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Cover illustration: Artist impression of the two PROBA-3 satellites aligned above Earth. Credits: ESA - P.
Carril. The ORB-KSB hosts the Principal Investigator of ASPIICS onboard PROBA-3 who leads the
international science team and prepares data exploitation (see Highlight ‘Launch of the PROBA-3 mission’).



Foreword

Dear readers,

| am happy to present you with the annual summary report of the Royal Observatory of Belgium (ORB-
KSB). As in the previous years, we have decided to only present the highlights of our scientific activities
and public services, rather than providing a full, detailed and lengthy overview of all of our work during
the year. We hope to provide you, in doing so, with a report that is more interesting to read and gives a
taste of life at the ORB-KSB. If you need more or other information on ORB-KSB and/or its activities, contact
rob_info@oma.be or visit our website http://www.observatory.be.

A list of publications and staff statistics are included at the end. To also suit our international readers &
collaborators and to give it an as wide visibility as possible, the report is written in English.

Ronald Van der Linden

Director General


http://www.observatory.be/

Table of Contents

FOP@WOIM ..ttt ettt e e ettt e e e e e s bbbttt e e e e e e s aab b bbb et eeee e e e aanbb b et e eeeeeeannbbbeeeeaeeens 3
L] o] (o)l 0] g 1= o} KT T PP TP PPPPPUPPPP 4
BRIEF NEWS OF THE ROYAL OBSERVATORY OF BELGIUM .........ooiiiiiiiiiiecciie ettt 7

Launch of the PROBA-3 MIISSION .eeiiiiiiiiiiiieieeee ittt e e e e e ettt e e e e e sttt ettt e e e e s s sabbba et e eeeesssanbbbeeeeeeeens 8

LaunCh Of the HEra MiSSION ......uiiiiiiiiiiiiii ettt e e e ettt e e e e e s et e et e e e e e e s s naareeeeas 10

ESA’s GENESIS Mission Development in 2024, with Key Contributions from the ORB-KSB................... 11

Publication of the 150" Anniversary of Quetelet’s Death ..........c.cceevueereeveeeeeceecieeeee e 14

Interview of Fabienne Collin and Sabrina Bechet for the Women and Girls Day in Science.................. 14

Strong solar eruptions and auroras in BeIgium ... 15

Publication of historical sunspot drawings made on the day of the liberation of Brussels................... 16

PECASUS celebrates its fifth @anniVErSary!..........ueeiiiiiiiiiiiiiiiiiiiiiieeeieee e eeeeaeeeeeeeeeesseeresresssseesrsreraaaee 17

First evidence of water frost on the tallest volcanoes of Mars .......c..ccceeiviiieiiiniieiiiiiiec e 18

A new research project with the ORB-KSB for dark matter detection with satellites and gravimeters. 19

Prizes, Awards and ORB-KSB scientists in the limelight ..............ouiiiiiiiiiiiiiiiiieeea 20
Cem Berk Senel is a laureate of EOS Pipet 2024 ...........uviviiiiiieeeiiiiieeeiieeessessesssssssesssesssseeseresr——.. 20

The Royal Academy awarded two of its prizes to researchers from the Observatory ..........ccccccuu... 21
RESEARCH AT THE ROYAL OBSERVATORY OF BELGIUIM ........ccoocuiiiiiiiiiiiiiiiee et 23
SEISMOIOZY AN GIrAVIMELIY .oeiiiiiiiiiiiiiiiiieiiieeeeeeeeeeeeeeeeeeeeeeeeseeeeesesseesessasssssssssssssssssssssssssssssssssssnssssssnnnrnns 24
Seismic Activity in and around Belgium in 2024...........ccoooiiiiiiiiiiii 24

A climate-change-triggered landslide caused Earth to vibrate for 9 days — Belgian researchers are
involved in a study led by an international multidisciplinary team ........cccccoeeiiiiiiiiiiiiiiiiiicceceeece e, 25

A puzzle solved within a multidisciplinary collaboration .........ccccooooooiiiiiiiiiiiiiccceccccce e 25

A huge landslide collapsing into a narrow fjord as the origin of the seismic waves............ccccceennnn. 25

The highest tsunami observed in reCeNt NISTONY ..... ... 27

Ambient seismic noise campaign to measure site effects of Lixouri and the Paliki peninsula, Kefalonia,

LCT g=T=T ol TSP PP PP UPPPPPPP 29
Evaluation of seismic models using data of earthquakes in the Belgian Hainaut province................... 32
A new book on historical seismology published by the Observatory ...................cc . 34
20th century Felt Earthquakes in Belgium —How many earthquakes were experienced in your
NUNICIPAIIEY 2 1ottt nan 36
Global Navigation Satellite Systems, Time and Reference SySteMmMS ..........euvvviiiiiiiiiiiiieiierierieeerererereeeeeeeen, 39
Better time and frequency transfer With GNSS ...........oiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeeeaeereerrsrearrrrerrra———e 39
LGN I L= 0] =4 ) SRR 40



Earth and Planetary SCIENCE ....cvvv e, 42

Exploration of the Galilean moons of Jupiter by the ESA JUICE MiSSION ........uvvvvvvevevvrerreeriereeeneeereraeenns 42
The hunt for hidden oceans extends to Uranus’ iCY MOONS.........uvuuviiiriiiiiiriieieeereeeereererererrrrrrrre.. 43

N o] T o 1Y 1oL PP PP PPPPPPPPPPIN 46
Solar Cycle 25 has reached its Maximum .......coooiiiiiiiiiii 46
ECO: towards first direct measurements of Earth Energy Imbalance from space ..........ccvvvvvvvvvvvvevnnnnns 47
ASTrONOMY AN ASTIOPNYSICS . .uuutitiiiiiiiiiiiiii s 50
New Black Hole discovered with ESA’s Gaia satellite .........cceeriiiiiiiiiiiiiiiiecec e 50
HD148937: Nebula and magnetic star born from a stellar clash.............uvviviiiiiiiiiiiiiiiiiiiiiiieeeen, 52
The colliding stellar winds of the massive binary HD 168112 ............cuuviiiiiiiiiiiereeeieiieririrrererreerrreeren. 54
SEITAI WINAS <.ttt e e st e e st e e s e e e e e 54
Colliding stellar Winds in @ DINAIY .......uuiiiiiiiiiiiiiiiiiieeeeeeee et ee e eeeeeeaesaaeaesesaasssessasassaresaereres 54

HD L8112 ..ottt ettt ettt e et e et e et e e et e e s e e e e aneeee s 55

Yo Jlotd oL oleT o1 (ol -1 - PP PP POPPPPPPPPRt 56
2T [ e ] 7 [ PO PP P PP OPPPPP PP 56
MELCHIORS: Unveiling the Universe through Stellar FINgerprints ............uuvvevierieiieeeieeeriiiiereeeeerereennnnn. 58
Decoding Starlight: The Cosmic CONTEXt ..ccceeveeiiiiiiii e, 58

A Galactic Showcase: The Stars of MELCHIORS .....ccooiiiiiiiiiiiiee et 59

Our Sun as a Benchmark: The Gold Standard.........cocueeeiiiiieiiiii e 59
[lluminating the Cosmos: Scientific Frontiers ..........ccccooiiii 60
OUTREACH AND COMMUNICATION ... ..uttiiiiititeeititee ettt ettt si e e sttt e s s e e e saabeeeesaneeeeenans 62
A logo for the 200™ anniversary of the ORB-KSB............ccocvuieuiiieieiiieeteeeeeeeeeeeereeeeseeeeeseeesreeeesseeeeas 63
Permanent exhibition on seismology at Fort EDen-Emael.............eviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeveeveeeeeeeaeeees 63
Soaphbox Science Brussels 2024 .........coooeeeeiei i 64
WiseNight 2024 Festival and WiseNight at Schools............cc 65
Other OULIEACKH EVENTS ..ottt et e st e e et e e e anreeeeeaas 66
THE PLANETARIUIM ..ottt e e et e ettt e e e teb e e e ean e e e rena e eeeena e enennneenenn 67
DAilY ACTIVITIES .orereiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeaesaeeae e s s s ssssassssssssssssssssssassssssssssssssssssssssssssssssssnsnnnnnes 68
Attendance, social media and mobile Planetarium .........ccccccoiiiiiiiiiiiiiiiecccecee e 68
New film: The Birth of Planet EQrth .............ccccooooeeeiiiiie e 68
Temporarily licensed film The Dark Side of the Moon Planetarium Experience................cccccceeennn... 69
Astronomy education FESEAICH ......oviiiiiii e e e e e e e et e e e e e e e a e aaaans 69

Y o L=To = LI Yot AV 4 = UUUPS 69



A ] A= o PP PPPPPPPPRS 70

AlSO TN 2024 ...ttt e e e e e ettt e e e e e e b ettt e e e e e e b b baet e e e e e e e e abbraeeeeeeeeaanan 70
ANNEXE 1: PUBLICATIONS...... ..ottt ettt ettt ettt ettt e sttt e e st e e e s s abbe e e s sabe e e e s sabbeeessnbeeeesaaneeeens 73
PUbBIICations With PEEI REVIEW ...cccciiiiiiiiiiiieiee ettt ettt e e e e e ettt e e e e e e s s saneeees 74
NON-Refereed PUBIICAtIONS. .......uiiiiiiiie et e et e e e e e e e s ee s 87

D | = K= PO PP TP PP TPPPPPPPR 90
(0] 4 =T o U] o] [ oY o o F PP P PP OUPPPPPPPPPNt 92
ANNEXE 2: WORKFORCE ..........ooiiiiiiiiiieeiiiiee ettt ettt e e st e st e e s st e e s e e e e sereeeeenaneeee s 94
ST SEATISTICS . nvveeeeete et e e s e e e e e 95
ANQIYSIS DY GENMUBT ..ttt s 97



Brief news of the Royal
Observatory of Belgium

________________________________________________________________________________________________|



Launch of the PROBA-3 mission

PROBA-3 is the most recent mission of the European Space Agency (ESA) in the PROBA (PRoject for
OnBoard Autonomy) line of small technology demonstration satellites. PROBA-3 is a mission dedicated to
the in-flight demonstration of precise formation flying techniques and technologies. The concept of
PROBA-3 is to place two small satellites in a highly elliptical orbit around the Earth. The bigger spacecraft
(coronagraph spacecraft) hosts the optical telescope, and the smaller spacecraft (occulter spacecraft)
carries the circular occulting disk. The two satellites fly in a precise formation, producing a very long
baseline solar coronagraph called ASPIICS (Association of Spacecraft for Polarimetric and Imaging
Investigation of the Corona of the Sun). During extended periods of time (up to 6 hours), the occulter
spacecraft covers the bright solar disk, thus allowing the dimmer corona to be seen by the coronagraph
spacecraft, similarly to observations of a total solar eclipse. Such artificial eclipses could be produced
regularly (twice per week on average).

Figure 1: The two PROBA-3 spacecrafts are seen mounted on top of the upper stage of the PSLV-XL launcher, in one of the last
photos taken before the rocket fairing has been closed, Satish Dhawan Space Centre, Sriharikota, India, 29 November 2024.
Credit: ISRO.

In order to observe the corona, the two spacecrafts must keep the precise position and orientation (i.e.
‘fly in formation’) with respect to each other and to the Sun. During coronal observations, the distance
between the two spacecraft is around 144 metres, and the precision of their alignment is around one
millimetre. This allows blocking the bright light of the solar disk to observe the corona in eclipse-like
conditions, i.e. close to the solar limb and with very low straylight.

________________________________________________________________________________________________|
8



PROBA-3 is also a Mission of Opportunity in the ESA Science Programme. The ASPIICS observations provide
data that are crucial to solving several outstanding problems in solar physics, namely the origin of solar
wind and mechanism of coronal mass ejections. The ORB-KSB hosts the Principal Investigator of ASPIICS
who leads the international science team and prepares data exploitation. The ESA Science Programme
funds the ASPIICS Science Operations Centre (SOC) located at the ORB-KSB. The SOC is responsible for daily
operations of ASPIICS, i.e. preparing observational commands, processing the downlinked data in the
science pipeline, and making the data accessible to the science community.

Figure 2: The PSLV-XL rocket launched the PROBA-3 mission on 5 December 2024 from the Satish Dhawan Space Centre,
Sriharikota, India. Credit: ISRO

PROBA-3 was successfully launched on 5 December 2024 from the Satish Dhawan Space Centre in
Sriharikota, India, aboard the Polar Satellite Launch Vehicle (PSLV-XL) of the Indian Space Research
Organization. The launch was attended by the members of the PROBA-3 Science Working Team, who also
held their 10" meeting at the SRM Institute of Science and Technology in Chennai, India, on December 5-
6, 2024.



Launch of the Hera mission

To protect Earth from asteroids, the Royal Observatory of Belgium participates in the European Space
Agency’s Hera mission, which was launched on Monday, 7 October 2024 at 16:52 Belgian time. Targeting
the binary asteroid system Didymos, the Hera mission is Europe’s contribution to an international
experiment in planetary defence to protect Earth against asteroid impacts. It is also a scientific mission
focusing on the origin and evolution of our Solar System. It follows on from NASA’s DART mission in 2022,
which successfully tested an asteroid deflection by impact technique on Dimorphos, the small moon of
the Didymos binary system.

Figure 3: Artist’s view of the Hera satellite (left) and its two CubeSats Milani (top) and Juventas (bottom right). Credit: ESA —
ScienceOffice.org.

The Hera mission is the first European planetary defence
mission and the first mission to rendezvous with a binary
asteroid. Dimorphos is the smallest asteroid and Didymos
the fastest-spinning asteroid ever visited by a space
mission. Hera will use advanced imaging tools and deploy
two CubeSats, Milani and Juventas, to analyse the
asteroids’ structure and composition.

The Royal Observatory significantly contributes to Hera,
notably by developing one of its onboard instruments,
GRASS (GRAvimeter for Small Solar system objects), with
the Spanish company EMXYS. GRASS will be the first
instrument to directly measure the surface gravity of an
asteroid, which is a million times weaker than the Earth
surface gravity. Onboard the CubeSat Juventas, GRASS will
land on Dimorphos in 2027 and provide detailed

Figure 4: The GRASS instrument, a miniaturised space
gravimeter. Credit: ORB-KSB.
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information about the interior structure and dynamics of the binary asteroid system. This information will
be used to improve our knowledge of near-Earth objects and to develop future diversion strategies for
asteroids that could threaten to collide with the Earth.

