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4 COSPAR

This report, drawn up by CNES with input from the French scientific community for the 40th COSPAR 
meeting, summarizes two years (2012-2013) of scientific space research in France. It includes both 
an overview of current research programs in Universe sciences, Earth and environment sciences, 
condensed-matter physics and life sciences in space, and also a small selection of noteworthy 
scientific results obtained over this period.

First of all, I would like to point out that CNES, the French space agency, was assigned the task by the 
French government of organizing national research in space sciences. It has no research laborato-
ries of its own but works jointly with the French scientific community, public research laboratories 
and organizations, by providing them with technical and financial support.

There are two sides of the French space program: (i) participation in programs run by the European 
Space Agency (ESA) – with CNES managing the French contribution to ESA – and (ii) programs that 

are carried out outside of this framework, most of them through bilateral or multilateral partnerships. Participation in ESA and 
non-ESA programs is planned with complementarity in mind.

In the field of Universe sciences, ESA’s Cosmic Vision program is at the heart of the French space program. French laborato-
ries, supported by CNES, supply more than a quarter of the scientific instruments of the program’s mission, whereas France’s 
contribution to Cosmic Vision – based on the French GDP, should only represent 15.5% of the contributions.

Among the most noticeable events of the past two years, I would like to mention the publication in April 2013 of the first cos-
mological results of PLANCK, the end in 2013 of HERSCHEL’s operations aiming to study the cold Universe, and the launch in 
December 2013 of the GAIA mission, where CNES is playing an important role for the ground segment. Medium-sized missions 
M1 (SOLAR ORBITER) and M2 (EUCLID, dark energy) were definitely adopted in October 2011 and June 2012 respectively.  
In Mai 2012, the first large-sized mission L1 (JUICE), was selected to study Jupiter’s icy moons. And in November 2013, scien-
tific themes for the future missions L2 (“the hot and energetic Universe”) and L3 (“the gravitational Universe”) were selected. 
Besides the Cosmic Vision program, I would like to emphasize the importance of international cooperation, especially with the 
US in the field of robotic exploration on Mars, with MSL, MAVEN and INSIGHT.

The cooperation between France and China for the SVOM mission (gamma-ray bursts monitoring) will restart after the decision 
of our partners to use a Chinese platform and to launch the satellite from China.

I would also like to stress the importance of small opportunities with high return on investment, such as the participation to 
the Japanese mission HAYABUSA 2, with a French contribution to the lander MASCOT.

CNES has also played an important role in the emergence of new scientific themes, such as fundamental physics with the 
atomic clock PHARAO, which will be installed in the International Space Station (ISS) in 2015, and the MICROSCOPE micro- 
satellite, which aims to test the principle of equivalence and will be launched in 2016. Besides, the development of the TARANIS 
microsatellite, studying transient luminous events above storms, is continuing and it will be launched in 2015. Last but not 
least, I’ll mention the end of the operations of the PICARD satellite, aiming to measure solar irradiance.

In the field of condensed-matter physics and life sciences in space, priority is given to the use of orbital infrastructures. The 
instrument DECLIC, in cooperation with NASA, is still being used on board the ISS, with a new flight of its DSI and HTI inserts. 
The development of CARDIOSPACE, a cardiovascular monitoring instrument, is about to be completed. It will be carried on 
board TIANGONG 2. The CNES space center in Toulouse also carried out flight control, docking and deorbiting operations for 
the ATV3 “Edoardo Amaldi” in 2012 and ATV4 “Albert Einstein” in 2013 after they were launched by Ariane 5 from the Kourou 
space center in French Guiana.

Robotic and human exploration of the Solar System, which will be an important theme for the coming decades, must be planned 
as an international enterprise, through equitable cooperation between partners, without any country taking an exclusive 
interest or more than a fair share, with each participant being allowed to contribute according to their capabilities, strengths 
and preferences. The European Space Agency (ESA) currently bears the greatest burden in terms of Europe’s contribution to 
exploration. However, if exploration is to be opened up to international cooperation, then a shared political vision is necessary. 
CNES has actively participated in the work of the International Space Exploration Coordination Group (ISECG), a working group 
gathering 14 space agencies and created to draw up global strategy concerning exploration – the second iteration of the Global 
Exploration Roadmap was released in August 2013. CNES also contributed to organizing the second International Forum on 
Space Exploration, which was held in January 2014 in Washington.

In the sciences of Earth and the environment, a large proportion of scientific activities are bound up with major social issues 
that require the global, consistent and long-term vision made possible by space observation. Space can make an essential 
contribution to key challenges such as environment monitoring and protection, adaptation to climate change and manage-
ment of natural resources. Such observations are of benefit to much more than just fundamental science, because it is vital 
for our survival on Earth that we improve our knowledge of how the planet works. We are now acquiring a vision of it as a 
holistic system, where all components interact in a complex manner, with the effects of human activity playing an increasingly 
important role in these mechanisms.

COSPAR
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In this context, the scientific community has defined two main themes for research:
  to understand, experiment and model the processes governing physical, chemical and biological functions taking place in the 

surface envelopes of planet Earth: biosphere, lithosphere, ocean and atmosphere, a natural interconnected system where 
matter, energy and living creatures interact;
  to understand, observe, model and mitigate the way these systems respond at every level (global, regional and local) to past 

and present human pressure on these envelopes and on the working of the great biogeochemical cycles, by identifying their 
characteristic duration, and the manner in which ecosystems and societies adapt to these changes.

In this specific field of sciences of the Earth and the environment, international cooperation has a primordial position. Notewor-
thy recent events include:
  with Germany: a cooperation agreement between CNES and DLR on the development of the MERLIN microsatellite, aiming 

to measure atmospheric methane;
  with the USA: an agreement on the study of the SWOT mission, for continental and oceanographic hydrography, which follows 

a successful cooperation on oceanographic satellites, such as TOPEX/POSEIDON and its successor JASON;
 with China: the CFOSAT oceanography project that will carry the French SWIM instrument, aiming to measure wave height;
  with India: the exploitation of the MEGHA-TROPIQUES satellite launched in October 2011 with three French instruments on 

board (MARFEQ, SAPHIR and SCARAB) and the launch in February 2013 of the SARAL mission, carrying the French altimeter 
ALTIKA as well as copies of the DORIS and ARGOS-3 instruments.

Whenever possible, we should also use the civil-defense duality of space systems, as the optical imaging system PLEIADES, 
whose two satellites were launched in December 2011 and December 2012.

I will also mention CNES participation in ESA’s Earth Explorer scientific missions and the selection of BIOMASS as the future EE7 
mission of the European program. A notable difference compared to Universe sciences is that the instruments are generally 
not provided by laboratories.

Operational missions, such as EUMETSAT’s weather satellites and the future SENTINEL satellites of the European program 
Copernicus (formerly known as GMES), are providing scientists with key data. EUMETSAT’s second polar satellite METOP-B, 
carrying on board a copy of the infrared sounder IASI and an instrument ARGOS-3, was launched in September 2012. Late 2012, 
at ESA’s ministerial Council in Naples, it was decided to develop the future generation of European weather polar satellites, 
METOP-SG, which will be launched during the next decade. At the beginning of 2013, CNES and EUMETSAT reached an agree-
ment on the IASI-NG project, a new generation of infrared atmospheric sounder, which is to be carried by METOP-SG satellites.

A few pre-project studies are under way, among which I would like to mention MICROCARB (measurement of atmospheric 
carbon dioxide), MISTIGRI (measurement of surface temperatures), OCAPI (phytoplankton monitoring from a geostationary 
orbit) and R&T activities, notably on the various uses of lidar. 

The space segment needs to be completed with processing and archiving systems to allow users an easy access to the data 
obtained, for use in both research and service applications, and to allow past data to be reprocessed. The creation of thematic 
units associating CNES and the user community are part of this need. I can mention for instance the new unit THEIA dedicated 
to continental surfaces. A think-tank led by CNES and CNRS-INSU advised to organize thematic units in Earth Observation in 
four new units: Continental Surfaces (THEIA), Solid Earth, Ocean and Atmosphere (created from the merger of two existing 
units: ICARE, for clouds and aerosols, and ETHER, in atmospheric chemistry).

CNES also organizes campaigns involving the launch of balloons for science missions, mainly for environmental and climate 
studies. The new monitoring and protection system NOSYCA was selected in 2013. An agreement was reached in 2012 with 
Canada for a cooperative partnership. Besides, the possibility to launch CNES balloons at medium latitudes from a Canadian 
base in Timmins was validated in 2013.

The recommendations resulting from the Scientific Prospective Seminars organized by CNES every five years serve as a roadmap 
to draw up a scientific program. During the period 2012-2013, we pursued the implementation of the recommendations from 
the seminar held in Biarritz (France) in March 2009. Throughout 2013, we organized the seminar held in La Rochelle (France) 
in March 2014, through an intensive dialogue between CNES and the scientific community. The coming years will therefore 
see the implementation of the conclusions drawn at the La Rochelle seminar.

Richard Bonneville

Deputy Director, Directorate for Strategy, Programs and International Relations

Probe from the HAYABUSA 2 mission © JAXA MASCOT lander set down by the HAYABUSA 2 probe 
on the Near-Earth asteroid 1999JU3 © JAXA
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Ce rapport préparé par le CNES avec le concours de la communauté scientifique française à l’occa-
sion de la 40e assemblée du COSPAR résume deux années (2012-2013) de recherche scientifique 
spatiale en France. Il présente d’une part un panorama des programmes scientifiques en cours 
dans les domaines des sciences de l’univers, des sciences de la Terre et de l’environnement, des 
sciences de la matière en micropesanteur et des sciences de la vie dans l’espace, et d’autre part 
une sélection de quelques résultats scientifiques marquants obtenus pendant la période.

Rappelons d’abord que le CNES, agence spatiale française, a dans les missions qui lui sont confiées 
par l’Etat, la tâche d’organiser la recherche scientifique spatiale nationale. Il n’a pas de laboratoires 
de recherche en propre et travaille en partenariat avec la communauté scientifique nationale, labo-
ratoires et organismes publics de recherche, auxquels il apporte un soutien technique et financier.

Rappelons ensuite que le programme spatial français a deux composantes : (i) la participation 
aux programmes de l’Agence Spatiale Européenne (ESA), la contribution française à l’ESA étant gérée par le CNES, et (ii) les 
programmes réalisés en dehors de ce cadre, la quasi-totalité de ces derniers étant réalisés sous forme de coopérations bi- ou 
multilatérales. Programmes ESA et programmes hors ESA sont construits dans une logique de complémentarité.

Dans le domaine des sciences de l’univers, le programme Cosmic Vision de l’ESA est véritablement le cœur du programme 
spatial français. Les laboratoires français, avec le support du CNES, fournissent plus du quart des instruments scientifiques 
embarqués sur ses missions, alors que le PIB français d’après lequel est calculée la cotisation française à Cosmic Vision n’est 
que de 15,5 %.

Parmi les événements marquants de la période, on peut mentionner la publication en avril 2013 des premiers résultats cos-
mologiques de Planck, la fin mi-2013 des opérations de Herschel pour l’étude de l’univers froid, et le lancement de la mission 
d’astrométrie Gaia en décembre 2013 où le CNES joue un rôle majeur dans le segment sol. Notons l’adoption définitive des 
missions « de taille moyenne » M1 (Solar Orbiter) en octobre 2011 et M2 (Euclid, énergie noire) en juin 2012, la sélection en 
mai 2012 de la première mission « large » Juice vers les satellites glacés de Jupiter, et le choix en novembre 2013 des thèmes 
des futures missions L2 (« the hot and energetic Universe ») et L3 (« the gravitational Universe »). À côté de Cosmic Vision,  
il faut souligner l’importance des coopérations internationales, notamment avec les Etats-Unis dans le domaine de l’exploration 
robotique de Mars avec MSL, Maven et Insight.

La mission franco-chinoise SVOM (suivi des sursauts gamma) va redémarrer après la décision de nos partenaires d’utiliser une 
plateforme chinoise et un lancement depuis la Chine.

Soulignons aussi l’importance des petites opportunités à fort retour sur investissement, par exemple la participation à la 
mission japonaise Hayabusa 2 à travers une contribution à l’atterrisseur Mascot.

On peut également rappeler le rôle du CNES dans l’émergence de nouvelles thématiques spatiales comme la physique fon-
damentale avec l’horloge Pharao qui sera installée sur l’ISS en 2015 et le microsatellite Microscope dédié au test du principe 
d’équivalence, qui sera lancé en 2016. Par ailleurs le développement du microsatellite Taranis (étude des phénomènes lumi-
neux au-dessus des orages) se poursuit pour un lancement en 2015 et citons pour finir la fin des opérations du satellite Picard 
(mesure de l’irradiance solaire).

Concernant les sciences physiques en micropesanteur et les sciences de la vie dans l’espace, la priorité est donnée à l’utilisation 
des infrastructures orbitales. L’utilisation, en coopération franco-américaine, de l’instrument DECLIC se poursuit sur l’ISS avec 
le revol des inserts DSI et HTI et le développement de l’instrument de suivi cardio-vasculaire Cardiospace est en voie d’achève-
ment dans la perspective de son emport sur TianGong 2. Le CNES (Centre de Toulouse) a par ailleurs réalisé les opérations de 
pilotage, d’amarrage et de désorbitation de l’ATV3 « Edoardo Amaldi » en 2012 et de l’ATV4 « Albert Einstein » en 2013 après 
leur lancement par Ariane 5 depuis le Centre Spatial de Kourou (Guyane française).

Thème important des prochaines décennies, l’exploration robotique et humaine du système solaire doit être envisagée comme 
une entreprise internationale, à travers une coopération équilibrée entre partenaires, sans exclusivité ni appropriation par 
l’un ou l’autre, et dans laquelle chaque participant apporte ses capacités, ses atouts et ses choix privilégiés. C’est l’Agence 
Spatiale Européenne qui porte aujourd’hui la plus grosse part des efforts européens en matière d’exploration. Mais pour que 
l’exploration puisse devenir un lieu de coopération internationale, une vision politique partagée est nécessaire. Le CNES a par-
ticipé activement aux travaux de l’International Space Exploration Coordination Group (ISECG), groupe de travail rassemblant 
14 agences spatiales qui s’est donné pour tâche d’élaborer une stratégie globale en matière d’exploration (la 2e édition de la 
Global Exploration Roadmap est parue en août 2013) et à la préparation du 2e International Forum on Space Exploration qui 
s’est tenu en janvier 2014 à Washington.

Dans les sciences de la Terre et de l’environnement, une large fraction des activités scientifiques est couplée à des questions 
sociétales majeures pour lesquelles la vision globale, homogène et sur de longues périodes permise par l’observation spatiale 
est devenue incontournable. L’espace apporte des contributions essentielles aux enjeux clés que sont le suivi et la protection 
de l’environnement, l’adaptation aux changements climatiques et la gestion des ressources naturelles. L’intérêt de ces travaux 
dépasse le cadre de la seule connaissance car améliorer la compréhension du fonctionnement de la planète est nécessaire à 
notre survie. L’image que nous en avons est désormais celle d’une machine globale, dont toutes les composantes interagissent 
de manière complexe, les effets de l’activité humaine occupant une part croissante dans ces mécanismes.

EDITORIAL - EDITORIAL
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La communauté scientifique a défini dans ce contexte deux axes de recherche principaux :
  comprendre, expérimenter et modéliser les processus qui régissent le fonctionnement physique, chimique et biologique 

des enveloppes superficielles de la planète Terre : biosphère, lithosphère, océan et atmosphère, système naturel couplé où 
matière, énergie et êtres vivants interagissent ;
  comprendre, observer, modéliser et atténuer la réponse des systèmes à toutes les échelles (globales, régionales, locales)  

aux pressions humaines actuelles et passées exercées sur ces enveloppes et sur le fonctionnement des grands cycles biogéo-
chimiques, en identifiant leurs temps caractéristiques, ainsi que l’adaptation des écosystèmes et des sociétés à ces évolutions.

Dans ce domaine des sciences de la Terre et de l’environnement, les coopérations internationales occupent une place prépon-
dérante. Citons en particulier :
  avec l’Allemagne l’accord de coopération entre le CNES et le DLR sur le développement du microsatellite Merlin (mesure du 

méthane atmosphérique) ;
  avec les Etats-Unis l’accord sur l’étude de la mission Swot (hydrographie continentale et océanographie) qui fait suite aux  

fructueuses coopérations sur la filière des satellites d’océanographie Topex-Poseidon puis Jason ;
  avec la Chine le projet d’océanographie CFOSAT qui emportera l’instrument français Swim de mesure de la hauteur des 

vagues ;
  avec l’Inde l’exploitation du satellite Megha-Tropiques lancé en octobre 2011 avec trois équipements français à bord (Marfeq, 

Saphir et Scarab), et le lancement en février 2013 de la mission Saral, qui emporte l’altimètre français AltiKa, ainsi que  
des exemplaires des instruments Doris et Argos-3.

Il faut aussi faire jouer, chaque fois que possible, la dualité civil/défense des systèmes spatiaux, comme pour le système d’ima-
gerie optique Pléiades, dont les deux exemplaires ont été lancés en décembre 2011 et décembre 2012.

Mentionnons par ailleurs la participation aux missions scientifiques Earth Explorer de l’ESA et la sélection de Biomass comme 
future mission EE7 du programme européen ; une différence notable avec les sciences de l’univers est que les instruments ne 
sont pas en général fournis par les laboratoires.

Les missions opérationnelles telles que les satellites météorologiques d’EUMETSAT ou les futurs satellites Sentinel du pro-
gramme européen Copernicus (ex-GMES) fournissent aux scientifiques des données essentielles. Le 2e satellite polaire Metop-B  
d’EUMETSAT, avec à bord un exemplaire du sondeur infrarouge Iasi ainsi qu’un instrument Argos-3, a été lancé en septembre 
2012. Fin 2012, à la conférence ministérielle de l’ESA à Naples, il a été décidé d’entreprendre le développement de la future 
génération de satellites polaires météorologiques européens Metop-SG qui seront lancés dans la prochaine décennie. Début 
2013, le CNES et EUMETSAT s’accordaient sur l’engagement du projet Iasi-NG, nouvelle génération de sondeur atmosphérique 
infrarouge qui sera embarquée sur les Metop-SG.

Plusieurs études d’avant-projets sont en cours, parmi lesquelles on peut notamment mentionner Microcarb (mesure du CO2 
atmosphérique), Mistigri (température de surface), Ocapi (suivi du phytoplancton depuis l’orbite géostationnaire), ainsi que 
des activités de R&T, notamment sur les diverses utilisations du lidar.

L’outil spatial doit être complété par des outils de traitement et d’archivage donnant facilement l’accès des données obtenues 
aux utilisateurs pour alimenter la recherche et les services, et pour permettre le retraitement de données antérieures. La mise 
en place de pôles thématiques au travers d’associations entre le CNES et la communauté utilisatrice participe à ce dispositif, 
par exemple le nouveau pôle THEIA consacré aux surfaces continentales. Une réflexion animée par le CNES et le CNRS-INSU 
a recommandé la structuration des pôles thématiques en observation de la Terre autour de 4 pôles : surfaces continentales 
(THEIA), Terre solide, océans et atmosphère (à partir des pôles existants ICARE, nuages et aérosols et ETHER, chimie atmos-
phérique).

Le CNES organise également des campagnes de lâchers de ballons scientifiques, principalement pour l’étude de l’environne-
ment et du climat. Le nouveau système Nosyca de suivi et sauvegarde a été qualifié en 2013. Un accord a été conclu avec le 
Canada en 2012 sur une coopération franco-canadienne en matière de ballons et la possibilité de lancement aux latitudes 
moyennes depuis la base de Timmins (Canada) a été validée en 2013.

Les recommandations issues des séminaires de prospective scientifique que le CNES organise tous les cinq ans servent de feuille 
de route à l’Etablissement pour l’élaboration de son programme scientifique. La période 2012-2013 a vu la poursuite de la 
mise en œuvre des recommandations du séminaire tenu à Biarritz en mars 2009. Tout au long de l’année 2013 s’est déroulée la 
préparation, à travers un dialogue intense entre le CNES et la communauté scientifique nationale, du séminaire qui a eu lieu à 
La Rochelle en mars 2014. Les prochaines années verront donc la mise en œuvre des conclusions du séminaire de La Rochelle.

Richard Bonneville
Directeur adjoint, Direction de la Prospective, de la Stratégie, des Programmes,  
de la Valorisation et des Relations Internationales

Juice © ESA/, 2012 Séminaire de prospective La Rochelle  
© CNES/BARRANCO Rachel, 2014
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2012 was also marked by the end of scientific operations for 
two missions led by CNES, COROT and PICARD. Equally impor-
tant, the harvest of scientific results was really significant. 
We can take two examples in 2013. The first scientific results 
obtained through Curiosity rover’s instruments showed that 
Mars had indeed been habitable in a distant past, because 
evidence of freshwater lakes was discovered. Thanks to 
data obtained with the PLANCK mission, the content of the 
Universe in terms of dark matter and dark energy has been 
substantially revised. Besides, PLANCK’s observations are 
confirming the standard inflationary model of the Big Bang.

As part of ESA’s mandatory scientific program, the backbone 
of our scheduling, we can mention the ongoing missions MARS 
EXPRESS and VENUS EXPRESS, as well the continuation of the 
exploitation of observatories, such as SOHO, CLUSTER, XMM-
NEWTON and INTEGRAL. PLANCK and HERSCHEL missions  
have come to an end and both satellites have been deacti-
vated and put on a graveyard orbit. However data scien-tific 
exploitation and processing are still ongoing. HERSCHEL's 
observations showed that stars are born in gas and dust’s fila-
ments, which are organized by the turbulence caused by the 
propagation of shocks or waves in the interstellar medium. 
They also revealed an inflow of matter along these filaments. 
As for PLANCK, the first cosmological results were unveiled in 
Mars 2013 and were widely covered by French and interna-
tional media, thus reflecting the impact on the general public 
of this mission with a strong French participation. Final data 
processing is still ongoing. It should give rise to a new series 
of publications in 2014.

ROSETTA woke up from space hibernation on January 20, 
2014 and is still pursuing its long journey toward Comet Chu-
ryumov-Gerasimenko. CNES is pursuing the development of 
the ground segment of the astrometry mission GAIA, in part-
nership with a consortium of French laboratories. Given the 
large volume of data and the need to process them through-
out the mission, CNES chose to develop technologies of the 
so-called “big data”. Instrumental contributions to the BEPI-
COLOMBO mission are in the final stage of the development 
process. As for the Cosmic Vision program, SOLAR ORBITER’s 
payload, the first medium-sized (M1) mission of this program, 
has now entered phase C. France widely contributed to five 
out of the ten instruments onboard (among which two at 
the co-PI level) and another is under the technical and scien- 
tific responsibility of CNES. The second medium-sized mission 
(M2) is the cosmological mission EUCLID, suggested by a vast 
European consortium and under French responsibility. SOLAR 
ORBITER should be launched in 2017 and EUCLID in 2020.

Cosmic Vision and Exploration of Mars
 
PLATO, the third medium-sized mission (M3), has also 
been selected in November 2013. It aims to detect telluric  
exoplanets in the habitable zone of their stars. French  
laboratories are making important technical and scien- 
tific contributions to this mission which should be launched 
in 2024. As for large-sized missions, the JUICE mission was 
selected as first mission (L1). It aims to study Jupiter and its 
satellites Europe, Callisto and Ganymede and will be launched 

AUTHOR: F. Casoli, Head, Space Sciences, Microgravity and Exploration Office
CNES, 2 place Maurice Quentin 75039 Paris, France.

  A high risk landing on Mars, the selection of  the NASA mission INSIGHT for  
seismology on Mars, carrying a high-precision seismometer provided by a consortium 
led by France, the selection of  the first large-sized (L1) and third medium-sized (M3) 
missions of  ESA’s Cosmic Vision program, and, in December 2013, the launch of  
ESA’s emblematic astrometry mission, GAIA: no doubt, 2012 and 2013 were rich in 
events and highlights for Universe Sciences at CNES, at a programmatic level.

Fig. 1
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around 2022. Scientific themes were chosen for the next 
two missions: hot and energetic Universe for L2 (2028) and  
gravitational Universe for L3 (2034). The French scientific 
community has rallied to increase the French presence on 
these missions.

Exomars program consists in two missions in partnership with 
ROSCOSMOS, with the launch in 2016 of an orbiter, carrying 
a scientific payload to describe the Martian atmosphere, and 
an Entry, Descent and Landing Demonstrator Module (EDM), 
carrying a scientific payload to investigate the Martian envi-
ronment. In 2018 a European and American rover will be 
launched by NASA and equipped with a scientific laboratory. 
Phase B on this Pasteur payload is continuing in France.

Multilateral program
 
In the framework of CNES’s multilateral program, the COROT 
mission (COnvection, ROtation et Transits planétaires – 
COnvection ROtation and planetary Transits) has put an end 
to its scientific operations in late 2012 after a failure of some 
instruments. COROT had been launched on December 27, 
2006 and had discovered 32 planetary systems and more 
than 150 potential exoplanets, early 2014. COROT’s second 
objective was to study the inner structure of stars through 
asteroseismology. It discovered solar-like oscillations in red 
giants. COROT was withdrawn from service in June 2014 after 
a few technological experimentations. Final data processing 
and archiving is still ongoing.

As for fundamental physics, the atomic clock, PHARAO, is in 
its final stage of development, for a launch to the Interna- 
tional Space Station (ISS) in 2016, in the framework of the 
Aces project. T2L2, a time transfer by laser link experiment, 
carried by JASON 2, has been in orbit for more than five years. 
More than twenty ground stations used T2L2 to carry out 
metrology experiments.

PICARD, a microsatellite from the Myriad series, was launched 
on June 15, 2010 and withdrawn from service on April 4, 2014. 
Scientific exploitation is still ongoing and provided interesting 

results about ultraviolet solar variability and Sun flattening. 
Another microsatellite, TARANIS, which aims to study very 
high-energy phenomena between Earth atmosphere, ther-
mosphere and ionosphere has entered Phase C and will be 
launched in 2016, as well as MICROSCOPE, which aims to test 
the Principle of Equivalence with a very high accuracy , in coo-
peration with ESA and DLR. 

As for Mars Science Laboratory, after its high risk landing on 
Mars on August 6, 2012, Curiosity Rover is heading for the 
Mount Sharp (Aeolis Mons). France widely contributed to two 
instruments, ChemCam and SAM, and both of them largely 
contributed to the first series of scientific results published 
in late 2013. ChemCam is one of the most used instruments, 
having fired more than 100 000 laser shots. It is under co-re- 
sponsibility of French and American laboratories and is 
operated every two weeks from the FIMOC center at the  
Toulouse space center. French scientists can also program  
SAM’s operations from there. 

For Mars again, NASA selected in August 2012, the twelfth 
mission of its Discovery program: INSIGHT (Interior Explor-
ation using Seismic Investigations, Geodesy and Heat  
Transport), aiming to understand the evolution of telluric 
planets’ formation, by investigating the inner structure and 
the processes at work on Mars. INSIGHT will be launched in 
Mars 2016.

[Fig. 1]  
The Structural and Thermal Model of the BepiColombo Mercury  
Transfer Module in the Large Space Simulator at ESA’s test centre in  
the Netherlands. The image was taken on 20 February 2013 ahead  
of a 12-day Sun-simulation test that began 26 February.  
© ESA

[Fig. 2] 
Marco Polo  
© NASA

Fig. 2
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La fin des opérations scientifiques des deux missions pilotées 
par le CNES CoRoT et Picard a également marqué l’année 2012. 
De manière tout aussi importante, la moisson de résultats scien-
tifiques a été très riche. Pour ne prendre que deux exemples en 
2013, les premières publications scientifiques issues des instru-
ments du rover Curiosity ont montré que la planète Mars a effec-
tivement été habitable dans un passé lointain car elle a abrité 
des lacs d’eau douce. À partir des données de la mission Planck, 
le contenu de l’univers en matière noire et énergie noire a été 
révisé de manière assez substantielle. De plus, les observations 
de Planck confirment les prédictions du modèle standard de Big 
Bang inflationnaire.

Dans le cadre du programme scientifique obligatoire de l’ESA, 
épine dorsale de notre programmation, nous pouvons citer les 
missions en cours Mars Express et Venus Express, ainsi que la 
poursuite de l’exploitation des observatoires Soho, Cluster, 
XMM-Newton et Integral. Planck et Herschel sont désormais 
passivés et mis sur des orbites « parking », mais l’activité de trai-
tement et d’exploitation scientifique des données est toujours 
intense. Les observations d’Herschel ont montré que les étoiles 
se forment dans des filaments de gaz et de poussières, organi-
sés par la turbulence provoquée par des propagations de flots 
ou de chocs dans le milieu interstellaire. Herschel a également 
mis en évidence des flots de matière le long de ces filaments.  
Les premiers résultats cosmologiques dévoilés par Planck en 
mars 2013 ont été largement repris par la presse nationale et 
internationale, témoignant de l’impact sur le public de cette 
mission à forte participation française. Le traitement final des 
données est en cours et devrait donner lieu à une nouvelle série 
de publications en 2014.

Rosetta, qui est sortie de son hibernation le 20 janvier 2014, 
poursuit son voyage au long cours vers la comète Churyumov-
Gerasimenko. Le CNES continue le développement du segment 
sol de la mission d’astrométrie Gaia, aux côtés d’un consortium 
de laboratoires français. Vu le volume important des données 
et la nécessité de retraitement tout au long de la mission,  
le CNES a opté pour les technologies dites de « big data ».  
Les contributions instrumentales à la mission BepiColombo sont 
en fin de développement. Côté Cosmic Vision, la charge utile 
de Solar Orbiter, première mission moyenne de ce programme, 

est maintenant en phase C ; cinq des dix instruments ont une 
contribution française (dont deux au niveau co-PI), un sixième 
étant sous responsabilité scientifique française et technique 
du CNES. Quant à la deuxième mission moyenne, il s’agit de la 
mission de cosmologie Euclid, proposée par un large consor-
tium européen sous responsabilité française. Solar Orbiter 
devrait être lancée en 2017 et Euclid en 2020.

Vision Cosmique et exploration de Mars

Plato, la troisième mission moyenne a été sélectionnée en 
novembre 2013 et a pour objectif la détection d’exoplanètes 
telluriques dans la zone habitable de leur étoile. Les labora-
toires français apportent une forte contribution technique et 
scientifique à cette mission qui devrait être lancée en 2024. 
Du côté des missions L, le paysage s’est également struc-
turé avec la sélection comme mission L1 de la mission Juice 
d’étude de Jupiter et de ses satellites Europe, Callisto et Gany-
mède, pour un lancement vers 2022. Les thèmes scientifiques 
des deux missions suivantes ont été choisis : univers chaud 
et énergétique pour L2 (2028) et univers gravitationnel pour 
L3 (2034). La communauté scientifique spatiale nationale se 
mobilise pour une forte présence française dans toutes ces 
missions.

Le programme ExoMars se compose de deux missions en 
coopération avec Roscosmos, avec en 2016, un orbiter 
emportant une charge utile scientifique de caractérisation 
de l’atmosphère martienne, ainsi qu’un démonstrateur de 
rentrée et d’atterrissage sur Mars emportant une charge utile 
scientifique d’étude de l’environnement martien. En 2018, 
un véhicule de surface américano-européen sera lancé par la 
Nasa et sera équipé d’un laboratoire scientifique. Les travaux 
de phase B sur cette charge utile Pasteur se poursuivent en 
France.

Programme multilatéral
 
Dans le cadre du programme multilatéral du CNES, la mission 
CoRoT (COnvection, ROtation et Transits planétaires) a  

AUTEUR : F. Casoli, responsable des programmes Sciences de l’Univers, Microgravité et Exploration
CNES, 2 place Maurice Quentin, 75039 Paris, France.

  Un atterrissage à haut risque sur Mars, la sélection de la mission NASA de 
sismologie martienne INSIGHT embarquant un sismomètre de haute précision 
fourni par un consortium piloté par la France, le choix de la première grande 
mission et de la troisième mission moyenne du programme Cosmic Vision de 
l’ESA, et en décembre 2013 le lancement de l’emblématique mission d’astro-
métrie de l’ESA, GAIA : du point de vue programmatique, pour les Sciences de 
l’Univers au CNES, les années 2012 et 2013 ont été riches en évènements et 
en temps forts.
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terminé ses opérations scientifiques fin 2012, par suite d’une 
panne instrumentale. Lancé le 27 décembre 2006 CoRoT avait 
découvert 32 systèmes étoile-planètes et plus de 150 exo-
planètes potentielles début 2014. Le second objectif scienti-
fique de CoRoT est d’étudier la structure interne des étoiles 
par astérosismologie, avec des résultats comme la décou-
verte d’oscillations de type solaire dans les géantes rouges. 
CoRoT a été retiré du service en juin 2014, après que certaines 
expérimentations technologiques ont été menées à bien sur 
le satellite. Le traitement final et l’archivage des données sont 
en cours.

Côté physique fondamentale, l’horloge atomique Pharao est 
en fin de développement, pour un lancement dans le cadre 
du projet Aces sur la station spatiale internationale en 2016. 
L’expérience de transfert de temps par lien laser T2L2, passa-
gère sur la mission Jason2, a dépassé les cinq ans en orbite, 
et plus d’une vingtaine de stations sol ont utilisé T2L2 pour 
des expériences de métrologie.

Le microsatellite Picard, de la filière Myriade, lancé le  
15 juin 2010, a été retiré du service le 4 avril 2014. L’exploita-
tion scientifique est en cours, avec des résultats intéressants 
sur la variabilité solaire dans le domaine ultraviolet ou l’apla-
tissement solaire. Toujours dans le domaine des microsatel-
lites, Taranis, qui étudie les phénomènes très énergétiques 
à l’interface entre l’atmosphère terrestre, la thermosphère 
et l’ionosphère, est en cours de phase C pour un lancement 
prévu en 2016, de même que Microscope, dont l’objectif est 
un test très approfondi du principe d’équivalence, en coopé-
ration avec l’ESA et le DLR.

Du côté de Mars Science Laboratory, après l’atterrissage à haut 
risque sur Mars le 6 août 2012, le rover Curiosity s’est mis en 
route pour aller explorer le mont Sharp (Aeolis Mons). Les 
deux instruments à forte contribution française, ChemCam et 
SAM, ont largement contribué à la première série de résultats 
scientifiques publiée fin 2013, et ChemCam est l’un des ins-
truments les plus utilisés avec plus de 100 000 tirs du laser. 
ChemCam, sous co-responsabilité française, est opéré une 
semaine sur deux depuis le centre FIMOC au centre spatial 
de Toulouse, qui permet également aux scientifiques français 
de programmer les opérations de l’instrument SAM.  

Toujours du côté de Mars, la NASA a sélectionné en août 2012 
la douzième mission de son programme Discovery : Insight 
(Interior Exploration using Seismic Investigations, Geodesy 
and Heat Transport), qui cherchera à comprendre l’évolution 
de la formation des planètes telluriques, en examinant la 
structure interne et les processus à l’œuvre sur Mars. Insight 
sera lancé en mars 2016.

[Fig. 1]  
Robot martien de la mission Mars Science Laboratory. La mission  
Mars Science Laboratory (MSL) est destinée à détecter des traces  
d’une ancienne chimie de la vie sur Mars. La France est fortement  
impliquée dans deux instrument du rover : ChemCam et SAM  
(Sample Analysis at Mars). Lancement prévu en 2011. 
© NASA/JPL Caltech, 2011

Fig. 1
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Fundamental physics

Tests of gravity performed in the Solar System show a good 
agreement with general relativity. However some indications 
lead physicists to think this theory may not be the ultimate 
one. Its principles are not compatible with those of quantum 
mechanics. A theory solving this problem would represent 
a crucial step towards the unification of fundamental inte-
ractions. Several approaches have been suggested. All of 
them tend to lead to tiny violations of various aspects of the  
Einstein Equivalence Principle which is the basis of general 
relativity, such as a drift of fundamental constants or a  
violation of the universality of free fall. General relativity is 
also challenged by observations at larger galactic and cosmic 
scales which are presently explained by introducing new  
components, dark matter and dark energy, whose nature 
remains unknown.

The last two years have taken a leap. The PLANCK mission 
has confirmed the ΛCDM cosmological model and the GAIA 
astrometry mission launched in December 2013 will, among 
others, aim at determining the distribution of dark matter in 
our galaxy and testing modified gravity models. The Funda-
mental Physics dedicated missions PHARAO/ACES, MICROS-
COPE and LISA PATHFINDER (precursor of e-LISA), will be 
launched in the 2015-2016 period. Such space missions based 
on optical interferometry, telemetry, clocks and accelero-
metry are designed to conduct high precision measurements 
of space, time and movement. 

T2L2 on board JASON 2: Time Transfer  
by Laser Link

T2L2 allows the comparison of remote ultra-stable clocks. The 
instrument developed by CNES and Observatoire de la Côte 
d’Azur (OCA/GéoAzur) has been functioning on the JASON-2 
satellite since June 2008. The principle of the experiment 
comes from laser ranging, using on ground a network of 
laser stations associated with high performance clocks and on 
board the T2L2 equipment designed to record the arrival time 
of laser pulses (linked to the local ultra-stable oscillator of 
the Doris system). Several laser ranging campaigns were con- 
ducted over the last two years together with calibration cam-
paigns for laser and microwave techniques (GPS, TWSTFT). 

