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Cover illustration:  The public visiting the radioastronomy station at Humain (Belgium) and its science 

exhibition. Credit: L.B.S Pham. 



 

 

Foreword 

Dear readers, 

I 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/
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Space missions and scientific projects and 
collaborations  

Launch of the ESA Spacecraft JUICE 

On 14 April 2023, the ESA spacecraft JUICE (JUpiter ICy moons Explorer) was launched from Kourou (French 

Guiana) on an 8-year journey to Jupiter.  

JUICE will investigate Jupiter and its icy moons and aims to answer fundamental questions about them. 

One such question is whether icy moons could have the right conditions for the emergence of life. Europa, 

Ganymede, and Callisto, the three large icy moons of Jupiter, could harbour a liquid water ocean beneath 

their ice shell. Liquid water is one of the necessary conditions for developing and sustaining life, in addition 

to biologically essential elements and energy. By investigating the interior of the icy moons, JUICE will 

determine whether these conditions are fulfilled in those moons. 

 

Figure 1Υ !ǊǘƛǎǘΩǎ ƛƳǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ǎǇŀŎŜŎǊŀŦǘ W¦L/9 ƻǊōƛǘƛƴƎ DŀƴȅƳŜŘŜΣ ǿƛǘƘ WǳǇƛǘŜǊ ƛƴ ǘƘŜ ōŀŎƪƎǊƻǳƴŘΦ /ǊŜŘƛǘǎΥ 9{! 

(acknowledgement: ATG Medialab). 

The Royal Observatory of Belgium (ORB-KSB) is involved in four of the ten JUICE instruments: the radio 

science package 3GM (Gravity and Geophysics of Jupiter and the Galilean Moons), the Jovian 

MAGnetometer J-MAG, the GAnymede Laser Altimeter (GALA) and the MAJIS instrument (Moons And 

Jupiter Imaging Spectrometer).  

3GM and J-MAG will be used to probe the interior of the moons. The magnetometer will observe the 

induced magnetic field generated in the subsurface ocean, and radio science will measure the gravity field, 

rotation and tides of the moons. GALA will determine the topography map of Ganymede and measure its 
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tidal deformations, which lead to weekly upward and downward motions of the ice surface by a few 

metres. Lastly, the MAJIS instrument will provide data on the ices and minerals on the surfaces of icy 

moons and their connection with the subsurface. 

Scientists of the ORB-KSB are looking forward to the data of the JUICE mission and to the new insights that 

it will make possible! 

Delivery of the Spacecraft Platform for the PROBA-3 Mission 

PROBA-3 is a technology demonstration mission of ESA. 

It will be launched in December 2024 and will 

demonstrate techniques and technologies of precise 

formation flying. The PROBA-3 platform will consist of 

two spacecrafts that will fly in a precise formation. The 

bigger spacecraft (coronagraph spacecraft) hosts the 

optical telescope, and the smaller spacecraft (occulter 

spacecraft) carries the circular occulting disc. During 

extended periods of time (up to 6 hours), the occulter 

spacecraft will cover the bright solar disc, thus allowing 

the dimmer corona to be seen, similarly to observations 

of a total solar eclipse. Together the two spacecrafts 

form a giant coronagraph (i.e. an instrument to observe 

the corona by occulting the solar disc) called ASPIICS, 

which stands for the Association of Spacecraft for 

Polarimetric and Imaging Investigation of the Corona of 

the Sun.  

The two spacecrafts must keep the precise position and 

orientation (Ψfly in formationΩ) with respect to each 

other and to the Sun. The distance between the two 

spacecraft during coronal observations will be around 

144 meters, and the precision of their alignment will be 

around a few millimeters. This will allow to block the 

bright light of the solar disc to observe the corona in 

eclipse-like conditions, i.e. close to the solar limb and 

with very low straylight. The ASPIICS observations will 

provide data that are crucial to solving several 

outstanding problems in solar physics, namely the origin 

of solar wind and physics of coronal mass ejections. The 

ORB-KSB hosts the Principal Investigator of ASPIICS who leads the international science team, makes sure 

that the coronagraph is manufactured in agreement with the scientific requirements, and prepares the 

data exploitation.  

Significant progress was reached by the engineering teams assembling the PROBA-3 spacecraft platform 

in 2023. The spacecraft delivery event was held on March 9 at the premises of Redwire Space in Kruibeke, 

Belgium. This event marked the successful completion of the integration of the two spacecrafts, which was 

led by Redwire Space. The assembled spacecrafts were presented to the representatives of funding 

Figure 2: The two PROBA-3 spacecrafts in stack before 

thermal vacuum testing at IABG (Germany) in July 2023. 

The occulter spacecraft is on the top, featuring a circular 

occulting disc. The coronagraph spacecraft is at the 

bottom, with solar panels extending to the left. The 

spacecraft will be launched in this stack configuration in 

November 2024. Photo: ESA τ S. Corvaja. 
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agencies of Belgium and Spain (two countries contributing the most to the PROBA-3 spacecraft platform), 

industries (Redwire Space, Sener Aerospace), as well as ESA and scientists. The ASPIICS PI gave a 

presentation about the upcoming ASPIICS science to the funding agencies, science and engineering teams.  

 

In JulyςAugust, the two spacecrafts underwent thermal vacuum testing at IABG (Germany). This type of 

testing is always made to simulate the space environment in which the spacecrafts will operate. Thermal 

vacuum testing demonstrated that the two spacecrafts can withstand harsh conditions of the space flight. 

After that, the final testing of the two spacecrafts continued at Redwire Space in Kruibeke. 

 

Figure 3: Members of the Science Working Team of PROBA-3 inspecting the occulter spacecraft. The coronagraph spacecraft can 

be seen in the background behind the curtain. (Photo: ESA τ J. Versluys.) 

On November 27, the members of the international Science Working Team of PROBA-3 paid a visit to the 

spacecraft in the clean room in Kruibeke. The ASPIICS PI gave a presentation about the PROBA-3 mission 

to the science and engineering teams.  

Successful Test Campaign for the GRASS Instrument 

The GRASS (GRAvimeter for Small Solar system bodies) 

instrument developed within the ESA Hera mission has 

undergone in 2023 a successful environmental test 

campaign. ¢ƘŜ ǘŜǎǘǎΣ ǿƘƛŎƘ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ ƛƴ 9{!Ωǎ 

Mechanical Systems Laboratory, showed that GRASS is 

capable of withstanding the harsh thermal and air-free 

environment of space as well as the intense vibrations 

of the launch. 

GRASS is a piece of technology, L-shaped and about the 

size of two hard drives, developed by the ORB-KSB with 

{ǇŀƛƴΩǎ 9a·¸{ ŎƻƳǇŀƴȅΦ Lǘ ǿƛƭƭ ōŜ ǘƘŜ ŦƛǊǎǘ ƛƴǎǘǊǳƳŜƴǘ 

to directly measure gravity on the surface of an 

asteroid. The gravimeter will be landed on the surface 

of the Dimorphos asteroid (about the same size as the Colosseum of Rome) aboard the Juventas CubeSatς

Figure 4: GRASS gravimeter on shaker. Credits: ESA/EMXYS. 
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which will itself be deployed from the Hera mission for planetary defence about the binary asteroid 

DidymosςŀƴŘ ǿƛƭƭ ƳŜŀǎǳǊŜ ƎǊŀǾƛǘȅ ƭŜǾŜƭǎ ƻŦ ƭŜǎǎ ǘƘŀƴ ŀ ƳƛƭƭƛƻƴǘƘ ƻŦ 9ŀǊǘƘΩǎ ƻǿƴΦ  

Ten Years of Stellar Discoveries: The Gaia Mission 

On December 19, we celebrated the 10th anniversary of the ESA Gaia 

satellite launch. GaiaΩǎ goal is to measure with unprecedented accuracy 

the position and motion of stars and objects of the solar system, the 

Milky Way and beyond as well as to classify these. Various versions of 

the Gaia catalogue, increasingly improving, were published. The latest 

small release took place in 2023 (see Highlight ΨBuilding the Most 

Detailed 3D Map of the Milky Way: Gaia Focused Product ReleasesΩ on 

page 45). The 4th data release is foreseen in 2026, and the 5th and final 

catalogue is expected for 2030 at the earliest. In ten years, Gaia initiated 

a revolution in astronomy and in our knowledge of the structure, 

dynamics and evolution of the Milky Way and our solar system.  

Inauguration of the ILMT Telescope and BINA Third Workshop 

On 21 March 2023, the Belgo-Indian Network for Astronomy and astrophysics (BINA) celebrated a new 

milestone with the inauguration of the ILMT (International Liquid Mirror Telescope), located at the 

Devasthal Observatory in the north of India. This event was followed by the third BINA workshop on 22ς

24 March 2023, in Bhimtal, India. This international workshop was an opportunity for BINA members to 

emphasise the scientific potential of Indo-Belgian cooperation.  

 

Figure 5: The 3.6-m Devasthal Optical Telescope (left) has a conventional glass mirror while the 4-m International Liquid Mirror 

Telescope (right) is a zenithal telescope having a mirror consisting of a thin layer of liquid mercury. 

BINA is a network that fosters collaborative space research between Belgian and Indian institutes. The 

initiative for this bilateral collaboration was taken in 2014 by Dr Peter De Cat of the ORB-KSB (Belgian PI 

of BINA) and Dr Santosh Joshi of the Aryabhatta Research Institute of Observational Sciences (ARIES; Indian 

PI of BINA). The stimulus for this project can be found in the Devasthal Observatory of ARIES, Nainital, 

Uttarakhand, which hosts two Indo-Belgian telescopes: the 3.6-m Devasthal Optical Telescope (DOT) and 

the recently inaugurated 4-m International Liquid Mirror Telescope (ILMT) (see Figure 5). They are called 

https://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_factsheet
https://www.esa.int/Science_Exploration/Space_Science/Gaia/Gaia_factsheet
https://bina.oma.be/
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ΨLƴŘƻ-.ŜƭƎƛŀƴΩ ōŜŎŀǳǎŜ ǘƘŜȅ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ LƴŘƛŀ ōǳǘ ǿŜǊŜ ōǳƛƭǘ ōȅ ǘƘŜ !ŘǾŀƴŎŜŘ aŜŎƘŀƴƛŎŀƭ ŀƴŘ hǇǘƛŎŀƭ 

Systems (AMOS) and the Centre Spatial de Liège (CSL) in Belgium.  

BINA unites 14 Indian and 7 Belgian partner 

institutes (see Figure 6) and becomes a well-

established concept within the astronomical 

communities of both countries. The initial aim of 

BINA was to make optimal use of these Indo-Belgian 

telescopes, from sharing expertise in the 

development of the back-end instruments to the 

joint scientific exploitation of their observations. 

