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Cover illustration: Screen shot of the website created for the partial solar eclipseof March 20, 2015 (updated 
with results by Petra Vanlommel, STCE, ROB) 
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Preface 

 

  

This report describes the highlights of scientific activities and public services 

at the Royal Observatory of Belgium in 2015. 

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

Due to lack of means and personnel the report is only in English. A description 

of the most striking highlights is available in Dutch and French. 

If you need more or other information on the Royal Observatory of the 

Belgium and/or its activities please contact rob_info@oma.be or visit our 

website http://www.astro.oma.be. 

 

 

Ronald Van der Linden  

Director General 

mailto:rob_info@oma.be
http://www.astro.oma.be/
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Reference Systems 

and Planetology 
 
  

This Operational Directorate Reference Systems and 

Planetology contributes to the elaboration of 

reference systems and timescales, integrates Belgium 

in the international reference frames, and studies the 

interior, rotation, dynamics, and crustal deformation 

of the Earth and other terrestrial planets and moons 

of our solar system 
The principal activities are grouped into two general 

themes: 

1. Space geodesy and timescales with GNSS (Global 

Navigation Satellite System), and 

2. Rotation and interior structure of the Earth and 

other terrestrial planets and satellites. 



 

 Royal Observatory of Belgium - Annual Report 2015      7 

 

 

Space geodesy with GNSS (Global Navigation Satellite System) 
 

Global Geodetic Reference Frame for Sustainable Development 
 
In February 2015, the UN General Assembly adopted 
όǿƛǘƘ ǘƘŜ ǎǳǇǇƻǊǘ ƻŦ .ŜƭƎƛǳƳ ŀƴŘ wh.ύ ǘƘŜ ǊŜǎƻƭǳǘƛƻƴ ά! 
Global Geodetic Reference Frame for Sustainable 
5ŜǾŜƭƻǇƳŜƴǘέΣ the first resolution recognizing that 
geodesy is fundamental for monitoring changes to the 
Earth. The resolution outlines the value of ground-based 
observations (such as GNSS) and remote satellite 
sensing when tracking changes in populations, ice caps, 
oceans and the atmosphere over time. It calls for 
greater multilateral cooperation in geodesy, including 
the open sharing of geospatial data, to maintain the 
Global Geodetic Reference Frame (such as the 
International Terrestrial Reference Frame ς ITRF). This 
resolution is important for ROB because it outlines the 
societal importance of wh.Ωǎ Db{{ observations in 
UccleΣ ǿƘƛŎƘ ŎƻƴǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ L¢wC ŀǎ ǿŜƭƭ ŀǎ wh.Ωǎ 
role in the EUREF regional GNSS network, which is the European densification of the ITRF primary 
network, and allows an easy access and alignment of national reference frames to the ITRF. 

EUREF Permanent GNSS Network (EPN) 
 

The European Terrestrial Reference System (ETRS89), 
which is the European component of the 
ITRF, is maintained and distributed through the EUREF 
Permanent GNSS Network (EPN). ROB is responsible 
for the EPN Central Bureau (CB) that performs the daily 
monitoring and management of the EPN. In 2015, ROB 
integrated 16 new stations in the EPN network: 4 in 
Spain, 1 in Sweden, 2 in Italy, 2 in France, 3 in Serbia, 1 
in Czech Republic, 1 in the Netherlands, and 2 in 
Germany. 
The EPN CB web site (http://www.epncb.oma.be) 
received in 2015 a monthly mean of 8700 visits from 
3800 unique visitors. The EPN CB ftp site received a 
monthly mean of 4350 visits (mean of 1 300 000 
hits/month) from 360 unique visitors. 

 

 

Measuring ground deformations using GNSS 

GNSSςbased deformation monitoring is performed at ROB by computing each day the position of the 
continuous observing GNSS sites. These positions are obtained with a reliability of 2-3 mm in the 
horizontal and 5-6 mm in the vertical components. Using these daily site positions over a period of 
more than 3 years, we can obtain very precisely the movement of the site. 

 

GNSS station at ROB that is ensuring the 
contribution of Belgium to the ITRF 

 
EPN GNSS tracking stations, status Dec. 2015. 
Green stars (*) indicate new stations 
included in 2015 

http://www.epncb.oma.be/
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Construction of the European Plate Observing System ς EPOS - started 
As one of the partners in the EPOS-IP H2020 project (kick-off Oct. 2015), ROB participates now to the 
construction of the European Plate Observing System (EPOS), one of the large European research 
infrastructures that focuses on the understanding of the Solid Earth through the integration of multi-
disciplinary observations. In this new H2020 project, ROB is responsible for the preparation of the 
consortium agreement for the GNSS component of EPOS and the development of GNSS metadata 
management software. 
A member of ROB was also elected chair of the EPOS Implementation Phase Council (IPC) and was 
also invited to join the EPOS Project Development Board (PDB). According to the EPOS-IP Grant 
Agreement, the IPC deals with all issues concerning the consortium and the grant agreement; the 
PDB drives the consortium and interacts with the Board of Governmental Representatives for 
decisions concerning the EPOS construction. 