The Royal Observatory also contributes to the study and simulations of the landing of Juventas on the
asteroid. Touching the asteroid’s surface with the small spacecraft is scientifically very interesting, while
the landing itself is extremely challenging because of the particularly low gravitational force. In addition,
the Observatory, together with VITO Remote Sensing, has contributed to the development and analysis of
data from the TIRI thermal imager on board the main Hera spacecraft. TIRI will take images of Didymos
and Dimorphos in the mid-infrared spectral range to resolve their surface temperatures and help us
understand the thermophysical properties of their surfaces and sub-surfaces.

ESA’s GENESIS Mission Development in 2024, with Key
Contributions from the ORB-KSB

In 2024, the European Space Agency’s GENESIS mission marked major milestones with the inaugural
GENESIS Science Workshop, the establishment of its official working structure and the successful
completion of the System Requirements Review. GENESIS is part of ESA’s optional FutureNAV programme
and is planned for launch in 2028. A year into preparation, the Royal Observatory of Belgium, in
collaboration with the Belgian industry Antwerp Space and academic institutions UCLouvain and
Université de Lieége contributed significantly to these early mission phases.

Eesa

&

Figure 5: Credit picture on the left: ESA-P.Carril

Over the past year, scientists from the ORB-KSB-—responsible for overall science coordination and
contributing to various working groups — have played a key role in consolidating the mission’s scientific
objectives and requirements. They also provided critical input during the successful System Requirements
Review that took place in the fourth quarter of 2024.

GENESIS is designed to be the first mission to co-locate and synchronise the four main space geodetic
techniques — GNSS, SLR, DORIS, and VLBI—on a single satellite platform. This integrated ‘Space Tie’
approach aims to enhance the accuracy and stability of the International Terrestrial Reference Frame
(ITRF), which is fundamental for both scientific and operational geospatial applications. A notable feature

of GENESIS is the inclusion of a Very Long Baseline Interferometry (VLBI) transmitter on the satellite. This
]
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https://vito.be/en/about-vito
https://remotesensing.vito.be/services/tiri-thermal-infrared-imager-onboard-hera

instrument, developed in Belgium by Antwerp Space with antenna design by UCLouvain, will allow Earth-
based VLBI telescopes to observe the satellite directly. The joint use of all four geodetic techniques is
expected to reduce systematic discrepancies and strengthen the global reference frame.

The ORB-KSB’s contributions include refining instrument requirements, ensuring compatibility with VLBI
ground stations, developing operational concepts, and performing simulations to support the derivation
of a high-precision global reference frame.

The GENESIS mission is expected to benefit a broad range of applications, from precise navigation and
autonomous systems to improved modelling in climate science and environmental monitoring. It also
supports the United Nations General Assembly resolution calling for a global geodetic reference frame to
advance sustainable development.

For more information, visit www.esa.int/Genesis

DISCOVER GENESIS
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Publication of the 150" Anniversary of Quetelet’s Death

150 years ago, on February 17, 1874, Adolphe Quetelet, founder and first
director of the Royal Observatory of Belgium, passed away. A keen statistician,
he is best known as the inventor of the Quetelet index, better known today as
the BMI (Body Mass Index). He founded the ORB-KSB in 1826 and was
permanent secretary to the Royal Academy for almost 50 years.

In the occasion of the anniversary of his death, a publication was made on
social media and the website of the Royal Observatory of Belgium. It was also
an occasion to announce the upcoming festivities and special events that will
take place in 2026 (see Highlight ‘A logo for the 200" anniversary of the ORB-
KSB’).

Figure 8: Posthumous portrait  The ORB-KSB news publication on Quetelet’s 150" death anniversary:
of Quetelet. Credit: ORB-KSB.  hitps://www.astro.oma.be/en/150th-anniversary-of-quetelets-death/

Interview of Fabienne Collin and Sabrina Bechet for the
Women and Girls Day in Science

February 11 is the International Day of Women and Girls in Science, a day recognised by UNESCO.
According to the UNESCO Institute for Statistics, 33.3% of scientists are women. This percentage is of the
same order of magnitude as that of female researchers at the Royal Observatory of Belgium, which is
between 30 and 38% among its scientific staff (see Staff Statistics: Analysis by Gender).

Figure 9: Left: photo of Fabienne Collin; Right: photo of Sabrina Bechet. Credits: F. Collin (first picture), S. Bechet (second picture).

To mark the occasion, the ORB-KSB gave the floor to Fabienne Collin, seismologist, and Sabrina Bechet,
solar physicist, who share their experiences of their work at the Observatory.

The interview can be read on the ORB-KSB website: https://www.astro.oma.be/en/international-day-of-
women-in-science-interview-with-fabienne-and-sabrina/.
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Strong solar eruptions and auroras in Belgium

Figure 10: Mobile phone aurora pictures taken by ORB-KSB colleagues during the night between May 10 and 11, 2024. Credit:
picture on the left: Koen Van Noten and Charles De Ryck (taken in Neundorf (Sankt Vith); picture on the right: Brenda Dorsch
(taken near Boondael (Brussels)). Note that auroras viewed in photographs are more clearly visible than seen with naked eyes.

2024 was a year of intense solar activity, with a maximum of the solar cycle reached in October 2024 (see
Highlight Solar Cycle 25 has reached its maximum). This translates to a higher number of extreme solar
flares, some of which causing auroras that were seen in Belgium.

This happens following the extreme X-class solar flares occurring in early May 9, 2024, and October 9,
2024. There are 5 categories of solar flares: A, B, C, M and X. An X-flare is 10 000 (!) times stronger than
an A-flare. Each of those solar flares generated a solar cloud, which is a plasma cloud consisting of
extremely hot and electrically charged hot gas, that came straight to the Earth.

A solar cloud generated on May 9 came straight to the Earth, causing an extreme geomagnetic storm on
May 10-11, causing auroras to be observed as far south as Spain and Italy in Europe. Some people had the
chance to observe them in the Belgian territory and some pictures were taken by colleagues of the ORB-
KSB. The ORB-KSB published some of them in their social media (see for example in Facebook). More
information and aurora pictures can also be found in the STCE news item:
https://www.stce.be/news/701/welcome.html.

On October 9, 2024, the Solar Terrestrial Centre for Excellence issue a press release announcing that the
extreme solar flare of this day will impact Earth in less than a day with high probability of seeing auroras
in Belgium and warning about the disturbance in the (tele-) communication systems. Due to the cloudy
sky, auroras were not seen in most parts of Belgium, but some lucky observers were able to spot them in
clearer-sky area of the country.
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Publication of historical sunspot drawings made on the
day of the liberation of Brussels

On 3 September 1944, the Allies liberated Brussels, and this event was marked by the solar observers of
the Royal Observatory of Belgium. At the Observatory, scientific activity did not cease during the war. In
particular, the daily drawing of sunspots continued since 1940. Sunspots are dark structures on the Sun’s
surface indicating the emergence of magnetic fields. These can be the source of geomagnetic storms,
giving rise to northern lights or auroras.

Exceptionally, the observer adds a note that is not related to solar activity but to historical events, such as
the liberation of Brussels on September 3, 1944, with the comment ‘entrée des Alliés en Belgique (Tournai)
et a Bruxelles le soir’ (‘Allied entry into Belgium (Tournai) and Brussels in the evening’), or the Allied victory
on May 8, 1945, with the note ‘capitulation de I’Allemagne, V pour Victory Day’ (‘German capitulation, V
for Victory Day’).

On this occasion, the Royal Observatory of Belgium published sunspots drawing of those two dates in its
website and social media. This is a vivid reminder of a tumultuous time when science was trying to survive.

The publication of the ORB-KSB: https://www.astro.oma.be/en/the-liberation-of-brussels-marked-by-the-

suns-observers/
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Figure 11: the 3 September 1944 drawing on which it is written ‘entrée des Alliés en Belgique (Tournai) et a Bruxelles le soir’
(“Allies’ entry into Belgium (Tournai) and Brussels in the evening’). Credit: ORB-KSB

________________________________________________________________________________________________|
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PECASUS celebrates its fifth anniversary!

Figure 12: Image courtesy: 'Europe’:
EUMETSAT; 'Sun': ESA/Proba2

In November 2019, the Solar-Terrestrial Centre of Excellence (STCE)
launched an unprecedented service that alerts pilots and air traffic
controllers when navigation and communication systems may
experience problems, or when the health of passengers and crew is
at risk due to space weather. This was the very first time such
messages have been sent out.

PECASUS is a global civil aviation service drawing on the expertise of
the STCE, the Belgian Space Weather Centre. STCE staff have worked
hard over the past 5 years to collect the necessary data and models,
to put these data into a form that allows experts and scientists to
assess the state of space weather and its impacts, to ensure proper
coordination with countries that are part of PECASUS and with the
other 3 world centres, to enable a 24/7 service.

The STCE is the Belgian Space Weather Centre that closely monitors
solar storms. As expected, the number and strength of solar storms
are currently increasing. As a consequence, STCE’s PECASUS
operators have their hands full estimating the impact on the pilot’s
navigation systems and radio communications and sending out
warnings.

It was a huge task and the future promises to be challenging. Therefore, STCE does not wish to just let the
5th anniversary of PECASUS go by; instead we celebrated it together with colleagues and partners.

PECASUS stands for ‘Pan-European Consortium for Aviation Space weather User Services’ and brings
together several European institutes possessing leading expertise in the space weather impact domain.
PECASUS is led by the FMI, the Finnish Meteorological Institute under the regulations of ICAO
(International Civil Aviation Organisation).

The STCE (Belgium) provides expertise in the domain of solar physics and particle radiation expertise, and
is responsible for collecting, formatting and analysing the data and to write the bulletins.

The alerts are available on the website of FMI, the Finnish Meteorological Institute.
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First evidence of water frost on the tallest volcanoes of
Mars

A study published in Nature Geoscience on 10 June 2024, and to which researchers of the Royal
Observatory of Belgium contributed, reveals for the first time the presence of water frost on the peak of
Martian volcanoes near the equator.

The presence of frost was observed independently by the Colour and Stereo Surface Imaging System
(CassIS) and the Nadir and Occultation for Mars Discovery (NOMAD) instruments onboard the European
Space Agency’s (ESA) ExoMars Trace Gas Orbiter (TGO) spacecraft, as well as by the High Resolution Stereo
Camera (HRSC) from ESA’s Mars Express mission. Scientists from ORB-KSB analysed data from the TGO-
NOMAD instrument, which is led by Royal Belgian Institute for Space Aeronomy (BIRA-IASB). Specifically,
the Limb Nadir and Occultation (LNO) spectrometer of NOMAD, originally designed to measure
absorptions by the Mars atmosphere of infrared sunlight reflected from the surface, detected an
absorption by ice deposits at the summit of Olympus Mons, located at an altitude of 20 km above the
surrounding area.

The weather conditions at these high altitudes were simulated by the researchers at the ORB-KSB in order
to assess spacecraft observations within a consistent theoretical framework and to better identify the frost
composition. Modelling of Martian air circulation at the summit of the caldera, the large depression at the
peak of ancient volcanoes, revealed that moist air can indeed condense into water frost at the bottom of
the caldera floor during the night and early morning, similar to what can be observed on the Earth.

This discovery provides new insights into Martian climate dynamics, highlighting the importance of
ongoing research to understand the Martian water cycle and prepare for future Mars missions and
possible human exploration.

Figure 13: This early morning wide-angle image of Olympus Mons (LST = 7:20 a.m., Ls = 346.7°, lat = 18.2°N, lon = -133.2°E)
taken by the Mars Express High Resolution Stereo Camera (MEX-HRSC) reveals for the first time the presence of frost on the
summit of the volcano, the tallest one on Mars and in the entire Solar System. © ESA/DLR/FU Berlin.
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A new research project with the ORB-KSB for dark matter
detection with satellites and gravimeters

Scientists from the Royal Observatory of Belgium and the Université libre de Bruxelles (ULB) are involved
in the new project named OMMEGANG (‘Observing dark Matter and MEteoroids with Gravimeters ANd
GNSS’). This project aimed at detecting mini black holes passing close to the Earth using data from GNSS
positioning satellites (including the GPS and GALILEO systems) and superconducting gravimeters.

A recent hypothesis stipulated that dark matter, the existence of which could explain the anomalies in the
movements of the galaxies, could be made up of primordial mini black holes. Although very massive in
absolute terms, these mini black holes are virtually undetectable, which therefore presents a challenge.
Scientists, including Pascale Defraigne, Bruno Bertrand (ORB-KSB), Michel Van Camp (formerly ORB-KSB,
now at the Royal Belgian Institute of Natural Sciences) and Sébastien Clesse (Université libre de Bruxelles)
took part in a study to estimate the limits and possibilities of detecting these objects. The first author of
the article, Michal Cuadrat-Grzybowski, a student at the time at ULB and ORB-KSB and currently a
researcher at TUDelft, is an expert in orbit calculation.

In this study, published in Physical Review D, the scientists estimate that, in the vicinity of the Earth,
passages of these mini black holes below the Earth-Moon distance, estimated at at least one per decade
for the mass of 10'* kg mentioned above, could disrupt the orbits of GNSS (Global Navigation Satellite
System) positioning satellites, such as the GPS and Galileo satellites, and create variations in the Earth’s
gravity field, detectable by superconducting gravimeters.

Figure 14: Artist’s view of a massive black hole merging into a cluster, probably like GW190521, an observation of gravitational
waves by LIGO/Virgo. Credit: Ingrid Bourgault (distributed under a CC BY-SA 4.0 International licence). (Source:
https://commons.wikimedia.org/wiki/File:lllu_LIGO-Virgo 20200902 2.jpg)

________________________________________________________________________________________________|
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With its long-standing expertise in processing GNSS data and gravimetry, the ORB-KSB will bring its
contribution to the OMMEGANG project, without the need to build a costly new experiment since the data
are already available, while the ULB will provide its expertise in cosmology and fundamental physics. This

interdisciplinary project is hence a novel way of doing science, of which the involved scientists expect many
fruitful results.

Prizes, Awards and ORB-KSB scientists in the limelight

Cem Berk Senel is a laureate of EOS Pipet 2024

On 23 May 2024, the Flemish popular science magazine EOS Wetenschap presented five young scientists
in its contest EOS Pipet 2024. Each was chosen for their significant contribution to scientific research.
Among them is Cem Berk Senel, postdoctoral researcher at the Royal Observatory of Belgium, who
recently published a paper in Nature Geosciences that attracted a great deal of media attention.

