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Cover illustration: astrographic equatorial telescope which has contributed since 1908 to the mapping of the
Uccle zone for the "Carte du Ciel" project (Photo: P. Van Cauteren).
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Preface

This report describes the highlights of scientific activities and public services at
the Royal Observatory of Belgium in 2016.

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.

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
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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.
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Global Navigation Satellite System (GNSS)

European Center for the monitoring of scientific GNSS data and meta-
data

EUREF Permanent GNSS Network (EPN)

The EUREF' Permanent GNSS . 20 0
Network (EPN) maintains and , P yeu.
provides access to the European , Y -
Terrestrial ~ Reference  System &Ny p &
(ETRS89). ETRS89 is the standard / b 8 b
precise GNSS coordinate system g ol ’ &
throughout Europe. Supported by o ‘ neos
EuroGeographics? and endorsed by . *t.*”';
the INSPIRE3® Directive 2007/2/EC, " T M
the ETRS89 forms the backbone for ™|
geolocation data on the European e *
territory, both on a national as on / ! x \
an international level. ROB s - / \ ®
responsible for the EPN Central :
Bureau (CB) that performs the daily |
management of the EPN. In 2016, 20" o 20
ROB integrated 19 new stations in
the EPN network: 1 in Italy, 3 in
Sweden, 1 in Latvia, 3 in the
Netherlands, 1 in Spain, and 10 in
Germany. The total number of EPN stations is now 294, distributed over 40 countries.

Next to the core EPN network, ROB also collects and validates the standardized station description
information of the EPN densification network. As a result, ROB is today providing access to a unique
collection of GNSS meta-data for about 1400 European GNSS stations.

A brand new web site for the EUREF Permanent Network (EPN, http://www.epncb.oma.be/ or
http://www.epncb.eu/), including the results of our new multi-GNSS monitoring procedures, went
on line in Nov. 2016. The web site includes now:

Improved GNSS data quality checks (multi-GNSS) on both RINEX* 2 and RINEX 3,

Improved station position time series,

Improved GNSS data availability and data latency checks on both RINEX 2 and RINEX 3,

Full implementation of long RINEX 3 station names,

Extended monitoring of real-time data streams, now also including RTCM3.2° and all 3 regional
EPN broadcasters,

Extended station list with more station metrics,

More intuitive menu structure to navigate through the web site.

5.

hQ.

EPN GNSS tracking stations, status Dec. 2016. Green stars (*)
indicate new stations included in 2016.

YVVVYVYYVYVY

vV V

n 2016, the number of users of our EPN web site increased with 20% compared to the previous
year. In total, in 2016, the web site had more than 7 million page views.

L EUREF is the sub-commission for the European Reference Frame of the International Association of Geodesy (IAG).

2 EuroGeographics represents the European national mapping, cadastral and land registry authorities.

3 Infrastructure for spatial information in Europe, a European Union spatial data infrastructure for the purposes of EU
environmental policies.

4 RINEX — Receiver Independent EXchange Format.

5 The Radio Technical Commission for Maritime Services (RTCM) has defined new standard for streaming differential
correction data or other kinds of Global Navigation Satellite System (GNSS) data to stationary or mobile users over the
Internet.
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*,,*}**,,* FEUREF Permanent GNSS Network

ROYAL OBSERVATORY
OF BELGIUM

HOME ORGANISATION ~ NETWORK & DATA ~ PRODUCTS & SERVICES ~ DOCUMENTATION ~ NEWS, EVENTS & LINKS ~

Welcome'!

EUREF Permanent GNSS Network Quick Station Links

nformation Coordinates Time Series
The EUREF Permanent GNSS Network consists of Data Quality
*an k of continu opera NSS (Global Navigation Satellite Systems, such as
G \SS, Galileo, Beidou, .. rence stations, (select a station) W
providing access to the station data,
s that routinely analyze the GNSS data
- coordinators that generate the EPN products, Next Meetings
+ and a Central Bureau that is responsible for the daily monitoring and management of
the EPN.

vith more than 100

ncies/universities involved.
The EPN operates under well-defined g
ational standards and guidelines
W are subscribed by its contributors. |
These guidelines guarantee the long-term n
quality of the EPN products.

02-03 :
PhD Candidate on GNS5
ng at AIUB (deadline: 2(

The primary purpose of the EPN is to provide access to the European Terrestrial Reference ent at Noveltis and Toulouse Business

Svstem 89 (ETRS89) which is the standard orecise GNSS coordinate svstem throughout — Schoolin Toulouse (deadline: 2017-05-30)

Home page of the new EPN CB web site : http://www.epncb.eu/ or http://www.epnch.oma.be/

European Plate Observing System - EPOS

ROB participates to the construction of the European Plate Observing System (EPOS) which is the
large European research infrastructure aiming at understanding the Solid Earth through the
integration of multi-disciplinary observations (amongst which GNSS). We are, for example,
contributing to the development of the framework that will be used for GNSS data discovery and
dissemination.

In 2016, the GNSS community defined the future EPOS-GNSS services that will run once EPOS will be
operational (2019). For ROB, the agreed-upon EPOS services are a natural follow up of the 20 years
of commitment as EPN Central Bureau: ROB will be responsible for the EPOS-GNSS network
coordination, the center where all EPOS-GNSS station meta-data are submitted and validated, and
the monitoring of the GNSS data quality. ROB is now gradually working towards merging its EPN
Central Bureau activities with its future responsibilities in EPOS.

ROB also prepared the draft Consortium Agreement (CA) for the future operational EPOS-GNSS
service. The CA is presently under review at the legal departments of the 11 partners. ROB has
estimated the total cost of the full EPOS-GNSS service to 1.27M£. The partners that will contribute to
this service are committed to cover 75% of this cost from national funding.

At the end of 2016, Belgium became a full member of the EPOS Board of Governmental
Representatives (BGR). With this, Belgium has now officially expressed its interest to take on a future
member status within EPOS ERICS.

6 European Research Infrastructure Consortium
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Antarctica

Measuring ground deformations using GNSS

The IceCon’ project, which studies the
isostatic rebound and snow accumulation in
East Antarctica, went into its last year of
funding. ROB analyzed the new GNSS data
gathered during the BELARE® 2015-2016
mission at, and around the Princess Elisabeth
Research Station (PERS) in Antarctica, to
update the mean velocities of the Antarctic

GNSS stations (see Figure on the right). The oL

results show that the station ROB1, installed i {U'Lux 20124

on the ice on Derwael ice rise, increases its (GIANT) LELIS

west-velocity over time. In addition, its r t": ﬂ«’*y :

subsidence rate decreases each year. The ROB2 e

mean subsidence rate is about 1.35 m/year bids, ' ’%{00 b

and can be explained by ice and snow ! 7 g

compaction, surface thinning and vertical GNSS stations installed in the framework of the
motion of the ice (submergence velocity). It is IceCon (Constraining Ice Mass Change in Antarctica)

and GIANT (Geodesy In ANTarctica) projects (including

clear that the length of the observation period Y .
their installation date).

as well as (bi) annual signals degrade the
accuracy of the estimated velocity. The velocities of the stations ULUX/ELIS, both installed at the
PERS, agree within 1 mm/year in all three components. In addition, their up-velocity continues to
agree with gravity measurements.

ROB also analyzed the kinematic GNSS data from the BELARE 2015-2016 season to study the ice-
shelf channels in East Antarctica. For this purpose, we developed a processing strategy, based on
GAMIT-GLOBK software v10.6, able to analyze the GNSS data acquired on the field without any
internet connection. The goal was to estimate accurately the positions of geophysical instruments
(e.g., the ice-penetrating radar) and to infer the morphology of several ice-shelf channels. This work
permitted to show that esker ridges are formed at the surface by sediments deposited by subglacial
water conduits.

Ionosphere

In order to investigate the effect of space weather events in the Antarctic region, ROB computed the
vertical Total Electronic Content (VTEC) above Antarctica for the period 2009-2016 using GPS and
GLONASS data from 96 permanent GNSS stations. The network comprises stations from the
International GNSS Service (IGS) as well as the five stations we installed since 2009 around the
Princess Elisabeth station in the frame of the GIANT-LISSA (Geodesy for Ice in ANTarctica —
Lithospheric and Intraplate Structure and Seismicity in Antarctica) and IceCon (Constraining Ice Mass
Change in Antarctica) projects. The computed VTEC was then employed to constrain an empirical
model to predict the vTEC every 15-min from the F10.7P solar index® using a least-squares
adjustment. Among all the tests, the optimal model to predict the TEC every 15 min presented mean
differences with observed values of 0.0 + 4.5 TECu (2.9 *+ 4.5 TECu for the absolute differences). We
identified 13 zones where sufficient TEC data are available to constrain the ionospheric
climatological models. Then we analyzed three characteristic zones with relevant ionospheric

7 lceCon = Land Constraining ice mass changes in coastal Dronning Maud Land, Antarctica, BELSPO SD/CA/Q6A,
collaboration with ULB.

8 BELARE = Belgian Antarctic Expeditions

9The flux emitted by the Sun changes daily with the sunspot number, and thus also follows the solar cycle. This is observed
from the radiation in the 10.7 cm wavelength over the entire solar disk. This value is called F10.7, and F10.7P is computed
from averages of continuous routine measurements.
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behaviors (see Figure below): the Weddell Sea Zone (WSZ), the Ross Sea Zone (RSZ) and the Princess
Elisabeth Land Zone (PELZ). The three zones followed the solar activity and seasonal variations. For
the diurnal behaviors, WSZ and RSZ are dependent on the Local Time (LT) mainly with seasonal
dependencies. Concerning PELZ, the combination of UTC, LT and Magnetic LT (using geomagnetic
coordinates under the dipole approximation) could explain the maximum vTEC values observed. This
work will continue in the future in the frame of the GRAPE (GNSS Research and Application for Polar
Environment) Expert Group of SCAR (Scientific Committee on Antarctic Research).
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Climatological behavior of vTEC above Antarctica. Left: GNSS network used in this study. The black
triangles are the GNSS stations processed for the period 2009-2016. In orange are represented the 3
zones presenting the different climatological patterns. Right: Monthly climatological behavior of the
TEC over Antarctica over PELZ, RSZ and WSZ for different levels of solar activity: high (red), transition
(green) and low (blue) solar activity level.

Improving the knowledge of the Earth’s atmosphere

As GNSS signals travel through the Earth’s atmosphere, they contain information on the state of the
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,
ROB members maintain a network of continuously observing GNSS stations and contribute actively
to the elaboration and extension of the European GNSS network, known as the EUREF Permanent
Network (EPN). Besides providing positions and velocities of the stations, the GNSS data are used to
compute information on the state of the Earth’s ionosphere and troposphere.

