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CNES’s principal contribution to the ESA Swarm
mission is to ensure continued data acquisition of key
physical parameters for Solid Earth observation in order
to improve our understanding of the Earth’s internal
processes as well as surface manifestations of geological
origin. The French scientific community continues to
exploit data from current missions and from the full range
of data already provided by different missions, such as
the CNES DEMETER mission or CHAMP. Efforts are also
being made to continue using data from high resolution
imaging missions such as SPOT 5, ENVISAT and the
recently launched Pleiades, as well as from the gravimetric missions GOCE and GRACE.

 ontinuity in measurements
C
of the Earth’s magnetic field
With its configuration of three satellites, Swarm, the
third opportunity mission of the ESA Earth Observation
programme, is the follow up to satellite missions such
as Ørsted, CHAMP and SAC-C. The absolute magnetometers of the Ørsted and CHAMP missions were provided
by CNES in partnership with the Information Technology
Electronics Laboratory of the Atomic Energy Commission
(LETI/CEA). The absolute magnetometer on Ørsted continues to work remarkably well. The major reason for the
poor data availability since the autumn of 2009 is poor
satellite communications due to the tumbling of Ørsted
for which there has been no active attitude control since
2007 (Fig. 1). The CHAMP mission came to an end in September 2010, after more than 10 years in orbit.
[Fig. 1]
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[Fig. 2]

It is clear that the new Swarm mission is very much needed
by the world community involved in magnetic studies. In
providing the absolute magnetometers for ESA’s Swarm
mission, CNES contributes by ensuring the continuity of
magnetic field measurements.
The magnetic field is measured by two complementary
instruments: one which measures variations of three
orthogonal field components (a vector magnetometer)
and the second which is used to calibrate the first with
an absolute value of the field intensity (absolute magnetometer)... The Swarm satellites are due for launching in
September 2012. At the time of writing the three Swarm
satellites are undergoing final testing (Fig. 2).

→ Solid Earth
[Fig. 2]
Two of the Swarm satellites,
in their compact form,
ready to be launched in 2012.
© ESA/P. Sebirot, 2012

DEMETER still a source of interesting data
DEMETER, the first in the Myriade series of microsatellites
developed by CNES, monitored the ionosphere for signals
generated by seismic and volcanic activity and the impact
of humans. The DEMETER mission was extended until the
end of 2010.
The final science command uploaded by the science
ground segment at LPC2E (Chemistry and Physics of the
Environment and Space Laboratory) was received by
DEMETER on 7 December 2010.
This command concluded Demeter’s Science Mission on
9 December 2010, in an emotional moment for the whole
CNES team. During the second DEMETER International
Symposium held at CNES headquarters in October 2011,
80 geophysicists from around the world met to present
new results obtained from the huge amount of data
acquired during the satellite’s six and a half year mission.

 ontributions to the IAG’s geodetic
C
services and measuring the Earth’s
gravity field
Without the Terrestrial Reference Frame (ITRF) on which
our reference systems are built, it would not be possible
to provide locations with sufficient accuracy to track the
level of the sea or the movement of tectonic plates. The
fundamental geodetic services of the International Association of Geodesy (IAG) produce the geodetic measurements needed to define the ITRF. CNES and its partners in
the Research Group in Space Geodesy (GRGS) are heavily
involved through a major contribution to the international DORIS service, but also through the provision of
laser (Calern, Tahiti) and GNSS measurement and analysis
centres for these two techniques. CNES, in partnership
with IGN, operates the space segment of the DORIS
system and the network of ground beacons.

The space segment currently consists of eight instruments
following the successful launch of Jason-2 in June 2008,
HY-2A in August 2011, and Pleiades in December 2011,
and will be reinforced in 2012 with the launch of Altika.
Gravity field models are also used to define basic geodetic
markers. CNES teams have developed various gravity
mission concepts and have contributed significantly to
development of the GOCE mission, launched on 17 March
2009. The main purpose of this mission is to enable
modelling the geoid with an unequalled precision of 1 cm
in geoid height on spatial wavelengths of 100 km. CNES is
part of the consortium which prepared the model production software for the gravity field and geoid.
Apart from geodesic applications and the information
gained from static gravity-field models, space gravimetry is now moving to missions investigating temporal variations of the gravity field. CNES is studying such a
mission which aims to continue monitoring many phenomena that lead to variations in mass distribution on and
under the surface of the planet. The phenomena include
changes in the water mass of large river basins, variations
in ice cover, differentiation effects of thermal expansion
and the intake of water masses in the increase in sea
level. These parameters are of fundamental importance
for research on climate change.
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[Fig. 1]
Data availability from
the φrsted satellite,
since its launch in 1999.
The scalar data provided
by the OVH magnetometer
(provided by LETI/CNES)
are the only magnetic satellite
data available at the time
of writing.

