox, C. Genthon and O. Magand, Influence of oceanic 
boundary conditions in simulations of Antarctic climate and surface mass balance 
change during the coming century. J. of Climate, 10.1175/2007JCLI1690.1, 21, 938-
962, 2008. 

This article reports on high-resolution (60 km) atmospheric general circulation model 
simulations of the Antarctic climate for the periods 1981-2000 and 2081-2100. The 
analysis focuses on the surface mass balance change, one of the components of the 
total ice sheet mass balance, and its impact on global eustatic sea level. Contrary to 
previous simulations, in which the authors directly used sea surface boundary 
conditions produced by a coupled ocean-atmosphere model for the last decades of 
both centuries, an anomaly method was applied here in which the present-day 
simulations use observed sea surface conditions, while the simulations for the end of 
the twenty-first century use the change in sea surface conditions taken from the 
coupled simulations superimposed on the present-day observations. It is shown that 
the use of observed oceanic boundary conditions clearly improves the simulation of 
the present-day Antarctic climate, compared to model runs using boundary conditions 
from a coupled climate model. Moreover, although the spatial patterns of the 
simulated climate change are similar, the two methods yield significantly different 
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estimates of the amplitude of the future climate and surface mass balance change over 
the Antarctic continent. These differences are of similar magnitude as the intermodel 
dispersion in the current Intergovernmental Panel on Climate Change (IPCC) 
exercise: selecting a method for generating boundary conditions for a high-resolution 
model may be just as important as selecting the climate model itself. Using the 
anomaly method, the simulated mean surface mass balance change over the grounded 
ice sheet from 1981-2000 to 2081-2100 is 43-mm water equivalent per year, 
corresponding to a eustatic sea level decrease of 1.5 mm yr-1. A further result of this 
work is that future continental-mean surface mass balance changes are dominated by 
the coastal regions, and that high-resolution models, which better resolve coastal 
processes, tend to predict stronger precipitation changes than models with lower 
spatial resolution. 

 
Krinner, G., O. Magand, I. Simmonds, C. Genthon, and J.-L. Dufresne. Simulated Antarctic 
precipitation and surface mass balance at the end of the 20th and 21st centuries. Clim. 
Dyn., 28, 215-230, 2007.  

The aim of this work is to assess potential future Antarctic surface mass balance 
changes, the underlying mechanisms, and the impact of these changes on global sea 
level. To this end, this paper presents simulations of the Antarctic climate for the end 
of the twentieth and twenty-first centuries. The simulations were carried out with a 
stretched-grid atmospheric general circulation model, allowing for high horizontal 
resolution (60 km) over Antarctica. It is found that the simulated present-day surface 
mass balance is skilful on continental scales. Errors on regional scales are moderate 
when observed sea surface conditions are used; more significant regional biases 
appear when sea surface conditions from a coupled model run are prescribed. The 
simulated Antarctic surface mass balance increases by 32 mm water equivalent per 
year in the next century, corresponding to a sea level decrease of 1.2 mm year−1 by the 
end of the twenty-first century. This surface mass balance increase is largely due to 
precipitation changes, while changes in snow melt and turbulent latent surface fluxes 
are weak. The temperature increase leads to an increased moisture transport towards 
the interior of the continent because of the higher moisture holding capacity of 
warmer air, but changes in atmospheric dynamics, in particular off the Antarctic 
coast, regionally modulate this signal. 
 

4-2-2 – Other references without abstracts 
 

G. Picard, M. Fily, H. Gallee, Surface melting derived from microwave radiometers: a 
climatic indicator in Antarctica. Annals of Glaciology, vol 46, pp 29-34, 2007  
 
Genthon, C., Magand, O., Krinner, G., Fily, M., 2009, Do climate models underestimate 
snow accumulation on the Antarctic plateau? A reevalutation of / from in-situ 
observations in East Wilkes and – Victoria Lands, Annals of Glaciology, 50, 61-65. 
 