The BINA collaboration has become an efficient 

means to stimulate all types of scientific 

collaborations in space sciences between Belgian 

and Indian colleagues.  

Since 2014, the Belgian Science Policy Office 

(BELSPO; federal authority of Belgium) and the 

International Division, Department of Science & 

Technology (DST; federal authority India) are 

continuously supporting BINA by providing funding for work visits (in both directions) and the organisation 

of workshops. By the end of 2023, three BINA workshops have taken place.  

Having received the first light in April 2022, the ILMT was inaugurated on 21 March 2023, an event 

attended by several scientists of the ORB-KSB. Dr Ronald Van der Linden, General Director of the ORB-KSB, 

assisted in the inauguration as representative of our institute. The scientific exploitation of ILMT will start 

soon, resuming the Indo-Belgian collaboration at full capacity.  

¢ƘŜ ǘƘƛǊŘ .Lb! ǿƻǊƪǎƘƻǇΣ Ψ{ŎƛŜƴǘƛŦƛŎ tƻǘŜƴǘƛŀƭ ƻŦ ǘƘŜ LƴŘƻ-.ŜƭƎƛŀƴ ŎƻƻǇŜǊŀǘƛƻƴΩΣ ǘƻƻƪ ǇƭŀŎŜ ŀǘ ǘƘŜ .ƘƛƳǘŀƭ 

Campus of the Graphic Era Hill University on 22ς24 March 2023 and was hosted by ARIES. The scientific 

programme of the workshop did not only focus on observational astronomy, but also extended to other 

fields of space science such as the physics of the Sun, solar system objects, exoplanets, binaries, clusters, 

star-forming regions, massive stars, compact objects, transient, and extragalactic objects. As an additional 

part of the workshop, 14 popular talks by BINA participants were organised for young students in nearby 

schools, colleges and universities.  

  

Figure 6: The logo for the 3rd BINA workshop. The large dots 

on the maps of Belgium and India represent the location of 

the PI institutes. They are connected with each other, 

symbolising bilateral collaboration, and with smaller dots, 

representing the other partner institutes. 
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Prizes, Awards and ORB-KSB Scientists in the Limelight 

Véronique Dehant two times honoured in 2023 

On 2 May 2023, Pr Véronique Dehant, researcher in geodesy and planetary 

sciences at the Royal Observatory of Belgium, was elected as an 

international member of the National Academy of Sciences (NAS) of the 

United States. Later on this year, on 16 November 2023, the European 

Geosciences Union (EGU) awarded Véronique Dehant as the recipient of the 

2024 Jean Dominique Cassini Medal.  

Until the end of 2023, Véronique Dehant is responsible for the Operational 

5ƛǊŜŎǘƛƻƴ ΨwŜŦŜǊŜƴŎŜ {ȅǎǘŜƳǎ ŀƴŘ tƭŀƴŜǘƻƭƻƎȅΩ ŀǘ ǘƘŜ ORB-KSB. She is also 

Extraordinary Professor at the Université catholique de Louvain and was 

involved as Principal Investigator (PI), Co-Principal Investigator (Co-PI) or Co-

Investigator (Co-I) of several radioscience space experiments aiming at planetary geodesy and at physics 

of the interior of terrestrial planets. 

She is Academician (Royal Academy of Belgium; Science class) since 2010. She has taken several 

international responsibilities such as President of the Geodesy Section of the American Geophysical Union. 

She was awarded with several prizes, including the Descartes Prize of the European Union in 2003, the 

AGU Whitten Medal in 2016 and the FNRS Quinquennial Prize in 2020. In 2021, she was among the top 2% 

Ƴƻǎǘ ŎƛǘŜŘ ǊŜǎŜŀǊŎƘŜǊǎ ƛƴ ǘƘŜ ǿƻǊƭŘ ƛƴ ǘƘŜ ŦƛŜƭŘ ƻŦ Ψ!ǎǘǊƻƴƻƳȅ ŀƴŘ !ǎǘǊƻǇƘȅǎƛŎǎΩΦ 

Her election as an international member of the NAS and the Jean Dominique Cassini Medal are therefore 

two additional recognitions of her outstanding contributions to Earth, planetary, and space sciences during 

her career. 

Two ORB-KSB scientists honoured by the Royal Academy of Belgium  

On Saturday 16 December 2023, the Royal Academy of Science, Letters and Fine Arts of Belgium awarded 

two of its prizes to Dr Orkun Temel and Dr Thibault Merle, two scientists working at the Royal Observatory 

of Belgium. 

hǊƪǳƴ ¢ŜƳŜƭΣ ǳƴŘŜǊ C²h ŎƻƴǘǊŀŎǘΣ Ƙŀǎ ǿƻƴ ǘƘŜ нлно ŀƴƴǳŀƭ !ŎŀŘŜƳȅ /ƻƳǇŜǘƛǘƛƻƴς DǊƻǳǇ LLς

!ǎǘǊƻƴƻƳȅ-tƘȅǎƛŎǎ ōȅ ŀƴǎǿŜǊƛƴƎ ǘƘŜƛǊ ǊŜǉǳŜǎǘ ŦƻǊ Ψŀƴ ƻǊƛƎƛƴŀƭ ŎƻƴǘǊƛōǳǘƛƻƴΣ ŜȄǇŜǊƛƳŜƴǘŀƭ ƻǊ ǘƘŜƻǊŜǘƛŎŀƭΣ 

on exoplanets and their habitabilityΩΦ Lƴ Ƙƛǎ ƳŀƴǳǎŎǊƛǇǘ ŜƴǘƛǘƭŜŘ ΨLƴǘŜƴǎŜ ŀǘƳƻǎǇƘŜǊƛŎ ŎƻƴǾŜŎǘƛƻƴ ƻƴ ǘƘŜ 

dayside of a tidally locked Earth-ƭƛƪŜ ǊƻŎƪȅ ŜȄƻǇƭŀƴŜǘΩΣ hǊƪǳƴ ¢ŜƳŜƭ ŘŜƳƻƴǎǘǊŀǘŜǎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ 

massive convective cells in the lowermost part of the troposphere, which has implications for surface-

atmosphere exchange processes. These convective cells, approximately ten times larger than those 

observed on Earth and Mars, can initiate dust storms similar to those seen on Mars and significantly impact 

the vertical transport of ǿŀǘŜǊΦ ¢Ƙƛǎ ŜŦŦŜŎǘ Ŏŀƴ ƭŜŀŘ ǘƻ ǘƘŜ ƭƻǎǎ ƻŦ ǿŀǘŜǊ ƛƴƛǘƛŀƭƭȅ ǇǊŜǎŜƴǘ ƻƴ ǘƘŜ ŜȄƻǇƭŀƴŜǘΩǎ 

surface, with obvious consequences for its habitability. 

http://www.nasonline.org/news-and-multimedia/news/2023-nas-election.html
https://www.egu.eu/news/987/egu-announces-its-2024-awards-and-medals/


 

  

 14 

 

 

Figure 7: Orkun Temel (centre) receiving his prize from the Royal Academy with Véronique Dehant (left) and Özgür Karatekin 

(right). 

Thibault Merle, under FED-tWIN contract, has been awarded the 

2023 Paul and Marie Stroobant Prize for his discovery, published in 

the journal Nature Astronomy in 2022, of a quadruple star system 

whose future evolution could give rise to a supernova. Thibault 

Merle has shown that the outer binary system gravitationally 

disturbs the orbits of the inner binary system, making them more 

elliptical. His advanced simulations of the future evolution of this 

system show that such dynamics can lead to one or more collisions 

ŀƴŘ ƳŜǊƎŜǊǎ ǇǊƻŘǳŎƛƴƎ ΨŘŜŀŘΩ ŜǾƻƭǾŜŘ ǎǘŀǊǎ όǿƘƛǘŜ ŘǿŀǊŦǎύΦ 

Following mass transfers or mergers, these white dwarfs can 

produce a thermonuclear explosion known as a supernova. 

The winners and 2023 prizes of the Royal Academy of Belgium: 

https://academieroyale.be/fr/actualites-detail/messages/classe-

sciences-laureats-prix-decernes-2023/ 

 

Christine Verbeke, who worked at the ORB-KSB, participated in the 
Flemish 2023 PhD Cup  

Christine Verbeke, who until recently worked at the space weather prediction centre of the Royal 

Observatory of Belgium (ORB-KSB), participated in the Flemish PhD Cup. 

In this contest, new PhD holders present their research and convince a jury in less than 3 minutes. The 

final was livestreamed by VRTmax on October 19, 2023, at 19:00. Christine presented her work on the 

Figure 8: Thibault Merle receiving his Paul et 

Marie Stroobant 2023 Prize from the 

Académie royale de Belgique. 

https://academieroyale.be/fr/actualites-detail/messages/classe-sciences-laureats-prix-decernes-2023/
https://academieroyale.be/fr/actualites-detail/messages/classe-sciences-laureats-prix-decernes-2023/
https://www.astro.oma.be/en/christine-verbeke-makes-it-to-the-final-round-of-the-flemish-phd-cup-2023/


 

  

 15 

 

modelling of solar storms, which resulted in a more precise estimate of the arrival time and the intensity 

of such events. Thanks to her research, the accuracy of the space weather predictions that are made daily 

at the ORB-KSB will continue to improve. 

 

Figure 9: Christine Verbeke during the PhD Cup finale of 2023. 

In addition, the PhD Cup contest also has a public prize, in which anyone can vote for one of the eight 

finalists. For this public prize, the chosen finalists present their research in a very short pitch. /ƘǊƛǎǘƛƴŜΩǎ 

video, titled ΨGevaar uit de ruimteΩ (Danger from space), talks about space weather and the dangers 

coming from the Sun. 

Christine Verbeke made it to the final of the contest. The ORB-KSB congratulates her for her achievements.  

Renovation of the bust of Nicolaus Copernicus in the 
Brussels Planetarium 

нлно ƳŀǊƪǎ ǘƘŜ ррлǘƘ ŀƴƴƛǾŜǊǎŀǊȅ ƻŦ ǘƘŜ ōƛǊǘƘ ƻŦ bƛŎƻƭŀǳǎ /ƻǇŜǊƴƛŎǳǎ όaƛƪƻƱŀƧ YƻǇŜǊƴƛƪύΦ ¢ƻ ƳŀǊƪ ǘƘŜ 

occasion, the Polish Institute Brussels renovated the bust of this famous Polish astronomer in July 2023. 