Monitoring surface changes
Since its pioneering development of satellites carrying high
resolution optical instruments, the French research community has long been heavily involved in the development
of techniques using satellite imagery to monitor various
parameters on the Earth’s surface, among which, fundamental research on SAR Interferometry and optical image
correlation to determine surface displacement caused
by various geological processes. Precise knowledge of
surface displacement is vital for improving our ability to
accurately model earthquake processes and understand
the spatial distribution of stress accumulation along faults.
Research on this theme has made significant strides
recently with an abundance of high resolution radar
and optical instruments on a new generation of satellites being available to the scientific community through
the CIEST (Cellule d’Intervention d’Expertise Scientifique
et Technique) agreement between CNES and a group of
geophysics/geology labs in France. By providing access
to data acquired in the framework of the International
Charter on Space and Major Disasters, it has been possible to significantly further our understanding of several
recent disasters of geological origin (Sichuan, Haiti).
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Thermosphere studies using high-resolution
accelerometer-inferred densities
Études de la thermosphère à l’aide des mesures de densités
haute résolution déduites des accéléromètres
(1)

Géosciences Environnement Toulouse (GET), 14 avenue Edouard Belin, 31400 Toulouse, France.
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Abstract
Large-scale gravity waves in the thermosphere
have been observed and characterized,
and numerical model results have been largely verified.
Detection of these waves requires high-resolution
accelerometer-inferred densities. This data type
is equally used to compare observed to modeled
latitudinal profiles at two different altitudes,
which revealed unexpectedly high Helium
concentrations at 490 km during the last solar
minimum due to the very low EUV emissions.

Densities derived from accelerometer measurements on the GRACE, CHAMP and Air Force/SETA satellites
near 490, 390, and 220 km, respectively, are used to elucidate global-scale characteristics of Traveling Atmospheric
Disturbances (TADs) [1] and to show the effect of the very
low solar EUV activity on the thermosphere temperature
and composition [2]. The high resolution, 40-80 km along
the orbit, of this data type is a prerequisite for these studies.
When energy of magnetospheric origin is suddenly transferred to the thermosphere at high latitudes, an extended
wave front propagates outward from the source region.
The large-scale gravity waves or Traveling Atmospheric
Disturbances (TADs) represent an essential mechanism for
the global redistribution of energy and momentum within
the thermosphere. In this study we determined amplitudes and phase speeds of observed TADs, after filtering
of the densities and computing relative density variations.
An example for TADs detected in GRACE data is shown in
Fig. 1. The arrows show large-scale waves with amplitudes
of more than 20% of the local mean, which propagate to
the equator and into the opposite hemisphere.
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Résumé
Des ondes de gravité à grande échelle dans
la thermosphère ont été observées et caractérisées,
et les résultats des modèles numériques ont été largement
vérifiés. La détection de ces ondes nécessite des densités
hautes résolutions déduites des accéléromètres. Ce type
de données est également utilisé afin de comparer les profils
modélisés et observés à deux altitudes différentes ;
des concentrations anormalement élevées de l’hélium
à 490 km ont été observées au cours du dernier minimum
solaire, en raison des très faibles émissions EUV.

The following characteristics seen in numerical simulations
are confirmed: (1) propagation speeds increase from the
lower thermosphere (average speed 450 m/s at 220 km) to
the upper thermosphere (600 m/s at 390-490 km); (2)
propagation to the equator and even into the opposite
hemisphere can occur; (3) greater attenuation of TADs
occurs during daytime and at higher levels of solar activity
(i.e., more wave activity during nighttime and solar minimum), presumably due to the greater influence of ion drag.
The occurrence of significant TAD activity coming from the
auroral regions does not reflect a clear relation with the
level of pl anetary magnetic activity (Kp).
The prolonged minimum in solar activity between solar
cycles 23 and 24 resulted in a quiet state of the thermosphere that has never been observed. Anomalous behavior
with respect to model predictions, such as lower exospheric
temperatures and densities, can be expected. We present
indirect evidence for unexpectedly high Helium concentrations at about 490 km, i.e. the GRACE densities, by means
of comparing CHAMP to GRACE data, and both to the
NRLMSISE-00 thermosphere model [3].
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[Fig. 1]

[Fig. 1]
GRACE filtered relative
densities plotted versus time and
geographical latitude for 15 May
2005, dayside. The black curve is
the planetary geomagnetic activity
index Kp, given on the right axis.