Belgium 
ROB has validated in 2015 the accuracy of the positions and velocities of the Belgian dense GNSS 
network that were computed in 2014 by analyzing the noise processes of position time series. It was 
demonstrated that the formal errors outcome of the GNSS least-squares adjustment need to be 
multiplied by a mean factor of 2.6 for the vertical and 4.3 for horizontal velocity field. First 
comparisons of the GNSS vertical velocity field w.r.t. gravity measurements and INSAR 
measurements show promising results. Using the data from the GNSS receivers of all our permanent 
stations, as well as using the data from GNSS stations operated by the regions, we evaluated the 
ground deformations in Belgium and found no significant deformations in the horizontal while in the 
vertical there seems to be a small subsidence (about 1 mm/year level) in the region of the Belgian 
coast. 

At the global scale 
ROB has densified, improved and analyzed the global combination of a dense velocity field 
containing about 2800 GNSS stations. Based on the updated velocity field (June 2015), intraplate 
deformations for the major tectonic plates were derived. We have also highlighted the very good 
agreement with ITRF2008 plate motion model and the quality of the estimated combined velocity 
field that shows very small residual velocities in non-deforming zones. 

 

  
Residual velocity field for African and Nubian plates (left) and Australian plate (right) 
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LƳǇǊƻǾƛƴƎ ǘƘŜ ƪƴƻǿƭŜŘƎŜ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜ 
As GNSS signals travel throuƎƘ ǘƘŜ 9ŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜΣ ǘƘŜȅ Ŏƻƴǘŀƛƴ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ǎǘŀǘŜ ƻŦ ǘƘŜ 
ionosphere and the troposphere. To extract this information from GNSS signals, networks of 
continuously observing GNSS stations, with well-known station positions, are used. For that purpose, 
ƳŜƳōŜǊǎ ƻŦ ǘƘŜ wh. άDb{{ ǇǊƻƧŜŎǘέ Ƴŀƛƴǘŀƛƴ ŀ ƴŜǘǿƻǊƪ ƻŦ Ŏƻƴǘƛƴǳƻǳǎƭȅ ƻōǎŜǊǾƛƴƎ Db{{ ǎǘŀǘƛƻƴǎ 
and contribute actively to the elaboration and extension of the European GNSS network, known as 
the EUREF Permanent Network (EPN). In a second step, the GNSS data from these networks are used 
ǘƻ ŎƻƳǇǳǘŜ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ǎǘŀǘŜ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ƛƻƴƻǎǇƘŜǊŜ ŀƴŘ ǘǊƻǇƻǎǇƘŜǊŜΦ 

Troposphere 
ROB uses the observations from permanently tracking GNSS stations for the monitoring of short-
term tropospheric variations (linked to meteorological applications and short-term forecasting) and 
for assessing long-term tropospheric trends (linked to re-analysis and climate applications). 
The BRAIN-.9 ǇǊƻƧŜŎǘ ά/hƳōƛƴƛƴƎ wŜƎƛƻƴŀƭ 5ƻǿƴǎŎŀƭƛƴƎ 9·ǇŜǊǘƛǎŜ ƛƴ .ŜƭƎƛǳƳΥ /hw59· ŀƴŘ .ŜȅƻƴŘέ 
(CORDEX.be) was kicked-off in Brussels on March 31, 2015. This project includes the major actors (4 
FSI: ROB, RMI, BISA, RBINS ς VITO ς 3 universities: UCL, KUL, ULg) involved in climate research in 
Belgium. In 2015, ROB developed the methodology to produce climate-quality GNSS tropospheric 
delay time series. This method will be used in 2016 to analyze GNSS observations for the period 
2000-2010 and deliver a climate-quality dataset which will be utilized by the project partners to 
validate their high-resolution climate model runs over Belgium.  
ROB also installed a new world-wide hourly troposphere monitoring service, contributing to the 
EUMETNET E-GVAP program in support of data assimilation in global Numerical Weather Prediction 
(NWP) models (such as those at Météo France and the U.K. Met Office).  
 