The sculpture stands at the entrance to the Brussels Planetarium of the Royal Observatory of Belgium. It 

ǿŀǎ ōǳƛƭǘ ƛƴ мфто ǘƻ ƳŀǊƪ ǘƘŜ рллǘƘ ŀƴƴƛǾŜǊǎŀǊȅ ƻŦ /ƻǇŜǊƴƛŎǳǎΩs birth. 

Video of the bust renovation: https://youtu.be/Zz6tJnS4n1k  

https://youtu.be/eoUjbSQUPnA
https://www.astro.oma.be/en/renovation-of-the-bust-of-nicolaus-copernicus-in-the-brussels-planetarium/
https://youtu.be/Zz6tJnS4n1k
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ORB-KSB scientists clarified a study on the Earth solid 
core rotation that confuses the media 

!ƴ ŀǊǘƛŎƭŜ ƛƴ bŀǘǳǊŜ DŜƻǎŎƛŜƴŎŜ ƻƴ ǘƘŜ Ǌƻǘŀǘƛƻƴ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ŎƻǊŜ όƳƻǊŜ 

precisely its solid inner core) was recently published. However, the 

media had been misled by the press release of the science journal into 

thinking that the inner core stopped rotating or was even rotating in the 

opposite direction to that of the Earth surface, which is not the case at 

all. Scientists of the ORB-KSB specialised in the rotation of the Earth and 

planets clarified the study and provided some information on the 

structure and rotation of the Earth. The reader can find the clarification 

in the ORB-KSB news article: https://www.astro.oma.be/en/a-study-on-

the-rotation-of-the-earths-solid-core-confuses-the-media/  

The Royal Observatory of Belgium Commits to Gender 
Equality in Science 

According to the UNESCO Institute for Statistics, 33.3% of the researchers are women. This percentage is 

of the same order of magnitude as that of ORB-Y{.Ωǎ ǊŜǎŜŀǊŎƘŜǊǎΣ ǿƘƛŎƘ ǎƘƻǿǎ ŀ ƎŜƴŜǊŀƭ ǘǊŜƴŘ ƻŦ ōŜǘǿŜŜƴ 

30 and 35% of women in its scientific staff, with a slight increase since 2016. At the Royal Observatory of 

Belgium (ORB-KSB), initiatives to promote women in science have been carried out by several 

collaborators in recent years, notably within the BeWiSe (Belgian Women in Science) association and the 

very recent Soapbox Science Brussels initiative (see the corresponding Highlight in page 56). In addition, 

the ORB-KSB has very recently started working on a Gender Equality Plan (GEP), which aims to achieve a 

better balance and an inclusive practice of science in our institute. 

The ORB-KSB Gender Equality Plan (GEP) ŀƭƛƎƴǎ ǿƛǘƘ ǘƘŜ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΩǎ ΨStrategy for Gender 

EqualityΩ that requires every scientific research organisation to have a Gender Equality Plan (GEP) in place 

in order to qualify for funding. The ORB-Y{.Ωǎ D9t ƛǎ ƛǘǎŜƭŦ ŀƴ ŀŘŀǇǘŀǘƛƻƴ ƻŦ ǘƘŜ DŜƴŘŜǊ 9ǉǳŀƭƛǘȅ tƭŀƴ ƻŦ ǘƘŜ 

Belgian Science Policy Office (Belspo), the body that coordinates the Federal Scientific Establishments of 

which the ORB-KSB is a part. 

A strategy for gender equality notably includes measures favouring work-life balance for men and women. 

For example, the ORB-KSB already provides the majority of its staff flexible working hours and extensive 

teleworking opportunities. 

There is still work to be done to better promote gender equality at the ORB-KSB, and the GEP will serve as 

a roadmap to guide our institute towards this ideal. A first step will be to analyse in detail ORB-Y{.Ωǎ ƎŜƴŘŜǊ 

staff statistics, identify any imbalances and determine their origin and, if possible, suggest ways to correct 

them. 

https://www.astro.oma.be/en/a-study-on-the-rotation-of-the-earths-solid-core-confuses-the-media/
https://www.astro.oma.be/en/a-study-on-the-rotation-of-the-earths-solid-core-confuses-the-media/
https://www.unesco.org/reports/science/2021/en/dataviz/share-women-researchers-radial
https://bewise.be/
https://www.astro.oma.be/en/gep-gender-equality-plan/
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Seismology and Gravimetry 
Seismic Activity in and around Belgium in 2023 

In 2023, 120 earthquakes and 3 induced earthquakes were located by the Royal Observatory of Belgium 

in or near Belgium. Six earthquakes were felt by the population near the Belgian territory (Germany). 

In 2023, 120 natural earthquakes occurred in a zone between 1° and 8°E longitude and 49° and 52°N 

latitude (Figure 10). During the same period, the Royal Observatory of Belgium (ORB-KSB) also measured 

3 induced events, 344 quarry blasts and at least 13 explosions offshore linked to controlled explosions of 

WW1 and WW2 bombs by the Belgian, Dutch or French Armies. 

 

Figure 10: Events recorded in 2023 by the Belgian Seismic Network of the Royal Observatory of Belgium.
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The 2023 ORB-KSB catalogue is complete for natural earthquakes with a magnitude ML larger than 1.0. 

Events with magnitudes lower than 1.0 were also routinely detected where the Belgian seismic network is 

denser. The 2023 ORB-KSB seismic catalogue also contains a selection of quarry blasts, earthquakes 

induced by human activities, e.g. linked to (rock) mass removal in quarries or geothermal exploitation. 

23 natural earthquakes and at least 3 induced earthquakes occurred on the Belgian territory. The largest 

earthquake was the event on 22 February 2023 in Maasmechelen, with a local magnitude ML of 2.0. This 

earthquake was not felt by the population. 

In comparison, last year, in 2022, 99 earthquakes occurred in and around Belgium. 

Commemoration of the Liège 1983 earthquake 

On Wednesday 8 November 1983, 40 years ago, a medium-sized earthquake shook 

the city of Liège. This earthquake occurred in the middle of the night at 1:49 am 

local time (0:49 UTC) and had its epicenter in the commune of Saint-Nicolas, a 

densely populated municipality west of the city of Liège. This is the last earthquake 

with significant damage in Belgium. The earthquake had a local magnitude of 5.0 

and its hypocenter was located at a depth of 5.8 kilometers with an uncertainty of 

1.2 kilometers. The earthquake was felt all over the Belgian territory, as far away as Amsterdam 

(Netherlands) in the north, Frankfurt (Germany) in the east and Metz (France) in the south. 

 

Figure 11: Macroseismic intensity map of the Liège earthquake on 8 November 1983 in Belgium. Maximum intensity was VII. 



 

  

 20 

 

In Belgium, tectonic earthquakes usually occur at greater depths of 10 to 15 km. Due to its shallow nature, 

the 1983 Liège earthquake caused severe damage in the communes of Saint-Nicolas, Glain and 

Montegnée, as well as in the cities of Liege, Seraing, Ans and Grâce-Hollogne. Moreover, ground 

movements were further amplified by soft Quaternary deposits of the Meuse river and by the underlying 

folded geological structure. The strength and damage of an earthquake at the surface is expressed by the 

European EMS98 intensity scale. In the epicenter and in most of the Liège agglomeration, the intensity 

was the highest, i.e. intensity VII, and caused considerable damage. The impact of the ground motion at 

the surface is expressed by the European EMS98 intensity value. In the epicenter and in most of the Liège 

agglomeration, intensity VII was reached, causing damage. Older vulnerable houses experienced severe 

damage: large cracks across the walls, collapsing chimneys that caused additional damage after their fall 

and a few buildings even partially collapsed. More recent buildings experienced some cracking of the walls 

and chimneys were partially damaged. Many houses had already been weakened by subsidence due to 

mining in the Liège coal basin and due to decades of groundwater fluctuations. 

 

Figure 12: Pictures of damage in the epicentral area around Saint-Nicolas, Flémalle and Liège. 

The Liège earthquake was officially recognised as a natural disaster and, consequently, residents could 

have the damage to their homes compensated by the National Disaster Calamity. This info is currently kept 

in the Belgian State Archives and contains at least 16,000 files with detailed descriptions of damage and 

its reimbursement. In the end, over 100 million euros (adjusted for inflation) was reimbursed. This archive, 
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rare in Western Europe, is a very rich database for assessing the financial impact of a shallow earthquake 

in urban areas. In the end, more than 100 houses were declared uninhabitable, more than 1,000 people 

were homeless and, sadly, there were 2 fatalities. 

At the time of the 1983 earthquake, the Seismology Department of the Royal Observatory of Belgium only 

had 4 seismographs operational in Uccle, Dourbes, Membach and Walferdange (Luxembourg). Since 

seismograms were only available in analogue form and printed on paper, they had to be collected 

immediately after the earthquake from these seismic stations. Earthquake arrival times from European 

seismic stations were forwarded to the Observatory by telegram in the days after the earthquake. 

Calculating magnitude and depth, crucial parameters to calculate the impact of an earthquake, was a 

slower process at that time, which could take up to hours or even days. The 1983 Liège earthquake was 

therefore the trigger to install a modern dense seismic network in Belgium. Currently, the Royal 

Observatory of Belgium operates a network of 29 surface and borehole seismometers and 16 

accelerometers, spread over the Belgian territory, which enable seismologists to determine the location, 

magnitude and depth of an earthquake in minutes. 

On Wednesday, 8 November 2023, the 1983 Liège earthquake was commemorated at the Royal 

Observatory of Belgium during a scientific study afternoon that was attended by those in charge of the 

city of Liège, national and regional crisis centres, federal and regional authorities, geologists, seismologists, 

and engineers from all universities in Belgium. 

Source parameters: 

¶ Epicenter: 50.6280°, 5.5150° 

¶ Local magnitude: 5.0 

¶ Depth of the hypocenter: 5.9 ± 1.2 km 

¶     https://seismologie.be/en/seismology/earthquakes-in-belgium/lv243oom5  

  

https://seismologie.be/en/seismology/earthquakes-in-belgium/lv243oom5
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Global Navigation Satellite 
Systems, Time and Reference 
Systems 
GNSS Services for the European Plate Observing System 

¢ƘŜ 9ǳǊƻǇŜŀƴ tƭŀǘŜ hōǎŜǊǾƛƴƎ {ȅǎǘŜƳ ό9th{ύ ƛǎ 9ǳǊƻǇŜΩǎ Ŝ-infrastructure providing multidisciplinary data 

and services in support of Solid Earth Science. Belgium is a founding member of the EPOS European 

Research Infrastructure Consortium (ERIC). 

