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EDITORIAL

F. Casoli,
Deputy Director, Innovation, Applications and Science
CNES, 2 place Maurice Quentin, 75039 Paris, France.

This report, drawn up by CNES in collaboration with the French space science community,

provides highlights on space science in France since the 40th COSPAR General Assembly
in 2014, in the fields of Earth Observation, Universe Sciences, as well as Condensed Matter
and Life Sciences in Microgravity. The two years which followed the Scientific Prospective
Seminar in La Rochelle have been rich in programmatic decisions and noteworthy scientific
results: CNES has been strongly involved in the space component of the COP21, especially
through the French-German MERLIN project, which will monitor methane in Earth’s atmosphere, and the start of the MICROCARB mission, dedicated to measuring atmospheric
carbon dioxide. The 2014-2015 period was also marked by prominent scientific results obtained
by the European probe ROSETTA and the lander PHILAE about the origin of the Solar System
and comets. PHILAE’s acrobatic landing on comet Churyumov-Gerasimenko captured media
and public attention in France, Europe and worldwide.
In the Universe Sciences field, planetology has seen many important developments. For
the small Solar System bodies – besides PHILAE and ROSETTA – France is participating in an
asteroid sample return mission, with the lander MASCOT, launched in 2014 aboard Japan’s
HAYABUSA2 spacecraft. Mars is still a top priority of the national community and the subject
of three ongoing missions. They are MARS EXPRESS (ESA), NASA’s CURIOSITY rover – the
operations of the CHEMCAM and SAM instruments are planned from the Toulouse space
center – and EXOMARS 2016, successfully launched in March 2016. The missions under development are INSIGHT (NASA, 2018), whose main instrument SEIS will be provided by France;
and MARS2020 (NASA), the successor of CURIOSITY, which will carry the SUPERCAM camera.
Over the past two years, the VENUS EXPRESS operations ended, but ESA’s large-class JUICE
mission (JUpiter ICy moons) was selected and has been supported by France from the outset.
Milestones in Fundamental Physics in Space include the cold atom clock PHARAO, which
was developed by CNES, delivered to ESA and which is awaiting launch to the International
Space Station. After the launch of LISA PATHFINDER, MICROSCOPE was successfully launched
on April 25, 2016, to test the equivalence principle.
In Solar and Plasma Physics, the exploitation of the SOHO and CLUSTER missions is ongoing,
while BEPICOLOMBO and SOLAR ORBITER are under development. France contributes to the
instruments of NASA’s MMS mission which was launched in March 2015 and has begun
delivering initial results.
In Astronomy-Astrophysics, the PLANCK Collaboration published in 2015 cosmic microwave
background polarization maps, result of a considerable data analysis effort. The success of
French and European cosmology is expected to continue with EUCLID, under development
by ESA. As for high energy, the Franco-Chinese mission SVOM is being developed and is to
be launched in 2021. The French teams are also involved in ESA’s future large X-ray observatory ATHENA, and CNES will be responsible for one of the two instruments. GAIA data are
being exploited. Lastly, CNES supports the French scientific contribution to ESA’s exoplanet
missions, CHEOPS and PLATO.

Since May 2015, a new aircraft from the CNES subsidiary Novespace allows the French and
European scientific community to conduct experiments in microgravity during parabolic
flight campaigns. There are many scientific themes involved such as neuroscience, the
physics of granular matter and various technology experiments. CNES supports the MEDES
Space Clinic and its dry immersion study. It also supports several French teams involved
in experiments installed on the International Space Station, or under development. One of
them, DECLIC, is the result of a cooperation with NASA. The instrument was returned to Earth
owing to a failure; it has been fixed and should soon be back in the ISS.
In Life Sciences, the experiments in development are the BION-M2 mission in collaboration
with Russia for monitoring the blood pressure of mice, and the CARDIOSPACE device in
partnership with China.
In Earth Observation, the space component of the Copernicus European program has been
implemented since the launch of the first SENTINEL missions (SENTINEL 1A and 1B, 2A and
3A). CNES is involved at different levels in this operational program and provides data to
national actors via the PEPS platform. It is also worth mentioning that the altimetry mission
JASON3, in partnership CNES/EUMETSAT/NASA/NOAA, was successfully launched. It will be
the altimetry reference mission of Copernicus.
CNES supports the exploitation and, in some cases, the operations of a dozen missions, most
of which are part of an international partnership: they are CALIPSO, JASON2, IASI on METOP A
and B, SMOS, CRYOSAT, MEGHA-TROPIQUES, PLEIADES 1A and 1B, ALTIKA/SARAL, SWARM. The
implementation of four data and service centers for space-based and in situ data distribution and valorization is almost complete. The Theia Land Data Center is operational, whereas
the Atmosphere (AERIS), Solid Earth (Form@Ter) and Ocean (Odatis) Data Centers should
be made official in 2016. These data centers are set up by CNES in partnership with other
national research organizations. They operate as a network, linked to the European structure.
In 2015, to contribute to the preparation of the COP21, CNES has implemented various actions
to highlight the role of space in the fight against climate change; they are still ongoing in
2016.
The VENµS mission in cooperation with Israel, CFOSAT with China, and SWOT with NASA, are
in development. The implementation of the IASI-NG program was signed with EUMETSAT in
February 2015. It will involve three identical instruments on the future METOP-SG platforms,
with both operational and research goals. As to ESA’s Earth Explorer program, the BIOMASS
mission – proposed by the French community – was confirmed in 2015, and the FLEX mission
was chosen as the Earth Explorer 8.
In the wake of the Scientific Prospective Seminar in La Rochelle, several phase 0 studies
are under way to go forward with top-priority scientific issues. The three selected Phase A
studies involve a balloon-borne study of the exchanges between lower stratosphere and
upper troposphere, a thermal infrared Earth observation project currently under discussion
with India, and finally a geostationary ocean color instrument.
Let us conclude with the progress made by the CNES balloon program. After the qualification of the Timmins site in Canada, two successful open stratospheric balloon campaigns
took place in 2014 and 2015, including atmospheric science experiments as well as the PILOT
experiment for the measurement of interstellar dust polarization.
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Artist’s view of the Planck satellite.
© ESA/AOES Medialab/, 2008
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J.L. Monin, Head of the Program for Space Sciences, Microgravity and Exploration
CNES, 2 place Maurice Quentin, 75039 Paris, France.

Space Sciences
CNES supports the research of the French community in
all space-related fields, from the study of the Solar System
to the distant Universe, as well as unprecedented experiments in Condensed-Matter Physics and Human Physiology under microgravity.

Jean-Louis Monin © CNES

Thanks to the involvement of CNES in a wide range of fastpaced missions as part of ESA’s Cosmic Vision program,
French scientists have become leaders of or are strongly
associated with these missions. In 2014, ESA selected
ATHENA as its second large-class mission (L2), whose
X-IFU an instrument built by an international consortium
led by CNES and a French laboratory. In 2015, ESA’s Space
Science Advisory Committee (SSAC) chose three missions
among 10 to be considered for the medium-class mission
(M4). CNES strongly supports two of these projects – ARIEL
will study exoplanets and THOR will be dedicated to the
microphysics of solar plasma. The final selection will take
place in mid-2017. In spring 2016, ESA will issue an invitation to tender for the upcoming medium-class mission
(M5). CNES will guide and support French projects.
On the multilateral front, the SUPERCAM instrument was
selected in 2014 to be launched to Mars in 2020 aboard
CURIOSITY’s successor.
Shortly after the last COSPAR, PHILAE landed on the
Tchouri comet on November 12, 2014. During this worldwide event and for the first time in history, the 100-kg
little robot put on a comet various instruments, many of
which had been built by French laboratories supported by
CNES. Contact with PHILAE was lost and made again, and
80% of the scientific program on the ground has been
completed. When COSPAR 2016 is held, the mission will
be close to its end, and ROSETTA will join PHILAE a few
months later by landing on the comet. Besides the discovery of a new world thanks to images of breathtaking
precision, the results of this mission – including the dis-

In 2014, the JUICE mission was adopted and HAYABUSA 2
was launched toward an asteroid, carrying a lander including a French instrument. The same year, GAIA started the
first measurements of a billion stars in total; it is likely to
go further than initially planned, up to m = 21.
In Fundamental Physics, 2016 will go down in history due
to the announcement of the detection of gravitational
waves predicted by Einstein exactly 100 years ago. This
announcement occurs at the right time to validate ESA’s
bet: on December 3, 2015, it launched the LISA PathFinder
mission aimed at testing the technologies required for the
large space-based gravitational-wave observatory, known
as LISA, with arms of more than one million kilometers in
length. This historic opening of a new observation window
on our Universe is likely to lead to new unsuspected discoveries. CNES and the French laboratories are participating in this adventure. Still on the topic of general relativity,
the microscope satellite assembled at CNES was launched
in April 2016. It will test the equivalence principle at an
incredible level of precision – 100 times better than before.
Once again, the French community will spearhead this
exciting field of physics.

Microgravity and Exploration
CNES provides many ways of addressing these issues –
parabolic flights lasting 20 seconds, automatic flights up
to 30 days and flights up to one year in the space station.
In 2015, CNES subsidiary Novespace inaugurated its new
Airbus A310 microgravity aircraft.
In 2014, ESA selected the first French astronaut in six years
for a six-month flight aboard the space station. The departure is scheduled for November 2016 with more than 60
experiments, including seven funded by CNES. Low Earth
orbit access is the first step of the exploration ladder
which may bring man to Mars.
By sending astronauts into orbit, the physiology work supported by CNES has three purposes. They are: to understand the living (fundamental aspects), to support man
in space (operational aspects) and to help medicine solve
daily medical problems (with societal applications). The

fundamental aspects are addressed with societal applications when the evolutionary constraints of gravity are
suppressed. The operational aspects deal with assessing
the risks on astronauts’ health and performance (physiology, radiation-induced biological effects and psychological effects of confinement). Establishing an appropriate
life-support system and preparing the assistance to and
return of astronauts are also essential. Finally, effective
counter-measures must be studied and implemented.
Additional ground-based space equipment gives access to
microgravity analogs (bedrest) and confinement. MEDES
and CADMOS are irreplaceable tools to conduct this
research on cardiovascular deconditioning and muscle
immune response loss. The many years of work on the
study of metabolic adaptations to microgravity showed
that physical inactivity is a primary cause of most modern
chronic metabolic diseases. The development of a device
remotely controlled in the ISS from CADMOS (tele-ultrasound) suggests the possibility of remote diagnosis for
astronauts in orbit as well as for high-level medicine in
remote areas. This illustrates the strong impact of research
in microgravity medicine upon societal applications.
In Condensed-Matter Physics, access to microgravity,
especially via the DECLIC instrument provided by CNES on
the ISS, suppresses the constraint of gravity and answers
fundamental, technological and societal questions on
the properties of the states of matter – solid, liquid and
gas. By eliminating convection, sedimentation and hydrostatic pressure, microgravity reveals physical regimes that
are usually hidden by these effects. These studies could
affect critical fluids, crystal solidification and growth,
complex fluids, some biological objects, combustion and
two-phase flows. The study of supercritical fluids may
have significant consequences and applications linked to
organic and hazardous waste elimination. In another field,
solidification in microgravity improves our understanding
of the mechanisms at work in metallurgy, and produces
very homogeneous samples that are beyond reach on the
ground. As to granular regimes, microgravity allows to
observe the transition between a spatially homogeneous
fluidized state (gas) and a particle cluster when density
increases. The study of pure water foam and of the dynamics of red blood cells in the bloodstream is also possible. Last but not least, the study of combustion dynamics
enhances our ability to work on space flight safety.
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covery of molecular oxygen and a detailed investigation
of the internal structure of a comet nucleus – are unprecedented and have been the subject of publications in the
most prestigious journals.

UNIVERSE SCIENCES & MICROGRAVITY
O. La Marle, Astrophysics Program Manager
CNES, 2 place Maurice Quentin, 75039 Paris, France.

Astrophysics
The end of PLANCK and HERSCHEL operations in 2013 led
to a considerable amount of data to exploit. An annual
average of 300 peer-reviewed publications is released
about each of HERSCHEL, PLANCK and XMM-Newton space
missions. They are currently the world’s most scientifically
productive missions after the Hubble Space Telescope.

PLANCK
PLANCK French teams, backed by CNES, have been a key
player in processing the HFI instrument’s data. They
have provided ESA and the scientific community with
high added value products such as intensity and polarization maps, the last of which will be provided in 2016.
The expertise of HFI teams gave them a key role in
the combined analysis of data in collaboration with
the BICEP American team, producing the most accurate
cosmologic parameters ever.
Beyond cosmology, PLANCK’s map of the sky in nine
frequencies is the subject of much interest in astrophysics, from the study of our own galaxy to the evolution of the large structures in our Universe.
We still have a lot to learn about CMB. The next objective is the research of B-mode polarization, the characteristic mark left by the brief episode of inflation
during the first fraction of a second of the Universe.
CNES and its partners have implemented scientific and
technological activities in preparation of a mission
dedicated to these goals.

COROT
The exploitation of the data from the CNES COROT satellite, deactivated on June 17, 2014, is ongoing. The
French laboratories have implemented the necessary
corrections to transmit data on thousands of star light
curves of the utmost accuracy to the scientific community, in 2016. A reference book gathering useful information about COROT’s data and main results (including
the characterization of 35 exoplanets) is currently being
written. Thanks to this pioneering mission, the French
laboratories acquired new skills granting them a key
role in data interpreting for NASA’s Kepler mission and
in the preparation of ESA’s PLATO, CHEOPS and ARIEL
missions.

XMM-NEWTON
Since 2014, IRAP (Research Institute in Astrophysics
and Planetology, Toulouse) backed by CNES, has coordinated the work of the XMM-Newton Survey Science
Center (SSC), the European consortium in charge of the
mission’s data processing and of picture, spectrum and
catalog delivery. The source catalog published in 2015
by the SCC comprises 396 910 sources, making it the
largest and most comprehensive reference material in
this field [1]. Thanks to XMM-Newton, the French laboratories acquired new skills which strengthen their
leading position for the future ATHENA mission.

ATHENA
In 2014, ESA chose the ATHENA mission to address the
theme “the Hot and Energetic Universe” selected the
previous year and planned for launch in 2028. Feasibility studies have begun. There will be a Wide Field
Imager (WFI) and an X-ray Integral Field Unit (X-IFU)
on board. The latter will analyze physical and chemical
properties of the warm-hot intergalactic medium, such
as gas trapped in galaxy groups and clusters as well
as supernovae remnants. CNES and IRAP are managing
the work of a large scientific X-IFU consortium encompassing the US and Japan.

GAIA
Fig.1

After an in-orbit checkout in 2014, GAIA started its
astrometry survey. Exceptional results are expected

Astrophysics

Fig.2

Fig. 1: The colors in the map represent temperature differences
in CMB radiations compared with their average value. Cool blue
regions and hotter red regions illustrate the variations of matter
density in the early Universe. Direction and intensity are imprinted
on the polarization of the CMB, showing on the temperature map
that matter moves from low-density regions to higher-density regions. These structures can be observed at various scales in the sky.
© ESA – PLANCK Collaboration
Fig. 2: Athena and the X-Ifu instrument. In the center, the cryostat
cools the detectors down to 50 mK. © CNES and the Athena X-IFU
collaboration
Fig. 3: Pilot flying in the stratosphere. The baffle in the foreground
protects the telescope (1 m diameter). © CNES

from this ESA Cornerstone mission. The sensitivity of
its two telescopes is so high that the mission will probe
our galaxy deeper than expected. The European scientists of the Data Processing and Analysis Consortium
(DPAC) have started to work on the considerable amount
of data. CNES data processing center (DPCC) is gathering
momentum with the gradual implementation of the processing software programs provided by the DPAC laboratories. The first GAIA catalog will be published in 2016.

JAMES WEBB TELESCOPE
The James Webb Space Telescope is undergoing integration and test efforts in the US. The Mid-Infrared Instrument
(MIRI), to which CNES, the CEA and the CNRS contribute, ran
several key tests, such as in a thermal vacuum chamber,
inside the Integrated Science Instrument Module (ISIM),
that holds Webb’s four scientific instruments. The MIRI
testing results show that the instrument is performing
extremely well. The focus is now on data processing
preparation and observation planning. The JWST is scheduled for launch in October 2018 on an Ariane 5 rocket on a
trajectory toward the second Lagrange point (L2).

SVOM
In August 2014, CNES and the Chinese National Space
Agency made a cooperation agreement for the SVOM
mission. SVOM will be launched at the end of 2021 to
detect gamma-ray bursts (GRB), especially the distant
ones, coming from the Universe’s first billion years.
These mysterious high-energy phenomena constitute
powerful beacons for their progenitor’s local environment. The most distant of them are key to literally
observe the early Universe, a period of time that is

Fig.3

still out of the reach of our most powerful telescopes.
We believe that GRBs are the result of neutron star
coalescence or of the collapse of massive stars, which
also produce gravitational waves. While gravitational
waves have recently been directly detected for the
first time ever, the complementarity between SVOM
and ground-based gravitational wave detectors is
extremely promising.
In the past two years, two balloons-borne astronomical
experiments have performed maiden flights.

EUSO-BALLOON
In August 2014, after a launch by CNES from the
Stratospheric Balloon Base in Timmins, Ontario, the
EUSO-BALLOON telescope has performed a ten-hour
flight to test the concept for detection of high-energy
cosmic-ray-induced air showers and to measure the
ultraviolet radiations from the Earth. EUSO-BALLOON
is a demonstrator for a potentially forthcoming largescale space mission. A second flight will be carried out
possibly in 2017 in cooperation with NASA.

PILOT
On September 20, 2015, the one-ton PILOT telescope
was sent aloft from Timmins for a twenty hour maiden
flight, 40 km into the sky. The data collected will
provide an accurate map of polarized emission from
dust clouds in our galaxy.

EUCLID
The EUCLID astronomy mission passed the Preliminary
Design Review. It approved the satellite design and the
ground segment which comply with highly ambitious
requirements. EUCLID can now start building the test
and flight models. CNES and its CNRS and CEA partners coordinate a 1 300-member scientific consortium
- a historic high for an astronomical mission - which is in
charge of instrument development and data processing.

REFERENCES
[1] Rosen, S.R., et al., (2015), The XMM-Newton serendipitous survey. VII. The third XMM-Newton serendipitous source catalogue,
accepted in A&A.
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Astrophysics
PLANCK and HERSCHEL on the track
of proto-clusters

Galaxies such as ours are usually not randomly scattered in the modern Universe: they make up clusters of hundreds and even thousands of galaxies. Studies based on satellite data from PLANCK and HERSCHEL have partially
lifted the veil on how these huge and diverse structures originated from a highly homogeneous infant Universe.

According to current models, the tiny density fluctuations found in dark matter distribution shortly after the
Big Bang were amplified and led to dark matter halos
of young star-forming galaxies. This theory argues that
when the Universe was only two to three billion years old
(13.8 today), young galaxies started to group into clusters,
hence the term “proto-cluster”.
The theory also suggests that many of these galaxies,
made up of gas and dust, were then at the peak of their
star-forming activity – hundreds of times more intense
than the Milky Way today. They emitted bright visible and
ultraviolet radiations which their interstellar dust would
absorb and re-emit in the far-infrared domain.
This infrared radiation, stretched to millimeter wavelength ranges during its travel through the expanding
Universe, should reach us today in a frequency band of
several hundred GHz, which is exactly the frequency range
covered by PLANCK’s High Frequency Instrument.

234 BRIGHT SOURCES
Researchers identified among PLANCK’s data 234 especially luminous sources which may be distant protoclusters. However, neither PLANCK’s spectral range nor its
image resolution is enough to draw conclusions: sources
may have other origins, such as a remote starburst galaxy
amplified by a closer massive object (another galaxy or a
cluster) because of gravitational lensing.
Although ESA’s HERSCHEL satellite was not built to survey
the entire sky as its cousin PLANCK, its image resolution
is higher. Before the end of its mission in 2013, it scanned
each of the 234 sources. In most cases, its SPIRE instrument revealed a high number of infra-red emission galaxies in dense clusters.

“We were immediately shocked by the large fluxes or
angular concentrations of these galaxies. Finding so many
intensively star forming galaxies in such small groups
was a huge surprise. We think this is a missing piece of
cosmological structure formation: intensely star-forming
groups of galaxies at high redshift, which are the precursors of today’s largest galaxy clusters” said Pr. Hervé
Dole (IAS, Orsay) who led the analysis conducted as part
of the PLANCK collaboration which involves CNES-backed
laboratories in France, Europe and the US.
Ludovic Montier (IRAP, Toulouse), in charge of PLANCK’s
high-redshift (i.e., remote) source catalog, explained: “we
are preparing a comprehensive catalog on proto-cluster
candidates, for which we may identify additional objects.”
And more is yet to come. Not only did HERSCHEL confirm
that most of the bright sources detected by PLANCK were
proto-clusters, it also detected high-redshift “lensed”
galaxies, meaning that they are amplified by massive
objects in the foreground. They are usually extremely hard
to analyze because of their apparent lack of luminosity,
but gravitational lensing is such a powerful tool that we
will be able to study these remote galaxies detected by
PLANCK and HERSCHEL as if they were close to us!
Although other data from HERSCHEL or other laboratories
had led to believe that similar candidates existed, they
were only few of them, and they were too far off to be
analyzed. PLANCK’s discovery is a goldmine. Astrophysicists will compare their model of galaxy and cluster formation and evolution to this catalog. Cosmologists had
waited for this type of data to test their hypotheses on
dark matter distribution in the Universe, and its evolution since distant times to this day in our expanding Universe. Lastly, French scientists and CNES play a key role in
EUCLID, ESA’s upcoming mission dedicated to dark energy.

Astrophysics
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Fig. 1: A picture of a proto-cluster candidate. The
white contours show the emitting area detected
by Planck. In the background is a false-color
image of this region captured by Herschel. The
galaxy concentration scanned by Planck is visible to the naked eye. Galaxy density, outlined in
yellow, confirms this observation. © Dole, Guéry,
Planck Collab., IAS, CNES, Univ. Paris sud, CNRS
Fig. 2: The interstellar medium fills the “empty”
space between the stars in our galaxy. It is a
mix of molecular clouds, cold and warm gases,
regions of electrically charged hydrogen, and
more. Molecular clouds are the densest part
of the interstellar medium, holding most of
its mass in the form of hydrogen gas. ESA’s
Herschel space observatory has revealed that
many are built around filaments, with dense
threads snaking throughout each cloud. These
filaments potentially transport material, and,
when massive enough, are known to form new
stars. This Herschel image shows the Serpens
Core, the heart of a giant molecular cloud. The
Core is the bright clump towards the upper
right, with a more diffuse secondary cluster,
named Ser G3-G6, shown at the bottom right.
Also visible as a faint yellow glow towards the
upper left of the frame is a region known as LDN
583 that shines brightly in the far infrared.
© ESA/Herschel/PACS/SPIRE/V. Roccatagliata
(U. München, Germany)
Fig.3

REFERENCES
PLANCK Collaboration, Aghanim, N.,
et al. (2015), Intermediate results.
XXVII. High-redshift infrared galaxy
overdensity candidates and lensed
sources discovered by PLANCK and
confirmed by HERSCHEL-SPIRE,
Astronomy and Astrophysics, 582,
A30.

Fig. 3: Fierce flashes of light ripple through
delicate tendrils of gas in this new image, from
ESA’s Herschel space observatory, which shows
the dramatic heart of a large and dense cosmic cloud known as Mon R2. This cloud lies some
2 700 light-years away and is studded with hot, newly-formed stars. Packed into the bright
center of this region are several hot “bubbles” of ionized hydrogen, associated with newborn
stars situated nearby. Here, gas heated to a temperature of 10 000 °C quickly expands outwards,
inflating and enlarging over time. Herschel has explored the bubbles in Mon R2, finding them to
have grown over the course of 100 000 to 350 000 years. This process forms bubble-like cavities
that lie within the larger Mon R2 cloud. These are known as HII regions and Mon R2 hosts four
of them, clustered together in the central blue-white haze of bright light — one at the very
center, two stretching out like butterfly wings to the top left and bottom right, and another
sitting just above the center. Each is associated with a different hot and luminous B-type star.
These stars can be many times the mass of the Sun and usually appear with a blue hue due to
their high temperature. © ESA/Herschel/PACS/SPIRE/HOBYS Key Programme consortium
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Astrophysics
PLANCK takes a look at our Galaxy’s magnetism

The images released by the PLANCK Collaboration give us access to the structure of our Galaxy’s magnetic field, a
key actor in the life cycle of interstellar matter. In our Galaxy, interstellar space is not empty. It contains gas and
tiny dust grains – the material from which new stars and their planets are formed throughout the Galaxy. Interstellar dust emits radiation at the wavelengths probed by PLANCK. Interstellar space, just like the earth or the sun,
is pervaded by a magnetic field. The latter tends to align the grains, which polarizes their radiation. For the first
time, PLANCK measured this polarization over the whole sky to provide the 353 GHz polarization map.

The discovery of our Galaxy’s magnetism is linked to
cosmic rays. They are accelerated by supernovae and,
without the magnetic field, would escape from the Galaxy
almost at the speed of light. These particles are retained
by the magnetic field, which is in turn controlled by interstellar matter. Matter, magnetic field and cosmic rays
interact with one another, constituting a dynamic system.
Although the key role of the magnetic field in this trio has
long been known, there is little data available to study
it. Astrophysicists have long sought to understand how
gravity overcomes the magnetic field to trigger star formation.
PLANCK released two new sky polarization maps: one of
the synchrotron radiation of cosmic rays electrons and the
other of dust emission (Fig. 1 next page). The data reveal
the structure of the Galactic magnetic field in unprecedented detail. The polarization of both the synchrotron
emission and dust emission indicates the direction of the
magnetic field.

the Polaris Flare region. In most studied areas, one can
observe that the dispersion map is very structured in a
complex network of filaments that mostly separate areas
where the direction of the apparent magnetic field is, on
the contrary, very homogeneous.
In addition, the fraction of dust radiation polarization
drops in these filaments, while it can reach high values
where the magnetic field is regular.
The analysis of these maps has only just begun. Magnetohydrodynamic simulations as well as observations
with a better angular resolution by the PILOT balloon are
expected to provide new insights into the origin of this
peculiar structure of the magnetic field.

The small-scale analysis of this map provides a rich
harvest of data. To characterize the structure of the magnetic field more accurately, maps of the dispersion in the
magnetic field orientation have been built: at each point,
the standard deviation of the field directions around this
point is calculated in a 0.5-degree radius approximately.
The dispersion reflects local magnetic field homogeneity:
it is close to 0 in homogeneous regions and increases in
inhomogeneous regions.
Figure 2 shows the superposition of the dispersion map
and of the apparent magnetic field orientation map in

Fig.2
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Fig. 1: Two-dimensional map of the sky. Colors represent the intensity of the emission while embossed texture reflects its polarization.
The orientation of the global magnetic field is shown in regions where the texture is smooth. Data are more difficult to interpret in regions
where it is irregular, associated with changes in the direction of the magnetic field. © ESA/Planck Collaboration/M.-A. Miville-Deschênes,
CNRS – Institut d’Astrophysique Spatiale, Université Paris-Sud, Orsay, France
Fig. 2: Superposition of the apparent magnetic field orientation (dashes) to its localized dispersion, which constitutes a network of filaments
in which radical changes in the orientation of the magnetic field occur. (Planck collaboration (2015), A&A, 576, A104)
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Astrophysics
PLANCK & BICEP2/KECK collaboration: an upper limit
on the intensity of primordial gravitational waves
By pooling their data, the PLANCK and BICEP2/KECK collaborations have shown that the detection of primordial
gravitational waves through the observation of the cosmic microwave background (CMB) polarization has not yet
occurred. They have also set a robust upper limit on their amplitude and confirmed PLANCK’s previous cosmological model.
This result is the outcome of a scientific drama which held
breathless cosmologists and enthusiasts alike. The signal,
reported in March 2014 by the BICEP2 team, is not related
to the first instants of the Big Bang. It results from the
combination of the Galactic signal and of gravitational
distortions of the CMB during its propagation down to us.
The CMB is a remnant radiation of the Big Bang from the
distant past of the Universe, 13.8 billion years ago. Since
its discovery, 50 years ago, cosmologists have thoroughly
studied it in order to understand the origin and contents
of the cosmos. In the last years, ESA’s PLANCK satellite has
measured it with an unprecedented accuracy.
The CMB is a snapshot of the Universe, 380 000 years after
the Big Bang. Cosmologists use it to go back further in
time, from 380 000 years to the period where the tiny fluctuations originated from, less than one second after the
Big Bang. It was a phase of exponential expansion during
a tiny fraction of a second called inflation during which
gravitational waves were created. They spread across the
Universe and distort its space-time frame. Although they
are reaching us every day, they are far beyond the reach
of our gravitational wave detectors. But they should have
left a signature in the CMB: a specific pattern in the polarization of the radiation. These so-called B-modes of polarization lie at the heart of the research conducted by the
PLANCK and BICEP2 collaborations.