Troposphere

ROB uses GNSS stations for monitoring short-term variations in the tropospheric water vapor (linked
to meteorological applications and short-term forecasting) and for assessing long-term behavior of
the tropospheric water vapor (linked to re-analysis and climate applications).

Within E-GVAP, ROB upgraded its services to use operationally the latest Bernese GNSS software
5.2 and the latest state-of-the-art modelling techniques. In addition to its legacy service based on
more and more European GNSS stations and serving hourly data assimilation in European NWP
(Numerical Weather Prediction) models, ROB offers now two additionally products:

- Tropospheric products based on an hourly analysis of a world-wide GNSS network. This
product is used for data assimilation in global NWP models;

10 E-GVAP= EIG (Economic Interest Grouping) EUMETNET (network of European National Meteorological Services) GNSS
Water Vapour Program.
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- Tropospheric products based on a 15-min updated analysis of a GNSS network centered over
the BENELUX and UK. This product is used within rapid-update cycle data assimilation for numerical
now-casting applications.

METEO-FRANCE data coverage - GPS - 2017/03/08 00H UTC long cut-off

Total number of observations before screening : 100521

i i - i
The monitoring of the data assimilation system at Météo France shows that the solutions from the new

generation of the three tropospheric monitoring systems (European hourly ‘ROBH’, sub-hourly * ’and
global ‘ ’) built at ROB are used for data assimilation. It also shows the relatively high number of
estimates provided by ROB w.r.t. to other analysis centers and w.r.t. the total number of ‘observations’
(Status: 8 March 2017). Right: zoom on the figure on the left.

ARPEGE oper

Within the CORDEX.be!! project, ROB analyzed historical GNSS observations (period 2000-2010) and
established a GNSS-based climate-quality dataset. This dataset is accessible to all partners to
validate their high-resolution climate model runs. Aside from CORDEX.be, ROB also collaborated
with RMI to validate their climate model ALARO-O when coupled with the SURFEX land surface
scheme using GNSS-based Integrated Water Vapor (IWV) time series elaborated from the IGS
tropospheric product. First results over (only) 6 years showed a good agreement between GNSS-
based and model IWV values (i.e. within £ 1 mm of IWV).

In the framework of the COST Action ES1206 GNSS4SWEC'?, ROB was nominated co-editor of a
special issue jointly organized between Atmospheric Measurement Techniques (AMT), Atmospheric
Chemistry and Physics (ACP), and Annales Geophysicae (ANGEO). ROB also co-leaded a work
package on “Homogenization of tropospheric time series”, welcomed a STSM — Short-Term Scientific
Mission (tropospheric synthetic datasets for homogenization benchmarking), and co-organized with
RMI a workshop on this subject (under the umbrella of the STCE).

Finally, ROB scientists were nominated vice-chair of two IAG working groups, one on “Real-time
GNSS tropospheric products” (IAG WG 4.3.7) and the other on “GNSS tropospheric products for
Climate” (IAG WG 4.3.8). These two working groups intend to continue the work started within the
COST Action ES1206 GNSS4SWEC (finishing in spring 2017), while broadening these activities in a
larger international context.

Ionospheric monitoring and Solar Radio Bursts

ROB is involved in the Real Time lonosphere Monitoring - Working Group (RTIM-WG) of the
International Association of Geodesy (IAG). The goals of this group are to (1) summarize the current
status of Real-Time (RT) lonosphere Monitoring; (2) compare existing Real-Time lonosphere
Monitoring approaches from different perspectives for a specific period (in 2016 the Saint-Patrick

11 CORDEX.be: BRAIN-BE project “COmbining Regional Downscaling EXpertise in Belgium: CORDEX and Beyond”
(CORDEX.be) aiming to gather the major actors (ROB, RMI, BISA, RBINS, VITO, UCL, KUL, ULg) involved in climate research
in Belgium and to foster the establishment of climate services in Belgium.

12 COST Action ES1206 GNSS4SWEC: “Advanced Global Navigation Satellite Systems tropospheric products for monitoring
severe weather events and climate”.

Royal Observatory of Belgium - Annual Report 2016 12



Storm of the 17 March 2015 was investigated); (3) develop a procedure to automatically compare on
a daily basis a subset of real-time ionospheric products in a common compatible format (i.e. IONEX
format); (4) validate the products with external data sources, such as dual-frequency altimeters; and
(5) open the discussion towards new concept(s) on RT lonosphere Monitoring.

In 2016, ROB ionospheric warning system has communicated four ionospheric events to the public
via the web site www.gnss.be and the STCE newsletter. In addition, the software that routinely
delivers these products was optimized and tested with Galileo data.

WDC Kyoto Observatory
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Saint Patrick storm 2015. DST*3 index and ROB-TEC products for the period March 15 to March 19, 2015. The

red line is the storm onset of the intense geomagnetic storm on March 17. Top: the DST index as delivered by

the WDC Kyoto Observatory. Bottom: the three time-series extracted from ROB-TEC maps at three different

geographic locations shown on the map (top-right). The bold line represents the relative differences between

the ROB-TEC values and the median from the 15 previous days. The dashed line is the variability of the vTEC
estimated in nearly real time.
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ROB continued to investigate the impact of Solar Radio Bursts (SRB) on the GNSS signal reception. It
maintains now in near-real time a 4-level warning system that assesses the impact of SRB events on
GNSS and informs users about their potential harm on GNSS applications. The private company
Fugro started to use our SRB alert system, but no SRB event affecting GNSS occurred in 2016. In
addition, the method was tested in other regions (South America and Africa) than Europe for the
SRB of the 4" November 2015. Results showed that in South America, the impact of the SRB was
high, whereas in Africa the impact was comparable to the one in Europe.

> Level > GNSS AC/NO Fade | » Effect
< -1dB-Hz > None
» SRB detected but should not impact GNSS

» Moderate | » >-1dB-Hz L
applications

» Strong » >-3dB-Hz > Potential impact on GNSS applications
» >-10dB-Hz > Potential failure of the GNSS receivers

Index level for SRBs that can affect GNSS signal reception

13 The Disturbance Storm Time (DST) index gives information about the strength of the ring current around Earth

caused by solar protons and electrons.
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Time - Time Transfer

Precise time transfer for timescales

ROB Service 1 works on time-transfer, i.e. remote clock comparisons, an essential part of the
realization of timescales like the Universal Time Coordinated (UTC), based on an ensemble of atomic
clocks distributed in the world and which must be continuously compared relative to each other.
ROB has developed tools available to the scientific community and based on GNSS (Global
Navigation Satellite System). The principle consists in connecting the atomic clocks that we want to
monitor 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.
These satellite clocks serve as a reference and allow then to compare the ground clocks to each
other. This method is constantly improved over the years. While only GPS was used in the past, in
2016, ROB developed and distributed to the time laboratories a new R2CGGTTS (RINEX to Common
GNSS Generic Time Transfer Standard) software (version 7.1) allowing the analysis of RINEX 3 files,
containing data from satellites from three constellations: GPS, GLONASS and Galileo (US, Russian
and European GNSS systems).

In para||e|, ROB SerVice 1 Studied the pOSSibi|itieS Of Comparison with dual-frequency combination (E1,E5 AltBOC)

the Galileo signals for time transfer, and especially
the broadband Galileo E5 AItBOC (Alternative
Binary  Offset  Carrier = modulation) code,
characterized by a very low noise and multipath. It
was shown that the E5 AItBOC code improves the
frequency steering for averaging times shorten
than 15 Minutes, but for synchronization on UTC
disseminated by Galileo, E1 should be preferred to
E5 AItBOC because of the uncertainties on the
ionospheric corrections of which the impact is
larger than the noise difference between E1 and E5
AltBOC.

Stability (given by the Allan deviation) of the
frequency of UTC (ORB)-GST as computed using
either E1, E5 AItBOC or a dual-frequency
combination.

ii———————r—————— It was also demonstrated that, when using the

= combination of GPS and Galileo satellites for
= ] synchronization or frequency steering, due to
Al ‘ ] the different hardware delays of GPS and
Galileo signals, the use of the Galileo-to-GPS-
Time-Offset (GGTO) broadcast in the
navigation message degrades the solution,
except when a dual-frequency combination is

(not calibrated)

UTC(ORB) - GPSt (ns)

s 0 s used and when the receiver has been

Time differences between UTC (ORB) and GPS Time calibrated for GPS and Galileo. In all other
as computed from GPS only or GPS+Galileo for a cases, the GGTO should rather be determined
receiver calibrated or not calibrated. at the same time as the position and clock

solution in the data analysis).
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Time services to end-users

ROB Participated to the ambitious project DEMETRA, “DEMonstrator of EGNSS (European GNSS)
services based on Time Reference Architecture”, a project developed in the frame of the H2020
European research and innovation program to demonstrate the feasibility for providing EGNSS early
Time services to end-users (https://www.demetratime.eu). In that frame, ROB developed a remote
synchronization system based on real-time GNSS streaming and common view. Using this service,
the user has its low cost oscillator synchronized in real time within five nanoseconds of the remote
reference. The figure below provides the performance of the system, showing the difference
between the user clock located at a distance of 700 km of the reference clock.

UT vs TRF offset [Nanoseconds]
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Time differences between the user terminal at ORB and the reference in Turin as measured from GPS time
transfer.

ROB Service 1 was also responsible for the monitoring of the time signals disseminated by EGNOS
(European Global Navigation Satellite Systems) and by Galileo, and provided advises on the
calibration corrections to be introduced in the signals in order to increase the accuracy of timing
solutions based on Galileo and EGNOS.
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Earth Rotation, Geodesy and Geophysics of Terrestrial
Planets

The origin of the Martian moons: Theory of accretion

Phobos and Deimos, the two small satellites of Mars, are thought either to be asteroids captured by
the planet or to have formed in a disc of debris surrounding Mars following a giant impact. Both
scenarios, however, have been unable to account for the current Mars system. We used numerical
simulations to suggest that Phobos and Deimos accreted from the outer portion of a debris disc
formed after a giant impact on Mars of a smaller body of one fourth to one third the size of Mars
that might have occurred 4 Gyr ago. In our simulations, the material in the debris disk is
concentrated at close distance to Mars (below the Roche limit at 3 Mars' radii) and the larger moons
form from material in the denser inner disc and migrate outwards due to gravitational interactions
with the disc. They capture the smaller debris of the outer disk in mean motion resonances,
facilitating close encounters between them, and so accretion into larger bodies. The inner moons
below the synchronous orbit (at 6 Mars radii) fall back to Mars after about 5 million years due to the
tidal pull of the planet, after which the two outer satellites evolve into Phobos- and Deimos-like
orbits. The proposed scenario can explain why Mars has two small satellites instead of one large
moon. Our model predicts that Phobos and Deimos are composed of a mixture of material from
Mars and the impactor. A paper describing this study was published in Nature Geoscience.
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Formation of moons from the inner disc below the Roche limit. a—c, Time evolution of the surface density of
the inner disc (solid line) and the masses of the moon (solid black circles) as a function of the distance from
Mars. a, After only one year, disc material crosses the Roche limit (at about 3 Mars radii) and conglomerates
into moons. b, In less than one century a few moons are produced and migrate outwards due to the
gravitational interactions with the disc. ¢, The most massive moon reaches the maximal distance of about 4.4
Mars radii after approximately 3,400 years.

