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Cover illustration:A close up, composite image of the Sun and comet Lovejoy (the striated line) taken
with the SWAP EUV imager on PROBA 2 (ROB).
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Preface

This report describes the highlight$ scientific activities angbublic services
at the Royal Observatory of Belgium in 201

A list of publications and the list of personnel is imtedd at the end.

Due to lack of means and personnel the report is only in English. A descri
of the most striking highlights is available in Dutch and French.

If you need more or other information on the Royal Observatory of
Belgium and/or its actities please contactob_info@oma.beor visit our
websitehttp://www.astro.oma.be

Kind regards
Ronald Van der Linden
Director General
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Reference Systems
and Planetology




Global Navigation Satellite System (GNSSjor positioning, space

weather, meteorology and for characterizing plate motions and

deformations

positions (at the mm level) and velocities (at the s B ° X

submm/year level) of permanently tracking GNS | . bt
stations installed on artr,s\c.rust. This
them to characterize regional and global g g .‘:"-._..:.. S e

deformations (geokinematics) and to integrg
Belgium in international terrestrial coordinat
reference systems. This is performed through [
integration of several continuously observing GN3
reference stations and associated services
international GNSS observation networksThe
6 GNSSO R O &ntributes actively to the

hitp://www.epnch omalbel

European and global developments of GNSS$PN tracking network (status Dez012).
observation networks, their products andred: stations tracking only GPS signals (319
applications since more than ten years. This hague: stations tracking GPS+GLONASS signg
resulted in a number of responsibilities withire th (51%);Green: stations tracking GPS+GLONAS
International GNSS Service (IGS) and the EUR pignals and capable to track Galileo signals (18%
(European Reference Frame) Permanent GNSS

Network (EPN). The EPN is a network of almost 250 permanently observing GNSS gti#tobsited

all over Europe (see figure abgveand which is managed by the ROBNSS team

(http://www.epncb.oma.hét received about 2.5 million hits in 2012). The EPN is the foundation of the

European Terrestrial Reference System (ETRS89) recommended by the EU for-ralfegencing in
Europe

As the models correcting GNSS error sources have been improvedpwith
time, ROB scientists contributed to the first full reprocessing of the
EUREF Permanent GNSS Network(EPN) and integrated its results in

the EPN Central Bureau web site. From the resuttore precise station
positions, velocities and residual position time series, as well as troposphere
parameters have been derived.

On Feb. 14, 2012, after more t ha
permanent GNSS station which is integrated in tinéernational
observation networks of the EPN and IGS (International GNSS Ser
was decommissioned. The replacement station r{gbe picturg, located
about 100 m from the old one, directly took over operations and was
integrated into the IGS drEPN networks. Compared to the old station,
new one has improved performance thanks to better visibility e
equipment and enhanced multipath mitigation, as well as the abilitH

observe, next to GPS, also GLONASS and Galileo satellites. New permanent

Within the fame of a working group of the International Associati tGPifGL?'\t'_ASS:Sg'geO
Geodesy, chaired by ROB, we are creatigigase velocity fieldbased on racking station a :
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Installation of two
new GNSS
stations in
Antarctica

permanently observing GNSS stations installed throughout the globe. Up to now, this velocity field was
estimated by conibing the velocity solutions generated by different analysis centers, but we showed it
was affected by geographically correlated biases. To get rid of these biases, we introduced in 2012 a new
approach consisting of combining weekly positions prior toviegithe station velocities. We performed
preliminary weekly combinations including 8 individual solutions and about 2000 stations over a period
of 16 years. The agreement between the solutions leads to weekly RMS ranging from 2 to 8 mm.

Two new GNSS stains were installed around the Princess Elisabeth stati@ntarctica in the frame

of the IceCon project (seove figurg. The IceCon project aims at a better understanding of the past and
present ice volumes and extension of the Antarctic ice sh&ebiming Maud Land through a new series

of measurements and observations in conjunction with ice sheet system modelling. The new GNSS
stations have been designed to run all year round and are equipped with solar panels and windturbines.