March 2014 - detection by BICEP2
In March 2014, after several years of observation, the
BICEP2 team, whose telescope is located at the South
Pole, published a widely publicized result: it announced
the detection of a B-mode polarized signal in a region of
the sky believed to be only weakly contaminated by the
foreground radiation of our Galaxy. The signal was initially
interpreted as a very likely proof of the existence of primordial gravitational waves.

September
2014 – PLANCK analyzes

the galactic contribution
In September 2014, the PLANCK collaboration demonstrated that the amplitude of the polarized emission of
galactic dust is at least as strong, on the entire sky, as
the signal measured by BICEP2. Therefore, there are no
entirely clean windows on the sky to search for primordial gravitational waves. Still, this statistical result left
an uncertainty as to the nature of the signal measured
by BICEP2. Was it possible to demonstrate that at least
part of the signal may have been of cosmological origin?

January
2015 – the collaboration

PLANCK & BICEP2/KECK bears fruits
PLANCK and BICEP2 teamed up to answer this question.
At the heart of their collaboration were the map of the
Galactic signal produced by PLANCK and that of the signal
measured by BICEP2, complemented by new observations
obtained since March 2014 thanks to the Keck Array, also
at the South Pole. The comparison of the three datasets
demonstrated that the galactic contribution was dominant at the angular scales where the primordial gravitational wave signal was expected.
After retrieving the galactic emission, a B-mode polarization pattern in the CMB is still detected, but it corresponds
to the gravitational lens due to the distribution of matter
along the path of photons down to us. This signal differs
from that of primordial gravitational waves in its distribution across angular scales. Note that this direct detection,
which provides information on matter distribution in the
Universe, is not the first detection of this effect, but it is
by far the most accurate to this day.
After eliminating the galactic signal and the contribution
of the lensing effect, it appears that the data do not allow
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Fig. 1: This picture shows the patch of the Southern Hemisphere sky, based on Planck’s data at 353 GHz. The color scale represents dust
emission, a minor but crucial component of the interstellar medium that pervades the Milky Way. The texture is based on measurements
of the direction of the polarized light emitted by the dust, which in turn indicates the orientation of the galactic magnetic field. The white
outline is the region observed by the Keck Array and Bicep2 near the South Pole. © ESA - Planck collaboration / Image by M.-A. MivilleDeschênes, CNRS – Institut d’Astrophysique Spatiale, Université Paris-Sud, Orsay, France

the unambiguous detection of the footprints left by primordial gravitational waves. It does not mean that the
expected signal does not exist, but that it is too weak to
be detected with these datasets. However, the PLANCK/
BICEP2/KECK collaboration was able to put an upper limit
on the intensity of primordial gravitational waves. This
limit is consistent with that obtained indirectly by PLANCK
alone in 2013, based on CMB temperature fluctuations.
This result was obtained before BICEP2’s first publication,
but it was not considered inconsistent because its interpretation depended on the cosmological model used in

the data analysis. The new direct measurements show
that the standard cosmological model used by PLANCK
remains sufficient to describe the results.
The quest for B-modes in the CMB is not over. It will continue through ever more accurate observations made from
the ground and from balloons, thanks to the fast development of detector arrays. Nevertheless, PLANCK’s survey,
with its frequency bands only accessible from space, will
long remain an unavoidable reference to separate the signal’s cosmological and galactic components.
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Fundamental Physics
Gravitation is a very weak interaction. However, it is

long ranged and always attractive, and responsible for
the structure of the Universe. It is described by Einstein’s
theory of general relativity which has just been confirmed
to an unprecedented level, thanks to the direct detection
of gravitational waves by the LIGO ground-based detectors. The next step will be to use space to characterize
gravity with further accuracy.

Gravity has not revealed all its secrets. The theory of general
relativity is of geometric and classical nature. It is incompatible with quantum theories, which describe the other
fundamental interactions, i.e., electromagnetic, strong
and weak nuclear forces. Its relation to the quantum world
remains unclear and may have to do with the mystery of
dark matter and dark energy, which account for 96% of the
Universe’s matter and whose nature is entirely unknown.
CNES’s Fundamental Physics program was created twenty
years ago to test the laws of gravitation thanks to very
precise distance, time and movement measurements. New
space instruments, laser links, interferometers, clocks and
accelerometers are being developed and will soon yield
results. This approach to fine metrology in the Solar System
is designed to test the foundations of general relativity. It
complements cosmology space missions and experiments
on particle physics which are carried out at CERN.
The equivalence principle is the basis of the theory of
general relativity. It implies that in a gravitational field,
all bodies fall in the same way regardless of their composition (this is the universality of free fall). It also means
that time passes in the same way regardless of the type
of clock, but depending on the gravitational field and
the movement of the clock. Thanks to this principle, a
geometric description of gravitation was formulated as a
curvature of space-time. The new theories which aim to
unify general relativity and the standard model of particle
physics violate this principle at a very low level. This is
what the MICROSCOPE and ACES experiments will investigate.

MICROSCOPE
On April 22, 2016, the 300 kg-CNES MICROSCOPE microsatellite was launched on a circular sun-synchronous orbit

at 707 km altitude to test the universality of free fall with
an expected precision of 10-15 (two orders of magnitude
better than for a ground experiment). In space, it is possible to study the relative motion of two bodies in almost
perfect and permanent free fall, shielded from perturbations encountered on Earth, over the course of several
months. Two concentric cylindrical test masses made of
different materials – titanium and platinum – placed in
a differential electrostatic accelerometer built by ONERA
are minutely controlled to maintain them motionless
with respect to the satellite. If the equivalence principle is confirmed, the two masses will be subjected to the
same control acceleration. If different accelerations have
to be applied, it will mean that the principle has been
violated. A second accelerometer with two identical platinum masses will be used as a reference. ESA provided
the microsatellite with cold gas microthrusters which can
compensate tiny perturbations (including solar radiation
pressure). The success of the mission relies on performing
the acceleration measurements lower than 8. 10-15 ms-2.
The mission was submitted by the DMPH(1) and the Géoazur
laboratory(2) which were joined by ZARM(3) and DLR. In 2015,
the project was open to new scientific participations on
data processing including other applications for geodesy
and aeronomy.

PHARAO
CNES is the prime contractor of the cesium PHARAO clock
using laser-cooled atoms. It was submitted by the SYRTE(4)
and LKB(5) laboratories and delivered to ESA on July 25,
2014. It will be part of the ACES payload mounted externally on one of the external nadir racks of the ISS Columbus module, for at least 18 months, starting in 2017. ACES
accommodates two atomic clocks (PHARAO and the Space
Hydrogen Maser), a microwave ground-space frequency
and time transfer unit and a laser link. ACES will perform
a planet-scale comparison of various ground clock signals
using different atoms and transitions in the microwave or
optical domain. Clock comparisons will enable the search
for a possible drift of the fundamental fine structure constant, measure Einstein’s effect on redshifts according to
the gravitational potential and test the anisotropy of the
speed of light. The PHARAO frequency stability is expected
to reach 10-16 over a few days. Clock comparisons will be
performed with a precision of about ten picoseconds.

Fundamental Physics
Fig. 1 and 2: Integration
of the Microscope
satellite at the Guiana
Space Center.
© CNES/ESA/Arianespace/Optique Vidéo
CSG/S.Martin, 2016
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The Time Transfer by Laser Link instrument was developed
by both CNES and Géoazur. It was initially scheduled as
part of the ACES project but launched on board JASON-2
in June 2008 [1, 2, 3, 4]. T2L2 uses laser pulses and an
onboard time-tagging system combined with the DORIS
ultra-Stable Oscillator. It showed a 200-picosecond uncertainty for time comparison between two distant clocks.
The instrument is still in operation. The performances of
a ground-to-space optical link with coherent detection are
also studied by the SYRTE, Géoazur and Lagrange(6) Laboratories as well as DOTA(7). The ability to compensate the
effects of atmospheric turbulence was analyzed as part of
an STE-QUEST(8) type of mission scenario with an elliptic
orbit. [5] A station for atmospheric turbulence characterization was set up at OCA’s(9) Calern site. This work is also
relevant to optical telecommunications.

Other data from missions including ESA’s GAIA astrometry
mission, navigation data from probes in the Solar System
and GNSS data are also exploited for Fundamental Physics
tests.
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PHARAO
The cold atom clock PHARAO has paved the way for studies
on inertial sensors using matter wave interferometry: the
ICE prototype, which has already been used in the Airbus
ZERO-G, now allows simultaneous trapping of two atomic
species, namely rubidium and potassium. The development of metrology based on quantum technologies is confirmed; various applications are considered, including the
test of the equivalence principle by atom interferometry
or geodesy using clocks.

LISA PATHFINDER
Launched in December 2015, ESA’s LISA PATHFINDER
mission will demonstrate the technological feasibility of
critical technologies for the future L3 gravitational wave
detection mission. The French contribution, through CNES,
the APC laboratory(10) and the LISA-France group(11), consisted in providing the acousto-optic modulator of the
optical bench and in data processing through the François
Arago Center(12) (Université Paris-Diderot). Efforts are now
focused on the L3 mission.

(1)

ONERA’s Physics and Instrumentation Department.

(2)

 éoazur, CNRS, Université de Nice Sophia Antipolis, Observatoire de
G
la Côte d’Azur, Université Pierre et Marie Curie, IRD.

(3)

 enter of Applied Space Technology and Microgravity, University of
C
Bremen.

(4)

 Ystèmes de Référence Temps-Espace, Observatoire de Paris, CNRS,
S
Université Pierre et Marie Curie, Laboratoire National de Métrologie
et d’Essais.

(5)

L aboratoire Kastler Brossel, Université Pierre et Marie Curie, Ecole
Normale Supérieure de Paris, Collège de France, CNRS.

(6)

L aboratoire Lagrange, CNRS, Observatoire de la Côte d’Azur, Université de Nice Sophia Antipolis.

(7)

ONERA’s Theoretical and Applied Optics department.

(8)

Space-Time Explorer and QUantum Equivalence Space Test.

(9)

Observatoire de la Côte d’Azur.

(10)

 stroParticule et Cosmologie, CNRS, Université Paris Diderot, CEA,
A
Observatoire de Paris.

(11)

L ISA France gathers several French laboratories (APC, ARTEMIS, CEA/
IPht, IAP, LAPP, LPC2E, LUTH, ONERA and SYRTE).

(12)

T he François Arago Center is managed by the APC laboratory and
backed by the IPGP within the Space Campus of Université Paris 7.
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Fundamental Physics
ICE measures the local differential acceleration
between two atomic species

Quantum sensors, based on the wave nature of matter for detecting inertial forces with high accuracy and longterm stability, are highly relevant to Fundamental Physics in order to probe the interface between quantum
mechanics and gravity. The ICE cold atom interferometer has been designed to be used under reduced gravity
level, in parabolic flight campaigns of the Airbus ZERO-G. For the first time, the ICE instrument has tested the
weak equivalence principle (Universality of Free Fall) by measuring the local differential acceleration between two
atomic species, i.e., rubidium and potassium.

Precise tests of the universality of free fall (UFF) or
Einstein’s weak equivalence principle (WEP) with matter
waves are key to understanding gravity at the quantum
scale. They use two atom interferometers which measure
the relative acceleration between two atomic species in
free fall in the Earth’s gravitational potential. The ICE
experiment [1] has been designed to generate interferometer signals from laser-cooled samples of two atom species
39
K and 87Rb. It has been used under a reduced gravity level
on board the Novespace ZERO-G Aircraft. During an aircraft
parabolic flight, the experiment is in free fall. This microgravity environment should enable longer interrogation
times for the atoms, on the order of 10 s. Since the sensitivity of atom interferometers to acceleration scales as
the square of the interrogation interval T, measurements
on this timescale could theoretically detect changes in
acceleration at the level of 10−11 g.
Simultaneous acceleration measurements with the two
atomic species in microgravity have recently been made
(see Fig. 1). A three Raman pulse interferometer for both
Rb and K has been achieved. The phases of the fringes
obtained from the measurements of the respective population probabilities are directly linked to the mean acceleration of the two species. The differential phase can be
extracted directly from the fringes or from the elliptical
parametric representation of the two signals [1]. This constitutes the first quantum test of the weak equivalence
principle in a free-falling vehicle.

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. 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 of a reference mirror. In this way, mirror vibrations are common
to both interferometer signals [2, 3] and many sources
of measurement noise can be rejected to a high degree.
In addition, a high-sensitivity mechanical accelerometer
(Colibrys SF3600) is attached to this mirror and its signal
is combined with the output of the two interferometers
to further reduce noise due to low-frequency vibrations
and mirror drift. This technique is effective at removing
phase noise even if no vibration isolation system is used.
The ICE experiment has been developed jointly by LP2N
at the Institut d’Optique Graduate School, SYRTE at the
Paris Observatory and ONERA/DMPh, with the support
of CNES. The ultimate goal is to perform the experiment
aboard a dedicated satellite. The French science community has been part of the STE-QUEST (Space Time Explorer
- QUantum Equivalence principle Space Test) mission proposal which was initially submitted to the ESA Cosmic
Vision M3 call in 2010, and in a simplified version to the
M4 call in 2015.

SCIENTIFIC
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Fig. 1: Simultaneous K-Rb interferometer fringes both 1g (red) and 0g phase of flight (green) for interrogation time T = 1 ms (a-c) and T = 2
ms (d-f). Plots (c) and (f) show correlations between population measurements for each interferometer. The solid lines are parametric representations of the corresponding fit functions shown in (a, b, d, e).
Fig. 2: (a) Basic trajectory of the
Novespace Zero-G aircraft during
parabolic flight. (b) Coordinate system
onboard the aircraft. (c) The science
chamber mounted onboard the aircraft.
Samples of Rb and K are laser-cooled
in a vapor-loaded magneto-optical trap
contained within a titanium vacuum
system and enclosed by a magnetic
shield. Raman beams are aligned either
along the horizontal or the vertical axis
of the aircraft.
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Solar System
ROSETTA - PHILAE
Since the last COSPAR symposium, the ROSETTA mission
has been the highlight of the second half of 2014. In
January 2014, the probe came out of hibernation and
arrived near the nucleus 6 months later. ROSETTA fired
its engine three times in May-June and achieved a
change in speed of approximately 800 m/s, to finally
reach the vicinity of the nucleus on August 6, 2014.
The probe’s first task was to produce a map of the
nucleus in order to identify possible landing sites for
the small lander PHILAE. Between the end of August
and the beginning of September, two intense working
weekends were organized at the SONC(1) (at CNES in
Toulouse) to bring together PHILAE scientists and engineers in charge of CNES and ESA navigation. The goal
was to select the landing site among 10 proposals. In
October, ESA selected the Agylkia site, located on the
comet’s small lobe. CNES conducted a billion simulations of PHILAE’s descent trajectory to study the impact
which the sensitivity of release parameters has on the
final precision of the landing. The error ellipse calculated was of about one kilometer.
PHILAE was released on November 12. After a sevenhour ballistic descent, it made its first touchdown
within 100 meters of the planned target, demonstrating the outstanding accuracy of trajectory calculations
and drop maneuver. Unfortunately, neither the anchoring harpoons nor the anti-rebound cold gas thruster
fired. PHILAE bounced for 2 hours and travelled more
than 1 200 m across the surface before stopping in the
shadows of the Abydos region. Thanks to the data from
the French CONSERT radar and the magnetic sensor
ROMAP, CNES reconstructed in detail PHILAE’s bouncy
path and demonstrated its mid-air collision and subsequent destabilization. CONSERT data revealed PHILAE’s
location at an accuracy of a few hundred meters. In the
summer 2016, ROSETTA will fly close over the comet
to locate PHILAE using the OSIRIS camera images and
clarify its behavior and its immediate environment.
PHILAE worked on the comet’s surface for 57 hours, in
accordance with the predictions given by the primary
battery provided by CNES.

The First Sequence Science (FSS), which CNES had
taken months to prepare, had to be modified due to
PHILAE’s non-nominal configuration. All instruments
were successfully activated once. Only two of the 10
instruments did not work as expected because neither
the drill nor the AXPS reached the comet’s surface,
which prevented any data recording. The eight other
instruments provided original scientific results which
were the subject of several articles in the July 2015
issue of Science magazine.
Since spring 2015, several attempts to communicate
with PHILAE were made. Height communications links
were established with the lander, but they were too
short to enable any measurements to be commanded.
No signal has been received since July 9, 2015. One
reason for this is that the comet was moving closer
to perihelion, forcing ROSETTA to retreat for safety
reasons, preventing a good session for the communication with the lander.
The distance between the comet and the Sun is increasing over time, reducing the possibility of any communications with PHILAE, either because there is not enough
energy available on board to power the transponder, or
because the temperature has fallen below -50 °C, the
threshold below which PHILAE can no longer operate.
The Rosetta mission is scheduled to end in September
2016. By then, the orbiter must locate PHILAE on OSIRIS
images and determine its attitude and environment in
order to understand what went wrong in 2015, before
and after perihelion.

MARS SCIENCE LABORATORY
The MSL CURIOSITY rover has been exploring the Red
Planet since summer 2012. CNES is involved in the
payload and in the operations. The IRAP(2) laboratory is co-responsible for the CHEMCAM instrument
which analyzes Martian rocks using the LIBS method
(Laser Induced Breakdown Spectroscopy). LATMOS(3)
and LISA(4) provided the chromatography column subsystem for the SAM instrument. Lastly, CNES implemented the FIMOC(5), an operation center for the

Solar System

Fig. 1: Artist’s view of Philae’s descent to Comet ChuryumovGerasimenko. The background is a real picture taken by the OsirisNac camera. © CNES/ESA/D.Ducros/Rosetta/MPS for OSIRIS Team/
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA

SEIS is expected to determine crust thickness, core
size, density and nature (solid or liquid), seismic
activity and its spatial distribution and the regional
impact rate of meteorites.

CHEMCAM and SAM instruments in Toulouse. Both
instruments are being operated alternatively by CNES
and the American PI.

SEIS was built from autumn 2013 to the end of 2015 in a
context constrained by schedule. Its delivery was initially scheduled in January 2015, but several technical
issues postponed the date until January 2016. Significant efforts were deployed: the teams were increased,
activities were carried out during the weekends by
CNES, the IPGP, Sodern, the JPL and the Swiss, British
and German partners. However, the instrument could
not be delivered in time for a launch in spring 2016
because a leak was detected in the vacuum sphere
containing the three seismometers. NASA initially
canceled the launch, then ran a detailed risk analysis
and cost assessment. It gave the green light for operations and a May 2018 launch. CNES and its partners
are fully involved in the project to deliver the SEIS
instrument in spring 2017.

At the end of 2014, the loss of use of the laser diode
that served for focusing CHEMCAM led to the installation of a new software restoring auto-focus capability
to the instrument by optimizing contrast on CHEMCAM’s camera images. At the end of 2015, CHEMCAM
had fired more than 300 000 laser shots, allowing the
analysis of more than 1 100 rocks on Mars. It is the
most used instrument of CURIOSITY’s payload, which
shows that this remote sensing technology is highly
effective (see next pages).

SEIS - INSIGHT
INSIGHT (Interior exploration using Seismic Investigations, Geodesy and Heat Transport)(6) is a geophysical
mission to Mars submitted by the Jet Propulsion Laboratory (JPL) as part of NASA’s “Discovery” program.
The payload is built jointly by CNES and the IPGP(7) –
which provides the SEIS (Seismic Experiment for Interior Structure)(8) seismometer – and DLR(9) (German
Space National Agency) which provides the HP3 heat
flow probe. RISE, the third instrument (provided by
the JPL(10) itself), is a transponder which will measure
the precession and nutation of the Mars polar axis. A
robotic arm and a camera will deploy SEIS and HP3 on
the Martian surface.

BEPICOLOMBO
In the last COSPAR symposium, BEPICOLOMBO was
scheduled for launch in July 2016. Since then, technical issues on the MPO (Mercury Planetary Orbiter)
and MTM (Mercury Transfer Module) vehicles forced
ESA to postpone the launch twice. It is now scheduled
in April 2018 and orbit insertion around Mercury is
planned for late 2024.
CNES manages the French contributions to the MPO
and MMO (Mercury Magnetospheric Orbiter) payloads.
The latter were delivered between June 2011 and May
2015. JAXA’s MMO was delivered to ESA in June 2015.
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The seismometer is the
fruit of a significant investment from CNES (MARS-96,
NETLANDER,
EXOMARS,
SELENE-2, etc.). Along with
INSIGHT, it benefits from
the best opportunity in
the past fifteen years to
be dropped on Mars, in
an optimal configuration
provided by its three long
period VBB (Very Broad
Band) sensors and thanks
to which it will reconstruct the seismic signal
in accordance with the
three axes defined by each
sensor.
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LATMOS is in charge of providing the PHEBUS ultraviolet spectrometer which will study the planet’s exosphere. Issues with the UV detector postponed the
delivery of the flight model until April 2015. The Italian
SIMBIO-SYS instrument, with its Visible and Infrared
Hyperspectral Imager, was calibrated at the IAS(11) in
spring 2015 and delivered in April – except for the Main
Electronic (made by the IAS) delivered in May 2015.
All French instrument contributions have now been
delivered.

HAYABUSA-2 - MASCOT
JAXA’s HAYABUSA-2 mission aims to land on a nearEarth asteroid in order to:
-
perform remote characterization experiments,
from the orbiting probe;
- perform in situ characterization experiments, via
the MASCOT lander;
- collect samples before returning to Earth.
(12)

The target is the NEO (Near Earth Object) type C asteroid called 1999JU3, which measures about 1 km in
diameter. The mission was launched on December 3,
2014. It is expected to reach the asteroid in mid-2018
and the return capsule will be back on Earth at the
end of 2020.
The HAYABUSA-2 is the successor to HAYABUSA-1,
which was launched in 2003 to the S-type asteroid
Itokawa and successfully returned samples to Earth
in June 2010.
The innovation of the HAYABUSA-2 mission is that it
carries the MASCOT lander developed under DLR management, in partnership with CNES. MASCOT’s main
instrument is MICROMEGA, an imaging infrared spectrometer developed by the IAS. Its goal is to conduct
in situ characterization of the asteroid, providing a
determination of the mineralogical surface composition, down to its grain scale. To do so, MICROMEGA
will perform a spectral analysis of surface samples in
the near-infrared wavelength range, where the main
minerals have characteristic signatures.
CNES contributions to MASCOT can be broken down
into the following categories:
• On the platform: CNES contributes to telecommunications and power subsystems by providing:
-
primary batteries (inheritance from PHILAE/
ROSETTA) and the centralized power converter;
-
communication antennas for which CNES was
prime contractor;
• System engineering: CNES carries out:
- the MASCOT mission analysis (separation, descent
and landing phases)
- the MASCOT/HAYABUSA-2 link budget.

•S
 upport to operations: CNES and the IAS support DLR
for the definition, preparation, checkout and implementation of operations during the cruise phase
and MASCOT’s mission.
The MICROMEGA instrument was delivered to DLR in
February 2014 and MASCOT was delivered to JAXA four
months later. The MASCOT mission will last 18 hours
and will occur between the end of 2018 and spring
2019. HAYABUSA-2 will start its journey back to Earth
at the end of 2019.

JUICE
JUICE is the first Large-class science mission (L1)
chosen in May 2012 as part of ESA’s Cosmic Vision
2015-2025 program among three candidate missions
(target envelope of 850 M€).
JUICE’s scientific payload was selected in May 2013.
CNES is the contracting authority of the French instrument contributions. The contributions to the scientific
payload of the JUICE mission are detailed below:
• MAJIS (Moons And Jupiter Imaging Spectrometer):
- The IAS is the instrument prime contractor and
provides the command-control and power supply
electronics, the proximity electronics of both VIS/
NIR and IR spectral channels, and the focal planes
of the VIS/NIR and IR channels.
- LESIA contributes to the ground segment of the
instrument.
- Italy: the IAPS(13) provides the optical head, including optical and thermomechanical design.
- Belgium: the CSL(14), the ORB(15), and the IASB(16) contribute to radiation testing activities on detectors.
• RPWI (Radio & Plasma Wave Instrument):
- The LPP(17) provides the SCM (Search coil triaxial
magnetometer).
- The LPC2E(18) provides the MIME contribution
(mutual impedance probe).
- LESIA is Co-PI of RPWI.
• The SWI (Submillimeter Wave Instrument): LERMA(19)
provides the frequency synthesizer; the frequency
doubler at 280 GHz; a frequency distribution system
(OCXO output); and an OCXO-type reference frequency.
• PEP (Particle Environment Package): IRAP provides
the MCP (MicroChannel Plate) of the US JENI sensor;
anticoincidence system: performance characterization tests on various PEP sensors in radiation environment.
• UVS (Ultraviolet Spectrograph): LATMOS provides the
holographic diffraction grating for the instrument.
The end of MAJIS Phase A review took place in January
and the PDR (Preliminary Design Review)(20) is planned

for October. By then, the instrument design will be
completed and the tradeoff will have been made.

MAVEN
The NASA MAVEN mission aims to study the mechanisms that led to the loss of Mars’ atmosphere during
its history. MAVEN will also provide qualitative and
quantitative measurements of the current processes
of atmosphere depletion.
IRAP provided the analyzer and front-end electronics
(microchannel plates, anode, preamplifiers, and high
voltage power supply of the SWEA (Solar Wind Electron
Analyzer) spectrometer. This experiment examines
the electron inflow of solar wind to determine the
impact ionization rate from charge exchange, as well
as the dynamic pressure of the solar wind.
The probe entered in orbit around Mars in September
2014 and started its scientific observations in November. The SWEA instrument provides high quality data.
MAVEN successfully completed its first “Dip Deep”
campaign from 10 to 18 February 2015, lowering
the periapsis of the probe from 150 to 120 km. The
SWEA results revealed the signature of the interaction between the incident electron populations and
atmospheric CO2. It resulted in a residual spectrum
whose characteristics have been very well reproduced
by a model taking into account the relevant cross
sections of the main reactions involved. In November
2015, about fifty articles were published in Science
and Journal of Geophysical Research; they highlight
the main mechanism responsible for the Mars atmospheric loss. Several French IRAP and LATMOS scientists have co-authored these articles.
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Fig. 2: This image is an
unannotated version of the
Photojournal Home Page
graphic released in October
2007. This digital collage
contains a highly stylized
rendition of our solar system
and points beyond. As this
graphic was intended to be
used as a navigation aid in
searching for data within the
Photojournal, certain artistic
embellishments have been
added (color, location, etc.).
Several data sets from various planetary and astronomy
missions were combined to
create this image. © NASA/
JPL 2008-01-26
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Solar System
The ROSETTA-PHILAE mission (ESA)
As the comet rotates, taking just over 12 hours to complete
a full revolution, the various regions undergo different
illumination conditions.
Water ice on and a few centimeters below the surface
“sublimates” when illuminated by sunlight, turning it into
gas which then escapes into the coma. When the same
region falls into darkness, the thin layer of the highly insulating surface rapidly cools again, whereas the underlying
layers remain warm, and cool more slowly owing to the
accumulated solar heat.

Fig.1

Fig. 1: Picture of Comet Churyumov-Gerasimenko taken by the Osiris
instrument aboard the Rosetta satellite.
© ESA/Rosetta/NAVCAM/, 2014

VIRTIS observes how comets work

As a result, deep water ice continues sublimating and
finding its way to the cold surface through the porous
ground. As soon as this “underground” water vapor
reaches the surface, it freezes again, creating a thin layer
of fresh ice.
As the Sun rises again on the frozen surface, the newly
formed ice sublimates immediately. This cyclical process
is inevitably repeated because new ice keeps forming on
the surface at night.

Using data provided by the ESA probe ROSETTA on comet
67P/Churyumov-Gerasimenko, researchers (from LESIA
and IPAG , among others), have provided the first observational proof of a daily water-ice cycle on the surface of
the comet.

It was possible to estimate the relative abundance of
water ice with respect to other material. Over the surveyed surface portion, water ice accounts for 10-15% in
mass and it is well-mixed with the other ground constituents.