 
World-wide Network of GNSS stations analyzed every hour by the new 

global troposphere monitoring in support of global NWP models  
(Status: January 2016) 

 

Two benchmark datasets were provided to Royal Meteorological Institute (RMI) to validate the 
ingestion of GNSS-based tropospheric zenith path delays in the data assimilation system of their 
high-resolution NWP model ALARO. First results showed neutral to positive impact of the GNSS data 
products on the statistic score on the short-range forecast, showing the capability of ALARO to 
better capture the humidity field when assimilating GNSS results. To improve these results even 
further, ROB started estimating slant tropospheric delays. First results show that our slant 
tropospheric delays are of similar quality as the datasets provided by other COST partners with 
strong expertise in estimating slant delays (e.g. GFZ, Germany). 
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Time transfer and scale  
Precise time transfer for timescales  

  
ROB Service 1 works on time-transfer, an 
essential part of the realization of timescales. 
ROB has developed tools available for the 
scientific community and based on GNSS. The 
principle consists in connecting the atomic clocks 
that we want to monitor in different remote 
laboratory to GNSS receivers. By analyzing the 
GNSS observations, it is possible to determine 
the synchronization error between the clock 
connected to the GNSS receiver and the satellite 
clocks. As the GNSS provides in the navigation 
message the synchronization errors between the 
satellite clocks and a reference time scale, one 
deduces the synchronization error between the 
clock connected to the GNSS receiver and the 

ǊŜŦŜǊŜƴŎŜ ǘƛƳŜ ǎŎŀƭŜ ƻŦ ǘƘŜ Db{{Φ ¢ƘŜ ŎƭŀǎǎƛŎŀƭ άŎƻƳƳƻƴ-ǾƛŜǿέ ŀǇǇǊƻŀŎƘ ƻŦ ǘƛƳŜ ǘǊŀƴǎŦŜǊ Ƙŀǎ ōŜŜƴ 
replaced by a more complex method using GNSS signals in an optimal way in order to improve both 
the precision and accuracy of the clock comparisons. ROB has found recently the origin and solved a 
longstanding issue in time transfer, making an apparent frequency difference between the code and 
phase solutions, two methods used for positioning and time-transfer. It was due to the existence of 
some delay between the code and phase measurement made by the receiver. The effect was then 
quantified with simulations. ROB demonstrated that the effect can efficiently be modelled using the 
estimated Doppler frequency determined from the phase data and that the frequency difference in 
the clock solution is directly proportional to the delay between the code and phase measurements: 
for a delay of 1 µs, a daily drift in the PPP (Precise Point Positioning) solution will appear with a 
magnitude of 30 ps for a mid-latitude station. This very important result gave rise to a 
recommendation at the last CCTF (Consultative Committee for Time and Frequency) in September 
2015. It was published with peer-review in IEEE and furthermore was published in December in 
άLƴǎƛŘŜ Db{{έΣ ŀ ǇǊƛƴǘŜŘ ƳŀƎŀȊƛƴŜ ǘƘŀǘ ǊŜŀŎƘŜǎ ŀƴ ƛƴǘŜǊƴŀǘƛƻƴŀƭ ŀǳŘƛŜƴŎŜ ƻŦ орΣллл ǇŜƻǇƭŜΣ ŀƭǎƻ 
available freely online. 

Time transfer for users 
ROB Service 1 has upgraded the R2CGGTTS software 
developed at ROB for standard GNSS time transfer, 
to include the satellites from the Chinese GNSS 
constellation BeiDou. This constellation comprises 
Geostationary (GEO) satellites, Medium Earth Orbit 
(MEO) satellites and Inclined Geo-Synchronic Orbit 
(IGSO) satellites. It was shown that only the signals 
from the MEO satellites could provide Time Transfer 
results with the same quality level as GPS satellites 
do. However, some satellite elevation-dependent 
variations were pointed out, revealing some 
multipath of the signal at the satellite level.  
 

 

Impact of a given delay between the code and carrier 
phase latching simulated with the Doppler frequency 

determined from the carrier phase data 

 

Time Transfer noise using different GPS, Galileo 
and BeiDou satellites, as a function of the 

satellite elevation 



 

 Royal Observatory of Belgium - Annual Report 2015      11 

 

 

Planetary Science 
 

A global subsurface ocean for Enceladus 
In 2015, small variations in the rotation rate of the mid-sized icy moon Enceladus have been 
observed by an American team. These librations are due to the gravitational torque of Saturn on the 
non-spherically symmetric mass distribution of the satellite. ROB Service 1 demonstrated that the 
observed libration amplitude of Enceladus indicates that Enceladus has a global subsurface ocean 
and that the ice shell is on average between 14 km and 26 km thick. In an independent study, it was 
also shown that the obliquity of Enceladus is too small to explain the observed heat flow by obliquity 
tides, even when the effect of an internal ocean and of elasticity is taken into account. 