[Fig. 2]

The GRACE satellites orbit higher than CHAMP, and the
precession rates of their orbital planes are different.
Densities are generally observed at four local times. The
samelocalsolartimeswereobservedbutatdifferentaltitudes
four times when the satellite orbit planes were coplanar.
The fourth coplanar event took place on 14 December
2008, i.e. during the minimum of the solar cycle, at which
time the altitude difference was 144 km. Based on the
NRLMSISE00 prediction for December 2008, CHAMP
and GRACE orbited in significantly different atmospheric
compositions of O and N 2 vs O and He, respectively, i.e.
the density structures are completely different at the two
altitudes.
Fig. 2 shows the latitudinal density profiles of CHAMP,
GRACE and NRLMSISE-00 averaged over the whole time
period in 10° latitude bins for the dayside. The difference
in latitudinal structure is evidently caused by the changing
composition as a function of altitude, and in particular the
emergence of the winter Helium bulge. The model predictions are on average 15-25% too high and have large deviations about this mean in each latitude band. The observed
latitude profiles are very different from the modeled
ones for GRACE: dayside densities are characterized by
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[Fig. 2]
Red squares: GRACE
Blue squares: and NRLMSISE-00
Solid lines: latitude-binned
densities for day and night sides
(1 week of data centered
on 14 December 2008).

a minimum near 30°N with increasing densities towards
± 60° latitude (i.e. the winter pole), whereas the model
densities are maximum near the equator and decrease
towards the poles. The model densities are in good agreement, except for a bias, with the observations at the lower
altitude of CHAMP: higher densities over the summer pole
than over the winter pole, maximum density in the equatorial band in the morning, and two maxima over tropical
to mid-latitudes in the evening.
The GRACE density maximum that sits in the northern
(winter) hemisphere is absent in the model (also on
the nightside; not shown). This maximum is most probably the winter helium bulge. NRLMSISE-00 produces
a latitude profile more similar to the observed one if we
compute the densities 50-100 km higher, although rather
large discrepancies remain. Therefore, it appears that the
thermosphere is significantly cooler than for an average
solar minimum, which is due to the very low EUV emissions and the geomagnetic quiet. A semi-empirical model
such as NRLMSISE-00 provides mean climatology predictions based on the data with which it was constructed,
and consequently its density predictions for the last solar
minimum are significantly biased.
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DORIS applications to orbit determination, geodesy,
geophysics and atmospheric sciences
Applications de DORIS à l’orbitographie, la géodésie,
la géophysique et les sciences de l’atmosphère
Institut national de l’information géographique et forestière, Direction technique, 73 avenue de Paris,
94160 Saint-Mandé, France.
(2)
Institut de Physique du Globe de Paris, PRES Sorbonne Paris Cité, Université Paris Diderot, Paris 7,
35 rue Hélène Brion, 75013 Paris, France.
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Abstract
DORIS is a French system for precise orbit
determination. It tracks several satellites since 1990
(SPOT-2). This uplink system relies on a dense
and homogeneous tracking network of about 60 stations.
It allows precise determination of satellite orbits
as well as ground station coordinates and velocities.
The International DORIS Service (IDS) is composed
of 7 Analysis Centers, providing regular geodetic results.
Other scientific applications are also possible for
geophysics and atmospheric sciences.

Résumé
DORIS est un système français d’orbitographie équipant
des satellites depuis 1990 (SPOT-2). Ce système
de poursuite ascendant basé sur un réseau dense
et homogène d’une soixantaine de stations calcule
la position précise des satellites ainsi que la position
et la vitesse des stations au sol. Le Service International
DORIS (IDS) regroupe 7 centres de calculs fournissant
des résultats géodésiques réguliers. D’autres applications
sont aussi possibles pour la géophysique et les sciences
de l’atmosphère.

[Fig. 1]

[Fig. 1]
DORIS tracking
network and
co-locations
with other space
geodetic techniques
(updated from [1]).