After a master’s degree at the Technical University of Istanbul, Cem
Berk Senel developed his expertise in atmospherical sciences during
his post-master’s degree at the von Karman Institute, followed by a
PhD degree at the ORB-KSB and the Université libre de Bruxelles,
which he completed in 2023. During his doctoral thesis, together
with Orkun Temel and Ozgiir Karatekin (ORB-KSB), he developed a
model that simulates the Earth’s climate just after the Chicxulub
impact 66 million years ago. Paleoclimate simulations show that the
fine dust generated by the meteorite impact caused a global cooling
of the planet and disrupted photosynthesis of the vegetation
present at that time.

The results of this research, also carried out in collaboration with
researchers from the Vrije Universiteit Brussel (VUB) (Philippe
Claeys, Pim Kaskes, Steven Goderis), the KU Leuven and the Royal
Belgian Institute of Natural Sciences (Johan Vellekoop), were
published in Nature Geosciences on October 30, 2023. The
publication attracted considerable attention from the Belgian and
international media, demonstrating the high level of public and
media interest in this significant contribution to research. Featured
in a curated collection by Nature (Dinosaur 200th Anniversary
Collection), this research was selected for The Top 10 Dinosaur Discoveries of 2023, by Smithsonian
Magazine.

Figure 15: Photo of Cem Berk Senel in front
of a dinosaur statue. Credit: Cem Berk
Senel.

By becoming one of the five laureates of EOS Pipet 2024, a contest organised in collaboration with the
Jonge Academie, he has received further recognition for his scientific achievements from the jury, made
up of Flemish science journalists and communicators.

Cem Berk Senel’s interview by EOS Wetenschap (in Dutch) can be found on this webpage:
https://www.eoswetenschap.eu/natuur-milieu/cem-berk-senel-ontrafelde-hoe-fijnstof-66-miljoen-jaar-
geleden-het-leven-decimeerde
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20


https://gnss.be/
https://seismologie.be/en/gravimetry
https://www.eoswetenschap.eu/eospipet2024
https://www.astro.oma.be/en/dust-played-a-major-role-in-dinosaur-demise/
https://www.astro.oma.be/en/dust-played-a-major-role-in-dinosaur-demise/
https://www.nature.com/collections/dddjgaehij
https://www.nature.com/collections/dddjgaehij
https://www.smithsonianmag.com/science-nature/the-top-ten-dinosaur-discoveries-of-2023-180983403/
https://www.eoswetenschap.eu/natuur-milieu/cem-berk-senel-ontrafelde-hoe-fijnstof-66-miljoen-jaar-geleden-het-leven-decimeerde
https://www.eoswetenschap.eu/natuur-milieu/cem-berk-senel-ontrafelde-hoe-fijnstof-66-miljoen-jaar-geleden-het-leven-decimeerde
https://www.astro.oma.be/wp-content/uploads/2024/05/cem3.jpg

The Royal Academy awarded two of its prizes to researchers from the
Observatory

On Saturday 14 December 2024, Jérémy Rekier of the Royal Observatory of Belgium was awarded the
Mailly Prize by the Royal Academy of Sciences, Letters and Fine Arts of Belgium. His colleague Sébastien
Le Maistre, from the same institute, won the prize in the 2024 annual competition of the Class of Sciences.

The Mailly Prize to Jérémy Rekier
The Edouard Mailly Prize is awarded every four years by the Royal Academy to anyone who, through his
or her writings or lectures, has helped to spread a taste for and knowledge of astronomy.

Jérémy Rekier works in the Reference Systems and Planetology Operational Directorate at the
Observatory. He is a specialist in the dynamics of rotating fluids. He has applied this field to the study of
the Earth’s rotation and its liquid core, as well as to the flow of the oceans of the ice moons of Saturn and
Jupiter. In addition to his activities in disseminating and popularising science, for which he was awarded
the prize, Jérémy teaches astronomy at UCLouvain.

Figure 16: Jérémy Rekier (left) and Sébastien Le Maistre (right) holding their prizes from the Royal Academy of Belgium in front of
the Observatory’s solar dome. Credit: ORB-KSB.

Sébastien Le Maistre, winner of the 2024 Class of Science competition

Sébastien Le Maistre works in the same Operational Directorate as Jérémy Rekier. He specialises in the
analysis of radio communications between the Earth and probes placed on the surface of planets, a field
known as radioscience. He has used his expertise to prepare and analyse data from space missions, one of
the most recent being the InSight mission on the surface of Mars.

This year, the Class of Science was looking for new research in the field of astronomy and physics. The class
asked for ‘an original contribution, either experimental or theoretical, concerning the different parts of
the planet Mars, whether in terms of its interior, polar caps, atmosphere or potential biosphere, past or
present’.

As part of this competition, Sébastien Le Maistre submitted his contribution, entitled The Heart of a
Dancer, in which he reports a series of new results on the rotation and deep interior of Mars. He shows,
for example, that the existence of a solid core at the very centre of the Red Planet is unlikely, which has

________________________________________________________________________________________________|
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serious consequences for energy dissipation and magnetic field models on Mars. This paper attracted the
interest of the jury, who selected the author as the winner of the competition.

Congratulations to Jérémy and Sébastien for their prizes!

The winners and 2024 prizes of the Royal Academy of Belgium: https://academieroyale.be/fr/actualites-
detail/messages/classe-sciences-laureats-prix-decernes-2024/
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Seismology and Gravimetry

Seismic Activity in and around Belgium in 2024

In 2024, 141 earthquakes were located by the Royal Observatory of Belgium to be in or near Belgium. On
Belgian territory, no earthquake was large enough to have been felt.

The 141 located earthquakes occurred in a zone between 1° and 8° E longitude and 49° and 52° N latitude
(Figure 17). On Belgian territory, 42 natural earthquakes occurred. The largest earthquake occurred on 12
April 2024 in Maaseik and had a local magnitude of 1.8. It was not felt by the local population. The 2024
catalogue of the ORB-KSB is complete for natural earthquakes with a magnitude M larger than 1.0. Events
with magnitudes lower than 1.0 were also routinely detected where the Belgian seismic network is denser.

During the same period, the ORB-KSB also measured one induced event in Germany, 304 quarry blasts and
10 explosions offshore linked to controlled explosions of WW1 and WW2 bombs by the Belgian, Dutch or
French Armies. In Belgium, none of the induced (man-made) earthquakes were large enough to be
measured by the Belgian Seismic Network maintained by the ORB-KSB.

In comparison, last year in 2023, 120 earthquakes occurred in and around Belgium.
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Figure 17: Events recorded in 2024 by the Belgian Seismic Network of the Royal Observatory of Belgium. Credit: ORB-KSB.
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A climate-change-triggered landslide caused Earth to
vibrate for 9 days — Belgian researchers are involved in a
study led by an international multidisciplinary team

In September 2023, a mysterious, globally observed and unprecedented 9-day-long seismic signal was
caused by a massive landslide in Greenland. 25 million m3 of rock and ice fell into the Dickson Fjord and,
in turn, caused a 200-metre-high mega-tsunami that continued sloshing back and forth —a phenomenon
called a seiche —in the narrow fjord for 9 days. That is the conclusion of research published in the journal
Science. The seismic waves generated by this large mass of moving water were observed around the world.
Never before have scientists, including researchers of the Royal Observatory of Belgium, the Flanders
Marine Institute (VLIZ) and the Université libre de Bruxelles, observed such an unusual mechanism causing
a global seismic signal.

A puzzle solved within a multidisciplinary collaboration

The mysterious 9-day-long seismic signal, which started on 16 September 2023 and was recorded on highly
sensitive sensors all over the globe, puzzled seismologists from ORB-KSB and ULB. The signal looked
completely different to frequency-rich earthquake recordings—it contained only a single vibration
frequency, like a monotonous-sounding hum. At the same time, news of a large tsunami in a remote
Northeast Greenland fjord reached authorities and researchers from VLIZ working in the area.

Both teams joined forces with a multidisciplinary international group of 68 scientists from 40 institutions
in 15 countries, combining seismometer and infrasound data, unique field measurements, on-the-ground
and satellite imagery, and simulations of tsunami waves.

The team also used imagery captured by the Danish military who sailed into the fjord just days after the
event to capture the collapsed mountain-face and glacier front along with the dramatic scars left by the
tsunami. This unique harmony of local field data and remote, global-scale observations allowed the team
to solve the puzzle and reconstruct the extraordinary cascading sequence of events in September 2023.
The results are now published in Science (Svennevig et al., 2024).

A huge landslide collapsing into a narrow fjord as the origin of the
seismic waves

Traditionally, seismology focuses on measuring seismic vibrations arising from earthquakes in the ground.
However, seismic records can also contain information about movements of large masses on Earth’s
surface, such as landslides and water waves.

The local signal was picked up by a real time monitoring network set up in the Kong Oscar Fjord System by
VLIZ and Aarhus University, including cameras and oceanographic moorings, to study climate gradients
and freshwater dynamics. Oceanographic sensors in Dickson Fjord and near Ella @ measured anomalous
water levels and peak turbidity. The global seismic signal was picked up by a global network of
seismometers; sensitive scientific instruments that record vibrations travelling through the ground — called
seismic waves.
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Figure 18: Before (August 2023, above) and after (September 2023, bottom) photos of the mountain peak and glacier, taken
from the Dickson Fjord. Source image credits: S@ren Rysgaard, Danish Army. GIF animation: Carsten E. Thuesen.

The study found that the landslide was from the collapse of a mountaintop that previously towered 1.2
km above the Dickson Fjord. The volume of material that collapsed was massive — more than 25 million
cubic metres — or 27 times the volume of all 20 ft containers on the world’s largest container vessels (circa
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24 000 per vessel or 650 000 containers). This collapse was caused by glacial thinning at the base of the
mountain over recent decades, ultimately caused by climate change.

The combined signals were so puzzling that one of the scientific team members tried to recreate the long-
lived sloshing effect in their bathtub at home. They failed to simulate the same effect, so it was left to
detailed mathematical models to show that the landslide direction, together with the uniquely narrow and
bendy fjord channel, was the last missing piece of the puzzle of how climate change rang the Earth for 9
days.

Distance (degrees)

0 20 40 60 80 100
Minutes since 2023-09-16T12:35

Figure 19: Record section showing the recorded seismic waves plotted against distance from the landslide (1 degree = 110 km;
180 degrees = antipodal to Greenland). The wiggles are filled with red (positive amplitude) and blue (negative amplitude)
colours. Credit: ORB-KSB

The predictions showed that water sloshed back and forth every 90 seconds, the same oscillation period
observed in the seismic waves. This perfect match shows how the force of the moving water body,
generating a distinct oscillation due to the width and depth of the fjord, creates seismic energy in the crust.

The highest tsunami observed in recent history

Numerical simulations, data from a local oceanographic sensor network, satellite and on-the-ground
imagery confirm that the resulting mega-tsunami is one of the highest seen in recent history. Further out
of the fjord, 4 m high tsunami waves damaged a research base at Ella @ (island) 70 km away and destroyed
cultural and archaeological heritage sites across the fjord system. The fjord is on a route commonly used
by tourist cruise ships visiting the Greenland fjords.
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Figure 20: Pre- (30 minutes before) and post-landslide (7 minutes after) Planet Labs satellite image. Credit: Planet Labs

Fortunately, no cruise ships were close to Dickson Fjord on the day of the landslide and tsunami, but if
they had been, the consequences of a tsunami wave of that magnitude could have been devastating. With
rapidly accelerating climate change, it will become more important than ever to characterise and monitor
regions previously considered stable and provide early warning of massive landslide and tsunami events.

Co-author Wieter Boone (Flanders Marine Institute, VLIZ): ‘For our research, we established a network of
real time under ice oceanographic stations in Northeast Greenland. Last year, we sailed into Dickson Fjord
to install instruments close to a glacier and almost right in front of the mountain just weeks before it
collapsed. Our instruments survived and we were able to follow the events unravel in real time. The
observed destruction of an old trapper hut, never affected by tsunamis for its century-old history,
demonstrate the unexpected size of this event. During August 2024, we updated our sensor network,
mapped the impact of the tsunami using drones and installed high frequency seismic and water-level
sensors in Dickson Fjord.” VLIZ also installed three seismic instruments from the ORB-KSB in the area, to
record future motions there. The sensors are still there and need to be recovered.

Reference paper: Svennevig et al., A rockslide-generated tsunami in a Greenland fjord rang Earth for 9
days, Science, published online on 12 September 2024. DOI: 10.1126/science.adm9247.
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Ambient seismic noise campaign to measure site effects
of Lixouri and the Paliki peninsula, Kefalonia, Greece

The Royal Observatory of Belgium, the National and Kapodistrian University of Athens and the National
Museum of Natural Sciences of Spain (MNCN-CSIC) joined forces in a field campaign to measure
earthquakes and ambient seismic noise in the Paliki peninsula of the lonian Island of Kefalonia in Greece
to better understand the subsurface of this area.

Figure 21: Installation of SmartSolo geophones on the Paliki Peninsula, Kefalonia, Greece. Credit: ORB-KSB.

The lonian Islands Kefalonia and Lefkada in Greece have been repeatedly hit by moderate to large
earthquakes and took place in one of the most active seismotectonic zones of the Aegean. In Paliki, the
western peninsula of the Island of Kefalonia, large earthquake amplification has been measured due to
the presence of a subsurface soft sediment basin, but a geotechnical model explaining these amplifications
is currently still lacking.

To develop a new 3D subsurface model and a detailed velocity model, the National and Kapodistrian
University of Athens, the ORB-KSB and the National Museum of Natural Sciences of Spain (MNCN-CSIC)
joined forces in a field campaign to deploy geophones in cross-profiles through the Paliki Peninsula.

The impetus of this fieldwork activity was initiated during the ‘8th International Conference on Historical
Seismology, Paleoseismology and Earthquake Engineering’ held in Lixouri on 17-19/9/2023. Between
Friday, 27 September 2024 and Friday, 4 October 2024, we successfully completed an ambient noise field
study throughout the Paliki Peninsula.

Using 24 SmartSolo IGU-16HR 3C geophones, 3 SmartSolo IGU-BD3C-5LC broadband devices and two
Tromino instruments, ambient noise measurements were carried out at 220 locations all over the Paliki
Peninsula which resulted in ~ 3225 hours of ambient noise data. We installed one array and 9 profiles
(total profile length of 50 km) crossing the island to detect the variation in bedrock depth and to measure
site amplification when an earthquake would occur. Array and cross-correlation techniques, H/V Spectral
Ratio analysis, and earthquake relocation techniques will be applied to better understand the impact of
earthquakes on this area.
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Figure 23: Raypaths between simultaneously installed geophones crossing the town of Lixouri and the Paliki Peninsula. Credit:
ORB-KSB/MNCN.
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To our knowledge, it is the first time that such large-scale fieldwork has been performed on the lonian
Islands and the recorded data will stimulate new research studies and contribute significantly to the
seismic protection of the Lixouri municipality on Paliki. A first look at the data already looks very promising
as tens of small earthquakes were recorded, which beautifully propagated through the different installed
networks, without having been identified by the permanent seismic network.