They demonstrated a frequency relative stability for the clock 
comparison down to 10-16 on the long term, and time accuracy 
better than 100 picoseconds (Fig. 1).

PHARAO/ACES: a space clock using cold 
caesium atoms to test relativity

The ESA ACES (Atomic Clock Ensemble in Space) mission, 
built around the Cs cold atom PHARAO clock, is planned to 
be launched in 2016 on one of the external nadir racks of the 
ISS Columbus module. By comparing signals from different 
ground atom clocks, it will monitor the relative variation of 
the fine structure constant α with an accuracy of 10-17 per 
year. The gravitational redshift will also be measured with 
an increased accuracy. The PHARAO flight model, developed 
under CNES responsibility, has been assembled and tested 
with the scientists (Observatoire de Paris/SYRTE and LKB) 
in the CNES premises in Toulouse (Fig. 2). The preparation 
of the science operation center has started in CADMOS in 
Toulouse. The SYRTE metrology laboratory in Paris has been 
recommended as a core institute to be equipped with one 
of the Microwave link ground terminal provided by ESA. 
Additional ground-to-ground clock comparison systems 
(GPS, TWSTFT, laser ranging station, optical fiber link) are 
available. 
 

LISA PATHFINDER and e-LISA: laser 
interferometry for the detection of  
gravitational waves

The aim of e-LISA is to observe the Universe by means of 
gravitational waves. These are vibrations of the warped 
space-time produced in the most extreme environments, 
such as coalescence of supermassive black holes. They have 
been predicted by general relativity but they have never 
been detected directly. The “Gravitational Universe” has 
been selected by ESA as the theme for the Cosmic Vision 
L3 mission.

Regarding the LISA PATHFINDER preparatory mission fore-
seen in July 2015, the various simulation campaigns of 
science and technology operations performed at ESAC 

AUTHOR: S. Léon, Fundamental Physics program scientist
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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were supported by the complementary data center (Centre  
François Arago, APC, Paris), which was contributing off-line 
data analysis. French participation to the future e-LISA Data 
Processing Center was also investigated through a CNES 
assessment study.  
 

MICROSCOPE: putting the universality  
of free fall to the test with accelerometers

MICROSCOPE is a CNES project of small satellite based on 
the use of the Myriade platform, and managed with ONERA 
and OCA/Géoazur in cooperation with ESA, DLR and ZARM. 
It aims at testing the Equivalence Principle between iner-
tial and gravitational mass with an unprecedented resolu-
tion of 10-15. The measurements will be performed using 
two ultra-sensitive differential electrostatic accelerometers 
consisting of a pair of concentric proof masses. The two 
flight models built at ONERA were delivered in July 2014 
(Fig. 2). The orbital motion of the masses will be observed 
with subatomic precision at an altitude of about 720 km, 
on a quasi-polar Sun-synchronous circular orbit. The satel-
lite presents two main functions enabling this mission on a 
low orbit around the Earth: the attitude control which mini-
mizes the perturbations due to the gravity gradient and the 
drag-free control using a cold gas micro propulsion system 
which ensures the conditions of a pure free fall for the 
proof masses. The satellite is to be launched together with  
SENTINEL-1B, as of February 2016. 

STE QUEST: quantum sensors for  
Space-Time Explorer and Quantum  
Equivalence Principle Space Test

The STE-QUEST mission proposal designed to test the Einstein  
Equivalence Principle with quantum sensors (atom clock 
and atom interferometer) was preselected by ESA in the 
competition for the Cosmic Vision M3 mission. STE-QUEST 
was finally withdrawn due to the inadequate technology 
readiness level of the atom interferometer. R&T activities 
are going on to improve the instrument maturity and 0g 

experiments under parabolic flights (ICE) will be conducted 
with two different atom species to test the equivalence prin-
ciple at quantum level (see paper of P. Bouyer et al.).

Navigation data analysis and gravitation  
in the Solar System

The precise measurement of the gravitational field of the Sun 
and the planets is a strategic issue for fundamental physics. 
Improvement of probe trajectory, reference systems and 
planetary ephemeris can originate from it. French scientists 
have been involved in a specific scientific use of the navi-
gation data, for example on CASSINI and MESSENGER (see 
paper of A. Fienga et al.), and are now participating in the 
JUICE radioscience experiment 3GM, Gravity & Geophysics 
of Jupiter and Galilean Moons. Its high precision Doppler 
and range measurements are quite interesting for funda-
mental physics tests. 

[Fig. 1]  
Relative frequency stability for clock comparison as a function of  
integration time, for microwave methods GPS, TWSTFT and T2L2.  
T2L2-T2L2 colocation (red squares) means two laser stations distant 
from about 40 m, connected to the same clock, so the clock is  
compared to itself via the JASON-2 satellite. © OCA Géoazur 

[Fig. 2] 
MICROSCOPE differential accelerometer flight model built in ONERA.  
© ONERA

[Fig. 3a] 
PHARAO flight model under testing in CNES premises  
(gold: laser source, silver: caesium tube). © CNES

[Fig. 3b] 
First signal of the PHARAO clock flight model (Ramsey fringes).  
© LKB/Syrte/CNES

Fundamental physics

Fig. 3b

Fig. 3a

Fig. 2
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Over the past 20 years, atom interferometers have emerged 
for precision measurements of both fundamental constants 
and inertial effects. They have been used, for example, to 
make precise and absolute measurements of local gravity, 
Earth rotation rate and the gravitational constant, G [1]. Inte-
resting uses emerge in inertial navigation, geophysics and 
tests of fundamental physics such as the universality of free 
fall (UFF). Precise tests of the UFF with matter waves are of 
key importance to understanding gravity at the quantum 
scale. Such tests use two atom interferometers that measure 
the relative acceleration between two atomic species in free 
fall in the Earth gravitational potential. The ICE experiment 
is designed to generate interferometer signals from laser- 
cooled samples of 39K and 87Rb onboard the NOVESPACE  
A-300 ZERO-G aircraft. While in parabolic flight, the experiment 
is in free fall (Fig. 1) and this microgravity environment allows 
for interrogation times on the order of 10 s. Since the sensitivity 
of atom interferometers to acceleration scales as the square of 
this time, measurements on this timescale could theoretically 
detect changes in acceleration at the level of 10-11 g.

In order to laser-cool 87Rb and 39K, two independent laser 
sources are required at 780 and 767 nm. These wavelengths 
are generated by frequency-doubling the output of two 
C-band telecom lasers operating at 1 560 and 1 534 nm [2]. By 
using these fiber-based lasers the system is largely insensitive 
to optical misalignment due to vibrations or structural defor-
mation. The frequency of both lasers is stabilized by locking 
them to an optical frequency comb that operates over both 
telecom wavelengths. After amplification and frequency-dou-
bling, the light at 780 and 767 nm passes through a series 
of acousto-optic modulators in free-space (which act as 
frequency shifters and high-speed optical switches) before 
being sent through optical fibers toward the vacuum chamber.

In previous work [3], we demonstrated the operation of a 
cold 87Rb interferometer during parabolic flight and per- 
formed sensitive measurements of the plane’s acceleration. 
In a single-species interferometer, the acceleration of the atoms 
is measured relative to a mirror that retro-reflects the inter-
rogation light. On the plane, the high level of vibrations and 
residual acceleration (∼50 mg) causes this reference mirror 
to move significantly during the interrogation time of the 
interferometer. As a result, the phase of the interferometer 
is randomized by the mirror vibrations and can span multiple 
interference fringes. We showed that this randomization  
can be reversed with a high degree of accuracy by using a 
correlation procedure with measurements from a mechanical 
accelerometer attached to the reference mirror. This enabled 
us to detect inertial effects 300 times below the level of  
vibrations onboard the aircraft. These measurements were 
primarily limited by the non-linearity and intrinsic noise of the 
mechanical accelerometer and we anticipate further impro-
vement to airborne inertial measurements using state-of-the-
art accelerometers.

Ultimately, our goal is to make simultaneous measurements 
from the two atomic species in microgravity. Since the two 
interferometer signals originate from atomic sources that 
occupy the same space, many systematic effects related to 
a precise test of the UFF can be eliminated. So we have con-
structed a compact titanium vacuum system consisting of a six-
beam laser-cooling configuration for both 780 nm and 767 nm  
light. This setup can generate sources of cold 87Rb and 39K  
samples at temperatures of 2 μK and 15 μK, respectively, each 
with approximately 108 atoms. The Raman beams at 780 nm 
and 767 nm are combined on the same optics before being 
aligned through the atomic cloud and retro-reflected off a 
mirror. In this way, mirror vibrations are common to both 
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ICE atom Interferometric Inertial Sensing in microgravity:  
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Accéléromètre ICE à ondes de matière en microgravité :  
vers un test de l’universalité de la chute libre
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 Résumé : L’expérience ICE (Interférométrie atomique à sources 
Cohérentes pour l’Espace) teste l’universalité de la chute libre par 
interférométrie atomique en microgravité. Un dispositif  ultra-stable 
et transportable, utilisant un laser fibré pour refroidir les atomes de 
rubidium et potassium et fonctionnant en vol parabolique à bord de 
l’avion ZERO-G de NOVESPACE, a été construit.
Nous présentons les mesures inertielles faites avec le rubidium et le 
potassium et les progrès réalisés en vue d’un interféromètre double 
espèce.

Laboratory contribution

 Abstract: The ICE (Interferometrie atomique à sources Cohé-
rentes pour l’Espace) experiment tests the universality of  free fall 
using atom interferometry in microgravity. An ultra-stable trans- 
portable apparatus, consisting of  a fiber-based laser system for 
cooling both rubidium and potassium atoms, has been built and ope-
rated in parabolic flight onboard the NOVESPACE ZERO-G aircraft.
We are presenting inertial measurements from both rubidium and 
potassium and describing progress toward the achievement of  a 
dual-species interferometer.



17COSPAR

interferometer signals, and many sources of measurement 
noise can be rejected to a high degree. In addition, a high-sen-
sitivity mechanical accelerometer is attached to this mirror 
and is combined with the output of the two interferometers 
to further reduce noise due to lower-frequency vibrations 
and mirror drift. This technique is effective at removing phase 
noise even if no vibration isolation system is used.

In Fig. 2, we present some preliminary interferometer fringes 
measured in the lab separately with 87Rb and 39K. Here,  
measurements of the gravitational acceleration are performed  
by chirping the frequency difference between counter- 
propagating Raman beams and finding the chirp rate, α, that 
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[Fig. 1]  
Members of the ICE team performing atom interferometry experiments 
during the microgravity phase of a parabolic flight onboard the  
NOVESPACE A300 ZERO-G aircraft. From top to bottom: B. Barrett,  
B. Battelier, P.-A. Gominet. © LP2N

[Fig. 2]
Acceleration-sensitive interferometer fringes measured in the lab with 
87Rb (a) and 39K (b). Here, the fringes are obtained by scanning the 
frequency chirp rate, α, between Raman beams for T = 2, 3 and 4 ms. 
The sensitivity to the gravitational acceleration scales as T2, where T  
is the time between interferometer pulses. © LP2N

Fig. 2

exactly compensates for the Doppler shift due to the falling 
atoms. This value of α corresponds to the central fringe that 
remains fixed for all values of T — the time separating light 
pulses of the interferometer. These results, along with other 
recent tests performed in parabolic flight [4], represent an 
important step toward the first mobile dual-species interfer-
ometer and a test of the UFF at the 10-11 level.

Fig. 1
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Mercury is the smallest and the less explored planet of the 
Solar System. It is also the closest planet to the Sun. This prox- 
imity makes the study of its dynamics a fundamental input 
for testing general relativity. The effect of general relativity 
is indeed for Mercury orbit the strongest among all planets 
in the Solar System (43 arcseconds per century of perihelia 
advance). Despite its proximity, until recently, Mercury had 
only been visited three times by the Mariner 10 spacecraft in 
the seventies (twice in 1974 and once in 1975).

The MESSENGER spacecraft launched in 2004 by NASA in the 
frame of the Discovery program of Solar System exploration 
was the first probe to orbit Mercury since March 18, 2011. 
The main goal of the mission is to map Mercury surface and 
to study its inner structure.

Researchers of the CNES CESDN (Consortium pour l’Exploita-
tion Scientifique des Données de Navigation), a consortium 
for the use of spacecraft navigation data for science exploit- 
ation, have studied the spacecraft orbit using more than one 
and a half year of navigation data samples. This work allows to 
set up a new planetary ephemeris and to perform new tests 
for general relativity [3].

Several models of gravitation are presently under consider-
ation aiming to solve some major problems of quantic physics 
and cosmology such as the existence of dark matter or our 
understanding of the gravitation mechanism at large and 
quantic scales. Up to now, CESDN studies have tested the PPN 
(Parametrized Post-Newtonian) formalism described by Will 
(1993) [4]. This formalism describes the non-linear equations 
of motion of GR as developments of Newton universal law of 
gravity. Many parameters are used to calibrate possible viola-
tions of GR in this framework. The most common ones are the 

parameter β describing the non-linearity of gravity, usually 
scaled at one for GR, and the parameter γ for deflection of 
light per unit of mass, scaled at one in GR.

In studying the motions of natural and artificial objects in 
the Solar System, the CESDN researchers provide new limits 
confirming or denying the proposed models.

The INPOP (Intégrateur Numérique Planétaire de l’Obser-
vatoire de Paris) team working together since 2003 for the 
construction of the INPOP planetary ephemerides is the only 
team in the world to address these questions by the construc-
tion of spacecraft and planetary orbits with the use of raw 
navigation data of space missions [1-3]. 

MESSENGER data are regular and accurate at a level never 
reached before. The team has built up the most accurate 
ephemerides of Mercury (Fig. 1) called INPOP13a. These  
publicly distributed ephemerides(1)  introduce an improve-
ment of a factor 10 on the estimation of Mercury positions 
but also an improvement of the Earth orbit as well as new 
estimations of Earth perturbing asteroid masses. They also 
have obtained new constraints on PPN parameters of light 
deflection γ and of gravity non-linearity β (Fig. 2).
 
In a paper recently published in Astronomy and Astrophysics 
[3], the obtained accuracy gives an improvement of about a 
factor 4 for the parameter β in comparison to previous estima-
tions obtained by the team in 2010 [1]. For the parameter γ,  
the 2003 Cassini experiment published in Nature [2] gave 
a possible maximum violation to general relativity of about 
4.10-5. The present study reduces the possible range of such 
violation by a factor 2.
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The MESSENGER mission: new INPOP planetary ephemerides and  
constraints for theories of gravitation
La mission MESSENGER : de nouveaux éphémérides planétaires et  
validations de la relativité générale
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 Résumé : Par l’analyse des données de navigation de l’orbi-
ter de Mercure, Messenger, une nouvelle éphéméride planétaire 
INPOP13a a été construite et de possibles violations de la Relativité 
Générale (RG) ont été déterminées avec les paramètres PPN β et γ. 
INPOP13a donne une orbite de Mercure 25 fois plus précise que les 
éphémérides précédentes et la validation de la RG a été améliorée 
d’un facteur 4 pour β et 2 pour γ par rapport aux tests précédents 
[1-2].

Laboratory contribution

 Abstract: From the analysis of  the tracking data of  the Mercury 
orbiter, MESSENGER, a new planetary ephemerides INPOP13a was 
built and possible violations of  General Relativity (GR) were mea-
sured with the PPN parameters β and γ. INPOP13a gives an orbit 
of  Mercury 25 times more accurate than the previous ephemerides 
and the validation of  GR is improved by a factor 4 for β and 2 for γ in 
comparison to the previous best estimates [1-2].
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Furthermore, this study shows that it was possible to produce 
a disentangled estimation of the parameters β and γ based on 
the analysis of spacecraft data and the construction of plane-
tary ephemerides. The new estimations of β and γ give new 
constraints for alternative theories of gravitation.

Collaborations are installed in order to test other theories at 
the scale of the Solar System like MOND or tensor-scale theo-
ries [5] in particular with the Institut Astrophysique de Paris 
and Paris Observatory.

This work was supported by a PhD grant from CNES and 
the Région Franche-Comté, in the framework of the GRGS 
(Groupe de Recherche en Géodésie Spatiale) and of the 
CNES CESDN (Consortium pour l’Exploitation Scientifique des 
Données de Navigation).

(1) Available on the website http://www.imcce.fr/inpop
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[Fig. 1]  
Differences in meters between the Earth-Mercury distance deduced 
from the observations of radio navigation of the spacecraft orbiting 
Mercury and planetary ephemerides INPOP13a (in red), INPOP10e  
(in black), and the US planetary ephemerides DE423 (gray) and DE430 
(in blue). © Adapted from [4]

[Fig. 2]
Differences (%) between planet position residuals from INPOP13a  
(with β=1 and γ=1) and from ephemerides built with values of  
parameters β-1 (x-axis) and γ-1 (γ-axis). The zones of smallest  
differences (red and orange zones) give constraints for the β and γ  
parameters, acceptable at the level of accuracy of the planetary  
observations.© Adapted from [4]

Fig. 1

Fig. 2
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Astrophysics

COROT

The COROT mission ended in November 2012, after having 
doubled its optimal lifetime. COROT recorded the flux of 
more than 150 000 stars in different areas of the Galaxy, for 
duration of up to six months. Thirty-four COROT exoplanets 
have been confirmed and characterized so far, and several 
hundred candidates are awaiting confirmation. COROT also 
promoted asteroseismology as a powerful tool for stellar 
physics and galactic studies.

The COROT exoplanets were systematically “weighted” by 
radial velocity measures from the ground. The COROT family 
is very heterogeneous with planets nearing the brown dwarf 
domain, and others in the range of mini-Neptunes and down 
to the first telluric super-Earth.

COROT detected and measured solar-like oscillations in 
various types of stars. The detection of oscillations in red 
giants opened a new era in galactic studies, with numer-
ous developments ongoing on ground and in space (OGLE, 
KEPLER II, TESS, PLATO…).

HERSCHEL

The ESA far-infrared observatory HERSCHEL mission ended 
in April 2013. The HERSCHEL legacy is significant. Star-form-
ing galaxies, the so-called “starburst galaxies”, draw their 
activity from gas infall rather than from mergers; in addi-
tion, they evolve according to a common “main sequence”. 
Galactic observation highlighted the cycle of matter, from 
supersonic flows induced by massive stars explosions up to 
the collapse of prestellar cores. HERSCHEL detected numer-
ous molecules, in particular water almost everywhere,  
in the interstellar medium, in Jupiter upper atmosphere 
where it showed that most of it was brought by comet Shoe-
maker-Levy 9 in 1994, and unexpectedly, around the Ceres 
asteroid.

The large contribution of CNRS and CEA laboratories to 
these results reflect their involvement in the instrument’s 
development and use with CNES support.

PLANCK

ESA’s PLANCK mission ended in October 2013, after having 
doubled its expected lifetime. It completed five sky surveys 
with its High Frequency Instrument (HFI) and eight with its 
Low Frequency Instrument (LFI), versus two planned in the 
original mission. In April 2013, PLANCK delivered the results 
of the first two surveys: the best map ever of the Cosmic 
Microwave Background (CMB, the relic of the first electro-
magnetic emission of the Universe) temperature fluctua-
tions.

Statistical analysis of this map is noticeably in agreement 
with the theory of the Big Bang with an early inflation 
period. PLANCK updates the parameters of the model with 
an accuracy which allows ruling out of a majority of pro-
posed models. The relative amounts of dark energy, dark 
matter and baryons are revised, as the Hubble constant and 
the age of the Universe.

Careful retrieval or control of systematics is still going on 
in order to deliver in 2014 maps of temperature and polar-
ization based on the full set of surveys. CNRS teams which 
developed and operated HFI are leading this effort, backed 
by CNES.

Beside these great cosmological results, PLANCK data will 
provide a unique legacy for various themes through the 
delivery of a number of additional maps (e.g., polarization 
of the Galactic microwave emission) and catalogues (e.g., 
galaxy clusters).

GAIA

ESA’s GAIA mission was launched on December 19, 2013 by 
a Soyouz rocket from the Kourou French Space Port. After 
the ongoing in orbit test and calibration phase, GAIA will 
measure the position and velocity of one billion objects 
of our galaxy with an accuracy of a few millionths of a 
degree. Its scanning of the whole sky will also provide a 
priceless database of spectroscopic data for Solar System 
small objects, stars, galaxies and exoplanets. More than  
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400 people from European laboratories, including about  
100 members from French research institutes and from CNES, 
are involved in the challenging GAIA data processing (Fig. 1).  
The first partial catalogues should be available by 2015 and 
the final ones will be delivered by 2019.

JWST/MIRI

MIRI (Mid-InfraRed Instrument) is a spectro-imaging instru-
ment with a coronographic mode developed by a consor-
tium of European laboratories, among which several French 
ones supported by CNES. It will be a key component of the 
JWST mission, in particular in the field of stellar disks and 
exoplanets’ studies. MIRI, a part of the European contribu-
tion to the JWST, was delivered to NASA in May 2012 (Fig. 2).  
The integration and test phase into the JWST Instrument 
Module has started with success. JWST is planned to launch 
in 2018.

EUCLID

EUCLID is the second ESA Cosmic Vision program medium 
mission (M2). It is dedicated to the study of dark matter 
and dark energy. These unknown components, which stand 
for respectively 26% and 69% of the content of the Uni-
verse, question the validity of Einstein’s General Relativity at  
cosmological scales. Scheduled for launch in 2020, EUCLID 
will address these issues by probing the large scale structures 
and probing the galaxies gravitational distortion caused by 
dark matter. The EUCLID survey will provide unique legacy 
science in various fields of astrophysics, from the detection 
of exoplanets and the stellar physics in the Milky Way to the 
formation and evolution of the galaxies. French laboratories 
of CNRS and CEA, supported by CNES, are leading the inter-
national effort to develop the EUCLID instrumentation and 
the data processing system.

SVOM

SVOM is a French-Chinese mission aiming to study Gamma-
Ray Bursts (GRBs) – the highest energy phenomena ob-
served in the Universe. Launch is expected by 2020. 
SVOM, complemented by ground follow-up, will provide 

unprecedented multi wavelength follow-up on the GRBs,  
especially on very far ones. France, through CNES, CEA and 
CNRS laboratories, provides key elements of the mission 
including the wide-field X-ray and gamma-ray camera 
ECLAIRs and the alert system.

PLATO

PLATO is the third ESA Cosmic Vision program medium 
mission (M3). It will detect and fully characterize plane-
tary systems of all kinds including Earth-like planets around 
solar-like stars by precise continuous photometry of the 
latter. PLATO was selected in February 2014 and should be 
launched in 2024. French laboratories supported by CNES 
contribute significantly to the scientific payload and to 
ground data processing preparation.

The hot and energetic Universe,  
theme of the next ESA large mission

In November 2013, ESA selected the hot and energetic  
Universe as the science theme for its next Cosmic Vision 
large mission (L2), to be launched in 2028. This X-ray obser-
vatory will address some of the most fundamental issues 
in contemporary astrophysics and cosmology, such as black 
holes and matter under extreme conditions, formation and 
co-evolution of galaxies and of their central black holes, 
clusters and large-scale structures, and life cycles of matter 
and energy. French laboratories from CNRS and CEA, sup-
ported by CNES, are involved in the mission’s preparation.

[Fig. 1]  
The GAIA Data Processing Center at CNES Toulouse Space Center will 
harbour about 40% of the overall GAIA data processing. At the end of 
the mission 6 000 processing cores will be necessary.
© CNES

[Fig. 2] 
MIRI Flight Model under inspection at NASA’s Goddard Space Flight 
Center after its delivery.
© NASA/GSFC/Chris Gunn
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Fig. 2
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The PLANCK satellite is a medium-sized ESA mission. It was 
launched, along with the HERSCHEL Space Observatory, in 
May 2009 on an Ariane 5 rocket. It has been in orbit since that 
day, around the Lagrangian L2 point of the Sun-Earth system. 
It is dedicated to the precise measurement of the Cosmic 
Microwave Background (CMB) which is a 2.725 Kelvin black-
body relic that emerged from the hot and dense phase at the 
beginning of the Universe. Small variations of temperature 
(called anisotropies) have been observed by the two previous 
satellites COBE and WMAP, from NASA, along with sub-or- 
bital and ground-based experiments. The PLANCK satellite has 
just achieved the goal of extracting most of the cosmological  
information that is embedded in the statistics of the anisotro-
pies of the CMB in temperature.

For that purpose, two instruments share the focal plane of 
the PLANCK 1.5 m telescope. The low-frequency instrument 
(LFI), led by Italy, has 22 radiometers at 20 K covering the 
range of 30 to 70 GHz with a black-body reference at 4 K. 
The high-frequency instrument (HFI), led by France, uses  
52 bolometers cooled to 0.1 K. Both provide a sensitivity 
which is limited in part by the photon shot noise of the 2.725 K  
background itself. The mission scanning strategy was de- 
signed so as to obtain a near full sky coverage every six 
months. Five surveys have been obtained by HFI during its 
cold phase. Eight surveys have been gathered by LFI. PLANCK 
retired in October 2013 on a parking orbit around the Sun, 
after four and a half years of activity.

The analysis of the data has to come up with solutions 
concerning three main problems: dealing with calibration, 
removing or controlling systematic effects and removing 
or controlling foreground emissions. The 2013 data release 
is described in Ref. [1] and references therein. It can be 
accessed at this web page [http://www.sciops.esa.int/index.

php?project=planck&page=Planck_Legacy_Archive]. It only 
concerns the first 15.5 months of survey data called the 
nominal mission. It deals only with temperature data. No 
polarization products are given at this stage. 

We will now summarize the main scientific results which 
are related to the CMB. Detailed results can be read in the  
30 papers dedicated to the 2013 PLANCK data release.  
Fig. 1 shows one of the best renditions of the CMB ani-
sotropies, obtained by PLANCK after foregrounds have 
been removed using their spectral and spatial diversities.  
Fig. 2 shows the CMB power spectrum that represents the 
variance of the brightness fluctuations in bins of angular 
scales. Seven acoustic peaks are clearly seen, which repre-
sent the sign posts of early matter density fluctuations set in 
motion early on in the Universe. Early gravitational concen-
trations can rebound and oscillate several times depending 
on the size of the fluctuations. The generic power spectrum is 
only explained within the framework of the Big Bang scenario 
of the Universe.

There are only seven parameters describing the dynamics 
of the Universe and its energy and matter contents. They 
are sufficient to provide an acceptable fit to the statistics:  
a reduced c² statistics of 1.05 ± 0.03 is obtained with  
2 450 degrees of freedom. The age of the Universe (13 800 ±  
0.037 billion years), its energy (dark energy makes 69% of the 
critical density) and matter contents (dark matter makes 26% 
and ordinary matter makes 5%) are determined with a pre-
cision at the percent level. The best fit curve in Fig. 2 favors 
the inflation-motivated cosmologies. In particular, the spatial 
curvature of the Universe is compatible with zero within 
7.10-4 and the power law of the initial density fluctuations has 
an exponent significantly different from 1. The parameters  
describing the Universe are in broad agreement with those 
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Precision cosmology with the PLANCK satellite
La cosmologie de précision avec le satellite Planck
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 Résumé : En mars 2013, neuf  cartes couvrant tout le ciel ont 
été rendues publiques avec des fréquences allant de 30 à 857 GHz,  
et une résolution angulaire allant jusqu’à cinq minutes d’arc. Ces 
cartes révèlent, avec une sensibilité sans précédent, les fluctuations 
angulaires de température du rayonnement fossile à 3 K. Les seuls 
modèles d’Univers compatibles avec ces données sont fondés sur le 
paradigme du Big Bang inflationnaire.  

Laboratory contribution

 Abstract: In March 2013, nine all-sky PLANCK maps were 
made public. They cover the frequency range of  30 to 857 GHz, and 
an angular resolution that can reach five arcminutes. These maps 
reveal, with an unprecedented sensitivity, the angular fluctuations 
of  the temperature of  the Cosmic Microwave Background. The only 
models of  the Universe compatible with these data are based on the 
paradigm of  the inflationary Big Bang. 
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[Fig. 2]
Statistical analysis of the PLANCK 
two-point correlation function 
for the high-galactic-latitude 
sky. The power spectrum of 
the anisotropies is shown as a 
function of the multipole number 
(red points with error bars, 
cosmic variance in pale green). 
It represents the square of the 
fluctuation rms in bins of angular 
scales (upper horizontal scale). 
The best-fit model is shown as 
the green curve.  
© courtesy of ESA &  
the PLANCK Collaboration

[Fig. 3]
First submillimeter all-sky map 
from PLANCK showing the 
interstellar dust emission in  
our galaxy. This emission at  
857 GHz is used in the 
foreground removal process 
leading to the measurement  
of the CMB anisotropies  
at lower frequencies.  
© courtesy of ESA &  
the PLANCK Collaboration

[Fig. 1]  
Mollweide all-sky projection 
map of the CMB anisotropies 
as measured by PLANCK in the 
nominal mission. The galactic 
plane, that would appear as a 
middle horizontal line has been 
inpainted. For the other 95% 
of the map, the anisotropies 
that are shown are obtained 
by combining maps at several 
frequencies (the most important 
being the 143 GHz one) so as to 
null foreground components.  
The brightness range is less than 
2 parts in 10 thousands of the 
CMB temperature. 
© courtesy of ESA &  
the PLANCK Collaboration

obtained by other cosmological probes. The PLANCK surveys 
also bring key contributions to the study of large-scale  
structures in the Universe via the weak-lensing effect, the 
cosmic infrared background and the measurement of clusters 
of galaxies, and to the study of dust (Fig. 3) and synchrotron 
emission in our galaxy. 
The 2014 data release will concern all PLANCK surveys and 
the polarization information.

Fig. 2

Fig. 3

Fig. 1
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Red giant seismology is an exquisite surprise provided by the 
space mission COROT at first, then by KEPLER. The analysis of a 
wealth of light curves recorded with unique length, continuity 
and photometric precision has revealed many secrets [1].  
The most striking results, up to now, are provided by the 
observation of mixed modes. Such modes result from  
the coupling of gravity waves, propagating in the radiative 
core region, with pressure waves propagating in the stellar 
envelope. They directly reveal information from the stellar 
core: the nature of the nuclear reaction and the mean core 
rotation rate.

From structure homology to seismic  
scaling relations

Red giants are divided in three main regions: a thin hydrogen-
burning shell lies between the dense helium core and the 
thick, mostly convective envelope. This ensures that the inte-
rior structure is highly homologous. This property translates 
in a very typical solar-like oscillation spectrum revealed by 
COROT observations and expressed by the concept of uni-
versal red giant oscillation pattern [2], as an alternative form 
to the usual asymptotic expansion. Based on this concept, 
a method has been suggested to provide an unambiguous 
identification of the oscillations and a high-precision mea-
surement of the large frequency separation that gives struc-
ture to the oscillation pattern. This is highly useful, either for 
performing ensemble asteroseismology [3] or for modeling 
individual stars [4]. 

As a result of homology, the red giant global seismic para-
meters conform to a large number of scaling relations (Fig. 1).  
Two parameters are especially important: the frequency 
large separation Δν provides an estimate of the mean 
stellar density. The frequency νmax, which corresponds to 

the maximum oscillation signal, is proportional to the stellar 
surface gravity. From spectroscopy, gravity is measured with 
a poor precision (200 or 300%), whereas it is constrained to 
the 1% level by asteroseismology. As a consequence, seismic 
relations with Δν and νmax can be used to provide proxies of 
the stellar masses and radii, with typical precisions about  
10 and 5%, respectively [3]. 

An important consequence of the measurement of aster- 
oseismic radii for field stars is the capability of estimating 
stellar distances. Miglio et al. [5] have shown that red giants 
represent a well-populated class of accurate distance indica-
tors, spanning a large age range, which can be used to map 
and date the Galactic disk in the regions probed by obser-
vations made by COROT and KEPLER. They have determined 
precise distances for about 2 000 stars spread across nearly 
15 kpc of the Galactic disk, exploring regions which are a long 
way from the solar neighbourhood (Fig. 2).

A direct view into the stellar core

In the Sun, asteroseismology performs very efficiently, except 
in the central region since pressure modes do not probe the 
core efficiently. In red giants, gravity modes are not present, 
but appear clearly through the coupling of gravity waves prop- 
agating in the core with pressure waves propagating in the 
envelope. A wealth of information has been provided by their 
analysis. The different mixed-mode patterns help distinguish 
helium-core burning giants in the red clump from hydrogen-
shell burning giants on the RGB [6-7].

The capability of mixed modes to probe rotation in red giants 
is unfortunately limited by the observation length of COROT. 
The frequency resolution achieved with five-month-long 
runs has turned out to be insufficient to measure rotation.  
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 Résumé : Le satellite CoRoT a ouvert de nombreuses voies en 
physique stellaire, dont l’étude sismique des géantes rouges. De 
quelques observations au sol, avant CoRoT, posant plus de ques-
tions qu’elles n’en résolvaient, on est passé à une étude physique 
détaillée s’appuyant sur des observables inédites. La mesure des 
modes mixtes qui sondent le cœur de ces géantes a ainsi permis de 
mesurer l’état d’évolution des géantes puis, avec Kepler, la rotation 
de leur cœur.

Laboratory contribution

 Abstract: COROT has revealed that red giant stars sustain solar-
like oscillations. Before COROT, ground-based asteroseismic obser-
vations gave unclear results. Now, we can use these oscillations to 
measure stellar masses and radii, identify the stellar evolutionary 
stages and map the Galaxy. With KEPLER measurements, we have 
access to the core rotation. Recently, it was made clear that semi-
regular variability is also due to such oscillations. 
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Rotational splittings measured with KEPLER have highlighted 
a significant radial differential rotation [8]. Further observa-
tions reveal a small decrease of the mean core rotation rate 
of stars ascending the RGB [9]). Alternatively, an important 
spinning down is observed for red-clump stars compared to 
the red giant branch. 

Semi-variability in evolved M giants was suspected to be due 
to solar-like oscillation. However, until recently, only indi-
rect information was available to sustain this hypothesis.  
The question concerning the nature of these oscillations is 

now solved with KEPLER four-year-long observations [10].  
According to scaling relations, such oscillations occur at very 
low frequency: at the tip of the RGB, oscillations periods 
are as high as 50 days. Such observations provide improved 
distance measurements and open the way to extragalactic 
asteroseismology, with the observations of M giants in the 
Magellanic Clouds. This work, as others, has highly benefitted 
either from the COROT observations or from the methods 
developed for COROT observations. 
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[Fig. 1]  
Superimposition of solar-like 
oscillation spectra, from 
the Sun to a semi-regular 
variable, showing that red 
giant oscillation spectra are 
governed by different scaling 
relations. All stars with a 
large separation (indicated in 
µHz) less than 40 µHz are red 
giants. The scaling relations 
concerning the background 
(dashed line) and the 
maximum oscillations signal 
(dotted line) show evidence of 
the close connection between 
seismic and convective  
properties.
© B. Mosser.

[Fig. 2]  
Solar-like oscillating G-K giants 
observed in several COROT 
fields of view and by Kepler: 
projection on the x-z plane 
perpendicular to the Galactic 
plane. 
© from 2012EPJWC.1905012M.
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The HERSCHEL Space Observatory has a long story. The first 
document describing what could be a mm space observatory  
were presented in the early 80s. Selected as one of the 
corner stone of the Horizon 2000 ESA program, HERSCHEL 
was launched on May 14, 2009. Five years later, a good  
assessment of the HERSCHEL achievement can be made. 
Today, more than 900 scientific papers have been published, 
on almost every domain of astrophysics, from Solar System 
to Cosmology. In this short paper, it is not possible to report 
on all the results obtained from HERSCHEL’s observations.  
I will focus on some of them, which I consider are breaking 
frontiers. Readers who would like a full overview can go to 
the Universe explored by HERSCHEL symposium web page 
(ESTEC/ESA, October, 15-18, 2013, http://HERSCHEL.esac.
esa.int/TheUniverseExploredByHERSCHEL.shtml). 

For a long time, there was a lack of information on the first 
steps in the formation of stars. Parent molecular clouds could 
be observed in radio and protostars, in infrared, but cold core 
phases, when molecular clouds fragments start to collapse to 
give birth to protostars, remained hidden: cold cores are very 
cold, a few tens K, and hidden by dust. HERSCHEL was the first 
observatory to observe these cold cores and the structure 
of molecular clouds on a small scale. The main surprise was 
that cold cores are all lying in filaments that design a skele-
ton inside the star forming molecular clouds. In addition, it 
was possible to map these filaments and to demonstrate that 
they have all a typical width of 0.1 pc, whatever star forming 
region is observed. This was totally unexpected, and most star 
formation theories assumed star formation to be randomly 
distributed in molecular clouds. The 0.1 pc scale corresponds 

AUTHOR: L. Vigroux(1)

(1) CEA, route Nationale, 91191 Gif sur Yvette Cedex, France.