The DORIS system was conceived by CNES and IGN
in view of the TOPEX/Poseidon mission with NASA for
altimetry. It is a simple but robust uplink Doppler system (at
2 GHz and 400 MHz), relying on a dense and homogeneous
set of about 60 ground stations see (Fig. 1). More than half
of these stations are in close co-location with other space
geodetic techniques (SLR, VLBI and GNSS) [1].
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Since the launch of SPOT-2 in 1990, several other satellites
were equipped with on-board DORIS receivers see (Fig. 2).
Currently 7 satellites provide regular DORIS data and are
used for precise orbit determination, often in conjunction
with other on-board equipment such as SLR and GPS [2][3].
Best results for DORIS-alone a posteriori orbit are around
10 mm (radial RMS).

→ Solid Earth

[Fig. 2]

It is also used for on-board real time orbit determination for the newest satellites equipped since SPOT-4
with the DIODE software package developed by CNES,
providing a 50 mm (radial RMS) accuracy in almost real
time, allowing new types of applications for operational
oceanography. Most recent satellites are now equipped
with a new generation of fully digital receiver (DG-XX),
allowing observations on multiple channels, even at the
lowest elevation, providing about twice as much DORIS
data than before with the older equipment.

In particular, it has been used for plate tectonics models,
either on a global basis (GEODVEL 2010) or on a regional
basis (eg. in Africa where geodetic infrastructure is unfortunately scarce). Furthermore, as a 7-10 mm can also be
obtained on weekly basis and as several ground tracking
stations are located at high latitude (Greenland and Antarctica), it is also possible to use these data to control (or to
be assimilated) in post-glacial rebound model, taking into
account the uplift created at high latitude by the melting
of ice since the last glaciation age (10 000 years).

In 2003, an International DORIS Service (IDS, http://idsdoris.org) was created. Two data centers (NASA/CDDIS
in the USA and IGN in France) collect the DORIS data as
well as the scientific products derived from these data.
Currently, 7 Analysis groups (Australia, Czech Republic,
France, Germany, Russia, USA) analyze these DORIS data
and provide regular products: precise orbit determination
of DORIS satellites, time series of weekly geodetic coordinates of all ground tracking stations (see graphic
tool available at http://ids-doris.org/plot-tools.html). Best
results are obtained using a week of DORIS observations
and provide geodetic results at 7-10 mm in 3-D (in latitude,
longitude and altitude of all ground tracking stations). In
the last two years, a large number of comparisons were
performed between these groups, leading to new improvements. A combined IDS solution is also recently available on
a regular basis (updated every 3 months).
In recent years, progress was obtained from all groups for
example in better handling the solar pressure radiation and
the atmospheric drag effects on satellites in data processing.

More recently other type of scientific products were also
produced and analyzed in the field of atmospheric
science. For example, as DORIS data are available on 2
different frequencies, it is possible to derive ionosphericcontent, providing information on the free electroncontent
between the ground stations (transmitters) and the satellites (receivers). As the DORIS Doppler data are analyzed
using state-of-the-art geodetic software packages, Analysis
Center can also estimate total zenith tropospheric delays for
each ground station, on a regular basis, since 1993, hence
providing valuable scientific information on the percentage
of humidity observed in the lower part of the atmosphere
(troposphere). Comparisons were done during geodetic
campaigns such as CONT08 [4], during which a large variety
of equipment are available in close co-location, for a couple
of weeks, at some specific (VLBI) sites.

The DORIS-derived geodetic products have been used
for year to realize and maintain the International Terrestrial Reference System, whose latest version (ITRF2008) is
widely used by scientists and practitioners. Such data have
also been used by geophysics to benefit from the long-term
observations of this permanent ground tracking stations.
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[Fig. 2]
Satellites equipped with DORIS
receivers (since 1990) and planned
missions. Satellites are dedicated
to altimeter or remote sensing
missions from CNES, NASA, ESA,
China or India space agencies
(updated from [1]).

In conclusion, while the orbit determination is still the key
objective of the DORIS system, new products and applications are now possible in the field of geodesy (terrestrial
reference frame and time series of coordinates), geophysics (regional and global models), and atmospheric sciences
(ionosphere and troposphere). While the number of available DORIS satellites is larger than ever (currently up to 7), it
should continue in the near future, thanks to new planned
missions from France, USA, China and India.
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