The field research team included the seismologists Dr Maria Jose Jimemez, Dr Mariano Garcia Fernandez
(scientific advisors of the OXE cooperation programmes), and Dr Nikolaos Sakellariou, all at MNCN-CSIC
(Spain), Dr Koen Van Noten and Dr Raphael De Plaen from the ORB-KSB and Nikolaos Galanos, our local
guide in Lixouri. The project was coordinated by Ms Vasiliki Kouskouna, Em. Professor of Seismology at the
University of Athens, and coordinator of the OXE cooperation projects between the University of Athens
and the Municipality of Lixouri, under the supervision of the Mayor of Lixouri, Georgios Katsivelis, and, in
close collaboration with CSIC, projects PIE 202330E132 and PIE 202330E137. The ORB-KSB provided in-
kind contributions to support these projects with their seismic instrumentation.

Figure 24: Installation team. Collaboration between the National and Kapodistrian University of Athens, the Royal Observatory of
Belgium and the National Museum of Natural Sciences of Spain (MNCN-CSIC). Credit: ORB-KSB/MNCN.

In the future it will be important to continue this initiative with additional measurements to cover the
entire peninsula of Paliki, which eventually will contribute to the understanding of the seismic risk of the
area. Together with the study of the building vulnerability that already has been carried out in the

framework of the OXE programme, our study will make the assessment of the seismic risk of a future
strong earthquake more accurate.
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The research team expresses its sincere thanks to the residents of the Municipality of Lixouri, who
welcomed us greatly and contributed to the smooth performance of the field campaign.

e + S — i .
[ —— .._*_._. + — S —— S —— SO ——
e * L + -
'''''' ‘- —f— = - -
T — --—t—---- SIS P — . . SE— NN - — S
- - - - -
_____ (5 S . -

+ "
- :-_ - +— '3 -
R ——— I —
- ‘- - L 3 - -
s .. e . - -
- —— - +— S — = S— = == e — = ——e = _ . .
S— e + . .
[pr—— (S . — - -
s ' S, - " -
- *— T - -
B 13 e N = -
...... . — — _— R .
----- - -+ -+ - - .
e (S S - -
______ _+.. R 2 S - - -
----- - *— el + -

Figure 25: View on four consecutive earthquakes that occurred on the main island of Kefalonia on 2 October 2024 while our
overnight array network of 26 stations near Lixouri was running. Credit: ORB-KSB/MNCN.

Evaluation of seismic models using data of earthquakes
in the Belgian Hainaut province

In a recently published article in Bulletin of Earthquake Engineering, researchers from the seismology
department of the Royal Observatory of Belgium evaluate the applicability of existing models to calculate
ground motions due to earthquakes in the coal basins of the Belgian Hainaut Province.

During the 20th century, more than 25 earthquakes occurred here with magnitudes between 2.9 and 4.1,
presumably triggered by the large-scale coal mining in the region. Due to their shallow depth (only a few
kilometres), these earthquakes were strongly felt by the population and even caused damage to buildings.
Unfortunately, because these earthquakes all occurred at a time when there was no modern seismic
network, no digital records are available. However, it is possible to compare the models via an
intermediate step with macroseismic intensity data (= a measure of the shaking at the Earth’s surface
during an earthquake based on the effects on people, objects and buildings) gathered from the numerous
testimonies in a previous study.

For more than 20 models, our researchers calculated the goodness of fit with the data according to various
measures, including a self-developed measure to evaluate the distance trend separately. The compilation
of intensity data had already shown that intensities in the Hainaut coal basins decrease much faster as a
function of distance than elsewhere in north-western Europe. Our analysis shows that no international
model really matches the data well, especially in terms of the distance trend, demonstrating the
uniqueness of this region. Nevertheless, we were able to select three models that clearly outperform the
others (Figure 26). The selection of suitable ground motion models is important to compute new seismic
hazard maps and possibly also to generate ShakeMaps (Figure 27) in case of potential future earthquakes
in the region.

________________________________________________________________________________________________|
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Figure 26: Comparison between observed intensities (black circles) and intensity models (solid lines) with their uncertainties
(dashed lines) as a function of distance for the April 3, 1949, Havré earthquake (magnitude 4.1). Left: the three best-fitting
models; Right: one of the worst-performing models. Reference paper: Vanneste et al. (2024).
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Figure 27: ShakeMap calculated for the March 28, 1967, Carnieres earthquake (magnitude 4.1). Left: based on ground motion
models developed for stable continental regions; Right: based on the models selected in this study. Reference paper: Vanneste et

al. (2024).

Reference paper: Vanneste, K., Neefs, B. & Camelbeeck, T. Testing the applicability of ground motion
prediction equations for the Hainaut region (Belgium) using intensity data. Bull Earthquake Eng (2024).
https://doi.org/10.1007/s10518-024-01958-1
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A new book on historical seismology published by the
Observatory

In 2024, the Royal Observatory of Belgium published a new book on historical seismology, written by Pierre
Alexandre and Dominique Alexandre-Lamotte. In this work 2,489 critical sources and a catalogue
containing 1,507 earthquakes that took place in the Middle Ages and Renaissance are presented. The book
is free to download. Prints can be ordered.

This book, entitled in French ‘Les tremblements de Terre en Europe au Moyen Age et a la Renaissance’ (in
English: "Earthquakes in Europe and Minor Asia from 284 to 1550’) is a new critical catalogue of
earthquakes in Europe from 284 to 1550, as known from the original written sources.
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Figure 28: Book covers of the new book in historical seismology. The printed version of the book is divided in four volumes. Credit:
ORB-KSB.

The first part of the book is a critical study of the written sources providing information on earthquakes.
2,489 sources have been listed. Most of them (2,117) are narrative sources (annals, chronicles,
annotations, etc.), the others (372) are administrative documents, reporting damage caused by the
earthquakes. Only two types of texts were preserved: those from original authors, contemporary with the
events, and those coming original, lost, sources copied by later authors recognised as trustworthy by
historical criticism. Other second-hand texts have been eliminated, either because they are duplicates or
because they provide false data or affabulations. In total, 4,641 original texts are provided, of which 1,273
(27%) come from lost sources.

The second part of the book is the actual catalogue of 1,507 earthquakes, classified in chronological order.
For each earthquake, the texts are given in their original language, except for those (12%) written in non-
Latin characters and for which only translations by other authors are given. Together with the book, a table
of 4,702 macroseismic data points (MDPs) is presented including all the localities where each of the 1,507
seismic events has been felt. Some examples of historical seismicity maps have been added, based on this
list of MDPs.

The third and last part of the book is a catalogue of 1,585 false earthquakes, where the false earthquakes —
and false data on real earthquakes —conveyed by the authors of ‘traditional’ catalogues of historical
seismicity are listed.
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Figure 29: European map with an overview of all macroseismic data presented in the book. Red dots are places where the
earthquake has been felt. Squares are negative evidence. Credit: ORB-KSB.

It should be kept in mind that it is an illusion to believe that medieval chronicles allow the creation of
continuous and homogeneous series; some regions and periods are not represented in the presented
catalogue. Yet, the aim of this book is to provide the most reliable corpus of data possible from medieval
and Renaissance sources for seismologists studying seismic hazard in Europe.

This book was edited by Koen Van Noten (ORB-KSB), typeset by Claudia Godinho (Royal Academy for
Overseas Sciences), printed by the State Archives of Belgium and funded by the Royal Observatory of
Belgium.

A printed copy can be ordered (€65 excl. shipping costs) by contacting Koen Van Noten at
seismo.info[at]oma.be. The printed book is provided in four volumes.

The book (pdf) and the catalogue (xIsx) can be downloaded for free following the DOI URL in the reference.

Reference paper: Alexandre, P., Alexandre-Lamotte, D. 2024. Les tremblements de terre en Europe au
Moyen Age et & la Renaissance. Etude critique des sources et catalogue des tremblements de terre en
Europe de 284 a 1550 (Koen Van Noten, Ed.). Observatoire royal de Belgique, Bruxelles, Belgique, p. 2074.
doi: 10.24414/srvz-2k77

35


https://doi.org/10.24414/srvz-2k77
https://www.astro.oma.be/wp-content/uploads/2024/12/Picture2.png

20th century Felt Earthquakes in Belgium —How many
earthquakes were experienced in your municipality?

In 2024, the Seismology and Gravimetry section of the Royal Observatory of Belgium published a new
paper presenting an overview of a century of felt earthquakes in Belgium. Compiling the seismic impact
on Belgium was rendered possible by reviewing all testimonies of the Belgian population to the ORB-KSB
on how they experienced various earthquakes throughout a century. The paper is freely available to the
public and the data can be consulted online.

This new work, entitled ‘The Belgian traditional macroseismic (BTM) database of the twentieth century’
published in the Journal of Seismology, results from the PhD research of Ben Neefs, a PhD funded entirely
by an ORB-KSB PhD grant.

Since its origin, the ORB-KSB is responsible for detecting and measuring earthquakes on the Belgian
territory. Prior to the existence of a modern seismic network, the people’s reports on how they
experienced an earthquake were the only information on the impact of an event. The intensity of shaking
can be derived from these reports, an important parameter called macroseismic intensity, which allows
demonstrating the impact of an earthquake to the public and the authorities.

Figure 30: Maximum intensity on the sub-municipal scale for felt earthquakes in and around Belgium presented in the Belgian
traditional macroseismic database. Credit: ORB-KSB.
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The applied survey practices to gather this macroseismic intensity data, however, evolved significantly
over the twentieth century: from small-scale ad hoc improvised surveys to the mass distribution of
collective questionnaire versions sent to local authorities. We thoroughly re-evaluated the original source
material to create the Belgian Traditional Macroseismic (BTM) database, a comprehensive compilation of
20th-century macroseismic data in which all sources are properly referenced.
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Figure 31: Online MIDOP platform of the ORB-KSB to explore macroseismic intensity data linked to all felt earthquakes in the
20th century. The example shows the 1992 Roermond (NL) earthquake felt all over Belgium.Credit image: ORB-KSB.
https://seismology.be/midop/query eq/index.htm

The BTM database currently consists of 23,950 intensity data points (IDPs) on the European Macroseismic
Scale for 80 felt earthquakes in and around Belgium, ranging from 2.4 to 5.8 on the local magnitude (M)
scale. Each IDP is provided with a source type and each earthquake is attributed a data quality parameter
that indicates the level of uncertainty associated with its IDP source quality.

The open publication of the BTM database:

e facilitates the use of Belgian macroseismic data for a variety of seismological purposes
e summarises the overall seismic impact on Belgium for the duration of a century
o allows the Belgian population to consult these data:
o How many earthquakes were felt in your municipality in the twentieth century?
o Which earthquake had the largest impact on your municipality?
o What was the largest magnitude of an event in your region?
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Figure 32: Online MIDOP platform of the ORB-KSB to explore macroseismic intensity data linked to all felt earthquakes in the
20th century. The example shows the felt earthquakes and maximum intensity for the Uccle Municipality (Brussels).
https://seismology.be/midop/query place/index.htm Credit image: ORB-KSB.

Reference paper: Neefs, B., Van Noten, K., Vanneste, K. et al. The Belgian traditional macroseismic (BTM)
database of the twentieth century. ). Seismol (2024). https://doi.orq/10.1007/s10950-024-10266-9

Reference database (data shared under a CC BY 4.0 license): Neefs B., Van Noten K., Vanneste K.,
Camelbeeck T., The Belgian Traditional Macroseismic (BTM) Database of the 20th century: online
database. Royal Observatory of Belgium (2024). https://doi.orq/10.24414/2b5w-j029
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Global Navigation Satellite
Systems, Time and Reference
Systems

Better time and frequency transfer with GNSS

For the maintenance of time scales based on a
distributed ensemble of atomic clocks, such as the
Coordinated Universal time (UTC) which is an average of
about 450 clocks distributed around the world, the time
and frequency differences between the different clocks
must be precisely determined. One of the different
approaches classically used for these clock comparisons
(also called time and frequency transfer, TFT) is using
the Global Satellite Navigation System (GNSS).
Compared to other techniques, GNSS has the advantage
of being available everywhere at a reduced cost.

Since more than 20 years, the Royal Observatory of
Belgium developed analysis techniques of GNSS
measurements for TFT, among them ‘Atomium’, based
on the so-called Precise Point Positioning (PPP). With
the recent developments of optical clocks with
frequency stabilities reaching below 10", the time and

Figure 33: antenna and receiver connected to the ) )
atomic clock at the Royal Observatory of Belgium, frequency transfer techniques must be improved to

measuring the GNSS satellite signals. These enable the comparison of these clocks without masking

measurements are then analysed by the Atomium tool  theijr performances in the noise of the technique itself.
for time and frequency comparisons with the clocks of

other laborator. Credit: ORB-KSB. In 2024, the Atomium-PPP was pushed one step further,

introducing an additional algorithm to solve for the

integer cycles of carrier phase data. Then, in collaboration with the Wuhan University, who provided

specific phase bias products of the satellite clocks needed, we could improve the stability of the GNSS TFT

solutions, allowing to compare atomic clocks with a stability of 3x10'” after a sufficiently long averaging
time of about 10 days as shown by Figure 34.

As the clocks compared in this study do not have such stability, we show only the stability of the difference
between the Atomium solution and the clock difference obtained by optical fibres between two stations
in Poland. In this difference, the stability of the clock no longer affects the results, and we get the stability
of the techniques themselves. The optical fibre transfer is known to be less noisy than GNSS so that the
final stability shown in Figure 34 is the stability of the Atomium result. The figure shows that a given
stability can be reached about two times more rapidly with the new approach.

39



—14 | 4
§'°
B
3
©
c
2 3 a8
8-‘“‘)—15 = g ‘ﬂ-_ 4
S
o
=
— Classical PPF - Opt.
10t —IPPP - Opt.

\

103 10 . 108 108
Averaging time (s)

Figure 34: Stability, given by the Modlified Allan deviations, of the differences between Atomium results and an optical fibre link
solution (blue) for classical PPP, and (green) for the new approach fixing integer cycles of carrier phase data (called IPPP). The
vertical orange lines from the left to right mark the averaging times of 5 minutes, 4 hours, 3.5 days and 14 days,
respectively.Credit: ORB-KSB.

GNSS Highlights

In 2024, the Royal Observatory of Belgium further reinforced its involvement in geodetic research and
innovation through a series of strategic projects and partnerships.