Genthon, C., G. Krinner and H. Castebrunet, Antarctic precipitation and climate change 
predictions : Horizontal resolution and margin vs plateau issues. Annals of 
glaciology, 50, 55-60, 2009. 
 
Genthon, C., P Lardeux and G. Krinner, The surface accumulation and ablation of a blue 
ice area near Cap Prudhomme, Adélie Land, Antarctica. J. Glaciol., 183, (53) 635645,  
2007. 
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5 - ICE CORES AND POLAR FIRN 
 
5-1 Ice cores 
 
5-1-1 Main references with abstracts 

Jouzel J. et al,  Orbital and millenial antarctic climate variability over the last 800 000 
years, Science, 317, 793, 2007, DOI: 10.1126/science.1141038 

Abstract: A high-resolution deuterium profile is now available along the entire 
European Project for Ice Coring in Antarctica Dome C ice core, extending this 
climate record back to marine isotope stage 20.2, ~800,000 years ago. Experiments 
performed with an atmospheric general circulation model including water isotopes 
support its temperature interpretation. We assessed the general correspondence 
between Dansgaard-Oeschger events and their smoothed Antarctic counterparts for 
this Dome C record, which reveals the presence of such features with similar 
amplitudes during previous glacial periods. We suggest that the interplay between 
obliquity and precession accounts for the variable intensity of interglacial periods in 
ice core records. 

K.Kawamura, et al., Northern Hemisphere forcing of climatic cycles in Antarctica over 
the past 360,000 years. Nature, 2007 

Abstract: The Milankovitch theory of climate change proposes that glacial–
interglacial cycles are driven by changes in summer insolation at high northern 
latitudes. The timing of climate change in the Southern Hemisphere at glacial–
interglacial transitions (which are known as terminations) relative to variations in 
summer insolation in the Northern Hemisphere is an important test of this hypothesis. 
So far, it has only been possible to apply this test to the most recent termination, 
because the dating uncertainty associated with older terminations is too large to allow 
phase relationships to be determined. Here we present a new chronology of Antarctic 
climate change over the past 360,000 years that is based on the ratio of oxygen to 
nitrogen molecules in air trapped in the Dome Fuji and Vostok ice cores. This ratio is 
a proxy for local summer insolation, and thus allows the chronology to be constructed 
by orbital tuning without the need to assume a lag between a climate record and an 
orbital parameter. The accuracy of the chronology allows us to examine the phase 
relationships between climate records from the ice cores and changes in insolation. 
Our results indicate that orbital-scale Antarctic climate change lags Northern 
Hemisphere insolation by a few millennia, and that the increases in Antarctic 
temperature and atmospheric carbon dioxide concentration during the last four 
terminations occurred within the rising phase of Northern Hemisphere summer 
insolation. These results support the Milankovitch theory that Northern Hemisphere 
summer insolation triggered the last four deglaciations. 

 

Loulergue, L., Schilt, A., Spahni, R., Masson-Delmotte, V., Blunier, T., Lemieux, B., 
Barnola, J.-M., Raynaud, D., Stocker, T. F., and Chappellaz, J. (2008). Orbital and 
millennial-scale features of atmospheric CH4 over the past 800,000 years. Nature 453, 
383-386. 

Abstract : Atmospheric methane is an important greenhouse gas and a sensitive 
indicator of climate change and millennial-scale temperature variability1. Its 
concentrations over the past 650,000 years have varied between ,350 and ,800 parts 
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per 109 by volume (p.p.b.v.) during glacial and interglacial periods, respectively2. In 
comparison, present-day methane levels of ,1,770 p.p.b.v. have been reported3. 
Insights into the external forcing factors and internal feedbacks controlling 
atmospheric methane are essential for predicting the methane budget in a warmer 
world3. Here we present a detailed atmospheric methane record from the EPICA 
Dome C ice core that extends the history of this greenhouse gas to 800,000 yr before 
present. The average time resolution of the new data is ,380 yr and permits the 
identification of orbital and millennial-scale features. Spectral analyses indicate that 
the longterm variability in atmospheric methane levels is dominated by ,100,000 yr 
glacial–interglacial cycles up to ,400,000 yr ago with an increasing contribution of 
the precessional component during the four more recent climatic cycles. We suggest 
that changes in the strength of tropical methane sources and sinks (wetlands, 
atmospheric oxidation), possibly influenced by changes in monsoon systems and the 
position of the intertropical convergence zone, controlled the atmospheric methane 
budget, with an additional source input during major terminations as the retreat of the 
northern ice sheet allowed higher methane emissions from extending periglacial 
wetlands. Millennial-scale changes in methane levels identified in our record as being 
associated with Antarctic isotope maxima events1,4 are indicative of ubiquitous 
millennial-scale temperature variability during the past eight glacial cycles. 