Astrophysics
HERSCHEL opens new windows on the Universe
Herschel ouvre de nouvelles perspectives sur l’univers

UNIVERSE SCIENCES - SCIENCES DE L’UNIVERS

 Résumé : Avec ses trois instruments et son télescope de  
3,50 m de diamètre, l’observatoire spatial Herschel, lancé en 2009 a 
fourni des observations qui ont permis des avancées considérables 
dans de nombreux domaines, et plus particulièrement pour la for-
mation des étoiles, l’évolution des galaxies et la chimie du milieu 
interstellaire.

Laboratory contribution

 Abstract: With its three instruments, PACS, SPIRE and HIFI, 
and its 3.5 m diameter telescope, the HERSCHEL Space Observa-
tory launched in 2009 has provided observations leading to trans-
forma-tional science in several domains, such as star formation, early 
galaxy evolution and chemistry of  the interstellar matter.  

[Fig. 1]  
a) HERSCHEL/SPIRE image of 
star forming region in Taurus. 
The light blue and purple 
curves show the crests of 
filament.

b) Display of polarization 
vectors tracing the magnetic 
field orientation, overlaid on 
the HERSCHEL/SPIRE image. 
The magnetic field appears 
to be oriented perpendicular 
to the filament and roughly 
aligned with the general 
direction of the striations 
overlaid in blue. 
© From [2] Fig. 1
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[Fig. 2]
Nearby galaxies spanning 
the whole galaxy Hubble 
sequence observed in the far 
infrared with the instrument 
PACS and SPIRE onboard the 
ESA HERSCHEL Observatory, 
and the MIPS instrument 
onboard the NASA SPITZER 
mission. Colors are created 
by combining a blue image 
from SPITZER, a green from 
PACS and a red from SPIRE. 
These observations have been 
obtained in the framework 
of the HERSCHEL KINGFISH 
key program (PI. R. Kennicutt, 
http://www.ast.cam.ac.uk/
research/kingfish).
© Courtesy of M. Galamatez.

to the transition from supersonic turbulence to subsonic tur-
bulence in these clouds. Other observations have demon- 
strated that these filaments created by magnetic turbulence 
are growing by infall driven by gravity. Clouds become filamen-
tary due to magnetic turbulence; filaments grow by gravita-
tional infall, and when they reach a critical linear mass, they 
start fragmenting creating cold cores and coeval of similar 
masses along one filament (Fig. 1 a and b). The mass func-
tion of these cold cores is very similar to the mass function of 
protostars, which turn to be different from the mass function 
of molecular clumps and clouds. These results have given the 
solution of an old problem, the fight between turbulence and 
gravity. Theoreticians explained the long life-time of molecu-
lar clouds by turbulent pressure to sustain the cloud, while 
others claimed that gravity and fragmentation were required 
to form stars. These two opposite views are now included in 
a single process, where filaments are the tool to move from a 
turbulence-dominated regime to a gravity-dominated regime. 
A new paradigm has emerged from the HERSCHEL observa-
tions ([1-2] for a review).
 
Since IRAS in the early 80s, we have known that star forming 
galaxies radiate more energy in the far infrared than in the 
visible, due to heating of the interstellar dust to temperature 
∼20 K, which radiates in the far IR. HERSCHEL was the first 
infrared space observatory with enough sensitivity to probe 
galaxies from our neighbourhood (Fig. 2) to cosmological dis-
tances. Contrary to the canonical view of hierarchical merging 
of galaxies triggering strong starburst, HERSCHEL has demon-
strated that mergers are playing a minor role, while the bulk 
of star formation is due to large galaxies sustaining a large 
star formation rate thanks to infall of cool gas falling along the 
filaments delimited by the web structure of the dark matter 
distribution [3]. Previous infrared missions have identified a 
Cosmic infrared Background due to the sum of the emission 
of unresolved galaxies. For the first time, HERSCHEL was able 
to resolve the galaxies emitting this CIB, and as a by-product, 
it is now possible to trace the history of star formation in the 
Universe in an unbiased way [4]. Deep surveys made with 

Fig. 2

Fig. 1
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HERSCHEL allowed us to discover lensed distant galaxies with 
redshift from 4 to 6. More than a hundred of these galaxies 
have been identified, while only a few were known before 
HERSCHEL. Thanks to the gravitational lensing effect, they are 
bright enough for a follow up with mm interferometers, IRAM 
and ALMA, providing us for the first time with a possibility to 
study in details these primeval galaxies [5]. HERSCHEL obser-
vations are at the origin of a revolution in our understanding 
of early evolution of galaxies. 

The spectrographic capabilities of HERSCHEL were used to 
study in detail the chemistry of the interstellar gas. Water 
has been found in many objects, either as vapour or as ices.  
For the first time, it was possible to follow the water trail along 
the stellar formation process, from ices to vapour. These meas-
urements provide a clue to understand the origin of water  
in the Solar System and on Earth [6].

UNIVERSE SCIENCES - SCIENCES DE L’UNIVERS
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Sun, Heliosphere and  
Magnetospheres

The French solar and plasma physics community is pres- 
ently deeply involved in the preparation of several missions: 
TARANIS (launch planned in 2017) is dedicated to the physics of 
atmosphere/ionosphere/magnetosphere couplings (Fig. 2),  
SOLAR ORBITER (2017) (Fig. 3), and a small contribution to 
NASA’s SOLAR PROBE PLUS mission (2018). With the matu-
ring of heliophysics science and the deeper understand- 
ing of its fundamental space plasma processes, we can not 
only establish new connections with other types of astro-
physical plasmas, but also start forecasting some of the proc- 
esses that represent a hazard to our technological society.
Two important directions for future research are a more 
systemic understanding of the impact of solar variability on 
the Earth and on other planets, and a deeper understand- 
ing of the fundamental physical processes that drives this 
variability.

At the beginning, there was SOHO

When it was launched in December 1995, SOHO was consid- 
ered as a purely scientific mission. However, it rapidly became 
apparent that this spacecraft could do more than what it was 
designed for. SOHO actually paved the way for a new field of 
science: space weather.
 
Among the twelve instruments that are onboard SOHO, one 
still plays a unique role in monitoring the Sun. This instrument 
has been designed and operated by the US Naval Research 
Laboratory, and it is made of three coronagraphs with  
different fields of view. One of them, LASCO-C2, has been 
built by the Laboratoire d’Astrophysique de Marseille.

The LASCO-C2 coronagraph aboard SOHO has now com-
pleted 18 years (1996-2013) of quasi-continuous white-
light imaging of the corona from 2.2 to 6.5 solar radii, thus  

providing an unprecedented view of evolution of the Sun over 
more than one solar cycle and a half, including the minima of 
solar cycles 22 and 23.

The global radiance of the K corona closely tracks the activity 
pattern of the Sun, including the prolonged cycle 23, and the 
subsequent anomalous minimum. The analysis of different 
coronal regions has uncovered a more complex behaviour, 
revealing a time lag between the northern and southern 
regions. The ARTEMIS (Automatic Recognition of Transient 
Events and Marseille Inventory from Synoptic maps) I and II 
catalogues of LASCO coronal mass ejections have reported 
over 20 000 events that are automatically detected from cali-
brated synoptic maps. Their statistical analysis has enabled a 
systematic study of the interactions between Coronal Mass 
Ejections (CMEs) and streamers. When a CME-streamer asso-
ciation occurs (in about half of the cases), approximately 95% 
of the streamers experience a change, either geometric or 
radiometric. The monthly rate of CMEs is known to follow 
the solar activity cycle, with for instance a strong correla-
tion with the radio flux at 10.7 cm. However, the CME rate 
has been found to be relatively higher during the ascending 
phase of present cycle 24, as compared to the previous cycle.  
An unexpected bonus is offered by the detection of over  
2 500 sungrazing and sunskirting comets whose study reveals 
their complex collisional history.

From the Sun to the Earth

The study of the solar variability and its impact on the Earth’s 
magnetised environment has been one of the pillars of space 
exploration since the dawn of the space age. Numerous space 
missions have been dedicated to the understanding of the 
solar-terrestrial connection, with recent and noteworthy 
contributions from CLUSTER and SOHO in Europe, THEMIS, 
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the VAN ALLEN probes and SOLAR DYNAMICS OBSERVA-
TORY in the USA, and also GEOTAIL and HINODE in Japan. 
These missions were mostly addressing on one end of the 
connection, i.e. either the Sun or geospace. The launch of 
the NASA STEREO mission in 2006, with significant hardware 
contributions from Europe (e.g., heliospheric imagers, radio 
wave, electron and ion instruments), provided a significant 
step forward by opening up access to new vantage points 
from which both the Sun and the Earth could be observed 
from afar. The twin STEREO spacecraft were indeed launched 
on orbits similar to the terrestrial one, but just slightly off so 
that one spacecraft would drift ahead of the Earth and the 
other one trail it. In doing so, the spacecraft could drift apart 
and attain locations outside of the Sun-Earth line. STEREO’s 
imagers had been designed specifically to track solar distur-
bances all the way from the Sun to the Earth. Observations 
from STEREO not only allowed for stereoscopic imaging of 
solar disturbances, but also provided multipoint in situ mea-
surements of heliospheric perturbations one astronomical 
unit away from the Sun. In combining these observations with 
in situ measurements made by other spacecraft in the vicinity 
of the Earth, STEREO became the first mission to monitor the 
complete chain of processes from the Sun to the Earth, includ- 
ing propagation characteristics and the impact on geomag-
netic activity. Two notable results are described, which focus 
on the tracking of coronal mass ejections as they propagate 
earthwards, and on their interaction with the ambient solar 
wind through magnetic reconnection processes.

Reconnection and turbulence

Shocks and turbulence are two major ingredients of astrophy-
sical plasmas and are strongly interrelated. The microphysics 
of these plasmas, i.e. the physics at kinetic scales, is of key 
importance for understanding fundamental processes such as 
collisionless reconnection, energy dissipation, plasma trans-
port and particle acceleration. Many aspects of the micro-
physics, however, are still poorly understood because their 
experimental study requires direct measurements of particle 
distribution functions, and electromagnetic field observations 
at high temporal resolution and down to the smallest spatial 
scales. At present, the best laboratory for addressing the 
microphysics of space plasmas is the near-Earth space, and 
foremost among the in situ diagnostics are the four CLUSTER 

spacecraft, allowing for disentangling spatial and temporal 
variations. Recent CLUSTER observations have revealed the 
turbulent cascade of electromagnetic energy down to elec-
tron scales, providing new constraints on possible dissipa-
tion mechanisms. Observations in reconnection regions, and 
at small scales, have shown how protons are accelerated to 
form reconnection jets. At higher energies, CLUSTER has pro-
vided the first evidence for very energetic electrons to be 
accelerated when reconnection is unsteady. CLUSTER obser-
vations have also greatly contributed to our understanding 
of the relationship between reconnection and turbulence/
waves: the four spacecraft have provided the first direct evi-
dence of reconnection in turbulent plasmas, and moreover 
allowed detailed observations of the different wave modes 
that are participating in this reconnection, e.g., by showing 
how ion-scale structures interact with electron-scale whis-
tler waves during magnetospheric substorms. These results 
are highly relevant for understanding how these fundamental 
processes operate in other types of astrophysical plasmas, 
such as the solar corona or in astrophysical jets, where  
in situ measurements are not available. Future missions 
such as MMS (2015) and SOLAR ORBITER (2017) will further 
increase our understanding of reconnection and turbulence 
through measurements with improved resolution, and by 
visiting unexplored regions of the solar system, such as the 
near-Sun corona.  

[Fig. 1]  
An artistic look at a coronal mass ejection launched towards Earth. 
© SOHO (ESA/NASA)/S.Hill

[Fig. 2]  
Tests on the TARANIS satellite. 
© CNES/JALBY Pierre, 2013

[Fig. 3]  
ESA’s next generation Sun explorer SOLAR ORBITER.
© ESA/AOES

[Fig. 4a and 4b]  
Comet ISON seen by the LASCO-C2 coronagraph before (Fig. 4a) and 
after (Fig. 4b) it passed closest to the Sun, in November 2013.
© ESA/NASA
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The solar corona, the ionized gas comprising both protons 
and electrons forming the solar atmosphere, was first reveal-
ed and observed during total eclipses. The study of this so-
called white-light corona resulting from Thomson-scattered 
sunlight from the free electrons in the coronal plasma led to 
the basic understanding of its physical properties. As obser-
vations accumulated, it became clear that it was closely 
associated to the magnetic activity of the Sun through its 
eleven-year cycle. The first spacecraft externally-occulted 
coronagraph OSO-7 followed by Skylab, P78-1 (Solwind) and 
SMM, revealed the existence of the coronal mass ejections 
(CMEs) and monitored the coronal activity during many years. 
The LASCO-C2 coronagraph built by the Laboratoire d'Astro-
physique de Marseille and carried aboard the SOHO solar 
observatory launched in late 1995 has opened a new era 
in quantitative analysis of the white-light corona thanks to 
its superior sensitivity, excellent photometric performances 
and record longevity. LASCO-C2 has now completed 18 years 
(1996-2013) of quasi-continuous imaging of the corona from 
2.2 to 6.5 solar radii, thus allowing an unprecedented view 
of its evolution over a period of time exceeding a solar cycle 
and a half.

The analysis of properly processed and calibrated LASCO-
C2 images yields both quantitative results (radiance, pola-
rized radiance and electron density) and spatially resolved 
information in regions inaccessible to in situ measurements  
(e.g., polar regions) giving a unique and broad insight on how 
the corona reacts to solar activity (Fig. 1). The global radiance 
of the K corona follows very well the activity pattern of the Sun 
as quantified by two standard indices, the sunspot number 
and the radio flux at 10.7 cm. It fully reflects the anomalously 

long cycle 23 estimated to 12 years and 3 months and the 
following deep minimum found to be 24% fainter than the 
previous one [1]. However, the two hemispheres experienced 
different reductions and this asymmetry supports the current 
view that solar maximum conditions have been reached in 
the northern region whereas the southern region is lagging 
with the rise of activity still on-going. The equatorial sector 
suffered a severe reduction of 44% in remarkable agreement 
with the in situ measurements of the proton density per-
formed at 1 AU by WIND and ACE. The global radiance of 
the K corona exhibits quasi-periodic oscillations during the 
maximum phase of cycle 23 which are also seen in the tem-
poral variation of the total solar irradiance and are part of 
several modes affecting the magnetic activity of the Sun. The 
increased coronal radiance during the maximum of a cycle is 
best explained by the increasing warping of the current sheet 
and by the emergence of high altitude “polar” streamers as 
well as pseudo streamers. 

The ARTEMIS (Automatic Recognition of Transient Events 
and Marseille Inventory from Synoptic maps) I [2] and II [3] 
catalogs of LASCO coronal mass ejections rely on an original 
method of automated detection of these events on synop-
tic maps of the K corona built from the LASCO-C2 calibrated 
images. The catalogs list over 20 000 events and report their 
time of appearance, geometric parameters, and average velo-
city; ARTEMIS II further reports their mass and kinetic energy. 
These catalogs have allowed a first, global statistical study 
of the interaction between CMEs and streamers [4]. It has 
been found that about half of the global population of CMEs 
is not associated with streamers, whereas 93% of the 10% 
brightest CMEs are associated. A complete statistical analysis 

AUTHOR: P. Lamy(1)

(1) LAM, UMR 7326, 38 rue Frédéric Joliot-Curie, 13388 Marseille Cedex 13, France.

Sun, Heliosphere and  
Magnetospheres

Eighteen years of white-light imaging of the solar corona with  
the LASCO-C2 coronagraph
Dix-huit années d’imagerie en lumière blanche de la couronne solaire  
avec le coronographe Lasco-C2

UNIVERSE SCIENCES - SCIENCES DE L’UNIVERS

 Résumé : Le coronographe Lasco-C2 à bord de SOHO a  
maintenant observé de façon quasi-continue la couronne solaire 
pendant 18 ans (1996-2013) offrant une vue sans précédent de son 
évolution sur plus d’un cycle solaire et demi. La radiance globale de 
la couronne K et le taux mensuel d'éjections coronales de masse 
(CMEs) reproduisent le cycle d'activité du soleil avec cependant des 
variations selon les régions de la couronne. Un bonus inattendu est 
offert par la détection de plus de 2 500 comètes rasantes.

Laboratory contribution

 Abstract: The LASCO-C2 coronagraph aboard SOHO has now 
completed 18 years (1996-2013) of  quasi-continuous white-light 
imaging of  the corona, thus allowing an unprecedented view of  its 
evolution over more than a solar cycle and a half. The global radiance 
of  the K corona and the monthly rate of  coronal mass ejections 
(CMEs) follow very well the activity pattern of  the Sun but distinct 
behaviors are observed in different regions. An unexpected bonus 
is offered by the detection of  over 2 500 sungrazing and sunskirting 
comets.
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of the properties of CMEs over 18 years is underway but it is 
already obvious that their monthly rate follows very well the 
solar activity cycle (Fig. 2). Note the quasi perfect correlation 
all over solar cycle 23 and also a tendency of a relative higher 
rate of CMEs during the ascending phase of cycle 24. 

An unexpected bonus of the LASCO observations is the detec-
tion of over 2 500 comets as of today, an outstanding record 
for an instrument! The Kreutz sungrazing family, characte-
rized by perihelion distances of two solar radii, represents 
about 90% of these discoveries and has long been considered 
unique. A new class of sunskirting comets has been discover-
ed [5] organized in different groups: Meyer, Marsden, Kracht 
and sporadic. They all approach the Sun to 6-12 solar radii 
and contrary to the Kreutz family, many survive their peri-
helion passage. Two of them are definitively periodic with 
periods of 4 and 5.5 years. The sungrazing and sunskirting 
comets are all fragments of more massive parent comets that 
disrupted a long time ago, although cascade sub-fragmenta-
tion is still going on. The cumulative distribution functions 
of the peak brightness (used as the proxy to the size of the 
nucleus) allow tracking their fragmentation history and it has 
been established that, for instance, the Meyer group is more 
evolved than the other groups.
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[Fig. 1]  
Three images of the K corona obtained with the LASCO-C2 coronagraph 
on June 16, 1997 during the minimum of solar cycle 22 (left panel), on 
January 1, 2000 during the maximum of cycle 23 (central panel) and on 
December 21, 2008 during the minimum of solar cycle 23 (right panel). 
© From [1]

[Fig. 2]
Monthly rates of coronal mass ejections reported by the ARTEMIS-II 
catalog and the F10.7 radio flux. © From [1]
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The Solar Terrestrial Relations Observatory (STEREO) NASA 
mission, launched in 2006, consists of two spacecraft that 
slowly drift ahead (ST-A) and behind (ST-B) the Earth on 
similar orbits around the Sun [1]. STEREO is the first mission 
to provide a complete set of both in situ and imaging instru-
ments to study solar phenomena from two vantage points 
outside of the Sun-Earth line, as shown in the upper-right part 
of Fig. 1.

The STEREO Heliospheric Imagers (HI) can image directly the 
light scattered by solar disturbances propagating from the 
Sun to one AU, and even beyond. Each spacecraft also com-
prises a set of in situ plasma instruments, including the In-situ 
Measurements of Particles And CME Transients (IMPACT) 
suite. This suite comprises the Solar Wind Electron Analyzers 
(SWEA) that were designed and built at IRAP. These are dedi-
cated to the in situ multipoint measurement of the interplan-
etary counterpart of solar disturbances such as coronal mass  
ejections (CME).

Using combined data from these imaging and in situ instru-
ments, it has been possible to track solar disturbances all the 
way from the Sun to the Earth for the first time [2]. We show 
in Fig. 1 an example of a CME that was tracked in ST-B HI 
images in November 2007. As can be seen the fields-of-view 
(FOV) of STEREO are most appropriate to track disturbances 
all the way from Sun to Earth. At the time of Fig. 1, the dis-
turbance had already propagated a significant distance and 
was just about to hit the Earth (e.g., ACE spacecraft) and the 
ST-A spacecraft. In ST-B images the CME is visible as the two 
black and white bands marking the locations of the leading 
and trailing edges of the CME that are impacting the Earth. 

In the lower panels of Fig. 1, the in situ measurements near 
Earth show that the solar disturbance indeed impacted the 
Earth at the time observed by HI. The times of passage of the 
leading and rear black/white bands correspond, respectively, 
to the shocked plasma located ahead of the propagating CME 
and to its sunward edge [2]. Such unprecedented capability 
to track solar disturbances all the way from the Sun to the 
Earth allows space physicists to perform both fundamental 
science studies (e.g., propagation and in situ interaction of  
disturbances) and real-time monitoring of space weather 
near Earth’s environment.

Detailed analysis of the STEREO in situ multipoint observations 
for this event further permitted the unambiguous demonstra-
tion of the occurrence of a fundamental process that at times 
can significantly alter the CME structure during its propagation: 
the erosion of magnetic flux by magnetic reconnection [3].  
CMEs are magnetic structures that are typically characterized 
by a flux-rope topology, i.e. helical magnetic lines of force as 
illustrated in Fig. 2a. Thanks to this unprecedented multipoint, 
high-quality dataset, a careful determination of the CME axis 
orientation could be obtained. On this basis, the amount of 
magnetic flux erosion that occurred during propagation to 
Earth could be carefully quantified by analyzing the azimu-
thal magnetic flux imbalance during the multi-spacecraft 
sampling of the CME. The magnetic reconnection process 
that occurred at the front boundary of the CME is illustrated 
in Fig. 2b, where inferred changes in magnetic connectivity 
are displayed (by comparison to Fig. 2a). Consistent with this 
process, clear magnetic reconnection signatures were ob- 
served locally at the front boundary of the CME, as expected 
(not shown, cf. [3]). The occurrence of this process was also 
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 Résumé : L’influence solaire sur l’environnement terrestre fait 
l’objet d’un intérêt croissant ces dernières décennies. Ceci résulte 
d’une meilleure appréciation de l’impact des perturbations solaires 
sur les activités humaines. La mission STEREO a été lancée afin 
d’approfondir notre compréhension des processus fondamentaux 
contrôlant ces phénomènes, ainsi que notre capacité à les prévoir. 
Deux résultats importants, portant sur la propagation d’éjections de 
masse coronales, sont présentés.

Laboratory contribution

 Abstract: Solar influence on the near-Earth environment has 
gained considerable interest in the last decades. This has come 
from the recognition that solar disturbances can strongly affect 
human activities. The STEREO mission was launched to augment 
our understanding of  the fundamental processes that control these 
phenomena, as well as our ability to predict them. We present two 
important results that pertain to the interplanetary propagation of  
coronal mass ejections.
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confirmed from suprathermal electron measurements within 
the CME. Such electrons travel very fast along magnetic field 
lines, and therefore signal the large-scale magnetic topology 
of both the CME and its surroundings. Changes in suprather-
mal electron properties were observed in the trailing part of 
the CME. This observation was interpreted as the result of the 
magnetic reconnection process occurring at the front of the 
CME. This is because the front part of a CME is magnetically 
connected to its trailing edge, where changes in electrons prop-
erties were found, owing to the helical nature of its magnetic 
field. A statistical analysis over the whole space era is underway 
to further quantify the importance of this process. 

Finally, since this erosion mechanism can lead to the removal 
of part of the southward oriented magnetic field at the front 
of CMEs, the potential impact of this mechanism on the geo-
effectiveness (i.e. the ability to drive geomagnetic storms)  
of CMEs was studied in [4]. It was shown to be very signifi-
cant for amounts of magnetic flux erosion on the order of 
those inferred from the case studies [3-4]. The radial evolu-
tion of the magnetic erosion process in the inner heliosphere 
was also estimated based on simple theoretical models. This 
study concluded that most of the erosion is expected to occur 
within Mercury’s orbit, paving the way for important contri-
butions to this topic by the future ESA SOLAR ORBITER and 
NASA SOLAR PROBE PLUS missions, which will provide unpre-
cedented high-quality measurements in the innermost parts 
of the Solar System.
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[Fig. 1]  
(Upper-right) ST-A and B locations with respect to Sun and Earth.  
The FOV of the two HI instruments are illustrated. (Upper left) HI image 
from ST-B at the time the disturbance hits the Earth. (Lower part)  
in situ observations near Earth showing density, magnetic field vector 
magnitude, azimuth and latitude, and ion speed. 
© Adapted from [2].

[Fig. 2]
(a) Magnetic topology before reconnection at CME front.  
(b) Changes in connectivity produced by reconnection. Blue lines  
are closed, with counterstreaming electrons. Green and red lines  
respectively correspond to open field lines with anti-parallel and  
parallel unidirectional electrons. Arrows show magnetic field  
orientation. © Adapted from [3].

Fig. 2b

Fig. 2a
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The majority of visible matter in space is plasma. Plasma is 
ubiquitous in galaxies, in stars and within planetary systems. 
Important phenomena such as the acceleration of cosmic 
rays, stellar flares and planetary sub-storms are due to fun-
damental processes occurring in plasmas such as energy dis-
sipation, plasma transport and particle acceleration. 

Reconnection and turbulence are two key ingredients of such 
processes. Turbulent cascade allows the transfer of energy 
from very large scales, where energy is injected, to the smal-
lest kinetic scales, where energy is eventually dissipated. 
Reconnection is a major mechanism to dissipate energy into 
particle heating and acceleration. The experimental investiga-
tion of reconnection and turbulence requires measurements 
of particles and fields in situ. At present, the best laboratory 
to study such processes is the Solar System where in situ mea-
surements are available onboard spacecraft. In particular, 
recent multi-points observations from ESA/CLUSTER space-
craft [1] in the near-Earth space (solar wind, magnetosphere) 
revealed new physics of reconnection and turbulence down 
to the smallest scales.

Turbulence has been studied for decades in different regions 
of near-Earth space. The near-Earth solar wind, in particular, 
is a privileged laboratory and provides key information about 
turbulence in the near-Sun corona, where direct measure- 
ments are not yet available. While the properties at large-
scales (the so-called MHD turbulence) were studied much 
in the past, key aspects of turbulence at kinetic scales  
(i.e. scales comparable to particle gyro-radii and below) 
were revealed only recently mostly thanks to CLUSTER  
measurements. One very important example is how energy is  

transferred and dissipated at kinetic scales, where particles 
are heated and accelerated. Observations from the STAFF 
magnetometer onboard CLUSTER allowed determining the 
behavior of energy cascade down to electron scales [2-3-4-5]  
(Fig. 1, left panel). Furthermore, the detailed analysis of  
STAFF data allowed to identify different wave modes in the 
turbulence (kinetic Alfven waves, whistler waves) [3] (Fig. 1, 
right panel) and to discuss dissipation mechanisms, such as 
Landau damping and gyro-resonance.

Magnetic reconnection has also been studied much in the 
near-Earth space [6]. Yet, its microphysics (i.e. the physics 
at kinetic scales where reconnection is initiated) could be 
studied in detail only recently mostly through CLUSTER 
multi-point measurements. One important example is to 
understand how particles are heated and accelerated in the 
very small-scale regions where reconnection occurs. Mea-
surements in the magnetotail [7], combined with numerical 
simulations, allowed understanding how reconnection jets 
are formed. At higher energies, CLUSTER revealed that the 
production of energetic electrons occurs when reconnection 
is unsteady [8] (Fig. 2). These results highlighted basic prop-
erties of reconnection but are also important to understand 
reconnection in other astrophysical plasmas such as the solar 
corona or astrophysical jets, for which in situ measurements 
are not available.

Both being ubiquitous in astrophysical plasmas, reconnec-
tion and turbulence are strongly interrelated. Reconnection is 
efficient to dissipate turbulent energy while, in turns, turbu-
lence strongly affects the conditions under which reconnec-
tion occurs. Despite this connection, however, the relationship 
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 Résumé : La microphysique de la reconnexion et de la turbulence 
sont des sujets clés mal compris. Des observations faites par Cluster 
ont déterminé la cascade turbulente jusqu’aux échelles électroniques, 
suggérant les mécanismes de dissipation. D'autres observations ont 
expliqué la formation des jets de reconnexion et l’accélération des 
électrons très énergétiques. Cluster a fourni la preuve de la recon-
nexion turbulente ainsi que des mesures des ondes à différentes 
échelles lors des sous-orages.

Laboratory contribution

 Abstract: The microphysics of  reconnection and turbulence 
is a topic of  key importance yet it is not fully understood. Recent 
CLUSTER observations in near-Earth space allowed determining the 
turbulent cascade down to electron scales, suggesting possible dissi-
pation mechanisms. Observations showed how reconnection jets are 
formed and very energetic electrons are accelerated. CLUSTER also 
provided evidence of  reconnection in turbulent plasma and measure-
ments of  wave modes at different scales during sub-storms.
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between reconnection and turbulence was addressed only 
recently. CLUSTER provided for the first time evidence of 
reconnection in turbulent plasma, by using in situ measure-
ments in the Earth’s magnetosheath [9] and this motivated a 
number of other studies to understand the role of reconnec-
tion as a dissipation mechanism in turbulence. CLUSTER also  
improved our understanding of the role of different wave  
modes for the microphysics of reconnection [10]. As an  
example, observations [11] clearly indicate the strong coupling 
between ion and electron scales in the magnetotail current 
sheet during magnetospheric sub-storms, by showing that  
ion-scale structures can trap whistler waves and allow them 
to exist much longer than their characteristic electronic time 
scale. Whistlers [12] are crucial because they mediate the  
so-called “fast” reconnection occurring during sub-storms and 
flares.

Studying reconnection and turbulence at kinetic scales 
through in situ measurements is of pivotal importance to 
understand the basic physics of astrophysical plasmas, and 
to explain very energetic phenomena such as flares and sub-
storms. CLUSTER recent measurements shed light on many 
aspects of the microphysics, but also showed the limitations 
of current spacecraft data and suggested new measurements. 
Future missions such as MMS (2015) and SOLAR ORBITER 
(2017) will increase our understanding of both processes 
by providing higher resolution measurements and flying in 
unexplored regions of the Solar System, such as the near-Sun 
corona. 
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 [Fig. 1]  
Left: spectrum of magnetic fluctuations in the solar wind measured  
by CLUSTER search coil magnetometer at sub-proton scales and  
compared with an exponential model. © Adapted from [4] 
Right: observed dispersion relations (dots) compared to linear solutions 
of the Maxwell-Vlasov equations. © Adapted from [3] The observed 
wave modes are consistent with highly oblique kinetic Alfvén waves. 

[Fig. 2]
Evidence of suprathermal electron acceleration during unsteady  
reconnection. Up: cartoon of the reconnection region in the  
magnetotail. Down: magnetic field, velocity and electron (~100 keV) 
CLUSTER measurements. The acceleration is due to betatron and  
Fermi mechanisms in reconnection jets, which are modulated during 
unsteady reconnection. © Adapted from [8].

Fig. 2

Fig. 1
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Solar System

ROSETTA, deciphering the Rosetta stone of 
our origins

The ROSETTA spacecraft of ESA, launched on March 2, 2004, is 
en route toward his target, the comet 67P/Churyumov-Gerasi-
menko. After nearly 31 months of hibernation, the probe woke 
up on January 20 with success. The coming months will be very 
busy during the approach of the comet and for its planned 
arrival early August at the comet and the landing of PHILAE in 
November (Fig. 1). 

CNES coordinated all French contributions to the payload 
and the lander PHILAE: eleven instrumental and two techni-
cal contributions to the lander. CNES is in charge of the SONC 
(Science Operation and Navigation Centre) of PHILAE as part 
of the ground segment and in cooperation with DLR. During 
the last years, CNES has worked in tight coordination with the 
LCC (Lander Control Center) in DLR-Cologne to finalize the 
FSS (First Science Sequence) and the LTS (Long Term Science). 
The FSS is the first automatic sequence that will run just after 
landing during several days. This sequence will be powered 
by the primary battery, provided by CNES, until the end of 
the available energy. The FSS is expected to start later when 
the energy on the solar panels will be sufficient to charge the 
secondary battery. This long-term sequence will be uploaded 
periodically in order to activate one instrument after the 
other due to energy limitation. 

After the FSS, Rosetta will escort the comet to study the emer-
gence of its activity up to the perihelion from August 2015 
onward. 

A case for a warmer and wetter Mars

For more than ten years, the European probe MARS EXPRESS 
has been observing the red planet. It represents a great 
success for Europe, being its first mission dedicated to this 
planet. Consequently, the mission has been extended until 
the end of 2014 and probably onward.

New analysis of data sent back by the OMEGA spectrom- 
eter together with the data of CRISM on NASA MRO mission 

suggests that the planet was warm and wet in the Noachian 
eon around four billion years ago. A team from IAS (Institut 
d’Astrophysique Spatiale), LGL (Laboratoire de Géologie de 
Lyon) and LPGN (Laboratoire de Planétologie et de Géody-
namique de Nantes) conducted a global analysis of wide-
spread hydrous sediments, mainly sulphates and clays. But 
the question is how these sediments were formed and what 
the consequences for early Mars conditions are. It has been 
proposed that the clays may be formed subterraneous or 
have a non-aqueous origin. Weathering under a dry and cold 
climate results in a thin (< 1 m) upper layer of Fe/Mg-rich 
clays, whereas warmer and wetter climates generate thicker 
vertical sequences where Fe/Mg-rich clays are overlain by 
a layer of Al-rich smectites. The widespread distribution of 
weathering sequences and the consistency in their estimated 
ages are best explained if Mars experienced a period between 
the middle Noachian (> 3.85 Ga) and the end of the Noachian 
(~3.7 Ga) during which climatic conditions allowed sustained 
liquid water flow on its surface.

CASSINI, a distant cousin of the African salt 
lakes discovered on Titan

With the exception of Earth, Titan, Saturn's largest moon, is the 
only planetary body known to maintain liquids on its surface in a 
stable manner. On Titan, a complete hydrocarbon cycle, similar 
to the water cycle on Earth, is based on carbon, hydrogen and 
nitrogen atoms, and involves the atmosphere, the surface and 
the sub-surface. Titan's hydrocarbon lakes, discovered by the 
CASSINI mission, are an integral part of this process.

A new study analyzing the data from the CASSINI probe indi-
cates that the lake known by the name Ontario Lacus on Titan 
behaves in a similar way to those known as “salt lakes” on 
Earth.

Ontario Lacus is the largest lake on Titan's southern hemi-
sphere. It is a large topographical depression, 230 km long 
and 75 km wide, and only a few meters deep. It is located 
in a large sedimentary basin, very flat and several hundred  
kilometers wide, surrounded by small mountains of only a 
few hundred meters high at the most.
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Recently, a group from the LPGN found proof of the existence 
of channels enduring through the period 2007 to 2010, dug 
into the lake bed in its southern half. This has led them to 
suppose that Ontario Lacus, until now assumed to be com-
pletely full of liquid hydrocarbons (principally methane and 
ethane) might in reality be a topographic depression with a 
very flat bottom, which dries up and is refilled thanks to sub-
terranean liquids, thereby forming liquid zones surrounded 
by wet materials (probably sand or mud).

These characteristics make Ontario Lacus very similar to the 
ephemeral lakes known as “salt lakes” on Earth, among them 
the Etosha pan in a semiarid region of Namibia (Southern 
Africa) (Fig. 4).

CURIOSITY, results from ChemCam & SAM

Curiosity has successfully landed on August 6, 2012 in the 
Gale crater. France has contributed to ChemCam (IRAP) and 
SAM (LATMOS) instruments. 

The FIMOC (French Instruments Mars Operation Centre), the 
MSL operation centre at CNES Toulouse, is operating in coor-
dination with JPL both instruments, ChemCam with LANL and 
SAM with GSFC.

In November 2013, ChemCam fired its 100 000th shot on 
Martian rocks and soils. Up to a distance of seven meters, 
the instrument measures the elementary composition  
of rocks and soils by LIBS (Laser Induced Breakdown Spectro- 
scopy), detecting the emission rays of the light in UV,  
visible and infrared induced by laser. ChemCam is very simple 
to use, producing one spectrum for each shot; it is the most 
used instrument on Curiosity. Among the huge amount of 
data, ChemCam has determined that Martian dust is enriched 
in hydrogen coming from water. Thus the dust is made of 2% 
water in weight. ChemCam has also detected the presence of 
calcium sulphate – known on Earth as gypsum – in the form of 
light-toned veins.  Their spectra are most useful to determine 
what rock will be analysed more thoroughly by the analytical 
laboratory (SAM and Chemin).

The French team of LATMOS has delivered the chromatogra-
phy columns of SAM suite. SAM has measured with a very 
high accuracy the atmospheric composition and determined 
the isotopic ratio of argon confirming that Mars has lost a 
huge amount of its atmosphere. Very precise analysis of the 
atmosphere has not confirmed the presence of methane at 
a level around 1 ppbv. SAM will regularly continue to make 
such analysis to detect possible evolution of the atmospheric 
composition. 