Oceans of the mid-sized icy moons Enceladus and Dione

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 the moon has a global subsurface ocean
and that the ice shell is on average between 14 km and 26 km thick. Previous gravity-topography
data predicted a thicker ice shell for Enceladus, in contradiction of the thin shell implied by recent
libration data. These studies, however, used a model to relate gravity to topography by assuming
isostasy that loses its validity at the largest scale for which there are data about Enceladus. We
developed a new approach to spherical isostasy based on self-consistent gravito-elastic equations
and by imposing minimization of the crustal deviatoric stress. By applying this model to Enceladus, it
could be shown that a correct gravity-topography analysis predicts the same thin crust for Enceladus
as estimated from librations. The crust is much thinner (about 7 km) at the south pole where geysers
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erupt. Applying the same approach to Saturn’s moon Dione resulted in the first prediction of a
present-day ocean within this satellite.

Left: interior model of Enceladus resulting from applying a new spherical isostasy approach to gravity-
topography data, and compatible with libration data. The rocky core is surrounded by a deep ocean and a
thin ice shell. The ice shell is 23 km-thick on average, but only 7 km-thick at the south pole where geysers

erupt. Right: Mosaic view of Dione, now suspected to harbor a global subsurface ocean under a 100 km-
thick ice shell (image credit: NASA/JPL-Caltech and Space Science and space science institute).

A newly developed model to calculate tidal dissipation in subsurface oceans was applied to
Enceladus. The results show that Enceladus’s crust strongly damps tides within the underground
ocean, and that oceanic dissipation can only be large if the ocean is very shallow, in which case it
could protect it from freezing.

Habitability of water-rich exoplanets

Water is necessary for the origin and survival of life as we know it. In the search for life-friendly
worlds, water-rich planets therefore are obvious candidates and have attracted increasing attention
in recent years. The surface H,0 layer on such planets (containing a liquid water ocean and possibly
high-pressure ice below a specific depth) could potentially be hundreds of kilometers deep
depending on the water content and the evolution of the proto-atmosphere.

We studied possible constraints for the habitability of deep water layers and introduced a new
habitability classification (see the figure below) relevant for water-rich planets (from Mars-size to
super-Earth-size planets). A new ocean model was developed that is coupled to a thermal evolution
model of the mantle and core. This interior structure model takes into account depth-dependent
thermodynamic properties and the possible formation of high-pressure ice. The results show that
heat flowing out of the silicate mantle can melt an ice layer from below (in some cases episodically),
depending mainly on the thickness of the ocean-ice shell, the mass of the planet, the surface
temperature and the interior parameters like radioactive mantle heat sources (yellow in the figure
below). The high pressure at the bottom of deep water-ice layers could also impede volcanism at the
water-mantle boundary for both stagnant lid and plate tectonics silicate shells. It is concluded that
water-rich planets with a deep ocean, a large planet mass, a high average density or a low surface
temperature are likely less habitable than planets with an Earth-like ocean. The study (Noack et al.,
2016, Icarus) was highlighted by Nature Physics and New Scientist, and has been the most
downloaded paper of Icarus in 2016.
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Left: habitability classes (H1 — habitable, H2 — restricted habitable, H3 - likely inhabitable). Right: Monte-
Carlo simulations where the habitability classes occur.

Atmospheric Entry and Descent of the ESA Schiaparelli lander

We finalized data processing tools to extract atmospheric conditions on Mars from atmospheric
Entry, Descent, and Landing (EDL) vehicle flight data. One of these tools, which uses heat shield
pressure data to derive atmospheric density, pressure, and temperature, was demonstrated with
flight data from the 2012 Mars Science Laboratory (MSL) entry vehicle. The main focus of this work
in 2016 was on the ExoMars mission that arrived at Mars in October 2016.

The ESA/Roscosmos ExoMars =1 ,vw

2016 mission consists of an
orbiter (Trace Gas Orbiter / TGO)
and a landing platform. The 2016
lander is named EDM for Entry,
Descent, and Landing (EDL)
Demonstrator Module. The EDM
vehicle recorded flight data along
its trajectory, including
accelerometer and gyroscope
inertial measurements, and heat
shield pressure data. EDM also
transmitted a UHF radio signal
that was received by TGO and a
ground based radio antenna in
Puna, India. From these
observations, in situ atmospheric
conditions along the flight trajectory can be derived: profiles of temperature, density, and pressure.
Benefits of such atmospheric profiles are their large altitude range and high spatial resolution, able
to resolve atmospheric fluctuations difficult to observe remotely. Over the past few years, ROB has
developed post-flight analysis tools for this purpose. Unfortunately, EDM did not perform a
successful landing and failed shortly after parachute deployment. No more radio contact or flight
data are available after this point, but the successful trajectory covers altitudes from about 120 km
down to 10 km. Additional complications include one failed heat shield pressure sensors (out of
four), and the loss of radio signal due to plasma blackout between 74 km and 27 km. With the
available flight observations, the reconstruction of the atmospheric conditions must rely more on
radio Doppler observations and trajectory simulation than would have been the case for a
completely successful EDL. Preparatory Kalman filter tools for this purpose have been developed at
ROB.

The radio links were analyzed and preliminary reconstructions of the trajectory were performed. We
computed, amongst other things, the reconstruction of the trajectory using the tools previously

V|

ExoMars 2016 EDM: heat shield (left) and back shell (right) from
Airbus Defense & Space (image credit: ESA).
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developed, as well as the angles between the lander-to-receiver line-of-sight and various significant
vectors (inertial velocity, symmetry axis of the lander). These investigations are meant to help better
understand the unexpected behavior of the Schiaparelli lander.

Geophysical limitations for the habitability of terrestrial planets

Rocky exoplanets are typically classified as potentially habitable planets, if liquid water exists at their
surface. The latter depends on several factors like the abundance of water but also on the amount of
available solar energy and greenhouse gases in the atmosphere for a sufficiently long time for life to
evolve. The range of distances to the star, where surface water might exist, is called the habitable
zone. We studied the effect of the planet interior of stagnant-lid planets on the formation of a
secondary atmosphere through outgassing that would be needed to preserve surface water.

The results show that volcanic activity and associated outgassing in one-plate planets is strongly
reduced after the magma ocean outgassing phase if their mass and/or core-mass fraction exceeds a
critical value. As a consequence, the effective outer boundary of the habitable zone is closer to the
host star (red background color in the figure below) than suggested by the classical habitable zone
definition (green background color in the figure below). This sets an important restriction to the
possible surface habitability of massive rocky exoplanets, if they did not keep a substantial amount
of their primary atmosphere and that they are not in the plate tectonics regime.

Habitable zone limitation by insufficient outgassing
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Left: Sketch of a mass-radius diagram indicating the mass-radius range, where the classical HZ definition can
be applied (green area), the range where the HZ may be restricted due to limited outgassing (red area) and
the transitional regime in-between (yellow area). Black arrows indicate the influence of mass and core-mass
fraction (CMF) on the transition from classical to restricted HZ definition. Right: Habitable zone without
constraints (top) and without greenhouse gases (bottom) at different stellar ages 0 Gyr (red lines), 4.5 Gyr
(green lines) and 10 Gyr (blue lines) using the moist and maximum green-house effect limits by Kopparapu
et al. (2013, The Astrophys. J. Letters). The green and red background colors correspond to the colored areas
in the left plot.
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Evolution of the atmosphere and interior of Venus due to large
impacts

We numerically investigated the effects of a single large impact, during either the Late Veneer or the
Late Heavy Bombardment, on the evolution of the mantle and atmosphere of Venus. Single vertical
impacts are simulated as instantaneous events affecting both the atmosphere and mantle of the
planet by (i) eroding the atmosphere, causing atmospheric escape and (ii) depositing energy in the
crust and mantle of the planet. The main impactor parameters include timing, size/mass, velocity
and efficiency of energy deposition. We observe that impact erosion of the atmosphere is a minor
effect compared to melting and degassing triggered by energy deposition in the mantle and crust.
We are able to produce viable pathways that are consistent with the present-day Venus, especially
for large Late Veneer Impacts. Small collisions (<100 km radius) have only local and transient effects.
Medium-sized impactors (100—400 km) do not have much more consequence unless the energy
deposition is enhanced, for example by a fast collision. In that case, they have comparable effects to
the largest category of impacts (400-800 km): a strong thermal anomaly affecting both crust and
mantle and triggering melting and a change in mantle dynamics patterns. Such an impact is a global
event and can be responsible for volcanic events focused at the impact location and near the
antipode. Depending on the timing of the impact, it can also have major consequences for the long-
term evolution of the planet and its surface conditions by either (i) efficiently depleting the upper
mantle of the planet, leading to the early loss of its water or (ii) imposing a volatile-rich and hot
atmosphere for billions of years.
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Mechanisms and feedbacks between layers in a terrestrial planet: current state of the model.
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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

RolAitim
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Seismic activity

In 2016, 73 earthquakes occurred in a zone between 0° and 10°E longitude and 47° and 53°N
latitude. During the same period, the Royal Observatory of Belgium (ROB) measured 15 induced
events, 51 quarry blasts and 5 controlled explosions. The catalogue is complete for natural
earthquakes (ML>=1.0) and contains a selection of quarry blasts and earthquakes induced by human
activities, e.g. linked to (rock) mass removal in open pit mines. In 2016, 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. The fifth explosion measured was linked to the destruction
works of the docks along the Schelde in Antwerpen. This explosion, 5 seismic events and 2 induced
events were felt by the local population in 2016.

The five felt earthquakes occurred in Court-Saint-Etienne on 3 February (magnitude ML=1.2), in
Stramproy on 11 August (NL, ML=1.6), in Norvenich on 4 November (DE, ML=2.8), in Dole on 3
December (FR, ML=4.2) and in St-Goar on 22 December (DE, ML=2.7). The Court-Saint-Etienne event
was felt only very locally (2 km radius). The felt induced events occurred in Germany: south of
Bremen on 22 April (DE, ML=2.9) and Kénigshardt on 28 May (ML=2.8). These events were felt by
the local population who spontaneously answered the questionnaire on the ROB-BNS (University of
Cologne) common macroseismic inquiry website.

