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Cover illustration: Photo of the solar dome of the Royal Observatory of Belgium in Uccle, with a mosaic
image of the Sun taken by the EUI telescope on board Solar Orbiter during the 2022 Space Pole Open Day.
Credit: Royal Observatory of Belgium.



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/
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End of the COVID-19 Regulation and War in Ukraine

The year 2022 coincided with the relaxation of the COVID-19 restrictions and a massive return to work,
with a minimum required presence of two days per week at the office. Since March 2022, the staff of the
ORB-KSB at least have to come to the office twice a week. In consequence of the war in Ukraine that
started on February 24, 2022, the Belspo Management Committee, comprising the ORB_KSB suspended
science collaboration with Russian and Belarussian entities for an indefinite period. That included the
second ExoMars mission, in which the ORB-KSB takes part with their LaRa instrument. Hence, the 2022
LaRa and ExoMars outreach campaign, coordinated by the Communication Service and the LaRa Team,
was put on hold since the end of February 2022.

Tribute to Eric Elst

In January 2022, the ORB-KSB was informed of the passing away on 2
January 2022 of one of its former collaborators,

Eric Elst was a prolific astronomer and was known for his research on
asteroids. With 3760 asteroids discovered by him —a number that will still
increase fairly in the future —he holds the worldwide record as the
discoverer of the largest number of asteroids by a single individual. He was
also the co-discoverer of the comet Elst-Pizarro, which later got the dual
status of comet and asteroid.

As a tribute to its former colleague, the ORB-KSB gave on its website a full
biography of Eric Elst and his achievements.

Figure 1: Photo of Eric Elst.

Two asteroids discovered in Uccle named after two
colleagues of the ORB-KSB

On 20 December 2021 and then on 17 January 2022, the International Astronomical Union named two
asteroids after two colleagues from the ORB-KSB. They are Michel Van Camp, head of the Seismology and
Gravimetry service and researcher in gravimetry, and Anne Vandersyppe, former secretary of the Solar
Physics and Space Weather Service, who passed sadly passed away in 2019.

These two asteroids, now named (385205) Michelvancamp and (315579) Vandersyppe, were discovered
in Uccle by Thierry Pauwels and Peter De Cat, respectively, both astronomers at the ORB-KSB.

The recent naming of these two asteroids is an opportunity to honour the direct and indirect contribution
of our two colleagues to science. It highlights Michel Van Camp’s expertise in gravimetry, the science of
measuring gravity and its variations. One of his lines of research consists in studying the variations in
gravity caused by changes of groundwater masses. For example, he has shown that tree
evapotranspiration modifies gravity on hot summer days.



https://www.astro.oma.be/en/statement-concerning-ukraine-suspension-of-the-execution-of-collaborations-with-the-russian-federation/
https://www.astro.oma.be/en/statement-concerning-ukraine-suspension-of-the-execution-of-collaborations-with-the-russian-federation/
https://www.astro.oma.be/en/passing-of-eric-elst-former-astronomer-of-the-observatory/
https://www.astro.oma.be/en/passing-of-eric-elst-former-astronomer-of-the-observatory/
https://www.astro.oma.be/en/gravity-variations-induced-by-the-transpiration-of-the-trees/
https://www.astro.oma.be/en/gravity-variations-induced-by-the-transpiration-of-the-trees/

(385205) Michelvancamp = 1999 SUyx
Discavery: 1999-09-21 / T. Pauwels / Uecle / 012

Michel Van Camp (b. 1969) is the head of the Seismology & Gravimetry service at the Royal
Observatory of Belgium, Brussels. He does research in gravimetry, slow tectonic deformations and
hydrological effects on gravity.

Figure 2: Citation for asteroid (385205) Michelvancamp published in the Working Group Small Body Nomenclature (WGSBN)
newsletter of 17 January 2022.

(315579) Vandersyppe = 2008 CH-,;
Diseovery: 2008-02-10/ P. De Cat / Ucele /012

Anne Vandersyppe (1958-2019) was a member of the Solar Physics and Space Weather
department of the Royal Observatory of Belgium. She was a talented management assistant and
event organizer. She wasn't 2 scientist, but the amount of science that happened thanks to her efforts
is incalculable.

Figure 3: Citation for asteroid (315579) Vandersyppe published in the WSGBN newsletter of 20 December 2021.

The naming also highlights the substantial, but often poorly acknowledged, contribution of non-scientists
to the field of research, such as the one of our late colleague Anne Vandersyppe. The corresponding
citation, written by Anne’s close collaborators, contains the following mention: ‘She was not a scientist,
but the amount of science produced through her efforts is incalculable.” Naming an asteroid after her is
thus a very nice way to honour her memory and her undeniable contribution to the work of the ORB-KSB’s
scientists.