JUICE, an ambitious mission  
to Jupiter and its moons

JUICE (JUpiter ICy moon Explorer) has been selected as the 
L1 mission of Cosmic Vision to study Ganymede, Callisto and 
Jupiter, for a launch in June 2022 and an arrival at Jupiter 
in 2030.
The SPC (Science Programme Committee) of ESA has 
announced the selection of the payload at the February 
2013 meeting. This payload includes the following French 
contributions: 
-  MAJIS (Moons and Jupiter Imaging Spectrometer) is a 

visible & infrared imaging spectrometer. IAS will take the 
PIship of the instrument after the confirmation of the 
mission in late 2014; 

-  PEP (Particle Environment Package): participation of IRAP 
on particles sensors; 

-  RPWI (Radio & Plasma Wave Instrument): participation 
of LPC2E (provision of the Mutual Impedance Measure-
ments), LPP (provision of the Search Coil Magnetometer) 
and LESIA (scientific coordination); 

-  SWI (Submillimeter Wave Instrument): participation of 
LERMA (synthetizer & tripler frequency) and LESIA (Co-
Investigators); 

-  UVS (Ultraviolet Spectrometer): participation of LATMOS 
(grating); 

-  Scientific investigators on 3GM, GALA, JANUS, MAG, RIME 
and SUDA.

These investigations are currently in Phase A, supported by 
CNES up to the end on 2014. Phase B is expected to start 
next year. 

[Fig. 1]
Artist view of the PHILAE lander on Comet Churyumov-Gerasimenko.
© CNES/ill./DUCROS David, 2014

[Fig. 2]
OMEGA image of the southern polar cap of Mars, January 18, 2004
© ESA/OMEGA

[Fig. 3]  
Global and systematics investigation of hydrated minerals on Mars: 
1 230 sites (Red observed by CRISM, Blue observed by OMEGA).
© ESA/CNES/CNRS/IAS/Université Paris-Sud, Orsay; NASA/JPL/JHUAPL; 
background image NASA MOLA

[Fig. 4] 
Ontario Lacus (230 x 75 km, Titan) and the Etosha pan (120 x 65 km, 
Namibia), two ephemeral lakes separated by 1.4 billion kilometers. 
© NASA/ESA/LPGNantes

Solar System

Fig. 3

Fig. 4



38 COSPAR

During its journey towards Mount Sharp, Curiosity examined 
three sites, to obtain a better knowledge of Martian mineral-
ogy, geochemistry and habitability. Capabilities of Curiosity 
were used to search for places of interest, collect (drill rocks 
or scoop soil), prepare samples and deliver them to SAM, 
which was developed at GSFC/NASA – P-I: P. Mahaffy [1].  
Most of SAM subsystems are used: samples (∼50 mg) are 
heated or pyrolyzed, up to about 1 000 °C, and the gases 
that they deliver (from H2O to complex organic molecules) 
represent the sample’s signature. Two analytical paths are 
possible. The first one is an Evolved Gas Analysis (EGA): the 
mass spectrometer is tuned on a mass that is representative 
of a given species, and its intensity is recorded along with 
the sample temperature (Fig. 1). Such spectra typically reflect 
a combination of processes including desorption of trapped 
volatiles, mineral thermal decomposition, and chemical reac-
tion during heating. The second way consists, for a given tem-
perature interval during an EGA, in trapping all gases into a 
physico-chemical trap. Later, the whole content of the trap is 
released for a GC-MS analysis. This leads to a separation of the 
various species, and helps to understand intricate MS spectra 
(Fig. 2). SAM-GC was developed by University of Paris/CNES. 
Besides, in parallel with what is done on Mars, experiments 
and simulations are performed on Earth, using spare models 
of GC-MS, GC, MS, or laboratory experiments, to provide a 
better understanding of SAM results [2].

Two different kinds of sites were examined. The first one is 
a sand-shadow dune, Rocknest (RN): Curiosity scooped the 
soil and ingested fine aeolian material into SAM [3], and into 
Chemin for X-Ray diffraction. The second sampling occurred 
at Yellowknife Bay, where mudstone rocks were drilled, at 
John-Klein (JK) and Cumberland (CB), and powders were deliv- 
ered to SAM [4] and Chemin. These sands and stones were 

also examined by other instruments: at contact by APXS, from 
distance by ChemCam. We will focus here on SAM results for 
EGA and GC-MS analyses, and especially on what is under-
stood from the observation of H2O, O2 and CO2, and organics 
(other molecules were observed, e.g., SO2, H2S, HCl). 

Water vapor is observed during EGAs. For sands (RN), a 
broad H2O peak is observed around 150 to 300 °C. However,  
two peaks appear when heating rock powder at JK and CB, 
the first one from 150 to 300 °C as in RN and the second one 
between 500 and 800 °C (Fig. 1). The first peak, that is obser-
ved in both cases, sand and rock, at somewhat low tempera-
tures, is mainly explained by the release of adsorbed water, 
of structural H2O – e.g., bassanite CaSO4 (H2O)0,5 – and H2O 
produced by dehydroxylation – e.g., akaganeite FeO(OH,Cl). 
These hypotheses are confirmed by Chemin results on RN 
samples; this corresponds to an amount of water that lies 
between 1.5 and 3 wt%. The second peak appears only for 
specimen collected by drilling rocks. It is fully consistent with 
the dehydroxylation of phyllosilicates, and the signature of 
clays that appeared in Chemin spectra. The main constituent 
could be smectite and, from SAM and Chemin, the total 
amount of clays in JK and CB could be 18 ± 11 wt%.

Oxygen and carbon dioxide are observed in EGA spectra for 
all samples (RN, JK, CB; see Fig. 1). The onset of the O2 peak,  
from 150 °C, correlates with the release of chlorinated 
hydrocarbons [3] (see next paragraph about organics). This 
is understood as the presence of perchlorates, near equator; 
up to now, perchlorates had been identified at high latitude 
only, at Mars PHOENIX landing site. Release of O2 from RN 
aeolian material is consistent with the decomposition of  
Ca-perchlorate. In the case of JK and CB, it could be Mg- 
and Fe-perchlorates. Perchlorate amounts are close to the 
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Exploration of Mars by Curiosity: some characteristics of soil and  
rocks as observed by SAM in Gale crater
Exploration de Mars : résultats de l’instrument SAM
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 Résumé : La suite instrumentale SAM (Sample Analysis at Mars), 
à bord du rover Curiosity permet l’analyse des matériaux martiens, 
entre autres la recherche de volatils et de composés organiques. 
Nous examinons ici les résultats d’analyse de sols et de roches par 
spectrométrie de masse et chromatographie en phase gazeuse 
pendant les 20 premiers mois sur Mars.

Laboratory contribution

 Abstract: The Sample Analysis at Mars (SAM) instrument suite 
onboard the rover Curiosity provides analytical techniques for explor-
ing Martian materials, including volatile composition and search for 
organic compounds. Here we focus on the analysis of  soil and rocks 
during the first 20 months on Mars, using mass spectrometry and 
gas chromatography.
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ones observed by PHOENIX (0.4 to 0.6 wt%). Concerning 
CO2, adsorbed gas is released, as structural CO2, from Fe/Mg  
carbonates for example. So, carbonates appear to be a source 
(< 1%, below Chemin detection), but some of the observed 
CO2 comes likely from a combustion of organic matter in the 
presence of O2. This matter might be indigenous, but MS 
and GC-MS led to the conclusion that MTBSTFA, an organic  
silylated organic reagent that was carried to Mars for future 
wet chemistry experiments, plays a non-negligible role, due 
to a possible leak [5]. Nevertheless, experiments in which 
the amount of sample was increased, and so the amount of 
measured CO2, show that, at least in JK and CB, the dominant 
source for CO2 came from the mudstone itself [4].

Concerning organics, silylated hydrocarbons and chlorohy-
drocarbons (chloromethane CH3Cl etc. at nmol level, Fig. 2) 
appear when heating solid samples at temperatures up to 
350 °C [5]. Laboratory experiments show that this is fully 
understandable by reactions between MTBSTFA (see above) 
and minerals that compose the sample. Traces of chloro- and 
dichloro-methane were identified by VIKING, at pmol level, 
which could be attributed to the presence of perchlorates and 
indigenous or terrestrial organics. Up to now, there are no 
conclusive EGA or GC-MS observations of organic molecules 
indigenous to the Yellowknife mudstones, but the possibility 
is not ruled out [4].

What is observed at Yellowknife Bay leads to important 
conclusions: this place, where one observes clays representa-
tive of past aqueous environment, at neutral pH and low salin- 
ity, where key nutrients and redox possibilities are available, 
may represent a habitable fluvio-lacustrine environment [6]. 
Curiosity carries on with analyses, making its way towards 
Mount Sharp and its strata.
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[Fig. 1]  
Evolved Gas Analysis for a mudstone drilled at Yellowknife Bay  
(CB-2 sample). For species that saturated the MS (CO2 and H2O)  
isotopologues were used (resp. m/z = 12 and 20).
© From [4]

[Fig. 2]
Chlorohydrocarbons: a raw chromatogram is shown for a soil  
sample from Rocknest (RN-2 sample). The MS is tuned on masses 
indicated in the box.  
© Adapted from [5]

Fig. 2Fig. 1
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The Mars Science Laboratory (MSL) prime mission has been a 
tremendous success. It landed on August 6, 2012 in a 150 km  
diameter crater, named Gale, which is situated at the nor-
thern edge of the southern highlands. Within its first year1  
of operation, its rover Curiosity traversed over stream-roun-
ded pebbles to the “Yellowknife” site where mud had accu-
mulated in an ancient lake. The mudstones were drilled and 
comprehensively analyzed. This yields evidence for long-lived 
fresh water, the major elemental building blocks of life, and 
a source of chemical energy capable of sustaining microbial 
life [1].

ChemCam2 is one of ten instruments onboard Curiosity.  
Its aim is to perform compositional measurements at remote 
sensing distances. ChemCam uses a technique called Laser-
Induced Breakdown Spectroscopy (LIBS) in which a pulsed 
laser is focused to a 350-550 µm spot to ablate material from 
targets up to 7 m from the rover and it observes the atomic 
emission spectra. These yield semi-quantitative elemental 
compositions after calibration and comparison to a spectral 
library. Typical spectra are collected from 30-50 laser pulses 
for each observation (Fig. 1). The first several shots remove 
surface dust, while spectra from the remaining shots are 
averaged to obtain the rock or soil compositions. ChemCam 
includes a remote micro-imager (RMI) to provide 50 micro-
radian resolution gray-scale context images. Pairs of NavCam 
and Mastcam images provide broader contexts and true color 
for the ChemCam observations.

Many original ChemCam results have been obtained. A few 
are summarized hereafter:
• Soil physics and chemistry. With the very first laser shot on 
Mars ChemCam discovered that the soil and even the wind-
blown dust are hydrated. The SAM instrument quantified the 

amounts while ChemCam has shown the ubiquity of water 
in the soils with a large number of measurements and has 
helped constrain the mineral component in the soil contain-
ing the water. ChemCam showed that all soils so far consist 
of multiple components including contributions from the 
local rock types. We can correlate these components with  
characteristic grain sizes [2].
• Igneous Mars. In the very first week ChemCam yielded the 
first high-silicon rock compositions. These compositions have 
been found not only in float rocks, but in the pebbles compris-
ing conglomerates and in coarse soil grains. The implication 
is that the igneous volcanism of Mars is much more varied 
and includes much more evolved magmas than previously 
thought [3].
• Minor elements with major implications. Fluorine could not 
be previously analyzed on Mars. ChemCam made multiple 
observations of fluorine. Its presence implies lower magma 
melting temperatures, and it is sometimes present as an 
element within alteration minerals. Another minor element, 
manganese, only occurs as a major mineral constituent 
under a highly oxidizing environment which currently does 
not exist on Mars. The discovery by ChemCam of a number 
of Mn-rich minerals has strong potential implications for the 
paleo-atmosphere of Mars [4]. LIBS is highly sensitive to alkali 
elements at ppm levels. Lithium is a strong indicator of altera-
tion; Rb, Sr, and Ba each tend to be sequestered in different 
minerals: Rb in K-feldspars, Sr in plagioclase, etc. The global 
Rb/K ratio has important implications for crustal evolution [5].
• Sedimentary Mars. The micro-beam LIBS technique allows 
us to probe small areas, looking for interstitial material. For 
example, evidence for Fe-rich hydrated cements was ob- 
served in the conglomerate Link [6]. ChemCam was the first to 
observe the composition of the calcium sulfate veins in the Yel-
lowknife Bay units [7] (Fig. 2). ChemCam provided additional  
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Elemental composition at Gale Crater, Mars, from ChemCam instrument 
onboard the Curiosity rover
Composition élémentaire du cratère Gale, Mars, à partir de l’instrument 
ChemCam à bord du rover Curiosity
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 Résumé : La mission nominale du projet Mars Science Laboratory 
(MSL) est un franc succès : le rover Curiosity a mis en évidence l’habi-
tabilité passée de Mars dans le cratère Gale. ChemCam fait partie de 
la charge utile de cette mission. Depuis sa mise en route, il a activé 
son laser plus de 130 000 fois, acquérant chaque fois la signature de la 
composition élémentaire des roches et des sols de Mars. Nous décri-
vons quelques un des résultats de ChemCam, à savoir la physique et 
la chimie des sols, la composition des roches ignées, la détection d’élé-
ments mineurs, et finalement la composition de cibles sédimentaires. 

Laboratory contribution

 Abstract: The Mars Science Laboratory (MSL) prime mission 
has been a tremendous success, as Curiosity revealed the past habi-
tability of  Mars at Gale crater. ChemCam is one instrument of  the 
Curiosity science payload. Since it was activated, it has fired its laser 
more than 130 000 times, acquiring each time the signature of  the 
elemental composition of  Mars rocks and soils. We describe a few of  
ChemCam’s results, with regards to the soil physics and chemistry, 
the composition of  igneous rocks, the detection of  minor elements, 
and finally the composition of  sedimentary rocks. 
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fine-scale geochemical constraints within the Yellowknife 
Bay formation: correlated Mg and Li variations were obser-
ved along diagenetic features such as raised ridges. ChemCam 
analyses of isopachous cements within early diagenetic 
raised ridges indicate the presence of a Mg-Fe-Cl-rich phase 
(or assemblage) [8]. ChemCam used > 30 000 shots and  
> 100 of RMIs to characterize the Yellowknife Bay sedi-
ments far more comprehensively than with any other instru-
ment. Using large aggregates of observations provides high  
confidence in the relative differences in these units [9-10].

From this vantage point at the end of the prime mission 
ChemCam has performed more than 130 000 laser shots 
for ~4 000 individual LIBS observations and ~2 000 context 
images. ChemCam is healthy and continues to operate  
nominally.

1 End of primary mission was Jun. 24, 2014; 668 Martian days = 1 Martian 
year after landing.

2 R. Wiens is ChemCam principal investigator and S. Maurice his deputy. 
Funding for ChemCam development was provided by NASA and CNES. 
ChemCam is operated every other week, alternatively from LANL and CNES.
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[Fig. 1]  
This graph shows a spectrum recorded by ChemCam on a rock target 
called “Ithaca” on October 30, 2013. The spectrum is typical of volcanic  
material, although Ithaca is a sedimentary rock with essentially  
unaltered chemistry. The identified elements include a standard  
major-element suite of Si, Mg, Al, Ca, Na, K, O and Ti. Cr and Mn, 
though not labelled, were also present. 
© NASA/JPL-Caltech/LANL/CNES/IRAP/UNM

[Fig. 2a and 2b]
2a ChemCam analysis of “Sheepbed rock” on sol 126 of the mission.  
From RMI high resolution images, white veins can be identified.  
© Caltech/LANL/CNES/IRAP/LPGNantes/CNRS/LGLyon/Planet-Terre.
2b For those veins, the LIBS spectrum identifies calcium sulfates  
through the unambiguous detection of S and Ca.  
The 1 to 5-mm fractures are filled with calcium sulfate minerals  
that precipitated from fluids at low to moderate temperatures. 
© NASA/JPL-Caltech/LANL/CNES/IRAP/LPGNantes/CNRS

[Fig. 3]
Curiosity sets its arm at John Klein location for a drill. 
©NASA/JPL-Caltech/D. Bouic
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While the “snowline” classically divides Solar System objects 
into dry bodies, ranging out to the main asteroid belt, and 
icy bodies beyond it, dynamical models of the young Solar 
System considering planetary migration suggest that such icy 
bodies may have migrated into the asteroid belt [1]. Recent 
observations indicate the presence of water ice on the surface 
of some asteroids [2], with sublimation a potential reason for 
the dust activity observed on others, the so-called main-belt 
comets [3].

With a diameter of 974 km, Ceres is the largest body of 
the asteroid main belt, representing about 25% of its total 
mass, and is also classified as a dwarf planet. Its composi-
tion remains uncertain. Some near-infrared signatures may 
be possibly due to water ice, but are more likely from hydra-
ted minerals present on the surface [2-4]. The low density 
of Ceres argues for up to 25% of water ice inside Ceres, and 
interior models suggest the presence of an icy mantle and 
possibly liquid water below that mantle [5-6]. Since evidence 
from surface spectra has remained inconclusive, searches for 
water on Ceres concentrated on water vapor outgassing from 
the surface or subsurface. Indeed, an early search of OH, the 
main dissociation product of water vapor, with the Interna-
tional Ultraviolet Explorer resulted in a marginal detection in 
one out of two observations [7]. A later search for the same 
OH line did not confirm the earlier detection [8], possibly 
because it was performed when Ceres was further from the 
Sun.

As detailed by Küppers et al. (2013)[9], we observed Ceres 
with the Heterodyne Instrument for the Far Infrared (HIFI) on 
the HERSCHEL Space Observatory on four occasions between 
November 2011 and March 2013, partly through the MACH-11 
(Measurements of Asteroids and Comets with Herschel-11 

targets) guaranteed time program (PI L. O’Rourke). We 
searched for the first time for water vapour directly, 
by observing its fundamental 110-101 rotational line at 
556.936 GHz. The angular diameter of Ceres was < 1'',  
compared to the field of view of HIFI of approximately 40''. 
Therefore we derived information on the longitudinal distri-
bution of the water sources from the variation of the signal 
over the rotation of Ceres (9 h). The non-detection at 2.94 AU  
in November 2011, and the first detection at 2.72 AU in 
October 2012, are consistent with the steep increase of water 
ice sublimation between 3 and 2.5 AU.

Fig. 1 shows the time-averaged spectra taken on March 6, 
2013, normalized to the continuum of Ceres. At the frequency 
of the water line, an absorption in the thermal continuum 
from Ceres is clearly visible, next to a weaker emission line. 
Water molecules outflowing towards the observer causes the 
absorption line to be blue-shifted. The emission line is from 
water molecules on the limb. 

The strength of absorption is variable on short timescales 
(hours) (Fig. 2). We interpret the short-term variation in terms 
of localized sources on Ceres rotating into and out of the 
hemisphere visible by HERSCHEL [9]. Fig. 2 shows the corre-
lation of the strength of the absorption line with the position 
of features on Ceres surface that are known from ground-
based and HUBBLE Space Telescope observations [10][11].  
The absorption line strength is strongly correlated with the 
visibility of surface areas identified as dark regions Piazzi and A  
(about 5% darker than the average surface). We identify those 
regions as the likely source of most of the evaporating water. 
The temporal variation of the absorption line over one Ceres 
rotation (9 h) is nicely explained with a model considering 
outgassing of 6 kg.s-1 of water from these two regions (Fig. 2) [9].  

AUTHOR: D. Bockelée-Morvan1
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Solar System
A water exosphere around dwarf planet Ceres discovered by the HERSCHEL 
space observatory
Une exosphère de vapeur d'eau autour de l'astéroïde Cérès révélée par 
l'observatoire spatial Herschel

 Résumé : Depuis les années 1970, la question de la présence 
de glace à la surface et dans le sous-sol de l'astéroïde Cérès est 
fortement débattue, avec ce que cela implique sur la distribution de 
la glace dans le Système Solaire primitif  et sur le lieu de formation 
des astéroïdes de la ceinture principale. À plusieurs reprises entre 
2011 et 2013, le télescope spatial Herschel a détecté de la vapeur 
d'eau autour de Cérès, provenant de deux sources bien localisées à 
la surface, mettant fin à la controverse. 

Laboratory contribution

 Abstract: Since the 70's, the question of  the presence of  water 
ice inside and on the surface of  Ceres is strongly debated. Unequivo-
cal evidence for ice would have strong implications on the distribution 
of  water ice in the early Solar System, and on the formation place 
of  the main belt primitive asteroids. Several times between 2011 
and 2013, the HERSCHEL space observatory detected water vapor 
around Ceres originating from two localized sources linked to known 
mid-latitude regions. 



43COSPAR

UNIVERSE SCIENCES - SCIENCES DE L’UNIVERS

This vapor production requires only a small fraction of Ceres 
surface (0.6 km2) to be covered by water ice. 

The water activity of Ceres is not concentrated on polar regions 
where water ice is expected to be the most stable. Then, there 
are two possible mechanisms to explain the observed water 
production on Ceres. The first is cometary type sublimation of 
(near) surface ice. In this case the sublimating ice drags near-
surface dust with it and in this way locally removes the surface 
layer and exposes fresh ice. Transport from the interior is not 
required. The second alternative is geysers or cryovolcanoes. 
An interior heat source is needed in this case. Some models 
suggest that a warm layer in the interior heated by long-lived 
radioisotopes may maintain cryovolcanism on Ceres at the 
present time [12].

This discovery supports the idea that Ceres possesses an icy 
mantle, and fits with the new vision of our Solar System, with 
a continuum in composition and ice content between aster-
oid and comet populations. The DAWN mission arriving to 
orbit Ceres in spring 2015 is expected to be a key-element 
in providing a long term follow up on the water outgassing 
behavior of Ceres. 
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[Fig. 1]  
Spectrum of the water 557 GHz line observed in Ceres on March 6, 2013 
(black), and model fit (red). © Figure from [9]

[Fig. 2] 
Variability of water absorption on March 6, 2013 as a function of the 
longitude of the sub-observer point. Top: Data are in red; the curve  
in blue is from a gas-dynamic model where water is released from 
regions Piazzi and A. Bottom : map of Ceres [10]. © Figure from [9] 

[Fig. 3] 
Artist view of water emission from Ceres. 
© IMCCE-Observatoire de Paris/CNRS/Y. Gominet
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Exobiology

In France, scientific teams of astrobiologists have been sup-
ported by grants from the French space agency (CNES) for 
experiments in space, operation or preparation of missions to 
explore target bodies for Astrobiology or to prepare relevant 
future space missions. 

Planetary missions

The joint American and Italian CASSINI mission, extended up 
to 2017, is still inspiring work on the chemical reactions in the 
atmosphere of Titan based either on observations or labora-
tory work [1]. The molecular characterization of tholins is a 
continuous challenge. NMR or MALDI-TOF analysis of tholins 
gave new insight on those products as well as the effect of 
hydrolysis mimicking possible conditions they could encoun-
ter on Titan. Finally the synchrotron UV light is a powerful 
mean to simulate the atmospheric chemical reaction occur-
ring in the outer layer of the atmosphere of Titan [2].

After a significant reshuffling based on a new partnership 
with Russia, the Exomars program from ESA is on track for 
the launch of its two missions, in 2016 and 2018 respec- 
tively. Contributions to the Russian payload of the Trace Gas 
Orbiter are finalized as well as contributions to a DLR led tech-
nical experiment to be implemented on the Entry descent 
and landing Demonstration Module (EDM). The French teams 
involved in the instruments for the Pasteur payload of the 
rover to be launched in 2018, are now producing prototypes 
tested during field campaigns and models to be delivered to 
the European Space Agency. The teams are very collaborative 
and this translates into papers underlining the cooperation 
spirit and preparing future operations [3].

The International Space Analogue Rockstore (ISAR) devel-
oped in Orléans [4] is now available for testing and calibra-
ting the instruments to be flown on space missions. In order 
to prepare the EXOMARS mission and the teamwork which 
will be required, several samples from ISAR were proposed 
for a “blind test” of the EXOMARS 2018 mission instruments. 

Experiments in low Earth orbit

The analysis of the EXPOSE-R samples which were retrieved 
in 2011 are almost analyzed. The samples were distributed 
few weeks later. Most of the results are already published and 
few papers are still pending. Science results combined with 
laboratory experiments give new insight of interplanetary  
chemistry [5]. Scientific teams are completing the preparation  
of the next experiments selected in 2009. EXPOSE R2 is 
now slated for launch to the ISS, by ESA, during the second 
half of 2014. EXPOSE R2 will not be a carbon copy of the 
first experiment. New mixture of gas, new products will be 
exposed. Some samples will be dedicated to a simulation of  
the exposure of Martian soil to the Sun light filtered by the 
Martian atmosphere. Finally the sensitivity to the space  
environment of molecules to be used in Biochips will be  
evaluated in this experiment [6].

From space to the laboratory and vice versa

Several teams are working on the relationships between 
cosmochemistry and the origin of life. They are irradiating 
various type of ices maintained at very low temperatures  
(50 to 90 K). After the work reported in the former edition [7], 
the analysis of various organic compounds by a range of ana-
lytical instruments, including the very high resolution mass 
spectrometer was performed [8]. The molecular richness that 
was highlighted can be considered as the “first step” of the 
complex abiotic organic matter in extraterrestrial media. This 
initial matter, that may be rather universal, could then evolve 
toward more processed materials in parent bodies, such as 
comets and asteroids, materials that are then observed and 
subsequently analyzed in meteorites found on Earth.

Similar instruments, and particularly the high resolution mass 
spectrometer, were used to decipher the complexity of the 
tholins produced in various conditions [9].

While the instrument ICAPS dedicated to the study of the optical 
properties of dust particles in space is still in development at 
ESA for a flight on board the International Space Station, French 

AUTHOR: Michel Viso, Exobiology program scientist
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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teams are using the parabolic flights and the PROGRA2 facility 
to study the light scattering properties of tholins, analogues of 
cometary particles or other aggregates [10].
 

New instruments

Most of the activities developed under the research and 
development activities aim to the design of new instruments 
fitting with the constraints of space exploration. The achieve-
ment of the work of a container dedicated to the study under 
stringent containment of possible future Martian samples is 
now evolving toward automation for 3D scanning.

The interest of the Electron Paramagnetic Resonance (EPR) 
was validated [11] and the teams are now working on the 
adaptation of the instrument to space conditions. The reduc-
tion in mass along with a simplification of the instrument 
open the way for a first prototype.

The Scientific Prospective Seminar held in La Rochelle which 
gathered the science community to give directions for the 
next five years of research in space, outlined the necessity to 
pursue the effort in developing new instruments (like EPR) or 
high resolution mass spectroscopy devices based on Orbitrap. 

Outreach 

The agency supported, an annual astrobiology course organ-
ized by Dr Muriel Gargaud, University Paris XII and the  
University of Bordeaux, dedicated to PhD students (RED, Ren-
contres d'Exobiologie pour Doctorants). 
Finally with the support of the agency as well as several other 
institutions in Europe and Canada, the scientific community is 
working hard on the preparation of the second edition of the 
“Encyclopedia of Astrobiology” [12].

[Fig. 1]
The Cassini spacecraft views Saturn with a selection of its moons in 
varying sizes (center: Titan, far right and smaller: Encelade).
© NASA/JPL/Space Science Institute

[Fig. 2]
PROGRA2
© Bertrand Gaubicher

[Fig. 3]
ESA testing of instruments for EXOMARS: Wisdom antenna on the  
forefront of the Bridget Rover during the SFAER experiment in Chile.  
© V. Ciarletti/LATMOS

[Fig. 4]  
Focus on the Carbon 12 of an adenine sample’s mass spectrum,  
using the proto flight model Orbitrap cell (LPC2E). Mass resolution  
at mid-height: 363 000. 
© Consortium ORBITRAP

[Fig. 5]
ESA testing of instruments for EXOMARS: 3D representation of  
the subsurface from WISDOM data. Two scaterrers buried two meters 
below the surface are localized. 2013 POLARES experiment,  
Dachstein, Austria. 
© V. Ciarletti/LATMOS
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Titan, the largest satellite of Saturn looks like an evolving planet, 
geologically active, with a complex organic chemistry occur-
ring in the ionosphere where high molecular weight ions are 
present [1]. These are likely to be involved in the formation of 
aerosols analyzed in the lower atmosphere. CASSINI-HUYGENS 
has demonstrated that the chemical composition of Titan’s 
aerosols is similar to that of laboratory Titan’s tholins. Many 
laboratory works have been carried out on Titan tholins [2].  
The plasma tholins produced at LISA can release large 
amounts of HCN and NH3 when pyrolyzed at 600 °C, similarly 
to Titan’s aerosols. These plasma tholins can thus be consi-
dered as good laboratory analogues of Titan’s aerosols and 
can be used to study in Earth laboratory the properties of 
Titan’s atmospheric particles.

CASSINI-HUYGENS data have revealed a highly diversified solid 
surface on Titan with features that suggest possible cryovol-
canic structures. Moreover, the existence of an internal liquid 
water ocean, containing a few percent of ammonia has been 
proposed. This model of Titan’s interior has recently been sup-
ported by CASSINI-HUYGENS observations. It has also been 
proposed that ammonia-water mixtures can erupt from the 
putative subsurface ocean leading to cryovolcanism.  From 
recent works on the internal ocean formation [3] we have 
estimated a possible composition of the internal ocean. The 
results are summarized in Fig. 1. The main minor constituents 
are carbonates, with a concentration close to 0.1 mole/l, and 
hydrogenosulfide with a concentration of about 0.24 mole/l. 
Titan’s aerosols, once on the surface, may chemically evolve 
in spite of the low surface temperature (94-92 K) if they are 
in contact with the cryomagma of composition similar to the 
internal ocean. Big impacts on Titan’s surface may episodi-
cally melt the ice crust and form liquid water oases that could 
stay in the liquid state for up to several thousands of years.  

This could favor a chemical evolution of the organic com-
ponents of atmospheric aerosols that settled down to the 
surface. Otherwise, these organics may also evolve at much 
slower chemical rates in the absence of violent-impact epi-
sodes.

Several experimental works have already been performed to 
study the low temperature hydrolysis of the macromolecular 
organics of the aerosols. The high temperature acidic hydro-
lysis of plasma-generated tholins produces a large variety of 
amino acids and other organics. The production of amino 
acids is still observed, when hydrolysis is performed with 
liquid water at neutral pH. Similar results are obtained from 
alkaline solutions, using water-ammonia mixtures. Now, what 
could be the influence of the presence of other species in 
the water mixture, such as carbonates and sulfides, likely to 
be present in the cryomagma at noticeable concentration?  
To answer that question we synthesized laboratory analogues 
of Titan’s aerosols from a N2:CH4 (98:2) gas mixture irradi-
ated in a low-temperature continuous-flow regime by a DC 
cold plasma discharge. We used a new system, avoiding any 
atmosphere contamination of the tholins during their recov-
ery. The analogues were recovered, partitioned in several 
10.0 mg samples and placed in different aqueous ammonia 
solutions at low temperature for 10 weeks [1]. One experi-
ment was done without additional salt (Hydrolysis #1), one 
with 0,236 mol/l  hydrogenosulfide (Hydrolysis #2), one was 
done with 0,092 mol/l carbonate  (Hydrolysis #3), and one 
with 0,092 mol/l carbonate and 0,236 mol/l  hydrogenosul-
fide (Hydrolysis #4). After 10 weeks of evolution, a chemical  
derivatization process was performed on the refractory phase 
of the aerosol analogues, with MTBSTFA in DMF. In the case 
of the hydrolyses done in the presence of salts, (Hydrolyses 
#2, #3 and #4) a preliminary extraction step using cation 

AUTHORS: C. Brassé(1), P. Coll(1), F. Raulin(1)
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 Résumé : L’évolution possible des aérosols organiques à la 
surface de Titan avec le cryomagma venant de l’océan interne a été 
simulée à l’aide de tholins, mis dans l’eau ammoniaquée contenant 
des carbonates et/ou des sulfures. Les produits obtenus ont été ana-
lysés par dérivatisation chimique-CPG-SM. Ils incluent urée, acides 
aminés et acides carboxyliques. Les carbonates inhibent la forma-
tion de certains acides aminés mais favorisent celle du glycérol, de 
l’homosérine et de l’acide 2-butenoïque. 

Laboratory contribution

 Abstract: The possible evolution of  organic aerosols on Titan 
surface with the cryomagma coming from the internal ocean has 
been mimicked using Titan’s tholins. They were placed in water- 
ammonia solutions containing carbonate and/or sulfide. The resulting 
products were analyzed using chemical derivatization-GC-MS analy-
sis. They include urea, amino acids and carboxylic acids. Carbonates 
inhibit the formation of  some amino acids, but favor that of  glycerol, 
homoserine and 2-butenoic acid. 
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exchange resin was done to remove the salts, the presence of 
which is not compatible with the derivatization. The hydrolysis  
products were then identified and semi-quantified by gas 
chromatography coupled to mass spectrometry. 

Results related to Hydrolyses #1 and #3 are presented here. 
The results show (Fig. 2) that tholins are very reactive toward 
an oxygen source. Urea is among the main products of Titan’s 
tholins hydrolysis in both cases. Several other organic com-
pounds are produced. In Hydrolysis #1, they include amino 
acids: alanine, glycine, α-aminobutyric acid, ϒ-aminobutyric 
acid, N-acetylglycine, β-alanine, oxalic acid, succinic acid and 
methylsuccinic acid. The presence of carbonate (Hydrolysis  #3)  
inhibits the formation of several amino acids, particularly 
of ϒ-aminobutyric acid, glycine and its derivatives. On the 
contrary, it induces the formation of aspartic acids, as well as 
of homoserine, glycerol and 2-butenoic acid. 

Study of the potential role of sulfide (Hydrolyses #2 and #4) 
are currently in progress.
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[Fig. 1]  
Review of the possible anion composition of the likely sub-surface ocean. 
© Adapted from [3]

[Fig. 2] 
Yields of formation of organic products obtained from Hydrolysis #1 
(ammonia-water without salts) and Hydrolisis #3 (ammonia-water  
with carbonate). The yields are multiplied by 106 in order to fit  
with the logarithmic scale. © LISA/C. Brassé

Species NH3 NH4
+ H+ HO- CO2(aq) HCO3

- CO3
2- H2S HS- S2- Na+

C (mol/L) 2,88 6,8.10-3 1,5.10-12 6,8.10-3 3,6.10-6 2,72.10-3 0,092 3,5.10-6 0,236 0,020 0,463

Fig. 1
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The results of recent in situ missions on Mars, the Mars Explo-
ration Rovers and the Mars Science Laboratory, have under-
lined the difficulties of integrating information from different 
instruments to correctly identify rock types on Mars. Rocks 
consisting of the same elements may have very different 
mineralogy and origins. Bulk analyses of a rock will provide 
the general mineralogy but specifically located analyses will 
help understanding alteration or late-stage features, for ins-
tance associated with fractures. Improvement of in situ per-
formance in terms of time and accuracy can be obtained by 
testing the entire payload suite with the same test materials. 

The next mission to be launched to Mars will be the EXOMARS 
rover mission (ESA/ROSCOSMOS) in 2018. The main science 
objective of the mission is the search for traces of life but in 
order to achieve this, it is necessary to correctly determine 
the geological context of any potential biosignatures, em- 
phasis being on organic molecules as biosignatures. The Pasteur 
payload includes a variety of cameras (panoramic, PanCam, 
high resolution, HR) and a CLose UP Imager (CLUPI). Mineral 
identification of rock outcrops will be made with a laser IR 
spectrometer (ISEM) located on the mast. The drill hole will be 
made by the infrared spectrometer (Ma_MISS). EXOMARS will 
have a drill that can penetrate up to 2 m below the surface to 
reach rocks that have been protected from radiation and oxi-
dation processes operating at the surface of Mars. The crushed 
drill core will be made by a visible-IR imager and spectrometer 
(MicrOmega). The Raman spectrometer (RLS) and MOMA, a 
GC-MS and LD-MS will be used to identify organic molecules. 
IR analyses will be made on distant rock.

We used two Mars-analogue samples from the International 
Space Analogue Rockstore (ISAR, www.isar.cnrs-orleans.fr  
[1]) to perform a blind test using prototypes of the EXOMARS 

rover instruments related to the geological context (close-up 
imager, IR and Raman spectrometers) [2]. Samples were a vol-
canic rock (komatiite, Fig. 1) with a composition particularly 
close to that of Martian basalt, i.e. rich in elements Mg and Fe, 
and volcanic sand deposited in a shallow-water, aqueous envir- 
onment (Fig. 2). Both rocks were formed on the early Earth 
at a period equivalent to the Late Noachian/Early Hesperion 
on Mars. They are therefore ideal analogues for the kinds 
of Martian terrains that will be the object of the EXOMARS 
mission. Moreover, the volcanic sands contain cryptic traces 
of fossil primitive life forms that are similar to what could be 
found on Mars [3-4]. This first test, however, concerned prin-
cipally the geological identification of the rocks.

On the basis of a rock surface cut to imitate the surface of a 
drill hole, each instrument team provided an initial interpret-
ation of the mineralogical composition of the rocks based on 
their own databases. These data were complemented with 
satellite images and photography of the relevant outcrops 
(representing orbital and panoramic camera data, as will be 
available during the EXOMARS mission) before being pre-
sented to a group of independent geologists tasked with inter-
preting the results. Our test results show that photography of 
the outcrops and close up imagery of the samples permitted 
identification of the rock type by trained geologists but their 
interpretation was confused by the preliminary mineral iden-
tifications provided by individual instrument teams. However, 
after cross-checking data between the different instruments 
and iteration of the identifications, it was possible for geol-
ogists to reach a reasoned interpretation of the rocks.