9th{ ¢ƘŜƳŀǘƛŎ /ƻǊŜ {ŜǊǾƛŎŜ ό¢/{ύ ΨDb{{ Řŀǘŀ ŀƴŘ ǇǊƻŘǳŎǘǎΩ ό9th{-GNSS) consists of a network of almost 

2000 GNSS stations and provides access to GNSS data, metadata and products, such as ground 

deformations. The GNSS team of the Royal Observatory of Belgium (ORB-KSB) contributes to EPOS by 

providing coordination and governance services, as well as GNSS data, product and software services. The 

EPOS central data portal was officially released at the EGU General Assembly 2023 and the ORB-KSBΩǎ 

GNSS team was actively involved in the preparation of this event. 

Data, Product, and Software Services 

¢ƘŜ ƳŜǘŀŘŀǘŀ ƻŦ 9th{Ω Db{{ ǎǘŀǘƛƻƴǎ ŀǊŜ ƳŀƴŀƎŜŘ ǘƘǊƻǳƎƘ 

the ΨMetadata Management and Dissemination System for 

Multiple GNSS NetworksΩ (M3G) developed and operated by 

the ORB-KSB. M3G collects, validates and distributes GNSS 

station metadata in-line with international standards. In 

2023, M3G was significantly revised to improve its 

performance, user experience, and progress towards using 

FAIR data principles. 

At the data level, the ORB-KSB ensures EPOS has access to 

the data from the EUREF Permanent GNSS Network (EPN) 

by operating the EUREF data node of the ORB-KSB (ROB-

EUREF). In 2023, in the frame of the ESFRI-FED SERVE 

project, the design and workflow of the node have been 

completely revised, hence improving its operation and 

service. At the end of 2023, the node included 429 stations and counted 2.3 million files which are all 

openly available on the ORB-Y{.Ωǎ 9¦w9C-EPOS website. 

Moreover, since 2023, the ORB-KSB also makes the Belgian GNSS data openly discoverable to EPOS 

through a new Belgian data node. Next to ORB-KSBΩǎ ƻǿƴ Db{{ ŘŀǘŀΣ ǘƘŜ ƴƻŘŜ ƛƴŎƭǳŘŜǎ Db{{ Řŀǘŀ ŦǊƻƳ 

Digitaal Vlaanderen, Service public de Wallonie, Centre Spatial de Liège, and Institut Géographique 

National. The ORB-KSB curated all their GNSS data in-line with the methodology put forward in the Brain 

2.0 FAIR-GNSS project. At the end of 2023, the Belgian node provided access to about half a million files 

for 78 GNSS stations. 

Figure 13: GNSS stations included in ROB-EUREF data 

node. 

https://www.epos-eu.org/dataportal
https://www.gnssmetadata.eu/
https://www.gnssmetadata.eu/
https://epncb.oma.be/
https://rob-euref-epos.gnss.be/
https://belgium-epos.gnss.be/
https://belgium-epos.gnss.be/
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Supported by the BELSPO EPOS-BE and ESFRI-FED SERVE 

projects, the ORB-KSB has been developing a ΨData Quality 

Monitoring ServiceΩ (DQMS) since 2021 aimed at monitoring 

the data availability and quality of the EPOS-GNSS data. In 

2023, this resulted in the acknowledgment of the ORB-KSBΩǎ 

DQMS as a new operational EPOS service and its associated 

portal became an EPOS community portal. The DQMS portal 

presents the tracking performance of 1700+ EPOS-GNSS 

stations and includes a unique set of GNSS data quality 

indicators assessing the EPOS-Db{{ ǎǘŀǘƛƻƴǎΩ ŀǾŀƛƭŀōƛƭƛǘȅ ŀƴŘ 

performance.  

The ORB-KSB is also responsible for computing the EUREF 

reference frame product which consists of multi-year 

coordinate and velocity estimates for the EPN stations. The 

primary goal of this solution is to maintain the ETRS89 which is the European Terrestrial Reference System. 

Because the velocity field and the position time series of the EPN stations are valuable for geophysical 

research, the ORB-KSB provides this solution regularly to EPOS. 

In 2023, the ORB-KSB took over the development of the software package dedicated to the quality 

monitoring of the GNSS data at the GNSS data nodes. 

Coordination and governance activities 

The ORB-KSB plays an active role in the governance of EPOS. In 2023, C. Bruyninx was re-elected as chair 

of the EPOS ERIC Service Coordination Committee. The SCC represents all the EPOS TCSs, as well as the 

Integrated Core Services, and provides support and advice to the EPOS Executive Director. Her 

membership of the EPOS ERIC Executive Committee was also prolonged with one additional year and she 

was re-elected for a second term as chair of the Executive Board of the EPOS Thematic Core Service ΨGNSS 

data and productsΩ. 

In addition, in 2023, the ORB-KSB increased its contribution to EPOS by starting to coordinate the 

development of the software used by the GNSS data nodes.  

In the background, the ORB-KSB continued to manage the EPOS-GNSS station network, attracting GNSS 

stations to share their data with EPOS and help them through the process of integrating their metadata 

and data in EPOS. In 2023, the ORB-KSB attracted more than 300 additional GNSS stations to share data 

with EPOS. 

EPOS-BE 

In 2023, in the frame of the ESFRI-FED SERVE project, the ORB-KSB completely renewed the EPOS-BE 

website providing now an overview of Belgian national and regional research institutes and governments 

providing data and services to a range of thematic domains in EPOS. The ORB-KSB also organized on Nov. 

24, 2023 the webinar ΨMeet EPOS-BEΩ, in collaboration with EPOS ERIC, to make EPOS better known in 

Belgium. 

Figure 14: Belgian GNSS stations discoverable 

through EPOS. 

https://gnssquality-epos.oma.be/
https://gnssquality-epos.oma.be/
https://www.epos-be.eu/
https://www.epos-be.eu/
https://www.epos-be.eu/webinar.php
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Belgian Legal Time and the Definition of the Second 

While the legal time in Belgium was defined in a law of 1892 as the mean solar time in Greenwich, and 

then redefined in the law of 2018 as being the Universal Time Coordinated (UTC), there was still a gap in 

our legislation concerning the accessibility to the legal time.  

Indeed, UTC is not a physical signal available in real time. UTC is an average of about 450 atomic clocks 

distributed in about 80 time laboratories around the world including the one of the Royal Observatory of 

Belgium (ORB-KSB). UTC is computed only once per month for the previous month. Each time laboratory 

therefore maintains a realization of UTC which is a physical clock whose frequency is adjusted to create a 

physical signal closely aligned on UTC. At the ORB-KSB, we maintain such a realization and call it UTC(ORB), 

which deviates from UTC by no more than 5 nanoseconds.  

On October 20, 2023, a Royal Decree was published in the Belgian Official Journal (Belgisch Staatsblad/ 

Moniteur belge), specifying that the ORB-KSB and the Metrology Service are responsible for the realization 

and dissemination of legal time. UTC(ORB) is therefore now the source of Legal Time for Belgium.  

UTC(ORB) is currently disseminated via internet through the protocol NTP, allowing the user to get 

UTC(ORB) with millisecond accuracy. The ORB-KSB started this year a project named BOOSTED, for ΨBelgian 

Optical network for Optical frequency Standards and TimE DisseminationΩ, aiming at the dissemination of 

time and frequency via optical fibers, allowing future research centers to receive the UTC(ORB) at the 

nanosecond level, and a frequency whose relative stability should be below 10-17 in the coming years.   

 

Figure 15: Atomic clocks in the Time Laboratory of the ORB-KSB. 

In parallel, the scientists of the ORB-KSB take part in the work of the Consultative Committee for Time and 

Frequency (CCTF) Task Force on the redefinition of the SI Second. The current definition of the second 

relies since 1967 on the cesium atom hyperfine transition frequency. Cesium primary frequency standards 

are currently realizing this unit with a relative frequency uncertainty at low 10-16 level, but in the two last 

decades they have been surpassed by optical frequency standards (OFS) showing much lower 

uncertainties, currently 2 orders of magnitude better. The accuracy of frequency measurements is, 

therefore, limited by the current definition, rather than being limited by the technological level reached 

by the most advanced scientific teams.  

The CCTF Task Force is analyzing the various options available: either choosing one single atomic transition 

in lieu of the Cs hyperfine transition and to fix the numerical value of the frequency of this transition, or, 
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choosing a weighted geometrical mean of the frequency of an ensemble of chosen transitions, since so far 

many different atomic transitions already give optical frequency standards with uncertainties near 10-18. 

With this latter, each optical clock based on one of these transitions would provide a primary realization 

of the SI second. The CCTF Task Force has defined in 2023 a ROADMAP towards a redefinition of the second 

(see reference at the end of the article). Some mandatory criteria and ancillary criteria have been 

identified, and their current fulfillment level is estimated, showing the fields that still needed improvement 

(see Figure 16). 

 

Figure 16: Fulfillment levels of mandatory criteria for the redefinition of the SI Second. 

We can expect that the 28th General Conference of Weights and Measures (CGPM) in 2026 could validate 

a roadmap towards a redefinition in 2030 if there is a consensus on the option to be chosen, and if the 

work to fulfill mandatory criteria is likely to be achievable by 2030. If a redefinition is not possible in 2030, 

it will have to be postponed until the meeting of the CGPM to be held in 2034. 

The most fundamental of the existing scientific applications that will be improved by a redefinition and an 

associated improvement in timing infrastructures are the tests of fundamental physics. These include the 

investigation of physics beyond the standard model and time variation of the fundamental constants, 

searches for dark matter, gravitational wave detection, and more. Better clocks will also enable higher-

precision atomic and molecular spectroscopy as well as improved time synchronization for high-resolution 

telescope arrays and Very Long Baseline Interferometry (VLBI), geopotential monitoring with centimeter 

resolution through the gravitational redshift measured by atomic clocks, quantum networks for quantum 

encrypted communications, and others. 

These emerging fields of research, that already require a better time and frequency accuracy or stability 

than is available today, and applications that promise to transition from research lab into commercial use 

in the next decades, will benefit from the improved accuracy provided by a redefinition. 

Reference: Dimarcq et al., Roadmap towards the redefinition of the second, Metrologia 61 012001 (2024). 

https://doi.org/10.1088/1681-7575/ad17d2  

  

https://doi.org/10.1088/1681-7575/ad17d2


 

  

 26 

 

Earth and Planetary Science 
Meteorite in and Dinos out: How impact-generated dust 
doomed the dinosaurs 

 

Figure 17: North Dakota in the first months following the Chicxulub impact event 66 million years ago, showing a dark, dusty, 

and cold world in which the last non-avian dinosaurs, illustrated with a Dakotaraptor steini, were on the edge of extinction. 

Artwork by Mark A. Garlick. 