In addition, we ecomputed improved daily positions for the ELIS permanent GPS station in Antarctica
(installed by ROB in 2009 within the frame of the BELSPO GIANT project) by extending the network of
GNSS reference stations included in the analysis in order to reducettiherk effect. At present, not
enough data are available for ELIS to determine reliable site velocities. A new analysis will be done in
2013 using additional data and enhanced modelling capabilities.

ROB scientists have alsteveloped software to processd compare GNS&ntenna calibrations This

work allowed detecting anomalies, even in the widely used igs08.atx standard calibration file containing
the official antenna type mean phase calibrations. The IGS Antenna Working Group, responsible for
maintenane of the igs08.atx file, as well as Geo++, the company responsible for the generation of the
calibrations that contain the anomalies, were contacted. The igs08.atx will get an upgrade in 2013 to
correct the erroneous values, according to ROB results. &@Btistsalso investigated how different
antenna calibration models can have an impact on the estimated station positions. A comparison of
positions obtained on the one hand with type calibrations and on the other hand with individual
calibrations resultd in position differences up to 1 cm in the up component. In the horizontal, position
differences generally stay below 4 mm. The comparison of the positions obtained with individual
calibrations provided by two different calibration facilities (Geo+robot calibration and UniBonn
anechoic chamber) demonstrated a difference of 2 mm in the horizontal components. In the up
component, there is a significant bias of 5 mm. All these results confirm that altindigtdual antenna
calibrationsare far from prfect and affected at the few mm level by near field multipath, they are more
representative for the phase center variation of a specific antenrentfuatennatype mean calibration.

Additionally, the computation of local ties between our old and nenngnent GNSS station in Uccle
also demonstrate the limitation of GNSS to accurately, at the-(sub)evel, determine local site
eccentricitiesThis limitation is mainly caused by the imperfect calibration of the GNSS antennas.
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. Relatves (), [ '\‘z“ e The GNSS teanis involved in the Solar
6 __/\/45 Terrestrial Center of Excellence (STCE) and

oy

uses GNSS observations to monitor the
Eart hoés i onosphere and
monitoring products are used by scientific as

" ‘5£ ’ -+ well as civil users.
0] Q

o < *1 In the frame of the ionosphere, a method to
o w I = generag in neareal time 0.5°x0.5° grid

0] d =5 a - VTEC (Vertical Total Electron Content)
] 5 m =« maps and VTEC variance over Europe each
:gﬁ/ | [ 15 minutes from the GNSS data from the
/n\ [\ <l P M EPN has been developed (see report of 2011).

= In 2012, we started to provide routinely, in
-0 9 8 7 6 5 4 3 2 1 0 1 2 3 4 5 6 7 8 9 10 . . .
Day wrt storm onset near reatime the results of th@nospheric

: monitoring, obtained using this method, to
Mean effect of 69 geomagnetic storms (12985) | the public. In addition, information on

on daily mean TEC w.r.tto the latitude for a period dentified ionospheric disturbances are also
20 days around the events. This picture shows| communicated to the public via the wsite
mean relative differences (scaled by the obsgrireq www.gnss.be(also integrated in the SIDC
percentage. The red line is day of the detecied 9 wep portal) and an open access to the
of the storms. ionospheric data is now available via
ftp://gnss.oma.he

The ROB team alsmvesticated the effecof geomagnetic storms on ionospheric daily mean TEC. We
denonstrated that geomagnetic storms mainly affect the TEC in Polar regions with a maximum decrease
of ionization one day after the onse8.2 + 1.5 TECu in absolute and9.6 + 15.0% in relative
differences). Prastorm conditions can be retrieved againratd days.

The team also showed (in collaboration with the Solar Physics Department) that solar radio bursts can
degrade GNSS signal reception. The GNSS carrier to noise ratio can even be used to deduce the solar
flux. However, antenna and receiver teichhdetails are the limiting factors of the study.