The explosion in Antwerpen was felt — or heard — locally and 54 inquiries were submitted. The
geolocation of the intensity data shows that the explosion was mostly felt in the south of
Antwerpen, east of the Schelde. This location is close-by the explosion site and also downwind,
which influences the propagation of sound waves in the atmosphere. The explosion was strong
enough to be measurable up to Membach, the easternmost ROB permanent seismic station.

For comparison, last year in 2015, 52 earthquakes occurred in and around Belgium. The largest was
located in Ramsgate on 22 May 2015 (United-Kingdom, magnitude ML=4.1) and two events were felt
in Belgium (Ramsgate, and in Spa, 13 May 2015, magnitude ML=2.9).
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Events recorded in 2016 by the Belgian Seismic Network of the Royal Observatory of Belgium.
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Negative magnitude???

On December 4, 2016, A magnitude -0.1 earthquake occurred in Eupen
(http://www.seismologie.be/en/seismology/earthquakes-in-belgium/wk1x3dvi6). Why can a
magnitude be negative?

This is because a magnitude 0 earthquake corresponds at depth to a very small displacement on a
very small fault surface. Hence seismic waves that have small amplitudes are only recorded at short
distance from the hypocenter and are not felt by humans.

Magnitude calculations are based on a logarithmic scale, so a ten-fold drop in amplitude decreases
the magnitude by 1.

For example, a magnitude 1 earthquake corresponds to a vertical displacement of the ground of
about 25 nanometers (or billionths of a meter) 10 km away from the earthquake source. In that
case, the signal would be:

-10 times larger (250 nanometers) for a magnitude of 2.0;

-10 times less (2.5 nanometers) for a magnitude of 0.0;

-100 times less (0.25 nanometers) for a magnitude -1.0.
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December 4, 2016, magnitude -0.1 earthquake in Eupen, recording at the Mont Rigi station, 15 km far from
the hypocentre.
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A New Paradigm for Large Earthquakes in Stable Continental
Plate Interiors

Large earthquakes within stable continental regions (SCR) show that significant amounts of elastic
strain can be released on geological structures far from plate boundary faults, where the vast
majority of the Earth's seismic activity takes place. SCR earthquakes show spatial and temporal
patterns that differ from those at plate boundaries and occur in regions where tectonic loading rates
are negligible. However, in the absence of a more appropriate model, they are traditionally viewed
as analogous to their plate boundary counterparts, occurring when the accrual of tectonic stress
localized at long-lived active faults reaches failure threshold. Here we argue that SCR earthquakes
are better explained by transient perturbations of local stress or fault strength that release elastic
energy from a prestressed lithosphere. As a result, SCR earthquakes can occur in regions with no
previous seismicity and no surface evidence for strain accumulation. They need not repeat, since the
tectonic loading rate is close to zero. Therefore, concepts of recurrence time or fault slip rate do not
apply. As a consequence, seismic hazard in SCRs is likely more spatially distributed than indicated by
paleoearthquakes, current seismicity, or geodetic strain rates.

© Calais et al.,
GRL, 2016

Les grands cercles montrent les séismes intraplaques de magnitude M>6: rouges en régions
continentales stables, blancs pour les régions océaniques stables

De grote cirkels tonen M>6 intraplaat aardbevingen: rood voor stabiele continentale regio’s, wit
voor stabiele oceanische regio’s

Large circles show M>6 intraplate earthquakes: red for stable continental regions, white for
stable oceanic regions

Localities where information is reported for the 3 December 1828 earthquake (published in J. Seismology)
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Stratification at the Earth's largest hyperacidic lake and its
consequences

Volcanic lakes provide windows into the interior of volcanoes as they integrate the heat flux
discharged by a magma body and condense volcanic gases. Volcanic lake temperatures and
geochemical compositions therefore typically serve as warnings prior to eruptions and support
decision-making of volcano agencies.

Until now, hot hyper-acidic lakes were considered too convective to allow any heterogeneity within
their waters. Kawah ljen volcano, featuring the largest hyperacidic lake on Earth (volume of 27
million m3), is in fact homogeneous than previously thought. Hourly temperature measurements
reveal the development of a stagnant layer of cold waters (<30 °C), overlying warmer and denser
water (generally above 30 °C and density 1.083 kg/m3). Examination of 20 yrs of historical records
and temporary measurements show a systematic thermal stratification during rainy seasons.

Importantly, every year at the end of the rainy season, this stratification is ruptured causing a
sudden release of dissolved gases below the cold water layer. This rupture appears to generate a
lake overturn, i.e. limnic eruption highlighting a new hazard for these extreme reservoirs. Even a
minor non-volcanic event, such as a heavy rainfall or an earthquake, may act as a trigger. Spectacular
degassing occurs when the dissolved gases, progressively stored during the rainy season, are
suddenly released. These findings challenge the homogenization assumption at acidic lakes and
stress the need to develop appropriate monitoring setups.

The aciditic lake in the Kawah ljen volcano
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Visualizing Cross-Sectional Data in a Real-World Context

If you could fly around your research results in three dimensions, wouldn’t you like to do it?
Visualizing research results properly during scientific presentations already does half the job of
informing the public on the geographic framework of your research. Many scientists use Google
Earth™ mapping service because it’s a great interactive mapping tool for assigning geographic
coordinates to individual data points, localizing a research area, and draping maps of results over
Earth’s surface for displaying the results in three dimensions. Yet scientists often do not fully explore
the Google Earth platform. K. Van Noten shows that combining the capabilities of an open-source
drawing tool, i.e. Sketchup Make, with Google Earth allows researchers to visualize real-world cross-
sectional data in three dimensions. The paper also includes an easy video tutorial to guide the user
through the plotting process. This tool may give research results a better spatial visibility and allows
more-dynamic scientific presentations.

SSW NNE

Court-Saint-Etienne

-

Dyle valley
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Faux hamlet

Parallel and crossing two-dimensional electrical resistivity tomography profiles obtained in search of
potential surface expressions of the 2008-2010 seismic swarm in the Brabant Massif, Belgium.
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Transpiring forest influences gravity

Evapotranspiration (ET) controls the flux between the land surface and the atmosphere. Assessing
the ET ecosystems remains a key challenge in hydrology. We have found that the ET water mass loss
can be directly inferred from continuous gravity measurements: as water evaporates and transpires
from terrestrial ecosystems, the mass distribution of water decreases, changing the gravity field.
Using continuous superconducting gravity measurements, we were able to identify daily gravity
changes at the level of, or smaller than, 10~° nm s72 (or 107° g) per day. This corresponds to 1.7 mm
of water over an area of 50 ha. The strength of this method is its ability to enable a direct, traceable
and continuous monitoring of actual ET for years at the mesoscale with a high accuracy.

Van Camp et al recently proposed a novel way to measure mesoscale evapotranspiration using
continuous gravity measurements. As water evaporates and transpires from terrestrial ecosystems,
the mass distribution of water decreases; this can be detected using contemporary, precise gravity
monitoring instruments.
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Gravity water content, or soil moisture (blue, in percent) and inverted gravity signal (red, in nm s-2; the
actual gravity signal increases because the gravimeter is underground, below the surface soil moisture).
Time is in hours (local solar time). Stacked values for 139 dry days; stacking is performed in the months of
June from 2005 to 2014. Between 4:40 and 17:40 the gravity water content (or soil moisture) diminishes by
-0.60 £ 0.02 percentage point and gravity increases by 0.7 £ 0.1 nm/s2, which is equivalent to 1.7 £ 0.3 mm
of water. The photography shows the forest above the Membach station where the authors performed
their study.
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Our expertise in Nature Physics

How and why does gravity 'g' vary? Why do we measure it? How do we measure gravity accurately?
See our paper in Nature Physics, which highlights our expertise in gravimetry.

measure for measure

The slightness of gravimetry
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glmimﬁzmnﬂmmmndzu\f
opcration of superconducting gravimetess is
continnows at 2 fived location. The kevels of
precizion achimvable today — a fow 107y —
are such that the effect of rain showess or the
motion of a person operating the instrument
are detectable (as seen in the plot after about

and the structare of the Earth'. ﬁm::nﬂ.di:.h.u::ﬂnnﬁzm—iﬂmpdh 22 mimtes when the operator sits above the
Gravity surveys are also usefol in travelled by a frecky flling mass in a vacuum gravimeter for 5 mimrtes).

gealogy and mineral exploration, and are chambes: In the 1990s cold-atom gravimeters When Newton realived that a falling apple

indispensable for the determination of the were developed, one of their advantages is obeys the same law as the Moon, could he

geoid — the reference equipotential surface that they allow for continuous measurements have imagined that atoms play the same game®,

of the Earth's gravity field — and hence of
altitode. In volanology, gravity measusements
complement deformation monitoring to
Hisrriminatr betwren intrasions of Lo,
water or gas. In metrology, ris key in the
new realization of the kilogram with the Watt
balance experiment weighing electrical and
mechanical powers®. Consequently, g plays a
mmajor role in state-of-the-art measurements
of Flancks constant Finally,

ml:ilhhnns an]:.:Ea.ﬂhl:glohl\.m
the monitoring of inertial acoeleration®.

Measuring local E.n\.'.ﬂ:_[-':lscnn.nqp‘l:n:]ly
simple: one drops an object and measores the
free-fall time over a given distance. However,
before the 1960s, the best way of measuring
£ {with an accuracy of one part in 10F) was

becanse they have mmm-u:gp:lrhmd.