As sunlight heats a comet’s frozen nucleus, the ice in it
- mainly water ice, but also other “volatiles” – sublimates.
The resulting gas migrates from the ground to the surface,
carrying solid dust along. This gas and dust mixture is
expelled in the form of powerful jets – gas velocity can
reach 2 000 km/h – and forms the coma. As soon as the
molecules are irradiated by ultraviolet photons from the
Sun, they are dissociated and/or ionized. They are then
carried by the magnetic field of the solar wind and form a
thin and straight ion tail while heavier dust form a second
tail, broader and curved.

On a given region, the amount of surface water ice
measured by VIRTIS over a thickness of several microns
accounts for only 3% of the water vapor measured by MIRO
in the microwave domain. We may therefore consider that
ice sublimates daily over a few millimeters, which correspond to the insulating layer that freezes night after
night [1].

One of the features investigated by comet experts is
related to the physical processes that drive outgassing.
The idea is to understand how water ice is extracted from
the ground to replenish the coma with water vapor in a
regular cycle.

Why does 67p have a head and a body ?
A scientific team from LESIA has participated in a study
presented in the scientific journal Nature, based on data
provided by the OSIRIS instrument on ESA’s ROSETTA probe,
which helps understand how this unusual body formed.
The factors shaping cometary nuclei are still largely
unknown, but could be the result of concurrent effects of
evolutionary and primordial processes.
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An argument in favor of the second hypothesis is that
the “neck” is formed by localized outgassing. The heat
that accumulates and radiates on both sides of the neck
will tend to locally increase erosion and eventually form
the observed structure. It may be compared to a toaster
that simultaneously heats both sides of a piece of bread.
The large crack – which extends to 100 meters in length
and a few meters in width – located on the comet’s neck,
demonstrates that the comet is weakened in this region
and may eventually break, which is a common phenomenon in comets. However, this fracture does not explain
the shape of the nucleus.
The study brought the debate to an end by showing that
the comet’s major lobe is enveloped by a nearly continuous set of strata, up to 650 meters thick, which are gravitationally independent of a stratified envelope on the
minor lobe. In other words, these layers only extend in
local horizontal lines if the gravitational field is reconstructed to virtually cut the comet in two, considering
only the major lobe.
67P/Churyumov-Gerasimenko is an accreted body of
two distinct objects, initially roughly spherical and with
“onion-like” stratification which formed long before they
merged.
The authors also conclude that gentle, low-velocity collisions occurred in the early stages of the Solar System
between two kilometer-size cometesimals. The impact
between the comet’s two components must have occurred
at very low speed (a few meters per second), as this fragile
comet would have been crushed if the shock had occurred
at common speeds of about one kilometer per second.
Lastly, the composition and structural similarities
between the two lobes of comet 67P indicate that these
cometesimals experienced a highly primordial stratified
accretion and a similar formation process, though they
formed independently. We do not yet understand this
unexpected primordial stratification. It constitutes an
additional observational constraint for the Solar System
constitutes formation models which will have to reconstruct the process that led to their formation [2].

Fig.2

Fig. 2: These four
images of Comet
67P ChuryumovGerasimenko were
taken by Rosetta’s
navigation camera
in February 2015. The
pictures were taken
on February 25 (top
left-hand corner),
February 26 (top
right) and February
27 (bottom left and
right). They have been
processed to bring out
details of the comet’s
activity. Exposure
time for each image:
two seconds. © ESA/
Rosetta/NAVCAM/,
2015

Fig.3

Fig. 3: Image of Rosetta and Philae made for the cover of the journal
Science (issue 349) by Alex Torres (CNES) and David Ducros (Active
Design) using images from Jean-Pierre Bibring’s CIVA camera (IAS)
(published on July 31, 2015). © CNES/A.Torres - IAS/JP. Bibring Illustration D. Ducros, 2015
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When ROSETTA reached comet 67P/ChuryumovGerasimenko in summer 2014, its peculiar bilobed shape
stirred up surprise. Two hypotheses emerged to explain it.
The core is either the result of the fusion of two objects
that were once separate, or the result of a localized excavation by outgassing at the interface between the two
lobes.
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Solar System
The Mars Science Laboratory mission (NASA)
 HEMCAM finds traces of a primitive
C
continental crust on Mars
So far, we believed that Mars was almost entirely covered
with basaltic rocks – dark rocks which form the Earth’s
oceanic crust. However, the walls of Gale crater, where
CURIOSITY landed, contain very old (about 4 billion years
old) and lighter rock fragments, which the CHEMCAM
laser instrument has revealed the composition. French
and US scientists have analyzed images and the chemical
makeup of these 22 rock fragments. They have discovered
that these light-toned rocks contain a high amount of
feldspar and some traces of quartz, which makes them
similar to Earth’s granitic continental crust. These primitive Martian crustal components look very much like the
TTG (Tonalite-Trondhjemite-Granodiorite), rocks that predominated in the terrestrial crust in the Archean era (over
2.5 billion years ago). This is the first evidence for continental crust on Mars.
This discovery has been possible because Gale crater,
formed 3.61 billion years ago within older terrain, opens
a new window on the Red Planet’s primitive rocks. The
crater walls provide a natural geological cut-away view 2-3
kilometers down into the crust, while the spectrometers
of orbiting probes only analyze the surface to several tens
of micrometers (millionths of a meter). [1]

Organic molecules in Martian mudstone
The SAM (Sample Analysis at Mars) instrument aboard the
CURIOSITY rover is designed to analyze organic and inorganic compounds in the atmosphere, the surface regolith
and rocks to evaluate the past and present habitability
potential of Mars at Gale crater. Central to this task is
the development of an inventory of the organic molecules
present to elucidate the processes associated with their
origin, their concentration and long-term preservation.
In this context, SAM identified unambiguously chlorobenzene (150–300 parts per billion by weight (ppbw)), and C2
to C4 dichloroalkanes (up to 70 ppbw) with the SAM Gas
Chromatograph Mass Spectrometer (GCMS) and detection
of chlorobenzene in the Evolved Gas Analysis (EGA) mode,
in multiple portions of the fines from the Cumberland drill
hole in the Sheepbed mudstone at Yellowknife Bay.

When combined with GCMS and EGA data from multiple
scooped and drilled samples, blank runs and supporting
laboratory analog studies, the elevated levels of chlorobenzene and the dichloroalkanes cannot be solely explained
by instrument background sources known to be present
in the SAM instrument. These chlorinated hydrocarbons
are the reaction products of Martian chlorine and organic
carbon derived from Martian sources (e.g. igneous, hydrothermal, atmospheric, or biological) or exogenous sources
such as meteorites, comets, or interplanetary dust particles.
Further analysis will be needed to understand the origin
of these Martian organic molecules. These results were
obtained thanks to the participation of LATMOS(1) and
LISA(2) ; the first author is a French postdoctoral researcher
currently working at the Goddard Laboratories, which is
responsible for the SAM instrument [2].

SAM discovers methane on Mars
French teams from LATMOS, LISA and IRAP contributed
to the discovery of methane emissions in the Martian
atmosphere that vary over monthly time scales. These
results have defied explanation to date. In situ measurements made over a 20-month period by the TLS (Tunable
Laser Spectrometer) of the SAM instrument on CURIOSITY
at Gale crater detected the presence of methane in the
atmosphere. TLS measured a background level of about 0.7
± 0.25 ppbv (parts per billion by volume). This abundance
is lower than model estimates of ultraviolet degradation
of accreted interplanetary dust particles or carbonaceous
chondrite meteorites. Additionally, in four measurements
spanning a 2-month period, TLS observed elevated levels
of methane of 7.2 ± 2.1 ppbv, implying that Mars is episodically producing methane from an unknown source so far.
Various hypotheses of geological or biological origin
emerged. The SAM instrument continues to regularly
measure methane in Gale crater to identify diurnal or seasonal cycles and if possible, determine methane source
location(s). There is no doubt that the EXOMARS Trace
Gas Orbiter (TGO) will provide additional data relevant to
understanding and confirming the presence of this gas in
the Martian atmosphere [3].
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Fig. 1: This view from
NASA’s Curiosity Mars Rover
shows the downwind side
of “Namib Dune”, which
stands about 13 feet (four
meters) high. The site is
part of Bagnold Dunes, a
band of dark sand dunes
along the northwestern
flank of Mars’ Mount Sharp.
The component images
stitched together into this
scene were taken with
Curiosity’s Navigation
Camera (Navcam) on Dec.
17, 2015, during the 1,196th
Martian day, or sol, of
the rover’s work on Mars.
Since late 2015, Curiosity
has been conducting the
first upclose studies ever
made of active sand dunes
anywhere but on Earth.
Under the influence of
Martian wind, the Bagnold
Dunes are migrating up to
about one yard or meter per
Earth year. The view spans
from westward on the left
to east-southeastward on
the right. It is presented
as a cylindrical perspective
projection.
© NASA/JPL-Caltech
Fig. 2: This self-portrait of
NASA’s Curiosity Mars rover
shows the vehicle at “Namib
Dune”, where the rover’s
activities included scuffing
into the dune with a wheel
and scooping samples of
sand for laboratory analysis.
The scene combines 57
images taken on Jan. 19,
2016, during the 1,228th
Martian day, or sol, of
Curiosity’s work on Mars.
The camera used for this is
the Mars Hand Lens Imager
(MAHLI) at the end of the
rover’s robotic arm.
© NASA/JPL-Caltech/MSSS

Fig.2
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Solar System
The CASSINI-HUYGENS mission (NASA-ESA)
Titan
dunes created by tropical storms

The equatorial regions of Titan, Saturn’s largest moon, are
covered by a wide range of linear dunes that propagate
eastward. This direction is opposite to that of the winds
predicted by climate models, and poses one of Titan’s
greatest mysteries.
A Franco(1)-American team combined the results of a
regional model of methane clouds with those of the Titan
global climate model. It showed that dune formation was
controlled by rare tropical methane storms, producing
strong gusts blowing eastward and dominating sediment
transport. These results explain the shape, dune orientation and propagation and provide information on the
origin of its sand [1].

Mega-yardangs on Titan
Saturn’s largest moon Titan is the only satellite in the
Solar System with a dense atmosphere. Repeated flybys
of this moon by the Cassini radar led to the discovery
of several linear and strongly scattering structures, at
mid-latitude, around 40° N. Their form is similar to that of
mega-yardangs on Earth. Terrestrial yardangs are formed
by aeolian erosion of loose layered sediments, often
formed by former lake beds.
Thanks to the comparison of radiometric signatures of terrestrial structures with those of the structures present on
the surface, we may conclude that there are two types of
linear dunes in Titan’s Belet Sand Sea and that the bright
linear structures observed at 40° N latitude during the T64
and T83 flybys are very likely to be mega-yardangs.
The discovery, led by LAB(2), of mega yardangs on Titan’s
surface raises hypotheses about this moon’s climate
history: these structures might be the remnants of ancient
lake basins, located at lower latitude than current lakes
and seas, and formed at a time when liquid methane was
not only found in polar regions. [2]

An
 ocean below Titan’s surface
measured by HUYGENS
One of the most astonishing findings of ESA’s HUYGENS
mission was the detection of an unusual source of electrical excitation in Titan’s atmosphere.

To explain the unique pattern of these signals, scientists
have suggested that Titan’s atmosphere behaves like a
giant electrical circuit, which is generated in the ionosphere when it interacts with Saturn’s magnetosphere.
During descent, HUYGENS measured the “Schumann resonances” of Titan. On Earth, there is a very low frequency
electromagnetic field that propagates in the atmosphere
and bounces between two conductive layers, i.e., oceans,
in the bottom, and the ionized part of the atmosphere
above. This resonance is maintained by storm lightning.
There are no storms on Titan: resonance is due to currents
induced by Saturn’s magnetic field. The LPC2E(3) team has
demonstrated that this resonance is trapped between the
ionized part of the atmosphere and a conductive layer
between 50 and 80 kilometers below the surface. Since
ice is not conductive, this layer is probably made of liquid
water. This discovery, combined with the measurement
of tidal effects on Titan, reinforces the hypothesis of the
presence of an ocean underneath Titan’s surface. [3]

Titan’s
lakes are connected by

an underground labyrinth
In 2007, images taken by the ESA HUYGENS probe revealed
large liquid areas spread across the polar regions of Titan’s
icy surface. These lakes are not filled with water but with
hydrocarbons, a form of organic compound that is also
found naturally on Earth and whose origin on Titan comes
mainly from precipitation associated with the presence of
clouds in its atmosphere.
Due to its changing morphology, scientists suspect that
Titan’s crust is porous and contains a large amount of
liquid hydrocarbons. However, Titan’s hydrocarbon cycle,
which links their presence in its subsurface and surface to
their atmospheric emissions, remains relatively unknown.
A new study led by the LAM(4) laboratory modeled the possible interplay between Titan’s seas and its underground
lake network, to which they might be linked. This phenomenon is expected to be visible from the surface of Titan.
The lakes fed by subsurface reservoirs would show the
same kind of composition, whereas those fed by rainfall
would be different and contain methane, nitrogen and
traces of argon and carbon monoxide. This means that if
we are able to measure the composition of surface lakes,
we would learn more about what is happening underground.
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Fig.4

Fig. 1 and 2: Artist’s view of the Cassini-Huygens probe flying toward Saturn and Titan. © CNES/ill.David
Ducros

Fig.2

Fig. 4: From a distance Saturn seems to exude an aura of serenity and peace. In spite of this appearance,
Saturn is an active and dynamic world. Its atmosphere is a fast-moving and turbulent place with wind
speeds in excess of 1,100 miles per hour (1,800 km per hour) in places. The lack of a solid surface to
create drag means that there are fewer features to slow down the wind than on a planet like Earth.
© NASA/JPL-Caltech/Space Science Institute

This study gives us a better understanding of how Titan’s
liquids interact and move around the surface and in the
moon’s interior [4].

Could
there be a methane source

in Enceladus’ ocean?
A study carried out by LAM researchers has shown that
the methane observed by the CASSINI mission in geysers
of Enceladus, one of Saturn’s main satellites, may come
from a contemporary source in its hidden ocean.
It showed that under conditions of the Enceladus’ internal
ocean, clathrates – a particular form of water ice containing gases trapped inside cages – could form and deplete
the ocean of volatile species.
Simulation results show that methane is efficiently
trapped in clathrates, and that it becomes nearly ten times
less abundant in the ocean than the value measured in
geysers. CASSINI can observe as much methane if it is
added into the ocean by an unknown source even more
quickly than its sequestration allows it in the clathrates.
The implications are particularly interesting, considering
that methane can be produced by hydrothermal reactions
or by biogenic sources. CASSINI has detected silicate
nanoparticles in the geysers, which suggests that there
could be hydrothermal activity in Enceladus’ ocean. In addition, the bottom of Enceladus’ glacial ocean might also
harbor hot spots, with temperatures as high as 100 °C [5].
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Fig. 3: This composite image shows an infrared view of Saturn’s moon Titan from NASA’s Cassini
spacecraft, acquired during the mission’s “T-114” flyby on Nov. 13, 2015. The spacecraft’s visual and
infrared mapping spectrometer (VIMS) instrument made these observations, in which blue represents
wavelengths centered at 1.3 microns, green represents 2.0 microns, and red represents 5.0 microns.
A view at visible wavelengths (centered around 0.5 microns) would show only Titan’s hazy atmosphere
(as in PIA14909). The near-infrared wavelengths in this image allow Cassini’s vision to penetrate the haze
and reveal the moon’s surface. © NASA/JPL/University of Arizona/University of Idaho
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Exobiology

rench scientific teams of astrobiologists contribute
greatly to national and international activities, to the
processing of data acquired during missions, and to the
preparation of space experiments, of missions to explore
target bodies for astrobiology and of relevant future space
missions.

Planetary missions
CASSINI
The joint American-Italian CASSINI mission, extended
until 2017, is still inspiring work on the chemical reactions in Titan’s atmosphere based either on observations or laboratory work [1]. The continuation of the
work on the organic aerosols produced in laboratory
simulation allows the study of the optical properties
of these tholins [2]. The chemical characterization,
in close cooperation with an international team, is
ongoing. At the same time, while the mission is progressing toward its end, the French scientists selected
by NASA are preparing for the last legs of the operation.
EXOMARS
ESA’s EXOMARS program kept science and technical
teams busy for the past few years while preparing for
both missions in 2016 and 2020.

ments [7]. Several meetings were organized by ESA to
strengthen the science objectives of EXOMARS and to
select the potential landing sites. Finally, Meridiani
Planum has been selected for the 2018 mission but the
selection could be revised or confirmed for the 2020
launch.

Experiments in low Earth orbit
The results of the EXPOSE-R samples which were
retrieved in 2011 have been published in a special
issue of the “International Journal of Astrobiology”
[8]. Over the past two years, the EXPOSE-R2 experiment has been performed and the samples have been
shipped back to the laboratory (in early 2016). The
new gas mixtures, the new exposed products and the
dedicated samples mimicking the exposition of the
Martian soil to the sunlight filtered by the Martian
atmosphere will be analyzed in the next few months;
the results will be useful to prepare future missions
or discuss their outcomes.

From
space to the laboratory

and vice versa

EXOMARS 2016 is now on its way to Mars. The French
contributions to the Trace Gas Orbiter’s Russian
payload and to the DLR-led technical experiment – to
be implemented on the Entry, descent and landing
Demonstration Module (EDM) – were delivered on time.
As co-investigators of several instruments, the teams
are preparing the processing of data from the CASSIS
European Stereo Imager in order to continue the
studies on surface features [3], and from the Russian
Atmospheric Chemistry Suite to search for Mars’ atmospheric trace gases. The contribution to the instruments on the SCHIAPARELLI module designed to
demonstrate the ability to land softly on the surface
will give a unique opportunity to investigate the upper,
middle and low atmosphere.

Several laboratories are working on the relationships
between cosmochemistry and the flow of organic
molecules reaching planetary surfaces. They are irradiating various types of ice maintained at very low
temperatures (50 to 90 K). They have described for
several years this complex chemistry while using
increasingly sophisticated tools [9, 10]. The variety
of molecules [11, 12] and the deciphering of mechanisms underlying the reactions provide new insights
into the possible contribution of this interstellar or
interplanetary chemistry to the organic enrichment
of planetary bodies [13]. Some teams are also studying the Insoluble Organic Matter of Chondrites as a
proxy of what could be found on asteroids or other
space bodies, and to understand the mechanisms of
synthesis, isotopic enrichment and trapping of noble
gas [14, 15].

In preparation of the second mission, now renamed
EXOMARS 2020, teams are building the qualification
and flight models of the instruments. Besides the
engineering activities, the teams are developing the
science activities related to each instrument [4, 5, 6].
They are also very collaborative which translates into
activities to prepare future operations. For instance, to
prepare the EXOMARS mission and the required teamwork, several ISAR samples were submitted to a “blind
round robin test” of the EXOMARS 2020 mission instru-

The work performed on high-resolution mass spectrometer like Cosmorbitrap helps understand the
data issued from space missions such as ROSETTA
or HERSCHEL as it is also preparing future ambitious
missions. The engineering work is complemented by
practical studies using terrestrial analogs of various
cosmochemistry or planetary and cometary reaction
chains [16]. The light scattering properties of some
of these analogs are also studied during parabolic
flights with the PROGRA2 facility [17]. Such studies
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are also applied to track cosmic objects and to understand direct observation and measurements [18].
While ESA nearly cancelled the ICAPS instrument dedicated to the study of optical properties or grains in
space, the teams are working with their European
colleagues to achieve the scientific objectives using
different means.

New intruments for new missions
In July 2014, NASA announced the selection of the instrument suite for the MARS 2020 mission. SUPERCAM,
a US-led instrument with a very significant contribution of French laboratories, was selected. This new
instrument is based on the CHEMCAM heritage. It
has worked aboard CURIOSITY since 2012, giving key
mineralogical information on the habitability of Gale
Crater (latest reference [19]). SUPERCAM will be more
powerful with the addition of an IR spectrometer, a
Raman Spectrometer and a color camera. The technical and science work is proceeding at full speed to be
ready for a 2020 launch.
Several other projects are organized with national
or international consortia to prepare future science
or exploration missions. For instance, with the
study phase of VITRINE, a suite of new “nano-payloads” is being prepared; they require limited-capability room, energy and data links from a platform.
Those “nano-payloads” are designed to be hosted by
nanosatellites, space stations or other satellites or
probes, in order to expose samples – solid compounds,
gaseous mixtures and extemporaneously produced
cosmic ices – to space radiations, including sunlight.
The design is based on specifications from the science
experimental findings described in the chapter about
cosmochemistry in laboratory.

Outreach
The agency supported an annual astrobiology course
organized by Dr. Muriel Gargaud, the University Paris XII
and the University of Bordeaux, dedicated to PhD students (RED, Rencontres d’Exobiologie pour Doctorants).
Lastly, thanks to the support of the agency as well as
several other institutions in Europe and Canada, the
scientific community was able to finalize the second
edition of the “Encyclopedia of Astrobiology” [20].
The astrobiology science community is involved in
the international organization – European Astrobiology Network Association – and in the national Société
Française d’Exobiologie; it contributes to organizing
an annual congress and a dedicated workshop. The
latest, held at CNES in May 2016, gathered more than
80 scientists and was entitled “From space molecular
diversity to the homochirality of living bodies”.

Fig.1
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Fig. 1: The US and French teams testing the Raman spectrometer of
Supercam for MARS 2020 at the Los Alamos National laboratory. © IRAP
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Exobiology
EXOMARS: looking for a proof of concept

Fig.1

The EXOMARS program was proposed by the European
Space Agency (ESA) in 2003 and adopted and subscribed by
the ESA Member States in 2005. From then on, the concepts
were subjected to several variations before reaching the
current configuration. EXOMARS is an ambitious program
now shared with the Russian space agency (ROSCOSMOS).
This technological program aims to demonstrate the
capability of Europe to land softly on the surface of Mars,
to remotely operate a vehicle on the surface, to drill the
ground up to two meters and to analyze selected samples.
To achieve these goals, two missions are launched to the
Red Planet. The EXOMARS 2016 mission was launched on
March 14 and is on track to arrive at Mars on October 19.
Its spacecraft, the Trace Gas Orbiter (TGO), will act first as
a remote sensing satellite and then as a relay between
the Earth and the Martian surface. It carries the Entry,
descent and landing Demonstrator Module (EDM) for
entering the Martian atmosphere, called “SCHIAPARELLI”.
In 2020, a second mission will be launched atop a Proton
rocket from the Baikonur Cosmodrome. This mission will
deliver a Russian science platform and a European vehicle
to the Martian surface. Both have a suite of instruments.
On the vehicle, the complex suite of instruments requires
a coordinated interpretation of the geological and chem-

ical data. The development has now reached a sufficient
level to have a proof of concept using terrestrial samples
as references to train scientists to this new way for collaborative work.
The future EXOMARS rover mission (ESA/ROSCOSMOS), to
be launched in 2020, will investigate the habitability of
the Martian surface and near subsurface, and search for
traces of past life in the form of textural biosignatures
and organic molecules embedded in the geological record.
The EXOMARS rover is equipped with a suite of instruments developed across Europe by laboratory consortia
and in Russia. The first instrument suite is dedicated to
the contextual study using several cameras including a
visible panoramic and stereo imaging camera (PanCam)
coupled with a high-resolution camera (HRC), and an
infrared spectrometer (ISEM) to identify hydrated minerals, and more generally, to characterize the composition
of Martian surface materials (minerals and rocks) in the
thin uppermost layer. This suite is complemented with
a ground penetrating radar (WISDOM) to decipher the
subsurface structure within the first meters (up to five
meters). The observations will be completed with mea-
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Fig. 1: ESA’s ExoMars Rover provides key mission capabilities:
surface mobility, subsurface drilling and automatic sample
collection, processing, and distribution to instruments. It hosts a
suite of instruments, known as the Pasteur payload, dedicated to
exobiology and geochemistry research. © ESA
Fig. 2: Kitty’s Gap Chert, a ~3.5 billion-year old volcanic sediment
deposited in an infilling tidal channel on an early Earth
characterized by environmental conditions similar to those found
locally on early Mars, was used in a blind test of the ExoMars
instrument payload. It is in these kinds of sediments that the
landing site of ExoMars will be chosen. © CBM

surements of subsurface hydrogen content using a neutron
spectrometer (ADRON). The second set of instruments is
designed to drill and collect soil and rock samples (DRILL)
while characterizing the various layers by spectrometry
(MA_MISS). The fines produced during the drill and the
collected samples will be characterized by an imager
(CLUPI) prior to being processed by a crushing station.
The resulting powder will be analyzed by the third set of
instruments in the analytical laboratory. The visible and
infrared spectro-imager (MICROMEGA) coupled with the
Raman laser spectrometer will determine the interest of
the sample in order to be processed and analyzed by the
gas chromatograph-mass spectrometer (MOMA) searching for organic molecules.
This sophisticated suite of instruments on the European
rover will provide a wealth of data to be analyzed by several
teams of specialists with different science backgrounds.
To prepare this operational and scientific analysis, at the
initiative of the “Centre de Biologie Moléculaire” (Orléans,
France), various teams are part of a round-robin sample
analysis. The main goal is to coordinate and integrate the
data and findings from different instruments and teams
into the same two well-known reference samples.
In support of this mission, a selection of relevant Mars
analogue materials has been characterized and stored for
several years in the International Space Analogue Rockstore (ISAR), hosted in Orléans, France. Two ISAR samples
were analyzed by prototypes of the EXOMARS rover instruments used for a petrographic study. The objective was
to determine whether a full interpretation of the rocks
could be achieved on the basis of the data obtained by
the EXOMARS visible-IR imager and spectrometer (MicrOmega), the close-up imager (CLUPI), the drill mounted
infrared spectrometer (MA_MISS) and the Raman spec-

Fig.3

trometer (RLS), first separately then in their entirety. In
order not to influence the initial instrumental interpretation, the samples were sent to the different teams without
any additional information. This first step was called the
“Blind Test” phase. The data obtained by the instruments
were then complemented with photography of the relevant outcrops (as would be available during the EXOMARS
mission) and presented to two geologists tasked with the
interpretation. The context data and photography of the
outcrops and of the samples were sufficient for the geologists to identify the rocks. This initial identification was
crucial for the subsequent iterative interpretation of the
spectroscopic data. The data from the various spectrometers was, thus, cross-calibrated against the photographic
interpretations and against each other. In this way, important mineralogical details, such as evidence of aqueous
alteration of the rocks, provided relevant information concerning potential habitable conditions. The final conclusion from this test is that, when processed together, the
EXOMARS payload instruments produce complementary
data allowing reliable interpretation of the geological
context and potential for habitable environments. This
background information is fundamental for the analysis
and interpretation of organics in the processed Martian
rocks.
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Fig. 3: The qualification model of Micromega which was used in the
round robin blind test. © IAS
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Exobiology
EXPOSE-R: Chemistry in the sunlight
Several experiments have been conducted outside Earth
orbiting spacecraft since the beginning of the space
station era. French astrobiology scientists have been
involved in these space experiments since the early phase
of space stations. Various instruments have been sent
several times aboard the Soviet space station MIR. Numerous experiments have been conducted simultaneously,
including the exposure of amino acids or other chemical or biological compounds. The results highlighted here
deal with the effect of sunlight – understood as the full
range of electromagnetic radiations emitted by the Sun
– on methane. The effects of the sunlight could imitate
some of the chemical reactions initiated on the upper
layer of the atmosphere of Titan, one of Saturn’s satellites. The EXPOSE-R2 experiment stayed on board the ISS
for about two years.
The study of the evolution of organic matter subjected to
space conditions, and more specifically to Solar photons
in the vacuum ultraviolet range (120–200 nm) has been
implemented on the ISS. Recently published papers summarize the first results extracted from the samples which
were retrieved from space and from reference ground
experiments. The photochemistry experiment called
AMINO [1] has been conducted during 22 months between
November 2008 and January 2011 on the EXPOSE-R ESA
facility, outside the ISS. Defined chemical mixtures with
relevance to astrobiology (connected to comets, carbonaceous meteorites and micrometeorites, the atmosphere
of Titan and RNA world hypothesis) have been selected
and exposed to space environment.
The EXPOSE facility, ordered by ESA, was built by an industrial consortium and designed to accommodate three
trays. Each tray is able to support four sample holders.
Those holders are customized for each type of experiment
or samples. CNES sponsored several experiments whose
samples have been accommodated in small cylinders
made of stainless steel and closed by magnesium fluoride windows (MgF2). Magnesium fluoride is transparent
over wavelengths from the vacuum ultraviolet (115 nm) up
to the mid-infrared (mid IR) (10 µm). These characteristics
allow the use of the same window for exposure (VUV) and
analysis of the organic compounds (mid IR).