 
Lüthi, D., Le Floch M., Bereiter B., Blunier T., Barnola J.M., Siegenthaler U., Raynaud R., 
Jouzel J., Fischer H., Kawamura K. and Stocker T.F. (2008). High-resolution carbon 
dioxide concentration record 650,000-800,000 years before present, Nature, 453: 379-382. 

Abstract: Changes in past atmospheric carbon dioxide concentrations can be 
determined by measuring the composition of air trapped in ice cores from Antarctica. 
So far, the Antarctic Vostok and EPICA Dome C ice cores have provided a composite 
record of atmospheric carbon dioxide levels over the past 650,000 years1–4. Here we 
present results of the lowest 200m of the Dome C ice core, extending the record of 
atmospheric carbon dioxide  concentration by two complete glacial cycles to 800,000 
yr before present. From previously published data1–8 and the present work, we find 
that atmospheric carbon dioxide is strongly correlated with Antarctic temperature 
throughout eight glacial cycles but with significantly lower concentrations between 
650,000 and 750,000 yr before present. Carbon dioxide levels are below 180 parts per 
million by volume (p.p.m.v.) for a period of 3,000 yr during Marine Isotope Stage 16, 
possibly reflecting more pronounced oceanic carbon storage. We report the lowest 
carbon dioxide concentration measured in an ice core, which extends the pre-
industrial range of carbon dioxide concentrations during the late Quaternary by about 
10 p.p.m.v. to 172–300 p.p.m.v. 

 
Lourantou A., Lavric J.V., Köhler P., Barnola J.M., Michel E., Paillard D., Raynaud D. and 

Chappellaz J. (2010). Constraint of the CO2 rise by new atmospheric carbon 
isotopic measurements during the last deglaciation. Global Biogeochemical Cycles, 
24, GB2015, doi:10.1029/2009GB003545, 2010. 
Abstract: The causes of the 80 ppmv increase of atmospheric carbon dioxide (CO2) during 
the last glacial-interglacial climatic transition remain debated. We analyzed the parallel 
evolution of CO2 and its stable carbon isotopic ratio (δ13CO2) in the European Project for Ice 
Coring in Antarctica (EPICA) Dome C ice core to bring additional constraints. Agreeing well 
but largely improving the Taylor Dome ice core record of lower resolution, our δ13CO2 record 
is characterized by a W shape, with two negative δ13CO2 excursions of 0.5‰ during Heinrich 
1 and Younger Dryas events, bracketing a positive δ13CO2 peak during the Bølling/Allerød 
warm period. The comparison with marine records and the outputs of two C cycle box models 
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suggest that changes in Southern Ocean ventilation drove most of the CO2 increase, with 
additional contributions from marine productivity changes on the initial CO2 rise and δ13CO2 

decline and from rapid vegetation buildup during the CO2 plateau of the Bølling/Allerød. 
 
Baroni, M., M. H. Thiemens, R. J. Delmas, and J. Savarino (2007), Mass-independent sulfur 
isotopic compositions in stratospheric volcanic eruptions, Science, 315(5808), 84-87. 