Since the 1970s, the mobon of satellites has
been used to compute global models of the
mean Earths gravitational field®. In 2002, the
Gravity Recovery and Climate Experiment
(GRACE) twin satellites starbed providing
information on the temporal variation of
gravity, with a precision equivalent to a fow
kdlograms per square metre on spatial scales
of —400 km at a sampling rate of once per
month. The temporally constant part of the
gravity Beld is now koown at a level of 1 part
in 10F with a spatial resolution that can reach
200 m in the best-covered ancas by combining
data from satellite and ground measorements,

v verified with an accuracy of 1078 O
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Astronomy and
Astrophysics

The astronomers of the Operational Directorate Astronomy and
Astrophysics do research in astronomy and they also observe solar
system objects. Stellar evolution, mass loss of stars, variable and
multiple stars as well as rapidly rotating stars are studied.
Astrometry of minor planets is carried out and planetary satellites
are observed. The researchers are active in the preparation and/or
reduction and interpretation of data coming from dedicated
observational campaigns, large scale surveys and space telescopes.
The service maintains databases and provides software for scientists.
General information on astronomical and related phenomena are
distributed to public and press. Digitisation and archiving of
photographic plates is also a task of this group.
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The project Gaia

First results for variable stars of the Cepheid and RR Lyrae type

The first data release of Gaia (GDR1) occurred on Sep. 14, 2016 under huge interest from the
scientific community, as well as from the press and the public. Several papers describing the Gaia
mission and the GDR1 were prepared. The Gaia Coordination Unit 7 (CU7) developed the Specific
Objects Study (SOS) pipeline to validate and fully characterise Cepheids and RR Lyrae stars observed
by the spacecraft, and published the first results on the Gaia Cepheid and RR Lyrae variable stars

(Fig. 1) .
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Fig. 1. G-band amplitude diagram versus period for the Cepheids and RR Lyrae stars published in Gaia DR1.
The upper panel shows all 3194 sources, while in the lower panel new discoveries by Gaia are plotted in
colour and known variables in grey.

The mission of CU7 is to systematically detect variability, classify the variable objects, derive
characteristic parameters for specific variability classes, and provide global descriptions of the
variable phenomena. These tasks were divided into five large work packages (WPs): 1) Special
Variability Studies, 2) Variability Characterisation, 3) Variability Classification, 4) Specific Object
Studies, and 5) Global Variability Studies, but new activities were added when necessary, an example
is the Variability detection (WPO0). The whole sequence of processing is called VariPipe. The tasks of
the ROB scientists concerned the supervision of the general package Characterization and the
realization of the sub-package Period Search.

Besides the development, testing and validation of the VariPipe software, the activities of CU7 were
mostly aimed at the data release of a specific set of Cepheid and RR Lyrae variables identified from
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the processing of the 28-day Ecliptic Pole Scanning Law data during the satellite commissioning
phase.

The full chain of the CU7 pipeline was run on these time-series photometry starting from the general
Variability Detection, general Characterisation (including Period Search), proceeding through the
global Classification and ending with the detailed checks and typecasting by the Special Object Study
group for Cepheids and RR Lyrae stars. For the final analysis, the data were extended with over a
year of Nominal Scanning by the Gaia satellite.

A total sample of 3,194 variable stars, 599 Cepheids and 2,595 RR Lyrae stars, of which 386 (43
Cepheids and 343 RR Lyrae stars) were new discoveries made by Gaia, was published. All 3,194 stars
are distributed over an area extending 38 degrees on either side from a point offset from the centre
of the Large Magellanic Cloud (LMC) by about 3 degrees to the North and 4 degrees to the East. The
vast majority is located within the LMC. A few bright RR Lyrae stars that trace the outer halo of the
Milky Way in front of the LMC were included as well.

A test field for Gaia: a radial velocity catalogue of stars in the South
Ecliptic Pole

Gaia, ESA’s latest astrometric space mission launched on Dec. 19, 2013, currently measures more
than one billion stars with the goal to create a highly accurate 3D map of our Galaxy and its
surroundings. The mission also provides spectrally-dispersed photometry (with an average of 70
measurements per target). In addition, the brighter stars are observed by means of the radial
velocity spectrometer (RVS) (with an average of 40 measurements per target). The spectrometer
covers the spectral region of the near-IR Ca Il
triplet and higher members of the Paschen series
& (845 - 872 nm). Gaia will classify the stars down
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The six FLAMES fields in the direction of the SEP
and the targets observed during two years . The
filled symbols indicate stars of the Large Magellanic
Cloud (LMC).
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mag. ROB astronomers are taking part in the
development of the pipeline which automatically
analyses the data. They also contribute to the
result validation before publication of the various
Gaia Data Releases. The first Gaia Data Release
occurred on Sep. 14, 2016.

Stars located around the Northern (NEP) and the
Southern (SEP) Ecliptic Poles can be used as
reference targets to assess and improve, if
necessary, the satellite and software
performances. We took part in a ground-based
observation campaign aiming at characterizing
stars at the faint magnitude limit of the RVS. The
SEP field was chosen and observed with ESO’s
Very Large Telescope (UT2) equipped with the
FLAMES facility. FLAMES is a multi-object
instrument that allows observing more than 100

targets in a single shot. The figure on the left shows the FLAMES fields as well as the 747 stars with
magnitudes ranging from 12 to 17 mag, which were monitored for more than two years. A total of
3741 spectra was analyzed. All targets were characterized in terms of effective temperature, surface
gravity and chemical composition. Radial velocities were also measured.

We identified 203 stars in the LMC (filled symbols), one galaxy (yellow pentagon), as well as six new
chemically peculiar S-type stars (blue diamonds). A statistical analysis enabled us to define a sample
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of 145 stars of constant radial velocity, which represents a high-quality reference for the RVS. We
also reported 78 new variable stars. Our RV catalogue was already used to validate the first Gaia
radial velocities during the commissioning in 2014 and has been accepted for publication. With
Gaia’s routine mission on-going, it is now being used to monitor and assess the RVS performances in
the faint star regime as a full part of the nominal RVS ground-based processing pipeline.
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The BINA project

A bilateral network between the Belgian and Indian astronomical communities has been set up in
2016 under the auspices of the agencies BELSPO and DST (the Department of Science & Technology
of India).The Belgo-Indian Network for Astronomy and Astrophysics (BINA) is a collaboration
between Belgian and Indian institutes with the main aim to optimize the scientific output of the
Indo-Belgian telescopes, namely the 3.6-m Devasthal Optical Telescope (DOT) and the 4.0-m
International Liquid Mirror Telescope (ILMT). Both facilities are located at the Devasthal Observatory
near Nainital, India. The BINA network organized its first event, a scientific workshop held in Nainital,
India, from Nov. 15 — 18, 2016. This workshop was attended by 107 participants, 11 of which came
from Belgian institutes.

The international workshop entitled “Instrumentation and Science with the 3.6-m DOT and the 4-m
ILMT telescopes” was held in Nainital, a small village in the foothills of the Himalaya Mountains. It
was organized by the Arhyabhatta Research Institute of Observational Science (ARIES) under the
lead of Dr. S. Joshi. The Belgian PI, Dr. P. De Cat, co-organized this workshop. During four days,
exchanges were done by the participants who came from eight countries. Many interested young
students also attended the workshop. Contacts were manifold and diverse. A description of the
currently available and foreseen instruments was given, and a variety of potential scientific
programmes was discussed. P. De Cat presented the astronomical topics of interest on behalf of the
ROB team (De Cat et al. 2017). This experience furthermore allowed some enjoyable moments of
human contacts and discussions outside of the scientific scope. On the last day, an excursion was
organized to the Devasthal Observatory situated some 3 hours from Nainital, during which we
enjoyed the view unto the impressive Himalayan mountains, as well as a guided tour of the
Devasthal Optical Telescope.

rticipants of the 1%t BINA workshop held at The Devasthal Optical Telescope (DOT) has been
Nainital, Uttarakhand, India. designed and assembled by the Belgian company
AMOS. Astronomers from Belgian institutes will
get guaranteed time for their observations.© P.

Lampens

The pa
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Luminous Blue Variables: animaging perspective on their binarity
and near environment & Long-termspectroscopic monitoring of the
Yellow Hypergiant Rho Cas.

The study of hot and cool hypergiant stars is important for stellar astrophysics because these very
massive stars are the progenitors of core collapse supernovae. They exist near the Eddington
luminosity limit and exhibit a wide range of uncommon stellar properties. Their atmospheres are
unstable which causes quasi-periodic pulsation variability, strongly developed large-scale velocity
fields, excessive mass-loss, and extended circumstellar envelopes. The Luminous Blue Variables
(LBVs) are rare massive hot hypergiants. They are characterized by strong photometric and
spectroscopic variability related to transient eruptions. The mechanism at the origin of these
eruptions is not well known. In addition, their formation is still problematic and the presence of a
companion could help to explain how they form.

An international team of researchers including the ROB published a study of seven LBVs (about 20%
of the known Galactic population), some Wolf-Rayet stars, and massive binaries. It probes the
environments surrounding these massive stars with near-, mid-, and farinfrared images,
investigating potential nebula/shells and the companion stars. The study investigates large spatial
scales using seeing-limited and near diffraction-limited adaptive optics images to obtain a
differential diagnostic about the presence of circumstellar matter and to determine their extent.
From the images the team searched for the presence of binary companions on a wide orbit. Once a
companion was detected, its gravitational binding to the central star was tested. The tests include
the chance projection probability, the proper motion estimates with multi-epoch observations, flux
ratio, and star separations. The new results show that two out of seven LBVs may have a wide orbit
companion. Most of the LBVs display a large circumstellar envelope or several shells. In particular,
HD 168625, known for its rings, possesses several shells with possibly a large cold shell at the edge of
which the rings are formed. For the first time this investigation directly imaged the companion of
LBV stars.

Over the last 7 years astronomers at the ROB performed long-term high-resolution spectroscopic
monitoring of hot and cool hypergiants with HERMES on the Mercator Telescope at La Palma. An
important property of hypergiants is recurring outbursts that signal the final stages in the fast
evolution of the most massive stars. These outburst events reveal very large changes of Teff and
commensurate strong spectral variability. For example, in 1999-2000 the yellow hypergiant (YHG)
Rho Cas decreased Teff from above 7000 K to below 4000 K during an outburst event that lasted ~2
years. Following the rapid V brightness decrease of 1.3 mag, it revealed TiO absorption bands in the
near-IR spectrum which disappeared after returning to average V brightness level. During the
outburst, the mass-loss rate increased from about 10-6 M(® y-1 to 5 x10-2 M(® y-1. The
hypergiant expelled ~3% of the solar mass, equivalent to ten thousand times the mass of the Earth.
The stellar radius increased by a factor two resulting in a tremendous cooling of the atmosphere by
3000-4000 K. Similar large outburst events have been observed in Rho Cas in 1946 and possibly
1893. The large eruptions are therefore thought to occur about every half century and they
represent the main mass-loss mechanism of YHGs.