Water vapour plays a dominant role in the climate change debate, as it is the most important greenhouse
gas and provides the strongest positive feedback mechanism for the surface warming. However,
observig water vapour over a climatological time period in a consistent and homogeneous manner is
challenging, because water vapour is highly variable both in space and time. In collaboration with RMI
and BISA, ROB set up a wordide techniques intecomparisonconsisting of seven different devices
observing water vapour: two groubdsed (GPS and CIMEL sun photometer), onsitin (radiosondes,
attached to weather balloons) and four satdiiieed (measuring in the visible wavelength range,
GOME/SCIAMACHY/ GOME-2, and in the thermal infrared, AIRS). The main conclusion of this
research is that CIMEL sun photometers and GPS are very valuable techniques to measure Integrated
Water Vapour (IWV) and the most promising to build up long time series for climateatjupis; as long

as the data homogeneity can be guaranteed. For the considered satellite data, the largest geographical
variability of the IWV measurements relative to thelacated GPS observations is obtained, possibly

due to the spatial coverage and hingh variance of IWV.

ROB also improved its service which provides the European meteorological institutes with ngarereal
(NRT) GPSbased tropospheric Zenith Path Delay (ZPD) estimates used for assimilation in the Numerical
Weather Prediction (NWP) adlels and fonow castingapplications. The goal of the improvement was to
adhere to the next generation of user requirements and to new types of prodaggliaations. After 6
months of validation (i.e. mid 2012), this new service became the ofR€d solution within the E

GVAP project and the old service was discontinued.

Geomag. Latitude

Page9


http://www.gnss.be/
ftp://gnss.oma.be/

Time Transfer

The ROB scientists establish the Belgian time scale (UTC(ORB)) and participate in international
timescales by incorporating Belgium in these timescales. We majmtesently six higlguality clocks

for participation in two international timescales: the International Atomic Time (TAIl) and the
International GNSS Service Timescale (IGST). The present requirement for the clock precision and
stability is at the level othe nanosecond over one day, which can only be achieved witty ity

clocks, when located in temperatwentrolled environment. Our six clocks are located in such an
environment and their performances are continuously monitored bycorrgrarison btween themselves

and also with atomic clocks of other laboratories participating to TAI or IGST. In order to perform these
comparisons, as well as to transfer time at ¢batreswhere the computations for the international
timescales are performed, weedemethods which insure a titransfer precision matching the required
precision of the timescales. These comparisons are usually performed using code measurements of GPS
satellites in common view. The scientists involved in the project work on the ierpesit of the time

transfer by using both code and phase measurements of geodetic receivers, in order to enhance its
precision and accuracy. This requires the establishment of new analysis strategies, new error modeling,
and new computer codes. It also regs the installation of new equipment and the adaptation of the
procedures to these neguipment The scientists of this project also take care of the legal issues related

to the legal time. An additional important part of the work is related to theatyjuantrol and
maintenance of the clocks, as our involvement in the definition of international timescale impose us a
quasiperfect reliability.

During 2012, thanks to the repair of the Maser in February 2012, to the complete renewal of the lab in
2011,and to the participation of the ORB clocks to the BIPM project Rapid UTC since February 2012,
UTC(ORB) was realized with a quality never obtained in the past, the deviation from UTC did not exceed
16 nanosecorgd The top right figureprovides the differere between the realization of UTC at ROB and
UTC as a function of time for 2012.

nanosecond

1
i
=

I

I

=20 ' ' ' '
January 2012 December 2012

UTC (ORB) compared to the true UTC during the year 2012.
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On October 24, 2012, the law definikf C and its realization ahe Observatory as basis of Belgian
Legal Time was signed by the ministers P. Magnette and J. Milquet.