The methane experiment (see [2]) used closed cells whose
body was made of two half-cylinders screwed into each
other and closed at the distal end with magnesium fluoride windows. The long-term tightness was ensured by
a brazing of the windows on each half cylinder and the
soldering of the cylinders after filling and closing the cells.
A first set of cells (Titan 1) was filled with a mixture of
methane, di-nitrogen and helium (33.3%, 53.3%, 13.4%).
The second set was filled with a mixture of methane, dinitrogen, carbon dioxide and helium (33.3%, 46.7%, 6.7%,
13.4%). The total pressure in each cell was of 1.5x105 Pa.
The design of the experiment was such that while a
sample was facing out, a twin reference sample was
screwed underneath to prevent its exposure to sunlight,
though it was submitted to the same conditions. During
mission preparation, several reference samples were also
prepared to be kept on the ground at the German Aerospace Agency (DLR) facility in Cologne. One was submitted
to a temperature cycling like the flight experiment; the
other was kept at 278K.
After the recovery of EXPOSE-R2, brown stains were
displayed on the facility and a thin absorbing film was
detected on the windows. Results showed that methane
consumption was lower than expected, carbon dioxide did
not decreased and there was ethane, propane, iso-butane
and a few traces of n-pentane in the irradiated cells. The
presence of carbon dioxide did not change the rate of
methane consumption. When the chain was longer, the
concentration of the various compounds was lower and
decreased by a factor 5 for each one-carbon-atom elongation of the chain. A thin film of solid deposit was also
detected onto the inside face of the exposed cells. This
organic thin deposit displayed traces of N-H bonds. On
the one hand, this result is surprising because magnesium fluoride prevents the direct photo-dissociation of
di-nitrogen. However, the high pressure of the various
compounds in the cell could explain the appearance of
this nitrogenated deposit and the deviation, compared to
Titan’s atmosphere, in the ratio between the five produced
carbon chains and the lack of unsaturated species (such
as ethylene and butylene) or benzene.
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Fig. 1: Partial view of Expose-R facility outside the ZARYA module of the ISS. © ESA
Fig. 2: A CNES engineer certifying the samples for “Amino” to be loaded on Expose R. © UPEC /
Nicolas Darphin
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Sun, Heliosphere,
Magnetospheres
T

he SHM community is strongly involved in several
projects which cover the wide domain of heliosphere
including solar physics, Earth magnetosphere, Earth
environment but also couplings between the Sun, the
solar wind, the magnetosphere, the ionosphere and
the thermosphere. It also studies space meteorology.

Sun and Solar physics
• Launched on December 2, 1995, SOHO continues its
harvest of data. The mission is likely to be extended.
• SOLAR ORBITER is scheduled for launch in October
2018. France is involved in the development of six
instruments among the 10 selected by ESA. In December 2015, CNES decided to support the French leadership for the SPICE instrument, thus placing the French
teams at the core of the SOLAR ORBITER activity.
SPICE will be the only instrument able of remotely
determining plasma properties.
• Launched in 2006, STEREO is still orbiting around the
Sun. One of its twin satellites precedes the Earth in
its revolution around our star (STEREO A) and the
other one follows it (STEREO B). They are currently on
the other side of the Sun with respect to Earth.
• SOLAR PROBE PLUS, due for launch in 2018, has the
ambitious goal to go into our star’s outer atmosphere.

Earth’s magnetosphere
• CLUSTER: the four satellites launched in 2000 are still
operating. The mission is likely to be extended.
•M
 MS: four identical satellites were launched on
March 12, 2015, and placed into an equatorial orbit. The
mission has been in science analysis phase since September 1, 2015, and the temporal resolution data are
extremely promising (cf. article on the MMS project).

Earth’s environment
TARANIS is the first space mission dedicated to the
observation of lightning above storm clouds at altitudes between 20 and 100 km. It will study the mechanisms at the origin of the gigantic energy transfers
just after intense lightning flashes between the atmosphere, the ionosphere and the magnetosphere, as well
as their possible impacts on the Earth’s environment.

The launch is scheduled for 2018.

Magnetospheric planetary missions
The French SHM community is also increasingly
involved in missions such as BEPI-COLOMBO, which is
planned to be launched in April, 2018, and to arrive to
Mercury in December, 2024. JUICE, a mission to Jupiter
and its satellites, is scheduled for launch in 2022.

Projects under study
The following projects are under investigation:
• THOR: pre-selected by ESA to fill the M4 opportunity,
this mission will address the mechanisms of heating
and particle acceleration linked to electromagnetic
energy dissipation in turbulent plasmas at kinetic
scales.
• NANOMAGSAT for magnetic measurements; NOIRE
Nanosats for a Radio Interferometer Observatory in
Space.
• NOBLE plans to study the mechanisms of nitrogen
and oxygen escape from terrestrial and planetary
atmospheres. ALFVEN plans to study the acceleration
mechanisms in the Earth’s auroral zones, which will
be proposed as part of the ESA M5 call.

Space weather
This multidisciplinary topic requires a better understanding of the couplings of the regions from the Sun
to the Earth, as well as the monitoring of the solar
activity’s impact on the Earth as illustrated in Fig. 1.
Our current understanding of the physics of the SunEarth system is not enough to plan the disturbances
of the Earth’s space environment with sufficient reliability. However, data-based physical models and digital
simulations, observation instruments and interpretation tools from the contribution of the SHM scientific community lead to the understanding of some
mechanisms on the Sun/solar wind/magnetosphere/
ionosphere/thermosphere coupling thanks to which
we could plan solar phenomena and their impacts on
operational systems.

Sun, Heliosphere, Magnetospheres
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Fig. 1: The colors in the first column show phenomena that vary on several timescales: the coronal holes
are stable on several solar rotations (27 days). The active regions vary on the solar rotation scale, whereas flares and mass ejections are explosive phenomena. Sun-Earth propagation times are indicated in the
grey arrows. All these events vary according to the 11-year activity cycle. GTME Report.
Fig. 2: Top right: A typical solar flare. Bottom right: Model of the magnetic rope during the flare. The
Earth has been superimposed on both images to illustrate the huge scale of the phenomenon. © Tahar
Amari/Centre de physique théorique

- Numerical simulations: we may also mention modeling works which aim to study the solar environment
continuously and characterize the evolution of the environment leading to a flare (warning). For example, the
work led by the CPT(7) and AIM(8) laboratories enabled the
identification of a key-phenomenon in the solar flare
trigger mechanism [3] and the explanation of why the
Sun’s atmosphere is much hotter than its surface [4].
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For example:
- Sun: the source of solar magnetism is a nonlinear
dynamo operating at the base of the convection zone
via the joint effect of a cyclonic turbulence and large
scale cuts regenerating the toroidal field. This magnetic activity is cyclic and lasts about 11 years (± three
years). It is difficult to anticipate owing to the turbulent
nature of the dynamo. The topology of the Sun’s global
magnetic field follows the cycle; by going from a simple
dipolar configuration to a complex multipolar configuration, the topology causes significant changes to the
corona and the solar wind [1], which impact the Earth’s
space environment. The same applies to eruptions and
coronal mass ejections which are more common at
solar maximum.
- Solar wind: since the increase in solar activity in
2010, numerous solar thunderstorms were simultaneously observed from several sites by the NASA STEREO
probes. Using these data, IRAP(1) researchers developed
new techniques to rebuild the temporal evolution of
these thunderstorms’ internal magnetic field as well
as the shocks that form during the expansion of these
structures. Thanks to this work, researchers gained
a better understanding of the evolution of thunderstorms as well as high-energy particle acceleration [2].
- Earth’s ionosphere: ONERA has been working for
several years on a data assimilation tool applied to
the Earth’s radiation belts. The aim is to restore in an
optimal way the behavior of the electron belts after
a solar thunderstorm. The results obtained open the
way towards an operational service for space weather.
Moreover, several laboratories in France (the IPGS(2),
the IPGP(3), the LPC2E(4), IPAG(5), IRAP(1) and LATMOS(6))
are working on tools to model the Earth’s ionosphere in
order to predict and measure the disturbances (which
are essential for ground communications) caused by
our Sun to this environment.
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Sun, Heliosphere,
Magnetospheres
First results of the Magnetospheric MultiScale mission (MMS)
The
French contribution to the MMS mission

On March 12, 2015, NASA’s MMS mission was successfully
launched by an Atlas V rocket from the Cape Canaveral
station. It consists of four identical satellites placed into
an Equatorial orbit. As of September 1, 2015, the mission
entered the scientific analysis phase to explore the key
regions of the Earth’s magnetosphere. It is divided into
two main orbital phases: phase 1 is dedicated to the study
of the dayside magnetopause, the flanks and the nearEarth magnetotail (apogee of 12 Earth radii, RE); phase 2
focuses on the study of the geomagnetic tail at average
distance from Earth (apogee 25 RE). Its main goals are to
study magnetic reconnection, particle acceleration and
the role of turbulence in plasmas, especially in the context
of magnetic reconnection. [1] Its next-generation instruments and inter-satellite distances aim to study these
physical processes at the scale of electron dynamics. The
average inter-satellite distance of the tetrahedral configuration varies from 160 km to 10 km complementing the
scales studied by Cluster (10 000 km to 100 km). In addition, particle measurements are freed from the limitation
linked to satellite rotation (4 s on Cluster) by increasing
the number of sensors. Electron distribution functions are
thus measured with a temporal resolution of 30 ms and
of 150 ms for ions. The strategy for managing telemetry
data volume is to configure the instrument into the burst
mode when the spacecraft crosses the targeted region,
to store data in the onboard memory and to select, from
the low time resolution data downlinked to the ground,
high time resolution periods to transmit first. The level-2
database (physical quantities) has been open to the public
since March 1, 2016, and the data must be continuously
produced within one month of receipt.
The French contribution includes the search coil magnetometer (SCM) – which was designed, built and calibrated by
the LPP [2] within the “FIELDS” consortium [3] – and the
supply and calibration of micro-channel plates (MCP) by

IRAP for the dual ion spectrometer (DIS) of the Fast Plasma
Investigation (FPI). [4]

The
magnetopause at ion and

electron scales
On October 16, 2015, at 10:33:30 UT, MMS crossed the magnetopause while the satellites were within 10 km of each
other. A plasma jet heading south along the magnetopause was detected in accordance with the formation of
a magnetic reconnection region located north of MMS. In
Fig. 1 (left), the satellites’ trajectory is superimposed on
the results of a numerical simulation using the “Particlein-cell” (PIC)-type SMILEI code for a case of asymmetric
magnetic reconnection. Electron pitch angle(1) distributions (PADs) measured by MMS (Fig. 1, right) indicate that
as the satellites approach regions of high magnetic field
line curvature, electron gyration around the magnetic
field is disrupted and their PADs become isotropic. [5]
MMS crossed the magnetopause again at 1:05:40 p.m. UT
and a plasma jet heading south was also detected. Before
it crossed the magnetopause, a nearly stationary whistler
mode wave emission propagating oblique to the north
was identified thanks to a polarization analysis using
SCM measurements [6]. These whistler mode waves have
a parallel electric field component capable of accelerating resonant electrons into the ionosphere. This emission is interrupted just before magnetic field lines open
and the Hall electric field (jxB/(qe ne)) appears, leading
to ion-electron decoupling with magnetic field lines and
electrons. The Hall electric field is obtained by calculating
the electric current thanks to as on the CLUSTER mission
four-point-measurements of the magnetic field. The good
agreement between this current and that obtained independently from particle measurements rules out artifacts.
Open magnetic field lines are deduced from the disappearance of energetic electrons in the direction antiparallel to the magnetic field.
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Right: Module of the magnetic field (a) and pitch angle distribution
(PAD) (b) for <200 eV electrons. The (c), (d), (e) and (f) panels have a
PAD expansion for energies of 600 eV, 400 eV, 100 eV and 20 eV. The
magnetic field line curvature radius is shown in panel (g), the error in
its determination is in panel (h) and χ2 parameter is defined as the ratio
between the radius of curvature and the gyration radius of electrons of
different energies indicating the transition to a stochastic dynamics for a
value close to 25. © Figure from Lavraud et al. (2016) [5]

Fig.1

The first results delivered by the MMS mission demonstrate the need for a very high temporal resolution of
wave and particle instruments as well as a fine spatial
resolution (small inter-satellite distance <100 km) in order
to understand the physical processes that occur at the
interface between two plasmas such as in the terrestrial
magnetopause, or in a turbulent plasma such as in the
magnetosheath. The future phases of the mission in the
close and distant tail as well as in the magnetopause will
provide the international community with a comprehensive set of measurements at the scale of electron dynamics in all key regions of the Earth’s magnetosphere.
REFERENCES
[1] Burch, J. L., et al. (2015), Magnetospheric Multi-scale Overview
and Science Objectives, Space Sci. Rev., doi:10.1007/s11214-015-0164-9.
[2] Le Contel, O., et al. (2014), The Search-Coil Magnetometer for
MMS, Space Sci. Rev., doi:10.1007/s11214-014-0096-9.
[3] Torbert, R. B., et al. (2014), The FIELDS Instrument Suite on
MMS: Scientific Objectives, Measurements, and Data Products,
Space Sci. Rev., doi: 10.1007/s11214-014-0109-8.
[4] Pollock, C., et al. (2016), Fast Plasma Investigation for Magnetospheric Multiscale, Space Sci. Rev., doi: 10.1007/s11214-016-0245-4.
[5] Lavraud, B., et al. (2016), Currents and associated electron
scattering and bouncing near the diffusion region at Earth’s
magnetopause, Geophys. Res. Lett, doi: 10.1002/2016GL068359.
[6] Le Contel, O., et al. (2016), Whistler mode waves and Hall
fields detected by MMS during a dayside magnetopause crossing, Geophys. Res Lett., 43, DOI: 10.1002/2016GL068968.
(1)

T he pitch angle of a particle is the angle between the direction of its
velocity vector and of the magnetic field.

Fig.2

Fig. 2: Magnetic field components in the LMN frame linked to
the magnetopause. L is directed toward the North, N toward
the Sun and M completes the triad. Electric and magnetic
fluctuations are filtered between 32 and 4096 Hz. Power
spectral densities of electric and magnetic fluctuations. The
black lines indicate 0.1 fce, 0.5 fce, where fce is the electron
gyration frequency. The following panels show the propagation
angle and the ellipticity provided by the polarization analysis.
The component of the Poynting vector; electron parallel and
perpendicular temperatures; the parallel, perpendicular and
total flows obtained from particle measurements; electron PAD
at three energy ranges (LE = [0.200 eV] ME = [200 eV, 2 keV] HE =
[2 keV, 30 keV]). ©Figure from Le Contel et al. (2016) [6]
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Fig. 1: Left: representations of the “Hall” magnetic field (top panel) and
of the parallel current (lower panel) superimposed on the magnetic field
lines in black obtained from the SMILEI numerical simulation code. The
L direction corresponds to the vertical direction towards the North and
tangent to the magnetopause. The N direction corresponds to the outward
normal to the magnetopause toward the Sun.
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Sun, Heliosphere,
Magnetospheres
CDPP & MEDOC data centers
Although the variability of the Earth’s atmosphere affects our everyday lives more than that of the Sun, the latter
has a significant impact on the heliosphere, on the space environment of Earth and other planets, and even on
Earth itself. Numerous instruments were designed and built to understand this influence and anticipate its consequences. They are placed both on Earth and in its close environment, or aboard probes which travel great distances in the heliosphere.

Each instrument produces data that are characterized by
measured parameters (magnetic field, luminous intensity,
etc.) and by parameters of the measure itself (position,
direction, duration, sensitivity, resolution, etc.) – every
dataset is different.
To optimize data exploitation, they must be stored in the
long term and easily accessible and usable by the scientific
community, as widely as possible. To pool data management resources and skills between various instruments
and to ensure an increased simplicity for the users, the
data should be gathered in data centers, rather than distributed only by the teams in charge of each instrument.
CNES has adopted this approach and supports the MEDOC(1)
and CDPP(4) data centers, after having participated in their
creation. MEDOC was created in 1996 by CNES, INSU/CNRS
and University Paris-Sud to be Europe’s data and operations center for the scientific instruments of ESA’s SOHO
mission. Since then, MEDOC has gained many other datasets from Sun-observing space instruments, including
the STEREO, SDO and PICARD missions, as well as from
value-added products such as UV synoptic maps or maps
representing the distribution of solar coronal plasma
according to temperature and density. In 1998, CNES and
INSU created the CDPP(2), the national data archive for all
experiments in which France has participated linked to
natural plasma physics in the Solar System.
Both centers ensure the archiving, redistribution and valorization of many complementary datasets from space
instruments, relating to the heliosphere, the Sun, the interplanetary medium and the planetary magnetospheres.
To this end, the data centers must first acquire data from

the team in charge of each instrument, and archive them
with their metadata and associated descriptive documents. The structure of each dataset must be taken into
account, and some procedures – determined in association with CNES’s Service for Referencing and Archiving
Data (SERAD) – must be followed to ensure data access
and usability in the long term, including by non-specialists.
The data is redistributed to the users through web interfaces and web services – interfaces on which web-based
requests can be made from computer programs. Both are
provided by the same system, namely SIPAD-NG at the
CDPP and SiTools2 at MEDOC. CNES is responsible for the
maintenance of these software programs, which are the
result of a standardization effort with the data centers.
They communicate with databases and third party tools,
as well as with the users.
In addition to these interfaces, MEDOC and the CDPP have
designed services to make the use of data easier. MEDOC’s
FESTIVAL software program enables solar and heliospheric
data image visualization and analysis. To browse easily
these images, MEDOC provides the HelioViewer server –
designed by ESA and NASA – with the only complete mirror
database of the American server. To help interpret the
data, radiative transfer codes and solar flare and wind
simulation results are also avail-able. For heliospheric
plasma measurements, the CDPP has been improving
for 10 years the AMDA service (Automated Multi-Dataset Analysis), thanks to which users can interactively
handle online data, combine various physical parameters,
conduct conditional researches and organize, track and
interface data with other community tools, and eventually
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Fig. 1: Models and data observed in the Earth’s magnetosphere
and the solar wind during ~ 3 weeks. The yellow and blue lines are
respectively shock and magnetopause models. The Cluster 1 satellite
explores the magnetosphere, Geotail ventures in the solar wind and
the Themis B satellite is orbiting the Moon. This figure was made
with 3DView connected to AMDA’s in situ data.

Fig.2

obtain them in different formats. This tool is increasingly
used for teaching or for thematic schools. Thanks to the
3DView tool, it is also possible to display the orbits of
Solar System objects and space missions in 3D as well as
the data simulated or measured by the instruments.
As data centers, the CDPP and MEDOC also support space
missions (archiving, distribution and valorization service
for the instruments, including SOLAR ORBITER/SWA and
JUICE/RPWI at the CDPP, and PICARD at MEDOC), and can
be used as operations center. Moreover, the CDPP’s AMDA
is available for the analysis of ROSETTA’s plasma data,
and the CDPP offers its expertise for the characterization
of the space environment of the ATHENA mission (in the
second Lagrangian point L2).
The complementarity between MEDOC and the CDPP,
already present for the datasets, is particularly used by
the PropagationTool, which calculates the trajectory of
solar disturbances (such as coronal mass ejections) and
energy particles, and highlights the link between solar
and heliospheric events. The tool can also be used for

heliospheric studies: for a given observation date of the
Sun, the user obtains the estimated dates of the in situ
observations. He is then automatically directed either
towards MEDOC movies and observations, either towards
the in situ measurements hosted on the AMDA. The tool
will be extremely valuable in the synergy between remote
observations and in situ measurements which the SOLAR
ORBITER instrumentation will enable.
The tools provided by MEDOC and the CDPP are essential
to understanding the Sun’s influence on the heliosphere,
especially Earth-Sun relationships. MEDOC and the CDPP
provide services for the study of space weather events
having affected the systems which are sensitive to it. They
can provide operational services to characterize the space
environment of these systems in near-real time.

(1) Multi Experiment Data & Operation Center) (MEDOC) http://medoc.
ias.u-psud.fr/
(2) Centre de Données de Physique des Plasmas (CDPP) http://cdpp.eu/
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Fig.1

Fig. 2: Data from SDO/AIA, Stereo/Secchi and a reconstruction of the
magnetic field, displayed in the 3D version of HelioViewer’s Java
client, using data from the MEDOC server.
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The Condensed-Matter Physics program at CNES is based

on a Research Group for Fundamental and Applied Sciences
in Microgravity (GdR MFA). This GdR brings together French
laboratories that use microgravity to support research.
It involves about 40 laboratories of the CNRS, the CEA
and Grandes Ecoles (French top-ranking universities), and
around 150 researchers in all domains of matter physics.
At the GdR’s annual congress, researchers have the opportunity to present the progress of their work and exchange on
the resources and constraints linked to microgravity experiments. Experiments are mainly made in the NOVESPACE
ZERO-G aircraft but also in drop towers, in proberockets, in the CEA’s magnetic compensation chambers
and in the International Space Station (ISS) for projects in
cooperation with foreign agencies or as part of ESA’s ELIPS
European Programme(1).

Most GdR scientists are also involved in ESA’s Topical
Teams which brings together scientists across Europe by
research topics. In some cases, these research projects
lead to the development of instruments which are operated by ESA in the ISS.

The Condensed-Matter Physics program covers the following domains: combustion (solid or gas), supercritical fluids,
fluid physics (flows and boiling), complex fluids (foams,
colloids and granular materials), materials science and
biophysics.
The CNES program helps laboratories adapt their scientific
instruments to the constraints of the means of access
to microgravity. It also promotes international meetings
and organizes cooperation programs with foreign agencies. Therefore, the scientific expertise of the French laboratories and the possibility to use the ZERO-G aircraft for
experiment development are often the subject of agreements with other agencies to implement experiments in
sounding rockets or in the ISS for long-duration microgravity experiments.
For these activities, CNES also benefits from CADMOS(2)
which prepares and organizes experiment monitoring,
both in the ZERO-G aircraft and in the ISS. CADMOS monitors the experiments by ensuring direct communication
with the scientists in their laboratory and the scientific
instruments on board, which ensures real-time monitor-

Fig.2

ing of the experiments. It is in contact with astronauts
via NASA to coordinate the command and data transfer.
The access to microgravity is essential to counter the
main effect of gravity which conceals the other forces at
stake in physical interactions on the ground. It allows to
simplify equations and to validate digital models with
very specific environment conditions that let the weakest
forces reveal themselves. Although the laws of physics
benefit the most from these breakthroughs, every single
GdR laboratory is in contact with the industrial sector to
file patents and submit innovative applications.

Fig. 1: CNES parabolic flight campaign aboard the new Airbus A310
Zero-G in May 2015. © CNES/Rouquette Sébastien, 2015
Fig. 2: First parabolic flight campaign aboard the 310 Zero-G in May
2015. © CNES/DLR/ESA/Novespace/Schneider Sven, 2015

In the past two years, a particular effort has been made
to place Condensed-Matter Physics at the service of other
scientific fields. The physics of granular material can help
obtain a better understanding of how asteroids formed;
the study of condensation phenomena can help understand climate variations, capillary wave turbulence can
contribute to explain the appearance of rogue waves
at the surface of the ocean and biophysics can explain
blood flow dysfunctions. Therefore, this interdisciplinarity, spread to other branches of physics and thanks to
experiments in microgravity, will reveal more insight into
the forces at stake in the phenomena around us and participate in the preparation of space exploration.
(1)

European Programme for LIfe and Physical Sciences.

(2)

 entre d’Aide au Développement des Activités en MicropeC
santeur et des Opérations Spatiales.

Fig.1
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Condensed-Matter Physics
Oscillating pattern formation in alloy solidification

During the solidification process, complex patterns are formed at the interface between solid and liquid, playing
key roles in understanding physical phenomena. They occur in nonlinear growth rates observed in nature such as
combustion, fluid dynamics, geology and biology. During solidification, an oscillating pattern forms in which each
cell grows as its neighbors decrease. Gravity hampers these breath-like oscillations in ground experiments, but
they have been studied and characterized via interferometry in the International Space Station.

Metal alloy structures are used in many applications
including civil engineering and transportation industries.
The mechanical properties of the material are strongly
affected by its microstructures arising from the solidification process, which is why microstructure formation must
be mastered to produce materials with specific properties.
Solidification is a model system – generic of nonequilibrium phenomena in physics – for structure formation and
pattern organization. During directional solidification, the
instability of the solid-liquid interface leads to the formation of dendrites or cells of tens up to hundreds of
microns. Three-dimensional pattern formation is hard to
study in ground experiments because of the convective
mass in the liquid transporting alloy components, thus
resulting in inhomogeneous macroscopic concentrations.
The French Space Agency (CNES) and NASA have collaborated on the DECLIC project aboard the ISS. Scientists
at the IM2NP (UMR CNRS 7334, Aix Marseille University,
France), Northeastern University (Boston, Massachusetts)
and Iowa State University (Ames), have carried out a series
of solidification experiments in the Directional Solidification Insert (DSI). Thanks to telescience and to the CNES
control center (CADMOS, Toulouse) a “real time” monitoring was carried out from a ground-based laboratory, thus
optimizing experiments (management of control parameters, cameras, focus, etc.) and improving results. Back on
Earth, the space experiments were then conducted again
so as to evidence the impact of convection.
The experiment system provided high quality images of
the microstructure. Science teams are still poring over
this wealth of new data: they will improve our understanding of microstructure formations and provide benchmark

data to develop theoretical and digital models for process
optimization and for designing tailored materials.
The major results include the observation of a cellular
structure with breath-like oscillations, expanding and
contracting rhythmically. Oscillating cells are usually noncoherent due to array disorder, with the exception of small
areas where the array structure is regular and groups of
cells synchronize into coherent oscillations (see the hexagonal array in Fig. 1, where three patterns are oscillating with a 120° phase difference). The cells of the most
advanced pattern sometimes inhibit others, but roles are
periodically reversed. These findings demonstrate a strong
interaction between the array structure and its dynamics.
They were published in the Physical Review Letters [1] and
received the “American Astronautical Society 2014 Awards
for Top Discoveries in Microgravity on International Space
Station”.
Two other space experiment campaigns on different
samples are planned. One will complement data on dendrites, the other on the secondary instabilities of cell
arrays.
REFERENCES
[1] Bergeon, N., et al., (2013), Spatiotemporal Dynamics of Oscillatory Cellular Patterns in Three-Dimensional Directional Solidification, Physical Review Letters 110, 226102.
[2] Bergeon, N., et al., (2011), Dynamics of interface pattern formation in 3D alloy solidification: first results from experiments
in the DECLIC directional solidification insert on the International Space Station, Journal of Material Science 46, 6191–6202.
[3] Mota, F.L., et al., (2015), Initial transient behavior in directional solidification of a bulk transparent model alloy in a cylinder,
Acta Materialia 85, 362-377.
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Fig. 1: Declic installed into an Express Rack aboard the
ISS. © NASA
Fig. 2: Oscillating cellular patterns; the interface
between solid and liquid seen from the top (Microgravity
experiments in the Declic-DSI. Transparent alloy model
of metal alloys.) Oscillations are globally noncoherent,
but some oscillating arrays display a regime of phasecoherent oscillations, such as the hexagonal array marked
in white. © N. Bergeon, B. Billia, Aix-Marseille University
& CNRS, France, R. Trivedi, Iowa State University, USA.

Fig.3

Fig. 3: An example of a dendritic pattern; the solid-liquid
interface seen from the top (Microgravity experiments in
the Declic-DSI. Transparent model alloy of metal alloys.)
© Springer Science
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Universal behavior of critical and supercritical fluids

Fig.1

different physical systems (fluids, liquid mixtures, solid
magnets, etc.). In addition, controlling the singular variations of these properties over several orders of magnitude
allows experiments with operating conditions that are
similar to those of geophysical and astrophysical flows.

Under ordinary conditions of pressure and temperature, we
distinguish the three well-known states of matter, namely
gas (air), liquid (water) and solid (glass). A decrease or
increase in temperature usually leads to a transition of
matter from one state to another. Aside from these standard transformations (boiling, liquefaction, melting, solidification, etc.) where the volumes occupied by matter are
extremely different, it is also possible to achieve more
subtle situations by compressing a precise amount of
material which is heated or cooled at constant volume.
When the temperature, pressure and density of a pure
substance are close to the critical point, gas and liquid
become indistinguishable, and are referred to as a critical
or supercritical fluid. The material then adopts nonequilibrium properties and behaviors, governed by the critical universality predicted by methods of renormalization
group in field theory.