The observed mass-independent sulfur isotopic composition (Î”33S) of volcanic 
sulfate from the Agung (March 1963) and Pinatubo (June 1991) eruptions recorded in 
the Antarctic snow provides a mechanism for documenting stratospheric events. The 
sign of Î”33S changes over time from an initial positive component to a negative 
value. Î”33S is created during photochemical oxidation of sulfur dioxide to sulfuric 
acid on a monthly time scale, which indicates a fast process. The reproducibility of the 
results reveals that Î”33S is a reliable tracer to chemically identify atmospheric 
processes involved during stratospheric volcanism. 

 
Baroni, M., J. Savarino, J. Cole-Dai, V. K. Rai, and M. H. Thiemens (2008), Anomalous 
sulfur isotope compositions of volcanic sulfate over the last millennium in Antarctic ice 
cores, Journal of Geophysical Research, 113(D20), D20112, 10.1029/2008jd010185. 

The reconstruction of past volcanism from glaciological archives is based on the 
measurement of sulfate concentrations in ice. This method does not allow a proper 
evaluation of the climatic impact of an eruption owing to the uncertainty in classifying 
an event between stratospheric or tropospheric. This work develops a new method, 
using anomalous sulfur isotope composition of volcanic sulfate in order to identify 
stratospheric eruptions over the last millennium. The advantages and limits of this 
new method are established with the examination of the 10 largest volcanic signals in 
ice cores from Dome C and South Pole, Antarctica. Of the 10, seven are identified as 
stratospheric eruptions. Among them, three have been known to be stratospheric 
(Tambora, Kuwae, the 1259 Unknown Event) and they exhibit anomalous sulfur 
isotope compositions. Three unknown events (circa 1277, 1230, 1170 A.D.) and 
the Serua eruption have been identified as stratospheric eruptions, which suggests for 
the first time that they could have had significant climatic impact. However, the 
Kuwae and the 1259 Unknown Event stratospheric eruptions exhibit different 
anomalous sulfur isotope compositions between South Pole and Dome C samples. 
Differences in sulfate deposition and preservation patterns between the two sites can 
help explain these discrepancies. This study shows that the presence of an anomalous 
sulfur isotope composition of volcanic sulfate in ice core indicates a stratospheric 
eruption, but the absence of such composition does not necessarily lead to the 
conclusion of a tropospheric process because of differences in the sulfate deposition 
on the ice sheet. 

 
Cole-Dai, J., D. Ferris, A. Lanciki, J. Savarino, M. Baroni, and M. H. Thiemens (2009), Cold 
decade (AD 1810-1819) caused by Tambora (1815) and another (1809) stratospheric 
volcanic eruption, Geophysical Research Letters, 36(22), L22703, 
doi:22710.21029/22009GL040882. 

Climate records indicate that the decade of AD 1810–1819 including the year without 
a summer (1816) is probably the coldest during the past 500 years or longer, and the 
cause of the climatic extreme has been attributed primarily to the 1815 cataclysmic 
Tambora eruption in Indonesia. But the cold temperatures in the early part of the 
decade and the timing of the Tambora eruption call into question the real 
climatic impact of volcanic eruptions. Here we present new evidence, based on sulfur 
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isotope anomaly (D33S), a unique indicator of volcanic sulfuric acid produced in the 
stratosphere and preserved in polar snow, and on the precise timing of the volcanic 
deposition in both polar regions, that another large eruption in 1809 of a volcano is 
also stratospheric and occurred in the tropics. The Tambora eruption and the 
undocumented 1809 eruption are together responsible for the unusually cold decade. 

 
5-1-2 – Other references without abstracts 

2007 

J.Jouzel, M.Stiévenard, S.J.Johnsen, K.Fuhrer, A.Landais, V.Masson-Delmotte, 
A.E.Sveinbjörnsdottir, F.Vimeux , J.W.C.White. The GRIP deuterium-excess 
record, Quat.Sci.Rev., 26, 1-17, 2007. 

Hou, S., et al. (2007) Summer temperature trend over the past two millennia using air 
content in Himalayan ice. Climate of the Past, 3, 1-7 

A.Landais, N.Combourieu Nebout, V.Masson-Delmotte, J.Jouzel, T.Blunier,  M.Leuenberger, 
D.Dahl-Jensen, S.J. Johnsen et B.Luz, Millenial scale variations of the isotopic 
composition of atmospheric oxygen over Marine Isotopic Stage 4.  
Earth.Planet.Sci.Lett., 258 (1-2): 101-113, 2007.  