ROB Service 1 showed that the observed libration amplitude is at least 4 times larger than that 
expected for an entirely solid satellite or a satellite having local liquid regions. Therefore, a partially 
decoupling layer must exist. Given the composition of Enceladus, this demonstrates that the small 
satellite Enceladus, like the largest icy satellites of the solar system, must have a global subsurface 
ocean. Such a hypothesis is not unexpected since Enceladus has active geysers at its south polar 
region, but nevertheless is not easily explainable in terms of the thermal evolution of the satellite. 
ROB Service 1 showed that, in contrast to the large icy satellites, the existence of a global subsurface 
ocean can strongly increase the libration amplitude. This difference in behavior is essentially due to 
the much smaller tides on Enceladus. ROB Service 1 showed that the libration mainly depends on the 
thickness of the ice shell for realistic values of the ice rigidity and viscosity. Enceladus deviates from 
hydrostatic equilibrium of Enceladus, as indicated by the observed gravity field and topography, and 
affects the libration by changing the principal moments of inertia of the ice shell and therefore also 
the torques exerted on the shell. The non-hydrostatic structure was modelled in two ways: ROB 
Service 1 assumed that the bottom of the ice shell is not an equipotential surface or that the 
interface between the core and the ocean does not correspond to an equipotential surface. The 
other surface is assumed to be an equipotential surface of the self-gravitational potential, the 
centrifugal potential and the static tidal potential. The final results showed that even without precise 
information on the rigidity and viscosity of the ice and on the non-hydrostatic structure, the ice shell 
can be shown to on average between 14 km and 26 km thick. The thickness of the ice shell at the 
South Pole can be as thin as 3 km. 

 

  

LocalizŜŘ ŘƛǎǎƛǇŀǘƛƻƴ ǿƛǘƘƛƴ 9ƴŎŜƭŀŘǳǎΩ ŎǊǳǎǘ ŘǳŜ ǘƻ ǎƻŦǘŜǊ ǊƘŜƻƭƻƎȅ ŀǘ ǘƘŜ ǎƻǳǘƘ ǇƻƭŜ 

 
We also applied the membrane theory to Enceladus with the aim of finding an explanation for the 
ŀƴƻƳŀƭƻǳǎ ƘŜŀǘƛƴƎ ŀǘ ǘƘŜ ǎƻǳǘƘ ǇƻƭŜ ƻŦ ǘƘƛǎ ƳƻƻƴΦ ²Ŝ ŘŜǾŜƭƻǇŜŘ ŀ ƴŜǿ ȫо5Ω ǘƘƛƴ shell theory 
describing the viscoelastic deformation of an icy crust with variable thickness and depth-dependent 
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rheology and showed that tidal dissipation at the South Polar Region can be largely increased 
assuming a softer rheology there. 
 

Interior structure of super-Earths 

ROB Service 1 studied the interior structure, dynamics and evolution of super-Earths and water-rich 
exoplanets. The stability of putative mantle mineral phases and their equations of state as well as 
ultra-high pressure thermoelastic properties of the stable iron phases were investigated with several 
external scientists. Solid iron properties at high to very high pressure (even extending the ultra-high 
pressures expected in super-Earths) were determined on the basis of first-principles quantum 
mechanical calculations. Suitable equations of state to the ab initio data were studied and significant 
differences with equations of state used in the exoplanet literature were discovered. We also 
examined the extrapolation of different equation of state formulations for mantle minerals to ultra-
high pressures since thermoelastic properties for pressures larger that 100GPa are generally not 
available for most mantle mineral phases. Mantle mineral phases for exoplanets were calculated 
with a new code for the equations of state. The results show that for pressures below 500GPa, the 
deviations in density between the different equation of state formulations is below 2% and that it 
can be as large as 10% if the pressure is larger than 1TPa. We are currently investigating the 
implication of those findings on the mass-radius relation of different classes of solid super-Earths. 

We also studied the influence of the interior 
structure and mass of exoplanets on the 
occurrence of melting. The built-up of an 
atmosphere through outgassing from the 
planetary interior was studied for terrestrial 
exoplanets with masses ranging from Mars-size to 
Super-Earth-size with up to 10 Earth masses. Is 
was shown that one-plate planets may suffer 
strong volcanic limitations if their mass and/or 
iron content exceeds a critical value, leading to 
insufficient greenhouse effect needed for the 
outer boundary of the habitable zone, thus 
reducing their possible surface habitability. 

The thermal evolution of exoplanets with a thick 
outer water layer was investigated and the habitability of the deep water layers was characterized. 
H2O layers thicker than about 150 kilometers will consist of solid ice below a surface water layer, 
although the heat from the silicate mantle can melt the ice above the mantle from below, depending 
amongst others on the thickness of the ocean-ice shell and the mass of the planet. Deep water-ice 
layers may hinder the existence of volcanism at the water-mantle boundary due to the high pressure 
for both stagnant lid and plate tectonics silicate shells. A large planet mass, a high average density 
and a low surface temperature all result in a reduced habitability of water-rich planets with a deep 
ocean compared to a planet with an Earth-like ocean.  