Amongst them, the ORB-KSB was recognised as Partner of the UN Global Geodetic Centre of Excellence
(UN-GGCE) setup for advancing a sustainable Global Geodetic Reference Frame.

The ORB-KSB was also invited to join two new major Horizon Europe initiatives:

e Building onits longstanding role within the European Plate Observing System (EPOS), the ORB-KSB
became Partner in the ‘EPOS Optimization and EvolutioN’ (EPOS-ON) project, dedicated to
enhancing the resilience and sustainability of the EPOS research infrastructure and fostering
broader international collaborations.

e Based onits leading expertise in applying Open and FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles to GNSS observation datasets, the ORB-KSB was also invited to join the
EQUIP-G project (European Quantum Infrastructure Project for Gravimetry), which aims to
develop and deploy a European network of quantum gravimeters.

The GNSS Open Data Portal (https://gnss.be/opendataportal) operated by the ORB-KSB is constructed on
top of two data repositories: the Belgian national repository and the EUREF repository. This year, the
Belgian repository included new contributions from the Royal Belgian Institute of Natural Sciences and the
Agentschap Maritieme Dienstverlening & Kust. The repositories form a data hub that ensures the
integration of Belgian and EUREF GNSS data in EPOS. Together, they represent 35% of all GNSS data
discoverable through the EPOS-GNSS Data Gateway.
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The ORB-KSB also completed a 27-year re-analysis of historical GNSS data from EUREF network stations
as part of the third reprocessing campaign coordinated by EUREF, contributing to the generation of a
consistent and accurate long-term dataset of GNSS station positions and velocities across Europe used to
provide access to the European reference frame, a cornerstone for all geolocated data and applications.

A newly tracked usage statistics tool developed by our team underscored the importance of ORB-KSB’s
GNSS data, products, and services, revealing that the ORB-KSB’s GNSS platforms supported in 2024 more
than 25,000 external users, with over 2 million downloads of GNSS station metadata, and 15 million
downloads of observation GNSS data files.
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Earth and Planetary Science

Exploration of the Galilean moons of Jupiter by the ESA
JUICE mission

In 1610, Galileo Galilei discovered the four large moons of Jupiter. The largest of these moons, Ganymede,
is larger than the smallest planet, Mercury, and will be the first moon of another planet than Earth that
will be orbited by a human-made spacecraft. In its 9-month-long orbital phase around Ganymede, the ESA
JUICE (JUpiter ICy moons Explorer) spacecraft will observe Ganymede in 2035 from close by and in far
greater detail than ever done before with a unique suite of 10 instruments. This will enable to obtain
unprecedented insight into the moon’s interior, from the central regions where a magnetic field is
generated to the internal ocean and outer ice shell. Before the orbital phase, between July 2031 and
December 2034, JUICE will be orbiting Jupiter and perform close flybys of Ganymede and two of the other
large moons of Jupiter, Europa and Callisto. Launched on 14 April 2023, JUICE is currently on its way to
Jupiter.

One of the main goals of the JUICE mission is to characterise these moons as planetary objects and as
possible habitats. An overview paper, written by the JUICE team and led by the Royal Observatory of
Belgium, details how JUICE will advance our knowledge about the interiors of Ganymede, Callisto and
Europa. Since accurate geophysical observations about the interior of the moons can only be performed
from close distances to the moons, best estimates of signatures of the interior, such as an induced
magnetic field, tides and rotation variations, and radar reflections, will be obtained during the flybys of
the moons with altitudes of about 1000 km or less and during the Ganymede orbital phase at an average
altitude of 500 km and a final orbital phase at an average altitude of 200 km.
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Figure 35: Schematic of possible interior structures of Ganymede, Europa and Callisto based on the Galileo data, and link with
surface signatures of internal activity. Ganymede possesses the most differentiated structure with a thick hydrosphere, a rocky
mantle and a liquid iron core, while the presence of an iron core inside Europa and the degree of ice-rock separation in the
interior of Callisto are still uncertain. The thickness, depth and composition of the saltwater subsurface oceans are still poorly
constrained. Galileo data are not fully conclusive about the existence of an ocean in Callisto. Reference : Figure 1 from Van Hoolst

et al. (2024).

To better understand the habitability of the Galilean moons, JUICE will probe the ice shell and ocean by
combining measurements of the tides, rotation and magnetic field. Properties that will be determined
include the average thicknesses of the outer ice shell, ocean and high-pressure ice mantle, the salt content
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of the ocean, the deflection of the ice/ocean interface and lateral variations in density. The 3D structure
of the ice shell will be determined by measurements of the gravity field and surface topography and by
the JUICE radar. An essential component of the JUICE investigations is that different instruments will work
together to probe the hydrosphere.

The article also describes how synergies between JUICE instruments will contribute to the assessment of
the deep interior of the moons, their internal differentiation, dynamics and evolution. In situ
measurements and remote sensing observations will support the geophysical instruments to achieve these
goals, but will also, together with subsurface radar sounding, provide information about tectonics,
potential plumes, and the composition of the surface, which will help understanding the composition of
the interior, the structure of the ice shell, and exchange processes between ocean, ice and surface.
Accurate tracking of the JUICE spacecraft all along the mission will strongly improve our knowledge of the
changing orbital motions of the moons and will provide additional insight into the dissipative processes in
the Jupiter system.

Reference: Van Hoolst, T., Tobie, G., Vallat, C., Altobelli, N., Bruzzone, L., Cao, H., Dirkx, D., Genova, A., Hussmann, H., less, L.,
Kimura, J., Khurana, K., Lucchetti, Al., Mitri, G., Moore, W., Saur, J., Stark, A., Vorburger, A., Wieczorek, M., Aboudan, A., Bergman,
J., Bovolo, F., Breuer, D., Cappuccio, P., Carrer, L., Cecconi, B., Choblet, G., De Marchi, F., Fayolle, M., Fienga, A., Futaana, Y.,
Hauber, E., Kofman, W., Kumamotot, A., Lainey, V., Molyneux, P., Mousis, O., Plaut, J., Puccio, W., Retherford, K., Roth, L.,
Seignovert, B., Steinbriigge, G., Thakur, S., Tortora, P., Tosi, F., Zannoni, M., Barabash, S., Dougherty, M., Gladstone, R., Gurbits,
L., Hartogh, P., Palumbo, P., Poulet, F., Wahlund, J.-E., Grasset, O., Witasse, O. 2024. Geophysical characterization of the interiors
of Ganymede, Callisto and Europa by ESA’s JUpiter ICy moons Explorer. Space Science Reviews 220:54 (73 pages),
https://doi.org/10.1007/s11214-024-01085-y

The hunt for hidden oceans extends to Uranus’ icy moons

With a launch window opening in 2029, the Uranus
Orbiter and Probe (UOP) mission has been prioritised as a
NASA Flagship mission for the coming decade. This
ambitious mission aims to explore Uranus and its five
largest moons—Miranda, Ariel, Umbriel, Titania, and
Oberon—and to shed light on their composition and
potential subsurface oceans. Just as Jupiter’'s moons
Europa and Ganymede and Saturn’s moons Titan and
Enceladus are thought to contain global liquid water
oceans beneath their surfaces, some of Uranus’s moons
might also harbour hidden oceans.

Figure 36: Montage of the Uranian system prepared  Two recent studies led by scientists of the Royal
from images taken by the Voyager 2 spacecraft with  gpsaryatory of Belgium and published in Icarus and The

Ariel in the forefront. Starting clockwise from Ariel are p| " Sci y / | d d deti
shown the moons Umbriel, Oberon, Titania, Miranda anetary ocience Journal, exploreé advanced geodetic
© 2001 Calvin J. Hamilton techniques to detect and characterise these possible
https://solarviews.com/cap/uranus/urfamily.htm internal oceans. Crucial data for this investigation will be
obtained by the sophisticated radio telecom system of the

UOP spacecraft, which will help determine the gravity field and rotation of the moons.

The first study focused on modelling the rotation of the moons, examining their obliquity (the tilt of their
rotational axis) and librations (small oscillations in their rotation). We examined different possible interior
structures that range from a solid, undifferentiated rock-ice body to a layered structure with a rocky core

________________________________________________________________________________________________|
43


https://doi.org/10.1007/s11214-024-01085-y
https://solarviews.com/cap/uranus/urfamily.htm

surrounded by an ice shell, which can be either
completely frozen or contain an internal liquid : (a) Ariel
ocean up to 50 km thick. By demonstrating that
the libration amplitude differs significantly
between the various possible interior structures
(see Figure 37 for Ariel), this research suggests
that precise rotational measurements can
determine  whether these moons have
differentiated interiors and can detect the
presence of an internal ocean. The study also
found that, due to gravitational interactions.
among the moons, most of them experience
significant periodic variations in their obliquity.

100 150 200 250
hs (km)

Figure 37: Ariel shell libration amplitude gs as a function of the
Accurate obliquity measurements could help rule  shell thickness hs for a selection of interiors models. The blue

out the possibility of a completely homogeneous region corresponds to the range of possible values for two-
interior. Moreover, if a global ocean exists, it layer solid models. The black line corresponds to the libration
. 7 ’

. . L .. . ingle-I h body (Baland et al. 2025).
might amplify obliquity variations, making of a single-layer homogeneous body (Baland eta

detection easier. However, if no such resonance occurs, the obliquity measurements alone may not be.
sufficient to distinguish between a solid body and one containing a hidden ocean.

Decadal Tour Alternative Tour
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Figure 38: UOP flybys of Ariel (+30 minutes around closest approach). Colours show the altitude with respect to the moons’
surface, whereas the crosses show the point of closest approach (Filice et al. 2025).

A companion study took a different look at how geodesy can help unravelling the interior of Uranian
moons by using advanced modelling techniques to determine the best mission design to achieve the
scientific objectives. By combining statistical analysis with Precise Orbit Determination methods, the
researchers developed a way to directly link the precision of gravity and rotation measurements to the
uncertainties in the interior structures of Uranus’s moons. They created maps connecting the data
collected by the spacecraft to key interior characteristics. This allowed for a rapid assessment of how well
different mission designs could constrain these parameters. Their analysis of two potential orbital tours
(see Figure 38) and multiple measurement strategies showed that it would be possible to determine Ariel’s
ice shell thickness with an accuracy of about 15% and estimate its rock-to-ice mass ratio at approximately
30%. However, none of the tested approaches could effectively measure the thickness of a subsurface
ocean. This study highlights how mission design can be dynamically adjusted to maximise scientific return,
providing a valuable framework for future planetary exploration missions.
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Solar Physics

Solar Cycle 25 has reached its maximum

In 2019, the Solar Cycle Prediction Panel convened to gather and combine predictions for the still infant
Solar Cycle 25. The results of this gathering were published shortly thereafter: the Solar Cycle Prediction
Panel expected the cycle maximum value of the smoothed monthly sunspot number to be in a very narrow
range between 105 and 125 with the peak occurring between November 2024 and March 2026.

Six years later, we seem to have finally reached the maximum and the prediction dates from 2019 appear
to have been significantly later than reality. Of course, in terms of prediction accuracy, the closer we are
to the actual maximum, the more the various prediction methods will converge. Indeed, in September
2024, SILSO predicted a maximum SN between 138 and 161 that would take place sometime between May
and October 2024, while NOAA predicted a similar range between 137 and 164 but within a broader time
window between February 2024 and January 2025. The results are now confirmed by SILSO
(https://www.sidc.be/SILSO/DATA/SN _ms_tot V2.0.txt): the maximum value of the monthly smoothed
sunspot number for Solar Cycle 25 was reached in October 2024 and is 161 (see Figure 39), versus 159 for
September 2024 and 157 for November 2024.
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Figure 39: Solar Cycle 25 and its maximum seen in October 2024, as well as the 12-months ahead predictions that show a
decreasing trend. Credit: SIDC/ROB.

What this entails for the SIDC team is that, at this stage of the Solar Cycle, the Sun is very active and will
remain at a similar level of activity well into 2026. Since the beginning of 2024, many large and complex
active regions have crossed the solar disk regularly, driving the daily sunspot number to well above 250 as
can be attested by the SIDC/USET image for 7 August 2024 (Figure 40).

These active regions often were the source of strong solar flares, and the associated solar eruptions, when
they are earth-directed, strongly affect the Earth’s magnetic field. The important aurorae thus created are
sometimes visible from countries further away from the polar regions, such as in May 2024 when the
colourful display was also visible from Belgium (see this news item). While storms of this magnitude occur
approximately once every 12.5 years, the length of this specific storm was unusual, expected only once
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every 41 years (see S. Elvidge, D. R. Themens, 2025: https://doi.org/10.1029/2024SW004113). There were
also important storms in October 2024 (https://sidc.be/article/arrived). These major solar storms and
theirimpact on Earth help improve the accuracy of Space Weather forecasting as they enable us to sample

solar events with the full range of instruments at our disposal today (see the 45th COSPAR General
Assembly abstract of de Patoul, 2024: https://ui.adsabs.harvard.edu/abs/2024cosp...45.2942D/abstract).

Figure 40: White light image of the photosphere of the Sun taken on August 7, 2024. Credit: USET data/image, Royal Observatory
of Belgium, Brussels -- DOI : https://doi.org/10.24414/nc7j-b391.

2025 and 2026 thus promise a lot of sunspots to count a lot of activity for the Space Weather team of the
SIDC.

ECO: towards first direct measurements of Earth Energy
Imbalance from space

On 17 April 2024, the European Space Agency (ESA) selected the Earth Climate Observatory (ECO), a new
space mission concept for the measurement of the Earth’s energy imbalance, a critical climate parameter,
for Phase 0 study. ECO was proposed by an international team of 12 scientists led by the Royal Observatory
of Belgium.

Climate change is fundamentally driven by the Earth’s energy imbalance (EEI). The measurement of the
EEI from space is challenging, but it is needed to get an early indication on how well mankind is doing in
the implementation of the Paris Climate Agreement. If the Paris Climate Agreement were respected, the
EEl should go to zero, and global temperature rise should stabilise at 1.5 °C. In reality, as illustrated in the
Figure 41 below, 2024 was the warmest year on record, and 2025 is expected to be the first year when the
Paris Climate Agreement limit of 1.5 °C global warming will be broken.

The EEl is defined as the small difference between two nearly equal quantities: the incoming solar radiation
and the outgoing terrestrial radiation (see Figure 42). This small difference — of the order of 1 W/m?, to be
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compared to an incoming solar radiation of the order of 340 W/m?—is accumulated in time within the
Earth climate system, in particular in the oceans, which have a high heat capacity. Global temperature rise
is proportional to the integral of the EEI, the EEIl is proportional to the derivative of global temperature
rise. Therefore, if the annual mean EEI can be monitored directly from space, this will result in a significant
improvement of the prediction of future climate change.