F. Parrenin, et al., 1-D-ice flow modelling at EPICA Dome C and Dome Fuji, East 
Antarctica. Climate of the past 3 (2): 243-259, 2007  

G.Raisbeck, F.Yiou, J.Jouzel, T.Stocker, Direct North-South synchronisation of abrupt 
climate changes using Beryllium 10, Climate of the past, 3, 1-7, 2007  

G.Dreyfus, F.Parrenin, B.Lemieux-Dudon, G.Durand, V.Masson-Delmotte, J.Jouzel, 
J.M.Barnola, L.Panno, R.Spahni, A.Tisserand, U.Siegenthaler, M.Leuenberger, 
Anomalous flow below 2700 m in the EPICA Dome C ice core detected using 
d18O of atmospheric oxygen measurements, Climate of the Past, Special issue 
(EPICA ice cores age scales), 3, 341-353, 2007. 

F.Parrenin, et al., The EDC3 chronology of the EPICA Dome C ice core, Climate of the 
Past, Special issue (EPICA ice cores age scales), 3, 485-497, 2007.  

E. Bard, Raisbeck, G., Yiou, F., Jouzel, J. Comment on "Solar activity during the last 1000 
yr inferred from radionuclide records" by Muscheler et al. (2007), Quat. Sci. Rev., 
26, 17 - 18, 2301 - 2304, 2007. 

Raynaud, D., Lipenkov, V., Lemieux-Dudon, B., Duval, P., Loutre, M-F., and  Lhomme, N. 
(2007) : The local insolation signature of air content in Antarctic ice: A   new  step 
toward an absolute dating of ice records: Earth and Planetary  Science Letters,  
doi:10.1016/j.epsl.2007.06.025. 

2008 

C. Waelbroeck, J. Jouzel, F. Parrenin, V. Masson-Delmotte, D. Genty, Tranferring 
radiometric dating of the last interglacial sea level high stand to marine and ice 
core records. Earth Planet Sci. Lett., 265, 183-194, 2008. 

D. Luthi, Le Floch, M., Bereiter, B., Blunier, B., Barnola, J.M., Siegenthaler, U., Raynaud, 
D., Jouzel J., Fischer, H., Kawamura, K., Stocker F.. Low carbon dioxyde in Dome C 
ice 650,000 - 800,000 years before present. Nature, 453, 7193, 379 - 382, 2008. 

J.P.Steffensen, et al. High resolution ice core data show abrupt climate change happens in 
few years, Science, 321, 5889, 680-689, 2008. 
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5-2 Polar firn 
 
5-2-1 Main references with abstracts 

 
Faïn, X., Ferrari, C.P., Dommergue, A., Albert, M.R., Battle, M., Severinghaus, J., Arnaud, 
L., Barnola, J.-M., Cairns, W., Barbante, C., Boutron, C., 2009. Polar firn air reveals large-
scale impact of anthropogenic mercury emissions during the 1970s. Proceedings of the 
National Academy of Sciences of the United States of America 106, 16114-16119. 

Mercury (Hg) is an extremely toxic pollutant, and its biogeochemical cycle has been 
perturbed by anthropogenic emissions during recent centuries. In the atmosphere, 
gaseous elemental mercury (GEM; Hg°) is the predominant form of mercury (up to 
95%). Here we report the evolution of atmospheric levels of GEM in mid- to high-
northern latitudes inferred from the interstitial air of firn (perennial snowpack) at 
Summit, Greenland. GEM concentrations increased rapidly after World War II from 
_1.5 ng m_3 reaching a maximum of _3 ng m-3 around 1970 and decreased until 
stabilizing at _1.7 ng m_3 around 1995. This reconstruction reproduces real-time 
measurements available from the Arctic since 1995 and exhibits the same general 
trend observed in Europe since 1990. Anthropogenic emissions caused a two-fold rise 
in boreal atmospheric GEM concentrations before the 1970s, which likely contributed 
to higher deposition of mercury in both industrialized and remotes areas. Once 
deposited, this toxin becomes available for methylation and, subsequently, the 
contamination of ecosystems. Implementation of air pollution regulations, however, 
enabled a large-scale decline in atmospheric mercury levels during the 1980s. The 
results shown here suggest that potential increases in emissions in the coming decades 
could have a similar large-scale impact on atmospheric Hg levels. 
 