  

 

Melt depletion for terrestrial planets of different 
mass and composition after 4.5 Gyr for Earth-like 

initial conditions and heat sources 
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Evolution of atmospheres including impact effects 

Evolution of the atmosphere of Venus 
 

ROB developed a coupled model of mantle convection and atmospheric evolution, which includes 
feedback of the atmosphere on the mantle via the surface temperature. This model takes into 
account two mechanisms that deplete or replenish the atmosphere: atmospheric escape to space 
and volcanic degassing of the mantle. 
During early atmospheric evolution the hydrodynamic escape is dominant, while for later evolution 
non-thermal escape is important, as observed by the ASPERA instrument on the Venus Express 
Mission. The atmosphere is 
replenished by volcanic degassing 
from the mantle, using mantle 
convection simulations based on 
those of Armann and Tackley (2012), 
and include episodic lithospheric 
overturns.  
The evolving surface temperature is 
calculated from the amount of CO2 
and water in the atmosphere using a 
grey radiative-convective atmosphere 
model. This surface temperature in 
turn acts as a boundary condition for 
the mantle convection model. We 
have obtained a Venus-like behavior 
(episodic lid) for the solid planet and 
an atmospheric evolution leading to 
the present.  
CO2 pressure is unlikely to vary much over the history of the planet; with only a 0.25-20% post-
magma-ocean build-up. In contrast, water pressure is strongly sensitive to volcanic activity, leading 
to variations in surface temperatures of up to 200 K, which has an effect on volcanic activity and 

mantle convection. Low surface temperatures trigger a 
mobile lid regime that stops once surface temperatures 
rise again, making way to stagnant lid convection that 
insulates the mantle.  
We have also incorporated a model for erosion from 
meteorite impacts into the existing framework of the 
long term evolution model we previously developed. 
Our study indicates that the contribution of silicate 
vapor to the atmosphere could help to suppress 
hydrodynamic loss as the mean molecular weight of the 
atmosphere is increased. 
 

A snowing core inside Mercury forming a solid inner core for Mercury 
An important constraint on the interior structure of Mercury is obtained from the measured 
obliquity of Mercury. Within the usual assumption that the liquid core is fully coupled to the mantle 
and solid inner core on the timescales of the precession of Mercury, the moment of inertia of 
Mercury can be obtained from the obliquity. ROB Service 1 has developed a new extended model of 
aŜǊŎǳǊȅΩǎ ƻōƭƛǉǳƛǘȅΦ ¢ƘŜ ƻōƭƛǉǳƛǘȅ ƳƻŘŜƭ ƛƴƛǘƛŀƭƭȅ ŘŜǾŜƭƻǇŜŘ ŦƻǊ ƛŎȅ ǎŀǘŜƭƭƛǘŜǎ ǿŀǎ Ƴodified to apply 

 
Comparative evolution of volcanic production rate, surface 

temperature and volume averaged mantle temperature with 
time for the reference case. Also indicated are the different 

convective regimes. The transition from mobile lid to stagnant 
lid is progressive. Early evolution (before 700Myr) follows an 

episodic, but mostly stagnant, lid pattern 

 
Mechanisms for the impact erosion of the 

atmosphere illustrated 



 

 Royal Observatory of Belgium - Annual Report 2015      14 

 

 

to the 3:2 spin-orbit resonance of Mercury. In addition, viscous torques at the fluid core boundaries 
were added to the model and a Poincaré flow model of the fluid core was used to better model the 
pressure torques. ROB Service 1 has shown that libration together with obliquity strongly constrains 
the core size and density. The Love number too can provide accurate information on the core of 
Mercury, but the current observational precision on the Love number does not allow inferring better 
constraints on the core size than from rotation only. The tides indicate that the inner core is smaller 
than about 1200 km. ROB Service 1 also ǳǎŜŘ ŀƴ ŜǎǘƛƳŀǘŜ ƻŦ aŜǊŎǳǊȅΩǎ ǊŀŘƛŀƭ ŎƻƴǘǊŀŎǘƛƻƴ ǎƛƴŎŜ ǘƘŜ 
Late Heavy Bombardment to independently estimate the size of the inner core. It was shown that 
aŜǊŎǳǊȅΩǎ ƛƴƴŜǊ ŎƻǊŜ ƛǎ ƭƛƪŜƭȅ ƴƻǘ ƳǳŎƘ ƭŀǊƎŜǊ ǘƘŀƴ мллл km if the crust thickness is below 30 km but 
could be larger for thicker crusts. The results show that Mercury cooled probably less than 200 K 
since the late heavy bombardment, a value corresponding rather well to estimates of the cooling of 
Mars. A further constraint on the core can be obtained from the fact that Mercury currently has a 
global magnetic field and very recent observations show it also had a magnetic field in the very early 
ǎǘŀƎŜǎ ƻŦ aŜǊŎǳǊȅΩǎ ƘƛǎǘƻǊȅΦ In our approach we have assumed that the dynamo is principally driven 
by secular cooling, heat generated by solid iron crystallization, and gravitational energy released by 
sinking of iron-rich snow and upwelling of iron depleted fluid. This shows that, given the estimates of 
the present day core-mantle boundary heat flow, a significant part of the liquid core is not 
convecting and as a consequence our approach cannot explain the present day internally generated 
magnetic field. Likewise, early in Mercury's history, prior to the advent of solid iron crystallization, 
secular cooling alone cannot explain the measured almost 3.5-billion-year-old remnant crustal 
magnetization. Further investigations about other plausible driving mechanism are required in order 
to explain Mercury's past and present magnetic field. 