For several years, the ICMCB(1) institute has been studying fluid properties under supercritical conditions. Gravity
forces cause density gradient stratification in the cells or
make the fluid unstable near its critical point, which is
why experiments are conducted in microgravity. To benefit
from the best mechanical, thermal and optical environment available today in an onboard facility, these studies
are made with sulfur hexafluoride (SF6), whose characteristic feature is that its gas-liquid transition at critical
temperature is close to 45 °C and its critical pressure is
moderate (3.7 MPa).

Thanks to the study of a single pure fluid, one can characterize the thermo-physical properties of all other fluids
and validate the theoretical approaches applicable to very

The International Space Station (ISS) is the ideal place
to conduct these experiments. In 2000, CNES signed an
agreement with NASA to implement a scientific insert
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Fig. 1: Backdropped by a blue and white part of Earth,
the International Space Station is featured in this image
photographed by an STS-130 crew member on space
shuttle Endeavour after the station and shuttle began
their post-undocking relative separation. © NASA, 2010
Fig. 2: Lin-log plot of turbidity τ (m-1) according to
temperature difference T - Tcoex (in mK), obtained for
the SF6 fluid. Light transmission measurements from
the Ali Declic insert were conducted up to several μK
temperature distances. The measurements are compared
to the theoretical turbidity of the equation of state
model with no adjustable parameter for various density
deviations compared to critical density. The black dotted
line represents the turbidity calculated for the critical
isochoric. © ICMCB/Yves Garrabos
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dedicated to these “critical fluid” experiments in the
DECLIC instrument. It was developed by CNES and has
been operating since 2009, alternatively with another scientific insert using water and aqueous mixtures, as part
of a close collaboration between the ICMCB and NASA’s
JPL and Glenn Research Center laboratories.
The results of these studies were the subject of numerous
publications as well as a recent synthesis [1]. In June 2015,
a short communication in the international journal Physical Review used turbidity measurements in SF6 near its
critical point to illustrate the expected universal behaviors of a critical fluid [2]. The light scattering caused by
critical density fluctuations increases as the critical point
is approached, resulting in turbidity increase measured
by the attenuation per unit length of light intensity of a
laser through the cell. As shown in Fig. 2, turbidity measurements were conducted with accuracy by approaching
the phase separation temperature at a few microKelvins.
These temperature distances are beyond reach on Earth
where the ﬂuid becomes stratiﬁed under its own weight,
making cell density non-homogeneous. Data analysis has
been conducted without adjustable parameter using a
universal equation of state model in line with the theoretical predictions of the three-dimensional uniaxial Ising
model universality class. We still have to optimize the
critical point density approach which will be studied next
time the insert is used, with a cell filled to critical density.
Beyond the progress brought by these experiments to
non-equilibrium media physics, it is worth pointing out

that the universal nature of these studies on
model fluid is relevant to many burgeoning
application fields where process expertise often
implies a better knowledge of physicochemical properties of the industrial fluids involved.
There has been, for many years, a strong devel

opment of processes where chemical reactions
are conducted in a supercritical fluid in order to
combine the respective advantages of chemistry
in gaseous media and of solution chemistry. The industrial sector already depollutes, desalinates, neutralizes
and destroys waste by cold combustion in supercritical
fluid medium. These so-called “green processes” must
still improve on Earth for the benefit of many. They must
also be made operational in microgravity conditions to
benefit space exploration.
The future DECLIC-Evolution instrument is currently under
study at CNES, in cooperation with American laboratories,
for two purposes. The first is to determine the validation
parameters required to use theoretical models and numerical simulation methods of supercritical media. The second
is to study and characterize matter transfer conditions
associated with cold combustion mechanisms in supercritical water. The instrument is expected to be installed
in the ISS as of 2021 and will help continue this research
in a field where matter properties open an experimental
investigation that would accurately validate the theoretical approaches of nonequilibrium statistical physics.

REFERENCES
[1] Zappoli, B., et al. (2015), Heat Transfer and Related Phenomena in Supercritical Fluids, Springer, Berlin, Heidelberg, ISBN
978-94-017-9186-1.
[2] Lecoutre, C., et al. (2015), Weightless experiments to probe
universality of fluid critical behavior, Phys. Rev., E 91, 060101(R).
(1)
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Université de Bordeaux.
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Life Sciences in Space
Technological advances have always exposed humans

to extreme situations and hostile environments. And our
species has always explored, exploited and colonized its
environment while seeking to extend its horizons. Today,
space is our new frontier. The microgravity of space is an
unfamiliar environment to all living things - be it a cell,
animal or human - and at the same time a fertile ground
for life sciences research. The scientific method—tracing
its roots back to French physiologist Claude Bernard—that
consists in studying the effects of removing or changing the scale of gravity to gain greater knowledge of a
system amply justifies the efforts expended on research
into humans and animals in space. The microgravity or
minigravity environment found on the Moon or Mars is
therefore vital for fundamental sciences to better understand how life first appeared and developed.

The motivations and challenges of an exploration program
are many. They may be:
• scientific, aimed at increasing our knowledge and understanding of the Universe and studying the human organism’s behavior;
• technological and industrial, with a view to nurturing
innovation;
• political, seeking to develop international cooperation
through a joint effort or to demonstrate the nation’s
technological capability;
• social, to encourage science education and engage the
public’s interest;
• or economic.
At the present time, crewed missions to Mars in the short
or medium term are not possible, given the obstacles to
overcome, which include the length of the trip, launch
window constraints, radiation to which the crew would be
exposed and life support (food and water).
Life support is essential to mission success. Throughout
evolution, one of the main processes of selection has been
and still is the ability of living organisms to match their
calorie intake to the energy they expend finding food.
This key concept of evolutionary biology obviously applies
equally well to humans and can be encapsulated in the
notion of energy balance. The most patent examples we
know of the effects of a long-term imbalance are on the
one hand malnutrition and cachexia, and on the other
hand overweight and obesity. History abounds with examples of exploratory expeditions where poor knowledge of
nutrition proved fatal.

At the start of the 21st century, we find ourselves facing
the same dilemma. Focusing our space exploration policy
on the Moon and Mars obliges us to carry out a precise
and exhaustive assessment of the long-term macroand micro-nutritional effects of the space environment
on astronauts. Indeed, failing to define these effects in
optimal fashion can have a serious physiological and psychological impact on the crew, potentially compromising
not only their health (muscular atrophy, exercise capacity,
bone loss, immunodeficiency disorders and cardiovascular problems) but also the proper conduct of the mission
(anorexia, nausea, stress, relational problems, etc.).
We therefore need to proceed in a stepwise manner
by first sending shorter crewed missions to the Moon
or asteroids, and for that we need the International
Space Station (ISS) and ground simulation models.
CNES is working on international programs with a range
of French laboratories, with its partners in Europe,
Russia, the United States and China. These scientific efforts must focus on space medicine, with experiments on the cardiovascular system, bones and muscles
(see the article on bears), immunology (see the article on
this topic), neurosciences and psychology.
In the field of space medicine, CNES has developed a
tele-operated system for performing remote ultrasound
scans. Such scans are frequently conducted in hospitals
here on Earth and will be vital on future long-duration
spaceflights to gauge the effects of microgravity. They will
also be needed to diagnose any of the numerous “terrestrial” pathologies that astronauts are likely to carry with
them into space.
An ultrasound scan is one of the non-invasive imaging
examinations used to investigate abdominal, pelvic and
cardiovascular organs in an emergency or for clinical monitoring. But it is not possible to guide an untrained operator with vocal or video cues to obtain a scan of an organ,
because rotating or tilting the probe just a few degrees
either way can make all the difference between a clear
image and one that is unusable for diagnostic purposes.
Teletransmission systems must therefore be capable of
“teleporting” the hand movements of an echography
expert to the site where the patient is being examined
(telemanipulation). They must also allow rapid transfer
of ultrasound imagery from the site back to the expert
center for processing and diagnosis off line. As a result,
two modes of remote ultrasound scanning have been
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Fig.1

Fig. 2: ESA (European Space Agency) astronaut Samantha
Cristoforetti prepares the TripleLux-A experiment for return on
SpaceX’s Dragon cargo craft. TripleLux-A is investigating immune
suppression in space as understanding such risks is essential in
maintaining the health and performance of crew members during
long-duration missions. © NASA
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Fig. 1: Zinnia flowers are starting to grow in the International
Space Station’s Veggie facility as part of the VEG-01 investigation.
Veggie provides lighting and nutrient supply for plants in the form
of a low-cost growth chamber and planting “pillows” to provide
nutrients for the root system. © NASA

Fig.2

Fig. 3: NASA astronaut Reid Wiseman, Expedition 40 flight engineer,
installs Capillary Channel Flow (CCF) experiment hardware in the
Microgravity Science Glovebox (MSG) located in the Destiny laboratory of the International Space Station. CCF is a versatile experiment for studying a critical variety of inertial-capillary dominated
flows key to spacecraft systems that cannot be studied on the
ground. © NASA

developed, one in real time using telemanipulation of the
probe by a robot, and the other in near-real time based on
3D image capture and later processing.
Fig.3

Other ground-based experiments simulating weightlessness, based for example on prolonged bedrest of up to
three months, are being performed in various countries
and are vital for studying the effects of sedentary conditions and confinement. Some are being conducted in
France at the MEDES space clinic and others in Cologne
and Beijing. But as the current limiting factors are psychological problems and radiation exposure, new programs
have had to be developed.
CNES is working with IMPB, the Russian Institute of Biomedical Problems in Moscow, and the Astronaut Chinese
Center (ACC) in Beijing on confinement experiments that
will be of prime importance in determining the psychological impact on humans of a trip to Mars. Experiments are
also being performed at Dome C by the Concordia research
base in Antarctica, which is able to accommodate a team
of 15 people in winter as opposed to 40 in summer. In addi-

tion to glaciology, climatology, astronomy and geophysics experiments, psychology and medical research is also
being conducted. Long-term confinement of a small group
of humans is ideal for defining typical profiles for Mars
exploration missions. Medical research is also looking at
altitude hypoxia, dehydration and permanent night from
May to August, which alters circadian rhythms through
continuous exposure to artificial light.
Few programs on the ground enable radiation effects to be
studied. That is why CNES is giving scientists opportunities to fly experiments on balloons for different durations
at a range of altitudes.
We therefore firmly believe that the exploration program
must be envisioned as a balanced international collaboration in which each contributor has a key role to play.
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Life Sciences in Space
Muscle atrophy mechanisms: a case study
of hibernating brown bears

Muscle wasting in humans is usually associated with ageing, physical inactivity, certain diseases (cachexia) and
microgravity conditions. While we are starting to gain a better understanding of the underlying molecular mechanisms [4], there is still no effective solution for preventing or treating it. Investigating the biodiversity of how
animals adapt to environmental constraints, notably in hibernating brown bears, could help to develop new therapeutic approaches. Our results suggest that regulation of metabolic networks, reduction of oxidative stress, recycling of nitrogen and anti-atrophy factors are all key elements in preserving muscle in inactive bears that could
possibly be transposed to humans.

We first developed overall omic analysis methods [5] and
showed that the processes governing muscle development and strengthening of muscle fibers are activated
and that muscle function (e.g. mitochondrial metabolism
and biogenesis) remains stable during hibernation. Regulation of lipid metabolism (eicosanoids, glycerophospholipids and sphingolipids) could also be a contributor to
protein sparing. To complement these data, we shall evaluate the role of metabolic sensors (e.g. mTOR, ChREBP,
PPARs, AMPK, SIRT) and miRNAs.
A reduction in oxidative stress in inactive bears could also
contribute to protein sparing [6]. We show that levels of
antioxidant enzymes in muscles are increased during
hibernation (Fig. 2A), resulting in lower levels of lipid peroxidation and protein carbonylation.
Fig.1

We examine protein-sparing strategies in the Scandinavian brown bear [1, 2], which is a unique counter-model
able to maintain muscle mass and strength [3] during a
hibernation period of five months, while remaining totally
inactive and without food or water. Rates of protein synthesis and loss are reduced by 60-70% during hibernation
[4], but the molecular mechanisms controlling protein
sparing are unknown. Working with biopsies and blood
samples, and using a multidisciplinary approach at the
interface between physiology, cellular biology and analytical chemistry, we compare active and inactive states
in bears.

We also seek to determine whether nitrogen recycling
mechanisms exist during hibernation. Ursodeoxycholic
acid (UDCA) has cytoprotective and anti-apoptosis effects,
and appears to limit the tissue loss associated with cancer
cachexia [7, 8]. Our measurements show that levels of all
bile acids except UDCA are reduced in inactive bears. The
exact origin of UDCA (produced by the liver or from the
intestinal microbiome) is under investigation, as well as
its possible role in sparing muscle protein.
An isolated study performed some ten years ago showed
that levels of proteolysis and messenger RNA encoding
proteolytic factors were reduced in the muscles of rats
incubated ex-vivo with plasma from hibernating bears [9].
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A. Induction of antioxidant muscle systems in hibernating bears.

B. WBS induces human muscle cell hypertrophy and a hibernating phenotype. Fig.2

Fig. 1: Brown bear © Thinkstock
Fig. 2: Mechanisms governing protein sparing in hibernating brown
bears. © Fabrice Bertile, CNRS, Strasbourg, France
Fig. 3: Captured brown bear in its den. © Andrea Friebe, the
Scandinavian Brown Bear Research Project.
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By exposing human myotubes to serum from hibernating
and non-hibernating bears, we demonstrate the existence of anti-atrophy factors circulating in the serum of
hibernating bears, capable of producing powerful crossspecies effects (Fig. 2B). We are now working to identify
this compound/these compounds, which represents a
major analytical challenge but the expected benefits if
we are successful are simply huge. We will then need to
verify if the anti-atrophy factor(s) are capable of limiting,
preventing or even reversing induced muscle wasting.
We therefore identified mechanisms likely to contribute
to protein sparing in hibernating brown bears. In particular, the demonstration that there are circulating factors
capable of inducing a hibernating phenotype in human
muscle cells holds promise for devising possible new preventive or therapeutic solutions to combat human muscle
wasting, notably in microgravity conditions.
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Life Sciences in Space
Gravity changes and immune cell development
While the effects of spaceflight on innate immunity and cell mediation are starting to be better understood, its
impacts on humoral immunity and immune cell development are much less well known. We therefore studied
these impacts on the amphibian Pleurodeles waltl and the mouse. We highlighted qualitative and quantitative
changes in the production of antibodies in response to antigen stimulation in flight, a reduction in B lymphopoiesis
in real and simulated microgravity conditions, and a significant change in the repertoire of antigen receptors of T
lymphocytes when mice develop in hypergravity.

Spaceflight entails a combination of mechanical and
socio-environmental stresses (accelerations on liftoff
and landing, microgravity, vibrations, confinement, social
isolation, radiation and altered circadian rhythms) that
weaken the immune system in humans and animals [1].

amphibian P. waltl, well suited to space experiments and
possessing all the key elements of the mammal immune
system, and the mouse.

These effects induce a reduction in phagocytary and oxidative function in neutrophils and monocytes, in production of Th1 cytokines, and in activity of natural killer (NK)
cells and T lymphocytes. Moreover, the distribution of
certain leucocytes also appears to be affected. This weakening of immunity — combined with reduced activity of
certain antibiotics and increased aggressiveness of pathogens in space conditions — may increase susceptibility
to infection, a key concern for future long-duration space
missions (Fig. 2).

To ascertain if a change in gravity affects specific immunity, we left embryos of P. waltl to develop for 10 days
on the International Space Station (ISS). The study of the
larvae thus obtained after they returned to Earth revealed
a significant change in the amount of mRNA in IgM heavy
chains. To establish the cause, we reproduced in the laboratory the main stresses to which the embryos were
subjected during their development (radiation, altered
circadian rhythms, hypergravity, microgravity, thermal
shock during atmospheric re-entry). This study showed
that it is the perturbing effects of gravity, and not the
other stresses encountered during the mission, that alter
the expression of mRNA in IgM heavy chains. A perturbation of the Ikaros expression encoding the transcription
factors required for lymphopoiesis is associated with this
change in the expression of IgMs, which suggests that B
lymphopoiesis could be affected in space conditions [3].

With regard to humoral immunity, we showed that spaceflight has a qualitative and quantitative effect on the production of antibodies in response to antigen stimulation.
Significant changes in the expression of the gene segments required to build a functional antibody gene were
observed. Moreover, we noted two times fewer somatic
mutations in the antibodies of animals immunized in
flight; such mutations are important, as they increase
the affinity of the antibody’s antigen-binding site to the
antigen.
Interestingly, it has been shown that spaceflight reduces
granulocyte and monocyte progenitor cells in rodents that
have flown and been subjected to anti-orthostatic suspension. More recently, Ortega et al. [2] have shown changes
in maturation of granulocyte cells in mice after spaceflight. It would appear that T lymphopoiesis is sensitive to
microgravity, but nothing is known about B lymphopoiesis.
We therefore studied this question using two models: the

Gravity
and lymphopoiesis


We then verified this hypothesis on mice aged four months
suspended for 21 days with their hind limbs unloaded. It
was shown that this model induces gradual changes in
bone structure similar to those observed in older mice
(Fig. 1A), as well as a reduction in B lymphopoiesis. We
recorded fewer common lymphoid progenitors (CLPs) and
pro-B, pre-B and immature B cells in the femoral bone
marrow of suspended mice and older mice with respect
to the four-month-old control group (Fig. 1B). Interleukin-7
plays an important role in differentiation of B lymphocytes.
We therefore studied its receptor signaling and recorded a
significant decrease in pro-B cells of suspended and older
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Environmental changes associated with
spaceﬂight (microgravity, etc.)

Fig. 2: Spaceflight-associated environmental modifications weaken
the immune system but have a positive impact on the virulence,
resistance and proliferation of pathogens. This imbalance may
increase susceptibility to infections. © J. P. Frippiat University Nancy
(France).

mice. This study confirms the decrease in B lymphopoiesis in flight and shows that hind limb unloading induces
changes similar to those observed in older mice [4].
As previous studies suggest that T lymphopoiesis could
be sensitive to microgravity, we got mice to mate at 2g so
that gestation and birth took place in hypergravity. Analysis of the thymus of mice subjected to 2g revealed an
alteration in signaling by the T cell antigen receptor (TCR).
We then studied the TCR’s β-chain repertoire. Our work
revealed that hypergravity induces changes in the frequencies of Vβ and Jβ gene segments used to build these chains.
The basic result is that approximately 85% of the TCR’s
β-chains in the mice subjected to 2g are different to those
in control mice born at 1g. Lastly, the Vβ gene segments
whose expressions are modified in the thymus of the 2g
mice would appear to be clustered in the TCRβ βlocus on
chromosome 6. This suggests local changes in the chromatin structure. This hypothesis matches a study that has
shown that simulated microgravity induces epigenetic
changes in human lymphocytes [5]. All of these data show
that development in hypergravity modifies T lymphopoiesis and the repertoire of T lymphocyte antigen receptors,
which could affect the host’s immune defenses [6].
It therefore appears that as well as affecting the functions
of mature immune cells, space conditions and variations
in gravity affect B and T lymphopoiesis, which certainly
contributes to a weakening of the immune system in
spaceflight.

↑Virulence, resistance
& proliferation
↓Immunity

Fig.2
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Fig. 1: Effects of simulated microgravity by anti-orthostatic
suspension (HU) on murine bone structure and B lymphopoiesis23.
(A) Segmented cross-sectional images of the proximal tibia (top)
and 3D reconstruction of metaphyseal trabecular bone separated
from the cortex (bottom) for four-month-old control (YOUNG),
21-day-HU (HU) and 19-month-old (OLD) mice. (B) Frequencies of
early hematopoietic progenitors and B lineage cells in the femurs of
young, HU and old mice. © J. P. Frippiat University Nancy (France).
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Artist’s view of the Pleiades satellite
© CNES/Mira Productions/Parot Rémy, 2012
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Main French and European achievements in Earth
observation in 2014-2015 and future prospects
Phase-2 of the segment-3 of Copernicus has been subscribed to the 2014 ESA Ministerial Council to allow the
development of SENTINEL 5 and JASON-CS/SENTINEL 6.

Pascale Ultre-Guérard © CNES/Maligne Frédéric, 2014.

W

ith their ability to cover the Earth in a few days,
satellites are an excellent tool for observing permanently our planet, especially the areas that
are poorly covered by in situ measurement networks. The
combination of their highly accurate measurements with
observations from the ground or mobile platforms (balloons, aircraft, buoys) and with physical models enables
forecasts of certain geophysical phenomena, including
in meteorology and oceanography with the Mercator 3D
ocean-state forecasting system.
Human impact on the environment, climate change and
sustainable environmental management are some of the
issues faced by CNES and its European and international
partners, through Copernicus and international cooperation activities, for present and future generations. CNES is
particularly involved in CEOS (Committee on Earth Observation Satellites), the strong arm for space activities
of the large-scale international GEOSS program (Global
Earth Observation System of Systems). CNES also played
a key role in the space component of the COP21 (Conference of the Parties to the United Nations on Climate
Change) which was held in Paris in late 2015 and was a
great success. The Paris agreement aims to limit the temperature increase below 2 °C and even 1.5 °C above preindustrial levels.

Copernicus – an operational system
The Copernicus Regulation, the European Union program
to meet the needs for operational services in environmental policy and security, was approved in 2014 and marked
the official beginning of this operational space program.

The C-band radar SENTINEL-1A was launched on April 3,
2014; SENTINEL-2A (multi-spectral optical imaging) on
June 22, 2015; SENTINEL-3A (ocean surveillance), on February 16, 2016; and SENTINEL-1B in April 25, 2016. JASON-3
was successfully launched on January 17, 2016, as part of a
joint CNES/EUMETSAT/NASA/NOAA mission with financial
participation by ESA and the EU. It will be the follow-on
altimetry reference mission for Copernicus as contributor mission, after JASON-2, still operational, once the
inter-calibration phase is completed. With four SENTINEL
satellites in orbit, the Copernicus program has entered its
operational phase.
Note that CNES is participating in the quality of S2A
images (anomaly and atmospheric correction), altimetry
products (calibration and validation) and S3 water color.
CNES also assisted the contracting authority (ESA), supplied the DORIS instrument on S3A (then S3B) and ensured
the precise orbit determination required for the altimetry
mission. It is also in charge of the inter-calibration of the
altimetry missions and the development of multi-mission
products.
S1A and S2A (and soon, S3A) still provide national actors
with data via the PEPS platform (SENTINEL Products
Exploitation Platform).

Exploitation of joint missions
The exploitation of the JASON 2, CALIPSO, IASI on METOP
A and B, SMOS, CRYOSAT, MEGHA-TROPIQUES, PLEIADES
1A and B, ALTIKA/SARAL and SWARM missions continues.
After a 13-year mission, SPOT5 ended on December 22,
2015. The end-of-life operations led to the “Take 5” experiment for a few months, jointly conducted by CNES and
ESA to simulate SENTINEL 2 by increasing revisit times on
some sites.
The constitution of four data and service centers continues: the Solid Earth (Form@Ter) and Ocean (Odatis)
are under construction; the Theia Land Data Center is
already operational; and the AERIS atmosphere cluster is
being built based on the Ether, Icare and Satmos centers.
The centers operate as a network, linked to centers of

For the 2014-2015 period, CNES was the chair of the CEOS
SIT (Strategic Implementation Team) and set the following priorities: climate change in relation with the COP21,
disaster management linked to the Sendai Conference on
Disaster Reduction and access to space mission data.

The success of the COP21
CNES contributed to the preparation of the COP21, with
a particular emphasis on its space component. The CNES
dome, set up at the Paris Air Show, then at the French
Ministry of Environment, Energy and the Sea (MEEM),
highlighted the role of space in the fight against climate
change and its impacts: 26 of the 50 Essential Climate
Variables are measurable from space. At the COP21, the
French Government announced the funding of the first
phase of the MICROCARB project for measuring CO2 from
space. Secretaries of States Ms. Zypries and Mr. Mandon
reaffirmed the French-German MERLIN cooperation for
space-based methane measurement.

Preparing the future
The following projects are under development:
• the joint Israeli-French VENµS mission (multi-spectral
imaging) to be launched in 2017;
• the Chinese and French CFOSAT mission for ocean surface
wind and wave monitoring, to be launched in 2018;
• IASI-NG in partnership with EUMETSAT. It will be installed
on board the METOP-SG to provide meteorologists with
atmospheric humidity and temperature profiles, and
researchers with high-value data on the composition of
atmospheric chemistry and climate;
• MERLIN, the Myriade Evolutions microsatellite carrying a
lidar dedicated to atmospheric methane, completed its
phase B in late 2015;
• the joint NASA-CNES SWOT mission for the high-resolution measurement of ocean and surface-water levels
completed phase B. The future investment fund supports the mission and includes a downstream SWOT
program to prepare future services and applications. In
2016, CNES will make a formal decision for both projects
to be launched in 2020.
• MICROCARB enters phase B in 2016 and is to be launched
in 2020.
Following the Scientific Prospective Seminar in La
Rochelle, the scientific community set its priorities for
the future: many phases 0 started and the three following missions began phase A in 2015-2016: STRATEOLE 2, a
balloon campaign project to study the tropical upper trop-

osphere/lower stratosphere interaction; a French-Indian
satellite project to study exchanges in thermal-infrared
between the Earth’s surface and atmosphere (including
plant evapotranspiration); OCAPI, for geostationary ocean
color measurement.
A debrief seminar on space activities in Earth Observation
is planned with the scientific community in 2017.
It is worth mentioning that as part of ESA’s Earth Observation Envelope Program, the BIOMASS mission (measuring
forest biomass), proposed by a French PI, was confirmed in
early 2015 to become the seventh Earth Explorer mission
(EE7) and entered phase B2. The FLEX mission for the
measurement of plant fluorescence was selected as the
eighth Earth Explorer mission (EE8). A Call for the ninth
Earth Explorer mission (EE8) was issued in late 2015. At
the end of 2016, ESA’s Ministerial Council will decide on
the fifth phase of the Earth Observation Envelope Program
and the future developments of the Earth Watch Program
on climate change.

Next launches
The launch of the SENTINEL satellites continues with S5P
in October, 2016, and S2B in early 2017.

Balloon campaigns
The 2014 STRATOSCIENCE campaign in Timmins (Canada)
included seven successful flights:
• the BANA gondola, for new resin balloon tests and the
validation of Canadian payloads;
• the EUSO astrophysics experiment;
• EDS, an experiment on the Greenhouse Effect, probationary flight for instruments to be used in the long term;
• MIPAS/TELIS, for the measurement of gaseous components in the stratosphere and upper troposphere;
• SALOMON, for stratospheric gas concentration and the
intercomparison of stratospheric water vapor measuring
instruments;
•
CARMEN, with PILOT pointing modules and Canadian
atmospheric chemistry payloads.
The STRATOSCIENCE 2015 campaign in Timmins included
six successful flights:
• GOLD, for the validation of CNES’s heavy load parachute
and a Canadian 360 demonstrator camera payload;
•
CLIMATE, dedicated to the study of the atmospheric
chemistry and dynamics;
• H20 for the study of water vapor in different air masses;
• CARMEN, which carried the Canadian payload for gas and
aerosol measurement;
• BIT, a heavy Canadian scientific gondola;
• the PILOT astrophysics experiment.
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expertise in laboratories. They are the result of a multiorganizational partnership. Inter-center activities such as
interoperability and coordination are also conducted.
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Solid Earth

Fig.1

The Solid Earth group’s interests cover a large domain,

including the internal geophysics, geodynamics, geodesy,
and the impact of the solid Earth dynamics on external
envelopes. The space-time variability of the geodynamic
processes makes the Solid Earth system radically more
complicated to study. Space and time scales vary on
several orders of magnitude: from a second (earthquakes)
to millions of years (plate tectonics) and from a centimeter (faults) to tens of thousands of kilometers (plate
tectonics). Satellite data complement the airplane and
ground-based geophysical measurements to improve the
characterization of Earth’s system. They also complement
in situ data with additional and global observations to
monitor Earth’s dynamics. A few space missions with a
large interest for the French Solid Earth community are
presented below.