Martinerie, P., E. Nourtier-Mazauric, J. M. Barnola, W. Sturges, D. R. Worton, E. Atlas, L. 
Gohar, K. Shine, G. P. Brasseur, Long-lived halocarbon trends and budgets from 
atmospheric chemistry modelling constrained with measurements in polar firn. Atmos. 
Chem. Phys., 9, 3911-3934, 2009. 

Abstract :  The budgets of seven halogenated gases (CFC-11, CFC-12, CFC-113, CFC-
114, CFC-115, CCl4  and SF6 ) are studied by comparing measurements in polar firn 
air from 
two Arctic and three Antarctic sites, and simulation results of two numerical models: a 
2-D atmospheric chemistry model and a 1-D firn diffusion model. The first one is used 
to calculate atmospheric concentrations from emission trends based on industrial 
inventories; the calculated concentration trends are used by the second one to produce 
depth concentration profiles in the firn. The 2-D atmospheric model is validated in the 
boundary layer by comparison with atmospheric station measurements, and vertically 
for CFC-12 by comparison with balloon and FTIR measurements. Firn air 
measurements provide constraints on historical atmospheric concentrations over the 
last century. Age distributions in the firn are discussed using a Green function 
approach. Finally, our results are used as input to a radiative model in order to 
evaluate the radiative forcing of our target gases. Multi-species and multi-site firn air 
studies allow to better constrain atmospheric trends. The low concentrations of all 
studied gases at the bottom of the firn, and their consistency with our model results 
confirm that their natural sources are small. Our results indicate that the emissions, 
sinks and trends of CFC-11, CFC-12, CFC-113, CFC-115 and SF6  are well 
constrained, whereas it is not the case for CFC-114 and CCl4 . Significant emission-
dependent changes in the lifetimes of halocarbons destroyed in the stratosphere were 
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obtained. Those result from the time needed for their transport from the surface where 
they are emitted to the stratosphere where they are destroyed. Efforts should be made to 
update and reduce the large uncertainties on CFC lifetimes. 
 

5-2-2 – Other references without abstracts 
 
Clark, I.D., L. Henderson, J. Chappellaz, D. Fisher, R. Koerner, D.E.J. Worthy, T. Kotzer, 
A.L. Norman, J.M. Barnola, CO2 isotopes as tracers of firn air diffusion and age in an 
Arctic ice cap with summer melting, Devon Island, Canada. J. Geophys. Res., 112, 
D01301, 2007. 
 
Worton, D. R., W. Sturges, L. Gohar, K. Shine, P. Martinerie, D. Oram, S.P. Humpfrey, P. 
Begley, R. Gunn, J.M. Barnola, J. Schwander,  R. Mulvaney, Atmospheric trends and 
radiative forcings of CF4 and C2F6 inferred from firn air. Environ. Sci. Technol., 31, 
2184-2189, 2007. 
 
Laube, J.C., P. Martinerie, E. Witrant, T. Blunier, J. Schwander, C.A.M. Brenninkmeijer, T.J. 
Schuck, M. Bolder, T. Röckmann, C. Van Der Veen, H. Bönisch, A. Engel, G.P. Mills, M.J. 
Newland, D.E. Oram, C.E. Reeves, WT. Sturges, Accelerating growth of HFC-227ea 
(1,1,1,2,3,3,3heptafluoropropane) in the atmosphere. Atmos. Chem. Phys., 10, 5903-5910, 
2010. 
 