Thus, while rock type could be identified visually, correct 
interpretation of the processes affecting the rock after its for-
mation could only be achieved using the spectroscopic data. 

AUTHORS: F. Westall(1), N. Bost(1,2), F. Foucher(1)
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 Résumé : Le succès des missions spatiales in situ dépend lar-
gement de la complémentarité des informations fournies par les ins-
truments de la charge utile pour l’identification correcte des roches 
et des minéraux analysés. Cependant, les instruments sont géné-
ralement calibrés et testés séparément. Afin d’améliorer le niveau 
d’expertise des missions in situ, il apparaît donc pertinent de complé-
ter ces phases préparatoires par une calibration globale des instru-
ments d’une même charge utile utilisant des échantillons analogues 
de l’astre visité. 

Laboratory contribution

 Abstract: Success of  in situ space missions depends largely on 
the ability of  payload instruments to use complementary information 
provided by the different instruments in order to correctly identify 
rocks and minerals on the target surface. Normally each instrument 
is calibrated and tested individually. However, in situ rock and mineral 
identification requires testing the whole payload with real analogue 
materials in order for the results of  each instrument to be understood. 
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In this case, both rocks had undergone alteration by water 
with consequent effects on the mineralogy. This interpreta-
tion is important because aqueous alteration is an extremely 
important feature in terms of signs of habitability. 

This test underlines the necessity of cross-testing payload in-
struments using the same suite of analogue rocks (which are 
complicated compared to pure minerals) to optimize under- REFERENCES
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[Fig. 1]  
Mars-analogue volcanic rock (komatiite) used for blind testing  
the EXOMARS context instruments. © ISAR

[Fig. 2] 
Mars-analogue volcanic sand, deposited in an aqueous environment, 
used for blind testing the EXOMARS context instrumentation. © ISAR

[Fig. 3] 
Artist view of the EXOMARS probe. 
© ESA/D.Ducros

Fig. 1 Fig. 2

Fig. 3

standing of each instrument’s performance and instrument’s 
best complementary use. It also demonstrates the good com-
plementarity of the EXOMARS instrument suite.
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Microgravity experiment during a parabolic flight on board NOVESPACE 
Airbus ZERO-G, at the Bordeaux-Mérignac airport, France
Expérience en micropesanteur en vol parabolique à bord de l’Airbus 
ZERO-G de Novespace, à l’aéroport de Bordeaux-Mérignac 
© CNES/Zetapress / PEDOUSSAUT Manuel, 2013
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Indeed, while physicists investigating material see space as 
a laboratory for the study of complex phenomena, in the 
absence of gravity, it is also essential to understand the phys- 
ico-chemical phenomena involved in space systems them-
selves, to ensure that they operate correctly.

Life sciences in microgravity and space medicine are beginning 
to discern the conditions necessary for life in the hostile space 
environment, as well as the role of gravity in the development 
and functioning of living organisms.

CNES is providing financial and organizational support in 
many areas, either by directly funding the French scientific 
community, in the framework of ESA programs such as the 
European Program for Life and Physical Sciences in Space 
(ELIPS) or through cooperation with key partners such as the 
USA, Russia, Japan and China.

At the Toulouse Space Center, the Center for the development 
of microgravity applications and space operations (CADMOS) 
monitors many scientific and technical space experiments 
undertaken during manned flights (Fig. 2).

Finally, each year, French scientists conduct over twenty ex-
periments during parabolic flights on the NOVESPACE Airbus 
A300 ZERO-G, either during the two annual flight campaigns 
funded by CNES or the two ESA campaigns.

As for the International Space Station (ISS, Fig. 3), the Euro-
pean program of unmanned resupply spacecraft, ATV (Auto-
mated Transfer Vehicle), was successful, with the launch 
of the third and fourth ATVs: Edoardo Amaldi in 2012 and 
Albert Einstein (Fig. 1) in 2013. The fifth and last ATV, known 
as George Lemaître, will be launched in July 2014. Each of 

these cargo ships supplied the space station with more than 
6.6 tonnes of fuel, water, food and equipment.

The presence of six-person crews enables greater use of the 
International Space Station (ISS) for scientific experiments, 
with, for condensed-matter physics, the operation of the 
DEvice for the study of Critical LIquids and Crystallization 
(DECLIC) instrument’s three inserts. The three of them were 
used in space and then brought back to Earth to be modified 
so they could help answer new scientific issues and finally 
re-sent on board the ISS. 

Scientists studied phenomena such as the solidification of 
transparent materials and the boiling crisis. French scientists 
also used two laboratories dedicated to the study of materials 
(MSL) and fluid physics (FSL), with for instance experiments 
on foam.

Still on the ISS, teams are pursuing various experiments 
in biology and human physiology, with for instance the  
CARDIOMED equipment dedicated to medical monitoring 
of astronauts, in partnership with Russia. Other bilateral  
projects include the development of the CARDIOSPACE in-
strument with China, dedicated to cardiovascular monitoring 
of Chinese astronauts and to be launched early 2015. 

With Russia, the space capsule BION carried in spring 2013 
numerous French experiments, especially a cardiovascular 
monitoring experiment on mice, the MTB experiment (Mice 
Telemetry in BION). Finally, an ambitious bed rest program 
was carried out at the MEDES (Institute for space medicine 
and physiology) in Toulouse, with three campaigns – each one 
of them lasted three weeks – with twelve participants, to test 
various countermeasures.

  The International Space Station (ISS), parabolic flights, automated capsules 
and sounding rockets, not to mention prolonged bed rests: these are just some 
of  the tools used by scientists doing research on microgravity.

Fig. 1
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[Fig. 1]
Undocking of the ATV 4 Albert Einstein from the International Space 
Station on October 28, 2013.
© NASA, 2013

[Fig. 2]  
DECLIC operations in CADMOS in Toulouse: this image shows two  
operators who can visualize what happens in the insert and send  
commands to the facility in real time. 
© CNES/MALIGNE Frédéric, 2012

[Fig. 3]  
The International Space Station photographed by a member of the  
STS-130 mission onboard the space shuttle Endeavour undocking  
from the station.
© NASA, 2010

Fig. 2

Fig. 3
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En effet, si pour les physiciens des sciences de la matière, 
l’espace est un laboratoire où étudier des phénomènes com-
plexes en l’absence de pesanteur, il est également primordial 
de comprendre les phénomènes physico-chimiques qui inter-
viennent dans les systèmes spatiaux pour assurer leur bon 
fonctionnement.

Les sciences de la vie en micropesanteur et la médecine 
spatiale commencent à développer les contre-mesures qui 
pourraient permettre de vivre dans ce milieu hostile qu’est 
l’espace et à entrevoir le rôle de la gravité dans le développe-
ment et le fonctionnement des organismes vivants.

Le CNES apporte son soutien programmatique et financier à 
de nombreux projets et à plusieurs dizaines d’équipes, soit 
en finançant directement la communauté scientifique fran-
çaise, soit dans le cadre des programmes de l’ESA comme le 
programme Elips, soit au travers des coopérations avec nos 
principaux partenaires tels les Etats-Unis, la Russie, le Japon 
et la Chine.

Au Centre Spatial de Toulouse, le CADMOS (Centre d’Aide au 
Développement des activités en Micropesanteur et des Opé-
rations Spatiales) assure le suivi de nombreuses expériences 
spatiales scientifiques et techniques dans le cadre des vols 
habités.

Enfin, chaque année les scientifiques français réalisent 
plusieurs dizaines d’expériences en vols paraboliques sur  
l’Airbus A300 ZERO-G de NOVESPACE, grâce aux deux cam-
pagnes annuelles de vols financées par le CNES ou encore 
dans un cadre ESA (Fig. 1).

Côté Station Spatiale Internationale (ISS), le programme euro-
péen de ravitailleurs cargo ATV (Automated Transfer Vehicle) 
est un succès avec le lancement des troisième et quatrième 
ATV : Edoardo Amaldi en 2012 et Albert Einstein en 2013,  
en attendant le lancement du cinquième et dernier ATV, 
baptisé Georges Lemaître en juillet 2014. Chacun de ces  
véhicules cargo a pu apporter à la station spatiale plus de  
6,6 tonnes de carburant, eau, nourriture et matériel.

La présence d’équipages de six personnes autorise une utili-
sation accrue de la Station Spatiale Internationale pour des 
expériences scientifiques, avec côté Sciences de la matière 
l’exploitation des trois inserts de l’instrument DECLIC, qui ont 
tous les trois été utilisés dans l’espace puis ont été redescen-
dus sur terre pour subir des modifications en vue de nou-
velles questions scientifiques et sont de nouveau à bord. Ont 
par exemple été étudiés des phénomènes comme la solidi-
fication de matériaux transparents ou la crise d’ébullition.  
Les scientifiques français ont également utilisé les deux labo-
ratoires dédiés à l’étude des matériaux (MSL) et de la phy-
sique des fluides (FSL) pour, par exemple, des expériences 
sur les mousses.

Toujours sur l’ISS, les équipes poursuivent de nom-
breuses expériences en biologie et physiologie humaine, 
avec par exemple l’équipement CARDIOMED pour le suivi 
médical des astronautes, en coopération avec la Russie. 
Dans un cadre bilatéral, le développement de l’instrument  
CARDIOSPACE se poursuit avec la Chine pour le suivi cardio-
vasculaire des taïkonautes chinois, en vue d’un emport début 
2015.

  Station spatiale internationale, vols paraboliques, capsules automatiques,  
fusées-sondes, mais aussi alitements prolongés (bedrests) : tels sont les outils 
qu’utilisent les chercheurs en Sciences en micropesanteur. 

AUTEUR : F. Casoli, responsable des programmes Sciences de l’Univers, Microgravité et Exploration
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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Avec la Russie, la capsule inhabitée Bion a emporté au prin-
temps 2013 de nombreuses expériences françaises dont en 
particulier une expérience de suivi cardiovasculaire sur la 
souris, l’expérience MTB (Mice Telemetry in Bion).

Enfin, un ambitieux programme d’alitements a été mené à 
l’Institut de Médecine et Physiolosie Spatiales (MEDES) à  
Toulouse, avec trois campagnes de trois semaines chacune et  
douze sujets, permettant de tester diverses contremesures.

[Fig. 1]
L'Airbus A300 ZERO-G en vol.
© CNES/TAVERNIER Gilles, 2009

[Fig. 2] 
Suivi de l'amarrage de l' ATV 4 Albert Einstein à l'ISS depuis  
le centre de controle ATV CC à Toulouse.  
© CNES/GIRARD Sébastien, 2013

[Fig. 3]
Rentrée atmosphérique de l'ATV 4 Albert Einstein observée depuis  
la station spatiale internationale. Après avoir quitté la station  
le 28 octobre 2013, le 4e vaisseau européen de ravitaillement de  
la station spatiale internationale s'est détruit, le 2 novembre 2013,  
en traversant les couches denses de l'atmosphère à très grande vitesse.
© NASA/ESA, 2013

Fig. 2

Fig. 3
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Life Sciences in Space

Men have always explored, exploited, colonized and control-
led their environment by expanding their field of activity. From 
the very first hominids, technological progress has exposed 
our species to extreme situations and hostile environments. 
But although mankind’s expansion into space seems irrever-
sible, it is still a major challenge for humans. Indeed, gravity 
has shaped the plant and animal world over millions of years, 
and we spend much of our lives resisting it.

Human bioastronautics programs have grown since the culmin- 
ation of 50 years of human space flight experiment. Medical 
and physiological findings from these missions have demons-
trated that spaceflight has a dramatic impact on almost all  
physiological systems including muscle atrophy, bone demin-
eralization, cardiovascular and metabolic dysfunctions, 
impaired cognitive processes and reduced immunological 
competence, and nutrition/metabolism. These adaptive res-
ponses lead to a physiological de-conditioning in space and 
have the potential to affect crew health and performance 
both in space and upon return to Earth.

The scientific communities working on Life Sciences in the 
microgravity environment have access to a number of dif-
ferent existing space- and ground-based facilities to conduct 
theirs experiments: International Space Station, recoverable 
capsules, parabolic flights and ground simulation (bedrest, 
centrifuge, and immersion).

Two baths of immersion have been installed in MEDES (space 
clinical) in 2014. Immersion in fluid is the natural state for 
our cells, for our aquatic ancestors, and even for us during 
the 9-month prenatal period (Fig. 1). The curative properties 
of immersion in water have been known and exploited for 
centuries. Somewhat ironically, however, the current growing 
scientific interest in water immersion is due not to prior expe-
riment, but rather to the development of space programs.

Weightlessness causes numerous physiological changes, which 
affect the musculoskeletal, cardiovascular, sensory, nervous, 
and other systems. Experimental opportunities during actual 

space flight are limited, so ground-based models are necessary 
(Fig. 1, 2 et 3).

These models allow the assessment of microgravity induced 
deconditioning effects, and reveal gravitational mechanisms 
in the body’s physiological systems, as well as mechanisms 
involved in adaptation of the body to microgravity. In parti-
cular, they allow researchers to develop and test measures 
to counter the deleterious effects of weightlessness. Immer-
sion is one of these models, because it creates conditions that 
closely resemble the gravity-free environment.

CNES has taken part in experiments on rat for 30 years with 
BIOCOSMOS and BION.

In 2013, it contributed to BION-M1 (Fig. 4) with three teams : 
cardiovascular physiology, metabolic and bone. 

They aimed to study:
  regulation of blood pressure and heart rate during the whole 

flight by telemetry: for humans, the cycles are modified.
  numerous metabolic adaptations: it was indeed shown 

that both the hypokinesia and the hypodynamia induced 
by weightlessness affect the energy turnover and capacity 
to uptake circulating triglycerides and non-esterified fatty 
acids which, in turn, affect the whole body insulin signal-
ling pathways. The underlying mechanisms have not been 
properly studied and several hypotheses were made. They 
involved specific regulatory proteins in relation to energy 
and lipid turnover and the accumulation of lipid interme-
diaries that may interfere with both insulin and mitochon-
drial functions. Differential proteomics and metabolomics 
approaches have been suggested in order to determine the 
metabolic network at hand during the exposure of mice to 
actual microgravity. Those data will be compared to the 
mechanisms involved in humans during bed rest and for 
which we are currently analysing soleus and vastus latera-
lis biopsies. Over the long-term, those results will help to 
delineate new levers, which can be used to develop a new 
generation of countermeasures. 

AUTHOR: G. Gauquelin-Koch, Life Sciences program scientist
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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[Fig. 1]  
Bath of dry immersion.
© Claude Gharib

[Fig. 2 et 3]  
Bedrest campaign 2012-2013 at MEDES.
© CNES/Emmanuel GRIMAULT, 2012

[Fig. 4]  
Block BIOS containing five cages for the MTB project. The MTB projects 
(Mice Telemetry in BION) is included in the Russian scientific program 
BION-M1 and focuses on a dynamic study of cardiovascular parameters 
of mice, during each phase of flight.
© CNES, 2010

[Fig. 5]  
Second phase of the bedrest study conducted at the Toulouse space 
clinic. Measurement of basal metabolism via indirect calorimetry.
© CNES/Emmanuel GRIMAULT, 2013

Life Sciences in Space

  knowledge of trabecular bone alterations and concomitant 
bone cellular changes. In brief, a bone loss with less trabe-
culae – the remaining ones being thinner – were reported. 
Bone formation was regularly reported to have decreased 
while resorption activity was not always impaired. These 
cellular alterations might be different from those which 
were reported, based on serum or urine markers, in human 
cosmonauts. Rodents are still growing and the bone loss 
seen is also the consequence of altered longitudinal and 
periosteal expansion.

 
The new integrative physiology’s approach is necessary 
for bioastronautics research. This integrative approach is 
obviously enhanced by recent developments in molecular 
biology and new analytical technologies such as the “omics”.

Bioastronautics research has applications in Earth medicine 
particularly on the physiopathology of metabolism: nutrition- 
al questions related to bioastronautics research are very  
relevant to multiple ground-based related health issues. 
Potential spin-offs are of a great clinical importance (metabo-
lic syndrome, insulin resistance, dyslipidemia, diabetes, etc.).

The musculoskeletal system is essential for working, loco-
motion and posture. Maintaining its integrity is essential to 
mission completion as well as astronaut health during and 
after the mission. Without countermeasures, all components 
of the musculoskeletal system adapt themselves to the micro-
gravity environment, and by that way can create damage to 
tissue structure and function. Bone mass and strength are 
lost, muscle mass is also lost and morphology is altered, with 
a loss of muscle strength and endurance. The articles pres-
ented by Dr Chopard and Guigandon in this report will review 
our knowledge of this problem. 

Fig. 4

Fig. 5
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Current missions on the International Space Station (ISS) and 
future Moon or Mars exploration involve long-term manned 
missions. In this context, several studies have previously 
demonstrated the negative impact of microgravity on human 
physiology and, especially, the detrimental effects on the 
structure and function of the musculoskeletal apparatus [1]. 

From the last four decades of intense space-related medical 
research, it is clear that limb skeletal muscle is particularly 
sensitive to microgravity-induced deterioration in both struc-
ture and function. Muscle deconditioning is mainly character-
ized by a loss of muscle mass, decreased fiber cross-sectional 
area, reduced force, changes in phenotype, increased fatiga-
bility, insulin resistance, and fat infiltration. These changes 
translate into severe mobility impairment thereby reducing 
considerably the overall work capacity [2].

Transcriptomics have for many years contributed to increas-
ing our knowledge of the events involved in skeletal muscle 
atrophy by providing detailed profiling information and accur- 
ate descriptors [3]. Together with powerful bioinformatics 
software, transcriptomics appears as a commonly used large-
scale approach to study atrophy.

One of the objectives of such studies is to develop relevant 
biomarkers and molecular signatures of the atrophying and 
remodeling processes. 

Moreover, these systematic and powerful tools also contribute 
to the identification of additional signalling pathways that may 
be involved in mediating the atrophic response. This unique 
and innovative approach allows us to make timely and more 
accurate predictions on the nature of the networks that vary in 
atrophying muscle during simulated microgravity and strongly 
contribute to designing optimal countermeasures [3].

During ESA MEP bed rest study (Cologne, DLR) we investi-
gated the effects of 21 days of head-down-tilt bed rest in  
ten healthy male test subjects.

The study was conducted in a classical cross-over design [4]. 
The main hypothesis of MEP study was that supplementing 
high protein intake (1.2 g/kg body weight/d plus 0.6 g/kg  
body weight/d whey protein) with alkaline salts (90 mmol 
potassium bicarbonate/d) would maintain lean body mass 
during bed rest without increasing bone resorption.

Pre- and post-bed rest soleus biopsies from subjects (control 
and nutrition group) have been frozen in liquid nitrogen 
and stored at -80 °C until analysis. Classic and validated 
protocols have been used for RNA isolation and analysis.  
200 ng of total RNA samples have been labeled with Cy3 dye 
using the low RNA input QuickAmp kit (Agilent) and labeled 
cRNA probe have been hybridized on SurePrint G3 Human 
Gene Expression 8x60K v2 Agilent microarrays. Microarray 
data analysis was performed using functions of the limma 
package available from Bioconductor (http://www.bio-
conductor.org). Data were normalized using the quantile 
algorithm. A linear model approach was used to estimate 
log fold-changes, and compute moderated t-statistics and 
p-values for each comparison of interest. A p-value below 
0.05 after Benjamini-Hochberg adjustment was considered 
significant. Data from expression microarrays were analyzed 
for enrichment in biological terms (Gene Ontology molecu-
lar function and canonical pathways) and biological networks 
were built using Ingenuity Pathway Analysis software, as 
shown by an example on Fig. 2C (http://www.ingenuity.com/).

Our preliminary results show a total of 1 170 differentially 
expressed genes, selected in control and nutrition group. 
We identified 969 mRNAs whose expression was modified in 

AUTHOR: A. Chopard(1)

(1) DMM, UMR 866, Université Montpellier 1, 2 place Viala, 34060 Montpellier, France.
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Using transcriptomic to define muscle deconditioning with microgravity and 
evaluate countermeasures
Utiliser la transcriptomique pour définir/prévenir le déconditionnement 
musculaire en microgravité

 Résumé : L’environnement en microgravité entraîne une fragilisa-
tion et un déconditionnement musculaire. Notre objectif  est, à l’aide 
de techniques de transcriptomique, d’élaborer une large base de 
données et d’étudier les effets de la microgravité, réelle ou simulée, 
sur le transcriptome des muscles striés squelettiques. Ces travaux 
contribuent à la définition du déconditionnement musculaire et parti-
culièrement à l’évaluation et l’optimisation des contremesures.

Laboratory contribution

 Abstract: Microgravity has a dramatic impact on human physi-
ology, illustrated in particular, with skeletal muscle impairment.  
A thorough understanding of  the mechanisms leading to loss of  
muscle mass and structural disorders is necessary to define efficient 
spaceflight countermeasures. Our objective is to use transcriptomics, 
a commonly used large-scale approach. This would allow us to make 
timely and more accurate predictions on the nature of  the networks 
that vary in atrophying muscle and will strongly contribute to design- 
ing optimal countermeasures.
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soleus during bedrest only and 485 during bedrest + nutri-
tion (Fig. 2). Nutrition countermeasure demonstrated com-
pensatory effects, decreasing the number of differentially 
expressed mRNAs by 50%.
 
These results will allow us to build and complete a large 
database of the changes occurring during bed rest and those 
triggered by the different countermeasures. Together, our 
transcriptomics approach will contribute to obtaining a com-
prehensive overview of the signaling pathways and function-
al networks involved in skeletal muscle remodeling during 
simulated microgravity and strongly contribute to designing 
optimal countermeasures.
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[Fig. 2] 
Preliminary results from skeletal muscle microarray 
analysis.  
A: Venn diagram showing the number of differential 
genes in both groups after bed rest.  
B: MA-plots of microarray data in both groups.  
C: Example of functional networks (mitochondrial 
functions) obtained with Ingenuity Pathway  
Analysis software (green colour:  
downregulated genes).
© Agnès Chopard

Fig. 1

Fig. 2

[Fig. 1]  
Second phase of the bedrest study conducted  
at the Toulouse space clinic.
© CNES/Emmanuel GRIMAULT, 2013



60 COSPAR

Cell shape changes and cytoskeletal alterations have 
been reported by several investigators under micrograv-
ity conditions in both adherent and nonadherent cells [1]. 
Adhesion plaques (FA) that link the intracellular cytoske-
leton to the extracellular matrix have a recognized role 
in mechanotransduction. Our studies in real micrograv- 
ity provide quantitative data on cell adhesion after 48 
to 69 h of microgravity exposure. We collected different 
types of cell adhesion information on two types of cells. 
The first type was specifically related to integrin-mediated  
adhesion and was based on the detection of vinculin and 
phosphotyrosine at focal adhesion sites by immunostaining. 

The second type was not specific and represented physic-
al contact zones at cell/substratum interface as imaged by 
TRIFM. The image analysis software provided 18 morphome-
tric features describing cellular area, shape, and proportions 
of vinculin (and phosphotyrosine) spots as well as six topog-
raphic features describing the distribution of vinculin.

The parameters mostly affected, for both osteoblasts-like 
cells, by space exposure were related to FA, suggesting that 
integrin-dependent adhesion was an effector of micrograv-
ity-related changes. The kinetics of vinculin-related changes 
included a decrease in the mean area of vinculin spots, fol-
lowed by a more peripheral relocation of spots (Fig. 1).

The mechanical environment is known to be crucial for the 
maintenance of cell integrity, because the cytoskeleton-
generated tension forces that equilibrate external tension 
are mainly provided by cell-matrix and cell-cell interactions, 
pressures, and fluid shear stresses. This concept, called ten-
segrity [2], has led us to the assumption that the alteration of 
external forces (reduced g level, shear stress, and pressure) 
leads to unbalanced cytoskeletal tension at the beginning of 

the flight and that longer exposures will lead to a reduction 
of cytoskeleton generated tensions.

In regard to this theory, our results showing disappearance of 
stress fibers as well as disassembly of focal complexes fit well 
with the assumption of a reduction in membrane contractility 
when cells are exposed to microgravity. This assumption also 
fits with the concept known in physiology that cells unable 
to “fight” (adhere and maintain cell tension) are engaged 
in migration (dispersion of FA, loss of stress fibers (i.e. cell 
tension)) and adapt to this stressful situation by adoption of 
a “flight” type response. It has been shown that turnover of 
focal adhesions was found to be negatively correlated to cell 
tension [3].

LBTO’s studies confirm that exposure of osteoblastic cells to 
microgravity impairs their cytoskeleton stability, and reduces 
cellular tension as well as focal adhesion formation or  
stability [4] leading to reduced fibronectin deposition in 
MG63 [6]. Harrison’s group recently reported similar results 
and also that zyzin positive contacts were almost absent from 
contacts established during flight, in osteoblasts thus confirm- 
ing that focal adhesions in microgravity were less mature than 
those formed under 1g conditions [1]. 

A general picture clearly emerges: in microgravity-related 
conditions, osteoblasts will form focal complexes (small, clus-
tered structures, located at the cell edge) that cannot be stabil- 
ized into mature focal contacts by internal tension. FA formed 
in microgravity may present an important turnover due to the 
reduced cell tension, which would explain their inability to 
mature into focal/fibrillar ones and to support fibrillogenesis/
matrix deposition. Furthermore, matrix degradation by MMP, 
known to be up-regulated in bone exposed to microgravity, 
may also account for the inability of osteoblasts to adhere 

AUTHOR: A. Guignandon(1)

(1) LBTO, U1059, Faculté de Médecine, 15 rue Ambroise Paré, 42023 Saint-Etienne Cedex 2, France.
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Bone cells in microgravity-related conditions, a fight-or-flight response?
Les cellules ostéoformatrices en microgravité, une réponse au stress de type 
« combattre ou fuir » ?

 Résumé : Les ostéoblastes exposés à des conditions de micro-
gravité présentent des altérations de leur cytosquelette et de leur 
adhérence focale (FA), deux structures mécanosensibles. La tension 
du cytoquelette est associée à la stabilisation des FA (Adhérence/  
« Combat ») et sa déstabilisation en vol est associée à la migration  
(« Fuite »). Nos ostéoblastes présentent donc un comportement de 
fuite en microgravité correspondant à leur incapacité à stabiliser des FA.  
Ce comportement cellulaire s’explique surement par un fort renouvelle-
ment des FA, ce qui pourrait être vérifié en imagerie dynamique. 

Laboratory contribution
MICROGRAVITY SCIENCES - SCIENCES EN MICROPESANTEUR

 Abstract: Bone cells exposed to real microgravity display alter-
ations of  their cytoskeleton and focal adhesions (FA), two major 
mechanosensitive structures. Cytoskeleton (tension) is associated 
with FA stabilization (Fight) and its depolymerization with FA dis-
persion and migration (Flight). Osteoblast exposed to microgravity 
related conditions presented a Flight behavior as opposed to a Fight 
behavior under 1g conditions. Spaceflight effects could be related to 
excessive FA turnover, events that could be studied using live imaging. 
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and differentiate in microgravity [6]. There is now a clear need 
for the community of live cell imaging in microgravity-related 
conditions in order to establish the dynamic of cytoskeletal 
proteins and FA to suggest more advanced explanations of 
the observed “Fight or Flight” response.

REFERENCES
[1] Nabavi, N. et al. (2011), Effects of microgravity on osteoclast 
bone resorption and osteoblast cytoskeletal organization and  
adhesion, Bone, 49, 965-974.

[2] Ingber, D.E. (2006), Cellular mechanotransduction: putting all  
the pieces together again, FASEB J., 7, 811-827.

[3] Xiang-Dong, R. et al. (2000), Focal adhesion kinase suppresses 
Rho activity to promote focal adhesion turnover, J. Cell Sci., 113, 
3673–3678.

[4] Guignandon, A. et al. (2001), Cell cycling determines  
integrin-mediated adhesion in osteoblastic ROS 17/2.8 cells 
exposed to space-related conditions, FASEB J., 11, 2036-2044.

[5] Guignandon, A. et al. (2014), Rac1 GTPase silencing  
counteracts microgravity-induced effects on osteoblastic cells, 
FASEB J. in revision.

[6] Carmeliet, G., et al. (1997), Microgravity reduces the  
differentiation of human osteoblastic MG-63 cells, J. Bone Miner. 
Res., 5, 786–794.

Life Sciences in Space

Fig. 2

[Fig. 2] 
Morphological description of MG-63 cells after exposure to  
microgravity. (AB) The cells were processed for detection:  
of focal adhesions by using vinculin antibody; of stress fibers  
by using rhodamine phalloidin staining. DAPI was lastly  
used for nucleus revelation.  
(A): 1g conditions (ground controls);  
(B): µg-related conditions.  
(CD) Images of fibronectin deposited by  
MG-63 cells after exposure to microgravity.  
(C): 1g conditions (ground controls);  
(D): µg-related conditions. Cells were processed for  
detection of fibronectin by using a specific antibody  
Bar: 10 µm.  
© From [5]

Fig. 1

[Fig. 1]  
Observation of ROS172.8 cells after spaceflight exposure.  
(ACEG): Centrifuge inflight controls and (BDFH) flight culture:  
(AB): Phase contrast microscopy.  
Note that after 4 days a large proportion of flown cells are 
retracted or round compared with the well-spread  
morphology of centrifuge.  
(CD): Vinculin staining. FA obtained in confocal microscopy 
analysis of the 2-day centrifuged group of cells. 
(EF): f-actin staining illustrating cytoskeleton integrity.  
(GH): Vinculin representative pattern in microgravity-exposed 
cells indicating an important redistribution of vinculin  
to cell edges in flight cells. Bars: 15 μm.  
© From [4]
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Condensed-Matter Physics 

For many years now microgravity experiments in condensed-
matter physics have been performed in available orbital ve-
hicles in low Earth orbit. As a matter of facts, fluid phases are 
affected by gravity so that its suppression changes drastically 
the heat and mass transport in non-homogeneous systems. 
It also modifies the interaction of a fluid mother phase with a 
growing solid or crystal. Physical phenomena that are masked 
or changed on the ground by convection, sedimentation or 
hydrostatic pressure can be revealed or more easily observ-
able in space. Microgravity research involves fluid phases 
with strong density gradients, like critical fluids, fluid-fluid  
interfaces (foams, emulsion…) and fluid-solid interfaces (solid- 
ification and crystal growth).

Microgravity can be achieved by counter-balancing the weight 
by another volume forces (non-inertial ones like in magnetic 
gradient levitators that are operated on the ground, or inertial 
ones in the case of satellites or drop towers). Microgravity in-
stallations are thus large instruments for research, as observa-
tories or synchrotrons. Microgravity research is thus a branch 
of space sciences. It is also a non-reducible component of the 
space environment to which space technologies must adapt 
for deep space exploration and that can take advantage of the 
acquired fundamental knowledge.

Context of microgravity research in France

Forty laboratories or so are involved in the program, among 
which thirty one are funded by the French Space Agency. 
These laboratories are put together in a common managing 
structure with the Centre National de la Recherche Scien-
tifique (CNRS) and the French Atomic Energy Commission 
(CEA), called Groupement de Recherche Micropesanteur Fon-
damentale et Appliquée (GdR MFA). 
 
French microgravity utilization program is divided into two 
parts, the bilateral program where France conducts bilateral 
cooperation with other agencies, and the European Program 
where France has access to the European facilities of the Colom-
bus module (Fig. 5) in the International Space Station (ISS).  

The main piece of the bilateral program is the DECLIC (DEvice 
for the study of Critical LIquids an Crystallization) developed 
by CNES and commonly exploited with NASA (Fig. 1 and 2).

ESA program

The following experiments have been performed up to now: 
GEOFLOW, which is the simulation of geophysical flows; FASES 
to study emulsions; SODI to measure the Soret coefficients 
in ternary mixtures; CETSOL to study the transition between 
columnar and equiaxed transition during the solidification of 
metallic alloys (16 samples have been processed among 40); 
MICAST, dedicated to the study of solidification under magnet- 
ic field (10 samples have been processed among 40). Since the 
beginning of the exploitation of Columbus, total operation- 
al time dedicated to the European Program for Life and Phy-
sical Sciences in Space (ELIPS) has amounted to 2 500 hours 
or so, for all of Europe.

DECLIC facility

The facility has been developed within the framework of a 
NASA-CNES cooperation, in which CNES funded and built the 
facility and its inserts while NASA covered the launch and 
operational costs.

The facility is made of a service module with diagnosis and 
stimuli that can host alternately various inserts dedicated to 
different science objectives: physical properties of supercritic- 
al water with the High Temperature Insert, HTI; phase transi-
tions in room temperature supercritical fluids (boiling crisis, 
measurements of Ising coefficients very close to the critical 
point) with the Alice Like Insert (ALI); dynamics of microstruc- 
tures during the solidification of bulk model alloys with the 
Directional Solidification Insert (DSI). The facility is operated 
from the ground from the CADMOS center in the Toulouse 
space center of CNES. The possibility to upgrade the inserts 
after bringing them back to the ground made it possible to 
extend the initial research program and to pursue the coo-
perative research program. The HTI Insert has been retrieved  

AUTHOR: B. Zappoli, Condensed-Matter Physics program scientist
CNES, 18 avenue Edouard Belin, 31401 Toulouse Cedex 9, France.
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[Fig. 1]  
DECLIC instrument at the CADMOS center in Toulouse.
© CNES/BARRANCO Rachel, 2013

[Fig. 2]  
Launch of the DECLIC facility to the ISS, on August 29, 2009.
© ESA/NASA, 2009

[Fig. 3]  
The International Space Station (ISS) photographed by a member  
of the STS-130 mission. © NASA, 2010

[Fig. 4]  
Visualization of the critical heat flux as observed in the magnetic 
levitation device in CEA Grenoble. From left to right: nucleate boiling, 
transition and film boiling. © CEA

[Fig. 5]  
Columbus laboratory. © ESA, 2008

Condensed-Matter Physics 

on the ground and loaded with salt water to study the dis-
solution of salt in the vicinity of the solubility critical point 
within the framework of a NASA-led cooperative program. 
The DSI insert has been brought back to Earth to change the 
alloy concentration.

Installed in the Japanese module under NASA-JAXA barter, 
DECLIC has worked for 12 000 hours or so without any 
major failures since its launch in 2009. It has worked about  
6 000 hours during the past two years and one can say that it 
is a scientific, technical and operational success. 

Sub orbital and ground-based experiments

The parabolic flight using the Airbus A300 ZERO-G is a base-
line element of the activity. It allows for short term, regular 
and well planned experiments and technological tests. The 
quality of the results, especially in the field of bio fluid physics 
for example, and the number of research groups that make 
use of this facility led CNES to make the decision to replace 
the ageing Airbus A300 by a newest Airbus A320 in 2015. One 
should mention that the combustion research is again very 
active in the field of flame propagation, in monodisperse fuel 
droplet suspensions and in the field of solid fuel flammabil- 
ity. Cooperation with JAXA is currently being discussed. The 
magnetic levitation facility developed in the Grenoble center 
of the Atomic Energy Commission has been upgraded. 
It is now able to levitate 50 cm3 of liquid hydrogen and to 
mimic transient acceleration corresponding to the engines  
shutdown and re-ignition with a particular attention on the 
geyser formation dynamics and the heat exchanges coeffi-
cients under various gravity levels (Fig. 4).

Future prospect

A prospective seminar was held in 2014 to define the scientific 
priorities of the French community. The main recommenda-
tion of this community was the development of a new facility 
to replace DECLIC after 2018. This DECLIC-NG facility would 
be conceived under the same architecture: a main body with 
diagnosis and electronic units that hosts inserts dedicated to 
specific research themes. NASA and CNES envision pursuing 
the collaboration: CNES would fund the development and 
NASA would cover the launch and operational costs. A three 
years development is foreseen which would lead to a launch 
date by the end of 2018.  

Fig. 5

Fig. 4
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The topic of sessile droplets evaporation has rapidly increased 
in terms of publications for the last ten years especially due to 
its applications; for example for droplets of DNA or colloids in 
inkjet printing. Nowadays, droplets of pure fluids are studied 
since they can exhibit flow instabilities or complex triple line 
motions on new substrates with complex topologies. Drop- 
lets of complex fluids including biological fluids and nanofluids 
are the topic of many research activities and almost nothing 
exists in the literature. For both these situations, droplet 
evaporation physics is complex including fluid mechan- 
ics, heat transfer, wettability and surface chemistry. These 
activities are funded by CNES in the frame of multiple space 
projects: Arles is a European experiment onboard MASER 13, 
Impacht a French-Chinese experiment onboard a Chinese 
scientific satellite SJ-10 and Drop Evaporation in the Thermal 
Platform onboard the ISS.