SWARM
– monitoring Earth’s magnetic

field
The SWARM mission (ESA forth Earth Explorer “Opportunity Mission”) was successfully launched in 2013. The
three identical-satellite constellation aims to measure

Earth’s magnetic field. Thanks to the original orbital
configuration, the contributions to the geomagnetic
field due to different sources can be separated, i.e.,
contributions from the core dynamo, induced currents
in the mantle, lithospheric magnetization, induced currents linked to ocean circulation, ionospheric and magnetospheric currents.
CNES’s contribution to this mission consists in providing instruments for measuring the magnetic field
intensity (nominal mode), as well as vector components – the Absolute Scalar Magnetometers (ASM).
There are two ASMs aboard each satellite (for cold
redundancy). The ASMs of SWARM A and B satellites
have operated extremely well: the quality of the scalar
nominal measurements and the experimental vector
measurements has been better than expected. Unfortunately, the redundant ASM on SWARM C was lost at
launch (failure of the RF transmitter) and the second
ASM stopped working at the end of 2014. Today, the
ASMs (and their redundant) on SWARM A and B are
the only left. Thanks to the strategic choice of keeping
the SWARM C in a low orbit close to A, the impact is

Solid Earth

Fig.2

Fig.3

Fig. 2: Preparation of the Swarm probe for ultra-high vacuum test
in the Toulouse Space Center Laboratory, which participated in the
Swarm project. © CNES/Maligne Frédéric, 2013
Fig. 3: The distribution of the VLBI, SLR, GPS and DORIS stations
which contributed to the 2014 ITRF, based on [3].
Fig. 4: The miniature sensor built by CEA-LETI (bottom of the image)
is much smaller than the ASM instrument on board SWARM (the
two sensors ensure redundancy aboard), based on [4].

minimized and the mission can continue. As shown in a
recent work, thanks to this configuration, the ASM absolute data on board SWARM A can be used to calibrate
the VFM (Vector Field Magnetometer) on SWARM C [1].
The three satellites are currently on their orbital positions: SWARM A and C on a low circular orbit and B
on a high circular orbit. The French community has
already used data from this mission. It is worth mentioning that the working group in charge of developing the IGRF-12 geomagnetic field model (International
Geomagnetic Reference Field, 12th generation)(1) was
piloted by E. Thébault (LPG Nantes) [2]. As such, all
candidate models of the 10 international teams were
gathered and analyzed. The results were published in
the same special issue of the journal Earth Planets
Space devoted to the IGRF-12. Other noteworthy scientific results have also been obtained, and a few are
presented as follows.

SPOT
and PLEIADES – let’s scan Earth

On February 22, 1986, Ariane launched the SPOT-1 satellite into orbit. It was followed by the SPOT-5 satellite,
from 2002 to 2015. It completed some 70 000 revolutions
of the planet, made 25 000 telemetry/telecommand

Fig.4

passes and collected nearly 8.2 million 60-km-by-60-km
images of Earth’s surface over its operational lifetime
– it is now stationed in an ellipticital orbit at an altitude of 625 to 809 km. Its successors, SPOT-6 and SPOT-7
(1.5 m resolution, 60 km imaging swath), are commercial
satellites (Airbus Defence and Space). Metric resolution imaging and high-frequency scanning of the Earth
has therefore become possible.
In 2011 and 2012, CNES launched the PLEIADES 1A and
1B optical satellites (with a 50-cm resolution at nadir).
These cutting-edge satellites are capable of providing
repeated very-high-resolution imagery anywhere in
the world. Beyond the advantage of these new images
for traditional photo-interpretation (map-making
based directly on an image), the access to extremely
high-quality data has boosted the interest of the
geoscientific community for techniques which allow
optical image disparity calculation using image correlation. Access to PLEIADES data is also possible via the
ISIS program (Incentive for the Scientific use of Images
from the Spot system)(2). PLEIADES images will allow
the scan of transitory deformations (much better than
with GPS), but this will require responsiveness and repetition. The potential of PLEIADES images is presented
below, through a few noteworthy scientific results.
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Fig. 1: Swarm is ESA’s first Earth observation constellation of satellites.
The three identical satellites are launched together on one rocket.
Two satellites orbit almost side-by-side at the same altitude – initially
at about 460 km, descending to around 300 km over the lifetime of
the mission. The third satellite is in a higher orbit, at 530 km, and at
a slightly different inclination. The satellites’ orbits drift, resulting
in the upper satellite crossing the path of the lower two at an angle
of 90° in the third year of operations. The different orbits along with
the satellites’ various instruments optimize magnetic data sampling
in space and time, distinguishing between the effects of different
sources and strengths of magnetism. The three-satellite Swarm
mission aims to unravel one of the most mysterious aspects of our
planet: the magnetic field. © ESA/ill.Pierre Carril, 2013
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DORIS
– a key positioning system

DORIS is a French civil precise orbit determination
and positioning system. It is based on the principle
of the Doppler Effect with a transmitting terrestrial
beacon network and on board instruments on the satellite payload. Over the last decade, five new satellites
have a DORIS system onboard – JASON-2 since 2008,
CRYOSAT-2 since 2010, HY-2A since 2011, SARAL/ALTIKA
since 2013 and JASON-3 since 2016. The DORIS CNES/
GRGS and IGN analysis centers often perform data
processing in operational mode for all active equipped
satellites, receiving weekly signals from the beacons
network. These data and the GPS, VLBI, SLR data (Fig. 3),
have been essential to produce the ITRF 2014 (International Terrestrial Reference Frames), released in
2016(3). In order to ensure ITRF accuracy, the definition
of specific parameters (origin, scale and orientation)
and their evolution over time must be unambiguously
quantified. Any time drift in the physical frame parameters (origin and scale), might have unavoidable
consequences on geophysical observations (and their
interpretation), which are dependent on ITRF use.
The accurate knowledge of a terrestrial geodetic reference frame is a key factor to many applications in geoscience – average sea level, plate motion, validation of
the reference models, etc. An accuracy of about 1 mm
in position and 0.1 mm/year in velocity is required to
study accurately and continuously phenomena impacting the solid Earth.

GRACE
– until GRACE-FO launch

The GRACE mission (Gravity Recovery and Climate
Experiment), was launched in March 2002 (lifetime >10
years). It involves twin satellites linked by a K-band
ranging system (KBR) which measures the intersatellite distance with a micrometer precision. They
both measure the time-variations in the gravity field at
medium and long-wavelength spatial scale and with a
ten-day to monthly resolution. Although these data are
mostly used to study the water cycle, they are also sensitive to solid Earth dynamics. They offer precious constraints provided that we distinguish climate system
and solid Earth contributions to the gravity field’s variations.
GRACE variable models produced by the GRGS are
described and expressed as spherical harmonic coefficients, geoid height maps or transformed in equivalent
water height (EWH) on the GRGS(4) and the BGI’s(5) websites. Today, the GRACE satellites are not in a nominal
configuration. Their stabilization was achieved but
came with a price as some data are missing. GRACE-FO,
a second series of similar satellites will be launched

in 2017. They will maintain continuity of Earth’s gravity
field measurements which the scientific community is
waiting to exploit.

FORM@TER
– a service and data

center for solid Earth
The idea of creating a service and data center for the
community was initiated in 2012. ForM@Ter(6) was born
from a common need to pool the access to data, software resources, and expertise allowing the access to
observations of the Earth’s surface, shape and kinematics. The project encompasses several scientific
themes of the solid Earth.
An unprecedented wealth of data exists today. To
optimize their exploitation in support of research and
society, centers such as ForM@Ter figure out how to
process, store and make data available for as many
users as possible. To meet this challenge, one must
find new distribution and storage resources such as
the implementation of new ways of processing data
and of creating approved ready-to-use products. New
exchange, reflection and collaborative research platforms must also be created.
ForM@Ter’s overall objective is to complement spatial
data with added-value products and services available
in situ. It seeks a place at the national and European
level, and proposes to work jointly with existing and
future infrastructures. ForM@Ter’s expected products
and services are the following:
• A data portal: the current data distribution is mainly
divided according to data nature instead of scientific application. Research would benefit from a portal
gathering all links (classified according to their scientific challenges) to these data.
•
A technology transfer: the scientific community
would benefit from a more open distribution of tools
and results toward all French laboratories. This may
also pave the way for their distribution to decisionmakers and the private sector.
•
Expertise: the center would aim to provide either
expertise or a representation for potential contacts
between laboratories.
• A support to international services: France is in charge
of several international services; the center should
coordinate resources and services, and optimize both
cost management and funding research.
The ForM@Ter center forms part of the European
sphere, where some infrastructures are already in progress. EPOS (European Plate Observing System)(7) is a
European infrastructure project created to observe and
understand solid Earth dynamics. It has been included
in the ESFRI roadmap (European Strategic Forum on

Solid Earth

Research Infrastructures). EPOS ensures data distribution and pioneers the concept of a thematic platform
structured around the solid Earth observation data.

Anticipating
tomorrow

The French community involved in the Solid Earth
Program is also ready for potential future missions.
It participates in consortiums to answer invitations to
tenders (e.g. ESA’s EE9). Here are a few noteworthy proposed missions:

NANOMAGSAT aims to build a nanosatellite carrying
a magnetometer based on a miniature version of the
SWARM ASM ones. The mini-ASM (Fig. 4) would provide
both absolute scalar and vector measurements of the
Earth’s magnetic field (1 Hz), as well as scalar field data
at higher frequencies (250 Hz sampling rate). If successful, the ASM would not require instruments such
as the VFM (Vector Field Magnetometer). The scientific
payload could be a mini-ASM associated with stellar
cameras and a Langmuir probe. Payload positioning via
the dual band GPS would provide TEC (Total Electronic
Content) measurements. NANOMAGSAT is a phase 0
CNES project.
On another topic, the IONOGLOW proposition underlines that TEC (Total Electronic Content) and Airglow
measurements contribute to characterizing in detail
the propagation of seismic and tsunami-caused wavelengths in the ionosphere. The location and time of a
tsunami can be predicted by observing these wavelengths from space. In the long run, this pioneering
high-resolution (higher than decametric) geostationary optical satellite will improve our knowledge of fast
geodynamic processes. This proposition is under a scientific study.

Fig.5

Fig.6

Fig. 5: The Doris antenna on the Jason-2 ocean-observation satellite.
© CNES/ThalesAleniaSpace/OBRENOVITCH Yoann, 2007
Fig. 6: A new NASA funded study finds that the Greenland and
Antarctic ice sheets are losing mass at an accelerating pace, three
times faster than that of mountain glaciers and ice caps. © Eric
Rignot. NASA JPL
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GRASP (E-GRASP) should have the four fundamental
geodetic techniques on board – DORIS, GNSS, VLBI, SLR
– needed to determine the ITRF. The goal is to achieve
a 1 mm positioning accuracy and a 0.1 mm/year velocity (i.e., 1 mm in 10 years) required to meet all types
of challenges: the surveillance and the knowledge of
Earth’s shape and movements, as well as questions
on the Earth system – sea level and ice melting surveillance, etc. These are complementary techniques
in terms of geographic distribution of the ground
network, accuracy, observation time and length, sensitivity to geodetic parameters of interest (station
positioning, Earth orientation parameters). Improving
our knowledge of these positioning measurements
requires an inter-comparison made possible solely by
the four techniques on board of this satellite. E-GRASP
is a French-leading proposal to the ESA EE9 call, in
cooperation with European and U.S. scientists.
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SWARM – Monitoring Earth’s magnetic field

The SWARM mission, designed to improve our know-ledge
of the Earth’s system as a whole, has already shed new
light on the processes occurring in Earth’s interior and
its immediate environment. SWARM takes over from the
scientific missions dedicated to the study of Earth’s magnetic field, ØRSTED, CHAMP and SAC-C. The advantage of
a three-satellite constellation is that it can better isolate,
characterize and provide models of the magnetic field
sources, thanks to measurements at different altitudes
and local times. Here, a few examples are given of the
already achieved remarkable results.

IGRF-12
– An international model to

describe the geomagnetic field
The IGRF model describes Earth’s core field and its largescale secular variation. It is published every five years
and includes a predictive part for the secular variation for
the next five-year period. International scientific teams
submit candidate models in the form of Gauss coefficients
which are then evaluated. The final IGRF model is usually
derived from weighted candidate models after a statistical comparison between models [1]. Candidate models can
be quite different, as they are built according to different
scientific approaches and choices.
The French teams (IPG Paris, ISTerre Grenoble and Nantes
LPG) submitted candidate models, both for the main field
in 2015 and the secular variation for the interval 2015.0 2020.0. It is worth highlighting that the candidate models
submitted are based on different approaches.
What singles out the IPG Paris contribution is the data
used – experimental absolute magnetometer vector mode
data. The model built [2] thus demonstrates the ability of
the ASM’s experimental vector mode to provide data of
an adequate quality to submit a competitive candidate
model for IGRF-12.
The Grenoble ISTerre team is heavily involved in the use
of a stochastic approach to analyze and forecast the evolution of the magnetic field (in a probabilistic approach,
i.e., with a confidence interval). It is therefore possible
to reconstruct the evolution of both the magnetic field
and fluid flows at the top of the Earth’s core, bearing in
mind that model errors associated with the unresolved
small-scale magnetic field should be accounted for. The

implementation of an Ensemble Kalman Filter with augmented state vector (i.e., reversing simultaneously for
model errors and flows) resulted in the production of a
candidate secular variation model for the interval 2015.02020.0 [3].
The LPG Nantes team follows a “Virtual Observatories”
(VO) approach based on the Equivalent Source Dipole technique [4]. For each virtual observatory, a dipole mesh is
placed below, at a determined depth, and with a certain
number of dipoles. Taking into account all SWARM satellite measurements inside the VO volume, the iterative
conjugate gradient technique is used to calculate the
equivalent magnetization of each dipole. The submitted
candidate model results from a comprehensive model
obtained using this approach.
The intensity of the magnetic field at the 2015.0 epoch and
its temporal evolution over the period 2015 to 2020, calculated from the IGRF-12 model, are presented in Figure 1.
One characteristic is the South Atlantic anomaly, a region
where the magnetic field has a minimum of intensity.

The South Atlantic Anomaly
The temporal evolution of the South Atlantic Anomaly seen
by SWARM and other satellites including RHESSI (Reuwen
Energy Solar Spectroscopic Ramaty High Imager) and RXTE
(Rossi X-Ray Timing Explorer) is of great significance. The
anomaly location varies according to the type of observation, but its drift remains similar. As this anomaly is the
main structure of the geomagnetic field near the Earth’s
surface, its temporal evolution reflects that of the entire
field. Some authors claimed to have detected “jerks” in its
evolution. Understanding the impact of the South Atlantic
Anomaly variable location according to the type of observation will prove useful. It may lead to a better understanding of the proven sensitivity of satellites, which is
often correlated to their pass above the South Atlantic or/
and above the polar regions, and habitually linked to the
high-energy particles generated by cosmic rays.

A highly dynamic core
Data from the SWARM mission, complementing ØRSTED
and CHAMP missions measurements, have also been
used for re-analyzing the fluid flows at the top of the
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Fig. 1: The map of the Earth magnetic field intensity for the 2010.0
epoch and its secular variation for the period 2015.0 to 2020.0.
Fig. 2: The map of the radial component at the core-mantle interface (in mTesla) and the large-scale core-surface flows.
Fig. 3: The image highlights the new crust (right) and core (center)
magnetic field models from Swarm. These preliminary results are
based only on the first year of data. © ESA/DTU Space/ATG medialab

Fig.1

Fig.3

layer at the core surface, suggested by seismic constraints
and recent estimates of heat flow. This may not be incompatible with such a layer, insofar as the density gradient
under the surface can be transparent for large-scale transient flows. This issue still requires further theoretical,
numerical and observational investigations.
REFERENCES
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Earth’s core during the 1998-2015 period. Prominence is
given to the interannual fluctuations and a quasi-geostrophic hypothesis, according to which when the Coriolis term dominates the balance of forces, flows organize
in columns aligned with the rotation axis, and they can
be described in the equatorial plane. The flows show that
interannual fluctuations are especially strong in the equatorial belt [5], where intense fluctuations of the magnetic
field time derivative (called “geomagnetic jerks”) have
been observed. Advances in the description of the core
flows and of the magnetic field at the core-mantle boundary suggest that it is possible to interpret the many magnetic jerks observed in the past 15 years thanks to space
missions, without resorting to the presence of a stratified
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candidate models for the 12th IGRF generation after 10 months
of Swarm measurements, Earth, Planets and Space, 67:96
doi:10.1186/s40623-015-0262-7.
[5] Finlay, C., et al. (2016), Gyre-driven decay of the Earth’s
magnetic dipole, Nature Communications, 7, 2016.
Acknowledgements: I would like to thank Nicolas Gillet (ISTerre
Grenoble) and Benoit Langlais (LPG Nantes) for the discussions.

67

EARTH - ENVIRONMENT - CLIMATE

Fig.2

EARTH - ENVIRONMENT - CLIMATE
M. Mandea, Solid Earth Program Manager
CNES, 2 place Maurice Quentin, 75039 Paris, France.

Solid Earth
From SPOT to PLEIADES: continously observing the Earth

Fig.1

Several French groups have efficiently developed tools to
exploit the data from the PLEIADES satellites in an innovative way – firstly, to calculate VHR (Very High Resolution)
local digital terrain models (DTM); secondly, to measure
deformation fields. Recent developments on the disparity
measurement from optical satellite image correlation are
about to radically change our way of measuring deformation events such as earthquakes, volcanic eruptions
and large landslides. Some noteworthy results are given
below.

The pulse of our planet’s glaciers
Ice mass losses, which result from global warming, raise
significant scientific and societal issues. The melting of
glaciers affects the water supplies of the populations in
arid regions (drinking supplies, irrigation, river ecology)
and account for one third of the current sea level rise.
One of the most appropriate techniques to assess ice
mass losses is the difference between two DTMs, calculated every few years. It has been possible for a few
years to derive sufficiently accurate DTMs from satellite
stereo imagery, including from the two PLEIADES satellites, which is revolutionary for glaciologists. Evaluated
from GPS in situ data, the precision of the PLEIADES DTMs
is about 1 m and even 30 to 50 cm on the flat glaciers.
The effectiveness of accurate DTMs derived from PLEIADES
images for studying the cryosphere has been demonstrated in various contexts:
• In the Mont-Blanc: a comparison of a PLEIADES DTM
(August 2012) with a DTM derived from SPOT5-HRG
images (August 2003) clearly shows the great thinning
of the glaciers in these mountains in recent years, especially at low altitude where losses exceed 10 m/yr.

Fig.2

The glaciers’ lower altitude measured from space is
highly consistent with in situ observations. Thanks to
PLEIADES and SPOT5, the first mass balance over the
whole Mont-Blanc glacier area has been assessed to
complete field measurements of a few glaciers. The
Mont-Blanc glaciers lose an annual average of one
meter in depth [1].
• In the Canadian Arctic: PLEIADES stereo pairs acquired in
August 2014 were also used simultaneously with aerial
photographs of the 1950s. [2] The PLEIADES data provide
the recent topography and control points required for
aerial photographs (acquiring ground control points
would imply very heavy and costly logistics). The results
show that the southernmost ice caps of the Canadian
Arctic have lost mass in the recent period (2007-2014,
altitude loss of close to 2 m/yr) compared to their evolution in the long term (loss of 0.5 m/yr since the 1950s).

Instantaneous
deformations

associated with earthquakes
Until recently, deformation measurements were mainly
limited to the assessment of sub-vertical deformations
thanks to field measurements and satellite radar measurements, such as ENVISAT and SENTINEL-1. Thanks to
the development of metric and sub-metric optical sensors
(SPOT and PLEIADES), one now gets access to deformation
distribution in the horizontal plane with a 2-meter resolution and a 20-centimeter detection threshold.
This methodology has been applied for the first time in
2015 with high resolution images, to measure the deformation associated with a 7.7-magnitude continental quake,
which occurred in Pakistan in 2013 [3]. The use of SPOT-5
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Fig. 1: Artist’s view of the Pleiades satellite. Pleiades is a multisensor Earth observation program which succeeds SPOT. It
will use smaller, cheaper, more agile satellites. Its first highresolution optical component (Pleiades HR) is conducted in
cooperation with Italy as part of the dual civil/military program
Orfeo. © CNES/Mira Productions/PAROT Rémy, 2012
Fig. 2: Artist’s view of satellite Spot 5, the last of the Spot
observation satellites which have been closely monitoring
the Earth since 1986. This satellite demonstrates a continuous
improvement of the Spot series by providing three-meter
resolution images. It is able to take stereo-pair images
simultaneously from the same orbit to map relief. The French
government decided to initiate the Spot 5 program in October
1994 to ensure the continuity of the civil Earth observation
service beyond 2000. Spot 5 was launched during the night of
May 3 to 4, 2002, from the Kourou spaceport in French Guiana,
by an Ariane 4 launcher. © CNES/ill./DUCROS David, 2002
Fig.3

Fig. 4: The multi-temporal deformation field of the Achoma
landslide (Southern Peru) obtained via the correlation of three
PLEIADES images (taken in 2013). The deformation field covers
respectively 25 days (left) and 105 days (right). Based on [4].

images acquired before and after the earthquake enabled
to obtain sub-metric details about the coseismic distribution according to the fault geometry and to quantify
the proportion of distributed deformation associated with
the main earthquake fault. Although this deformation was
often visible on the ground, it had so far remained difficult
to assess, for lack of appropriate measurement methods.
This measure is yet a major concern for the seismic risk
community as it contributes to the definition of the safety
area when it comes to building large infrastructures at
risk. Moreover, reduced revisit times of the SPOT and PLEIADES constellations and the development of correlation
with images from different platforms may enable more
systematic monitoring of specific areas, or near-real time
calculations of ground deformation and/or displacement
maps, which could be used in crisis management in the
event of major natural disasters.

Gravitational instabilities
The PLEIADES satellites can provide images of small
objects. Thanks to their agility and “on request” acquisition, these satellites are essential to the characterization,
mapping and monitoring of gravitational instabilities.
These maps enable landslide inventories, especially after
intense rainfalls or earthquakes [4]. Figure 4 shows that
these inventories are very useful to better understand and
quantify the forcing factors which impact gravitational
dynamics.

Fig.4

Furthermore, the combined use of high-resolution DTMs
and high-resolution deformation fields enables to accurately characterize landslides and to solve their structural
complexities. Then comes the inversion of 3D deformation
data in order to provide geometry images of the subsurface and volumes involved in slow-moving landslides.
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Fig. 3: Map of the horizontal displacement caused by the
7.7-magnitude earthquake (Pakistan, 2013), made from the
correlation of Spot-5 images acquired before and after the
earthquake (2.5 m resolution and ~ 20 cm detection threshold
in displacement). The close-up shows a transfer zone between
two fault segments below which is the slip distribution of each
segment, showing a perfect slip transfer between the two
faults. Based on [3].
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S

pace techniques make a decisive contribution to ocean
process understanding, ocean analysis and ocean forecast. The ocean is a remote area where permanent in situ
monitoring is complex and expensive. Satellites are a
unique opportunity to provide measurements with global
coverage, appropriate time and space sampling, consistency, complementary to in situ measurements which
provide in depth information. Active or passive sensors,
optical or radio-frequency can be used to monitor multiple parameters describing the global ocean status in
terms of dynamics and biogeochemical state. The ocean
is a turbulent fluid and its variability covers multiple time
and space scales. The former range seconds (waves) to
hundreds of years (thermohaline circulation, climatic variations), whereas the latter range from centimeters to
thousands of kilometers.
The results achieved by several space missions to which
France has greatly contributed are presented below. In
the last two years, major milestones for the CNES ocean
programs have included the successful launch of JASON-3
and SENTINEL-3A, the completion of the SWOT Preliminary Design Review, the Critical Design Review of CRYOSAT
and the beginning of the Copernicus Marine Environment
Monitoring Service.

Nadir
altimetry: monitoring sea level

and ocean dynamics
Satellite altimetry has a unique ability to provide
integrated three-dimensional information on the
physical state of the ocean. Changes in ocean temperature, salinity or currents at sea surface or at depth
induce changes in sea surface topography. The currently available technology relies on a nadir-looking
radar combined with precise orbit determination to
provide measurements of sea-surface elevation. An
adequate large mesoscale sampling requires four satellites in orbit simultaneously, including one non-sunsynchronous orbit to sample the diurnal signal (JASON
series).
Two recent successful launches represent major milestones for the future of the Ocean Surface Topography
constellation:
•
Launch of JASON-3 (U.S.-Europe cooperation) on
January 17, 2016. Commissioning is progressing very
well. The Flight Acceptance Review was successfully
conducted in April 2016.
•
Launch of the SENTINEL-3A mission (European
mission in the framework of the Copernicus program)

Oceanography

Fig.3

Fig.2

Fig. 1: Wave crashing in Cap Kiwanda (US) © Thinkstock
Fig. 2: Ocean Surface Topography Virtual Constellation status.
Fig. 3: El Niño monitoring using altimetry measurements.

on February 16, 2016. SENTINEL-3 embarks an altimetry payload combining a radar altimeter, precise orbit
determination instruments (DORIS, GNSS, a Laser
Retro Reflector) and a radiometer to correct measurement from the radar signal affected by water. Commissioning of this payload is also progressing very
well. The CNES contribution to this mission includes
the DORIS payload, support to ESA/EUMETSAT project
team for system performance, data processing and
product definition, in-orbit validation.
These two new satellites will join, as soon as those
missions will be operational, the current constellation
composed of:
• JASON-2, which will be moved into an interleaved
orbit with JASON-3 in order to optimize the combined
sampling;
• SARAL/ALTIKA (Indo-French cooperation), which has
demonstrated the improved performance that can be
achieved using Ka-Band (better resolution and sensitivity applications to ocean, hydrology and cryology).
SARAL has ended its three-year nominal lifetime
mission at the end of February 2016 and is about to
begin a two-year extended mission,
• HY-2 (Chinese-French cooperation),
• CRYOSAT (ESA mission) dedicated to ice topography
measurement. Its additional goal is to provide highly
valuable ocean surface topography measurement.
CNES has, in particular, provided support for the
development of optimized ocean products.
In this new configuration of the altimetry constellation,
the requirements expressed in the CEOS OST-VC (Ocean
Surface Topography Virtual Constellation) requirement
document [1] will be met.

Fig.4

This set of missions are the opportunity to conduct significant science activities such as to monitor the mean
sea level drift under climate change or to support operational oceanography, providing the necessary inputs
for analysis and forecast of the ocean state to centers
such as the Copernicus Marine Environment Monitoring Service.
The recent COP21 conference has highlighted the
strong impact of the mean sea level index for the monitoring of the climate change process under way. This
index, computed using satellite altimetry measurements, represents changes – in the thermal content of
the ocean as well as in the ocean water mass – due to
continental ice melting and mass exchange between
continental waters and oceans.
The strong El Niño event which occurred in 2015 (see
Fig. 3 and 4) also illustrated the importance of satellite
altimetry to monitor and forecast such climatic events
which have a strong impact on populations.

Wide-swath
altimetry: SWOT, a new

frontier for oceanography
Nadir altimetry technique allows successful monitoring of the ocean dynamics for time and space
scales larger than 10 days and 100 km. However,
ocean dynamics involve important processes which
have smaller time and space scale characteristics. Their features must be characterized to gain a
better understanding of the ocean and to support
operational activities. This is the goal of the SWOT
mission (in addition to inland water monitoring).
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Fig. 4: El Niño index evolution.
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This mission will be the first flight of the KARIN
high-resolution wide swath altimeter (about 120 km).
The mission is conducted in cooperation between NASA
and CNES. CNES takes responsibility for the platform
and contributes to the payload through the development and delivery of the KARIN Radio Frequency Unit,
the nadir altimeter, and the DORIS instrument.
The monitoring of ocean and atmosphere interaction, ocean physic and ocean biology interactions,
internal waves and coastal dynamics requires a highresolution observing system. These are some of the
ocean scientific objectives of the SWOT wide-swath
altimetry mission.
The preliminary design phase of the mission has been
successfully achieved and the formal decision on the
C/D phases should be made by mid-2016. The mission
is scheduled to be launched in 2021.
In parallel, a common NASA-CNES Announcement of
Opportunity has been released in 2016 to select the
international science team that will contribute to the
mission definition and prepare the use of the mission
products. 26 teams from France and six other countries
have been selected for ocean applications. They cover
open ocean, coastal and ice objectives. Another set of
teams has been selected for inland water applications.
This highly innovative mission faces multiple challenges: on the instrument, on the platform, on the
ground system, and on science algorithm development
to extract the pertinent information from the measured signal. This mission will open a new era for oceanography, as TOPEX/POSEIDON did about 25 years ago.