Global average temperature change
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Figure 41: Global temperature rise from 1850 to 2024. Credit: RCraig09, shared under a CC-BY-SA 4.0 license.
In order to measure the EEl with the required accuracy, two fundamental challenges need to be overcome.

The first fundamental challenge is that the EEl is the difference between two opposing terms of nearly
equal amplitude. Currently, the incoming solar radiation and outgoing terrestrial radiation are measured
with separate instruments, which means that their calibration errors are added and overwhelm the signal
to be measured. The current error on the direct measurement of the EEl is of the order of 5 W/m?,
significantly larger than the signal to be measured of the order of 1 W/m?2. To make significant progress in
this challenge, a differential measurement using identical intercalibrated instruments to measure both the
incoming solar radiation and the outgoing terrestrial radiation is needed.

The second fundamental challenge is that the outgoing terrestrial radiation has a systematic diurnal cycle.
An adequate sampling can be obtained from two orthogonal 90° inclined orbits, which give both global
coverage, and a statistical sampling of the full diurnal cycle at seasonal (3 months) time scale.

For understanding the radiative forcing —e.g. aerosol radiative forcing —and climate feedback —e.g. ice
albedo feedback — mechanisms underlying changes in the EEI, and for climate model validation, it is
necessary to separate the Total Outgoing Radiation (TOR) spectrally into the two components of the Earth
Radiation Budget (ERB), namely the Reflected Solar radiation (RSR) and Outgoing Longwave Radiation
(OLR) and to map them at relatively high spatial resolution. This can be achieved by the use of auxiliary
visible and thermal cameras.
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Figure 42: The Earth energy imbalance is defined as the difference between the incoming solar radiation, and the sum of the
reflected solar radiation and the emitted thermal radiation. Credit: NASA (modified by Steven Dewitte).
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Astronomy and Astrophysics

New Black Hole discovered with ESA s Gaia satellite

The Gaia satellite has been charting the sky since 2014, and its map includes stars that are a million times
fainter than can be seen with the naked eye. Published in June 2022, the third version of the most
complete and detailed catalogue of stars (Gaia DR3) is a milestone in astrophysical research. Gaia’s
exceptionally accurate distances, motions, and fundamental parameters of stars, as well as the accurate
astrometry of asteroids, are now part of the everyday work and research of most astronomers.

Scientists working on the next version of the Gaia catalogue (Gaia DR4, to be released in 2026) are
currently analysing and validating the latest results obtained by the satellite. In this context, scientists from
the Gaia Data Processing and Analysis Consortium (DPAC), including scientists from the ORB-KSB, have
revealed on 16 April 2024 the identification of a binary star system composed of a giant star and a stellar
black hole (now identified as ‘Gaia BH3’). Stellar black holes result from the collapse of a massive star at
the end of its life, after it has ‘burned up’ all its fuel. This exotic object is located in the inner halo of the
Milky Way, which is a spherical cloud made of older stars surrounding its centre.

Figure 43: The Milky Way as seen by Gaia. The location of Gaia BH3 is plotted in yellow. Credits: ESA/Gaia/DPAC

Multiple systems are automatically identified at various stages of the Gaia data processing chain, while
another part, developed by ULB colleagues, combines all the astrometric and spectroscopic data provided
by the satellite to derive parameters such as the mass and luminosity of the system components. During
the scientific validation of the pipeline results, Gaia DPAC researchers highlighted a multiple system of
which one member has zero luminosity and a mass of 32 solar masses, as expected from a black hole.

To ensure that the algorithms provide correct results, the DPAC teams use data obtained with ground-
based instruments. In this case, measurements from the Hermes spectrograph? at the Mercator telescope

1 As a member of the Hermes@Mercator consortium (KULeuven, ORB-KSB, ULB, Geneva), the Astronomy & Astrophysics department of the ORB-
KSB played a leading role in the development of the data reduction pipeline of the Hermes spectrograph with the goal of deriving high accuracy
radial velocities.
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were used. It confirmed that the results are correct and that Gaia BH3 is a stellar black hole of 32.7 solar
masses, which is part of a binary system with an 11.6-year period. The detailed analysis of the RVS
spectrum of its companion shows that the binary system components formed from interstellar matter
containing very little metallic elements. It confirms the theory establishing that the progenitors of massive
stellar black holes such as Gaia BH3 have very low metallicities making them more compact with weaker
stellar winds.

Further details can be found in Gaia Collaboration, Panuzzo, et al., A&A 686, L2.
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Figure 44: The left panel shows in black the position on the sky of the giant star as measured by Gaia at different moments. The
blue line represents the best fitted orbital solution. The crosses locate the barycentre of the system (right) and the periastron
(left). The right upper panel shows how the radial velocity varies with time. Black points are the measurements made by the Gaia
Single Transit Analysis software which development and coordination are carried out by the A&A department of the ROB. The
blue line represents the final best orbit solution. A few measurements made with ground-based instruments (Hermes@Mercator,
Sophie@OHP, and UVES@VLT) are used to validate the solution (coloured points). The lower right panel presents the
corresponding residuals. Credits: Gaia Collaboration, Panuzzo et al. 2024 (AA, 686, 2G, Figs. 2 and 3).
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Figure 45: Gaia RVS spectrum of the stellar component of Gaia BH3 (black). The modelling of the spectrum shows that the bright
giant companion of the black hole has very weak calcium (Ca Il) and iron (Fe 1) spectral lines and have a metallicity more than
100 times lower than the Sun. Credits: Gaia Collaboration, Panuzzo et al. 2024 (AA, 686, 2G, Fig. 4).
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HD148937: Nebula and magnetic star born from a stellar
clash

Most massive stars have a companion close enough to interact via mass transfer or coalescence.
Approximately 25% of massive stars will merge at some stage of their evolution, and 10% of them are
currently the products of such mergers. One of the outcomes of a merging event is the ejection of mass,
visible through the presence of dust and gas around the merger product. The circumstellar material is
mainly detectable in the infrared, with some exceptions in the Ha imaging.

Figure 46: This image, taken with ESO’s VLT Survey Telescope, shows the beautiful nebula NGC 6164/6165. The nebula is a cloud
of gas and dust surrounding a pair of stars called HD 148937. Image credit: ESO/VPHAS+ Team/CASU
Observationally identifying and characterising a merger product is challenging, as these stars evolve
similarly to single stars of comparable mass. However, some subtle differences can persist, such as over-
luminosity, rejuvenation, unusual rotation rates (either exceptionally low or high), or differences in core
mass. Notably, stellar mergers have also been proposed as a plausible mechanism for the generation of
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magnetic fields. Interestingly, about 7% of massive stars are found to host magnetic fields. For these
magnetic stars, the evolutionary implications are significant. A strong magnetic field can suppress stellar
mass loss by channelling material, which would otherwise be expelled via stellar winds, back to the equator
along magnetic field lines. This reduced mass loss can influence the type of core-collapse supernova a star
undergoes and may lead to the formation of high-mass black holes. Furthermore, magnetic stars are linked
to phenomena such as magnetars, long-duration gamma-ray bursts, and super-luminous supernovae.

Figure 47: Artist illustration of the evolution history of HD148937. Image credit: ESO/VPHAS+ Team/CASU.

It is not so common to detect a massive star surrounded by such a circumstellar nebula, that is also
magnetic. The only star we know of in the Galaxy is HD148937 (Figure 46). Aside from the fact that the
star is surrounded by a nebula, and possesses a magnetic field, the star was also discovered to be a binary
system in 2014 with an orbital period longer than 10 years. The system, HD 148937, is located about 3800
light years away from Earth in the direction of the Norma constellation.

To analyse this star, we combined high-quality data obtained from the ESO La Silla Observatory and the
Very Large Telescope Interferometer facilities at ESO, to observe the star both in interferometry and in
spectroscopy. We combined these data with space-based photometry obtained with the TESS instruments.

After a detailed analysis, we could determine that the more massive star appears much younger than its
companion. The age difference — one star appears to be at least 1.5 million years younger than the other —
suggests something must have rejuvenated the more massive star.

The only explanation for this rejuvenation (Figure 47) is that this system had at least three stars originally
forming a hierarchical triple system, i.e. formed by two stars close enough to form an inner system whilst
another star was much more distant. The two inner stars have merged in a violent manner, creating a
magnetic star and throwing out some material, which created the nebula. The more distant star formed a
new orbit with the newly merged, now-magnetic star, creating the binary we see today at the centre of
the nebula. This event must have happened 7500 years ago, which corresponds to the age of the nebula.
This nebula shows very high amounts of nitrogen, carbon and oxygen. This is surprising as these elements
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are normally expected deep inside a star, not outside; it is as if some violent event had set them free. Its
shape appears to be helical, which can also suggest a merger origin.

This scenario also explains why one of the stars in the system is magnetic and the other is not — a peculiar
feature of HD 148937. At the same time, it helps solve a long-standing mystery in astronomy: how some
massive stars get their magnetic fields. While magnetic fields are a common feature of low-mass stars like
our Sun, more massive stars cannot sustain magnetic fields in the same way. Magnetic fields in massive
stars are particularly interesting because they can drastically change a star’s future evolution. HD 148937
represents a fantastic new piece of the puzzle to better understand massive star evolution including
magnetic fields. Astronomers had suspected for some time that massive stars could acquire magnetic
fields when two stars merge but this is the first time researchers have found such direct evidence of this
happening.

Further details can be found in Frost, Sana, Mahy, et al. 2024, Science 384, 214.

The colliding stellar winds of the massive binary
HD 168112

Stellar winds

Massive stars (those with a mass above about 8 times the mass of the Sun) are also the hottest and most
luminous stars. The radiation they emit is so strong that its pressure pushes the material at the stellar
surface away from the star, thus creating a stellar wind. The wind can reach velocities of 1000 to 3000
km/s, and the amount of mass loss can be a few millionths of solar masses per year. As these stars live for
only a few million years, the mass loss has an important effect on their stellar evolution.

The stellar wind material surrounding the star also has important observational consequences. In the
ionised material of the wind, the free-free radiation mechanism plays an important role. As a free electron
passes close to an ion, it can lose some of its energy in the interaction. This energy is then emitted as a
photon. Inversely, the electron can also gain energy in the interaction by absorbing a photon. The free-
free radiation thus has both an emission and absorption effect.

The free-free radiation depends on the square of the wavelength. At radio wavelengths the absorption
effect is so strong that we no longer see the surface of the star. Instead, at radio wavelengths the star
looks much larger than at optical wavelengths. We can therefore easily detect the radio emission of such
a star, or rather, of its stellar wind. And because the radiation is so strongly related to the stellar wind, we
can use it to derive the mass loss rate.

Colliding stellar winds in a binary

The situation becomes even more interesting if we have two stars that form a binary system (see Figure
48). When both stars have a stellar wind, the two winds must collide somewhere between the two stars.
Where that collision happens depends on the relative strength of the two winds: the collision will be closer
to the star with the weaker wind.

The surface where the two winds meet is called the contact discontinuity. On either side of this
discontinuity a shock is formed. Around each shock, the Fermi acceleration mechanism starts to play a
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role: electrons can bounce back and forth across the shock, and each time they do so they gain some
energy from the shock. In this way, a fraction of the electrons can attain relativistic speeds.

(1) Contact >\ \
discontinuity N\

~ (2) Fermi acceleration
' Shock

Figure 48: Synchrotron emission in a colliding-wind binary. Each of the two stars has a stellar wind, which collides at the contact
discontinuity (1). On each side of this discontinuity, a shock is formed where the Fermi mechanism accelerates a fraction of the
electrons up to relativistic speeds (2). These relativistic electrons then spiral in the magnetic field, thereby emitting synchrotron

radiation (3). Credit: ORB-KSB.

When these relativistic electrons are present in the magnetic field of the star, they spiral around the
magnetic field lines. They thus lose energy, which is emitted as radiation in a process called synchrotron
emission. It is important to note that this emission mechanism is quite different from the free-free one.
The free-free emission is related to the temperature of the stellar wind and the radiation field of the star,
as these are responsible for the ionisation that is needed for free-free emission to occur. The synchrotron
emission, on the other hand, is mainly related to the strength of the shocks around the colliding-wind
region and the strength of the magnetic field.

HD 168112

HD 168112 was only recently confirmed to be a binary system. But before that, there were already
indications that it could be a binary: the radio fluxes are much too high to be explained by only free-free
radiation, and the X-ray fluxes are also higher than expected for a single star. Furthermore, an optical
interferometry observation showed two stars, but that single observation could, of course, not confirm if
these were gravitationally bound.
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Finally, Putkuri et al. (2023, MNRAS, 525, 6084) used spectroscopic observations to show that HD 168112
is indeed a binary system with a period of ~514 days, and an eccentricity of 0.743.

Spectroscopic data

In our analysis, we used 97 spectra from

the HERMES (High Efficiency and
Resolution Mercator Echelle C
Spectrograph) spectrograph on the 1.2 100 ;
m Mercator telescope at the Roque de i
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La Luz observatory, Mexico.

From these data, we determined the

phase

orbital parameters, and we found a  Figure 49: Our orbital solution (solid line) compared to the observed radial
period of 512.17 days, a high velocities (symbols), as a function of the binary orbital phase. Blue indicates

eccentricity of 0.753, and a mass ratio

the primary component, red the secondary component. Credit: ORB-KSB.

Figure adapted from Blomme et al. (2024, BSRSL 93, 262).

close to one, thereby confirming the

results of Putkuri et al. The comparison of our orbital solution to the observed radial velocities is shown in
Figure 49. Combining our data with the optical interferometry detection, we could constrain the inclination
angle of the orbit to ~632 and the mass of each component to ~26 solar masses.

Radio data
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Figure 50: The 3.6 cm (blue) and 6 cm (red) radio fluxes of HD 168112 as a
function of the binary orbital phase. Credit: ORB-KSB. Figure adapted
from Blomme et al. (2024, BSRSL 93, 262).

We also obtained radio observations of HD
168112 near periastron passage, using the
Karl G. Jansky Very Large Array (VLA) of the
National Radio Astronomy Observatory
(NRAO). Data were obtained at 3.6 cm (X-
band) and 6 cm (C-band). Figure 50 shows
these new measurements, together with
older observations from the literature.
Near apastron (phase = 0.5), the 6 cm
fluxes are higher than the 3.6 cm ones.
This indicates the presence of synchrotron
radiation, because for free-free radiation
the 6 cm flux would be the lower one.