The Chicxulub meteorite impact triggered a global winter, which led to the demise of non-avian dinosaurs 

and of around 75% of species on Earth at the Cretaceous-Paleogene (K-Pg) boundary 66 million years ago. 

However, what effect the various types of debris ejected from the impact crater had on the climate has 

been debated, and which exact mechanism steered the mass extinction remains unclear to date.  

A groundbreaking paper in Nature Geosciences led by scientists from the Royal Observatory of Belgium 

(ORB-KSB) showcases that the micrometric silicate dust released by the Chicxulub crater formation in the 

Yucatan is the prime factor causing the demise of non-avian dinosaurs and the Cretaceous Paleogene mass 

extinction 66 million years ago. Field measurements and in-situ grain size analysis were used in an in-house 

paleoclimate model, revealing that the fine dust blocked sunlight for years, drastically cooled the whole 

planet (by about 15 °C), strongly reduced photosynthesis on Earth, and disrupted the food chain on land 

and in the oceans. The dust caused a twenty-year-long impact winter, with no vegetation growing during 

the first two years.  

The study introduced, for the first time, a coherent mechanism that triggered the deadly impact winter 

that led to EarthΩs last major mass extinction, based on sedimentological and grain size measurements 

of the impact layer on the Cretaceous-Paleogene layer in North America. The sun-blocking effect of 

impact-generated dust was previously thought to be minor in most models in favor of sulfur-bearing gas 

or soot from wildfires. This research shows that the micrometric silicate dust lingered in the atmosphere 

much longer and was by far the most efficient in stopping photosynthesis. 
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Furthermore, short-term impact cooling due 

to the massive release of sulfur-bearing 

gases originating from rock vaporization is 

hypothesized to have been crucial. In a 

recent study in collaboration with the 

Universiteit Gent (UGent) and the VUB 

(Rodiouchkina et al. 2024), the amount of 

impact-released sulfur was estimated for the 

first time. Relying on the isotopic 

composition of sulfur within the impact 

structure and in a set of terrestrial K-Pg 

boundary ejecta sites, the value of 67 ± 39 

gigatons obtained is nearly 5-fold lower than 

recent numerical estimates but concurs with 

numerical estimates from the 1990s. This 

unique data is incorporated into a 

paleoclimate model by ORB-KSB scientists to 

reassess post-impact climatic responses of S. 

The lower mass of S-released implies global 

average surface temperatures above 

freezing point with key implications for 

species survival during the first years following the Chicxulub asteroid impact. 

 

Figure 19: Paleoclimate model simulations demonstrate the rapid dust transport across the planet, indicating that the Paleogene 

world was encircled by the silicate dust ejecta within a few days following the Chicxulub impact event. 

Understanding the dust transport, whether impact-generated or naturally occurring, is not just essential 

ŦƻǊ ŘŜŎƛǇƘŜǊƛƴƎ ƻǳǊ ƘƻƳŜ ǇƭŀƴŜǘΩǎ Ǉŀǎǘ ŜŎƻǎȅǎǘŜƳǎΦ Lǘ ŀƭǎƻ ǇǊƻǾƛŘŜǎ ǎƛƎƴƛŦƛŎŀƴǘ ƛƳǇƭƛŎŀǘƛƻƴǎ ŦƻǊ Řǳǎǘȅ 

worlds in a broader context, like Mars experiencing extreme dust storms, or even farther cosmic 

landscapes, such as Titanςthe largest moon of Saturn. 

 

Figure 18: Conceptual model of the Chicxulub impact plume showing 

different stages of production, transport, and deposition of coarse and 

fine-grained impact-generated ejecta, not to scale (Senel et al., 2023). 
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The way they feel inside: mapping asteroids interiors 
from their gravity field 

In a recent Icarus article, ORB-KSB scientists proposed a new approach to constrain the distribution of the 

mass within an asteroid or a comet given measurements of its gravitational potential. Understanding the 

interior structure and composition of a small body can help to constrain its origin and history, which is 

closely related to the history of the Solar System itself. The gravitational potential is a direct expression of 

the mass distribution and can be measured by tracking its perturbations on a spacecraft trajectory. 

Typically, these measurements are good at determining the gravitational potential at large spatial scales 

but are limited in spatial resolution. Therefore, our mapping of internal heterogeneities is itself bound to 

be limited in resolution. 

The main limitation to the knowledge we can infer about the interior comes, however, from the non-

uniqueness of the problem, meaning that there are multiple mass distributions providing the same 

gravitational potential. It is not much different than trying to guess depth information from a photograph 

(quite blurred, in our case): we can never really be sure that what we see is not a distant bona fide giant 

holding up the tower of Pisa. Much like in that situation we would resort to our knowledge about average 

heights of people and monumental structures to inform our guess, here we need to introduce some prior 

knowledge to hope and reach a reasonable conclusion.  

Our main assumption is that the inside of the body is like a tangram puzzle, divided into a few regions of 

uniform density which are separated by sharp boundaries. The novel aspect of our approach is that, along 

with the density within each region, it allows one to estimate any shape for these boundaries. This is 

possible thanks to the level-set method, a framework popular across various fields: notably, its use is 

common in the inversion of Earth local-gravity data for the imaging of subsurface structures, like mineral 

deposits. However, to the best of our knowledge, the level-set method had never been applied to the 

global gravity inversion of other bodies. 

 

Figure 20: ¢ƘŜ ƛƭƭǳǎǘǊŀǘƛƻƴ ŘŜǇƛŎǘǎ ά! ǾƻȅŀƎŜ ǘƘǊƻǳƎƘ Řǳǎǘȅ 

ǘǳǊōǳƭŜƴŎŜ ƻƴ aŀǊǎέ ό/ŜƳ .ŜǊƪ {ŜƴŜƭΣ tƘ5 ¢ƘŜǎƛǎΣ нлноύΦ 

https://doi.org/10.31223/X5M99H
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Figure 21 shows an example of the 

performance of our approach in an ideal 

scenario of noise-free and high-resolution 

simulated measurements. Starting from a 

generic initial model, the iterative method 

adjusts the densities and the shapes of the 

physical boundaries to better fit the gravity 

data and converges to an interior model 

very similar to the ground truth (the 

density distribution used to generate the 

synthetic observable phenomenons).  

In a realistic case, however, there are several complications to this ideal scenario. To cite a few: the model 

itself will never be composed exactly of regions of uniform density as in our assumption; the gravity data 

will be spoiled by noise and limited in spatial resolution; the shape of the body will not be perfectly known. 

As an example, Figure 22 shows the degradation in the accuracy of the retrieved distribution when the 

resolution of the gravity is reduced, varying from the highest to the lowest resolution that can be expected 

from a spacecraft encounter. We performed a sensitivity study of the performance of the method with 

respect to all these factors. The results proved the model to be robust with respect to noise in the data 

and uncertainties in the body shape, and to be able to detect shallow heterogeneities if their size is larger 

than the gravity spatial resolution and their density contrast higher than about 5%. These thresholds 

become higher for deeper heterogeneities, as also seen in Model 2 of Figure 22. Additionally, even in the 

case of more realistic models such as rubble-pile structures or smooth distributions, the method generally 

converges to reasonable approximations of the ground truth. 

 

Figure 22: Retrieved density distributions as a function of resolution of the simulated gravity field. 

Despite our assumptions, the retrieved solution is not guaranteed to be unique, especially with noisy 

measurements of low resolution. We attempt to describe the range of possible density distributions, or 

more poetically Ψexplore the solution spaceΩ, by repeating the inversion multiple times with randomized 

initial models. Computing statistics over the resulting density distributions additionally provides 

uncertainty bounds associated to any detected heterogeneity. 

As validation of the method, we presented its application to the inversion of the real gravity data measured 

by OSIRIS-REx for Bennu, demonstrating that we can retrieve a model compatible with the ring-core 

structure proposed by the OSIRIS-REx team, as long as light constraints demanding a less-dense equatorial 

region are introduced. 

Figure 21: Convergence history for a simple simulation case. 
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Constraints of this kind help mitigate the non-

uniqueness of the inversion, as does 

considering additional (independent) 

measurements. For example, in the case of 

Phobos, we tested the inclusion of the 

amplitude of the forced libration in longitude, 

which is related to the density via the principal 

moments of inertia. Figure 23 shows how the 

addition of the libration observable can be 

helpful in the detection of a nearly spherical 

core, whose size cannot be retrieved from 

gravity alone. 

Ongoing work focuses on expanding the type 

of constraints and measurements that can be 

handled by the software, to make the most out of the set of observations future missions like MMX (to 

Phobos) and Hera (to the Didymos system) will provide. 

Reference: 

Caldiero, A., & Le Maistre, S. (2024). Small bodies global gravity inversion via the level-set method. Icarus, 411, 115940. 

https://doi.org/10.1016/j.icarus.2023.115940.  

Using Fluid Motions Excited in Mercuryõs Core to 
Investigate Its Top Stable Layer 

Introduction 

Mercury, the innermost planet of our Solar System, is an enigmatic planet in more ways than one. It is the 

smallest of the terrestrial planets but has a relatively very large inner core. It is also the only other 

terrestrial planet, besides Earth, that generates its own magnetic field. Interestingly, though, this dipole-

dominated magnetic field is extremely weak, leading researchers to believe that the outermost region of 

the core is stable against convective motions, which reduces the overall strength of the magnetic field and 

filters out most of the non-dipole components. The existence of such a stably stratified layer is supported 

by thermal evolution models, some of which have been developed by the planetary science team at the 

Royal Observatory of Belgium (ORB-KSB; see reference 1 at the end of this highlight). However, the exact 

width of the layer and its stratification strength, quantified by the Brunt-Väisälä frequency N, is still 

unknown.  

Simulating the Core Flow Response to Liberating Motions  

To constrain the internal properties of the stable layer we investigated the flow motions in a numerical 

ƳƻŘŜƭ ƻŦ aŜǊŎǳǊȅΩǎ ŎƻǊŜΣ ōƻǘƘ ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ŀ ǘƻǇ ǎǘŀōƭȅ ǎǘǊŀǘƛŦƛŜŘ ƭŀȅŜǊΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǿŜ ƘŀǾŜ 

calculated the response of the iron fluid in the core to variations in the rotation rate of its rocky mantle. 