The large mass-loss rates cause their fast evolution on a blue loop in the Hertzsprung-Russell
diagram. A smaller outburst event occurred in Rho Cas in 2013 during which we also observe the
temporal TiO bands with HERMES. A similar weak outburst event was observed in 1986 in Rho Cas.
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Three spectra of Rho Cas of Nov 2012 (1), Oct 2013 (2), and Oct 2014 (3) observed with Mercator-HERMES.
Spectrum (2) reveals a broad flux depression around the wavelength of 7050 A due absorption by TiO
molecules formed during a fast cooling of the hypergiant's atmosphere. The TiO absorption bands appeared
during only a few months in an outburst event of Rho Cas with a visual brightness minimum in Oct 2013. The
near-IR TiO bands are absent in spectra (1) and (3) outside of this brightness minimum.
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Solar Physics and
Space Weather

The Operational Directorate Solar
Physics and Space Weather studies
the outer layers and the atmosphere
of the Sun, with a particular focus on
solar activity and the influence it
exerts on the Earth and its space
environment (space weather).
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Highlights in solar radio astronomy at ROB

Solar radio emissions accompanying eruptive events (flares, filament eruptions, Coronal Mass
Ejections) can occur at any wavelength of the radio spectrum. The VHF and UHF band (30 — 3000
MHz) is of uttermost importance as it corresponds to heights covering the whole corona, from the
transition region with the chromosphere to the boundaries of the interplanetary space. Particles
accelerated during flares or by shock waves produce radio signatures observable over this whole
frequency range, providing insights in the eruptive processes taking place.

Since 2008, the Observatory operates in Humain, near Marche-en-Famenne, a small solar
spectrograph called Callisto, covering the frequency band 45 — 447 MHz. Callisto is an analogic
receiver based on a commercial TV tuner driven by a dedicated electronics and designed by C.
Monstein from ETH Zdrich. It is connected to a broad band antenna mounted on the side of a 6-m
Sun-tracking parabola. The Callisto receiver in Humain is part of a worldwide network of identical
instruments that provide near real-time radio observations of the Sun.

In 2015 and 2016, the radio group of the solar physics department set up two new receivers that are
aimed at expanding the frequency range and at improving the frequency resolution of Callisto (200
frequencies spread over the whole band). One of the receiver, HSRS, is connected to a broad band
antenna (300 — 5000 MHz) located at the focus of the 6-m dish. It was set up in August 2015 and has
since observed more than 60 noticeable radio events, despite the low level of solar activity. The
second receiver, ARCAS, installed in October 2016, shares the same antenna as Callisto.

HSRS and ARCAS are identical digital receivers based on Software Defined Radio devices. They differ
only by a single removable electronic card that defines the frequency band. Both receivers were
programmed using an open source library to implement a wide band spectrometer. The
instantaneous bandwidth is about 20 MHz, a limitation that results from the amount of data that can
transit through the Ethernet port connecting each receiver to its PC. To scan a certain band, one has
to tune the receiver at a certain frequency, calculate the spectrum over 20 MHz (through a FFT) and
tune again the receiver to the next frequency, ~ 20 MHz apart. The overall performances of the
instrument now operational in Humain are summarized in the following table:

Callisto ARCAS HSRS
Frequency band | 45 — 447 MHz 45 — 450 MHz 275 - 1495 MHz
Frequency | 63 kHz 98 kHz 98 KHz
resolution
Time resolution | 250 ms ~ 84 ms ~ 250 ms
Number of freq. | 200 ~ 4200 ~ 12500

Technical performances of the solar radio spectrographs in Humain. The frequency resolution of Callisto
varies in practice and is bigger than the one mentioned here

The finer frequency resolution of the new receivers allows us to observe in bands that were mostly
inaccessible with Callisto (like the band 110 — 150 MHz). For example, relatively narrow band
emissions such as noise storms associated with strong sunspots can now fully be observed with
ARCAS. The combination of ARCAS and HSRS gives to the scientists of the department an
unprecedented view on radio emissions linked to eruptive processes. An example is given in the
Figure below, where a group of intense type Ill bursts, superposed on a noise storm, is observed in
association with a B9.8 flare on April 15t 20174

14 The low level of solar activity since the setup of ARCAS in Oct. 2016 forces us to illustrate
this instrument with an event that took place in the spring of 2017
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GOES Xray Flux | Humain radio spectra [ARCAS + HSRS] - 2017/04/01
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A group of type Il bursts linked to a B9.8 flare. The "interruption"” around 100 MHz is due to a filter that
attenuates the FM band. Between 100 and 200 MHz, a noise storm can be seen as narrow band intermittent
emissions

The HSRS spectrograph covers a frequency range that is monitored only by a few instruments in
Western Europe. Above ~ 500 MHz, in the decimetric frequency range, radio bursts closely related to
particle acceleration taking place near flare sites can be observed, such as decimetric pulsations (see
figure belowsError! Reference source not found.).

HSRS - 2016/08/08
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Pulsations observed above 600 MHz with HSRS on August 8th, 2016
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Numerical and Observational Study of Stealth CMEs

The prediction of space weather is a core service provided by the Solar Influences Data analysis
Center (SIDC) at the Royal Observatory of Belgium (ROB). Despite the availability of various datasets
providing a continuous view of the Sun and its activity, occasionally space weather events occur that
are stealthy enough to surprise even the experienced forecasters.

Examples are front-sided coronal mass ejections (CMEs) without a clear source region and their
associated geomagnetic storms. For these events, there are little warning signs to alert the
forecaster of their occurrence and hence the resulting storm will likely not be predicted.

In order to improve the forecasting for this type of geomagnetic storms, we need a better
understanding of the initiation of such stealth events.

In this PhD project, which started at ROB on 16 October 2016, the focus in on stealth CMEs and the
way they differ from more typical solar eruptions. Stealth CMEs are unusual CMEs that are clearly
observed in multi-viewpoint coronagraph observations as front-sided events, but lack signatures of
eruption in the low corona and on the solar disk.

The objective for this study is to combine observational and numerical studies of stealth eruptions in
order to determine how these events are triggered and driven and in what sense they differ from
more typical solar eruptions. We aim to improve the forecasting of the geomagnetic impact of
stealth eruptions by searching for similarities between the observed events and by comparing the
observations to the results of the numerical modelling. Because these stealth eruptions may cause
hazardous space weather conditions without being detected, improvements in our understanding of
their origins will advance our ability to predict the onset of such space weather events.

3 a5 4

05 1 15 05 1

2 25 2 25
x [Rs] x [Rs]
Snapshots of the time evolution of the relative density and of the selected field lines during the formation of
the structure associated with the first CME (a), its movement towards the equator (b), the rise of the
southern arcade (c) and the associated second CME (d) (Bemporad et al. 2012).

Dana Talpeanu, PhD student supervised by Elke D’Huys at ROB, started simulating stealth CMEs with
the code AMRVAC developed at KU Leuven by trying at first to reproduce the previous work of
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Francesco Zuccarello and Alessandro Bemporad (Zuccarello et al. (2012)*> and Bemporad et al.
(2012)%¢). They numerically modelled a sympathetic event, very similar to a stealth CME (see figure
above), using an earlier version of the code. The figure below represents one of the current
simulations of 8 component of the magnetic field (color scale) and magnetic field lines (black lines).
As it can be seen, the overall configuration resembles the one from Bemporad et al. (2012), but it is
not perfectly matching. This is a work in progress and once the structures coincide, Dana Talpeanu
will start applying the shearing motions in order to obtain CMEs in a similar way as Francesco
Zuccarello and Alessandro Bemporad did.

DB: quad0048.viu
Cycle: 48 1 [ifliny

Pseudocolor 1.5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
X-Axis

The simulated background magnetic configuration using MPI-AMRVAC; 6 component of the magnetic field
(color scale) and magnetic field lines (black lines).

Afterwards, this study will be extended by using events from the list of 40 events identified by Elke
D’Huys during her PhD thesis (D’Huys et al. (2014) '7) and make a parameter study on them, which
could reveal the range of global magnetic field strength that allows stealth events and may identify
other crucial parameters as well.

In a second phase of the project, the plan is to study the geo-effective stealth CMEs. The starting
point will be a list of CMEs that produced geomagnetic storms and that are suspected to be stealth
events.

15 Zuccarello, F.P., Bemporad, A., Jacobs, C., Mierla, M., Poedts, S., Zuccarello, F., The role of streamers in the
deflection of coronal mass ejections: comparison between STEREO three-dimensional reconstructions and
numerical simulations, The Astrophysical Journal, 744, pp. 66, 2012.

16 Bemporad, A., Zuccarello, F.P., Jacobs, C., Mierla, M., Poedts, S., Study of multiple coronal mass
ejections at solar minimum conditions, Solar Physics, 281, pp. 223-236, 2012.

17 D’Huys, E., Seaton, D.B., Poedts, S., Berghmans, D., Observational characteristics of coronal mass
ejections without low-coronal signatures, The Astrophysical Journal, 795, pp. 49, 2014.
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CCSOM - Constraining CMEs and Shocks by Observations and
Modelling throughout the inner heliosphere

As a response to the BRAIN networking call, the project proposal with the acronym CCSOM
(Constraining CMEs and Shocks by Observations and Modelling throughout the inner heliosphere)
was submitted and successfully accepted in the second half of year 2016.

CCSOM is led by Royal observatory of Belgium (ROB) with J. Magdalenic as a project coordinator. The
project is based on the close collaboration of ROB, Katholieke Universiteit Leuven (KU Leuven),
University of Helsinki and Graz University.

The project aims at making a breakthrough in studies of coronal mass ejections (CMEs) and CME-
driven shock wave propagation in the inner heliosphere by combining observations with numerical
simulations that will be well beyond the current state of the art.

In the framework of CCSOM, the observations will be compared with modeling results of EUHFORIA
(EUropean Heliospheric FORecasting Information Asset), recently developed model at the KU Leuven
and University of Helsinki (lead by: S.Poedts and J.Pomoell, respectively). EUHFORIA is a physics-
based prediction model of the solar wind and CMEs in the inner heliosphere (presently similar to
state-of-the-art model ENLIL).

This project will ultimately deliver, together with a number of scientific publications, a fully
operational and scientifically validated heliospheric code for modeling the solar wind and CME
propagation. During and at the end of the project the model will be set up and running principally at
ROB for the use in space weather operations of the Regional Warning Center Belgium.
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[ © Mercury @ Venus ® Earth ® Mars a su]
The solar wind modeling with EUHFORIA predicting arrival of the fast flow associated with the coronal hole
which crossed central solar meridian late on May 27, 2017.
The color indicates the solar wind radial speed in the ecliptic plane as well as a meridional plane containing
Earth. The fast solar wind of about 650 km/s was expected to arrive at the Earth on May 31 at about 18:00
UT. The black arrow points the fast solar wind flow which reached the Earth.

First tests of EUHFORIA were performed during last several months. Presently, EUHFORIA is
modeling the solar wind propagation (see figure above) and the first statistical studies of solar wind
modeling with EUHFORIA, in the framework of CCSOM, are in progress (Graz University).