The quasi reatime monitoring of atomic clocks using Precise Point Positioning (PPP, a method that
performs precise position determination using a single GNSS receiver) was improved allowing now to
detect a clock jump larger than 1.5 ns after some minuteg tiet IGS realime products, or 0.8 ns after

90 minutes, using the Ultra Rapid orbit and clock products (EMU) delivered by the Canadian Analysis
Center (NRCan), andfaequency change larger thar1®* when looking at the last 24h data, or larger
than 2x10™ when looking at the last 2 hours, a world fifEhese resulthave ledto an update of the
Observatory clock websitehttp://clock.oma.be where the near retime monitoring of UTC(k) is
available continuouslfor UTC(ORB) and severaither laboratoriesSeefigure below).

1
lock oma,be/Private/clockcomp pt MR N |
* ATOMIC CLOCK
% % % % s ROYALOBSERVATORYOF BELGIUM il MONITORING
TIME SECTION LN 1 p
EEEE V USING GNSS PPP
HOME
— Clock - private
cLock date : 3232012 to 2712012 -356.2029-356,2155
COMPARISONS ————————————— + BRUXPTBB(ns] o BRUXUSNS [ng -
INTERNAL CLOCKS , l
~355,5934
. 196,568 1
TEMPERATURE R ‘0"0 o 15,480 &A’
5 -3u5,734 1
3 . S 196,368
PUBLIC “ -355,834 /’ 3‘ 156,268 ,”',:
i - { A 5 1160 ‘g 4 '%
~356,834 196,968 -
e f sy g
~396.234 195,068 X
011 S6812 5691 56611 56812 S6015
L no
o BRUX4ING [ne) 7 e+ BRUX£STC [ns] 7
v
151,364 ~51,587
o 151,654 L -ase.ery
3 150,744 : ot
¥ 1m0, ¥ -m3.617 Y
i: 196,124 f' ~408,987
T 149814 T -ave.957
149,504 -2y
149,194 ~663,097
}o01L S6e12 S6h1Y S6e11 S6e12 6813
nJo LN 4
2yeeky
IGS IGR EMU  IGSreal time

Screenshot of websikdtp://clock.oma.be
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Geodesy and Geophysics of Terrestrial Planets

ROB scientists investigate the rotation and orientation variations and the tides of the terrestrial planets
and large natural satellites arder to gain insight into their interior structure, composition, evolution,
dynamics, and atmosphere. Geodesy data on the gravity field and rotation of a planet can be obtained
from spacecraft flying by, in orbit around, or landed on the planets. Iprbject, radio science data from
spacecraft in orbit around Mars and Venus, such as Marsexpress (MEX), Mars Global Surveyor (MGS),
Mars Odyssey, Mars Reconnaissance Orbiter (MRO), and VenusExpress (VEX) are the principal source
of information. Radio sciemc data from the upcoming BepiColombo mission to Mercury and the
ExoMars mission to Mars will be processed in the future. In addition, we use data from missions to the
outer solar system like Voyager 1 and 2, Galileo, and Cassini.

The gravity field of plaatary bodies is obtained by monitoring the trajectory of passing or orbiting
spacecraft through performing Doppler and ranging measurements on radio links between the Earth and
the spacecraft-or the analysis of these radio science data and for simdatfofuture experiments, a
numerical code (GINS/DYNAMO) is used and further developed; this code is one of only a few codes in
the world that can compute accurate orbits of spacecraft from radio sciend@edatase the gravity field

of aplanetisdeteimned by the planetés mass distribution, :
field can be used to determine physical properties of the interior and atmosphere of the planet. Since the
beginning of the space age, the lasgale structure of therayity field of planets and moons has been
successfully used to determine the moment of inertia, which is a measure of the radial density distribution
and an important constraint on the interior structure. More recent efforts use tides, which can also be
observed through their tirariable effect on the gravity field, to obtain more accurate information on

the deep interior, in particular on global fluid layers such as a liquid iron core in terrestrial planets and an
internal subsurface ocean in icy sated.