Titan polar motion 
We studied the polar motion of Titan forced by its atmosphere and lakes, using the atmospheric 
forcing derived from new wind and pressure data from a General Circulation Model developed by 
T. Tokano (2010) and the Ocean Circulation Model for Titan's polar lakes developed by T. Tokano 
(2014). Because we explicitly take a subsurface ocean into account, both the rotation variations of 
the ice shell and of the interior below the ocean have to be studied. This model includes the effects 
of pressure and gravitational torques between the internal layers, tidal deformation, and angular 
momentum exchanges between the atmosphere, lakes and the surface. We showed that, in contrast 
to the Earth, the period of the Chandler wobble, a free mode of polar motion, is substantially 
influenced by the atmosphere and by the global subsurface ocean. The forced polar motion is mainly 
forced by the atmosphere of Titan whereas the hydrocarbon lakes induce a polar offset. The polar 
motion follows an elliptical path with amplitude of about 50 m for a solid and rigid Titan and a main 

 

Contributions of different parameters to the Chandler wobble periods of Titan ( left) and of the Earth 
(right, from Smith and Dahlen (1981)). The effect of the lakes is too small to be distinguished. 
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period equal to the orbital period of Saturn. The subsurface ocean can largely increase the polar 
motion amplitude due to resonant amplification with a wobble free mode of Titan. For thin ice 
shells, the polar motion amplitude can reach several tens of km and shorter periods become 
dominant.  
 

Methane from the interior of Mars 
 

ROB Service 1 has modeled gas transport 
through the porous Martian regolith focusing 
on water vapor and methane. The thermal 
model used includes several layers of varying 
thickness with depth and properties that can 
be changed to correspond to those of 
Martian rocks at locations studied. It also 
includes the transport of water vapor through 
the subsurface and the different phases 
considered are vapor, ice and adsorbed H2O. 
We have shown that the methane release 
due to destabilization of clathrate hydrates 
could provide a sudden flux of CH4 into the 
atmosphere that could feasibly create a 
plume as observed by Mumma et al. (2009). 
 

Radioscience experiments for obtaining the nutation of Mars 
 
ROB is a lead partner of the radio 
science experiment RISE (Rotation and 
Interior Structure Experiment) of the 
forthcoming NASA InSight mission to 
Mars. It also leads the LaRa (Lander 
Radioscience) experiment of the 2018 
ESA ExoMars mission.  As part of the 
preparation for the data analysis of 
these instruments, ROB Service 1 
theoretically computed the nutations of 
the reference interior structure models of Mars that have been selected by the SEIS experiment for 
computing the propagation of synthetic seismic events. The set of models have all a liquid core and 
ŀǊŜ ƛƴ ŀƎǊŜŜƳŜƴǘ ǿƛǘƘ aŀǊǎΩ ƳƻƳŜƴǘ ƻŦ ƛƴŜǊǘƛŀ ŀƴŘ ǘƘŜ ǘƛŘŀƭ [ƻǾŜ ƴǳƳōŜǊ ƪнΦ {ŜǾŜǊŀƭ ƭŀǊƎŜ 
amplitude nutations are expected to be resonantly amplified. Their determination by the 
radioscience experiments will allow constraining the moment of inertia of the core. That will in turn 
lead to information about the radius and composition of the core. 
 

Mars Ionospheric Model 
We developed an empirical model called MoMo (Mars Ionospheric Model) in collaboration with an 
ESA scientist who has full access to the data, in order to predict the vertical Total Electron Content 
(vTEC) from only F10.7P solar flux index (measure of the noise level generated by the Sun at a 
wavelength of 10.7 cm) at Mars. The vTEC is the integration of the electron density on a 
perpendicular to the surface of Mars. Knowledge of the vTEC is important for being able to correct 
the radioscience data for the ionospheric perturbations. We compared our results with data from 

 
Clathrate inside Mars 

 
Radioscience experiment for obtaining information on the 

interior of Mars 
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the MARSIS instrument on the Mars Express satellite for the period 2005-2014. We showed that 
there were no mean differences with the MARSIS observations, with possible errors at the level of 
~0.1 TECu depending on the solar zenith angle (SZA), season and hemisphere of interest. This 
confirms the validity of our computations and of the model. 