Further on, initial tests of EUHFORIA modeling the CME propagation are being performed by M.
Mierla from ROB and C. Scolini, PhD student under supervision of L. Rodriguez and S. Poedts.
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The figure below shows the results of modeling CME propagation (event was first observed on the

Sun on September 4, 2010) with EUHFORIA.
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First results of EUHFORIA modeling the propagation of the CME (presently starting height of modeling is 0.1
AU, similar to ENLIL) observed on the Sun on September 4, 2010.
The color indicates the plasma density change in the ecliptic plane as well as a meridional plane containing
Earth. The black arrow points the CME front approaching to the Earth (blue circle).
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Topical issue of Solar Physics "Sunspot Number
Recalibration”

2016 was marked by a new milestone in the ongoing recalibration and redefinition of the
International Sunspot Numbers series initiated in 2015 by the World Data Center (WDC) SILSO run by
the OD Solar Physics at the ROB. In just a few months, the 2015 release of the first revised version of
the reference sunspot number series triggered a revival of international research in the field of the
long-term solar activity studies.

In response to this global interest, two researchers from the ROB
(Frédéric Clette, Laure Lefévre) together with colleagues from the
National Solar Observatory (USA), Stanford University (USA) and the
University of Extremadura (Spain) proposed a special topical issue
dedicated to the revised sunspot number to the editors of Solar
Physics (Springer), the main journal dedicated to solar research. The
proposed topic was approved and the proposers acted as guest
editors for this special volume, which proved to be highly successful.
Indeed, the final printed volume gathered 34 articles, to which a few
more late articles were added in on-line form. (Vol. 291, N° 9-10, 659
pages, http://link.springer.com/journal/11207/291/9/page/1, ISSN:
0038-0938 (Print) 1573-093X (Online)).

Moreover, the SILSO researchers contributed three main articles as
first authors, and were associated with three other articles jointly
with different foreign collaborators. Those articles described all main
corrections introduced in the current official version of the sunspot
number distributed by the WDC-SILSO, while one article led by T. Dudok de Wit investigated for the
first time the statistical properties of the random errors present in the raw sunspot data forming the
base of this reference sunspot index. This state-of-the-art study reveals a dual nature, mixing two
distinct contributions, one associated with the random solar variations themselves and one truly
associated with errors in visual sunspot counts.
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Variation of the time domain error (blue) and dispersion error (red) as a function of the average sunspot
number. The clear double distribution show the relative contribution of two distinct components of the
random errors in sunspot counts: random component of solar variability (Poisson statistics) and counting
errors made by the observers (Gaussian statistics).
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This topical issue covered various implications of the ongoing SILSO revision work. Several papers
presented newly recovered sunspot data and updated historical databases. Other papers presented
new additional or alternate corrections to the sunspot number series, demonstrating that further
improvements are needed and will benefit from the recovery of lost or neglected data combined
with state-of-the-art statistical processing methods. As a validation of recent changes, several
articles investigated the correlation between the updated sunspot number series and other direct or
indirect solar activity indices, like total magnetic field measurements or cosmogenic isotopes from
polar ice cores. Most results confirm that following the revision, there is a better agreement
between the new sunspot series and the parallel indices and those past unexplained discrepancies
are reduced or eliminated.

Finally, a few articles are considering implications of the revision by repeating some past analyses
that rely on the sunspot number as a key input parameter. Indeed, a wide range of studies in various
disciplines rely on the multi-secular sunspot number series. Overall, this volume thus concentrates a
first wave of studies in a single broad panorama. Already abundantly cited after just a few months, it
should provide over coming years a key reference for all solar physicists contributing to the growing
research on the long-term reconstruction and prediction of solar activity and its impact on the Earth.
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MHD modeling of torsional waves in the solar corona

Solar corona, an outer layer of the solar atmosphere, is filled with rarified and magnetized plasmas.
Due to symmetry, coronal plasma is structured into cylindrical magnetic tubes. Thus, magnetic loops
and open field lines are basic bricks of the solar corona.

Magnetic tubes support various types of oscillations. Existence of these oscillations is important in
particular for the fundamental problem of solar corona heating: oscillations are considered among
two main candidates to transport energy from the lower layers of the solar atmosphere into the
corona, where the energy is released. By means of numerical analysis we studied how torsional
oscillations can dissipate, i.e. release their energy in the solar corona.

Solar corona observed in extreme ultraviolet wavelength A=17.1 nm by AIA/SDO telescope (left) and a
sketch with open and closed magnetic field lines (right).

There are four basic types of oscillations in Sausage Kink Tube Torsional
magnetic flux tubes: sausage, kink, tube, and $ . —
torsional. 5

The first three types of oscillations are called i

compressive, since during oscillation period A

plasma density is perturbed. These types of L

oscillations are extensively studied since m

pioneering work of Edwin & Roberts in 1983. — — —

Compressive oscillations are prone to decay i | i ['e Do
and reflection in the transition region of the Types of oscillations in magnetic flux tubes

solar atmosphere (the region where plasma
density drastically decreases by several orders of magnitude to 10° cm3, and plasma temperature
increases from several thousands, to approximately one million of Kelvins), so the amount of energy
they can release in the corona is not enough to solve the fundamental problem of coronal heating.
Torsional oscillations differ from the previous three types: they are incompressible and are less
susceptible to dissipations in the transition region, so there is higher possibility they carry necessary
amount of energy to the corona. But indeed, it is important to figure out the mechanisms how
torsional oscillations dissipate their energy in the corona.

7 We numerically analyzed the dynamics of
propagating torsional waves and payed
particular attention to nonlinear effects.
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We found many effects that may result in energy dissipation. For example, torsional motions induce
parallel and radial motions. Parallel motions are pulsating (periodically change from zero to
particular value), but are always directed toward the same direction. Radial motions are oscillating
inward and outward, i.e. constituent one of the oscillations mentioned above — sausage oscillations
(they are compressible and also prone to decay). The energy necessary for the development of
induced parallel and radial motions is obtained from the energy of initial wave! Torsional motions
also result in other effects, such as wave steepening and nonlinear phase mixing. Snapshots with
results of numerical simulations are presented in the figure below.

We found another effect that has not been foreseen by analytical theories: the observed nonlinear
effects are more pronounced near the tube boundary and are absent near the tube axis. This fact
proves that our understanding of the phenomena need be improved.

All the observed nonlinear effects can serve as a mechanism for the dissipation of energy of
torsional oscillations in the solar corona.
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Central cross-section of a magnetic flux tube with plasma density p, radial velocity v,, azimuthal velocity vy,
and parallel velocity v,. Left panel: early phase of the wave propagation. Right panel: late phase of the wave
propagation, induced sausage wave travels ahead of mother torsional wave.
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The detection of ultra-relativistic electrons by the LYRA on-
board PROBA2

PROBA2 is a small European Space Agency’s (ESA) satellite with a scientific mission to explore the
solar “surface” (also called corona) and the Sun’s effect on the near-earth environment. LYRA (Large
Yield RAdiometer, formerly LYman alpha RAdiometer) is one of the two main instruments on-board
the satellite, designed to observe ultraviolet to soft X-ray emission from the solar corona with
extremely high cadence. It measures light from four different ranges of wavelengths chosen for their
relevance to solar physics, aeronomy and space weather in three redundant units (i.e. each unit
contains all four bands).
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A conceptual drawing of Earth’s magnetic field (left) and the map of the magnetic field lines on the surface
of Earth (right). Both images depict the Earth’s magnetic field when undisturbed by space weather. The left
image is an approximate representation while the right image is calculated by a semi-observation model
fitting. The magnetic field lines of the left image that close 1.5, 2, 3, 4, and 5 Earth radii away of Earth’s
center are labelled as L=1.5, 2, 3, 4, and 5 on the right image.

Although LYRA is designed to detect light, it also succeeded to detect ultra-relativistic electrons (i.e.
electrons with energies above 1 MeV) that penetrate the Earth’s ionosphere and reach the altitude
of PROBA2 (~700 km). Those electrons are known to originate from the solar wind and get trapped
by Earth’s magnetic field at an altitude of thousands of kilometers. LYRA’s detections demonstrate
that, under certain conditions, these particles can become “trapped” by Earth’s magnetic field and
fell to the altitude of PROBA2 and possibly below.

Channel: Aluminium Channel: Zirconium

Maps of the location of the detections made on the Aluminium (left) and Zirconium (right) channels of LYRA.
Also known as channels 3 and 4 respectively, those channels are named after the ions of the solar corona
they are designed to observe best. The concurrence of the detections is strong evidence of the detection of
highly relativistic electrons.
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Perhaps the most intriguing characteristic of the electron detections is the effect that the local time
has on the likelihood of detecting the phenomenon. To ensure continuous viewing of the Sun,
PROBA2 flies from pole-to-pole and from dawn-to-dusk (i.e. on the “side” of the Earth, as it faces the
Sun). It was therefore possible to split each orbit to two parts and study the effect the sunlight has
to the phenomenon. The compelling result is that there are eight times more events during the
dawn than the dusk part of the orbit!

Dawn, Channel 3

Dusk, Channel 3
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Maps of the detections made on channel 3 (Aluminium) when the satellite flies over the dawn (left) and
dusk (right) sides of the Earth. Although the geographical distribution of the detections remains the same, it
is eight times more likely for a detection to take place at the dawn part of the obit than the dusk.

Various mechanisms have been proposed by a team of scientists, led by the PROBA2 science team,
for the explanation of the physical process that leads to the LYRA detections. Nevertheless, those
explanations are qualitative, while a full quantitative model is so far elusive and it may take years
until we have a more detailed view of this captivating phenomenon.
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Information service

The activities related to the information service consist of
several tasks: answering questions and inquiries from
public and press, assisting in all kind of outreach activities,
giving general information on ROB and on astronomy and
astronomy related subjects, advising the planetarium,
organize the visits to the ROB, including the organization
and coordination of open doors days and related activities,
all kind of assistance for exhibitions and public relations
activities (press communications, press conferences etc.)
and preparing of texts for printing or for the web site.
(http://www.astro.oma.be/en/news/ )
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Information to public, media and authorities

In 2015 the scientific information service
of the ROB had to answer to about 814
questions from the public sent to the
ROB by email (about 423, not included
the ones related to visits or visit
requests), telephone (more than 322) or
by letter or fax (69). As usual most were
about sunset and sunrise, twilights,
equinoxes and solstice, horizontal
coordinates of sun and moon, the
amount of shadow, sun dials, moon rise
and set, moon phases, eclipses in 2016 and other years, aII sort of calendar topics (Easter dates,
beginning and end of Ramadan, time keeping, time zones, ...) tides, star maps and visibility of
constellations over the world, comets now and in history, Mars, Venus and other planets in the sky,
fireballs, meteors, UFOs, satellite re-entries, candidate meteorites, information about historical
scientific instruments, the profession of astronomer, external influences (sun, planets, universe,...)
on climate change, structure of the universe, on satellites and space missions, photographs and
images of the Observatory, history of the observatory, amateur astronomy associations and public
observatories, planets and the moon, atmospheric halos, goniometry and positional astronomy,
names of asteroids, giving and/or registering of stars names, adopting or buying stars, black holes,
etc. 15 researches are done in the archives to reply to the questions.
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ASRTRONOME A L'OBSERVATOIRE ROYAL DE BELGIQUE

Questions about the sun and its
influence on earth (space weather etc.);
about seismology, gravimetry and GPS,
about asteroids and impact of asteroids
on earth were forwarded to other
sections of the observatory. Questions
about weather and climate were sent to
the Meteorological Institute and those
about space travel and aeronomy to the
Belgian Institute for Aeronomy.