The mission’s primary objective concerns the study of
sea surface processes: wind, waves and their coupling,
the impact of waves on ocean currents and on atmosphere. As such, the mission appears highly complementary to SWOT. It also has an operational objective
which is to improve sea-state forecasts.
CFOSAT is in the final stage of critical design and the
launch is scheduled for 2018.
A special session at IGARSS 2015 was dedicated to the
CFOSAT mission [2].
An Announcement of Opportunity to set up an international science team associated to the CFOSAT mission
is scheduled to be issued in 2016.

Ocean
salinity

The SMOS satellite (ESA-French-Spanish cooperation)
has been in orbit since November 2009. It has provided
highly valuable measurements of soil moisture when
overflying the ground, and of ocean salinity when overflying sea surface.
The major contribution of CNES to this mission is the
platform and a mission center, the CATDS, in charge of
processing and distributing level 3 & 4 soil moisture
and ocean salinity products.

The CFOSAT project (Chinese-French Oceanography Satellite) aims to measure the ocean surface wind and
waves. It will embark on the same platform (provided
by China) as the SWIM instrument dedicated to wave
measurement (provided by CNES) and the SCAT instrument dedicated to wind measurements (under China’s
responsibility).

The major achievement of the past two years concerning the ocean salinity measurement has been the significant improvement of the quality of ocean salinity
products through the development of new measurement bias correction algorithms. SMOS measurements
over sea surface are impacted firstly by the signal
emitted by ground surfaces when they are present in
the antenna field of view (about 1000 km) and secondly by the variations of sun angular direction on the
satellite on-board sensor. This affects the measurements, which are rather complex to take into account,
although recent developments have allowed the
removal of these perturbing signals. Thanks to these
improvements, the demonstrated capacity of SMOS to
detect interannual variability changes in sea surface
salinity is now at the level of 0.2 psu.

SWIM is a wave spectrometer radar. It uses a lowincidence radar covering incidence angles from 0° to
10° and having a rotative azimutal capacity. The innovative aspect of the sensor is its capacity to provide
directional wave spectra, including short wavelengths
whereas other instruments such as the SARs provide
wave information for long wavelengths.

Specific sessions on ocean surface salinity measurements – and more specifically on SMOS – have been
organized in various symposiums (EGU, IGARSS, etc.)
and those measurements are now key elements, complementary to in situ measurements providing higher
space resolution information (in particular for the
100 km, monthly space and time scale).

Sea
state: ocean-atmosphere interface

monitoring

The SCAT scatterometer will use a rotating antenna for
surface wind measurements.

Oceanography
Ocean color

As a complementary component to the low earth orbit
ocean color missions such as SENTINEL-3, CNES has
conducted a phase 0/A study on a geostationary orbit
mission concept that would embark an adapted ocean
color payload as a hosted payload on board a telecommunication satellite. This mission named GEOCAPI
would provide a high temporal sampling capacity, one
hour for the full visibility disk from geostationary orbit
coverage. In areas with little clouds this will allow to
sample the diurnal cycles and to monitor algae blooms;
in areas with more intense cloud coverage, this should
guarantee a high revisit time, taking advantage of
cloud free times during the day.
Taking advantage of similar initiatives in Asia (i.e.,
GOCI II by South Korea) and in the US (i.e., GEOCAPE by
NASA), it should be possible, when those missions will
be decided and implemented, to provide an almost full
global coverage with three different satellites of high
temporal sampling information on the ocean color.

Copernicus
marine environment

monitoring service
The European Union has set up the Copernicus Marine
Environment Monitoring Service (CMEMS). Since May
2015, the CMEMS has worked on an operational mode,
after the MyOcean demonstration phase enabled to
open the service on a pre-operational mode during six
years.
The Copernicus Marine Service has been designed
to respond to issues emerging in the environmental,
business and scientific sectors. Using information from
both satellites and in situ observations, it provides
daily state-of-the-art analyses and forecasts, which
offer an unprecedented capability to observe, understand and anticipate marine environment events.
The CMEMS provides regular and systematic core reference three dimensional information on the physical
and biological state of the global ocean and European
regional seas. The observations and forecasts produced by the service support all marine applications.
CNES is a partner of the consortium and is in charge of

Fig.5

Fig. 5: Whith 90,000 people living in an area of 1,9 sq.km, Malé, the
capital of the Maldives, is one of the world’s most densely populated cities. © Thinkstock

ensuring that the CMEMS provides high level altimetry
products which are assimilated into the ocean models.
This consortium is led by Mercator Ocean (France) and
gathers partners from all over Europe.

Pole
ocean – data and services for

oceanography
Ocean data access has been largely facilitated by the
setting up of various international programs such
as the EU Copernicus program (CMEMS) or the ARGO
program (a global array of more than 3 000 freedrifting profiling floats that measures the temperature
and salinity of the upper 2 000 m of the ocean).
CNES is a partner of the CMEMS and contributes to
the ARGO program through the ARGOS data collection
system which allows quasi real time data recovery.
Although the CMEMS, ARGO and other programs are
key elements for oceanographers, they do not cover
the necessary complete set of data, especially coastal
in situ measurements which are collected through
various individual initiatives. It has been decided that
a new service in France would be created: the “Pôle
Océan” will set up a coordinated information system
to provide the necessary data for oceanography, connecting all existing ocean databases and providing a
unified access to users.
REFERENCES
[1] Wilson, S., et al. (2012), The Ocean Surface Topography Constellation: the Next 15 Years in Satellite Altimetry, CEOS.
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variability, Journal of geophysical research: Oceans, 120(2), 972987.doi:10.1002/2014JC010103.

73

EARTH - ENVIRONMENT - CLIMATE

Ocean color monitoring is a unique tool for water
quality and ocean biology monitoring. A major step
was recently achieved with the successful launch (in
February 2016) of SENTINEL-3A (Europe, EU, ESA) which
carries a wide-swath (1 270 km) advanced ocean-color
instrument (OLCI) providing global coverage and short
revisit time (two days with the SENTINEL-3 A & B configuration). The OLCI sensor covers 21 spectral bands
in the visible and near infrared wavelengths (from 400
to 1 020 nm). The CNES contribution to this mission is
mainly through in-flight Cal/Val activities.
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Oceanography
Sea-level rise monitoring

Sea level varies globally and regionally, on a broad range of temporal and spatial scales, in response to climate
change and variability, as well as to solid Earth’s deformations caused by land ice melt, among others. Satellite
measurements have proved to be key elements to monitor and understand sea-level changes. Satellite altimetry
provides a global and homogeneous data set which has become a reference for mean sea-level change monitoring
at global and regional scales. Combining these measurements with others (e.g. gravity from space, in situ hydrographic data) allows to better understand the causes of sea-level variations and to close the sea-level budget. This
article provides an overview of recent results on this topic.
Global warming as a result of anthropogenic greenhouse
gas emissions has already shown several visible consequences, such as the increase of the Earth’s mean air
temperature and ocean heat content, and the melting of
glaciers. Ocean warming and land ice melting are causing
sea level to rise, with potentially negative impacts in
many low-lying areas of the world. The precise measurement of sea-level changes as well as its different components, at global and regional scales, is a major issue for a
many reasons. It provides information on how the climate
system and its components respond to global warming.
This allows validation of the climate models developed
for projecting future changes.
The Global Climate Observing System (GCOS) has recently
defined a set of 50 climate variables (called Essential
Climate Variables – ECVs) that need to be precisely monitored in the long term in order to improve our understanding of the climate system, its functioning and its
response to anthropogenic forcing, as well as to provide
constraints for climate modeling [1]. Sea level is included
in this list of ECVs.
After a 130-meter rise during the last deglaciation - which
followed the last ice age, between - 20 000 years BP and
- 4 000 years BP- sea level remained stable until the beginning of the industrial era. During the 20th century the
global mean sea level started to rise with a mean rate of
1.7 ± 0.4 mm/yr. Since the beginning of the 1990s, this rise
has reached 3.3 ± 0.5 mm/yr, as seen from satellite altimetry measurements and confirmed by tide gauge records [2].
Significant progress has recently been made to better
characterize and reduce the error associated with sealevel measurements at global and regional scales. This
has, in particular, been done as part of ESA’s Climate
Change Initiative program [3] in order to meet the GCOS’s
accuracy requirement (0.3 mm/yr for the global mean sealevel rate).

Figure 1 was extracted from the Aviso+ website (and is
regularly updated) and provides the evolution of the
global mean sea level, computed from altimetry satellites, between 1993 and 2016. As evidenced by this curve,
the linear trend mentioned above is combined with a significant interannual variability. The latter is related to
El Niño–Southern Oscillation through its impact on the
global water cycle [4]. When correcting for this interannual variability, the global mean sea level’s apparent
slowdown in the last decade (due to a succession of La
Niña episodes causing temporary sea-level drop) disappears, leading to a similar rate of sea-level rise (of 3.4)
during the first and second decade of the altimetry era [2],
but with a higher uncertainty (0.7 mm/yr) in the first than
in second (0.4 mm/yr).
To demonstrate the causes of the global mean sea-level
rise, one may combine altimetry with other measurements.
Space gravity missions in particular (mostly the GRACE
mission which provides information on mass redistributions at the surface of and within the Earth) measure the
changes in ocean mass variations and glacier and ice-sheet
mass balance, as well as land water storage variations [5].
Temperature and salinity profiles from in situ measurements (Argo program) monitor ocean heat content changes
by providing information on the ocean thermal expansion.
Over the 1993-2010 timespan, global mean sea rise can be
attributed to ocean thermal expansion (30 to 40%), continental ice melting (about 50%) and exchanges between
ocean and land water storage (10 to 15%) [6].
Recent publications have studied the global mean sealevel budget to investigate whether it is possible to
constrain the deep ocean contribution (not measurable
by Argo) to the global mean sea-level rise over the last
decade. This question is particularly relevant, considering
the current debate about the “hiatus” i.e., the observed
recent pause of the global mean air and sea surface temperature evolution while the planet is still in radiative
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Fig. 1

Satellite altimetry measurements highlight significant
variability of sea-level change at regional scale. Regional
variability is mostly due to non-uniform ocean thermal
expansion [8]. Thermal expansion heterogeneity is largely
caused by the natural interannual ocean circulation variability at regional scale in response to the atmospheric
forcing. The natural variability is significant in numerous
areas so that sea-level trend patterns may still be due
to internal climate variability, the anthropogenic forcing
signal being still low at regional scale. Many recent studies
have analyzed spatial trend patterns in sea level in various
basins. In the tropical Pacific, for example, [9, 10] the thermocline deepening due to increasing zonal wind stress
during the past two decades has been demonstrated to
govern most of the observed sea-level changes and trends
in the tropical Pacific. This natural variability still masks
the anthropogenic impact on the local sea level in satellite observations.
10% of the world population is living in coastal areas less
than 10 m above sea level. The adverse effects of sealevel rise in coastal areas are considered a major threat
of climate change. Twentieth century observations report
shoreline erosion in many areas of the world coastlines
which can be related to various causes including sealevel rise due to storm surges, wave and current regime
change, ground subsidence (causing relative sea-level
rise), coastal management, land use changes, deficit in
sediment supply, etc. It is virtually certain that in the
coming decades, the expected acceleration of sea-level
rise in response to continued global warming will exacerbate the vulnerability of many low-lying, densely populated coastal areas of the world; in the near future, it
will very likely become a major threat to a significant

Fig. 1: Mean sea-level change computed from satellite altimetry (TOPEX/
POSEIDON, Jason1, Jason 2), ref Aviso website (http://www.aviso.altimetry.fr).
Fig. 2: Sea-level change map computed from satellite altimetry
(TOPEX/POSEIDON, Jason1, Jason 2), ref Aviso website (http://www.
aviso.altimetry.fr).

fraction of human beings. To prepare for such impacts,
dynamic global sensitivity analysis of marine flooding to
input parameters such as sea-level rise and local coastal
processes has to be developed [11].
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imbalance [7]. No significant rise in the temperature of
the bottom layers (< 2 000 m) can be evidenced at present.
The residuals between observed global mean sea-level
rise and the sum of the ocean mass and steric (down to
1 500 m) component appears dominated by uncertainties
on the parameters used for these estimations: gaps in
the Argo data coverage and remaining Argo errors, GRACE
and altimetry-based sea-level measurements. However,
this analysis demonstrated significant warming of the
700–1 500 m ocean layer.

Fig. 2
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Continental Surfaces

Space data in support of land resource management
Water resources, agriculture, forest, urban areas
on this resource has become essential. Continental
water is strongly influenced not only by climate change
but also, and to a stronger degree, by the direct impact
of human activities (artificial storage, use for agriculture and industries, domestic water supplies, stream
morphological change, land use change, etc.). Access
to water is a major issue of sustainable development,
affecting economic development, social welfare and
environmental dynamics.

Fig.1

Global change covers both climate change, environmental changes related to human activities (modification of the land use and land cover, urbanization, fossil
energy consumption, pollutant release, etc.), and the
induced consequences (erosion, flooding, impacts on
continental and coastal ecosystems, displacement of
animal populations and prevalence of disease areas,
etc.). Climate change is now a reality, and there is a
growing awareness in the opinion of the potential
environmental, economic, and geopolitical impacts in
the short term. At the same time, the role played by
anthropogenic effects and greenhouse gas in climate
change has been highlighted (see Climate Change
2007, 2013: Synthesis report from Intergovernmental
Panel on Climate Change).
In terms of the processes involved, the interactions
between water and carbon cycles and climate play
a crucial role. As for land, the nature of surface and
its vegetation cover (continental biosphere) greatly
influence the exchanges of water, CO2, and energy
between the soil and atmosphere and hydrological
cycles (runoff, infiltration/evaporation, etc.), with in
return “retroactive” effects on climate. Coastal areas
are prone to climate change due to their internal biophysical systems (for example, exchanges with the
atmosphere) and their interactions with the neighboring continental systems.
Furthermore, 1.4 billion people still lack access to
drinking water and more than 3 billion have infections
related to the poor water quality. By 2025, two-thirds
of the world’s population could be subject to water
stress. Several regions of the world including Europe
present the risk of water resource overuse, increased by
repeated droughts. Faced with this issue, the analysis
of the impact of human activities and climate change

This context has led the scientific community and CNES
to propose the following recommendations to the CNES
prospective seminar in 2014:
i) to design in collaboration with ISRO, the Indian Space
Agency, a project of an IRT space mission (highspatial resolution and high revisits with a global coverage);
ii) to continue the important partnership with NASA/
JPL for the SWOT mission;
iii) to continue to support the BIOMASS mission;
iv) to support the exploitation of the SMOS mission;
v) to continue the preparation of the use of SENTINEL-2
data with the “flagship” experience called SPOT-4
Take five;
vi) to continue to support and develop the national
THEIA land data center. Following new membership
in 2015, THEIA has now 12 institutional partners.

A
 new thermal infrared mission to adapt
agricultural and natural ecosystems,
coastal and inland waters and urban
management to climate change
Through the energy exchanges of continental or
oceanic surfaces, surface temperature provides critical climate information. In particular, it allows, through
evapotranspiration, the access to the water cycle and
the functioning of the continental biosphere.
Missing in the panorama of the space missions in
orbit today, CNES has signed a cooperation agreement
with ISRO for the development of an original IRT space
mission (such as the recent French projects MISTIGRI
and THIRSTY) combining a high spatial resolution
(50-100 m) and a high revisit rate (from one to three
days). Phase A has started in early 2016 with a joint
mission group involving French scientific experts covering all of the mission’s objectives (agriculture, urban,
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SWOT
– new measures for the overall

quantification of continental water
bodies
NASA and CNES are proposing, with the SWOT mission,
to use interferometry techniques in Ka-band to make
measurements with a wide swath (120 km) and an
increased resolution (in the order of 10 m with the high
resolution mode). SWOT will provide a global inventory
of all terrestrial surface water bodies whose surface
area exceeds 250 m × 250 m (lakes, reservoirs, wetlands) and rivers whose width exceeds 100 m. SWOT will
allow the access to global storage change in terrestrial
surface water bodies as well as the estimation of the
global change in river discharge, both at sub-monthly,
seasonal, and annual time scales.
In 2015, key steps have been achieved: i) the selection
of an international scientific team ii) NASA is now in
development phase (Phase C) and CNES should decide
Phase C in July 2016. Moreover, as part of the SWOT
Downstream Preparatory Program, France – through
the CLS and LEGOS – has been selected to coordinate
the work package relating to water and snow of the
Land Monitoring Copernicus service in order to produce
surface water height in lakes and rivers from the LEGOS
Hydroweb database which has been industrialized. A
downstream ecosystem with the AFD and OIEAU (Office
International de l’Eau) is built around the Congo basin
with CICOS (Commission Internationale du Bassin
Congo Oubanghi Sangha) involving scientific laboratories, industry and CNES. This union should provide new
measures and hydrological monitoring tools to basin
organizations.

BIOMASS
– a look at our forests

to monitor and measure biomass
from space
The BIOMASS mission (7th ESA Earth Explorer Core
Mission) was selected on February 18, 2015, and planned
for launch in 2021. The P-band SAR mission will provide
global maps of forest biomass and height (at 200 m
resolution) and forest disturbance (at 50 m resolution)
every six months to reduce the major uncertainties in
carbon fluxes linked to land use change, forest degradation and regrowth, to provide support for international
agreements (UNFCC and REDD+), to infer landscape
carbon dynamics and supporting predictions, to initialize and test the land component of Earth system models,
and to provide key information on forest resources, ecosystem services, biodiversity, and conservation.

THEIA
Land data center and SENTINEL-2

With the decision to launch the VENµS project, in 2004,
CNES began helping the French and European user
community get ready for the arrival of SENTINEL-2 (S2).
CNES was deeply involved in SENTINEL-2 image quality
and Level 1 processing and developed a very efficient
and robust level 2A (L2A) product (atmospheric correction and cloud masks) included in the MACCS processor.
As of 2008, we have begun to distribute L2A time series
of S2-like images to users (based on the FORMOSAT-2
and LANDSAT satellites) so that they start learning how
to use the time series. Later on, with the SPOT-4 & 5
(TAKE 5) experiments managed by CNES with help from
ESA, S2-like time series were distributed to almost
1 000 users in 2013 and 2015. Six years of LANDSAT
(5, 7, 8) L2A data over France are also available and are
already used by 150 users.
The new THEIA Land data Center, set-up by nine French
public organizations, was responsible for these productions and distributions. THEIA is also about to release
the first L2A products from SENTINEL-2A, to be produced
on a routine and near real-time basis for 5.4 M km².
These zones were selected through a call for proposals
open to the French public user community. This production is done using the MACCS software. This software
is also the core of the MACCS-ATCOR Joint Algorithm,
proposed by CNES and DLR to ESA for a global production of SENTINEL-2 data.
Meanwhile, in the THEIA framework, large algorithm
development efforts were undertaken to develop fully
automatic procedures to provide higher level products.
The first two of these products will be issued at the
end of 2016 with the first year of SENTINEL-2 data, to
deliver snow cover maps and fully automatic land cover
maps over France with 20 classes at 20-meter resolution. Some other methods initially developed within
the THEIA framework, such as monthly composites,
crop masks and biophysical variables have been implemented into the ESA SENTINEL-2 for Agriculture project.

Fig.2

Fig. 1: Used to provide accurate measurements of the main characteristics of Earth’s vegetation cover, the Vegetation instrument
on board Spot-4 and Spot-5 is part of the European Vegetation
program. © CNES/ made by UCL
Fig. 2: Areal view of a river. © Thinkstock
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coastal and inland waters). A seminar on space contribution for the management of water resources is
planned in the first quarter of 2017.
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Continental Surfaces
Contribution of space measurements in the
description and monitoring of the water cycle

Water is a key factor in the integrated functioning of the critical zone and continental surfaces. Monitoring energy
and water budgets at all levels thanks to surface temperature is essential to understanding the interdependent
processes induced by environmental (climate change) and human constraints (population growth, resource depletion, land pressure, increasing water consumption, etc.) and ultimately meet societal challenges (food security,
water management, maintenance of biodiversity, hydrological risks, etc.).

Several complementary recent or projected assignments
aim to provide water cycle variables: evapotranspiration
using thermal data, surface moisture using microwaves,
free surface water heights using altimetry.
SMOS provides soil moisture based on surface moisture
measurements [1]. Used in conjunction with thermal
power, it gives access to the latent heat flux and the key
variables of surface function, monitors large-scale crop
stress, and ultimately provides critical information for
resource management. Via drought indexes, the SMOS
root-zone water content (Fig. 1) provides data on the water
available to plants and anticipates fine-scale stress with
the TIR (Thermal Infrared). Combined with information on
vegetation water content – obtained using L-band radiometry, for example – this information is used to build yield
forecasting indicators. Soil moisture data can also be used
for risk prediction, flood and basin water budget monitoring. [2] The first results are very promising. However, the
need to access fine scales – the agricultural parcel – to
ensure a continuous monitoring faces differences in the
resolution or revisit rate of the various systems, and
significant work on the disaggregation process [3] was
required to overcome these issues.
In the thermal infrared, the scientific community still
faces the dilemma of spatial resolution and revisit frequency: to date, no system offers both characteristics
simultaneously. In France, the development of such a
mission has resulted in several CNES projects including
MISTIGRI [4] or THIRSTY in partnership with JPL/NASA.
This cooperation involves many laboratories and continues today with India with the CNES-ISRO agreement.
The mission’s main scientific goals involve (i) monitoring
the water balance and stress of terrestrial ecosystems,

(ii) coastal and inland water functioning, and (iii) monitoring urban microclimates. The mission requirements
are defined by original experimental and digital studies
involving angular effects, the impact of atmospheric turbulence on measurement accuracy, spectral band definition, time of pass, etc. An algorithm for mapping and
assessing EVASPA evapotranspiration [5] is being tested
(Fig. 2). Basic specifications are a 50-80-meter resolution,
a minimum of three channels in the TIR and three channels in the VNIR (Visible and Near-Infrared ), with revisit
times of one to three days. The space mission will be associated with a ground-based calibration and validation site
network for operating methodology, TIR data and product
testing.
In the microwave domain, the spatial resolution of
systems such as SMOS and SMAP remains too coarse
for agricultural applications. Two approaches have been
adopted to overcome this constraint. The first is based on
complementary systems to circumvent space-time sampling limitations. Taking the example of surface moisture,
a concept combining an accurate moisture measurement (radiometry) and spatial variation measurement
of moisture (radar) can be used. Other similar initiatives
bypass revisit time differences using the disaggregation
scheme obtained at a given date in all intermediate lowresolution data until the next high-resolution acquisition.
The second approach consists in using surface evaporation efficiency to disaggregate passive microwave moisture via leaf area index measurements (cover rate) thanks
to short-wavelength optical data coupled with surface
temperature (thermal infrared); both are obtained with
high spatial (SENTINEL, SPOT, ASTER, etc.) and sometimes
high temporal (MODIS) resolutions. Therefore, the concept
of a TIR high-resolution/high-revisit mission (e.g. MISTIGRI
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Fig. 1: SMOS Root zone soil
moisture from June to
September 2015 (Al Bitar et
al., CATDS 2016).
Fig. 2: Latent heat flux maps
at 10:30 (0-500 Wm-2 from
blue to red) from 2007 to
2010, over a 40x40 km area
called Crau in southeastern
France (based on Olioso et
al., RAQRS’IV 2014 meeting,
Valencia).
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and THIRSTY) fills a significant gap. These approaches
have been validated at the scientific level and applied
in the irrigation water management project in Catalonia,
among others.
Significant progress in water cycle monitoring across a
wide range of scales is expected from the exploitation
of combined observations provided by multiple satellite
sensors now available. Rainfall monitoring is crucial in
arid regions, but this issue is poorly covered by TRMM-type
sensors owing to surface complexity and to the atmospheric phenomena involved (with a standard error ranging
from 100 to 300% according to sites and approaches). It
has been demonstrated that estimates could be greatly
improved by assimilating SMOS data to TRMM data. In
large catchments or water surfaces with temporal variations (flooded areas, lakes, marshes, etc.), it is essential
to complement water surface estimates obtained at high
temporal repetition (e.g. with SMOS) with information
obtained at lower frequency (due to clouds) but finer scale

(in the optical domain). Another promising approach aims
to combine surface data with altimeter data (JASON, and
later, SWOT) to estimate volume variations.
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Continental Surfaces
Above-ground biomass mapping in French Guiana
using remote sensing and environmental data

Mapping forest aboveground biomass (AGB) is becoming an important task, particularly for the reporting of forest
carbon stocks and their changes. An approach for AGB mapping over the tropical forest of French Guiana was
developed using regression-kriging of remote sensing and environmental data. The RMSE on the AGB estimates is
of 51 Mg/ha (R2=0.66) with 1-km resolution map. This paper summarizes the approach developed for tropical forest
biomass retrieval and the main results.

Fig.1

Forests act as carbon sources and sinks through deforestation, degradation and regrowth. The monitoring of
forest carbon stocks is a pressing concern to quantify the
exchange of carbon between the surface and the atmosphere, and therefore to reduce uncertainty in the global
carbon budget for climate change mitigation.
A fundamental parameter characterizing the spatial distribution of carbon in the biosphere is biomass, and forests
comprise ~80% of the terrestrial above-ground biomass
(AGB). Among the different biomes, tropical forests hold
a large fraction of the terrestrial carbon, thus playing a
major role in the global carbon cycle.
In response to the need for greatly improved mapping
of global biomass, the BIOMASS mission was selected by
the European Space Agency for the third cycle of Earth
Explorer Core missions. The BIOMASS mission is designed
to map the full range of the world’s above-ground forest
biomass, and to quantify biomass changes during the
mission lifetime, with accuracy and spatial resolution
compatible with the needs of national scale inventory and

global carbon flux calculations. This objective is achieved
with the P-band SAR [1]. However, the BIOMASS mission
will be launched in 2020 and global datasets for biomass
monitoring are expected during the forthcoming decade.
Meanwhile, global AGB maps have been produced using
existing remote sensing data, at a resolution of 1 km by
Saatchi et al. [2] and Avitabile et al. [3], and 500 m by
Baccini et al. [4]. In [2] and [4], the main data source is
from spaceborne LiDAR data acquired from the Geoscience Laser Altimeter System (GLAS).
The spaceborne LiDAR data provided the canopy heights,
which are converted into AGB using known allometric equations relating height to AGB. The extension to
global AGB was made using global in situ datasets and
optical data such as MODIS. In this paper, we propose
an improved approach based on remote sensing (lidar,
radar and optical data) and environmental data to map
the AGB over a large territory. The method is applied to
French Guiana, which has 86 504 km² of surface area, 90%
of which is covered by dense and inaccessible tropical
rain forests.

Continental Surfaces

SCIENTIFIC
RESULTS

Fig.2

Fig. 1: French Guiana’s forest. © Thierry Montford
Fig. 2: A 1-km resolution AGB map of French Guiana obtained with the
regression-kriging technique.
Fig. 3: Comparison between AGB estimates obtained with the regressionkriging of GLAS data and AGB estimates obtained from the P-band
airborne dataset on two sites in French Guiana (Nouragues and Paracou).

The methodology uses the canopy height map of French
Guiana, produced successfully from GLAS data [5, 6] based
on the three following steps: (i) finding the best linear
regression between GLAS waveform-derived metrics and
in situ AGB (for data with a distance between GLAS footprints and in situ AGB of 250 m x 250 m plot); (ii) developing
a trend model of AGB data (in situ and the GLAS estimates) with predictors derived from optical (MODIS), radar
(PALSAR), and environmental maps; (iii) improving the AGB
map precision by incorporating the kriged residuals of the
AGB model from step (ii). Steps (ii) and (iii) correspond to
a usual kriging-regression approach.
A 1-km resolution AGB map was created with an RMSE of
51 Mg/ha (Fig. 2). The produced AGB map as well as the in
situ AGB measurements were compared to three global
AGB maps from the studies of Saatchi et al. [2], Baccini
et al. [4], and Avitabile et al. [3]. The comparison with in
situ data showed that the global maps have large AGB
errors over dense tropical forests; they also showed very
high bias. For the maps of Saatchi and Baccini, AGB was
underestimated by ~45 Mg/ha in comparison to both our
map and the in situ AGB measurements. The error was
also high, with an RMSE of ~70 Mg/ha. The most recent
map [3] has even larger error and bias than the previous
maps, with an overestimation of AGB of ~70 Mg/ha and an
RMSE > 100 Mg/ha.