The influence of terrestrial gravity in a sessile drop under evap-
oration is not at all negligible, as can be seen in Table 1 of Carle 
et al. [1]. The dynamic Bond number is the ratio between 
the Rayleigh and Marangoni numbers. This dimensionless 
number reflects the competition between the thermo-gravi-
tational and thermo-capillary phenomena. Thermo-capillary 
phenomena on Earth are dominant but induce changes on 
evaporation on both dynamics of evaporation (see Fig. 1 and 
the online movie on the site of JFM [1]) but also on the tem-
perature gradient at the interface of the droplet (Fig. 2). 

The use of a microgravity environment induces a 113-fold 
decrease of the static Bond number and a 74-fold decrease 
of the dynamic Bond number. Under normal gravity, thermo-
convective effects are dominated by thermo-capillary 
ones but are not negligible (Bd = Ra/Ma = 0.08) whereas 
under microgravity, only the thermo-capillary effects exist  
(Bd = 0.00106). Under normal gravity, a temperature gradient 

develops during the evaporation from the apex of the droplet 
and the contact line, resulting in a gradient of surface tension. 
This gradient then generates thermo-capillary instabilities. 
These hydrothermal waves (HTWs) propagate radially around 
the apex, where most of the evaporation occurs. The HTWs 
are spaced by an almost constant angle along the axial sym-
metry of the triple line. Two different spatial dynamics were 
observed. The HTWs were found to run ortho-radially around 
the edge of the droplet either from a source point where they 
are established to a well where they collapse or all in the same 
direction but with no preferred direction (clockwise or anti-
clockwise), depending on the temperature of the substrate 
and the height of the droplet. Under microgravity, the tem-
perature gradient is not as well defined as it is under normal 
gravity, but the apex maintains a temperature below the tem-
perature of the triple line. In this configuration, HTWs have 
the same trend, but their movements are not as systematic 
as they are under normal gravity. Instabilities develop during 
the transitional phase. During the quasi-stationary regime, 
the HTWs propagate from a source point to a well. These in-
stabilities also propagate on the edge of the droplet, but the 
angle of propagation is not as constant as it is under normal 
gravity. This change in propagation could be caused by the 
vibrations of the aircraft, which cause significant fluctuations 
in the level of microgravity. Despite this lack of stability, the 
evolution of the number of HTWs is similar under both gravi-
tational conditions.

Despite this dominance of thermo-capillary effects, the low 
contribution of gravity on Earth therefore alters the evapora-
tion and mainly influences the internal fluid mechanics. On 
Earth, when the substrate is heated, the contribution from 
the thermo-gravity convection in the vapor phase becomes 
dominant. In weightlessness, our first experiments in para-
bolic flights reinforce the purely diffusive model. We also 

AUTHORS: D. Brutin(1), F. Carle(1)

(1) IUSTI, UMR 7343, 5 Rue Enrico Fermi, 13453 Marseille Cedex 13, France.
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Hydrodynamic instabilities observed in evaporating droplets
Instabilités hydrodynamiques observées dans des gouttes en évaporation

 Résumé : Lorsqu’une goutte d’éthanol s’évapore, des instabili-
tés hydrodynamiques invisibles à l’œil nu se développent en son sein 
et sont observées dans l’infrarouge. Ces instabilités qui affectent le 
champ de température local (donc l’évaporation) sont à l’origine de 
nombreux problèmes rencontrés lors du séchage de fluides complexes 
(peintures, encres, produits cosmétiques). Sur Terre, le phénomène est 
aussi influencé par la gravité qui modifie pour les fluides complexes le 
dépôt après évaporation. 

Laboratory contribution
MICROGRAVITY SCIENCES - SCIENCES EN MICROPESANTEUR

 Abstract: When a droplet of  ethanol is under evaporation, invis-
ible to the naked eye, hydrodynamic instabilities develop therein and 
can be observed in the infrared. These instabilities that affect the local 
temperature fields (i.e. evaporation) are the source of  many problems 
in drying of  complex fluids (paints, inks, cosmetics). On Earth, the 
phenomenon is also influenced by the gravity changes in complex 
fluids deposit after evaporation. 
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have, through these experiences in parabolic flight, finally 
demonstrated that hydrothermal waves observed in evap- 
orating drops are purely of thermo-capillary nature [2] that 
had never been proven (Fig. 3). Our current studies show 
that the diffuso-convective model (including the influence 
of gravity) only works for classical fluids (water, ethanol). 
However this model is not quantitative when other alcohols 
or alkanes are used [3]. Our current work, supported by CNES, 
is to understand the origin of these differences in order to 
provide a universal model.

REFERENCES
[1] Carle, F., Sobac, B., Brutin, D., (2012), Hydrothermal waves in 
ethanol droplets evaporating under terrestrial and reduced gravity 
levels, Journal of Fluid Mechanics, 712, pp. 614-623.

[2] Carle, F., Sobac, B., Brutin, D., (2013), Experimental evidence of 
the atmospheric convective transport contribution to sessile droplet 
evaporation, Applied Physics Letters, 102, 061301.

[3] Carle, F., Brutin, D., (2014), Development of an empirical model 
for convective evaporation of sessile droplets of volatile fluids, 15th 
International Heat Transfer Conference, IHTC15-1234, Kyoto, Japan, 
2014.
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[Fig. 1]  
Evaporation rate by unit length of an ethanol sessile droplet as  
a function of the temperature difference between the substrate and  
the ambient air for 1 g (top) and microgravity conditions (bottom).
© David Brutin

[Fig. 2] 
Infrared visualization of ethanol droplets under normal gravity (up) and 
reduced gravity (down). © From [1]

[Fig. 3] 
The variation of the dimensionless convective evaporation as a function 
of the Grashof number on a log-log scale. The inset shows the same 
data in Cartesian coordinates. © David Brutin

Fig. 3

Fig. 2Fig. 1

MICROGRAVITY SCIENCES - SCIENCES EN MICROPESANTEUR



66 COSPAR

MICROGRAVITY SCIENCES - SCIENCES EN MICROPESANTEUR

Prediction of the behaviors of cryogenic liquid propellant in 
microgravity is a key element for decreasing development risk 
and optimizing design of a new generation of cryogenic upper 
stage. Computational Fluid Dynamics (CFD) tools will be used 
to model the cryogenics propellant behaviors during all the 
phases of a space launch: from the tank pressurization on the 
launch pad up to the end of the draining of the upper stage 
tank. This will include the ballistic phases when propellants 
will be in microgravity condition.

Important work has been performed in the past decade. 
CNES and Air Liquide Advanced Technologies have devel-
oped through a partnership innovative models to be used 
with a commercial CFD tool. Those models mainly focused 
on thermal aspect, were validated through analysis of labora-
tory’s experiments, but also with microgravity experiments 
using magnetic levitation devices or parabolic flights.

However, two main types of data are missing:
		Data concerning heat and mass transfer on walls for  

cryogenic propellant (liquid oxygen and liquid hydrogen) 
in low gravity.

		Global behavior of cryogenic liquid in tanks (temperature 
and pressure evolution coupled to free surface behavior).

For this first point, experiments using magnetic levitation 
apparatus have been developed. Indeed, partial or total 
compensation of Earth gravity (g) can be achieved for solid, 
gas and liquid phases of pure materials when submitted to a 
steady magnetic field gradient. This has been the object of the 
OLGA (Oxygen Low Gravity Apparatus) facility which works 
with pure oxygen and of the LHYLA (Large Hydrogen Levita-
tion Apparatus) facility which works with pure hydrogen.

The use of magnetic levitation has some advantages for our 
application:
		To be able to wait for established phenomenon (no 

constraints to get thermally stabilized points).
		To use different gravity values in order to have the real 

influence of this parameter.
		To know precisely the residual gravity field. 

Due to the low magnetic susceptibility of hydrogen, a high 
magnetic field is necessary to compensate gravity. So a 20 Tesla  
high field magnet with its 170 mm room temperature 
bore diameter was used called M8 (Fig 1.) at CNRS/LNCMI  
(Laboratoire National des Champs Magnétiques Intenses). 
This magnet is composed of two resistive subcoils that can be 
powered independently. Consequently the balance between 
the power injected in the inner coil to the one of the outer 
coil allows a fine tuning of the levitation condition. For the 
hydrogen experiments, 14 T magnetic field was used, giving 
a levitation volume of several cm3 with 1% microgravity 
homogeneity. The large bore diameter of this magnet permits 
to place the experimental cell within cryogenic sample envir-
onment 

The two experiments OLGA and LHYLA work with the same 
cylindrical cell (Fig. 2) developed by CEA/SBT (Commissariat 
à l’Energie Atomique / Service des Basses Températures – 
French Atomic Agency / Cryogenic Department). The sap-
phire cylinder (30 mm diameter and 100 mm length) is closed 
by two copper flanges, the temperature of which is regula-
ted within ± 0.01 K. The oxygen or hydrogen, taken from a 
gas bottle is condensed into the cell respectively at 90 K or 
20 K. The cell is isothermal. Oxygen and hydrogen are kept 
at constant temperature during the experiments. A heater is 
implemented on the bottom of the test cell.

AUTHOR: B. Legrand(1)

(1) CNES/DLA, 52 rue Jacques Hillairet, 75012 Paris, France.
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Hydrogen boiling study in magnetic levitation for cryogenic propellant  
simulation
Etude de l’ébullition d’hydrogène en lévitation magnétique pour  
la simulation des ergols cryogéniques

 Résumé : Pour le développement des futurs étages supérieurs 
cryogéniques de lanceurs une modélisation par des outils de CFD du 
comportement des ergols, en particulier lors des phases balistiques, 
est nécessaire. L’ébullition de l’hydrogène est un phénomène important 
à prendre en compte. Un dispositif  de lévitation magnétique a été utilisé 
pour obtenir des données précises sur l’ébullition de l’hydrogène dans 
des conditions de microgravité. 

Laboratory contribution

 Abstract: For developments of  future cryogenic upper stages of  
space launchers, a modeling, through CFD tools, of  propellant beha-
vior, especially during ballistic phase, is necessary. The boiling of  
hydrogen is a main phenomenon to take into account. An experimen-
tal magnetic levitation was used to obtain precise data on hydrogen 
boiling under microgravity condition.
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Thanks to LHYLA apparatus, boiling data were obtained for 
liquid hydrogen for different gravity values and other par- 
ameters variations representative of tank conditions (pres-
sure, sub-cooling level) (Fig. 3). These data and associated 
boiling behavior were also compared to numerical code. 

This work was performed by CEA/SBT and CNRS/LNCMI and 
was supported by CNES.

Condensed-Matter Physics 

[Fig. 1]  
M8 magnet at CNRS/LNCMI. © CNRS/LNCMI

[Fig. 2] 
Photography of the experimental cell with its endoscopes  
developed by CEA/SBT. 
© CEA/SBT

[Fig. 3] 
Hydrogen bubbles created by boiling close to 0 g condition. 
© CEA/SBT

[Fig. 4]
Picture of the launchers Ariane 5 ME and its successor, Ariane 6.
© CNES/ David DUCROS, 2013

Fig. 3

Fig. 1

Fig. 4

Fig. 2
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One of the most effective means of heat transfer is the boiling 
phenomena of a liquid in contact with a solid heater. Such 
a heating process attracts strong attention from thermal 
engineers, especially when boiling crisis occurs, which may 
produce an irremediable damage to a heat exchanger via 
the heater melting. Indeed, boiling crisis is a transition from 
a regime where vapor bubbles nucleate separately on the 
heater wall to a regime where the heater wall is entirely 
covered by a continuous vapor film (dry out process). When 
formed, the vapor film reduces the heat transfer dramatically 
at the heater wall, due to the low gas thermal conduction. This 
transition phenomenon appears when the heat flux exceeds 
a threshold value, called the Critical Heat Flux (CHF) [1].  
Understanding the physics of the CHF is thus essential in 
industrial heat exchanger design and thermal management. 
However the desired identification of the phenomena that 
trigger the boiling crisis process is complex.

Experiments remain an essential way to discriminate the 
mechanisms governing the bubble formation and growth, 
the bubble detachment and/or spreading, as well as the 
vapor film formation and stabilization. Furthermore, the 
experimental conditions in which the critical dry out occurs 
make a true challenge for any detailed analysis, especially on 
Earth when deeper understanding of the boiling crisis under 
the gravity acceleration field is essential. The main reason is 
the highly non-equilibrium nature of the boiling crisis, which 
makes a study in steady state conditions impossible. It can 
only be studied during the very short transient period when 
the crisis takes place, which enhances the experimental diffi-
culty of collecting pertinent data.

Investigations to evaluate boiling crisis mechanisms have 
been carried out free of buoyancy effects in a two-phase 
fluid in weightlessness, where the formation of spherical 

bubbles occurs. Here, microgravity experiments were per-
formed in the DECLIC facility [2] onboard the ISS, using test 
cells [3] filled with SF6 near the critical density, just below 
its critical point temperature (Tc = 318.737 K). These ex- 
periments close to gas-liquid critical point overcome the high 
instability of the process by taking benefits from the universal 
slowing down giving a longer time for all the diffusive equi-
libration processes. This entails the evaporation process and 
the bubble growth slowing down as approaching the critic-
al point. In addition, the convergence of the liquid and gas 
densities, associated to the reduction to zero of the surface 
tension, implies a steep decrease of the CHF value [4], so that 
the boiling crisis can occur for small heat powers and small 
temperature gradients.

The initial microgravity configuration of the gas-liquid phase 
distribution at thermodynamic equilibrium corresponds to a 
large gas bubble slightly confined in the inner volume of the 
test cell. Thus, a thin liquid wetting film separates the gas 
bubble from a flat, transparent resistive heater, which can be 
tuned as a local heating source of controlled power and dura-
tion. During the heat pulse, simultaneous light transmission 
observations show the liquid film drying and the displace-
ment of the triple contact line between bulk liquid, gas, and  
solid. As an example using the optical microscopy (1x1 mm2 
field of view) during a heat pulse 1 mW power, 33 s duration, 
supplied at 1.5 mK temperature distance below Tc, the two 
movie pictures of Fig. 1a and 1b capture the two different 
positions (highlighted by a red line) of this non-equilibrium 
line between the two pulse times +1 s (a) and +29 s (b). Close 
to the critical point, the complete drying of the liquid film is 
observed quasi-instantaneously in the gas right side of the 
moving (from right side to left side in the pictures) triple 
contact line. Simultaneously, the boiling phenomena at the 
origin of the dry out process of the bulk liquid in contact with 

AUTHORS: C. Lecoutre(1), S. Marre(1), Y. Garrabos(1), V. Nikolayev(2,3), D. Beysens(2,3),  
I. Hahn(4)
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Non-equilibrium triple contact line motion observed in DECLIC  
on board the ISS
Mouvement de la ligne triple gaz-liquide-solide hors-équilibre observé  
avec DECLIC dans l’ISS

 Résumé : Le mouvement de la ligne triple gaz-liquide-solide hors-
équilibre a été observé lors du chauffage d’un fluide pur diphasique 
proche de la température du point critique. Le film de liquide entre 
la bulle et la paroi chauffante s’assèche instantanément et l’ébullition 
dans le liquide favorise l’étalement de la bulle. La vitesse de dépla-
cement de la ligne triple de contact a été mesurée avec précision et 
pourra être confrontée aux théories et aux simulations numériques en 
cours de développement. 

Laboratory contribution

 Abstract: Non-equilibrium motion of  the triple contact line was 
observed when a two-phase fluid sample is heated close to the 
critical temperature of  the fluid. Instantaneous drying of  the liquid 
wetting film occurs between the bubble and the heating wall, while 
liquid boiling enhances the bubble spreading over the heater surface. 
Motion velocity of  the triple contact line was precisely measured and 
will later be compared to theoretical approaches and numerical simu-
lations under development.
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the transparent heater is also observed in the liquid left part 
of the moving triple contact line. The time dependence of the 
triple contact line position (Fig. 2) gives access to its local vel-
ocity from a polynomial fit of the recorded data for different 
heating conditions, which can be estimated of the order of a 
few tens of µm.s-1, using the two examples illustrated by the 
corresponding fitting blue lines.

Complementary details and additional references can be 
found in [5] where collected experimental data have also 
provided new observations of the gas bubble spreading over 
the heating surface, the vapor bubble nucleation and growth, 
and the vapor film formation. All these key mechanisms will 
provide a new route toward a better understanding of the 
boiling crisis, especially focusing data analyses on the recently 
suggested zero-value of the CHF, which places the boiling 
crisis in weightlessness in the context of the critical dynamics 
of non-equilibrium systems.
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[Fig. 1]  
Microscopy observations, at T = Tc − 1.5 mK, of the triple contact (red) 
line motion from t0+1 s (a) to t0+29 s (b), during a thermal pulse  
(1 mW power, 33 s duration) supplied at t0. Complete spreading of  
the gas bubble is noticeable on the right side of the red line, while 
boiling occurs on the liquid left side.
© ICMCB/CNRS

[Fig. 2] 
Time-position measurements of the non-equilibrium triple contact line 
for two heat pulses of different powers 1 (red) and 3 (yellow) mW,  
33 s duration each, at T = Tc − 1.5 mK, using ALI-DECLIC onboard the ISS. 
Continuous lines: polynomial fitting of the instantaneous position,  
providing access to the triple contact line velocity.
© ICMCB/CNRS
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Launch into orbit of the SWARM satellites  
Mise en orbite des satellites Swarm  
© ESA/CARRIL Pierre, 2013
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Their extremely precise measurements enable us to deter-
mine the planet’s current status, and to learn more about its 
ongoing evolution and the interactions between its compo-
nent envelopes, from the Earth’s core to the highest layers 
of the atmosphere. Combining satellite observations with in 
situ measurements (from the ground, balloons, aircraft and 
buoys, etc.) and physical models enables forecasts to be made 
of certain geophysical phenomena, such as in meteorology 
or oceanography with the Mercator sea-state forecasting 
system. The issues of human impact on the environment, 
climate change, the management and mitigation of major 
catastrophes, etc. are just some of the challenges faced by 
current and future generations, and satellites play an essen-
tial role in this quest for knowledge and for sustainable man-
agement of the environment. CNES, alongside its European 
and international partners, contributes through multilateral 
cooperation by participating in major European programs 
such as GMES (Global Monitoring for Environment and Secu-
rity), now renamed Copernicus, and through international 
coordination activities, particularly within CEOS (Commit-
tee on Earth Observation Satellites), the space component 
and “strong arm” of the major international GEOSS program 
(Global Earth Observation System of Systems). CNES has 
superseded NASA as the 2014-2015 CEOS Strategic Imple-
mentation Team (SIT) Chair.

The main French and European achievements 
in Earth Observation in 2012-2013

Successful launches
2012 was a particularly successful year in the field of meteor-
ology. On July 5, EUMETSAT's third Meteosat Second Gener-
ation (MSG-3) was launched in geostationary orbit, followed 
by METOP-B in a low orbit on September 17. The latter was 
carrying IASI, an infrared sounder developed by CNES in part-
nership with EUMETSAT. On December 2, 2012, the second of 
the two PLEIADES high-resolution optical Earth-imaging satel-
lites (70 cm at nadir) was launched one year after its predeces-
sor, thus enhancing our monitoring capacity. On February 25, 
2013, CNES and ISRO launched the satellite SARAL, carrying 
the ARGOS system and the Ka-band altimetry system, ALTIKA. 
Lastly, ESA’s three SWARM satellites, aiming to measure the 
Earth’s magnetic field, were launched on November 23, 2013, 
carrying three absolute magnetometers developed by LETI/
CEA and provided by CNES.

Balloons campaigns
The French scientific community is involved in a project around 
the Mediterranean basin. Two balloons campaigns took place 
in 2012: the BAMED campaign dedicated to hydrology from 
the Balearic Islands and the TRAQA campaign, launched from 
the Seychelles, on the origin and impact of particles.

The European GMES (Global Monitoring for Envi-
ronment and Security) program/Copernicus
GMES, a European Union program set up to meet the needs 
for operational service for carrying out environmental and 
security policy, has become the Copernicus program and will 
be financed by the EU from 2014 to 2020.

ESA ministerial Council in Naples
The Council was held late 2012 and included calls for pro-
posals on three ESA’s Earth Observation programs:
(i)  the fourth phase of the Earth Observation Envelop Program, 

aiming to develop BIOMASS, which was selected in Mai 
2013 as the seventh Earth Explorer Mission;

(ii)  the third segment of the GMES/Copernicus space  
component, dedicated to the development of SENTINEL-5 
for air quality – which will be carried by METOP-Second 
Generation (METOP-SG) – and of the altimetry mission 
JASON’s continuation, on JASON-CS;

(iii)  METOP-SG in partnership with EUMETSAT for low orbit 
meteorology.

Mission operations
Data from the SPOT-5, JASON-2 (with EUMETSAT), CALIPSO 
(with NASA), IASI on METOP-A and B (with EUMETSAT), 
SMOS (with ESA and CDTI), CRYOSAT (with ESA) and MEGHA- 
TROPIQUES (with ISRO) missions is still being exploited. Many 
missions were completed in 2013, giving us complete satisfac- 
tion. SPOT-4’s end-of-life operations led to the TAKE 5  
experiment for a few months, to simulate SENTINEL-2 by 
increasing the revisit of certain spots. Early July, contact with 
JASON-1 was lost. The satellite was already in its graveyard 
orbit and had perfectly operated for 11 years. Due to its  
particularly low altitude, GOCE, dedicated to the study of  
the gravity field, gave in to gravity and its missions came to 
an end on November 2013, while burning in the atmosphere. 
PARASOL, designed to study the properties of clouds and 
aerosols, was deactivated in December, thus completing an 
almost 9-year operation.

  The fact that satellites can scan the Earth in just a few hours or observe certain 
points on the globe on a permanent basis makes them an extraordinary tool for 
monitoring the planet’s health. 

AUTHOR: P. Ultré-Guérard, Head, Earth Observation programs
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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A national think-tank was commissioned to give some advice 
on the future of CNES’s thematic units. It recommended the 
creation of four units:
(i)  Solid Earth, which is currently being set up and will be 

called FORM@TER,
(ii)  an Ocean unit (which is being considered),
(iii)  a Continental Surfaces unit, which already exists and is 

called THEIA,
(iv)  an Atmosphere unit, which will be created from the merger 

of two existing units: ETHER, for the study of atmospheric 
composition, and ICARE, for the investigation of clouds, 
aerosols, radiations and the water cycle.

Future prospects

GMES/Copernicus, a critical year
SENTINEL-1A was successfully launched on April 3, 2014. ESA 
is carrying on the development of SENTINEL-1 to 4, units A 
and B, which were given the green light at the ministerial 
councils of Berlin in 2005 and The Hague in 2008, as well as 
the precursor, SENTINEL-5. The second phase of GMES’s third 
segment was opened to contributions by the States Members 
until June 2014 (in addition to the grant provided during ESA 
ministerial Council in Naples in 2012), to enable SENTINEL-5 
and JASON-CS to enter Phase B2. Copernicus regulations 
will be approved in 2014 and it will mark the official start of  
Copernicus with the EU contribution. SENTINEL-3A and 2A 
should be launched in 2015 and SENTINEL-1B, early 2016.

Preparing the future
CNES projects (VENµS with Israel and CFOSAT with China) are 
still in development. IASI-NG, in partnership with EUMETSAT,  

will be carried by METOP-SG to provide meteorologists with 
atmospheric and humidity profiles and researchers with 
valuable data on the chemical composition of the atmosphere 
and the climate. It has entered Phase B late 2013. MERLIN, 
Myriad Evolutions microsatellite, will carry a lidar to assess 
the concentration of atmospheric methane. It will enter 
Phase B late 2014. SWOT, a cooperation mission with NASA 
whose aim is to measure the level of oceans and inland waters 
with unprecedented accuracy, continues its Phase A with the 
help of financing from a future-investment funding program, 
under the major loan process initiated by the French govern-
ment. Regarding atmospheric sciences, a campaign involving 
the launch of BSO balloons will take place in Canada in 2014.

Scientific Prospective Seminar in La Rochelle 
(France)
The CNES Scientific Prospective Seminar took place from 
Mars 17 to Mars 20, to identify new scientific priorities for 
the next decade.

Next launching
JASON-3 (with EUMETSAT, NOAA, NASA and backed by the 
European Commission) will be launched in Mars 2015. ADM/
AEOLUS (ESA) should be launched by the end of 2015.

[Fig. 1] 
Artist view of SENTINEL-1.
© ESA/Pierre CARIL

Fig. 1
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Leurs mesures très précises permettent de déterminer l'état 
actuel de la planète mais également de comprendre son évo-
lution dynamique, les interactions entre les enveloppes qui la 
composent depuis le noyau de la Terre jusqu'aux plus hautes 
couches de l'atmosphère. La combinaison des observations 
satellitaires avec les observations in situ (sols, ballons, avions, 
bouées, etc.) et les modèles physiques permet d'établir des 
prévisions de certains phénomènes géophysiques comme en 
météorologie ou en océanographie avec le système de prévi-
sion de l’état de la mer « Mercator ».

Les questions de l'impact de l'homme sur son environnement, 
du changement climatique, de la gestion des catastrophes 
majeures, etc. sont autant de défis à relever pour les géné-
rations présentes et futures : les satellites sont des éléments 
essentiels dans cette quête de connaissance et de gestion 
durable de l'environnement. Le CNES avec ses partenaires en 
Europe et dans le monde y contribue par ses missions réalisées 
en coopération multilatérale, par sa participation dans les pro-
grammes majeurs en Europe comme GMES (Global Monitoring 
for Environment and Security) devenu Copernicus et par ses 
actions de coordination internationale notamment au sein du 
CEOS (Committee on Earth Observation Satellites), bras armé 
du grand programme international GEOSS (Global Earth Obser-
vation System of System) pour sa composante spatiale. Le CNES 
succède à la NASA à la présidence de la SIT (Equipe de mise en 
œuvre Stratégique) du CEOS sur la période 2014-2015.

Les principales réalisations dans le domaine 
de l’observation de la Terre en France et en Europe 
en 2012-2013

Des lancements réussis
Dans le domaine de la météorologie, l’année 2012 a été par-
ticulièrement fructueuse avec le lancement du 3ème satellite 
MSG (Météosat de Seconde Génération, en orbite géosta-
tionnaire) d’EUMETSAT le 5 juillet suivi par le lancement de 
Metop-B en orbite basse le 17 septembre avec à son bord 
un instrument sondeur infrarouge Iasi développé par le 
CNES pour le compte d’EUMETSAT. Le 2 décembre 2012 a 
été lancé le second des deux satellites Pléiades d’observa-
tion optique à haute résolution spatiale (70 cm au nadir),  
1 an après le lancement du premier, doublant ainsi la capacité 
d’observation. Le 25 février 2013, le CNES et l’ISRO ont lancé 
le satellite Saral embarquant le système Argos et la charge 
utile d’altimétrie en bande Ka, AltiKa. Enfin les trois satellites 

Swarm de l’ESA, dédiés à la mesure du champ magnétique 
terrestre, ont été lancés le 23 novembre 2013 avec à leur bord  
trois magnétomètres absolus développés par le LETI/CEA et 
fournis par le CNES.

Campagnes ballons
Dans le cadre du chantier Méditerranée impliquant la com-
munauté scientifique française, deux campagnes ballons ont 
été menées en 2012 : la campagne Bamed dédiée à l’hydro-
logie à partir des îles Baléares et la campagne préparatoire 
Traqa sur la genèse et l’impact des particules lancée depuis 
Les Seychelles.

Le programme Européen GMES (Global Monitoring 
for Environment and Security)-Copernicus
GMES, programme de l’Union européenne pour répondre 
aux besoins en services opérationnels dans les domaines des 
politiques de l’environnement et de la sécurité, est devenu 
le programme Copernicus et bénéficiera de fonds de l’UE sur 
2014-2020.
 

Conseil Ministériel de l’ESA de Naples
Ce Conseil qui s’est tenu fin 2012 comprenait des appels à 
contribution sur trois programmes de l’ESA en Observation 
de la Terre : la 4ème tranche du programme enveloppe EOEP 
principalement dédiée au développement de la 7ème mission 
Earth Explorer, à savoir Biomass, sélectionnée en mai 2013 ; 
le segment 3 de la composante spatiale de GMES-Copernicus 
couvrant les développements de Sentinel-5 pour la qualité de 
l’air qui sera embarqué sur Metop-SG et de la suite de la filière 
altimétrique Jason avec Jason-CS et Metop-SG en partenariat 
avec EUMETSAT pour la météorologie en orbite basse.

Exploitation des missions 
L’exploitation des missions Spot-5, Jason-2 (avec EUMETSAT), 
Calipso (avec la NASA), Iasi sur Metop-A et B (avec EUMETSAT),  
Smos (avec l’ESA et le CDTI), Cryosat (avec l’ESA), Megha-
Tropiques (avec l’ISRO) se poursuit. Beaucoup de missions se 
sont achevées en 2013 après avoir donné toute satisfaction :  
Spot-4 dont les opérations de fin de vie ont donné lieu à 
l’expérimentation « Take 5 » sur quelques mois pour simuler 
Sentinel-2 en augmentant la revisite sur certains sites. Début 
juillet, le contact a été perdu avec Jason-1 qui était déjà sur 
son orbite « cimetière » et a fonctionné parfaitement bien 
pendant 11 ans. En raison de son altitude particulièrement 
basse, GOCE dédié à l’étude du champ de gravité, a été  

  Grâce à leur capacité à couvrir la Terre en quelques heures ou à observer  
certains points du globe de façon permanente, les satellites sont un outil  
extraordinaire pour ausculter la planète. 
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« rattrapé » par celui-ci et a fini sa mission en novembre en 
brûlant dans l’atmosphère. Parasol, pour l’étude des nuages 
et des aérosols, a été désactivé en décembre mettant ainsi fin 
à presque 9 ans d’exploitation.
 
Un groupe de réflexion national a été mandaté pour faire 
des recommandations sur l’avenir des pôles thématiques. 
Ce groupe a recommandé la création de quatre pôles thé-
matiques : Terre solide, qui est en cours de création et se 
nommera Form@Ter ; un pôle Océan, à l’étude ; un pôle  
Surfaces continentales, qui existe et se nomme Théia ; un pôle 
Atmosphère qui doit se construire à partir des pôles Ether 
et Icare respectivement dédiés à la composition de l’atmos-
phère et aux nuages, aérosols, rayonnement et cycle de l’eau. 

Les perspectives futures
 

GMES/Copernicus, une année décisive
Sentinel-1A a été lancé le 3 avril 2014 avec succès. L’ESA  
poursuit le développement de Sentinel-2 à 4, unités A et B, 
décidés lors des conseils ministériels de Berlin en 2005 et La 
Haye en 2008 ainsi que d’un satellite précurseur Sentinel-5. La 
phase 2 du segment 3 de GMES était ouverte à contribution 
par les Etats membres jusqu’en juin 2014 (complément à la 
contribution faite au Conseil ministériel de Naples en 2012) 
afin de permettre le passage en phase B2 de Sentinel-5 et 
Jason-CS. Le règlement Copernicus sera approuvé en 2014 et 
marquera le démarrage officiel de Copernicus avec l’apport de 
la contribution de l’UE. Sentinel-2A et 3A doivent être lancés 
en 2015, Sentinel-1B début 2016.

Préparation du futur
Le développement des projets CNES (Vénµs avec Israël, 
CFOSAT avec la Chine) se poursuit. Iasi-NG en partenariat avec 

EUMETSAT pour être embarqué sur Metop-SG afin de fournir 
aux météorologistes les profils d’humidité et de température 
atmosphériques ainsi qu’aux chercheurs des données pré-
cieuses sur la composition chimique de l’atmosphère et le 
climat est passé en phase B fin 2013. Merlin, microsatellite 
Myriade Evolution, embarquant un lidar dédié à la mesure du 
méthane atmosphérique, passera en phase B fin 2014. Swot 
en coopération avec la NASA, pour la mesure du niveau des 
océans et des eaux continentales avec une précision inéga-
lée, a achevé sa phase A et bénéficie pour sa réalisation d’un 
financement du Programme d'Investissement d'Avenir issu 
de la démarche grand emprunt lancé par le gouvernement 
français. Une campagne ballon BSO est prévue au Canada 
pour les sciences de l’atmosphère en 2014.

Séminaire de Prospective Scientifique de la Rochelle
Le CNES a tenu son Séminaire de Prospective Scientifique du 
17 au 20 mars 2014 afin de définir les nouvelles priorités dans 
le domaine scientifique pour la décennie à venir. 

Les prochains lancements
Jason-3 (avec EUMETSAT, la NOAA, la NASA et le soutien de 
la CE) est prévu pour mars 2015. ADM/Aeolus (ESA) doit être 
lancé fin 2015. 

[Fig. 1]  
Illustration du satellite Jason-3. 
© CNES/ill./DUCROS David, 2014

Fig. 1
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Continental Surfaces

Global changes include climate change, alterations of the  
environment due to human activities (land use and cover, 
urbanization, fossil fuel consumption, etc.) and the associ-
ated consequences (erosion, flooding, impact on continental  
and coastal ecosystems, animal population movements 
and areas of disease prevalence, etc.). Climate disruptions  
observed these last few years have confirmed the reality of 
climate change and aroused a growing public awareness of 
short-term potential environmental, economic and geopol-
itical impacts. Besides, the part of anthropic activities and 
greenhouse gas in drift mechanisms was proven.

Interactions between water and carbon cycles and climate 
have a crucial role to play. For continental surfaces, the prop-
erties of the surface and its plant cover (continental bio-
sphere) strongly impact water, CO2 and energy exchanges 
between ground and atmosphere and hydrological cycles 
(flow, infiltration/evaporation, etc.), with, in turn, retroactive 
effects on climate. Coasts are also very affected by climate 
change due to their own biophysical functioning (exchanges 
with the atmosphere) and their interactions with nearby 
continental systems. 

Climate stakes make it necessary to use operational observa-
tion methods to: 

(i)  quantify ongoing drifts and continuously monitor their 
impact on surfaces,

(ii)  develop, calibrate and validate models that could support 
projections on the evolution of ecosystems, 

(iii)  anticipate the effects of mitigation and adaptation metho-
dologies that are considered (sustainable development).

Water management adaptation to climate 
change is a global emergency

Even if humanity could significantly reduce future greenhouse 
gas emissions, adverse effects of climate change would still be 
felt for many decades. Precipitation and hydrological cycles 
have already begun to change and it will most likely be felt by 
2040 or 2050. So we need to take swift actions.

These reasons have led CNES and the scientific community:

(i)  to develop, in collaboration with JPL, THIRSTY, a mission 
with a global cover, combining high spatial resolution and 
high revisit,

(ii)  to continue the important partnership with NASA/JPL for 
the SWOT mission,

(iii)  to keep supporting the BIOMASS mission,
(iv)  to support the exploitation of the SMOS mission and 

provide the next generation of SMOS satellite, SMOS NEXT 
to address resource management in watersheds, 

(v)  to continue to prepare the exploitation of data provided by 
SENTINEL-2 with a strong experiment, SPOT-4-TAKE FIVE.

As for the Continental Surfaces thematic unit at CNES, an 
infrastructure dedicated to shared space data was created in 
2013 within the THEIA unit, with the signing of the convention 
for the constitution of the unit with nine French institutional 
organizations, thus answering a recurring request from the 
scientific community for many years.

THIRSTY

During MISTIGRI’s phase A – with the support of TOSCA, prior-
ity was given to the consolidation of the mission’s objectives 
and requirements, as well as its framework. Three scientific 
objectives were identified, focusing on the operation of:
 
(i) continental biosphere,
(ii) urban areas, 
(iii)  coastal environments and inland water surfaces.

Spatial resolution, revisit, passing time and required main 
characteristics of the instrument were then justified. Thanks 
to this knowledge, cooperation with JPL was established for 
the THIRSTY mission, with innovative instruments such as 
cooled detectors. The originality of THIRSTY lies in the com-
bination of high spatial resolution (about 80 m) and a strong 
revisit capacity (3 days) with global cover. This mission was 
recommended during CNES Scientific Prospective Seminar in 
La Rochelle, France.

AUTHOR: Selma Cherchali, Continental Surfaces program scientist
CNES, 18 avenue Edouard Belin, 31401 Toulouse Cedex 09, France.

Fig. 1 Fig. 2 Fig. 3
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SMOS (ESA, CNES, CDTI)

SMOS continuously measures soil moisture, water content of 
vegetation and ocean salinity. Results obtained since 2009 
have been outstanding. New applications have been devel-
oped, such as monitoring of cyclones and precipitation 
forecasting. SMOS measures are used to monitor seasonal 
changes in moisture in the tropics and inland. Good accuracy 
of measures and their availability in near real-time allowed 
the development of operational and pre-operational appli-
cations. Thanks to this very promising set of results, a new 
concept was designed to succeed SMOS: the SMOS NEXT in-
strument, with a ten times finer resolution and a threefold 
increased sensitivity, will help us develop new coastal appli-
cation for water resources management and monitoring. This 
mission was also recommended during CNES Scientific Pros-
pective Seminar.