The Royal Observatory of Belgium has a rich history and expertise in detecting and measuring the positions
and motions of asteroids and comets. Our institute has counted in its ranks prolific discoverers of asteroids
and comets, such as Eric Elst, who recently passed away (see Highlight on page 8), for comet Elst-Pizarro,
and Sylvain Arend and Georges Roland for comet Arend-Roland.

The asteroids (385205) Michelvancamp and (315579) Vandersyppe were discovered with the ORB-KSB's
Schmidt telescope. This large telescope, with a mirror of 1.2 m diameter, was upgraded in the mid-1990s
by the installation of a CCD camera. Thanks to this camera, more than two hundred asteroids were
discovered. More details on the history of observations with the Schmidt telescope can be found in the
issue 66 of Science Connection (in French or Dutch).

Commemoration of the 30th anniversary of the 1992
Roermond (NL) earthquake

On April 13, 2022, at 3:20 a.m., we commemorated the 30th anniversary of the 1992 Roermond (NL)
earthquake. This earthquake had a moment magnitude (a measure of energy) of Mw = 5.3 and is to date
the strongest instrumentally measured earthquake in NW Europe. The earthquake originated along the
NW-SE oriented Peelrand border fault of the Roer Valley Graben. Due to its large hypocentre depth of 17
km, damage was limited to modern buildings but was considerable for older buildings, with damages
recorded even as far away as Bonn (DE). Two churches in Roermond were heavily damaged. Locally, there
were landslides, river bank collapses and liquefaction (source: KNMI).



https://www.iau.org/static/publications/wgsbn-bulletins/wgsbn-bulletin-2201.pdf
https://www.iau.org/static/publications/wgsbn-bulletins/wgsbn-bulletin-2113.pdf
https://www.belspo.be/belspo/organisation/publ/pub_ostc/sciencecon/66sci_fr.pdf
https://www.belspo.be/belspo/organisation/publ/pub_ostc/sciencecon/66sci_nl.pdf
http://seismologie.be/en/seismology/earthquakes-in-belgium/xq187gr23
http://seismologie.be/en/seismology/earthquakes-in-belgium/xq187gr23

Impact of the Mw 5.3 Roermond (NL) 1992-04-13 earthquake
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Many people in Belgium still remember this event as it took place at night and was felt all over Belgium.
An international seismological consortium (Haak et al. 1994) studied the impact of this event, leading to
the macroseismic map presented below. The event was felt throughout Belgium, the Netherlands,
Luxembourg and Germany, and in northern France, northern Switzerland and even as far away as the
Czech Republic. In the hours, days and weeks following the main shock, more than 200 aftershocks were
recorded.

Publication of the Popular Book ‘Le Soleil et nous’ by
Frédéric Clette

In 2022, a book on the Sun was published in French by Frédéric Clette a researcher at the Royal
Observatory of Belgium. Inspired by his career and his experience in popularising science, he presents in
this book intended for a wide readership a global panorama of the Sun, its multiple influences on our
planet and us, humans, as well as the new dangers it may bring for our present society.
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Fredeéric Clette

Le Soleil et nous

La bible du Soleil

Preface de Bertrand Piccard
FAVREE

Frédéric Clette’s ‘Le Soleil et nous’ (‘The Sun and us’ in English) not only
presents, in a non-technical language, our latest knowledge about the
structure and activity of our star. It also discusses ancient solar myths and
deities, the Sun’s role in the climate, and the links between the Sun and
a wide variety of inexhaustible natural energies: light, heat, wind,
biomass, etc.

Alongside the vital benefits of our star, it also mentions the new dangers
that intense solar flares can pose to our society: the biggest ones can lead
to communication blackouts and global power outages in our electrical
systems. Frédéric Clette points out: ‘Over the past few decades, our
society has evolved in a way that makes us much more vulnerable to solar
activity. Today, almost everything depends on electricity. We have
created a global risk for ourselves that did not exist before.’

More than ever, citizens and political leaders need to know what the Sun

is and what it brings to the Earth. We really need to learn to better adapt our activities, so that we can live

in harmony with our star.

Reference

Frédéric Clette, ‘Le Soleil et nous : Tout comprendre sur notre étoile, de son cceur en fusion jusqu’a la Terre et son climat’, Publisher:
Editions Favre, Lausanne — Paris, 2022, EAN : 9782828918910.

The 25" of October 2022 Solar Eclipse

A partial solar eclipse took place on Tuesday, 25 October
2022 and was partially visible in Belgium. In Uccle, the
eclipse was visible between 11:10 (first contact) and 13:00
(last contact), and its maximum took take place at 12:04 in
Belgian time (UTC + 2 h). From Belgium, it was a small
eclipse, with the Moon covering only about 30% of the
Sun’s diameter during the maximum. This corresponds to
about 19% of the Sun’s surface.