Constraints on planetary interiors can also be obtained from rotation variations. Three broad classes of
rotation variations are usually considered: rotation rate variations, orientation changes with respect to
inertial space (precession and nutafjcand orientation changes with respect to the rotation axis (polar

motion and polar wander). They are due to both internal (angular momentum changes between solid and
liquid layers) and external (gravitational torques) causes. By studying rotatioradioreziof a terrestrial

planet, more can be learnt about the excitation processes. Moreover, as the rotational response depends on
the planetds structure and composition, al so insi
particularly so forthe rotational variations due to wéhown external gravitational causes, such as for

example for the nutations of Mars and the librations of Mercury and natural satellites.

The team has a strong theoretical research component, which is
oriented towardsthe investigation of the dependence of rotation
variations, gravity field, and tidal variations on interior and
atmosphere properties and orbital motion characteristics. These
studies include the development of advanced models of rotation, the
constructim of detailed models for the structure and dynamics of
solid and fluid layers of the planets, the investigation of the
dynamical response of these models to both internal and external
forcing, the modelling of the orbital motion of large bodies of our
sola system, and the inclusion of general relativistic effects into the
data analysis

We are involved in several ESA solar system missions (Mars
Express, Venus Express, BepiColombo, JUICE) and Cassini-at Co
Investigator level, actively participate with ESA preparations for

new and upcoming missions, and lead the development of a coherent

MarsExpress ESA apecratft,
presently arand Mars (ESA)
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X-band transponder and antenna for use in a future Mars lander mission. We also develop theories and

strategies for the future exploitation of space data.

Highlights of lesults obtained in 2012 are listed below in order of increasing distance of the solar system

body involved with respect to the Sun.

Mercury

The MESSENGER spacecraft, in orbit arou
Mercury since March 2011, has accurately meas
the gravity field ofMercury. Together with ground
based radar measurements of the rotation of Merc
in particular the changes in the rotation rate (libratid
and the angle between the rotation axis and
perpendicular to the orbital plane (obliquity), the
data provié the best available information on t
deep interior of Mercury. We have shown that t
data strongly constrain the radius and average de
of the core. The core radius is estimated to be al

2200

b
{
{ g \
Vi)
2

MESSENGER mission to Mercury (credit NASA

s df drust@mdtmantlesishvery thin ¢ o n s i

2100

2000

2000 km, showing

t hat Mercuryods
1900

me[kml

10nn

Core radius and core sulfuf
concentratios  for interior
models of Mercury that agre
with the gravity and rotation
data. The color shaded aresg
represent Bayesian confidend
areas (0.68,0.95,0.997). @&h
dashed contours delineate 0.6
and 0.95 Bayesian confideng
regions if the effect on the inne
core on the libration amplitude
is neglected

compared to the other terrestrial planets of the Solar Systesulfuf

is the only light element in the core, it contributes about 5% to the
total mass of the core. In contrast to initial results published by
MESSENGER sentists, we show that the data do not imply that the
mantle must have a density significantly larger than the densities of
plausible silicate minerals.

The planets of the Solar System perturb the orbital motion of Mercury
with periods related to the luital periods of the planets. As a result,
the gravitational torque of the Sun on Mercury will also be variable at
those periods and will induce lompgriod librations. We have shown
that several longeriod librations can attain large enough amplitudes
to be detected by future spacecraft measurements if the period of the
planetary forcing happens to b
close to a free libration period
In a parallel effort, we have
refined our methods to mode
the libration in terms of the
interior structure and showr
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depend on the interior structure of Mercury. Future observation
the long period librations may thus be used to constrain the inte