Due to its proximity to the Sun and the resulting strong gravitational attraction, Mercury rotates in a very 

peculiar way. Every time it orbits twice around the Sun, it will spin on average only three times around its 

own axis, a so-ŎŀƭƭŜŘ оΥн ǎǇƛƴ ƻǊōƛǘ ǊŜǎƻƴŀƴŎŜΦ ¢ƘŜ ƎǊŀǾƛǘŀǘƛƻƴŀƭ ǘƻǊǉǳŜ ŜȄŜǊǘŜŘ ōȅ ǘƘŜ {ǳƴ ƻƴ aŜǊŎǳǊȅΩǎ 

mantle, which is shaped like a triaxial ellipsoid, will therefore increase and decrease during every orbital 

Figure 23: Impact of adding libration to the simulated dataset on 

the retrieval of a mantle-core model for Phobos. 

https://doi.org/10.1016/j.icarus.2023.115940
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period of 88 days. This also causes the rotation of 

the mantle to speed up and slow down over an 

88-day period. These periodic variations in the 

average rotation rate are called librations and 

form the basis of our study. This non-constant 

rotation of the mantle excites a flow in the core, 

which we have investigated using the numerical 

tool Kore, developed at the Royal Observatory 

(see reference 2 at the end of this highlight).  

In a study published last year in the Planetary 

Science Journal (see reference 3 at the end of this 

highlight), we showed that there is a clear 

difference between the librationally excited flow 

in a core with or without a stably stratified layer. 

In the latter case of a neutrally stratified core, 

fluid motions are free to travel all the way down 

to the inner core boundary (see Figure 24(a)), whereas in the former case when a stable layer is present 

at the top of the core, the fluid motions are confined near the outer boundary (Figure 24(b)). It turns out 

that the stratified layer strongly damps radial motions in favor of horizontal motions, a mechanism that is 

almost exclusively determined by the strength of the stratification N. This means that we would be able to 

constrain the strength of the stable layer, if we can observe the signature of the horizontally confined flow.  

Negligible Effect of the Flow in the Core on the Libration Amplitude 

Even though direct observation of the flow in the core is impossible, there are two ways that we might still 

ƛƴŘƛǊŜŎǘƭȅ ƻōǎŜǊǾŜ ǘƘŜ ƭƛōǊŀǘƛƻƴŀƭƭȅ ŜȄŎƛǘŜŘ ŦƭƻǿΣ ōȅ ƭƻƻƪƛƴƎ ŀǘ ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ ŜƛǘƘŜǊ ǘƘŜ ǇƭŀƴŜǘΩǎ Ǌƻǘŀǘƛƻƴ 

or its magnetic field. First, we tested the effect of the core flow on the rotation of the mantle. Just as 

angular momentum of the mantle motion can be transferred to the core, so can angular momentum of 

the resulting fluid motion also be transferred back to the mantle. In the case of Mercury, this can, for 

example, be done via the viscous 

torque, where fluids near the outer 

boundary viscously drag the mantle 

along, or via the electromagnetic 

torque, where the differential 

motion between core and mantle 

causes the magnetic field lines to 

stretch and produce a Lorentz force 

on the bottom of the conducting 

mantle. Our calculations show, 

however, that both the viscous and 

the electromagnetic torques 

contribute very little to the rotation 

of the mantle. In fact, the combined 

effect of viscous and 

electromagnetic torques changes 

Figure 24: The kinetic energy of the simulated core flow with 

(right) and without (left) a stably stratified layer. 

Figure 25: Viscous and electromagnetic torques acting on MercuryΩs mantle. 
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the libration amplitude by less than 50 centimeters, which is far below the current and future 

observational precision.  

This nevertheless strengthens and confirms the prevailing assumption that the outer core flow does not 

need to be considered in libration studies that estimate internal properties from libration measurements.   

Observable Structure in the Magnetic Field Produced by the Flow in 
the Core, Given a Strong Enough Stable Layer 

A different picture emerges when 

examining the magnetic field that is 

induced by the librationally excited 

core flow. For the low-viscosity regime 

ƻŦ aŜǊŎǳǊȅΩǎ ŎƻǊŜΣ ǘƘŜ horizontal flow 

ƴŜŀǊ aŜǊŎǳǊȅΩǎ ƻǳǘŜǊ ōƻǳƴŘŀǊȅ Ŏŀƴ 

become extremely strong for strongly 

stably stratified layers. Strong enough 

to induce a magnetic field of several 

nanoteslas if the ratio of the Brunt-

Väisälä frequency to the rotation 

frequency is larger than 100. This 

magnetic field would be non-

axisymmetric with an 88-day 

periodicity, similar, of course, to the 

libration period. While recent 

ǊŜŎƻƴǎǘǊǳŎǘƛƻƴǎ ƻŦ aŜǊŎǳǊȅΩǎ 

magnetic field, based on magnetic 

field observations by the MESSENGER satellite, hint at such a non-axisymmetric field structures the 

observational precision so far is too low to draw any conclusions.  

¢Ƙƛǎ ŎƻǳƭŘ ŎƘŀƴƎŜ ǿƛǘƘ ǘƘŜ ŀƴǘƛŎƛǇŀǘŜŘ нлнр ŀǊǊƛǾŀƭ ƻŦ ǘƘŜ .ŜǇƛ/ƻƭƻƳōƻ Ƴƛǎǎƛƻƴ ƛƴ aŜǊŎǳǊȅΩǎ ƻǊōƛǘΦ 

Magnetic field measurements are expected to significantly improve and could result in an observation of 

the 88-day periodic non-axisymmetric magnetic field provided, of course, that the stratified layer is strong 

enough. At the very least the new measurements could provide an upper limit on the stratification 

strength at the top of aŜǊŎǳǊȅΩǎ ŎƻǊŜΦ  

Refererences: 

(1) Knibbe, J. S., & Van Hoolst, T. (2021). Modelling of thermal stratification at the top of a planetary core: Application to the cores 

of Earth and Mercury and the thermal coupling with their mantles. Physics of the Earth and Planetary Interiors, 321, 106804. 

(2) Rekier, J., Trinh, A., Triana, S. A., & Dehant, V. (2019). Inertial modes in near-spherical geometries. Geophysical Journal 

International, 216(2), 777-793. 

(3) Seuren, F., Triana, S. A., Rekier, J., Barik, A., & Van Hoolst, T. (2023). 9ŦŦŜŎǘǎ ƻŦ ǘƘŜ [ƛōǊŀǘƛƻƴŀƭƭȅ LƴŘǳŎŜŘ Cƭƻǿ ƛƴ aŜǊŎǳǊȅΩǎ CƭǳƛŘ 

Core with an Outer Stably Stratified Layer. The Planetary Science Journal, 4(9), 161. 

Figure 26: Induced magnetic field strength by the librationally excited flow. 



 

  

 33 

 

Flow at the Earthõs core-mantle interface 

¢ƘŜ 9ŀǊǘƘΩǎ ƳŀƴǘƭŜ Ǌƻǘŀǘƛƻƴ ŀȄƛǎ ǇǊŜŎŜǎǎŜǎ ǎƭƻǿƭȅ ǿƛǘƘ ŀ 

period of about 26,000 years. The rotation axis of the 

9ŀǊǘƘΩǎ ŦƭǳƛŘ ŎƻǊŜ ƭŀƎǎ ŀ ōƛǘ ōŜƘƛƴŘ ǘƘŀǘ ƻŦ ǘƘŜ ƳŀƴǘƭŜΣ ŀ 

motion that geodesists call the Free Core Nutation 

(FCN). The resulting differential motion between the 

mantle and the fluid core constitutes a nearly diurnal 

periodic flow (as seen from the mantle) with a velocity 

around 4 mm/s that exceeds any other flow velocity 

inside the fluid core. This flow at the core-mantle 

interface has the potential to become turbulent and 

therefore to dissipate energy efficiently. The observed 

decay rate, or damping, of the FCN might have therefore 

an important contribution resulting from the energy 

dissipated in that turbulent flow. To answer this 

question, scientists of the ORB-KSB simulated the FCN flow in a local region at different latitudes to 

determine the amount of turbulence that might be generated. The study indicated that the flow becomes 

unstable, and that the associated energy dissipation is about twice as much as if the flow was laminar, but 

ǎǘƛƭƭ ƴƻǘ ŜƴƻǳƎƘ ǘƻ ŎƻƴǘǊƛōǳǘŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ǘƻ ǘƘŜ ƻōǎŜǊǾŜŘ C/bΩǎ ŘŀƳǇƛƴƎΦ 

Reference: Sheng-An Shih, Santiago Andrés Triana, Jérémy Rekier, Véronique Dehant, Turbulent dissipation in the boundary layer 

of precession-driven flow in a sphere. AIP Advances 1 July 2023; 13 (7): 075025. https://doi.org/10.1063/5.0146932  

The electrical field between two media with sliding 
contact 

Lƴ ǎǘǳŘƛŜǎ ƻŦ ǘƘŜ Ŧƭƻǿ ƛƴǎƛŘŜ ǘƘŜ 9ŀǊǘƘΩǎ ŎƻǊŜ, it is 

sometimes assumed that the fluid slides without 

any viscous drag over the core-mantle interface. 

Actually, since viscosity is always present, there is 

a thin fluid layer that sticks to the mantle, called the 

viscous boundary layer. The presence or not of 

viscous drag can have a profound impact on the 

behavior of the electromagnetic coupling between 

the fluid core and the mantle. We showed that the 

electromagnetic boundary conditions that are 

typically used in the literature, though correct, are 

based on a physically inconsistent assumption. 

It is often assumed that the fluid can slide with no effort with the electric and magnetic field lines behaving 

as if there was viscous drag. This is physically inconsistent, but we showed that it can be safely used to 

ǎǘǳŘȅ ǘƘŜ Ŧƭƻǿ ƛƴ ǘƘŜ 9ŀǊǘƘΩǎ ŎƻǊŜΣ ǿhere models find it impractical to include any viscosity in the flow.   

Reference: Rekier, Jérémy & Triana, S. & Trinh, A. & Buffett, B. (2023). Electric interface condition for sliding and viscous contacts. 

Physical Review Research. 5. 10.1103/PhysRevResearch.5.033029. https://doi.org/10.1103/PhysRevResearch.5.033029  

Figure 27: The flow at the core-mantle boundary becomes 

turbulent as the Reynolds number (a measure of the flow 

strength) increases. 