SWOT

With SWOT, CNES and NASA are using Ka-band interferometry 
to obtain measurements across a wide swath (120 km) with 
higher resolution (10 m in high resolution mode). SWOT can 
map and calculate the height of any mass of water with a 
surface area greater than 250 x 250 m, no matter what the 
weather is, for it is not affected by cloud cover. It can also 
deduce available water quantities at all scales. SWOT will help 
us calculate the water level of rivers that are more than a 
100 m wide and their flow rates. It will also provide accurate 
maps of flooded land. This data will enable the development 
and the improvement of applications, such as international 
and interregional watershed management, flood modeling, 
clean water management for urban, industrial and agricult- 
ural consumption, hydroelectric plant management, meas-
ures to help prevent the spread of epidemics and assistance 
to river navigation. In 2013, milestones were passed towards 
the implementation of this ambitious mission, with the confir-
mation that it will carry the nadir altimeter and its transition 
to phase B at CNES.

BIOMASS

In 2013, the BIOMASS mission was selected by ESA as part of 
Earth Explorer 7. BIOMASS can address fundamental issues 
about the carbon cycle. Greatest uncertainties are coming 
from geographical distribution and variations over time of 
forest biomass, a key-element to estimate carbon stocks and 

fluxes, especially in areas that are considered critical to the 
terrestrial carbon budget. This is the case in tropical regions, 
where deforestation is considered the main source of carbon 
fluxes due to changes in land use. So far, no space instru-
ment can measure the range of biomass in the tropics (up to  
500 tonnes/ha).

CNES support to French teams through TOSCA since 2010 
has significantly contributed to the selection of the mission, 
with the results obtained by the French scientific community, 
especially through data exploitation of the two campaigns 
TROPISAR and TROPISCAT on tropical forest in French Guiana. 
The advanced technics developed by the teams (polarimetry, 
interferometry and tomography) led to an estimation of 
biomass up to 500 tonnes/ha. The support of the French 
scientific community working on BIOMASS, which was recom-
mended during the CNES Scientific Prospective Seminar held 
in 2014, should keep improving the expertise of the commu-
nity in the later stages of BIOMASS.

Preparing for SENTINEL-2: SPOT-4-TAKE FIVE

After a proposal from CESBIO and with the support of TOSCA, 
CNES took advantage of the end of SPOT-4 commercial exploit-
ation to change its orbit and acquire data, with characteris-
tics that are very close to SENTINEL-2’s. They were processed 
and made available to the international community by the 
MUSCATE center of the THEIA unit. Scientific data processing 
is ongoing in various laboratories and universities in France, 
Europe and worldwide.

[Fig. 1 and 3]  
SMOS can measure soil moisture, water content of vegetation and 
ocean salinity with a global cover.
© Phovoir, 2011

[Fig. 2]  
BIOMASS can estimate carbon stocks and fluxes to provide a better 
understanding of the carbon cycle on Earth. Here is a picture of  
the vegetation in Guiana.
© Thierry MONTFORD

[Fig. 4] 
Artist view of SENTINEL-2.
© ESA/Pierre CARIL

Continental Surfaces 

Fig. 4
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Evapotranspiration estimates can be derived from remote 
sensing data and ancillary information, mostly meteorologi-
cal, through two types of approaches. The first ones estimate 
a potential evapotranspiration rate from vegetation indices, 
since the main factor controlling evapotranspiration is the 
amount of vegetation present on the ground which governs 
the volume of soil explored by the roots for water extrac-
tion. Those methods account for water stress by depleting the 
maximum rate according to water availability derived from 
either a surface temperature index or a rough estimate of 
the water budget. The second type of methods relies on the 
link between the surface temperature and the latent heat flux 
through the surface energy budget: water stress triggers a 
rise in surface temperature above the equilibrium tempera-
ture of a well watered surface. Current high resolution satel-
lites (LANDSAT, SPOT…) acquire data in the VIS/NIR domains 
every few weeks if all platforms are combined. It gives a good 
overview of the seasonal evolution of the vegetation fraction 
cover. However, no TIR sensor is available to assess the water 
cycle at field scale (less than 100 m) at higher time scales. The 
MISTIGRI space mission proposal and its follow-on THIRSTY 
(based on HYSPIRI) aim at filling this gap in Earth observation.

Model performance for instantaneous latent 
heat flux retrieval

Instantaneous evapotranspiration rates and surface water 
stress levels can be deduced from remotely sensed surface 
temperature data through the surface energy budget. Surface 
water stress is defined as the complementary part to the ratio 
between actual and maximum evapotranspiration rates (e.g., 
0 for an unstressed surface, 1 for a non evaporating surface). 

Two types of methods can be defined:

(i)  contextual methods, where stress levels are scaled within 
a given image between hot/dry and cool/wet pixels for a 
particular vegetation cover,

(ii)  single-pixel methods which evaluate latent heat as resi-
dual of the surface energy balance for one pixel inde-
pendently from the others. 

In order to test the capacity of current algorithms to retrieve 
instantaneous fluxes, four models, two contextual (S-SEBI, 
VIT) and two single-pixel (TSEB, SEBS) methods, were applied 
over one growing season (December-May) for a 4 km by 4 km  
irrigated agricultural area in semi-arid northern Mexico using 
input data from ASTER and FORMOSAT-2 [1].

Their performances, both at local and spatial standpoints, 
were compared to energy balance ground measurements 
performed at seven locations within the area. They were also 
compared to simulations of the Soil-Vegetation-Atmosphere 
Transfer (SVAT) model ICARE forced with local in situ data 
including observed irrigation and rainfall amounts. Water 
stress levels were not always satisfactorily retrieved by most 
models, but TSEB as well as S-SEBI, although slightly biased, 
showed good performances (Fig. 1). 

A drop in model performances was observed in all cases when 
vegetation was senescent, mostly due to a poor partitioning 
between the soil/plant components of the latent heat flux and 
the available energy. Corrections based on VIS/NIR data were 
proposed to cope with this problem. As expected, contextual 
methods performed well when contrasted soil moisture and 
vegetation conditions were encountered in the same image 
(especially in spring and early summer) while they tended to 
exaggerate the spread in water status in more homogeneous 
conditions (especially in winter). The best performing surface 

AUTHORS: G. Boulet(1), E. Delogu(1), J. Chirouze(1), M. Bahir(1), A. Olioso(2), B. Coudert(1),  
V. Rivalland(1), L. Jarlan(1), J.-P. Lagouarde(3)

(1) CESBIO, UMR 5126, 18 avenue Edouard Belin, 31401 Toulouse Cedex 9, France.
(2) EMMAH, UMR 1114, 228 route de l'Aérodrome, Domaine Saint Paul, Site Agroparc CS 40509, 84914 Avignon Cedex 9, France.
(3) ISPA, UMR 1391, Centre de recherche de Bordeaux Aquitaine, 33140 Villenave d’Ornon, France.

Continental Surfaces
Seasonal evaporation using instantaneous satellite measurements  
in the thermal infrared domain
Evolution de l’évaporation saisonnière à partir de mesures instantanées  
dans l’infrarouge thermique

EARTH SCIENCES - SCIENCES DE LA TERRE

 Résumé : La télédétection infrarouge thermique permet, en com-
binaison avec les mesures dans le visible et le proche infrarouge, 
de fournir des informations sur le stress hydrique de la végétation, 
et par conséquent d’estimer l’évaporation instantanée au passage 
du satellite. La fraction d’évaporation (rapport entre l’évaporation et 
l’énergie disponible) et son évolution caractéristique durant la journée 
ont permis de reconstituer les variations journalières et saisonnières 
de l’évaporation.

Laboratory contribution

 Abstract: Remote Sensing can assist us in deriving evapor-
ation by estimating the amount of  vegetation (VIS/NIR data) and the 
surface water stress (TIR data). The latter provides an instantaneous 
estimate at the time of  satellite overpass. We used the available 
energy derived from incoming radiation as well as the typical shape 
of  the diurnal evaporative fraction (the ratio between evaporation 
and available energy) to extrapolate and interpolate instantaneous 
estimates to daily and seasonal totals.
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energy balance models run with available remotely sensed 
products proved to be nearly as accurate as ICARE forced with 
in situ data.

Reconstruction of daily and seasonal 
evapotranspiration from instantaneous estimates

Energy balance models provide an instantaneous estimate 
at the time of satellite overpass for clear days. In order to 
compute daily evapotranspiration, an extrapolation algo-
rithm is first needed. Deriving seasonal evapotranspiration 
then requires an interpolation method between clear days 
to be applied in a second step. We used the evaporative frac-
tion EF (the ratio between evaporation and available energy) 
to scale evapotranspiration at both scales. Self preservation 
of EF during the day was assumed to build the daily total 
from the instantaneous estimate at midday (constant EF). EF 
was linearly interpolated between two successive images to 
reconstruct seasonal evapotranspiration. Interpolation and 
extrapolation performances were tested against measure-
ments of latent heat from 11 datasets in Southern France and 
Morocco. Interpolation algorithms tended to underestimate 
evapotranspiration due to the energy limiting conditions that 
prevail during cloudy days. Taking into account the diurnal 
variations of EF (variable EF) according to an empirical rela-
tionship derived from a previous study (Fig. 2) improved the 
performance of the extrapolation algorithm and therefore 
the retrieval of the seasonal evapotranspiration for all but 
one datasets.

REFERENCES
[1] Chirouze, J. et al. (2014), Intercomparison of four remote- 
sensing-based energy balance methods to retrieve surface  
evapotranspiration and water stress of irrigated fields in semi-arid 
climate, Hydrology and Earth System Sciences, 18(1), 1165-1188.

[2] Delogu, E., et al. (2012), reconstruction of temporal variations 
of evapotranspiration using instantaneous estimates at the time 
of satellite overpass, Hydrology and Earth System Sciences, 16(8), 
2995-3010.
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[Fig. 1]  
Scatter plots of surface water stress (0: unstressed, 1: fully stressed) at 
each station for TSEB, SEBS, S-SEBI, VIT and ICARE. Values calculated  
for seven ASTER over-pass dates and seven flux stations.  
Color code: red: LAI < 0.4; yellow: 0.4 ≤ LAI < 0.8; green: 0.8 ≤ LAI < 1.2;  
navy-blue: 1.2 ≤ LAI < 2.0; black: LAI ≥ 2.0.
© After [1]

[Fig. 2] 
RMSE and cumulative seasonal evapotranspiration for clear sky days 
simulated with constant or variable diurnal evaporative fraction (EF) 
value. 
© After [2]

Fig. 1

Site Daily EF RMSE  
(mm.day-1)

Water lost through  
ET on clear sky days,  

(reconstructed/
observed) (mm)

Error  
in %

Auradé  
(2006)

Constant 0.45 194.1 / 251.2 22.7

Variable 0.33 242.1 / 251.2 3.6

Auradé  
(2007)

Constant 0.60 143.6 / 188.0 23.8

Variable 0.36 188.6 /188.0 0.0

Lamasquère 
(2006)

Constant 0.54 221.0 / 279.7 21.0

Variable 0.54 285.5 / 279.7 -2.1

Lamasquère 
(2007)

Constant 0.43 182.3 / 194.3 6.1

Variable 0.74 225.4 / 194.3 -16.3

Avignon  
(2004)

Constant 0.90 204.8 / 243.1 15.8

Variable 0.83 217.1 / 243.1 10.7

Avignon  
(2005)

Constant 0.75 94.5 / 117.5 19.5

Variable 0.63 103.7 / 117.5 11.7

Avignon  
(2007)

Constant 0.54 160.0 / 179.2 10.7

Variable 0.47 174.3 / 179.2 2.7

Marrakech 
(2004)

Constant 0.26 117.8 / 126.74 7.0

Variable 0.27 120.4 / 126.74 5.0

Fig. 2
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In response to the urgent need for greatly improved mapping 
of global biomass, the BIOMASS mission was selected by the 
European Space Agency as the 7th Earth Explorer mission 
in 2013. The mission will carry a polarimetric P-Band SAR, 
capable of providing three types of measurements: polar-
imetric intensity (PolSAR), polarimetric interferometry  
(Pol-InSAR) and SAR Tomography (TomoSAR) (Fig.1), to be 
used for the retrieval of forest biomass.

In terms of carbon cycle, the most critical forest regions of the 
Earth are in the tropical belt, where knowledge on biomass 
information is poor and biomass information is the most 
needed. However, estimating biomass of tropical rain forests 
characterized by high biomass density (up to 500 t.ha-1 or 
greater), and complex layering structure, remained a challen-
ging task.

During the preparatory phase of BIOMASS activities, the 
algorithms to be employed for Above Ground Biomass (AGB) 
retrieval have been developed, using data collected over 
boreal and tropical forests.

These algorithms can be divided into two main classes [1].

(i)  AGB estimation from polarimetric intensities (PolSAR): 
these algorithms combine statistical and physical concepts 
to develop regressions between AGB and intensity meas-
urements in all polarizations. The algorithms performed 
well for temperate and boreal forests for which the AGB is 
less than about 300 t.ha−1. Beyond 300 t.ha−1, the sensitivity 
of the backscattered intensity to AGB decreases drastically, 
and is often obscured by various noise sources, the most 
important being the topographic effects. Therefore retrieval 
of AGB of dense tropical forest with AGB up to 500 t.ha−1 
requires particular attention on the topographic correction. 

The method developed in [2] has two aspects: changes in 
effective scattering area induced by slope and correction 
accounting for changes in polarization orientation and 
change in relative contributions of volume scattering and 
double bounce scattering. 

(ii)  AGB estimation from Pol-InSAR: the techniques allow us 
to estimate forest height by combining two PolSAR meas-
urements from slightly different orbits. Forest height 
estimates are then converted into AGB using allometric 
equations. The information about forest height is expect-
ed to be useful at high biomass values, as it helps mitigate 
intensity saturation phenomena. However, the retrieval 
accuracy depends on different factors, among them the 
relevance of the allometric equation to be used and the 
interferometric coherence between different acquisitions, 
resulting in a possible source of error for forest height  
estimates.

The two approaches (PolSAR and Pol-InSAR) are then com-
bined using a Bayesian approach to yield a final AGB estimate. 
The combined approach is expected to be able to generate 
AGB maps to about or within the desired 20% for boreal and 
tropical forests. To achieve this performance, however, AGB 
estimation algorithms need to be accurately tuned, so as to 
take into account disturbing factors affecting radar meas- 
urements. A network of in situ forest plots is currently under 
investigation to serve in the Cal-Val Strategy.  

Another key role in the Cal-Val will be played by SAR tomogra-
phy (TomoSAR). During an initial phase where system’s orbit 
will be adjusted to gather multiple acquisitions over the same 
sites, characterized by small baselines and a repeat pass time 
of the order of a few days, thus allowing a reconstruction of 
the forest vertical structure. Both forest height and terrain 
topography can be accurately estimated based on tomogra-
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The BIOMASS mission retrieval algorithms over tropical forests
Algorithmes d’extraction sur les forêts tropicales dans le cadre  
de la mission Biomass
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 Résumé : La mission Biomass est conçue pour mesurer la bio-
masse des forêts à l’échelle globale, pour les estimations de flux de 
carbone terrestre. Cet objectif  est à atteindre avec un SAR en bande P.  
Durant les phases préparatoires, la question à traiter était l’extrac-
tion de la biomasse des forêts tropicales denses, dont le rôle est 
primordial dans le stockage et la perte de carbone par déforestation. 
Ce papier décrit les méthodes avancées développées pour extraire 
l’information de la forêt tropicale. 

Laboratory contribution

 Abstract: The BIOMASS mission is designed to map the full 
range of  the world’s above-ground forest biomass, for global carbon 
flux calculations. This objective is achieved with a P-band SAR. 
During the mission preparation phase, the important question to 
be addressed was the retrieval algorithms in dense tropical forests, 
which have a major role in global carbon storage and carbon loss 
through deforestation. This paper will summarize the advanced 
methods developed for tropical forest biomass retrieval. 
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phic data. This phase, hereafter referred to as the tomogra-
phic phase, was planned to cover 10-15% of the world’s forest 
biomass, and is expected to provide useful insights for impro-
ving forest height and AGB retrieval during the rest of mission 
lifetime. 

Physically, TomoSAR presents a solution to reduce the ground 
effects by having access to layers inside the forest canopy 
where the backscatter from vegetation-ground interactions 
is not significant. Assessment of TomoSAR for the retrieval of 
AGB has been performed using data acquired by the ONERA 
P-band airborne SAR over French Guiana in 2009, during the 
ESA-CNES TropiSAR campaign. In situ data have been provi-
ded by the Guyafor group in French Guiana.

As expected, it was found that the backscatter intensity from 
the bottom layer is very weakly correlated to AGB, whereas 
the backscatter intensity from a layer at about 30 m above the 
ground yields the best correlation and sensitivity to AGB in all 
polarizations, for AGB values ranging from 250 to 450 t.ha−1.  
An interpretation of this result is also provided, based on a 
forest growth model simulation which indicates that the AGB 
of the 30 m layer is strongly correlated to the total AGB.
 
Following this study, the application of TomoSAR in another 
test site (Nouragues in French Guiana) and the relevance of 
tomographic technique in P-band spaceborne mission have 
been successfully assessed.
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[Fig. 1]  
The three SAR acquisition and measurement methods which will be 
available from the BIOMASS mission: PolSAR, Pol-InSAR and TomoSAR. 
© ESA/CESBIO

[Fig. 2] 
Map of forest Above Ground Biomass (AGB) in the region of Paracou, 
in French Guiana, with 50 m resolution. The map is obtained using SAR 
Tomography result derived from P-band SAT data acquired during the 
ESA-CNES TropiSAR campaign. 
© CESBIO
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Oceanography

Space oceanography at CNES during these two years has 
been marked by missions-related events. After more than  
11 years in orbit JASON-1 has ceased its mission in July 2013, 
but SARAL, launched a few months before, has demonstrated 
in a very fast and easy way its capacity to fill the gap between 
ENVISAT and SENTINEL-3, as well as the gain in accuracy 
expected from the Ka-band new technology for the altimeter.
 

On July 2, 2013, JASON-1 altimetry satellite 
stops after 11 years of continuous ocean 
monitoring

Ocean observation satellite JASON-1 has been officially 
ended by NASA and CNES on July 2, 2013. JASON-1 had 
been launched from Vandenberg, CA, on December 7, 2001. 
That made it one of the longest-lived oceanography satel-
lites with 11 years and a half in orbit, representing more  
than 53 000 revolutions around the Earth and more than  
3 500 science publications. Measurements made by JASON-1 
payload instruments allowed to monitor sea surface topo-
graphy with an extreme precision. This observation gives us 
access to ocean currents, as well as climate monitoring and 
marine meteorology.

Started during the 90s, JASON-1 project insured the continu-
ity of TOPEX-POSEIDON mission. It developed a long-term 
US-French cooperation, from TOPEX to SWOT, and it con- 
firmed radar altimetry as a cornerstone of ocean monitoring by 
satellite. From TOPEX/POSEIDON to JASON-1, science object-
ives have remained essentially identical, however technol-
ogy and responsibility sharing has deeply evolved. JASON-1  
was the first satellite to use the French PROTEUS platform; 
the main instrument, the TAS-developed radar altimeter 
instrument POSEIDON-2, presented a new entirely digital 
design; the precise orbit determination system included one 
of the first GPS receivers of high precision. Other instruments 
included the microwave radiometer WMR and laser retrore-
flector array LRA and CNES-developed DORIS orbitography 
instrument. Those technological choices have proven to be 
right, thus paving the way for a reference altimetry line main-
tained with JASON-2 in 2008 and JASON-3 planned in 2015.

Thanks to measurements accuracy, long-term stability of in-
struments and continuous efforts of calibration-validation per-
formed on the ground, JASON-1 was a major contributor to 
the monitoring of sea level rise, an essential climate variable. 
JASON-1 was carefully calibrated with respect to in situ meas-
urements, compared to other space borne sensors, and the 
processing algorithms have been maintained to state-of-
the art standards. Two key periods of formation flying inter 
calibration have been performed, first with its predecessor 
TOPEX in 2001, then with its successor JASON-2 in 2008, 
allowing to maintain measurement uncertainty below the 
0.5 mm/year mark.

TOPEX/POSEIDON had demonstrated the capability of radar 
altimetry to observe ocean dynamics and variability. There-
fore, in synergy with JASON-1 development, an ambitious 
international effort has allowed the parallel development 
of a dense network of in situ sensors (more than 300 ARGO 
floats have been deployed worldwide) and a concerted 
development of new models and numerical methods to des-
cribe and model ocean (GODAE: Global Ocean Data Assimi-
lation Experiment). Today several institutions worldwide 
are continuously generating analysis and forecasts of ocean 
state, towards a large variety of applications. Those systems 
all have in common that they rely on this triptych: model  
– in situ – satellite. JASON series is a key element of it, being 
the reference mission on which all other altimeter missions 
are calibrated. 

The worldwide scientific community is federated within the 
Ocean Surface Topography Science Team, whose annual 
meetings allow space agencies engineers to meet with 
downstream scientists, and share a common understanding 
of the ultimate objectives of the mission. As a consequence, 
the performance of the JASON-1 mission largely exceeded 
both written specifications and implicit science expectations. 

AUTHOR: J. Lambin, Oceanography program scientist
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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On February 25, 2013, launch of SARAL and 
birth of Ka-band altimetry (ALTIKA)

The SARAL/ALTIKA project is a collaboration between France 
and India in environment monitoring. On a platform deve-
loped by the Indian space agency (ISRO), two independent 
payloads were embarked, ARGOS-3 and ALTIKA (+DORIS, 
+LRA), but their missions have the same objective: to promote 
the study of environment from space. ARGOS-3 is an element 
of the ARGOS system, dedicated to localisation, acquisition 
and distribution of environmental data. ALTIKA is an innova-
ting Ka-band altimeter system, dedicated to accurate meas-
urement of ocean surface topography. The data processing is 
integrated to the CNES ground segment SALP (Système d'Alti-
métrie et de Localisation Précise), which already operates the 
altimetry missions JASON-1, JASON-2 and CRYOSAT-2.

The SARAL mission is an essential component of the altimetry 
constellation from 2013 onwards, re-occupying the long-
term ERS and ENVISAT ground track (Fig. 3). SARAL/ALTIKA is 
flying on the same orbit as ENVISAT to ensure a continuity of  
altimetry observations in the long term. On the other hand, 
the local time of passage over the equator is different due 
to specific cover requirements for the ARGOS instruments 
constellation.

On February 25, 2013, the ISRO-CNES SARAL mission was 
launch by PSLV from Sriharikota in India. On February 26, 
2013, the first ALTIKA data were received at CNES for proces-
sing and verification. Because of the new features of ALTIKA, 
an extensive verification phase had been planned. However, 
the quality of the measurements made by ALTIKA was good 
from the very beginning of the mission. This allowed ope-
rational agencies (METEO-FRANCE, ECMWF, MyOcean, etc.) 
to start routine assimilation of SARAL data after only weeks. 

SARAL/ALTIKA provides the first demonstration of Ka-band 
altimeter capabilities for fine resolution along-track applica-
tions, including coastal and inland water applications, which 
will be further developed for the future SWOT mission. The 
mission has a planned life of three years: the high level of 
interest for SARAL data in the scientific community makes it 
clear that every piece of the SARAL record will be used for 
many applications.

Other events

Other mission-related events have marked the period 2012-
2014. CNES work on CRYOSAT-2 “SAR mode” over oceans have 
demonstrated that this new mode of acquisition – where the 

along-track resolution is enhanced by a factor 20 – designed 
initially for sea ice studies, can provide – on an operational 
basis – a better accuracy over open ocean as well, without 
any caveat. In consequence, this mode should be set default 
mode for the upcoming SENTINEL-3 mission. 

CFOSAT, the China-France wind-wave observation mission, 
currently under development has been through a zone of 
turbulence because of changing rules in international export 
regulation. However China and France are pursuing their col-
laboration on this satellite, with a revised schedule that now 
foresee the launch for 2018. Meanwhile, the KUROS airborne 
demonstrator of the SWIM instrument have been success-
fully developed and operated by scientists from LATMOS, 
providing useful representative data to prepare CFOSAT data 
processing chains. 

SWOT project is progressing at a very good pace at NASA and 
CNES (Fig. 1). The Science Definition Team has been set up, 
gathering oceanographers and hydrologists from both US and 
France. People have started working hard at the bi-yearly 
meetings, and every other day, to prepare for this mission.

[Fig. 1]  
Artist view of the SWOT satellite.
© CNES/David DUCROS, 2012

[Fig. 2]  
The DORIS instrument onboard CRYOSAT-2 measures satellite  
trajectory and ground locations with great accuracy.
© ESA/Stéphane CORVAJA, 2009

[Fig. 3] 
SARAL satellite. 
© CNES

[Fig. 4]  
Global sea level trend is a landmark product of the quality of “reference 
altimetry” period (1993-2010), thanks to the continuity of missions 
from TOPEX/POSEIDON, JASON-1 and JASON-2. Careful intercalibration 
of missions and continuous improvement in processing made this data 
an exemplary “essential climate variable” for global change studies.  
JASON-1 contribution is major, ensuring perfect continuity both 
upstream with TOPEX and downstream with JASON-2.  
© CNES/CLS/LEGOS
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Current challenges in biogeochemical  
field studies

In biogeochemistry, oceanographic campaigns are essential 
tools, which provide observational ground for constrain-
ing models, test theoretical hypotheses and propose new 
paradigms. Nowadays, the planning of biogeochemical field 
studies faces two competing challenges for which the contri-
bution of remote sensing is essential. The first challenge is 
the need of observational data on coupling mechanisms 
between physical and biogeochemical processes (e.g., [1]). 
Although biogeochemical processes are relatively well under-
stood in zero dimension (well mixed) conditions, how the 
ocean’s physical dynamics modulate them largely remains 
an open-ended question. In order to shed light on this issue,  
in situ observations have to encompass a large number of 
multidisciplinary measures (hydrology, horizontal and vertical 
transport and mixing properties, nutrients, trace elements, 
microbial communities and processes, etc.). This long list of 
parameters to acquire pushes towards lengthy occupation 
of sites, so that hardly more than one station can be visited 
during one day of field work.

The second challenge is the current interest for the so-called 
submesoscale. Model studies indicate that structures occur-
ring at this spatiotemporal domain strongly modulate biogeo-
chemical responses to physical forcing [2]. Is an abrupt change 
observed between two repeated stations the consequence of 
a temporal dynamics or the effect of sampling over a drif-
ting filament? If there is no information on the position and 
temporal dynamics of filaments, a blind in situ survey which 
aims to avoid the synopticity problem should therefore scan a 
region at least few dozen kilometers by few dozen kilometers 
with a one kilometer and one day spatiotemporal resolution. 
Such submesoscale snapshot would correspond to a large 

number of profiles per day (> 100), which is probably achiev-
able by a towed vehicle with a limited number of sensors 
and up to moderate depth (few 100s m), certainly not by an 
exhaustive, deep biogeochemical sampling.

The KEOPS2 experiment and the role of 
remote sensing

Nevertheless, ships are not alone during their field work in 
the open ocean, but are assisted by a network of satellites, 
several of which embark instruments able to resolve part of 
the submesoscale dynamics at the ocean surface. The KEOPS2 
cruise is a recent interdisciplinary biogeochemical field cam-
paign which visited the open ocean waters surrounding Ker-
guelen Islands (in the Indian sector of the Southern Ocean) 
in October-December 2011. The aim of the cruise was the 
description of the onset of the bloom in this region and in par-
ticular the quantification of the biogeochemical role of iron 
[3-4]. This part of the ocean is a remarkable example of strong 
submesoscale biogeochemical contrasts due to the presence 
of the Antarctic circumpolar current, which creates plumes of 
naturally iron-fertilized waters when it encounters topogra-
phic reliefs like Crozet and Kerguelen archipelagos. Iron-rich 
filaments giving rise to high level of primary production can 
be a few dozen kilometers apart from iron-poor waters.

The KEOPS2 cruise could benefit from regionally optimized 
satellite products produced by Ssalto/Duacs and CLS with 
support from CNES. These products include sea surface height 
anomalies at 1/8° (compared to 1/3° resolution of the stan-
dard AVISO product), a regional mean dynamic topography,  
1/25° chlorophyll MODIS and MERIS composite images and  
sea surface temperature from MODIS/AQUA, MODIS/TERRRA,  
AVHRR/NOAA-19, AVHRR/METOP-A [5]. Chlorophyll and sea 
surface temperature images allowed identifying and tracking  
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Oceanography
The multisatellite-based adaptive strategy of the KEOPS2 cruise
La stratégie multisatellite de la campagne Keops2 

 Résumé : La campagne océanographique Keops2 a étudié le 
développement de la floraison phytoplanctonique printanière dans 
la région de Kerguelen, en utilisant une stratégie adaptative basée 
sur des données multi-satellite optimisées pour cette région. Ces 
informations, en combinaison avec des diagnostics lagrangiens, ont 
permis d'identifier en temps quasi-réel un ensemble de sites repré-
sentatifs de la région, de suivre le développement de la production 
primaire et d'optimiser le temps bateau. 

Laboratory contribution

 Abstract: The KEOPS2 cruise aimed to study the onset of  
springtime phytoplanktonic bloom in the Kerguelen region, using an 
adaptive sampling strategy based on regionally optimized multi-satel-
lite data. This information has been combined together by Lagran-
gian diagnostics and has allowed to identify in near-real time a set 
of  sampling sites representative of  larger region, to follow in time 
the development of  spring-time primary production, and to greatly 
optimize ship time. 
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of the position of large-scale to submesoscale fronts for the 
duration of the cruise as well as the onset and evolution of 
phytoplanktonic bloom (Fig. 1). Altimetry has been analyzed 
with Lagrangian diagnostics [6] in near real time to estimate 
the position of the iron-rich water mass, i.e., water parcels 
originating from the plateau (Fig. 2). Thanks to this Lagran-
gian calculation, the extension of the chlorophyll plume was 
forecast several days before the beginning of the bloom. After 
the bloom and still during the cruise, the Lagrangian analysis 
of altimetry data was confirmed by a comparison with ocean 
color images.

Either as interesting features on themselves (as focal regions 
of enhanced biophysical coupling) or as a source of confound-
ing effects when disentangling spatial gradients from tem-
poral trends, submesoscale features can hardly be ignored 
by current biogeochemical field studies. Therefore, satellite 
imageries provide key information for tracking submesoscale 
variability and adapting sampling strategies. This biogeo-
chemical role of satellite data is expected to become even 
stronger with next missions aimed at fine scale dynamics like 
SWOT. 
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[Fig. 1]  
Development of the spring bloom during the KEOPS2 cruise in the 
Kerguelen region. The possibility of tracking these globular structures in 
near real time during the KEOPS 2 cruise allowed identifying the regions 
inside and outside the plume without a preliminary in situ mapping. 
From (a) to (d): 2011/9/28, 2011/10/9, 2011/10/28 and 2011/11/11.
© From [5]

[Fig. 2] 
Prediction of the extension of the chlorophyll plume by a Lagrangian 
analysis of altimetry data before the occurrence of the bloom  
(when the sampling sites have been decided). Note the remarkable 
agreement between this map, computed with data from  
the 2011/9/28, and the extension of the chlorophyll plume (Fig.1d).
© From [6]
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The SARAL-ALTIKA satellite mission is an India-France ISRO-
CNES joint project. The satellite has been put into orbit by a 
PSLV vehicle supplied by ISRO, and launched from the ISRO 
Sriharikota launch base on February 25, 2013 (Fig. 1). SARAL 
(SAtellite for ARgos and ALTIKA) payload consists of an ARGOS 
instrument and an altimetry payload provided by CNES, includ- 
ing the ALTIKA radiometer-altimeter.
 
SARAL/ALTIKA was intended to be a gap filler mission between 
the RA-2 on-board ENVISAT and SENTINEL-3 [1]. As such, 
SARAL/ALTIKA is flying on the same orbit as ENVISAT. The 
special feature of SARAL/ALTIKA is that it is based on a wide-
band Ka-band altimeter (35.75 GHz, 500 MHz), which is the 
first satellite altimeter dedicated to oceanography to operate 
at such a high frequency. The ALTIKA instrument therefore 
consists in a Ka-band altimeter based on proven concepts and 
already developed subsystems, as it inherits a lot from SIRAL 
(European Space Agency CRYOSAT mission) and POSEIDON-3 
(on the JASON-2 mission), and an embedded dual frequency 
radiometer. As a result, the altimeter and the radiometer 
share the same antenna. Compared to past altimetry mis-
sions that were in Ku/C-band, the single frequency Ka-band 
altimeter allows an enhanced bandwidth. Also, the reduced 
ionosphere effects in Ka-band authorize a mono-frequency 
altimeter. Moreover, the enhanced bandwidth (480 MHz w.r.t  
320 MHz for POSEIDON-3) induces a better vertical resolution. 
The spatial resolution is also improved, thanks to Ka-band 
(smaller footprint) and the increased PRF (4 kHz w.r.t. 2 kHz 
for POSEIDON-3).

The SARAL/ALTIKA main scientific objectives concern various 
themes like mesoscales in open-ocean, coastal areas, season- 
al forecast and climate studies. Secondary objectives are the 
monitoring of continental water level and mean sea level 
variations, the observation of polar oceans, the wave and wind 

fields, the study of continental and sea ices, the access to low 
rain climatology, and marine biogeochemistry. Reference [2] 
gives an excellent indication of the first calibration/validation 
investigations and of the very first scientific explorations that 
have been undertaken with the SARAL/ALTIKA data.
 
Clearly, the quality of the first data is indubitable. It satis-
fies and even overcomes the expectations and the initial 
mission’s requirements (Fig. 2). SARAL/ALTIKA was seen as 
a “medium accuracy, complementary mission” with regard 
to the JASON “reference mission”. First results are at least in 
line with JASON-2. Also, the quality of SARAL/ALTIKA data in 
terms of accuracy, data latency and availability has allowed 
us to rapidly make the data available, leading especially to 
an efficient integration in several operational systems. The 
known effect of rain on the Ka-band was such to put some 
uncertainty on the full availability of data in some regions. 
This proved to be much less constraining than expected. On 
the other hand, improved ability in coastal area is confirmed 
and improved resolution in general is validated so far. Other 
domains of application such as inland waters and ice sheets 
monitoring also took an active part in looking at the first data 
with quite satisfactory findings so far.

As of today, all components of the SARAL/ALTIKA system are 
working properly. Excellent stability of the instruments of the 
ALTIKA mission is seen after one year in orbit. All operations 
are run smoothly between CNES, ISRO and EUMETSAT. The 
availability of data and products (OGDR, IGDR and GDR) has 
been made easily since the beginning. All products’ quality is 
in line with mission’s requirements and performance is similar 
to JASON-2 (the reference altimetry mission) and sometimes 
better. It represents the achievement of a very prolific cooper-
ation between ISRO and CNES with performances exceeding 
mission expectations.
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 Résumé : La mission franco-indienne SARAL/AltiKa est la pre-
mière mission altimétrique en bande Ka dédiée à l'océanographie. 
Ses objectifs sont d'abord l'observation des mésoéchelles océa-
niques mais incluent aussi l'océanographie côtière, le suivi du niveau 
des mers à l'échelle globale et régionale, l'assimilation de données 
et l'océanographie opérationnelle. L'accès à un suivi des calottes 
polaires et des eaux continentales est également visé. Un an après 
le lancement, les résultats obtenus confirment largement les attentes 
en termes de précision et de qualité de mesures en général. 

Laboratory contribution

 Abstract: The India-France SARAL/ALTIKA mission is the first 
Ka-band altimetry mission dedicated to oceanography. The mission 
objectives are the observation of  the oceanic mesoscales and also 
include coastal oceanography, global and regional sea level moni-
toring, data assimilation and operational oceanography. Secondary 
objectives include ice sheet and inland waters monitoring. One year 
after its launch, the results widely confirm the nominal expectations 
in terms of  accuracy and data quality in general. 
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The consideration of a SARAL/ALTIKA follow-on mission is 
made and would give the opportunity to ensure the con-
tinuity of the Ka-band altimetry survey of oceans, ice sheets, 
lakes and rivers while preparing and complementing the 
SWOT mission, and reinforcing the cooperation between 
CNES and ISRO.

REFERENCES
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Oceanography 

[Fig. 1]  
Artist view of the SARAL/ALTIKA 
satellite.
© CNES

[Fig. 2] 
Sea level anomaly from  
SARAL/ALTIKA as measured 
during cycle 3.
© Jacques VERRON
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Atmosphere

One more step with IASI-NG

The Infrared Atmospheric Sounding Interferometer (IASI) in-
strument developed by the French space agency (CNES) and 
launched by EUMETSAT onboard the METOP satellite series 
has already been providing essential inputs since 2006 for 
weather forecasting and pollution/climate monitoring, owing 
to its smart combination of large horizontal swath, good spec-
tral resolution and high radiometric performance (Fig. 1).

With the new generation instrument sounder, IASI-NG, cur-
rently designed by CNES, a new step will be possible for better 
weather forecast, atmospheric composition and climate 
research. Based on the IASI heritage, it aims to improve both 
the spectral resolution and the signal/noise ratio by at least 
a factor of two. This will enable the detection of even more 
species, and make it possible to probe deeper in the tropo-
sphere with more accuracy. With the launch of three successive 
IASI-NG instruments starting from 2020, more than 20 years of 
observations will be added to the 15 years from IASI. As for IASI, 
all the data will be freely available to all, almost in real time. 
IASI-NG will thus strongly improve numerical weather forecast, 
chemistry and climate communities now connected through 
the European GMES/Copernicus initiative.