. § Mo Tho)
that the periods of the free” Ny
modes of libration sensitively, _— NG

e s ocnweos voo 2 tCoRl=per

1500
Inner core radius rig, (km)

2000

structure of Mercury, including the size of its inner coreeT
angul ar velocity of Mercurybd
also amplified by the resonances, but remains much smaller
the current precision of Earttased radar observations unless
period is very close to a free libration period. Oa basis of the
available radar observations

concluded that it is currently not yet possible to determine the

Periods of the two free libratior|
eigenmodes (T1, T2) as a functig
of the inner core radiusDifferent
curves represent the differer
interior models. The horizonta
lines represent the periodf the
librations induced by planetar

anetary

rotat.i

of the inner core of Mercury.
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Mars
The rotation of Mars, which can be described by precession, nutptitar, motion and lengtbf-day

variations, is related to the interior of the planet as well as to the dynamics of its atmosphere. It can be
estimated by measuring the Doppler shift on radio signals between a probe landed on Mars and tracking

stations on BEah. Numerical simulations have been performed to assess the precision on the

determination of the rotation parameters from DiBgtEarth X-band Doppler measurements for a

nearly equatorial lander. It was shown that such measurements for a lander mviisiannominal
lifetime of one Martian year will allow better constraining the ,@@ss budget of the Martian

atmosphere and ice caps. Moreover, the polar
moment of inertia will be improved and direg »

information on the core will be obtained. B r ,\\V\[—Nocarbonateweathering !
combining tracking data from the Opportunity -/ v b ~Efficient carbonate weathering

MER rover and the MER Spirit rover when | § 15/

was stuck with historic tracking of the Viking @ [/ ]
and Pathfinder landers the most accurate Mart 3 [ P=19bar ]
precession rate was estimated. g’_ L 7]
We have shown that impacts alone can har( g | 1
removesignificant amounts of atmospheric ma¢ € 5 " ]
of Mars between the end of the Noachian (3 ® | . P=025bar 1

Gyr ago) and the present. The atmospheric |
by other mechanisms is also small, except may 9
by sequestration of carbon dioxide in carbong

il L T e
15 2 25 3 35 4
Age of the planet (Gyr)

4.5

wm

reservoirs. Based on thetiesated atmospherig
pressures and assumed greenhouse warming
have shown that saline solutions, possible
temperatures higher than 245 K, can only flg
sporadically on Early Mars, at high latitudes a
during high obliquity periods. Other sources

Atmospheric mass evolution under two scenarii
atmospheric mass evolution. The first scenario (pl
black line) assumes a reduced volatile supply due
impacts. The second scenario (dashed red i
assumes that sequestration of carbon dioxide i
carbonate reservoir can remove up to 2 bars of,(Q

atmosphere from the end of the Noachian.

transient warming are then needed to allow |
presence of liquid water.

Phobos

The two Martian moons Phobos and Deimos might
asteroids captured by Mar g
formed in situ from accret
We have reconsidered two specific scenarios for the case
situ formation: the strong tide regime, for which accreti
occurs close to the planet at the Roche limit, and the weak
regime for which accretion occurs further away from f{
planet. Thedebris disk spreads inwards to and outward fr{
the planet due twiscouseffects. We have shown that wheg
outward moving material crosses the Roche limit, ssiatd
moonletsare accretedrom gravitational instabilities with a
shape and density similéo Phobos and Deimos. Althoug
they initially migrate outward due to interaction with the di
the moonlets rapidly fall back onto Mars due to the ti

Image from MarsExpressf Phobos, the
kcloser to Mars of the two Martia
dnoons(copyright ESADLR)

decay of their orbits once the disk is lost. In the weak tide regime, moonlets can accrete near the

synchronous orbit with the mass of Deimos. A Phelmass embryo can also be formed in the same disk

but closer to Mars (at-8 Mars radii) so that it rapidly falls back on Mars by tidal decay of its orbit.
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However, several embryos may accrete together eéndibk (similarly to the final stage of terrestrial
planet formation), and Phobos and Deimos may be the last two remnants of those bodies formed near the
synchronous distance to Mars