Figure 28: A rotating cylinder in a magnetized fluid drags the 

magnetic field lines (left) if the fluid is viscous, while no 

magnetic field is induced in the cylinder (right) if the fluid slides 

without friction. 

https://doi.org/10.1063/5.0146932
https://doi.org/10.1103/PhysRevResearch.5.033029
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The impact of Core-mantle topography on the Length of 
Day 

We explored how topography at the core-mantle boundary (CMB) of the Earth affects changes in the 

EarthΩs Length of Day (LOD). Building on the seminal work by Wu & Wahr (1997), we developed innovative 

analytical methods to study how these deep interior features interact with the flow inside the EarthΩs liquid 

core. We demonstrated that the CMB topography can excite inertial modes, a type of fluid motion that 

Ƙŀǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ǘƻ ŀƳǇƭƛŦȅ ƳŀƴǘƭŜΩǎ Ƴƻǘƛƻƴ ŀǘ ǎǇŜŎƛŦƛŎ ŦǊŜǉǳŜƴŎƛŜǎΦ 

The team discovered that although amplification is theoretically possible near the frequencies of the 

diurnal, biweekly, and monthly tides, the resulting amplitude is small but produces a noticeable effect on 

ǘƘŜ 9ŀǊǘƘΩǎ [h5Σ Ƨǳǎǘ ŜȄǇƭŀƛƴƛƴƎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ƻōǎŜǊǾŀǘƛƻƴ ŀƴŘ ǘƘŜ ǘƘŜƻǊȅ ǿƛǘƘƻǳǘ 

topographic torque at the CMB. This finding helps answer the long-standing question about the impact of 

CMB topography on LOD variations. Scientists from the ORB-KSB involved in this research are now 

adapting these techniques to further study nutations. 

Reference: Puica, Mihaela & Dehant, Véronique & Folgueira, Marta & Van Hoolst, Tim & Rekier, Jérémy (2023) Analytical 

computation of total topographic torque at the coreςmantle boundary and its impact on tidally driven length-of-day variations. 

Geophysical Journal International 234, 585ς596. https://doi.org/10.1093/gji/ggad077  

  

https://doi.org/10.1093/gji/ggad077
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Solar Physics 
EUI Onboard Solar Orbiter Discovers Jets that Could 
Drive the Solar Wind 

The solar wind is a steady breeze blowing from the Sun into interplanetary space at speeds of hundreds of 

km/s. The fastest gusts of solar wind gusts can drive geomagnetic storms and come from special locations 

in the solar atmosphere called coronal holes. ¢ƘŜǎŜ ŀǊŜ ŀǊŜŀǎ ǿƘŜǊŜ ǘƘŜ {ǳƴΩǎ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ǎǘǊŜǘŎƘŜǎ ƻǳǘ 

in space instead of looping back onto itself. The Extreme Ultraviolet Imager (EUI), part of the Solar Orbiter 

mission and operated by the Royal Observatory of Belgium (ORB-KSB), has given a close-up view of these 

coronal holes like never before. One of its telescopes, the HRIEUV (High Resolution Imager in the EUV), 

snapped images on March 30, 2022, every 3s during 30 min with pixels corresponding to roughly 120 km 

on the Sun (see Figure 29 below). The Sun is the only star whose atmosphere we can observe in such detail, 

but it is likely that what we learn about the Sun is relevant for the other stars as well. 

 

Figure 29: The south pole of the solar corona as imaged by EUI onboard Solar Orbiter. The darker area corresponds to a coronal 

hole where the magnetic field does not return to the Sun and from where the fast solar wind is emanating. We also see large jet-

like eruptions (white boxes), caused by magnetic activity on the SunΩs surface. These eruptions create streams of solar material 

along magnetic field lines.   

Large jet-like eruptions are frequently seen in the solar corona. They are understood as events in which a 

ǎƳŀƭƭ ƭƻŎŀƭ ƳŀƎƴŜǘƛŎ ƭƻƻǇ ǊŜŎƻƴƴŜŎǘǎ ǿƛǘƘ ǘƘŜ ŀƳōƛŜƴǘ ΨƻǇŜƴΩ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘ ƭƛƴŜΦ Lƴ ǘƘŜ ǇǊƻŎŜǎǎ, an 

eruptive flow is created along the open magnetic field line and potentially contributes to the solar wind. 

But itΩs not just the big events that catch our attention. The Solar Orbiter mission has unveiled something 

newςminiature jets, lasting only 20 to 100s, and spanning just a few hundred kilometers wide. Despite 

their small size and brief lifespan, these jets propel solar material at astonishing speeds, up to hundreds 

of km per second. 

Finding these tiny jets was not easy. Given the small dimensions and short timescales, the smallest events 

are not resolved, not even with the state-of-the-art HRIEUV performance. Also, as these events are close 
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to the instrument noise level, it is very hard to detect them by software. The data was therefore scanned 

manually and careful visual checking revealed 120 jets. 

  

Figure 30: Some examples of the newly discovered miniature jets. The images on the left and right have an inverted color table 

such that the bright jets are seen as dark features. As these small jets are close to the spatial resolution of the instrument and 

barely stand out of the noise, it is hard to see the individual motions. A special technique was therefore employed for the graphs 

in the middle panel: The red and blue curve are the light curves of the respective squares on the left. One can see that the foot 

points (in red squares) brighten systematically earlier than the jet tops (blue squares). 

Based on these 120 jets, an analysis was performed on the morphology (Y-shaped jets, linear jets), the 

origin (so-called plume and inter-plume regions), and the mass and energy flux. It was estimated that these 

jets have an energy content of 1017 J (1024 erg), which is 1012 times smaller than the larger flares. Therefore, 

these jets have been baptized Ψpicoflare jetsΩ. Further, conservative estimates revealed that the picoflare 

jets can account for at least 20% of the solar wind mass flux and energy flux of the solar wind from coronal 

holes. This estimate is considered a lower limit as there is little doubt that smaller, yet more frequent, 

unresolved events are hiding in the data. 

During the time these observations were conducted, the solar corona exhibited what is known as a Ψsolar 

minimum configurationΩΦ This phase is marked by the presence of large coronal holes at each pole of the 

Sun, forming an overarching dipole structure in the solar magnetic field. As we edge closer to solar 

maximum, this orderly dipole structure breaks down into numerous smaller dipoles known as active 

regions, and with coronal holes appearing anywhere on the solar surface. 

Looking ahead to the later years of the Solar Orbiter mission, around 2030, we anticipate the return of 

solar minimum conditions, characterized by coronal holes reappearing at the poles. However, by that time, 

plans are in place to tilt the satelliteΩs orbit out of the ecliptic plane by more than 30 degrees. This 

adjustment opens exciting possibilities. It will enable us to revisit these observations and study the 

picoflare jets from a different vantage pointςa more top-down perspective rather than the current 

sideways view. By changing our angle of observation, we can gain fresh insights into the behavior of these 

miniature solar phenomena, enriching our understanding of the Sun dynamic processes. 

This research was published in Science (Chitta, Zhukov, Berghmans et al., Sci 381, 867-872) and advertised 

in a press release by the ESA and by the STCE. 

https://www.esa.int/Science_Exploration/Space_Science/Solar_Orbiter/Solar_Orbiter_discovers_tiny_jets_that_could_power_the_solar_wind
https://www.stce.be/news/661/welcome.html
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Space Weather Operations and Anniversaries 

2023 was a year to look back at the achievements of the Space Weather Operations Team of the Royal 

Observatory of Belgium (ORB-KSB). For many years the ORB-KSB has invested in our aim to become an 

operational space weather centre. Two of the main projects through which we accomplish this and reach 

a large number of users are via the ESA Space Weather Network and the PECASUS consortium. In April 

2023 the SSA Space Weather Coordination Centre (SSCC) of the ESA Space Weather Network celebrated 

10 years since its official inauguration, while in November 2023 it marked officially 5 years since the Council 

of ICAO, the International Civil Aviation Organisation, selected ΨPECASUSΩ as one of the World Centres for 

Space Weather services.  

2013-2023: SSCCð the centre point of a growing network 

The SSCC is located at the ORB-KSB and runs in coordination with our partners at Royal Belgian Institute 

for Space Aeronomy (BIRA-IASB). Originally set up in the context of the Space Situational Awareness (SSA) 

programme in 2013, to provide the first European Space Weather Helpdesk, with operators available to 

answer questions about the SWE Service Network or Space Weather conditions in general. 

 

Figure 31: The ESA Space Weather Service Network with the SSCC at the Centre 

Since 2020, the ESA SSA programme was replaced by ESAΩs Space Safety Programme, which aims at 

mitigating and preventing the impact of hazards from space, protecting our planet, activities and 

infrastructure. At this time ORB-KSB also took over the leadership of the SSCC at the Space Pole from BIRA-

IASB and through these transitions the SSCC has continued to be the focal point of the ESA Space Weather 

Network user support, provision coordination, and the day-to-day monitoring of the continuity and quality 

of the service.  
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The SSCC has led multiple user engagement 

activities in the network over the last 10 

years, of which highlights include providing 

dedicated tailored bulletins to high priority 

users, facilitated by ORB-KSBΩǎ ŜȄǇŜǊǘ 

forecaster team. The SSCC has provided 

bulletins to ESA spacecraft operators 

including from Gaia, Venus Express, Mars 

Express, BepiColombo as well as bulletins for 

spacecraft operators outside ESA and users in 

other sectors such as Aviation, GNSS and 

Power system Operations. 

Since 2013 the SSCC has coordinated more 

than 25 releases of the ESA Space Weather 

Portal: the central location for space weather data and products in Europe. The ESA Space weather portal 

now provides access to more than 300 products provided by more than 50 expert groups. In that time the 

number of users registered to the ESA Space Weather Portal has increased from 80 users in April 2013 to 

over 3600 users in April 2023, highlighting the important work done by the team in raising awareness of 

the network. 

Additionally, the Solar Expert Service Centre in the ESA Space Weather Network, also led by the ORB-KSB, 

continues to develop the functionalities, capabilities and expertise in the domain of Solar Weather that 

are needed within the ESA SWE Network. 

2018-2023: PECASUSð the creation of a 24/7 operational system to 
support civil aviation 

PECASUS is the Pan-European Consortium for Aviation Space Weather User Services, which was selected 

to be one of the 3 world centres to provide operational Space Weather services to the International Civil 

Aviation Organization (ICAO) in 2018. The service has been continuously provided operationally since 

November 2019. 

The countries that make up PECASUS consortium are Finland (Lead), Belgium (advisory generation hub), 

the UK (internal backup), Poland, Germany, Netherlands, Italy, Austria, and Cyprus. 

Since 2019 the Solar-Terrestrial Center of Excellence (STCE) has been acting operationally as the central 

data repository for PECASUS, including continuous monitoring and Advisory Production hub. Our team of 

operators is available on call 24/7, ready to respond and issue warning messages for aviation, based on a 

set of thresholds predefined by ICAO. To achieve prompt and efficient response to any space weather 

events, the space weather operation team created detailed operator procedures and interfaces allowing 

for the operator to quickly and easily assess the data and create Space Weather Advisories in as short a 

time as possible. 

As the primary data centre and monitoring hub within the PECASUS consortium, the STCE has designed 

specific data infrastructure to support regular data inflow from all data-providing partners, post-process 

and display the data on internal interactive operational monitoring dashboards.  