Information to the media (TV, radio and
written press) was given by the service
on numerous occasions. Other members of the ROB appeared in news items on other topics (Solar
activity, space weather, seismic activity, Mars, comets and mission Rosetta, exoplanets ...).

As each year groups and individual visitors had to be guided in the Observatory this year. The
individual visitors were mainly journalists and other media related persons or amateur astronomers
with a specific demand and/or students. Groups were, in general, received on the first Tuesday of
the month. In order to give some idea on the work load: there were in 2016 29 groups visiting and
more than 360 emails (in/out) related to visits or inquiries. We welcomed, amongst other groups,
the experts of the scientific review of ROB, members of the RotaNut Workshop, members of Pro
Lege, the association of former Parliament and Senate members, participants of the Early Career Day
and members of the Demetra workshop.

J. Cuypers presented the ‘History and activities of the ROB’ as an introductory talk to the visiting
groups and he guided these in the museum and the dome(s). He helped with the organisation of
some other visits when he was not participating (e.g. Asgard event on 28/04).
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Website

There was no consistent information on the number of visitors to our webpages directly available for
2016. Starting January 2017 the results of the new tool for web site analytics and statistics became
also available for the web pages of the information services. First data (only on 2 weeks) indicate
about 600 to 1100 unique visits per day, but this will be more detailed in 2017.

The content of web pages with the answers to frequently asked questions was regularly up-dated.
For 2016, the pages on daylight saving time and on the Islamic calendar (Ramadan) had at least one
update or revision. New data about the position of the sun during the year were added.

The Dutch versions of the pages on the celestial phenomena of the month (information given by
R. Dejaiffe, put on the web by H. Langenaken) were revised on a regular basis.

J. Cuypers, with from September on the help of Lé Binh San Pham initiated or assisted in put-ting
new items, as e.g. press releases or announcements on the ‘News’ pages of the ROB. In 2016 there
were 18 topics published (always in 3 languages: NL/FR/EN).

Social networks @ ROB

From 14 December 2016, the Royal Observatory of Belgium has its own Facebook

page (https://www.facebook.com/ORBKSB/) and Twitter account

(https://twitter.com/ORB_KSB). In these accounts are published links of the web

news and press releases related to ROB and also other news and items related to

ROB colleagues (interviews, articles, astronomical pictures...) and ROB research

(astronomy, astrophysics, solar physics, planetology etc.). After one week, the
Facebook page gained 85 likes and the Twitter page 14 followers. Those numbers continue to
increase, and so the engagement of the followers.

Night of the Shooting Stars

In the evening and night of 12 August 2016
the Observatory welcomed the public for an
observation evening of the sky and the
shooting (‘falling’) stars. The Planetarium
was the main organizer of this event, with
ROB and BISA assisting. Amateur
astronomers, individuals and organizations
put telescopes at the disposal of the visitors
to observe the sky. BISA showed how to
detect meteors with radio signals. The
Schmidt telescope was also open for public

A shooting star photographed during the Night of the visits.
Shooting Star 2016 at the Royal Observatory of Belgium. The number of visitors was limited to 500 by
(Photo: H. Coeckelberghs) pre-registration. However, not all showed
up because of the bad weather. Two people

from the security were charged of guarding the entry building.

J. Cuypers represented the Observatory at the coordination meetings and was contact person for the
event. J. Cuypers coordinated part of the organization at ROB and helped with the general
organization. He informed the media on the event. During the event he gave explanations in the
Schmidt dome.
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Exhibitions

As each year, the Royal Palace in Brussels opened its doors to the public in summer: in 2016 from 22
July to 4 September. The public got the opportunity to discover the exhibition Cartographiae
showing maps and cartography throughout the centuries. The ROB, mainly P. Lampens, provided
items and information related to the project “Carte du Ciel” (see
http://www.astro.oma.be/en/scientific-research/astronomy-astrophysics/carte-du-ciel/) and
showed also an Ertel theodolite. J. Cuypers forwarded and corrected texts for the on-line catalogue
and attended the press conference on July 19 in the Royal Palace.

Above: Two objects exposed during the exhibition Cartographiae at the Royal Palace. On the left: the “Carte
du Ciel” book. On the right: copper engraving of the twice magnified glass plate image N° 214 (zone 35°
N°159) of the "Carte du Ciel". Below: astrographic equatorial telescope which has contributed since 1908 to
the mapping of the Uccle zone for the "Carte du Ciel" project (Photo: P. Van Cauteren).

The information service also contributed to other exhibitions, with material, text or other inputs,
such as the Cabinet de Curiosités, Entre Art et Nature, which took place between 06 and 20 March
2016 at Chateau-Ferme de Macon.
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The Planetarium

*

PLANETARIUM.be
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Oniroscopy and New York at the Planetarium

On January 21, the full dome exhibition San Damon and Octobery theorem took place at the
Planetarium. Its purpose was to reconcile the planetarium science with artistic insights. Artist San
Damon’s photographic works on the theme of New York were projected on the Planetarium dome
accompanied with contemporary classic jazz music (« symphorapsody » build in 15 movements
composed by San Damon and Denis Bergua). San Damon was the creator of the oniroscopy (oniros-
dream, scopos-movement). He was notably known for setting contemporary art in magenta
tonalities over the four kilometers of Franklin Roosevelt Avenue in Brussels, between January and
March 2015.

178 Photographic Works on the theme of New York
on an Original Contemporary Music.

San Damon

and

Octobery Theorem

('Damon - Bergua )

<y

At the Planetarium Theater,Brussels

21 st January 2016

PhotobySanDamon(c)copyright2015.

New show: “Solar superstorm / Les coleres du Soleil”

On April 26, a new show of the Planetarium was presented in avant-premiere: « Solar superstorms /
Les coleres du Soleil ». It is an impressive film about solar activity and its impact on Earth. It was
favorably received by the public thanks to its remarkable visual qualities. To complete the essentially
American view of this film produced by Spitz Creative Media, a supplementary sequence was
especially internally created for this occasion so that the implication of the Observatory in solar
physics research can be shown. This sequence of several minutes is broadcasted at the end of the
film, at each projection.
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The star projector Zeiss amongst the 100 masterpieces of
Brussels

The star projector Zeiss has been selected amongst the 100 masterpieces of Brussels in the
framework of the action “Master 100” of the Brussels Museums Council. On this occasion, four
special evenings were organized in May and June in the form of live session animated by educators
of the Planetarium.

Special activities

As each year, the Planetarium (and its ESERO office) organized several special activities at the
Planetarium and at different places. Amongst these activities are the Concert of OSA Mayor,
Mercury transit, the “Zonnekijkdag”, Poetry under the stars, the “Nuit de I’'Obscurité”, the
“Wetenschapsweek”, and the Night of the Shooting stars in collaboration with the Observatory.
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Chef de travaux
Assitant-stagiaire
Assistant
Assistent
Assistant-stagiaire
Assistant
Assistent
Werkleider
Assistent
Eerstaanwezend assistent
Assistent

Chef de travaux
Assistent
Eerstaanwezend assistent
Assistent
Assistant
Assistent
Assistent
Assistant

Chef de travaux
Assistant
Assistant

Functie/Fonction
Attaché Al

Attaché Al

Attaché Al

Attaché A2

Attaché A2

Attaché A2

Attaché A2

Attaché A2

Attaché A2

Expert technique
Technisch deskundige
Expert ICT

Expert technique
ICT-deskundige
Assistant administratif
Administratief assistant

Technisch en administratief personeel / personnel technique et administratif
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Smet Gert
Smetryns Daan
Stokart Luc
Vandeperre Arnold
Wijns Erik

El Amrani Malika
Herman Viviane
Honet Vincent
Ipuz Mendez Adriana
Kurudere Hulya
Piedfort Sandra
Reghif Harraz Mohammed
Ryssaert Laura
Vermeylen Jacqueline
Verbraeken Ulrike

Naam/Nom
Duynslaeger Thierry

Technisch assistent
Technisch assistent
Assistant techniquet
Technisch assistent
Technisch medewerker
Collaborateur technique
Collaborateur technique
Collaborateur technique
Collaborateur technique
Technisch medewerker
Technisch medewerker
Collaborateur technique
Collaborateur administratif
Collaborateur technique
Technische medewerker

Gedetacheerd personeel / Personnel détaché

Functie/Fonction
Leraar
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Staff statistics

In 2016, the Royal Observatory of Belgium (with the Planetarium) employed in total 179 agents, with
120 men and 59 women.

The majority of the employed agents are contractual agents (103 agents), whose 71% of them are
scientists (SW) (52 men and 21 women). Apart from the contractual SW agents, there are 9 agents
employed at the level A, 4 at the level B, 7 at the level C and 10 at the level D. Male contractual
agents exceed in number female contractual agents at all levels except the level D (with 2 men and 8
women).

Among the statutory agents (68 agents), 24 of them are engaged at the level SW, 8 at the level A, 26
at the level B, 8 at the level C and 2 at the level D. There are more statutory agents at the level B
than statutory agents at each of the other levels. More than two third of the statutory agents are
male (47 male statutory agents against 21 female statutory agents).

Finally, there are 8 contractual agents on budget envelope, with 4 men and 4 women.

SwW A B C D

Men 16 6 19 4 2

Statutory agents Women 8 2 7 4 0
Men 52 6 3 6 2

Contractual agents Women 21 3 1 1 8
Contractual agents on | Men 1 0 1 1 1
budget envelope Women 0 1 2 1

Number of statutory, contractual and contractual on budget envelope
agents by gender and by level (SW, A, B, C and D)

60 -

mSW

HA

mC
D

Statutory agents Contractual agents Contractual agents on
budget envelope
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Number of statutory, contractual and contractual on budget envelope
agents by level (SW, A, B, C and D)
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Number of agents by gender and by levels (SW, A, B, C and D)
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