Titan lakes 
The Cassini spacecraft, exploring the Saturnian system, has discovered surface lakes/seas that 
appear in various shapes and sizes on Titan. These lakes and seas are filled with liquid hydrocarbons, 
primarily methane and ethane.   
 

 
Saturn's moon Titan "Magic Island" of the Kraken Mare sea: photos taken during 

two different flybys. (Photo: NASA/JPL-Caltech/ASI/Cornell) 

 
The northern high-latitudes exhibit a much higher abundance of lakes of all types than the southern 
ones. This observed asymmetric distribution of lakes with respect to the equator may reflect the 
seasonal changes. Lately, Cassini Radar and VIMS (Visible and Infrared Mapping Spectrometer) 
provided observations suggesting for the first time temporal variations in lake surfaces. Active 
shoreline processes have been observed on Ontario Lacus. The variation in the shorelines could be 
explained by different speculations including evaporation, tides or the low spatial resolution of the 
ISS images. Moreover, other phenomena have also been observed on Ligeia Mare and Kraken Mare; 
some specific areas, ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άaŀƎƛŎ LǎƭŀƴŘǎέ, are very dark which correspond to a liquid filled 
area for much of Cassini flybys but there are a few flybys for which the same areas are brighter. In 
Ligeia Mare, these ephemeral phenomena have been interpreted as surface waves, rising bubbles or 
ǎǳǎǇŜƴŘŜŘ ƻǊ ŦƭƻŀǘƛƴƎ ǎƻƭƛŘǎ ǿƘƛƭŜΣ ŦƻǊ YǊŀƪŜƴ aŀǊŜϥǎ άaŀƎƛŎ LǎƭŀƴŘǎέΣ ±La{ Řŀǘŀ ƛƴŘƛŎŀǘŜ ǎǇŜŎǳƭŀǊ 
reflections interpreted as waves or wet ground. As seen on Earth, tides may also generate such 
άaŀƎƛŎ LǎƭŀƴŘǎέ ƛƴ ǎƘŀƭƭƻǿ ŀǊŜŀs, which we are verifying. 
Titan's obliquity and its eccentric orbit around Saturn with an orbital period of one Titan day 
(15.9454 Earth days) cause time-dependent tidal forces, which leads to periodic surface 
displacements of seas/lakes. Some theoretical estimates of tidal amplitude yield smaller depth 
changes than those observed from shoreline positions and, therefore, the tide is not considered as a 
dominant contributor to the predicted change on Ontario Lacus. Other numerical results yield in a 
tidal amplitude twice smaller. Preliminary results obtained by a model (developped in collaboration 
with UCL) on Ontario Lacus predict a tidal range that is larger by a factor of 3 than the one obtained 
in this previous numerical study for a fully rigid Titan. Titan being deformable because of its global 
subsurface ocean, these results would be an upper bound of the lakes/seas surface displacements 
which would tend to confirm that the tides are not the main cause of hypothetical Ontario Lacus 
shoreline changes. 
As a matter of fact, several parameters (which are not well known) such as bathymetry, evaporation 
and infiltration, winds and the vertical deformations of lakes/seas bottom following solid body tides 



 

 Royal Observatory of Belgium - Annual Report 2015      17 

 

 

could significantly modify the results, not only the tidal range but also the current speed and 
orientation. New SAR data analysis indicates that the depth of some sea(s)/lake(s) would have been 
underestimated. For example, the maximal depth of Ontario Lacus could be about 90 m instead of 
30 m. This change is due to a better knowledge of lake's liquid properties, which modifies the radar 
attenuation to be considered and which in turn results in a more accurate interpretation of the 
measurements and thus in a different bathymetry. The presence of islands in lakes or seas must be 
reconsidered in this new context. 
In order to study the time dependent response of icy satellite surface seas and lakes to tidal forces 
we use an existing numerical ocean model developed for terrestrial applications in collaboration 
with UCL. The Second-generation Louvain-la-Neuve Ice-Ocean Model, SLIM (www.climate.be/slim), 
is a hydrodynamical model based on the discontinuous Galerkin finite element method developed at 
UCL. The main advantage of a finite element method formulation is that it allows one to use 
unstructured grids without the need of nested grids. Hence we can model precisely the complex 
shorelines of Titan's seas and make use of high resolution where needed (for example, in the throat 
of Kraken Mare or where the bathymetry gradient is high). 

 
The 2D depth averaged shallow water equations are discretized on curved surface using triangular or 

quadrangular meshes. The effect of gravitational tide is taken into account by considering the spatial 

derivatives of the time-dependent tidal potential provided in the literature. The numerical code 

allows us to study the impact of a large number of parameters and processes such as the 

bathymetry, wind stress, evaporation, precipitation and wetting-drying through a novel, very 

efficient algorithm that was primarily designed to simulate tides in rivers and estuaries on Earth. 