Near periastron (phase = 0.0), we see that indeed the 6 cm flux is lower than the 3.6 cm one, indicating
only free-free radiation. This may seem surprising: in this highly eccentric binary, the stars will be the
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closest to one another at periastron and we would therefore expect the collision to be strongest, and
hence the synchrotron radiation to be strongest. However, we need to take into account the interaction
of the synchrotron emission with the free-free absorption in the stellar winds, as shown in Figure 51. At
periastron, the colliding-wind region, and therefore the synchrotron emitting region, is largely inside the
denser part of the two stellar winds. Although more synchrotron emission is generated, almost all of it is
absorbed by the free-free absorption in the stellar winds. On the other hand, when the two stars are
apastron, they are far from each other, and the synchrotron emission no longer suffers substantial
absorption by the stellar winds. At that orbital phase, we can therefore detect the synchrotron radiation
of the colliding-wind region.
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Figure 51: The orbits of both binary components projected onto the sky (blue=primary component; red=secondary component).
The circles with the crosshatch pattern indicate the surface where the optical depth at radio wavelengths is one. The position of
the colliding-wind region is indicated in black. The left panel shows the situation far from periastron, where the synchrotron
photons from the colliding-wind region can easily escape. The right panel shows the situation near periastron, where the
synchrotron photons are absorbed in the stellar winds. Credit: ORB-KSB. Figure adapted from Blomme et al. (2024, BSRSL 93,
262).

Whether a colliding-wind binary will show synchrotron emission at periastron therefore depends on the
specific orbital parameters of the system in question. Stars that remain at a sufficiently large distance from
each other at periastron will indeed show synchrotron emission at the time, while the others will only
show the free-free emission of the stellar winds.

Further details about the analysis of the HD 168112 data can be found in Blomme et al. (2024, A&A 687
A106).

57


https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html
https://www.aanda.org/articles/aa/full_html/2024/07/aa50227-24/aa50227-24.html

MELCHIORS: Unveiling the Universe through Stellar
Fingerprints

Decoding Starlight: The Cosmic Context

Stars are the fundamental building blocks of our universe, each one a cosmic laboratory that tells a unique
story through its light. When astronomers capture starlight and split it into its component wavelengths (a
spectrum), they reveal a treasure trove of information about the star’s temperature, composition, age,
and evolutionary stage. These stellar ‘fingerprints’ are essential tools for unravelling the mysteries of our
Galaxy and beyond. For decades, astronomers have relied on stellar spectral libraries —collections of
carefully documented stellar spectra —to serve as reference points for their research. However, existing
libraries have faced significant limitations that hamper scientific progress: Theoretical libraries offer clean,
high-resolution data with excellent parameter coverage but suffer from model assumptions and imperfect
atomic and molecular data. These inherent approximations can introduce systematic errors when
compared with real observations. On the contrary, observational libraries capture actual stellar light but
often compromise on resolution, signal quality, or diversity of stellar types. Many previous libraries could
only achieve moderate spectral resolution (R~2,000-10,000), limiting the detection of subtle spectral
features crucial for precise stellar classification and analysis.

The MELCHIORS library (Mercator Library of High-Resolution Stellar Spectroscopy) represents a significant
advancement in this field. With exceptional spectral resolution (R~85,000), wide wavelength coverage
(380-900 nm), and outstanding signal-to-noise ratios, it offers astronomers unprecedented detail in stellar
spectra. As shown in Figure 52, represented in a celestial equatorial projection, the library provides
extensive sky coverage, with observations of stars distributed across the full northern hemisphere and
partial southern hemisphere. The colour coding indicates the B-V colour index of each star, which is a proxy
for the surface temperature, with hotter stars appearing toward the blue end of the scale and cooler stars
toward the red end, visually demonstrating the library’s coverage of different stellar types across the sky.

Figure 52: Skymap of the MELCHIORS library. Credit: Royer et al. (2024).
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This new spectral library bridges the gap between theoretical ideals and observational limitations, creating
a resource that will power the next generation of stellar and galactic research. By recording the exquisite
details in stellar spectra with unprecedented clarity, the MELCHIORS library enables astronomers to detect
subtle features that reveal a star’s true nature and history.

A Galactic Showcase: The Stars of MELCHIORS

The MELCHIORS library represents a comprehensive catalogue of stellar diversity, containing 3,256 high-
quality spectra from 2,043 stars observed between 2010 and 2020 with the Mercator-HERMES
spectrograph at the Roque de Los Muchachos Observatory in La Palma, Spain. This collection offers a
remarkable window into the variety of stars that populate our galaxy.

The library focuses on bright stars (V < 8), providing a representative stellar sample across (i) a wide
temperature range from hot O-type stars exceeding 30,000 K to cool M-type red giants below 3,500 K; (ii)
spanning various evolutionary stages including main sequence stars (like our Sun), giants, supergiants, and
other evolved types, and; (iii) exhibiting significant spectral diversity through hundreds of unique spectral
subtypes that capture the subtle differences between stars.

Figure 53 showcases this diversity beautifully, displaying spectra from seven different stellar types
arranged from hottest (top) to coolest (bottom). The spectral progression reveals how absorption features
change dramatically with stellar temperature.
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Figure 53: Spectral types on the main sequence from hot (up and bluish) to cool (down and reddish) stars. Credit: Royer et al.
(2024).

For many stars, the MELCHIORS library includes multiple observations over time, enabling studies of stellar
variability, binary star interactions, and other time-dependent phenomena. The library’s extensive
coverage of the Hertzsprung-Russell diagram ensures that virtually every major stellar type and
evolutionary stage is represented. This makes MELCHIORS an invaluable reference for stellar classification,
population studies, and as a training set for machine learning algorithms that can automatically identify

and analyse stellar properties.

Our Sun as a Benchmark: The Gold Standard

The Sun occupies a privileged position in astronomy as the only star we can study in extreme detail. Its
proximity allows us to resolve surface features and measure its properties with unprecedented precision,
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making it the ultimate reference point for stellar studies. The MELCHIORS library recognises this special
status by including a meticulously captured high-fidelity solar spectrum that serves as a critical benchmark
for the entire collection.

Rather than pointing the telescope directly at the Sun (which would damage the sensitive camera),
astronomers captured sunlight reflected from asteroids. These small, rocky bodies in our solar system act
as natural mirrors, reflecting unaltered sunlight toward Earth. Figure 54 showcases this solar reference,
displaying two versions of the solar spectrum from 3800 to 9000 A. The black line represents the response-
corrected spectrum, showing the original signal intensity across wavelengths. The red line shows the
normalised version, which has been processed to flatten the continuum to a constant level, making it
easier to analyse individual absorption features. The richness of detail is immediately apparent, with
thousands of dark absorption lines created by elements in the Sun’s atmosphere absorbing specific
wavelengths of light.
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Figure 54: The MELCHIORS solar reference spectrum, i.e. the Sun as a star. Credit: Royer et al. (2024).

This solar benchmark serves multiple crucial functions, acting as a calibration reference that ensures
consistency in measurements across the entire library while simultaneously serving as an abundance
standard where the Sun’s known elemental composition helps calibrate measurements of other stars. It
enables stellar twin studies by identifying Sun-like stars through direct spectral comparison and
significantly contributes to exoplanet research by helping characterise stars hosting planets, as the
planetary system formation depends on the host star’s properties. Through careful correction for
instrumental effects and telluric (Earth’s atmosphere) absorption, the MELCHIORS solar spectrum achieves
exceptional accuracy, enabling astronomers to make direct, meaningful comparisons between our Sun and
thousands of other stars in the galaxy.

llluminating the Cosmos: Scientific Frontiers

The MELCHIORS library opens numerous exciting avenues for scientific discovery across multiple
astronomical disciplines. Its combination of high resolution, exceptional signal quality, and broad stellar
coverage makes it a powerful tool for addressing some of astronomy’s most compelling questions.

Stellar Physics: Stars are cosmic laboratories where physics operates at uncommon temperatures and
pressures. The detailed spectra in MELCHIORS provide stringent tests for stellar atmosphere models,
helping refine our understanding of complex processes like convection, rotation, and magnetic activity.
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The library also serves as a test-bed for atomic data, identifying inaccuracies in existing line lists and
providing constraints for theoretical calculations of atomic transitions.

Galactic Archaeology: Just like archaeologists unearth human history from buried artefacts, astronomers
use stellar spectra to reconstruct the Milky Way’s past. The chemical compositions of stars — particularly
the ratios of different elements —serve as ‘fossil records’ revealing the galaxy’s evolution. MELCHIORS'
high-resolution spectra enable precise measurement of elemental abundances in thousands of stars,
helping to map our galaxy’s chemical enrichment history and to identify distinct stellar populations that
formed under different conditions or at different times.

Machine Learning Applications: The growth of astronomical data from current and upcoming large
surveys requires automated analysis techniques. MELCHIORS provides an ideal training set for machine
learning algorithms designed to classify stars or detect peculiarities like binarity, pulsations, or chemical
peculiarities. These algorithms can then be applied to much larger datasets from missions like Gaia or
upcoming spectroscopic surveys.

Exoplanet Characterisation: Understanding planets begins with understanding their host stars.
MELCHIORS provides detailed information about stellar properties, helping researchers accurately
determine the sizes, masses, and potential habitability of orbiting planets. The library’s high-resolution
spectra also enable precise stellar radial velocity measurements — crucial for detecting exoplanets through
their gravitational pull on their host stars.

Public Engagement and Education: The visual richness of stellar spectra makes MELCHIORS a valuable
resource for education and outreach. The clear progression of spectral features from hot to cool stars (as
shown in Figure 53) provides an intuitive demonstration of stellar physics for students and the public,
explaining complex astronomical concepts through direct observation.

As large-scale spectroscopic surveys collect data from millions of stars in the coming decade, MELCHIORS
will serve as a crucial high-resolution reference set, enabling more accurate calibration and interpretation
of these massive datasets.

The original article is accessible at https://www.aanda.org/articles/aa/full _html/2024/01/aa46847-
23/2a46847-23.html.

The library is freely available through an interactive portal at www.royer.se/melchiors.html and through
the Centre de Données astronomiques de Strasbourg (CDS) at https://cdsarc.cds.unistra.fr/viz-
bin/cat/l/A+A/681/A107 and
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Outreach and
Communication



A logo for the 200t anniversary of the ORB-KSB

On June 8, 2026, the Royal Observatory of Belgium, one of the oldest federal
research institutes in our country, will celebrate its 200" anniversary. For this
occasion, a team was created to work on various projects to celebrate this
jubilee year.

In 2024, following an internal contest with the personnel of the ORB-KSB,
logo was selected with different languages version (French, Dutch, and an
unofficial English version). This logo will be used to highlight the 200%™
anniversary festivities.

Figure 55: Credit: ORB-KSB.

Permanent exhibition on seismology at Fort Eben-Emael

Thanks to a collaboration with the non-profit organisation Fort Eben-Emael, the staff of the Seismology
and Gravimetry service of the Royal Observatory of Belgium were able to open a new fascinating exhibition
on seismology on 27 June 2024.

Ever since 1 April 1986, a seismograph (= the combination of a seismometer and a digital recording system)
in a hidden room of Fort Eben-Emael has been continuously recording all seismic activity in and around
Belgium. This seismometer is known internationally as the station EBN (code BE.BEBN) and its recordings
and maintenance are managed by the Royal Observatory of Belgium.

Figure 56: The EBN seismometer exhibited behind a glass. Credit: ORB-KSB.

The station EBN is one of the stations in the Belgian Seismic Network with the longest digital recordings.
Before installation of the station EBN, a seismometer was installed in the marl caves in Kanne for several
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months. However, the fortress was preferred due to the vision of long-term cooperation between the ROB
and the non-profit organisation Fort Eben-Emael (at that time still managed by the army).

EBN’s location was chosen because the fort is located close to the Roer Valley Rift System. This rift system
stretches across the borders of Belgium, the Netherlands and Germany and is the most seismic active zone
around Belgium. Groundbreaking palaeoseismology from the ORB-KSB has shown that the border faults
of this rift system have been active for millions of years, with the last major earthquake to breach the
surface being about 3,000 years ago. Hence, proper and close monitoring of its activity is needed.

Via a pillar, the EBN seismometer is brought into direct contact with the marl bedrock, in which the fort
was excavated. This direct contact is necessary to accurately record vibrations and better ‘listen to’ the
earth. Over time, EBN’s seismometer has been changed several times following technological
developments. Since January 2024, a TH-120s broadband seismometer has been operating, which is extra
sensitive to low-frequency vibrations emitted by distant earthquakes.

In 38 years, using the EBN seismometer, no fewer than 1032
local earthquakes in and around Belgium, and more than 5,000
earthquakes worldwide were measured by seismologists of the
ORB-KSB. These recordings provide valuable data for scientific
research, improving understanding of the seismic activity of the
Roer Valley Rift, Belgium and its border regions. Moreover,
with the open sharing of global EBN recordings through
international platforms, the ORB-KSB contributes to
international cooperation in seismology to improve the
location and knowledge of global seismic activity. Besides
natural earthquakes, earthquakes induced by humans, quarry
blasts and sometimes dredging activities on the Meuse are also
measured.

Until the end of 2023, the chamber in which the seismometer
is installed remained closed to the public, but not anymore.
With united efforts of the ORB-KSB seismology staff and
volunteers of the Fort Eben-Emael, a new room was set up in
which the seismometer will be on permanent display. The
visitors can take a unique look at the instrument and learn
about seismology and earthquakes. The Royal Observatory of Belgium expresses its sincere gratitude to
the non-profit organisation Fort Eben-Emael for this unique initiative!

Figure 57: Inauguration of the Casemate
Maastricht 2 and the seismology exhibition at
Fort Eben-Emael. Credit: ORB-KSB.

Soapbox Science Brussels 2024

On June 29, 2024, the Brussels Local Organisation Committee of Soapbox Science Brussels organised their
fifth edition of their main event (fourth in-person event). The event took place at the Place de la Monnaie
between 14:00 and 17:00. Isla Watton of the main organisation team of London also went to the 2024
Soapbox Science Brussels event and met the organisation team.

During the event, speakers took turns talking about their research and interacting with the public passing
by for one hour each. Talks were in French, Dutch and English, three languages widely used in Brussels.
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There was a good reception from the visitors, from the communication from the institutes of the speakers,
and from the press with whom some interviews were done, notably by BX1.

In 2024, Soapbox Science Brussels Sponsors are the VIB, Europlanet Benelux, the King Baudouin
Foundation and Belspo, under the Belgian European Presidency of 2024. The ORB-KSB is the host institute
of Soapbox Science Brussels, and the IASB-BIRA also contributed to this event for the logistics.