Europe now conveys much of its satellite effort for future 
Earth atmospheric observation from space, with foreseen 
meteorological payloads with atmospheric chemistry sensors 
onboard: in 2020 there should be an unprecedented combin-
ation of more frequent observations with smaller footprints 
provided from the geostationary orbit (MTG/SENTINEL-4 
program), along with more precise measurements from the 
polar orbit (METOP-Second Generation satellites as part of 
the EPS-Second Generation/SENTINEL-5 program).

PARASOL and CALIPSO: a better understanding 
of the influence of clouds and aerosols on climate

The main objective of space missions PARASOL (CNES) and 
CALIPSO (NASA-CNES) is to better understand the role of 
atmospheric aerosols and clouds in climate change. They were 

initially part of the A-Train, a constellation of five satellites 
dedicated to the study of atmospheric physics and climate.

PARASOL (Fig. 2), launched in December 2004, and deacti-
vated at the end of 2013, had been providing global meas-
urements of excellent quality on aerosols and clouds for nine 
years thanks to its Polder-type instrument. After having left 
the A-Train in December 2009, PARASOL flew on a 10 km 
underneath orbit in order to minimize risks in case of defi-
ciency. However, PARASOL kept fulfilling its cloud and aerosol 
observation mission, until its deactivation at the end of 2013. 
A full reprocessing of the data is planned in 2014.

CALIPSO, launched in April 2006, has been providing global 
measurements of clouds and aerosols vertical profiles thanks 
to its lidar (Fig. 4). Today, CALIPSO is still inside the A-Train 
constellation, and its measurements, in synergy with those 
of other A-Train sensors, provide unique insights that are 
improving the understanding of the properties of clouds and 
aerosols, and markedly improving the performance of models 
ranging from regional chemical transports to global climate 
models. At the end of 2013, more than 1 000 scientific publi-
cations have appeared that use or reference CALIPSO data. 
Recognizing this scientific success and the good health of the 
CALIPSO platform and instruments, NASA and CNES decided 
last year to extend the CALIPSO mission until the end of 2015.

The thematic consortium ICARE is managing the production 
and distribution of the scientific outputs of PARASOL and 
CALIPSO through its Data Center in Lille (CGTD ICARE). In the 
case of CALIPSO, it acts as a mirror site of NASA. ICARE is 
a partnership between four French groups: CNES, CNRS, the 
university of Lille-1 and the Nord-Pas-de-Calais Région.

MEGHA-TROPIQUES and the water cycle

The French-Indian space mission MEGHA-TROPIQUES 
(CNES-ISRO) is dedicated to the study of water cycle, energy 
exchanges and the evolution of climate in the tropics (Fig. 5). 
Placed on a low inclination orbit, the satellite will measure 
precipitations, water vapor and radiative fluxes in the tropical  

AUTHORS: C. Deniel and P. Veyre, Atmosphere program scientists
CNES, 2 place Maurice Quentin, 75039 Paris, France.
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atmosphere with a good revisit rate. It carries four instru-
ments: the microwave imager MADRAS (CNES-ISRO), the 
microwave sounder SAPHIR (CNES), the Earth radiation 
budget sensor SCARAB (CNES) and a GPS radio-occultation 
receptor ROSA (provided by ISRO).

The MEGHA-TROPIQUES satellite was launched on October 
12, 2011. Since then, SAPHIR and SCARAB instruments have 
been functioning nominally (Fig. 3). But at the end of 2011, 
an anomaly occurred on the MADRAS instrument, leading to 
the intermittent reception of erroneous data, and in January 
2013, a permanent failure occurred. ISRO and CNES teams are 
currently reprocessing the initial data from MADRAS in order 
to get corrected files from this instrument until January 2013.

The data from SAPHIR is going to be disseminated by  
EUMETSAT in near real time, via its Eumetcast system.

A partnership agreement between MEGHA-TROPIQUES and 
the program GPM (NASA-JAXA) has been signed between 
CNES and NASA and between ISRO and NASA.

New horizon for greenhouse gas  
observations from space with MERLIN

With the MERLIN project, Germany and France will open 
a new road by using lidar from space to measure methane 
(CH4). Although methane is less present than carbon dioxide 
in today’s atmosphere, it is a 25 times more effective green-
house gas on a 100-year timescale. Then, it is the second most 

[Fig. 1]  
IASI instrument at Thales Alenia Space.
© CNES/ThalesAleniaSpace/SERGE-HENRI, 2013

[Fig. 2]  
Artist view of PARASOL microsatellite.
© CNES/ill./ David DUCROS

[Fig. 3]  
Preparation of the SAPHIR instrument for thermal vacuum  
tests at Intespace.
© CNES/Pierre JALBY, 2010

[Fig. 4]  
Artist view of minisatellite CALIPSO.
© CNES/ill./CARRIL Pierre, 2004

[Fig. 5] 
Artist view of MEGHA-TROPIQUES satellite. 
© CNES/PHOTON/REGY Michel, 2011

Atmosphere
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important component of the global carbon cycle and it contrib-
utes significantly to the warming of the Earth’s climate. The 
MERLIN project is based on a lidar instrument, the first in 
space to measure greenhouse gas, developed under German 
Space Administration (DLR) responsibility, onboard the first 
model of Myriade Evolutions platform, which is developed 
under CNES responsibility.  The project is now in phase B and 
is planned to be launched before 2020.
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Megha stands for clouds in Sanskrit and Tropiques for tropics 
in French and both clearly convey the core interest of the 
mission: convective clouds in the tropical climate system. The 
MEGHA-TROPIQUES (MT) mission is jointly operated by CNES 
and ISRO. The launch took place on October 12, 2011 from 
Sriharicota, India. The scientific objectives of the mission are 
structured into four topics. The first deals with the quantifica-
tion and monitoring of the water and energy budget over the 
intertropical belt and relies on the MT mission itself as well 
as international partnerships with various agencies operating 
other radiation budget instruments and the participants to 
the Global Precipitation Measurement constellation of which 
MT is an official member. The second objective is processes-
oriented and focuses on the understanding of tropical storms’ 
life cycle. The third concerns continental hydrology and flood-
ing risk. Finally, the MT mission also serves operational pers-
pectives thanks to real time delivery of the radiometer data 
via EUMETSAT to numerical weather prediction centers for 
assimilation purposes.

To achieve these objectives, a suite of three main instruments 
has been developed. The MADRAS radiometer is a conical 
scanning multi frequency microwave imager dedicated to 
rainfall and precipitable water measurements and includes 
an original 157 GHz channel for ice clouds monitoring (this 
instrument stopped delivering scientific data on January 26, 
2013). The SAPHIR radiometer is an across-track 6 channels 
sounder centered around 183 GHz and designed for humidity 
profiling. The SCARAB instrument is a broad band radiometer 
operating in the long wave and shortwave spectrum to access 
the Earth radiation budget at the top of the atmosphere. In 
complement, a radio-occultation GPS receiver ROSA is profil-
ing the atmosphere. The mission operates from an 867 km 
height on a quasi-circular orbit at 20° on the equator. The 
combined effect of the instrument swath and orbit yields to  

a unique sampling pattern with up to 5-6 overpasses a day 
over the 10°-15° latitude band.

The monitoring of the on-board calibration of MADRAS and 
SAPHIR indicates very stable and low noise performances well 
within the specifications. A specific campaign of collocation 
of the SCARAB radiances together with the CERES instrument 
TERRA on board took place in spring 2012. For each forecast-
ed crossing of the two satellites, an alert was sent to NASA 
that resulted in an on-the-fly reprogramming of the scanning 
angle of CERES to insure similar observing geometry for both 
instruments, hence maximizing the valid comparison point 
number. Statistics show that the two instruments, based on 
different technologies, do agree with each other within their 
own instrumental uncertainties: < 1% in the longwave and  
< 2% in the shortwave, confirming the excellent calibration of 
SCARAB radiances.

A suite of retrieval algorithms has been developed at the 
Laboratoire de Météorologie Dynamique and the Labora-
toire Atmosphères, Milieux, Observations Spatiales from the 
Institut Pierre Simon Laplace to take advantage of all these 
measurements and has been implemented for production on 
the ICARE facility in Lille. Fig. 1 shows a snap shot of hurricane 
Sandy over the Caribbean islands using the suite of products. 
Note that during its early phase, Sandy was sampled 16 times 
by MT: more than the sum of observations from the DMSP 
and the TRMM satellites. The instantaneous measurements 
are furthered combined with the geostationary satellite 
imagery to compute daily accumulated precipitation, com-
posite storms life cycle statistics, etc. An extensive validation 
effort has been performed based on systematic comparisons 
with ground-based data with emphasis on the West African 
and Indian monsoon region. Polarimetric and weather radars, 
rain gauges networks and radiosondes have been confronted 

AUTHORS: R. Roca(1) and the members of the MEGHA-TROPIQUES mission
(1) LEGOS, UMR 5566, 14 avenue Edouard Belin, 31400 Toulouse, France.
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The MEGHA-TROPIQUES mission: a tool to study the tropical water and 
energy cycles
La mission Megha-Tropiques pour l’étude du cycle de l’eau et  
de l’énergie dans les tropiques
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 Résumé : Megha-Tropiques emporte à son bord une série d’ins-
truments dédiés à l’étude de l’eau atmosphérique sous toutes ses 
formes (humidité, nuages et précipitations) et à la mesure du bilan 
radiatif. La mission opère sur une orbite faiblement inclinée sur 
l’équateur qui lui confère une capacité de revisite élevée en adéqua-
tion avec les fluctuations rapides de la convection tropicale. Après 
plus de deux ans en opérations, les très bonnes performances ins-
trumentales et géophysiques sont résumées ci-dessus. 

Laboratory contribution

 Abstract: MEGHA-TROPIQUES carries on board a suite of  pay-
loads dedicated to atmospheric water under all its forms (humidity, 
clouds, and precipitation) as well as to radiation budget measure-
ment. The mission is on a low inclined orbit that allows a high revisit 
capability in lines with the fast fluctuations of  tropical convection. 
After more than two years in operation, the very good instrumental 
and geophysical performances of  the mission are summarized.
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to the satellite derived quantities. Daily rainfall is shown to 
agree well to the surface network exhibiting high temporal 
correlation, low bias and rms (∼10-20%). Note that the inclu-
sion of the MADRAS derived instantaneous rain rate estimate 
in the accumulated product improves significantly the com-
parison with in situ data. Similarly, layered relative humidity 
from SAPHIR is characterized by an excellent agreement 
with the large collection of high quality soundings obtained 
during the CINDY/DYNAMO campaign (RMS < 10%). Radiation 
budget estimates have been shown to agree with the CERES  
flux products within a small 6%. Preliminary assimilation 
test of the SAPHIR radiances in the METEO-FRANCE forecast 
system reveals the benefit to the overall system (Fig. 2). The 
positive impact of SAPHIR data is seen in the forecast of the 
lower level humidity distribution up to five days.

After a long commissioning phase, the MEGHA-TROPIQUES 
mission is now ready so that both the scientific and the oper-
ational communities can benefit from its excellent perfor-
mances.

Atmosphere

[Fig. 1]  
Hurricane Sandy observed by MEGHA-TROPIQUES. a) rainfall (mm/h) 
from MADRAS, b) upper tropospheric humidity from SAPHIR (%) and  
c) outgoing longwave radiation from SCARAB (Wm-2). 
© Courtesy of Nicolas Viltard, LATMOS/CNRS

[Fig. 2] 
Improvements of innovation statistics of MHS/METOP-A and SAPHIR/
MT when SAPHIR is assimilated into the ARPEGE global model  
operational at METEO-FRANCE. Innovation statistics are defined as  
the standard deviation of difference: observation minus model- 
simulated observations. In full lines, the simulated observations  
are based on short-range model forecasts and in dashed lines  
they are based on model analysis. Black lines are for the control  
experiment, and blue lines correspond to the experiment  
with SAPHIR data assimilated. 
© Courtesy of Philippe Chambon, CNRM/METEO-FRANCE
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Infrared sounders are a key element of space observation of 
the Earth system. They enable the monitoring of several ther-
modynamic, chemistry and climate variables over land and 
sea, both night and day. In particular, the Infrared Atmospher-
ic Sounding Interferometer (IASI), flying onboard METOP-A 
since October 2006 and METOP-B since September 2012, 
has demonstrated the possibility to retrieve or detect several 
chemistry and climate variables from hyperspectral infrared 
observation [1] on both regional and global scales. IASI has 
given access to species that had never previously been ob-
served from space on a global scale and enables the monitor- 
ing of key gases for climate and atmospheric chemistry in 
quasi near real time. IASI has also highlighted the benefit of 
high-performance infrared sounders for numerical weather 
prevision applications.

In compliance with recommendations from international pro-
grams, such as the World Climate Research Program (WCRP) 
or the Global Climate Observing System (GCOS), IASI contrib-
utes to the establishment of robust long term data records 
of several Essential Climate Variables (ECVs). Out of the 16 
atmospheric ECVs as defined by GCOS, 12 are actually moni-
tored by IASI. Among them, we can mention: 

(i)  clouds properties: pressure, temperature, emissivity of all 
clouds, as well as ice water path, effective particle size and 
indication of particle shape of semi-transparent cirrus, day 
and night. These properties are then used to understand 
cloud formation in combination with upper tropospheric 
relative humidity, aerosols and cloud radiative budget; 

(ii)  greenhouse gases [2]: mid-tropospheric columns of CO2, 
CH4 and CO over both land and sea, day and night, with the 
aim of better understanding surface sources and sinks and 
related processes (transport, fire emissions); 

(iii)  dust aerosols properties [3] at 10 μm (preferential detec-
tion of dust aerosol coarse mode): optical depth, vertical 
distribution, size and analysis of their interaction with the 
climate system;

(iv)  continental surface characteristics [4]: surface tempera-
ture and emissivity continuous spectrum at 0.05 μm reso-
lution between 3.7 and 14.0 μm in order to improve the 
retrieval of tropospheric properties and to estimate the 
radiative budget.

The climatologies of these ECVs derived over six years (2007-
2012) from METOP-A IASI observations at the Laboratoire de 
Météorologie Dynamique are plotted in Fig.1. Their analyses 
have particularly highlighted the potential of IASI not only 
to monitor the evolution of ECVs on the long-term, but also 
to assess their potential trends, and to detect signatures of 
specific climate events. For instance, a severe drought occur-
red in the Amazon region from mid-2009 to the end of 2010 
originating from the combination of El Niño conditions during 
the wet season followed by a warming of the tropical North 
Atlantic during the dry season (Fig. 2). This drought induced 
a decrease of CH4 atmospheric burden seen by IASI coming 
from a decrease in wetland emissions; it also induced a strong 
increase in CO and CO2 atmospheric burdens because of a 
strong increase in fire activity, especially in the so-called “arc 
of deforestation”. This example shows that the simultaneous 
monitoring of several variables can help a better character-
ization of regional climate events.

The capability of IASI to accurately monitor the variability and 
evolution of climate stems from two elements:

(i)  properly documented and well calibrated observations 
associated to outstanding spectral and radiometric stability, 

AUTHOR: C. Crevoisier(1)
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IASI, an extraordinary asset to monitor essential climate variables
Iasi, un atout extraordinaire pour le suivi des variables climatiques  
essentielles 
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 Résumé : Lancé à bord des satellites Metop-A en 2006 et 
Metop-B en 2012, l’Interféromètre Atmosphérique de Sondage  
Infrarouge (Iasi), développé par le CNES en collaboration avec 
EUMETSAT a d’ores et déjà démontré sa capacité à suivre sur le long 
terme de nombreuses variables climatiques essentielles, à repérer 
leurs tendances potentielles et à détecter les signatures de certains 
évènements climatiques tel l’Enso, à des échelles tant régionales 
que globales. 

Laboratory contribution

 Abstract: Launched onboard METOP-A in 2006 and METOP-B  
in 2012, the Infrared Atmospheric Sounding Interferometer (IASI) 
developed by CNES in collaboration with EUMETSAT has demons-
trated its capability to establish robust long term data records of  
several essential climate variables, to assess potential trends, and to 
detect signatures of  specific climate events, such as ENSO, at both 
global and regional scales.
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which have led to IASI becoming the reference for the Global 
Space-based Inter-Calibration System (GSICS) of WMO;

(ii)  permanent validation and improvement of key elements 
of the processing chains of satellite observations, which 
include: spectroscopic databases and radiative trans-
fer codes (such as GEISA and 4A which are respectively 
the official database and code for IASI Cal/Val activities 
at CNES), development of dedicated cloud and aerosol 
detection schemes, retrieval processes, and validation 
activities.

The suite of long time series of climate variables retrieved 
from IASI continues to expand. Beyond the IASI program, 
CNES, in collaboration with EUMETSAT, has already begun the 
conception of the IASI-New Generation (IASI-NG) mission as 
part of the Earth Polar System-Second Generation (EPS-SG) 
program. Based on improved spectral and radiometric cha-
racteristics [5], IASI-NG main objectives will be:

(i) continuity of the IASI series;
(ii)  improvement of the vertical coverage and resolution, 

especially in the lower troposphere;
(iii)  improvement of the precision and detection threshold of 

several variables.

Owing to their exceptional spectral and radiometric stability, 
and to their ability to characterize simultaneously several 
climate variables, IASI and IASI-NG will play a major role in 
the monitoring and understanding of climate evolution and 
variability over the next 40 years.
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[Fig. 1]  
Climatologies over 6 years (2007-2012) of several essential climate 
variables from METOP-A/IASI: (a) high, (b) low and (c) diurnal variation 
of high cloud amounts; mid-tropospheric columns of (d) CO2, (e) CH4 
and (f) CO; optical depth (g), mean altitude (h) and radius (i) of dust 
aerosols; surface temperature (j) and emissivity (k).
© LMD 
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Fig. 2

[Fig. 2] 
2008-2010 evolution over the Amazon region: (a) Annual precipitation 
from TRMM; (b) mid-tropospheric column of CH4 as retrieved from  
IASI for 2008 and difference between 2009-2008 and 2010-2009;  
(c) Number of active fires from MODIS; mid-tropospheric columns of  
(d) CO2 and (e) CO as retrieved from IASI during the fire season.
© LMD
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Solid Earth
Concerning the Solid Earth’s activity, one can note that over 
the last years the French scientific community has been 
deeply involved to exploit measurements from current space 
missions, efforts being made to using data from gravity mis-
sions as GOCE and GRACE, or from the high resolution SAR 
interferometry and optical missions. In addition, a notewor-
thy implication has been continued in geodetic, gravimetric 
and magnetic international services. A major event for the 
Solid Earth’s observation was the launch of SWARM constel-
lation, late 2013. The Solid Earth’s observation program over 
the next years is stressed by the CNES Scientific Prospective 
Seminar (2014).

GOCE and GRACE: surprising information  
from the gravity field

World Gravity Map denotes a set of three global anomaly 
maps of the Earth’s gravity field realized by the Bureau Gra-
vimétrique International (BGI), a service of the International 
Association of Geodesy (IAG). CNES was involved in realiz-
ing these first gravity anomaly maps computed in spherical  
geometry, that take into account a realistic Earth’s model.  
The gravity anomaly maps (Bouguer, isostatic and surface 
free-air – see Fig. 1) are derived from available Earth’s gravity 
models and include high resolution terrain corrections that 
consider the contribution of most surface masses [1].

The GOCE (Gravity and Ocean Circulation Explorer) satellite 
(Mars 2009 - November 2013) gathered unprecedented infor-
mation on the subtle changes of the gravity field. Using data 
provided by this mission, gravity gradients maps have been 
published [2]. These maps reveal the structure of mass in the 
Earth’s mantle and help to show how material moves up and 
down, driving a range of geological phenomena, including 
subduction zones, where the great tectonic slabs covering 
the Earth's surface dive under one another. Until nowadays 
imaging the Earth’s mantle was conceivable from seismic 
data, only. The ability to have independent information from 
a new source should help in our understanding of mantle 
dynamics.

Apart from geodesic applications and the information gained 
from static gravity-field models, space gravimetry is also 
investigating temporal variations of the gravity field. GRACE 
CNES/GRGS geoid solutions make it possible to deduce the 
long-term variability of the gravity field [3]. A correlation was 
observed between the secular acceleration of the geomagnet-
ic field and the gravity field. Besides, a common inter-annual 
variability was highlighted between these two observables 
with amplitudes compatible with an origin related to the 
core motions. The interpretation is straightforward for the 
magnetic field, however more challenging for the gravity field 
changes. Nevertheless, this is the first time that an anomaly of 
gravity field is associated to processes at the top of the core.

SWARM: a must in observing of the  
geomagnetic field
 
Launched in November 2013, the third opportunity mission 
of the ESA Earth Observation program, SWARM, is the follow 
up to satellite missions such as ØRSTED and CHAMP. SWARM 
constellation measures the strength, direction and variations 
of the Earth’s magnetic field and supplements these obser-
vations with those of the electrical field and the density and 
winds of the thermosphere. The mission main objectives are 
to improve our characterization and understanding of the 
core magnetic field and the dynamo mechanism that gen-
erates it, the dynamics of the core and the way it interacts 
with the mantle, the magnetic sources of the magnetic field 
in the lithosphere, the electrical currents circulating in the 
ionosphere and the magnetosphere and the way they are 
affected by the Sun, the role of the magnetic field and of the 
coupling between the ionosphere and the magnetosphere in 
injecting energy into the thermosphere.

In order to study the magnetic field thoroughly, each satellite 
carries two kinds of magnetometers: a Vector Field Magnet-
ometer coupled with a startracker camera, to measure the 
directions of the magnetic field in space, and an Absolute 
Scalar Magnetometer, to measure its intensity.  The CNES 
contribution to this mission consists in providing the six 
absolute magnetometers, two on each satellite boom.  As an 
experimental project, these instruments also take vector field 
measurements in order to validate its ability to function as an 
autonomous, absolute vector field magnetometer in space, 
which is a world first.

Space geodesy: a new mode to monitoring 
surface changes 
 
Nowadays, the measurement and modeling of Earth’s surface 
deformations related to some natural hazardous events, such 
as earthquake, volcano eruption, land subsidence, landslide 
are major challenges in geoscience. Global, remote sensing 
data are well adapted to survey such deformations, charac-
terized by a wide variety of spatial wavelengths and temporal 
behaviors. 

The recent evolution toward higher resolution and time series 
analysis in satellite imagery and space geodesy (SAR interfer-
ometry and optical satellite image correlation in particular, in 
which the French community has been pioneer) provides new 
key observations allowing to refine or even revise our views on 
the lithosphere response to tectonic loading variations. Space 
geodetic techniques such as InSAR and GPS, have demonstrat- 
ed to be useful in mapping the displacement fields of large 
earthquakes, however the displacement fields of smaller  
earthquakes (< Mw 5.5), such as those that typically result 
from the collision of the European and African plates, are less 
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often analyzed by these techniques [4]. Characterizing these 
displacements, in terms of slip along the fault plane at depth 
and focal depth location, is currently challenging (Fig. 2).

International Services: contributions  
to the IAG’s geodetic services
 
As it provides precise positions and velocities of ground sta-
tions and permits to compute well-referenced time series of 
positions of such stations and velocity fields, the Internation- 
al Terrestrial Reference Frame (ITRF) is essential for many 
applications in Earth sciences (precise orbitography, sea level 
monitoring, Earth's surface deformations, etc.). The funda-
mental geodetic services of the IAG produce the geodetic 
time series needed to compute and define the ITRF. They 
also provide the time series of Earth Orientation Parameters 
(EOP) used to compute the reference time series EOPC04. 
CNES and its partners in GRGS are heavily involved through 
a major contribution to the international DORIS service, but 
also through the provision of laser (Calern, Tahiti) and GNSS 
measurements, and analysis centers for these data. CNES also 
supports activities of BGI and ISGI.

[Fig. 1]  
Surface free-air gravity anomaly map computed in spherical geometry 
taking into account a realistic Earth model. This map is derived from 
available Earth gravity models (EGM2008, DTU10) and includes high 
resolution terrain corrections that consider the contribution of most 
surface masses. © From [1]

[Fig. 2] 
Lorca earthquake (Spain, Mw 5.1, May 11, 2011) seen by InSAR  
(ENVISAT ASAR). The ground displacement generated by the earthquake 
(3 cm to the surface) is observed; the significant subsidence in the  
Guadalentin basin is due to sediment compaction related to water 
pumping. © From [4]

[Fig. 3] 
SWARM satellites at ASTRIUM (2012). © Mioara MANDEA

[Fig. 4] 
ESA’s GOCE satellite reentered Earth’s atmosphere on November 11, 
2013 at 01:16 CET over the South Atlantic Ocean near the Falkland 
Islands, at an approximate altitude of 80 km. © ESA/Bill CHATER

[Fig. 5] 
GOCE – the first space “seismometer” – detects sound waves from the  
massive earthquake that hit Japan on March 11. © From [5]

Solid Earth 
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Space measurements of the gravity field are of great import-
ance for understanding our planet’s interior and fluid  
envelopes. This invisible force indeed reflects the mass dis-
tribution within the geosphere, from core to atmosphere, and 
the associated dynamic processes in a wide range of spatial 
and temporal scales. 

Gravity is a vector quantity, with a magnitude and a direc-
tion. Even if the measurement of the gravity vector variations 
between close points was put forward more than a century 
ago, most observations on the Earth's gravity field only inform 
on its magnitude. Yet, these subtle variations of the gravity 
vector, called the gravity gradients and measured by a tech-
nique named gradiometry, are much more sensitive to the 
geometry of the Earth's masses than observations on the 
intensity of gravity, as they are able to delimitate the edges 
of the structures if they are not too deep.

GOCE is a pioneering mission as it realizes, for the very first 
time in space and from an extremely low orbit, measurements 
of the full gravitational gradient tensor. For that, tiny differ- 
ences of accelerations in three orthogonal directions have 
been sensed by three pairs of ultra-sensitive accelerometers 
constituting the GOCE gradiometer, with optimal accuracy for 
scales between 750 and 90 km.

These data picture our planet's gravity as never before. The 
gravity gradients are expressed in the local North-West-Up 
frame by the GOCE High-level Processing Facility by com-
bining the gradiometric measurements with orbit-based 
data at larger scales [1]. From these data, we have compu-
ted global non-hydrostatic gravity gradient anomalies along 
the orbit [2]. For that, we have estimated and removed the 
contribution of a seismology-based reference Earth model,  

obtained from the hydrostatic equilibrium of a rotating spher-
oid, radially layered according to the PREM model [3]. The 
derived gravity gradient anomaly maps are shown in Fig. 1. 
The XX (resp. YY) gradients represent the variation rate of the 
Northern (resp. Western) component of the gravity vector 
in the Northern (resp. Western) direction, highlighting struc-
tures in the gravity field and mass distribution elongated in 
the orthogonal direction. In contrast, the ZZ gradients are 
isotropic. 

At smaller scales, the signal from the lithosphere associated 
to mountain belts, subduction, oceanic ridges and plateaus 
is present, as can be seen over the Himalaya region in the  
ZZ-gradients map for instance, or as elongated patterns along 
the Marianna trench in the YY-gradients map. The analysis 
of these smaller scale variations brings new insights on the 
dynamics of the shallower layers of Earth, which was one of 
the main goals of the mission.

However, our maps also evidence strikingly clear large-scale 
anomalies whose strength was less expected and opens a 
new field of application of the GOCE data: deeper mantle 
dynamics. Our analysis indeed demonstrates the high sen-
sitivity of these gravity gradients to mass anomalies associ-
ated to sinking tectonic plates and convective instabilities in 
the lower mantle [2]. The clear detection of this deep mantle 
mass signal arises from its small attenuation at the satellite 
altitude and from the symmetries between the gradiometric 
differentiation directions and the global North-South/East-
West organization of the Earth’s structure. 

In the YY map, we thus show that the broad North-South 
elongated anomalies evidenced over Asia and America, fol-
lowing a belt of former tectonic plate boundaries, likely point 
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Solid Earth 
GOCE gradients: probing Earth’s interior
Gradients GOCE : une observation de la dynamique interne de la Terre 
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 Résumé : De 2009 à 2013, la mission Gravity field and steady-
state Ocean Circulation Explorer (Goce) du programme Earth Explo-
rer de l’ESA a mesuré les variations fines du vecteur gravité de la 
Terre selon différentes directions, avec une précision et une résolu-
tion extrêmes. Nous avons montré la sensibilité inattendue des cartes 
3D d’anomalies de gravité obtenues à la répartition des masses dans 
le manteau inférieur. Ces résultats ouvrent des voies nouvelles pour 
étudier la dynamique interne de notre planète. 

Laboratory contribution

 Abstract: From 2009 to 2013, ESA's Gravity field and steady-
state Ocean Circulation Explorer (GOCE) Earth Explorer mission 
has been measuring the tiny variations of  Earth's gravity vector in 
different directions of  space with extreme accuracy and resolution. 
From these data, we have built maps of  our planet's gravity in 3D, 
and we demonstrate their unexpected sensitivity to the lower mantle 
mass structure. Our results open new ways to investigate the deep 
geodynamics and its link with surface processes. 
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to the buried remnants of these plates. How deep they sink 
is a matter of debate; our results suggest their presence 
between ∼1 000 and 1 500 km depth below America, and 
in the mid-mantle below Asia. In the ZZ map, we find that 
the positive anomalies found in the South Central Pacific and 
south of Africa likely point towards deep mantle plumes, 
rising from more than 2 000 km depth. In the XX map, an 
East-West anomaly extending from the Mediterranean area 
to the Himalayas is interpreted as remnants of the former 
Tethys Ocean that existed before India collided with Asia. 

Furthermore, the good geometric consistency we find 
between these anomalies and seismic velocity anomalies in 
the lower mantle as revealed by global tomography models 
(Fig. 2) shows that both kinds of datasets can be combined 
to decipher the mantle density structure and its links with 
internal temperature and composition variations, from global 
to regional scales. This is of major interest to understand our 
planet's deep dynamics, as these density variations drive the 
mantle flows and cannot be derived from seismic velocity nor 
gravity anomalies alone. These results thus call for a joint ana-
lysis of the gravity gradients with seismic data, mantle flow 
models, and tectonic plate history reconstructions, opening 
new avenues to unravel Earth's interior workings and their 
links with plate movements, and understand our planet 
history and evolution.
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[Fig. 1]  
Spatial variations of Earth’s non-hydrostatic gravity gradients  
(XX, YY and ZZ components). Reddish areas correspond to maxima; 
bluish areas indicate minima. They mark the presence of light or dense 
mass anomalies between 1 000 km and 2 500 km depths  
(in the black boxes).
© From [2]

[Fig. 2] 
Top panel: Earth’s non-hydrostatic YY gravity gradients over America 
(smoothed). Bottom panel: seismic shear-velocity anomalies from  
the S40RTS tomographic model at 1 100 km depth below America,  
illustrative of the 900–1 600 km depth range.
© From [2]
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Synthetic Aperture Radar Interferometry (InSAR) using satel-
lite images has proven very efficient to monitor ground 
movements generated by earthquakes, volcanic unrests or 
urban subsidence. The first SAR interferogram that imaged 
an earthquake was constructed using a pair of SAR images ac- 
quired by ERS-1 satellite [1]. It showed all the complexity of 
the ground displacement associated with an earthquake on a 
fault system, allowing the slip that occurred at depth on the 
different branches of the fault ruptured by the earthquake to 
be constrained. It was a huge improvement for earthquakes 
studies. Since then, InSAR has been routinely used to study 
earthquakes and offer a detailed spatial view of the seismic 
source that complements seismic data. 

Thanks to the increasing amount of SAR satellite images, the 
community started during the last decade to evaluate the 
potential of InSAR to retrieve small or transient deforma-
tions that may occur on faults during the interseismic loading 
phase (i.e. between large earthquakes). Recent megathrust 
earthquakes in Japan and Chile (2011, 2010) have highlighted 
the need to address seismic hazard on active faults not only 
based on seismological information, but also on other type of 
information, such as the interseismic coupling derived from 
geodetic data. Determining the lateral variations of coupling 
allows coupled zones that should rebound into a future earth-
quake, and creeping zones that may act as barriers to the 
propagation of future earthquakes to be identified. Monitor-
ing the deformation associated with interseismic loading on 
faults may be very challenging on a methodological point of 
view but it is a key issue. If we want to progress in our under-
standing of the mechanisms leading to the generation of large 
earthquakes it is mandatory to improve our ability to observe 
pre-earthquake phases in great details. For this purpose, the 
use of large SAR satellite data sets over a given area supplies 

piles of SAR interferograms, that can be derived into InSAR 
time series, and therefore describe with unprecedented reso-
lution the time and space variations of ground displacement. 

Most examples of faults monitoring during the interseismic 
period are mainly focused on continental faults. First results 
allowed the average interseismic deformation of moderate 
spatial wavelength to be mapped across strike-slip faults, 
such as the North Anatolian Fault, Altyn Tagh or Haiyuan 
Tibetan faults in Tibet (e.g., [2] and references therein) and 
more recently across the Himalayan main frontal thrust [3]. 
The faults’ slip rates are then derived, as well as their locking 
versus creeping degree – a locked fault meaning that the 
system is accumulating elastic energy that should rebound 
into a future earthquake. On a few faults systems, dense data 
sets evidenced temporal variations of the deformation, that 
were interpreted as the surface expression of transient pulses 
of aseismic creep on faults [4-2] (Fig. 1). Until then, aseismic 
creep pulses on fault, also known as “silent earthquakes”, had 
been detected thanks to continuous GPS monitoring on a few 
faults systems or subduction zones. The monitoring of these 
events with SAR interferometry allows the scientific commu-
nity to reach unprecedented space resolution of the slip dis-
tributions on faults, allowing for new models of mechanism 
on the faults interface to arise.  

A more challenging issue is to retrieve tiny deformation over 
a broad area, such as the one that is generated by slip on sub-
duction zones, intracontinental deformation or even by the 
movement of tectonic plates. For these types of application 
a major issue with SAR interferometry is the correction of 
orbital errors that generates wide ramps across the interfero-
grams, also known as flattening. By referencing their interfero- 
grams with local GPS networks or on stable rigid blocks, a 
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Solid Earth 
The (a)seismic behavior of active faults detected by SAR interferometry
Le comportement (a)sismique des failles détecté par interférométrie radar
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 Résumé : L’InSAR représente un potentiel incroyable pour 
étudier la déformation tectonique active. Depuis 93, il a été réguliè-
rement utilisé pour étudier les séismes. Durant la dernière décen-
nie, il a été utilisé pour mesurer les petites déformations transitoires.  
Le chargement intersismique des failles peut maintenant être 
observé avec une résolution spatio-temporelle sans précédent. Les 
nouveaux satellites devraient permettre de cartographier les petites 
déformations à l’échelle continentale. 

Laboratory contribution

 Abstract: InSAR, using recent and forthcoming satellite data, 
represents an incredible potential for the study of  active tectonic 
deformation. Since the 90’s, InSAR has been routinely used to study 
earthquakes. During the last decade, InSAR started to be used to 
retrieve small, transient deformations. Interseismic loading of  active 
faults can be monitored with unprecedented time space resolution. 
New satellites should enable mapping tiny deformations at the contin-
ental scale. 
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few studies succeeded in retrieving the signal associated with 
interseismic or aseismic slip events on subduction zones in 
Chile [5] (Fig. 2) and Mexico [6], and with the rigid extrusion of 
Anatolia toward the west [7]. These new contributions offer 
new perspective in the range of application of InSAR studies, 
but are so far limited by the possibility of putting the InSAR 
images into a reference frame. So far, only GPS data allowed 
tackling large-scale deformation. ALOS2 and SENTINEL satel-
lites should acquire a dense SAR data flow in ScanSAR mode, 
along long 400 km-wide strips and provide the opportunity 
to cover large zones affected by the seismic cycle over sub-
duction zones, intracontinental deformation, or block tecton-
ics. SAR data acquired by recent (e.g., ERS-1 & 2, ENVISAT, 
RADARSAT, ALOS-1) and forthcoming (e.g., SENTINEL-1, 
ALOS-2) satellite missions therefore represents an incredible 
potential for the study of active tectonic deformation, that 
should bring in the coming years major advances in the fields 
of active faults and mechanics of the lithosphere.
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Solid Earth 

[Fig. 1]  
Along-strike distribution of the fault parallel creep on Haiyuan fault  
(Tibet, China), derived from an InSAR time series between 2004 
and 2009 (Envisat ascending track 240). Color indicates the velocity 
between two successive acquisitions.
© Adapted from [2]

[Fig. 2] 
Interseismic strain above the Andean subduction, in the North Chile 
seismic gap, measured by Envisat SAR interferograms. Series of cross 
sections normal to the trench, sorted and color coded by latitude,  
represent InSAR velocities. Lines show the location of the coastline  
(light grey) and maximum in LOS displacement (dark grey).
© Adapted from [5]
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