Over the last 6 years, SLIM has been extensively used to model the Scheldt (Belgium) and Mahakam 

(Indonesia) river-sea continua, as well the Great Barrier Reef (Australia).  

 

  

  

Geographic distribution of lakes in the  (a) northern 
and (b) southern hemispheres.       

The lakes are color coded according to their 
morphologic type (filled, intermediate, empty) 

Images of Cassini Radar showing (a) lakes and seas 
with irregular margins, islands and estuaries, 

suggestive of flooding of the landscape (Image 
credit: NASA/JPL) (b) Variations of shorelines 

suggestive of evaporation and tides 
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Seismology and 

Gravimetry 

  

The main mission of the Operational Directorate 

Seismology and Gravimetry is studying seismic 

activity, its causes and its consequences in Western 

Europe. In support of this scientific research and to 

provide the authorities, the media and the public with 

relevant information about the seismic activity in real 

time in our region, this operational direction develops 

and maintains a network of seismic monitoring in 

Belgium. 
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Seismic activity 
 

A total of 52 natural earthquakes were located in or near Belgium in 2015. 2 earthquakes, one F16 
sonic boom and 4 induced events were felt in or around Belgium. The largest earthquake in 2015 
was the 22 May 2015 Ramsgate (UK), with a magnitude ML=4.1. In 2015, no damage was reported in 
Belgium. Concurrently, the observatory measured 7 induced events and 75 quarry blasts. There were 
at least 4 measurable explosions at sea or close to the Belgian shore. Explosions are performed by 
the Belgian Army to destroy WW1 and WW2 bombs. One F16 broke the sound barrier above 
southern Walloon-Brabant. This sonic boom, 3 seismic events and 3 induced events were felt by the 
Belgian population in 2015. The 3 felt earthquakes occurred in Düsseldorf on 14 January 2015 
(ML=1.5), in Spa on 13 May 2015 (ML=2.9) and in Ramsgate on 22 May 2015 (UK, ML=4.1). The Spa 
event was felt only very locally (10 km radius).   
The Ramsgate earthquake was particularly well felt in Belgium along an E-W axis, from Ostend to 
Liège at a distance more than 300 km from the epicentre. For this earthquake, 1986 testimonies 
were submitted on our web site, together with testimonies submitted to the BCSF (France) and BGS 
(UK).  Figure 2 shows the impact of this earthquake.  
The felt induced events occurred in Germany: in Haltern on 28 April 2015 (ML=2.0), Gladbeck on 1 
September 2015 (ML=2.5) and Bergheim on 22 December 2015 (ML=2.4). Our transfrontier 
collaboration with the Cologne University (BNS) dates back to 2010 and provides real-time 
macroseismic maps of felt events on the ROB and BNS common macroseismic inquiry website. 
For comparison, in 2014, 79 earthquakes occurred in and around Belgium. The largest was located in 
Tiel (Netherlands, ML=2.7) and only one event was felt in Belgium (Court-Saint-Etienne, 10 January 
2014, magnitude ML=1.0). 
 

 
Events recorded in 2015 by the Belgian Seismic Network of the Royal Observatory of 

Belgium 
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Macroseismic map showing the observed effect of the ML 4.1 Ramsgate earthquake as 
reported by citizens in Belgium, France and United Kingdom. The map shows the 
institutes collaborating in the exchange of data. 

 
 

Membach 20-40 
 

Membach station: the superconducting gravimeter GWR-C021 was installed in August 1995 in 
Membach. In 2015, this instrument will have been continuously measuring gravity changes for 20 
years. Concurrently, seismometers will have been measuring Earth vibrations for 40 years. The ROB 
celebrated this event in October 2015, together with the Walloon Public service. Three days were 
planned: 

¶ One commemorative day: 14 October: official celebration, presentation to the press. 

¶ Two scientific days:  

o 15 October: Scientific workshop in seismology « Earthquake activity and hazard in 

north western Europe », Dam of La Gileppe. 67 participants, of which 1 from the 

USA, 2 from France, 8 from Germany, 2 from the Netherlands, 1 from Luxembourg, 

24 from U. Liège, 4 from U. Mons, 2 from ULB, 2 from KUL and 1 from UCL. 

Moreover, there were 3 participants from private companies, 2 from Flemish 

administration and 1 from Walloon administration. Remaining attendees came from 

the ROB and the engineers from the SPW Wallonie.  

o 23 October: « Hydrology, Geophysics and Geodesy ς HG², a new way to manage 

water resources », Royal Observatory of Belgium, Brussels. This was organized 

together with the Belgian National Committee of the International Hydrological 

Programme, U. Gent, UCL, U. Liège, VUB, ISSeP and SPW Wallonie. 


















































































