The wall-to-wall AGB map was also compared to tomographic P-band radar AGB estimates covering two small
sites in French Guiana (Nouragues and Paracou) [7]. The
data used to obtain AGB estimates were from the P-band
airborne dataset acquired by the Office National d’Études
et de Recherches Aérospatiales (ONERA) in 2009, as part
of the European Space Agency campaign TropiSAR to
support the future BIOMASS mission [8]. The P-band radar
AGB estimates were resampled to 1 km by calculating the
mean AGB estimates in each 1-kilometer cell. The comparison results showed good agreement with an RMSE on the
AGB estimates of 49 Mg/ha (Fig. 3).
REFERENCES
[1] Le Toan, T., et al. (2011), The BIOMASS mission: Mapping global
forest biomass to better understand the terrestrial carbon cycle,
Remote sensing of environment, 115(11), pp.2850-2860.
[2] Saatchi, S. S., et al. (2011), Benchmark map of forest carbon
stocks in tropical regions across three continents. Proceedings
of the National Academy of Sciences, 108, 9899-9904.
[3] Avitabile, V., et al. (2015), An integrated pan-tropical biomass
map using multiple reference datasets, Global Change Biology.
[4] Baccini, A. G. S. J., et al. (2012), Estimated carbon dioxide emissions from tropical deforestation improved by carbon-density
maps, Nature Climate Change, 2, 182-185.
[5] Fayad, I., et al. (2016), Regional scale rain-forest height mapping using regression-kriging of spaceborne and airborne LiDAR
data: Application on French Guiana, Remote Sensing, 8(3), 240,
doi: :10.3390/rs8030240.
[6] Fayad, I., et al. (2015), Regional scale rain-forest height mapping using regression-kriging of spaceborne and airborne LiDAR
data: Application on French Guiana, International Geoscience
and Remote Sensing Symposium (IGARSS 2015), 26 - 31 July 2015,
Milan, Italy.
[7] Ho Tong Minh, D., et al. (2014), Relating P-band synthetic aperture radar tomography to tropical forest biomass, IEEE Geoscience and Remote Sensing, 52, 967-979.
[8] Dubois-Fernandez, P., et al., (2012), The TropiSAR Airborne
Campaign in French Guiana: Objectives, Description, and Observed Temporal Behavior of the Backscatter Signal, IEEE Transactions on Geoscience and Remote Sensing, 50, no. 8, 3328-3241.

81

EARTH - ENVIRONMENT - CLIMATE

Fig.3

EARTH - ENVIRONMENT - CLIMATE
C. Vignolles, Continental Surfaces Program Manager
CNES, 18 avenue Edouard Belin, 31401 Toulouse, France.

Continental Surfaces
Tele-epidemiology – a study of the
climate-environment-health relationships
CNES and its partners have developed a conceptual approach called tele-epidemiology which consists in studying
the links between the environment, ecosystems, and etiological agents responsible for diseases in human, animal,
and plant populations, based on space products truly adapted to the needs of health actors.

Half the world’s population is subject to the risk of emerging or re-emerging infectious diseases. The latter are
responsible for 14 million deaths every year. According
to WHO, they are a leading cause of global mortality as
they account for nearly one third of deaths in low-income
countries. The context of this situation is a world in transition where rapid environmental changes (climate change,
population growth, deforestation and urbanization, agricultural intensification, globalization and increased trade,
etc.) foster pathogens and their dispersal, thereby contributing to endemic and emerging diseases in humans, wild
or domestic animals and plants. In addition, non-communicable diseases (respiratory and cardiovascular diseases,
cancers, etc.) are responsible for a growing number of
deaths worldwide according to WHO, and can be caused
by organic or inorganic elements in the environment.

A
 conceptual approach of
tele-epidemiology at CNES
Faced with these social challenges, an integrated multidisciplinary research is growing, especially around the
concepts of “One Health” and “EcoHealth”. This approach
combines the physical, biological, social sciences and
humanities and aims to understand the mechanisms
involved and identify the factors that affect the spread
of these pathologies (Fig. 1). These factors can be environmental, climatic, demographic, socio-economic, and/
or behavioral. Some can be identified from space, which
requires the development of effective methods to use
remote sensing for risk factor characterization, mapping,
and monitoring. Data from Earth observation satellites
do not directly concern the pathogens which cause the
disease, but their environment – they will therefore be
used to measure these favorable factors.
CNES and its partners have worked with the countries’
health authorities and with local scientists to develop

tools to compile entomological risk maps for infectious
vector-borne diseases (presence/absence of water points,
presence/absence of larvae breeding sites, larval densities and adult mosquito densities) with high spatial and
temporal resolution. The effectiveness of risk prevention
could be improved by providing health authorities with
these maps predicting “when and where” there will be
a risk of emergence of the disease vectors and the risk
level. If regularly updated, risk maps could provide useful
data to optimize vector control measures. This approach
was successfully implemented for the Rift Valley Fever in
Senegal and for urban malaria in Dakar. It was also tested
for rural malaria in Burkina Faso. Today, it is being developed for dengue in Martinique and Guyana.

An
 example of application: the Rift
Valley Fiver in Senegal
The Rift Valley Fever (RVF) is a viral disease transmitted by the bite of mosquitoes. It is considered a major
public health issue with a strong socio-economic impact
in breeding areas where it occurs. Though it mainly affects
animals, humans can also be infected with the disease
which results in a severe pathology. It also causes significant economic losses due to death and abortion among
RVF-infected livestock.
AdaptRVF is a French-Senegalese partnership project
between the Dakar Ecological Monitoring Center and Institut
Pasteur, the Directorate of Veterinary Services of Senegal,
Météo-France, and CNES. It aims to apply the conceptual
approach of tele-epidemiology to RVF in the Sahel region of
Ferlo (Senegal), which is regularly affected by the disease.
It was funded by the French Ministry of Ecology through its
Management and Impacts of Climate Change Program.
RVF emergence corresponds to the conjunction of three
factors in time and space: (i) vector proliferation (mainly
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Fig. 1: The conceptual approach of
tele-epidemiology for vector-borne
diseases.
Fig. 2: The Rift valley fever entomological risk modelling.

Aedes vexans and Culex poicilipes in the
Ferlo region) depending on environmental
and weather conditions (especially rainfall), (ii) virus circulation, (iii) the contact
of infected vectors with cattle (host).
Satellite data have been used to identify
the environmental and weather conditions
which foster mosquito vector development. Here, the dynamics of ponds where
hosts and vectors can be in contact must
be detected and observed because they are
Fig.2
the breeding sites of mosquitoes infected
with RVF during the rainy season. Entomological studies have shown that the abundance of
these vectors in the Ferlo region is directly related to the
dynamic of ponds, which is itself associated with rainfall
time-space variability. Therefore, rainfall distribution and
spatial heterogeneity is a key parameter in the emergence
of mosquitoes.
The assessment of the risk of cattle exposure to mosquito
bites required the following three steps:
• Detection of temporary ponds based on SPOT-5 satellite
images at 10 m spatial resolution. Nearly 1 300 ponds
were identified in the study area (45 km x 45 km).
•
Dynamic modelling of Zones Potentially Occupied by
Mosquitoes (ZPOM) with mechanisms linking rainfall variability, pond dynamics, and mosquito density.
Environmental data (presence/absence of ponds) from
SPOT-5 images and meteorological data (rainfall from
in situ and satellite data including TRMM, GSMaP, RFE
CMORPH, PERSIANN) were used to set up a model with
hydrological and entomological components (Fig. 2). This
model called ZPOM produces dynamic maps with high
spatial (10 m) and temporal (daily) resolution, to predict
the aggressiveness risk (number of bites per host and
per day) of mosquitoes infected with RVF.

• Crossing, through a GIS, the ZPOMs (vector hazard) with
parked livestock positioning (vulnerability of hosts) to
assess the environmental risk, i.e., the risk of cattle
exposure to mosquito bites.
The Directorate of Veterinary Services is then able to
integrate this information into its adaptative strategy for
animal health management. It includes parking livestock
away from risk areas and organizing anti-vector control,
vaccination, and a communication strategy towards the
affected population. The transfer of this new decisionmaking tool to Senegalese actors for future operational
use, is expected by the end of 2016.
REFERENCES
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Composition of the atmosphere
After the first soundings of the upper layers of the
atmosphere with ODIN, which celebrated its 15th year
in orbit this year, and with GOMOS/Envisat and other
satellites, notably to gain a better understanding of
the formation of the ozone hole in the stratosphere
and of polar stratospheric clouds (PSCs), and subsequently of exchanges between the troposphere and
stratosphere, space instruments are today capable of
sensing at lower altitudes in the troposphere using
ever-more-innovative technologies to obtain better
and more precise signals.
For example, the IASI program that CNES is leading
jointly with Eumetsat has been delivering data on
atmospheric composition in the troposphere since
2006, detecting an impressive array of trace species.
The latest IASI conference in Antibes, France, in early
April 2016 highlighted the wealth of results for research
into air pollution from industrial emissions, large fires
and volcanoes. With the current program scheduled to
extend to at least 15 years and continuity assured for
another 15 years after that from the IASI New Generation project, the long record of data will be a key asset
in keeping track of our changing climate through monitoring of essential climate variables (ECVs).

The next challenge is to sound the atmosphere near
Earth’s surface to gain new insights into exchanges
between the atmosphere and land surfaces and
oceans. The latest report from the International Panel
on Climate Change (IPCC) shows that if greenhouse gas
emissions continue at their current rate or increase,
temperatures could rise an additional 2 °C, seriously
impacting the climate system over the course of the
21st century in ways that will far exceed the consequences seen over the previous century. In addition to
such climate perturbations, we can expect major modifications to the carbon cycle that could further fuel the
greenhouse effect and climate change.
For all of these reasons, CNES and its partners are
pursuing MERLIN and MICROCARB, two innovative projects to measure atmospheric concentrations of the
two main greenhouse gases responsible for global
warming.
The first, MERLIN (MEthane Remote sensing LIdar
missioN), aims to tell us more about methane fluxes,
notably in key regions of the globe like the Arctic,
Eurasia and tropical land surfaces, which today are
not covered or only sparsely so. Analysis of ice cores
highlights the significant impact of human activities
on current levels of methane, which have reached a
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Fig. 1: The MicroCarb and Merlin missions are also intended to measure the concentration of atmospheric CO2, the main greenhouse
gas contributing to climate change.
Fig. 3: Mean number of measurements per day as a function of
observation latitude for each of the instruments on the MeghaTropiques mission (from Roca et al. 2015). © NASA/JPL Caltech, 2011
Fig. 4: Artist’s view of the Megha-Tropiques satellite. This FrenchIndian mission was designed to study the water cycle and energy
exchanges in the tropics. Megha-Tropiques will therefore contribute
to a better understanding of the climate processes responsible for
hurricane formation and monsoon variability. © CNES/PHOTON/REGY
Michel, 2011

Fig.4

global mean of more than 1 800 parts per billion (ppb),
two and a half times higher than 200 years ago. This
spectacular increase is mostly due to development of
intensive cropping (rice) and livestock breeding, but
certain industrial activities (coal mining, natural gas
drilling and landfills) are also to blame. Being able to
map emissions precisely therefore represents a major
challenge for climate research.
MERLIN aims by 2020 to begin measuring the integrated column of atmospheric concentrations of
methane (CH4) with an accuracy better than 27 ppb
(approx. 2%) and a bias of less than 3.7 ppb. To achieve
this goal, the mission will be carrying a differential
absorption lidar (DIAL), which offers the advantage
compared to passive instruments of greatly reducing
bias thanks to a self-calibration system and of being
able to sound night and day to observe high latitudes
in any season. This lidar supplied by the German space
agency DLR will be mounted on a new Myriade Evolutions spacecraft bus developed by CNES in partnership
with French manufacturers Airbus Defence & Space
and Thales Alenia Space. MERLIN is a French-German

project that stems from the two nations’ political commitment to contribute to climate research subsequent
to the COP15 in Copenhagen in December 2009. MERLIN
is scheduled to launch in 2020 on a mission planned to
last at least three years.
Also for 2020, CNES is proposing to develop MICROCARB to characterize fluxes of carbon dioxide (CO2). The
mean global level of CO2 in the atmosphere in the preindustrial era is estimated to have been 278 ppm.
Scientists have been measuring levels directly since
1958, notably at the reference site at the summit of
Mauna Loa in Hawaii. It was 315 ppm in 1958, 350 ppm
in 1988 and is now over 400 ppm.
In light of the expected social impacts, scientists are
joining forces to obtain a denser grid of measurements
around the globe and thus better quantify fluxes of
carbon gas between the atmosphere, oceans, soils
and vegetation, with a view to identifying sources and
sinks. And as these fluxes are sensitive to climate variations through vegetation and water/air exchanges,
it is important to learn more about them so that we
can model the future evolution of the CO2 cycle and in
particular the absorption capacity of carbon sinks in
a changed climate. Closer knowledge of the location
and amplitude of CO2 sources and the underlying processes is therefore vital to better understand how the
85
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climate system works and envision how certain practices might be changed. This goal cannot be achieved
with ground-based measurements alone and satellites
are the only way to acquire a global, uniform and independent picture.
Other dedicated missions around the world are either
in service or in development: OCO in the United States
and GOSAT in Japan are in service, while TANSAT is in
development in China. The MICROCARB mission aims
to learn more about the carbon cycle through reliable measurements of global and regional exchanges
of CO2 between the atmosphere, oceans and land surfaces. Comparing such measurements with models will
enable us to refine our understanding of the processes
driving these exchanges and then predict how ecosystems are likely to respond to expected global warming.
There is currently no way to measure carbon fluxes —
sources or sinks — directly from space. The idea is
therefore to measure atmospheric concentrations of
CO2 and interpret their spatial and temporal gradients
in terms of flux. However, given the persistence of CO2
in the atmosphere, the mean level (i.e., the proportion
of well-mixed gas) is high with respect to these gradients. As a result of this, gas concentration measurements must be very precise and above all unbiased.
MICROCARB will use a passive near-infrared spectrometer to sense solar radiation reflected from Earth’s
surface. This reflected radiation passes through the
atmosphere twice and is thus partially absorbed by
the species there. This modifies the solar spectrum
and absorption lines appear at wavelengths specific to the molecules encountered. The line depth is
directly related to the amount of absorbing molecules.
Thanks to its clever and innovative optical systems,
MICROCARB’s instrument is compact (< 60 kg) and able
to measure atmospheric concentration of CO2 with a
precision of a few ‰, that is, better than 1 ppm for a
total gas column of approximately 400 ppm.

Pursuing
the rich harvest of data and

scientific results from the MEGHATROPIQUES and CALIPSO missions
MEGHA-TROPIQUES is a French-Indian mission led
jointly by CNES and ISRO designed to study the water
and energy budgets of convective systems in the
tropics by acquiring frequent measurements of the
parameters associated with radiative fluxes, water
vapor and precipitations.

The original feature of the MEGHA-TROPIQUES mission
is the combination of its instrument and 20-degreeinclined orbit, which enables a high revisit rate.
The payload comprises three instruments: a microwave
imaging radiometer (MADRAS), designed chiefly to
study precipitation and cloud properties; a microwave
sounding radiometer (SAPHIR) capable of mapping
water vapor; and a wide-band radiometer (SCARAB) for
measuring radiation fluxes [1].
Water vapor and precipitations — as well as Earth’s
surface radiation budgets — are among the 50 essential climate variables (ECVs) defined in 2010 by GCOS(1)
to track climate change and meet the requirements
expressed by the IPCC(2) and UNFCCC(3). The MEGHATROPIQUES mission is therefore also helping to monitor
climate by complementing measurements of the planet’s radiation budget, water vapor and precipitations
being acquired by NASA, offering increased resolution
over the tropics. MEGHA-TROPIQUES is officially contributing to the international GPM effort coordinated
by NASA and JAXA, for which it is supplying observations from SAPHIR. The GPM(4) constellation was also
augmented in February 2014 with the addition of the
GPM-Core satellite and its dual-frequency radar, obviously an important element for MEGHA-TROPIQUES.
Moreover, the Tropical Rainfall Measurement Mission
(TRMM) ceased operating on April 8, 2015, after 17 years
in service, leaving MEGHA-TROPIQUES as the only tropical observing mission in operation today.
Since 2013, the mission is able to distribute SAPHIR
data in real time via Eumetsat’s EUMETCast system.
The Meteo-France national weather service has been
assimilating level 1 SAPHIR data into its operational
Arpege and Aladin prediction models for Réunion since
April 2015. SAPHIR data are currently only fed into
models when skies are clear, but research is ongoing
to assimilate them in cloudy and precipitation conditions, which means that hydrometeor scattering must
be factored in, so they must be well represented in
the model. Methodological developments for MEGHATROPIQUES will also be applicable to other microwave
sounding and imaging instruments already in flight or
in development, such as AMSU-A, AMSU-B, MHS, ATMS
and future instruments on the METOP-SG satellites.
2016 provided the opportunity to conduct an in-depth
review of the science results the mission has obtained
since 2011 on tropical meteorology and assimilation,
hydrometeorology and the life cycle of mesoscale convective systems.

Fig.5

Fig. 5: Pollution in the Mexico City © Thinlstock

As of April 2016, some 90 papers have been published,
70 of them written by French scientists. In terms of citation impact, as of April 5, 2016, there have been more
than 1 400 citations (1 236 since 2011), an h-index of 16.
The impact of MEGHA-TROPIQUES publications is on a
near-exponential curve, having generated 407 citations
in 2015, nearly one quarter of all citations.
Hydrometeorology has gained prominence over the
years, taking advantage of the high revisit rate over
SAPHIR’s coverage zone, with up to six observations
a day. A product called TAPEER [2] combining SAPHIR
data with measurements from other satellites, notably
in geostationary orbit, has been developed to estimate cumulative precipitation at a spatio-temporal
resolution of one degree and one day, with an error
bar. This product has been widely assessed and shown
strong potential, especially in Africa, paving the way
for its use at least offline and for research purposes in
hydrological models. Research efforts in this area are
thus actively laying the groundwork for downstream
applications of the future French-U.S. SWOT mission
(Surface Water Ocean Topography).
Another water-cycle-related mission, CALIPSO (Clouds
and Aerosols Lidar and Infrared Pathfinder Satellite
Observatory), clocked up its 10th year in operation this
year (launched on April 28, 2016). This French-U.S. (CNESNASA) mission, in combination with measurements
from instruments on the other satellites in the A-TRAIN

(notably CLOUDSAT), has reduced a certain number of
uncertainties regarding the impact of clouds and aerosols on climate. The IPCC’s Fifth Assessment Report
(2013) makes many references to the CALIPSO mission.
As part of the Grand Challenge on Clouds, Circulation
and Climate Sensitivity of the World Climate Research
Programme (WCRP), continuous observations are much
needed to gain insights into the interdecadal variation
of global cloud and aerosol distribution. ESA’s ADMAEOLUS and EARTHCARE missions, set to launch in 2017
and 2018, are expected to meet this demand in the
short term. The broad French scientific community that
has won such acclaim for its work in this field over the
years through CALIPSO is looking forward to actively
using the data from these new missions.
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Atmosphere
Contribution of the CALIPSO mission to better
quantification of the role of clouds and aerosols
in Earth’s radiation budget
The main goal of the CALIPSO mission (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) is to
gain a closer understanding of the radiative properties of clouds and aerosols in Earth’s atmosphere. The vertical
distribution of clouds and aerosols modulates the atmospheric heating rate due to the interaction and absorption
processes influencing the large-scale dynamics. Clouds and aerosols modulate incident solar and infrared fluxes
at the surface. The balance between these incoming fluxes and emitted fluxes (diffuse visible, thermal infrared
and turbulent fluxes) is what drives variations in Earth’s surface temperature.

CALIPSO is a French-U.S. mission led jointly by NASA and
CNES launched in April 2006. It is one of the key elements
in the A-TRAIN(1) Earth-observing constellation organized
around the AQUA satellite built for NASA’s Earth Observation Science program. The A-TRAIN is the only space observatory with as many satellites in orbit (initially five, now
six, with AQUA, CLOUDSAT, CALIPSO, CGCOM-W1, AURA,
and OCO-2). The CALIPSO mission has thus played a pioneering role in characterizing clouds and aerosols and in
measuring vertical optical properties for studying Earth’s
radiation budget from space. The satellites in the A-TRAIN
constellation are flying in close formation in very similar
orbits that enable them to acquire local measurements
in almost identical conditions, trailing each other by only
seconds to a few minutes. Complementing observations
from the CALIOP (Cloud and Aerosol Lidar with Orthogonal POlarization) backscattering lidar, the Imaging Infrared Radiometer (IIR) with its French-designed uncooled
microbolometer array has helped scientists to measure
the optical and microphysical properties of ice clouds
with low optical thickness, and to achieve convergence of
physical models used to invert data from CALIOP and the
MODerate resolution Imaging Spectroradiometer (MODIS).
A camera calibrated to MODIS’s visible channel gives a
spatial resolution of up to 125 m × 125 m, matching that
obtainable with the lidar, to analyze fine-scale variability. Several products have been developed to take advantage of the synergy between observations. The ICARE data
center in France is archiving these new products derived
from the mission alongside operational products.
CALIPSO observations are thus used intensively by modelers and the international scientific community has

undertaken numerous studies to better understand meteorological processes (and how to parameterize them in
numerical weather prediction models), physical and
chemical processes (air quality) and climatic processes
(model representativity). More than 1 500 research publications (Fig. 2) have cited CALIPSO observations, mostly
for comparing analyses (both directly and with a lidar
simulator), but also for assimilation purposes [1]. A large
number of these publications cover analyses conducted
for the IPCC’s Fifth Assessment Report and analysis of
radiative forcings. CALIOP’s unequalled observing capability has also spawned new applications for ocean research,
in particular for analysis of surface state and ocean color.
In France, the combination of lidar, radar and radiometer measurements has enabled advances in numerical
prediction models through the Dardar product developed
at the ICARE data and services center within the AERIS(2)
hub. New approaches linking the microphysical properties of ice clouds to infrared radiation [2] have facilitated
assimilation of cloud observations in the infrared into
such weather models. By coupling observations from the
A-TRAIN, particularly from CALIOP and CLOUDSAT’s cloud
radar, the radiative atmospheric heating rate has been
measured with unprecedented vertical resolution (Fig. 1).
Vertical measurements are unambiguous and analysis of
induced radiative forcings is more precise thanks to the
measurement of optical thicknesses and the ability to
identify multiple layers. The CALIPSO mission is playing a
key role in this approach, as it is able to target not only
aerosols and ice clouds of low optical thickness, but also
warm low clouds, whose importance at southern hemisphere latitudes is clear (Fig. 1C, 1D), whereas CLOUDSAT
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Fig. 1: Illustration of capabilities offered by activesensor missions, pre-Calipso (CERES, top two figures)
and post-Calipso (A-Train, bottom two figures).
Annual means and standard deviations (left and right
figures) for CERES (one year, top left and right) and
for Calipso/Cloudsat (four years, bottom left and
right) of the radiative heating rate induced by clouds
and aerosols as a function of atmospheric pressure.
According to [3].
Fig. 2: Publications in peer-reviewed journals citing
Calipso data from 2007 to 2015 (source: NASA-CNES)

Fig.2

is not sensitive enough to detect them. In this regard,
it is noteworthy that representing these clouds was previously a major headache in weather prediction models,
generating a radiative imbalance at southern hemisphere
mid-latitudes that has been resolved by modifying the
cloud processes in the European Center’s model, which
now allow for mixed-phase clouds as had been observed
by CALIPSO and MODIS. We also note the increase in radiative forcing in the middle troposphere in the northern
hemisphere due to medium-altitude clouds, which until
now were poorly identified by passive measurements and
poorly represented in models.
The data record built up by CALIPSO is now approaching 10
years and the continuing good health of the instruments
and satellite hold out the prospect of extending it several
years further. Reprocessing exercises are also planned to
enhance the results already obtained and push the boundaries of what we know about the optical, radiative and
microphysical properties of clouds and aerosols.
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Atmosphere
IASI mission helping to study climate and
atmospheric pollution
IASI is an infrared atmospheric sounding interferometer dedicated to improving knowledge and services in at
least three areas. While it is primarily working for weather services that assimilate IASI radiance data to improve
their forecasts, it is also playing a key role fulfilling the needs of scientists researching atmospheric chemistry
and climate. In particular, IASI measurements are used to monitor changes in atmospheric composition (gases
and particles), notably greenhouse gases like carbon dioxide (CO2) and methane (CH4) in the troposphere, as well
as components responsible for pollution like carbon monoxide (CO).

Through a joint program led by Eumetsat and CNES, a
first IASI instrument was launched in October 2006 on the
METOP-A satellite, a second on METOP-B in September
2012 and a third is set to launch in late 2018 on METOP-C.
The IASI instrument consists of a Fourier transform spectrometer that sounds the atmosphere at nadir — scanning
across track to provide global coverage — in the thermal
infrared portion of the spectrum. Data are available for
delivery through the ground segment about two hours
after each satellite pass. This mission is therefore a key
element of operational weather forecasting and for the
study of atmospheric composition and real-time applications (e.g. for the European Union’s Copernicus program).
With the IASI-NG (New Generation) instruments scheduled to come on stream in 2021 and extend service for
another 21 years, long-term data continuity is assured and
scientists will be able to draw on a long record of consistent measurements vital for assessing climate trends.
Thanks to CNES’s support in designing and building the
IASI instrument, French research laboratories have developed a broad spectrum of expertise in studying gas and
particles, spanning development of dedicated radiative
transfer codes, inversion algorithms used to calculate
concentrations from measured spectra, assimilation of
observations in atmospheric models, and validation of
measurements. Their efforts are focusing on variations in
atmospheric composition at different spatial (local and
global) and temporal scales (daily, seasonal and annual)

and are also improving characterization of ground emission sources and helping to monitor short-term (pollution)
and long-term (climate) variations.
Moreover, in combining data with those from the METOP-A
and METOP-B satellites, which are in the same orbit trailing 45 minutes behind one another, and by delivering data
in near-real time, the IASI mission has also shown great
potential for tracking exceptional events like large wildfires, peak pollution episodes and volcano plumes.

Atmospheric
carbon monoxide pollution

2015 was an exceptional year due to a particularly strong
El Niño episode. The map (Fig. 1) compares distributions of
carbon monoxide (CO) measured by IASI in early November 2015 (an El Niño year) and over the same period in
2014 (a normal year). This phenomenon created exceptional drought conditions that fueled the wildfires raging
in Indonesia, Borneo and Sumatra at this time of the year.
As a tracer of incomplete combustion of wildfires, CO can
be used to track the drift of plumes blown by the wind and
their regional distribution.
Carbon monoxide (CO) and ozone (O3) data from IASI are
available on the website of the AERIS/ETHER(1) data center,
where daily and monthly maps of daytime and nighttime
IASI CO data can also be viewed. These data are also continuously assimilated by the European Centre for Medium-
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range Weather Forecasts (ECMWF(2)) to predict CO concentrations several days ahead.

Retrieval
of greenhouse gases related

to the carbon cycle
Estimates of carbon dioxide (CO2) and methane (CH4)
concentrations in the mid-upper troposphere have been
derived from IASI data and are now delivered for assimilation to ECMWF through the Copernicus Atmosphere Monitoring Service(3) with a view to providing vertical profile
forecasts for these two greenhouse gases.
Nearly nine years of CO2 and CH4 data are now available
from IASI observations on METOP-A. The time series of CO2
and its mean geographic distribution over this period are
shown in Fig. 2. High values due to emissions from burning
of tropical biomass can be clearly seen, as can the overall
growth rate of CO2 of approximately 2 ppmv.year-1. As for
any climate variable, measurement of greenhouse gas
trends requires space-based instruments to be constantly
monitored and in this respect the spectral and radiometric stability of IASI on METOP-A is exceptional. The recent
extension of CO2 and CH4 estimates to IASI observations on
METOP-B (already three years) show that the second IASI
instrument is delivering similar performance to the first,
making it possible to monitor these greenhouse gases
and other climate variables like dust aerosols, clouds and
surface characteristics over the long term.
CH4, CO2 and aerosol data from IASI are available on the
website of the AERIS/ETHER(1) data center.

Fig. 1: Carbon monoxide concentrations measured by IASI from 1-6
November 2014 (top) and 2015 (bottom). The zones in red indicate high
concentrations observed in wildfire plumes. © M. George/C. Clerbaux
(LATMOS).
Fig. 2: CO2 mixing ratio (tropospheric column) estimated from IASI.
Global means from July 2007-June 2015 (top) and monthly variations
with latitude.
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