Isolation mass

let17p— —— T3
: p——: 1 Predicted mass of accrete

by 1 objects {solation mass) as
[ — ] a function of thalistanceto
?OleHGE— es | 7 Mars for different density
= f ] profiles of the debris disk
Z ] (denoted by the coefficier]
s .

q). All density profiles
provide an accretewbject
wi t h Dei mos g
Mars radii (near the

el current orbitof Deimos.
2 3 4 5 6 7 8
Distance 1o Mars” center (in Mars™ radii)

le+15¢ =

Large natural satellites

Periodic tides raised by theentral planet internally heat
satellites by viscous friction. The heating is far fronos
homogeneous and the distribution of dissipated power depénds
in a complicated way on the tidal potential and on the mterglago
structure of the body. It was shown thatezdilly three spatial s
patterns of tidal heating exist associated with: (1) marlle | segees
dissipation (which is for example applicable to icy satellites®s
with dissipation in the ice shell above an ocean), (2) dissipation

in a thin soft layer (an asthenosphere @y layer in contact 6 Ast:ffosphefeofhickneff?km] =
with the mantle or core) and (3) dissipation in a thick soft la
(a deep asthenosphere or thick icy layer above a solid ¢
Tidal heating in a deep asthenosphere has been shown to:
account for the di st mithatudase@ n
heating is maximum at the equator with less power in degt
higher than degree two (see top right figure). &
Theoretical studies predict that the equilibrium obliquities of th
Galilean satellites are small and well below 1 degree. How
recent observations of cycloidal lineaments on the surfac
Europa indicate that Europ
degree. A method has been developed to calculate the oblig :
of an icy satellite that has a global subsurface ocean below itssice: SR
shdl. The obliquity of Europa is shown to be smaller with arﬁé

degree 2

|l o6s surface hegd

. ) ssini image of the surface
ocean than without and more than an order of magnitude smakef,n, (NASAESA)
than the geological observations suggest. The obliquity-of
Europa, Ganymede and Callisto depends sensitively on the presence efral imtean and the interior
structure and obliquity observations can put constraints on the interior of these satellites. In contrast, the

obliquity of lo only weakly depends on the interior structure.
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As for Mercury, librations of synchronousi
rotating satellites can provide importan
insight into the interior structure of the
rotating moons. Librations armodelled by
calculating the dynamic rotational effect of th
gravitational torque of the central planet g
the static figure of the satellite. Hewer, the
satellites are also deformed by periodic tid
and the central planet also exerts a torque
these tidal bulges. We have developed
method to study the librations for satellite
with a subsurface ocean that are dynamica
deformation strongly reduces the potenti
amplifying effect of an ocean and keeps tha
amplitude of libration close to that for a Libration amplitude of the ice shell of Titan as adtion

equivalent satellite without subsurface ocear of the density of thige shell for aset of interdr structure
modelsof Titan with a subsurface ocean. For an entirg

solid Titan, the libration amplitude is about 49 meter. T|
libration amplitude represents the amplitude
displacement of agien sur face poin
due to libration with respect to the reference positi
without libration

(&)
o

B
(&)

U’Iiggagoﬂiampmﬁe m[ —
B
o

<
w
a0

o

ice shell density [kg/m°]

Titands tide&NASAGIPL s ed by Saturn
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Alternative theory of general relativity and radioscience

ROB scientists have also studied relativistic effects on the Range/Doppler signal of space probe in order
to study the possibility to test General Relativity with different missions. In particular, the BepiColombo
mission around Mercury has been studiediétail. For this mission, a very accurate knowledge of the
orbit is expected (10cm in Range and 2um/s in Doppler). In order to test General Relativity (GR),
scientists will look for deviations from General Relativity in the Range/Doppler signals. ROBissie

have developed a method to simulate radioscience observables in any metric theory of gravity. A plethora
of alternative theories of gravity exists in the literature. We have considered four different theories of
gravity: PostEinsteinian Gravity (P€), MOND External Field Effect, Standard Modgktension and
Chameleon theorylIn particular, constraints on the parameters of the latter theory have been determined
based on two different data sets. First, data about the luminosity as a function if fedSlupernovae

la were considered. Second, range and Doppler data from the Cassini mission haaeahesad We

have shown that the constraints on the Chameleon theory based on the cosmological data are not
compatible with Solar System constrainte€$igure below) This means that the Chameleon theory
cannot explain all the data with the same set of parameters.