Witrant, E., P. Martinerie, A Variational Approach for Optimal Diffusivity Identification 
in Firns. Proc. of the 18th IEEE Med. Conf. on Control & Automation, 892-897, 2010. 
 
G.Dreyfus, J.Jouzel, M.L.Bender, A.Landais, V. Masson - Delmotte, M. Leuenberger, Firn 
processes and δ15N: potential for a gas-phase climate proxy, Quaternary Science Review, 
29, 1-2, 28-42, 2010. 
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6 - PERMAFROST 
 
6-1- Main references with abstracts 
 
Koven, C., P. Friedlingstein, P. Ciais, D. Khvorostiyanov, G. Krinner, et C. Tarnocai. The 
effects of cryoturbation and insulation by organic matter on the formation of high-
latitude soil carbon stocks in a land surface model. Geophys. Res. Lett., 36, L21501, 2009. 

We modify the soil component of the ORCHIDEE terrestrial carbon cycle model to 
include vertically-discretized soil carbon. With this model, we investigate the feedback 
of considering thermal insulation by soil carbon, which modifies the soil thermal 
regime by lowering the thermal conductivity and increasing the heat capacity of a 
carbon-rich soil, on the total carbon stocks the model builds up. In addition, we 
demonstrate the effects of diffusive vertical mixing of soil organic matter by 
cryoturbation on the total carbon stocks that the model builds up in mineral soils in 
equilibrium with a steady climate. We show that including these two effects together 
leads to up to 30% higher soil carbon stocks in the top meter of permafrost soils, as 
well as large stocks of carbon below 1m in the upper permafrost soil layers. The 
vertical profile of partitioning of carbon between different lability pools is also 
affected, as the slower pools are more deeply mixed; also the time to reach 
equilibrium lengthens considerably. These effects are largest in the coldest regions 
such as Eastern Siberia. The inclusion of cryoturbative mixing and insulation by soil 
carbon leads to better agreement with estimates of high-latitude soil carbon stocks, 
where substantial amounts of carbon are found in permafrost regions, to depths of 
three meters; however we do not include peat, Yedoma, or alluvial deposition 
processes here, so the total carbon stocks are still lower than observed. 

 
Khvorostyanov, D., G. Krinner, P. Ciais, M. Heimann, and S.A. Zimov. Vulnerability of 
permafrost carbon to global warming. Part I. Model description and role of heat 
generated by organic matter decomposition. Tellus, 60, 250-264, doi:10.1111/j.1600-
0889.2007.00333.x, 2008.  

We constructed a new model to study the sensitivity of permafrost carbon stocks to 
future climate warming. The one-dimensional model solves an equation for diffusion 
of heat penetrating from the overlying atmosphere and takes into account additional in 
situ heat production by active soil microorganisms. Decomposition of frozen soil 
organic matter and produced CO2 and methane fluxes result from an interplay of soil 
heat conduction and phase transitions, respiration, methanogenesis and 
methanotrophy processes. Respiration and methanotrophy consume soil oxygen and 
thus can only develop in an aerated top-soil column. In contrast, methanogenesis is 
not limited by oxygen and can be sustained within the deep soil, releasing sufficient 
heat to further thaw in depth the frozen carbon-rich soil organic matter. Heat 
production that accompanies decomposition and methanotrophy can be an essential 
process providing positive feedback to atmospheric warming through self-sustaining 
transformation of initially frozen soil carbon into CO2 and CH4. This supplementary 
heat becomes crucial, however, only under certain climate conditions. Oxygen 
limitation to soil respiration slows down the process, so that the mean flux of carbon 
released during the phase of intense decomposition is more than two times less than 
without oxygen limitation. Taking into account methanogenesis increases the mean 
carbon flux by 20%. Part II of this study deals with mobilization of frozen carbon 
stock in transient climate change scenarios with more elaborated methane module, 
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which makes it possible to consider more general cases with various site 
configurations. Part I (this manuscript) studies mobilization of 400 GtC carbon stock 
of the Yedoma in response to a stepwise rapid warming focusing on the role of 
supplementary heat that is released to the soil during decomposition of organic 
matter. 
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