Figure 32: SSCC Room in 2023 

https://swe.ssa.esa.int/
https://swe.ssa.esa.int/
http://pecasus/eu
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Additionally, STCE serves as the Solar Expert Group, the Radiation Expert Group and a data provider for 

models of GNSS impacts.  

Since 2020 an additional 4th world centre was added by ICAO, and the task of providing a space weather 

service for the aviation sector is divided between the four centres in a rotational system with two weeks 

of On Duty Center (ODC) periods, followed by Primary Backup Center (PBS), Secondary Backup Center 

(SBC) and a Maintenance and Observations Centre (MOC).  

 

 

Figure 33: PECASUS for ICAO banner. 

  

Deep Learning Helps scientists in Classifying Sunspot 
Groups 

Solar activity has long been measured by the number of dark spots, called sunspots, appearing on the 

SunΩs surface and visible from the Earth. Sunspots appear in groups as a manifestation of solar magnetic 

activity. The intense magnetic fields embedded within sunspots inhibit convection, cooling the 

corresponding surface regions. Corresponding areas on the solar surface where temperature has been 

reduced as compared to their surroundings appear as dark spots when viewed in the visible continuum 

spectrum, also known as White Light (WL). This enhanced magnetic field is the driving force behind the 

solar variability that influences the space environment of the Earth on a day-to-day basis. Its evolution 

may lead to magnetic reconnection and subsequent energy release, causing solar flares, or coronal mass 

ejections when material is ejected. The morphology of sunspots is correlated with solar flare occurrence 

and has therefore received a lot of attention since the end of the 19th century.   
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The McIntosh classification scheme describes the WL structure of 

sunspot groups. This scheme has three components: the first 

ŎƻƳǇƻƴŜƴǘ Ψ½Ω ŘŜǎŎǊƛōŜǎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ŜȄǘŜƴǘ ƻŦ ǘƘŜ ǎǳƴǎǇƻǘ ƎǊƻǳǇΣ 

ŎƻƳǇƻƴŜƴǘ ΨǇΩ ǇǊƻǾƛŘŜǎ ƛƴŦƻǊƳŀǘƛƻƴ ƻƴ ǘƘŜ ǎƛȊŜ ŀƴŘ ǎȅƳƳŜǘǊȅ ƻŦ ǘƘŜ 

grey ŀǊŜŀ ŀǊƻǳƴŘ ŀ ǎǳƴǎǇƻǘ ŎŀƭƭŜŘ ΨǇŜƴǳƳōǊŀΩΣ ŀƴŘ ŎƻƳǇƻƴŜƴǘ ΨŎΩ ƎƛǾŜǎ 

information on the distribution or compactness of spots within a group. 

This scheme supports several flare forecasting methods based on 

historical records of flares occurring in each McIntosh class. Attributing 

a McIntosh class to a sunspot group is thus fundamental for space 

weather operations. Traditionally such attribution is done manually, a 

time-consuming task prone to errors.  

The USET ground-based station located at the Royal Observatory of 

Belgium (ORB-KSB) provides since 2002 WL images of the Sun. In the 

BRAIN DeepSun project, we employed such WL observations recorded 

from 2002 until 2019 to build ΨSunSCCΩ, a fully automated system 

addressing three essential tasks: the segmentation of sunspots from 

their background, their clustering into sunspot groups, and finally their 

classification according to the McIntosh scheme. The SunSCC pipeline is 

depicted in Figure 35. It takes as input 2048x2048 USET WL images and 

returns as output segmentation masks of individual sunspots as well as 

sunspot groups and their McIntosh classification, to which a reliability 

factor is attributed.   

The first block in SunSCC deploys a convolutional neural network (CNN) 

ǿƛǘƘ ŀ Ψ¦-ǎƘŀǇŜΩΦ ¢ƘŜǎŜ ǎƻ-called U-net architectures have proved 

efficient in segmenting images in various fields such as medical imaging and natural images analysis. Their 

weights or parameters are estimated during a training phase, which requires a first assessment of 

segmentation masks. The latter are typically provided by a traditional, unsupervised, segmentation 

method involving a thresholding on the WL intensity image. Having a unique threshold is, however, not 

optimal, as the level of illumination may differ locally e.g. due to the presence of clouds or atmospheric 

seeing. Our solution was to train the CNN using three different segmentation masks corresponding to 

different thresholds. The trained CNN is then able to segment small and large sunspots more accurately 

than traditional methods.  

Figure 34: Representation of the Z 

component in the McIntosh scheme, 

describing the longitudinal extend of 

sunspot groups, and the process of 

development (class A to F) and decay 

(class H) of a sunspot group. 
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Figure 35: SunSCC pipeline for sunspot segmentation, clustering, and classification. Full-disc images with a resolution of 

2048×2048 are provided as input. For segmentation, the U-net network comprises 5 levels and 4 downsampling steps in the 

encoding part, and reversely 5 levels and 4 upsampling steps in the decoding part. The detected sunspots are aggregated into 

sunspot groups by a modified mean-shift algorithm. Each identified group is provided along with an angular distance map to a 

classification network composed of a Resnet34 image encoder and three MLPs with 4 hidden layers and Rectified Linear Unit 

(ReLU) activation function. Each MLP is specialised in the classification of one component in the McIntosh system. 

The second block receives as input the segmentation map from the first block and aggregates the detected 

individual spots into sunspot groups. We developed a tailored clustering method based on the mean-shift 

algorithm. It exploits local gradients of a density function to find modes, corresponding to clusters of spots. 

We employed anisotropic kernels to estimate this density function, to account for the fact that sunspots 

groups are more elongated in longitude than in latitude. We matched sunspot groups bounding boxes 

from the USET sunspot group catalogue with bounding boxes found by the mean-shift algorithm and 

obtained that 80% of USET sunspot groups were correctly recovered by our clustering method.  

An identified sunspot group is provided to the third block, together with its angular distance map, for 

classification task. This third block is composed of an image encoder followed by three Multi-Layer 

Perceptrons (MLP), one for each component of the McIntosh scheme. More precisely, our classifier relies 

on a convolutional backbone with 34 layers called ResNet34 to encode the visual information associated 

to the sunspot group to be classified. Output of the ResNet34 is given as input to three MLPs. To mimic 

the dependency of the p- and c-components on the Z-component, the MLPs are organised hierarchically 
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so that the output of ὓὒὖ is concatenated with the output of ResNet34 and given as input to ὓὒὖ and 

ὓὒὖ.  

To obtain a measure of confidence in the chosen class, we adopt the precepts of ensemble learning. 

Multiple instances of the classification network are initialised with different seeds and trained 

independently, to produce multiple classifiers. For each sunspot group, we obtain a pool of predictions, 

which are then combined into one single output via a majority vote. Inconsistencies across the ensemble 

of classifiers are a valuable clue to identify misclassification by the majority vote: we observed that correct 

ensemble prediction has low discrepancies among the votes, while incorrect ensemble predictions have 

their votes more distributed among the classes. This CNN-based classifier shows comparable performance 

to methods using continuum as well magnetogram images recorded by instruments onboard space 

mission. We plan to have the SunSCC pipeline running at ROB and producing daily sunspot masks, 

grouping, and classification. This will constitute an aid to space weather operators and allow quality 

control on the USET sunspot group catalogue.   

This research was published in Journal of Geophysical Research: Space Physics (Sayez, De Vleeschouwer, 

Delouille, Bechet, Lefèvre, JGR: Space Physics 128, doi: 10.1029/2023JA031548) 

  

https://agupubs.onlinelibrary.wiley.com/doi/10.1029/2023JA031548
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Astronomy and Astrophysics 
Webb observations of the Ring Nebula 

In 2023, an international team including two observers from the ORB-KSB published results from a set of 

infrared images and spectra of the Ring Nebula (NGC 6720) obtained with the James Webb Space 

Telescope (JWST) in 2022. The sensitivity and high angular resolution of the JWST instruments allowed the 

nebula to be observed in unparalleled detail, resulting in stunning images (Figure 36) and a scientific paper 

(Wesson et al. 2023). 

 

Figure 36Υ b!{!Ωǎ W²{¢ ƛƳŀƎŜ ƻŦ ǘƘŜ wƛƴƎ bŜōǳƭŀΦ ¢Ƙƛǎ ƛƳŀƎŜ ŎƻƳōƛƴŜǎ ƳǳƭǘƛǇƭŜ aLwL ƛƳŀƎŜǎΦ Lǘ highlights the dense globules 

όǘƘŜ άƎǊŀƛƴȅέ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ Ƴŀƛƴ ǊƛƴƎύ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜ ǎǇƛƪŜǎ ŀƴŘ ŎƻƴŎŜƴǘǊƛŎ ŀǊŎǎ ƛƴ ǘƘŜ ƻǳǘŜǊ Ƙŀƭƻ ƻŦ ǘƘŜ ƴŜōǳƭŀ όǎƘƻǿƴ ƛƴ blue). 

The color in the image results from assigning different colors to each individual filter. In this case, the assigned colors are:  

Purple: F560W, Blue: F770W, Cyan: F1000W + F1130W, Green: F1280W + F1500W, Yellow: F1800W, Orange: F2100W, Red: 

F2550W. Credit: ESA/Webb, NASA, CSA, M. Barlow (UCL), N. Cox (ACRI-ST), R. Wesson (Cardiff) 

The Ring Nebula is a planetary nebula about 2600 light-years from Earth. It formed when a dying red giant 

star, somewhat heavier than the Sun, shed its outer layers into space, leaving a hot white dwarf at the 

center which then ionized the gas expelled before. The Ring Nebula is an old planetary nebula, meaning 

that all nuclear reactions in the white dwarf have now ceased and that it is currently cooling by radiating 

away the heat trapped in its interior. 

Lǘ ǿŀǎ ŀƭǊŜŀŘȅ ƪƴƻǿƴ ǘƘŀǘ ǘƘŜ wƛƴƎ bŜōǳƭŀ ŎƻƴǘŀƛƴŜŘ Ƴŀƴȅ ŘŜƴǎŜ άƎƭƻōǳƭŜǎέΥ ǎƳŀƭƭ ǇƻŎƪŜǘǎ ƻŦ ƴŜǳǘǊŀƭ ŀƴŘ 

molecular gas that are surrounded by ionized gas. These are a common occurrence in old planetary 

nebulae like the Ring Nebula.  Their origin is however still a matter of debate.  The rival theories can roughly 

be divided into two groups, one saying that the molecules in these globules are a remnant of the red giant 

phase and somehow avoided being destroyed by the hot white dwarf until the present day, while the other 

states that the globules formed later, after the nuclear reactions stopped and the white dwarf started 


































































