10° ' ' : :

== Gosmo

—PPN-k=107%| g
—PPN -k =1 i P
—PPN -k = 10*

0.5 1 1.5 2 2.5 3
o

Cosmological and Solar System confidence regions for the three parametdrsa)k
characterizing &Chameleon theory
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Finding the source of the 200&010 lowmagnitude seismic swarm
at Court-Saint-Etienne

Between 2008 and 2010, nearly 300 seismic events have been recorded in the Thyle valley, 2 km SW of
CourtSaintEtienne (Walloon Brabant, Belgium). This lanagnitude seismic swarm was recorded by

the permanent Belgian seismometer neknand by some locally deployed temporary seismic network

covering the epicentral area. An improvement of the hypocenter location bycorosistion of different

waveforms revealed that the majority of these smalgnitude earthquakes occurred alongaaraw

NW-SE oriented fault zone at several kmbés depth (:
Tectonic stress inversion of the focal mechanisms of the largest events of tH20200&ismicswarms

indicates a local WNWESE oriented maximum hiaontal stress, which deviates from the regional
preseriday SENW-directed compression in NW Europe.

The derived NWSE orientation of the seismic fault may be linked with an aeromagnetic gradient
lineament representing a fault structure in the subsurfaagder to visualize a possible fault structure in

the subsurface, we performed a geophysical investigation (Electrical Resistivity Tomography (ERT), H/V
ambient noise analysis) at the hamlet of Faux. The absence of any clear fault structure inuttedond
profiles, however, indicates that the fault structure does not reach up to the current erosion surface of the
Brabant Massif and probably did not affect the surface in the Quaternary.

| Depth (km) 25" # . ____—atiavial

0-2 - 159 . - clays..
@ 2-3 g = Py - .

O 3-4
)
)
°

4-45
45-5

>5 -
' ' . basement
Profiles rocks

o o~ 2 km

ebicentra/ area & profile location
The seismic swarm near CotBaintEtienne 2008010.
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Comparison of ground motions estimated from prediction equons
and from observed damage during the M=4.6 Liege earthquake

On 8" November 1983 an earthquake of magnitude 4.6 damaged more than 16,000 buildings in the region
of Liege (Belgium). The extraordinary damage produced by this earthquake, considerugiéisaite
magnitude, is extremely well documented, giving the opportunity to compare the consequences of a
recent moderate earthquake in a typical old city of Western Europe with scenarios obtained by combining
strong ground motions and vulnerability mduohgj.

The present study compares -8e&ond spectral accelerations estimated from ground motion prediction
equations typically used in Western Europe with those obtained locally by applying the statistical
distribution of damaged masonry buildings to firamility curves, one derived from the HAZUS program

of FEMA (FEMA, 1999) and another developed for high vulnerability buildings by Lang and Bachmann
(2004), and to a method proposed by Faccioli et al. (1999) relating the seismic vulnerability of buildings
with the damage and ground motions. The results of this comparison reveal a good agreement between
maxima spectral accelerations calculated from these vulnerability and fragility curves and those predicted
from attenuation law equations, suggesting peakigd accelerations for the epicentral area of the 1983
earthquake of 0.180.20 g.

(Natural Hazards and Earth System Sciences, 13,-1983, 2013)

Percentage of buildings presenting mode
Liege earthquake calculated for square areas of 0.040 km2 over the localities of Saint N
Liege and Flémalle. Projections: Belgian Lambert 72.
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