JEEZ

Figure 58: Credit: Soapbox Science Brussels.

WiseNight 2024 Festival and WiseNight at Schools

The Planetarium of the Royal Observatory of Belgium and the
ot A FESTIVAL Royal Observatory of Belgium participated in the free
WiseNight Science Festival on 27 September 2024. WiseNight
is a fun and inclusive event that aims to bring science and
scientists in contact with the public interactively. WiseNight is
part of the European Researchers’ Night, taking place
everywhere in Europe simultaneously. The aim is to show that
science is about passion, teamwork and for anyone with an
insatiable curiosity to discover and change the world.

The WiseNight Festival took place on 27 September 2024 at the
Planetarium of Brussels and on 28 September 2024 at the
Museum of Natural Sciences of Belgium. The festival is free of
charge, but registration is required for practical purpose.

FLAMETARIUM VAW BRUSEEL  MIUSEUM WOOR HATUUSWETEMSIHAPREH
MUSEUM DiS SOENCES MATURILLES

Figure 59: Credit: BeWise. The Planetarium of Brussels hosted a variety of activities:

e Three planetarium movies sessions:
o ‘We are stars’ followed by a workshop ‘Create your own star chart’;
o ‘We are stars’ followed by a Q&A session with an astronomer;
o Earth’s Climate followed by a Q&A session with a meteorologist;
e Two activities related to space weather:
o ‘Panicin the Space Weather Room’: an interactive tour of the Space Weather office, where
the space weather forecast is being prepared;
o Northern Lights: a spectacular show of the Northern lights;
e Talks given by female scientists organised by Soapbox Science Brussels;
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e Meet Marie Curie sessions, where visitors could interact with researchers who received a Marie
Sktodowska-Curie Actions (MSCA) grant;

e An EU4U booth highlighting the European Union’s involvement in Research and Innovation,

e A portrait exhibition of scientists.

Personnel of the Royal Observatory of Belgium participate in the activities ‘We are stars’ followed by a
Q&A session with an astronomer, the two activities related to Space Weather and the talk organised by
Soapbox Science Brussels (see highlight Soapbox Science Brussels 2024).

The WiseNight is organised by BeWiSe (Belgian Women in Science) with the participation of the
Planetarium of the Royal Observatory of Belgium, the Museum of Natural Sciences of Belgium, the Von
Karman Institute and the associations Ekoli and GoodPlanet Belgium. This project received funding from
the European Union.

In addition to the WiseNight festival, the Planetarium and the Royal Observatory of Belgium also
participated in the WiseNight at Schools activity in which female scientists visits class to explain their work
to the pupils.

Other outreach events

™ The ASGARD 13" balloon launch took place on April

— 25, 2024. This event is organised by the Planetarium,
with participation of the Space Pole institutes (ORB-
KSB, IRM-KMI and IASB-BIRA). The ASGARD Contest
is geared toward primary and high school classes
who proposed an original experiment that will be
loaded on a stratospheric balloon. The finalists of the
contest spent a day at the Space Pole site, during
which the balloon launch of their experiments is the
Figure 60: ASGARD 13t balloon launch. Credit: ORB-KSB. climax.

On August 25, 2024, The Seismology and Gravimetry

\\\\\\\\\\\\\\\\\\\\\\\\\\\\ ) section of the ORB-KSB participate in a MAPAWAY
\ 2 e festival activity: Einstein in Tube—What can we

measure with a seismometer? The Einstein
Telescope is a future telescope that will be used to
detect gravitational waves. In this MAPAWAY
activity, they try to re-create an Einstein Telescope in
miniature and take seismic measurements on site.

Through DIY-expedition, tour and a map artwork,
visitors can understand the challenges of the Einstein
telescope to neutralise environmental vibrations.

Figure 61:Seismology reveals the secrets of the underground. ) )
Photo © Ward Willems, Institute of Cartopology. More information:
https://www.mapaway.eu/theme/theme-einstein/.
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The Planetarium



Daily Activities

Attendance, social media and mobile planetarium

The Planetarium of the Royal Observatory of Belgium welcomed 54,418 paying visitors in 2025, setting a
second consecutive attendance record (+157 people compared to 2023). This positive result is due to the
combined success of 360° films with the public (including the positive reception of the new film Birth of
the Planet Earth, see below) on the one hand, and astronomy lessons with teachers and students on the
other, complemented by the continued strong performance of the film The Dark Side of the Moon
Planetarium Experience, which was shown several times in the evenings throughout the year.

The Planetarium’s Facebook page had 4,806 followers as of 31 December 2024, an increase of 280
followers (+6%). The Planetarium’s Instagram account had 1,379 followers, an increase of 165 followers
(+13%) over the year.

The Observatory’s mobile planetarium has been used independently by several schools throughout the
year, allowing students whose schools were unable to organise a visit to the Planetarium to attend a
presentation on the sky and watch educational films. The inflatable planetarium and its accessories are
circulated among schools that request them. Teachers are provided with an explanatory guide and lesson
plans written by the Planetarium’s teacher-facilitators to help them learn how to use the astronomy
software and give a structured lesson to their pupils. Given the success and high demand from schools, a
decision was made to begin the process of acquiring a second inflatable planetarium, which will allow
more schools to benefit from this service.

New film: The Birth of Planet Earth

At the end of June, the new planetarium film The Birth of Planet Earth was launched. It provides an
accessible description of the processes involved in the formation of the solar system, a field at the
intersection of astronomy and geophysics. Featuring impressive visual sequences, this 360° film was well
received by audiences, with 4,390 people viewing it during its six-month run from July to December.

Figure 62: Copyright: Spitz Creative Media.
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Temporarily licensed film The Dark Side of the Moon Planetarium
Experience

The special film based on Pink Floyd’s eponymous album continued to
be screened in 2024 on 21 evening dates (two screenings per evening).
As a result, more than 4,400 spectators were able to enjoy this unique
visual and musical experience between January and December. The
screening licence expired at the end of 2024.

Figure 63: Copyright: NSC Creative.

Astronomy education research

The astronomy education research team led by Jan Sermeus (FED-tWIN researcher affiliated with the
Observatory and KU Leuven) welcomes two doctoral students, Judith Vandewiere (in joint supervision with
KU Leuven) and Charly Mobers (co-supervised by the University of Mons), who began their research work
in education sciences and, at the same time, became increasingly involved in the science education and
promotion activities carried out at the Planetarium.

Special Activities

Several events promoting science and scientific, educational and cultural activities were organised in 2024.
Participants in these events add approximately 1,500 people for activities and nearly 7,000 people for
rentals to the annual number of visitors who frequent the Planetarium during the year.
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Figure 64: Credit: BeWiSe

As part of the European Researchers’ Night project, the WiseNight 2024 science promotion event took
place on September 27 at the Planetarium (see Highlight ‘WiseNight 2024 Festival and WiseNight at
Schools’). The result of a partnership between BeWise (coordinator), the Royal Observatory of Belgium,
the Royal Belgian Institute of Natural Sciences, the Von Karman Institute and other partners, this day and
evening of activities attracted a large audience who came to watch planetarium films followed by a
guestion-and-answer session with an astronomer from the Observatory, lecture-shows on the Northern
Lights and solar weather hosted by colleagues from the Solar-Terrestrial Centre of Excellence, Soapbox
Science talks by female scientists, fun physics experiments, educational workshops on fluid mechanics,
and more.

Also in 2024

e The finale of the Girls Leading in Science competition was co-organised at the Planetarium on March 20.
The aim of this project is to promote scientific careers among young people, particularly young girls.
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* The ASGARD project was hosted from April 24 to 26 at the Space Pole (ORB-KSB, IRM-KMI and BIRA-IASB)
and the Planetarium

e The Brussels Museums Nocturnes (Nocturnes des Musées de Bruxelles/Nocturnes van de Brusselse
Musea) was hosted at the Planetarium on May 23: in addition to the planetarium film, visitors were able
to attend an astro-musical lecture given by Arthur Choplin (ULB)

e The meeting of the FNRS Astronomy Contact Group and the Astronomy Day of the ORB-KSB took place
on May 23

¢ Anew edition of the Brussels Planetarium Poetry Festival took place on November 29 and 30, with several

Figure 65: Final of the Girls Leading in Science contest. Credit: BeWiSe.

Rental of rooms in the form of provision of the dome or auditorium in 2024 for various third parties
e Candlelight concerts onJanuary 17 and 31, February 15 and 28, March 21, April 19, June 13, August
29 and 30, and October 11
e Ayming society on February 22
e the National Lottery on February 26
e Performance by an artist as part of the KANAL programme on April 5 and 6
e VRT on April 26
e VVSonMay4
e VTMon May 8
e the Geography Olympiad on May 15
e Dark Trace onJune5
e aconcert by a pianist in aid of the Jacques Cox Fund on June 7
e Belnet on September 19
e the anniversary of BIRA-IASB on November 22
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e Studio 100 on November 25
e EURid on November 5

Interviews with the media
In response to requests from several radio stations and newspapers: Radio Vivacité on January 9 and July

6 (Planetarium programming), Radio BX1 on June 19 (launch of the new film ‘Birth of Planet Earth’), RTL-
TVI on August 20 (feature on the ‘supermoon’).
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Annexe 2: Workforce




Staff Statistics

On 31 December 2024, 193 collaborators worked at the ORB-KSB, including 21 people at the Planetarium
and 4 at the Royal Academy of Overseas Sciences. This number confirms the trend in increasing numbers
of personnel over the last years at the ORB-KSB, but it also confirms the decrease in the number of
statutory employees. Compared to last year, there was an increase of 5 contractual employees (136
compared to 131in2023) and a decrease of 3 statutory employees (57 compared to 60 in 2023). The mean
age of the staff is 43 years, with 89% of the workers between 26 and 59 years.

Staff number by status on December 31
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Figure 66: Credit: ORB-KSB.

Age of the staff on 31 December 2024
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Figure 67: Credit: ORB-KSB.

The majority of the staff (70%) are contractual collaborators. This is particularly true for scientists, 82% of
whom are contractuals, and for employees of level D, of whom all staff are contractual collaborators.
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Staff figures by level and status on 31

December 2024
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Figure 68: Credit: ORB-KSB.

The fact that more and more scientists are contractual is because scientific research is increasingly funded
by external projects. Moreover, scientists make up the majority of the staff (61% in 2023), highlighting the
fact that the ORB-KSB is a research institute.

Scientists and non scientists share in 2024

Figure 69: Credit: ORB-KSB.

Non scientific staff by level in 2024

&

Figure 70: Credit: ORB-KSB.
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A wide range of nationalities is represented within the ORB-KSB staff, with the majority (128) holding a
Belgian nationality and the rest as citizens from 28 other countries. Among the scientific staff, 25
nationalities are present, compared with only 7 nationalities among the non-scientific staff. This highlights

the international character of scientific research.

Nationalities of the ORB-KSB staff in 2024

Argentina [JJ] Belgium Bulgaria Chile China Colombia Croatia Ecuador France
Georgia Germany Greece Hungary India Indonesia Iran Italy Luxembourg
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Ukraine United Kingdom United States of America

Source: The Royal Observatory of Belgium - Created with Datawrapper

Figure 71: Credit: ORB-KSB.

Analysis by Gender

Staff's gender share on December 31

2016 2017 2018 2019 2020 2021 2022 2023 2024

H Men H Women

Figure 72: Credit: ORB-KSB.

On 31 December 2024, female
staff constituted 41% of the
employees at the ORB-KSB, which
is the same proportion as in 2023.
Since 2016, when only 33% of the
staff was female, there is an
increase of women in the
workforce. This concerns mainly
contractual staff where, between
2016 and 2024, female
contractual staff increased by
66% (from 38 on 31 December
2016 to 63 on 31 December 2024)
while male contractual staff

remained stable (73 on 31 December 2016 and 73 on 31 December 2024 with very few variations between
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those dates). In contrast, the gender balance of the statutory staff has a slight decreasing trend (from 31%
on 31 December 2016 to 28% on 31 December 2024).

Gender share on December 31 according to status

2018 2019 2020 2021 2022 2023 2024

Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual
Statutory
Contractual

2016 2017

H %men H %women

Figure 73: Credit: ORB-KSB.
When considering the staff hierarchy, we can see an inversion of women to men ratio between:

e (- and D-level workers, where women are in the majority (56% for C-level workers and 77% for

D-level workers) and
Scientists (SW), A- and B-level workers, where women only make up about one third (31% for A-

level workers and 32% for B-level workers), with a slightly larger proportion for scientists (38% of

scientists being women).

Gender share in 2024 according to level
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H % Men H% Women

Figure 74: Credit: ORB-KSB.

When looking at the highest diploma level of the employees from a gender perspective, we see that the
majority of female and male employees have a master level diploma, in accordance with the required

98



level for scientific research activity (62% of the female staff and 70% of the male staff). However, there is
a higher proportion of the female staff with no diploma or a high-school-level diploma as their highest
education level when compared to their male counterparts.

% of men and % of women with their highest
diploma at a given level on 31 December 2024
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Figure 75: Credit: ORB-KSB.

The gender balance among scientists is slightly lower when compared to that of the administrative staff;
on 31 December 2024, only 38% of scientists were female, while this proportion amounts to 45% for the
administrative staff.

Gender share on December 31 for scientists and non scientists
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Figure 76: Credit: ORB-KSB.

A slight decrease of the female proportion of the workforce is present among the scientific statutory staff
(from 33% on 31 December 2016 to 29% on 31 December 2024), while there is an increase for the scientific
contractual staff in the same period (from 21% on 31 December 2016 to 40% on 31 December 2024, an
increase of 86%).
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Scientist's gender share on December 31 according to status
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Figure 77: Credit: ORB-KSB.

Gender share on 31
December 2024 according
to age
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Figure 78: Credit: ORB-KSB.
The ratio of the number of male and female staff is more balanced for younger employees, with 46% of
the staff younger than 44 years old being female on 31 December 2023, while only 35% of the staff older
than 45 years being male.
However, for staff younger than 44 years old, the share of female staff is higher among non-scientists
(65%) than among young scientists (39%). This is particularly the case for female staff at B- (60%), C-
(73%) and D- (83%) levels compared to female staff in management level (A and SW, with 41% of the

staff being female). For employees older than 45 years, the difference between levels and between
scientists (34%) and non-scientists (35%) is much less significant, except for D-level employees (71%

being female).
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Gender share on 31 December 2024 for scientists and
non scientists according to age

Scientists Non Scientists Scientists Non Scientists
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Figure 79: Credit: ORB-KSB.

Gender share on 31 December 2024 according to age
and level
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Figure 80: Credit: ORB-KSB.
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