Solar instruments operated by the ORB-KSB observed this
solar eclipse. This is the case with the SWAP camera and the
LYRA radiometer on board of the PROBA2 satellite and the
USET solar telescopes at Uccle.
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The first astronomical liquid mirror telescope sees first
light at the Devasthal observatory

In April 2022, the ILMT (International Liquid Mirror Telescope), located at the Devasthal Observatory in
the north of India, has been used for the first time to observe the sky (see Figure 4). This event, called the
‘first light’, marks the debut of this new telescope.

The Devasthal observatory is a new astronomical site in India, located at an altitude of 2450 metres in the
Kumaun region of the Himalayas in the district of Nainital in the state of Uttarakhand. This observatory is
operated by ARIES (the Aryabhatta Research Institute of Observational Sciences) in Nainital (India) and
currently hosts three telescopes: a 1.3-m optical telescope, the 3.6-m DOT (Devasthal Optical Telescope)
and the 4 m ILMT. The latter two are so-called ‘Indo-Belgian’ telescopes. They are both built by AMOS
(Advanced Mechanical and Optical Systems) and CSL (Liege Space Centre; in French: Centre Spatial de
Liége) in Belgium.

Figure 4: One of the first images from the ILMT, consisting of an overlay of three individual observations in three different colours
of a small portion of the sky containing the galaxy NGC 4274 (upper right corner).

After the closure of the observatory for the monsoon (from June to September) and a commissioning
phase of a few months, the scientific observations of the ILMT are expected to start at the beginning of

________________________________________________________________________________________________|
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2023. Hence, the ILMT is the second large optical telescope with a diameter of 3 to 4 metres that becomes
operational at the Devasthal observatory with access to Belgian astronomers. The ILMT will collect data
for (at least) five years, which allows for performing a deep photometric and astrometric variability survey
of the objects in the ILMT strip.

The ILMT project is a Belgian initiative led by members of the University of Liége (ULiege) in collaboration
with partner institutes in Belgium, Canada, India, Poland, and Uzbekistan. The Royal Observatory of
Belgium (ORB-KSB) was involved in the optical design of the corrector and made a financial contribution
to the CCD camera. Moreover, Peter De Cat, researcher at the ORB-KSB, is the Belgian driving force behind
the Belgo-Indian Network for Astronomy and astrophysics (BINA). The BINA is a network initiated in 2016
to foster collaborations between Belgian and Indian institutes with the aim to make optimal use of the
DOT, ILMT, and other telescopes accessible through these collaborations. It is supported by BELSPO in
Belgium and DST (International Division, Department of Science and Technology) in India. ‘Now that the
ILMT is ready, ’ says Peter de Cat, ‘BINA can finally proceed at full speed.’
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Space Missions and
scientific services




Unique Images of the Sun by the EUI Telescopes

Since its first light in 2020, the Extreme Ultraviolet Imager (EUI) on board Solar Orbiter reveal details in the
Sun that we have never been able to see despite decades of solar observations. In 2022, the EUIl got several
times the opportunity to make images of the Sun with unprecedented details.

On 15 February 2022, the EUI captured a full image of a solar cloud while it was hurled into space. EUI
followed the solar cloud over a distance of 3.5 million km. Never before has a single telescope imaged the
journey of a solar cloud from the early start to this far into space.

SolO/EUI/FSI 304 A

2022-02-15 22:14

Figure 5: EUl image of the solar cloud of February 15, 2022, escaping the Sun. Credit: Solar Orbiter/EUI Team/ESA & NASA.

Shortly after, on March 7, the high-resolution telescope of the EUI made a mosaic image of the solar disk.
Over a period of more than 4 hours, the satellite aimed at different positions each time capturing a small
square of the Sun at very high resolution. These images were then stitched together like a patchwork. The
result was an extremely detailed image of the entire Sun. The result is the sharpest image of the solar
atmosphere ever taken. This patchwork image was printed by the EUI team of Brussels on a support and
was exhibited during the Open Doors 2022 next to the USET telescope dome.
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Figure 6: This image is a mosaic of 25 individual images taken on March 7 by the high resolution telescope, part of the Extreme
Ultraviolet Imager (EUI) instrument. In total, the final image contains more than 94 million pixels in a 9700 x 9700 pixel grid,
making it the highest-resolution image of the solar disk and outer atmosphere ever taken. Zoom to marvel at the details. A full-
resolution image can be found here. See also the interactive image that allows to zoom in and out. See also the movie.
Credit: ESA & NASA/ Solar Orbiter/ EUI team; Data processing: E. Kraaikamp (ORB-KSB).

On March 26, 2022, the Solar Orbiter satellite came to the perihelion of the Sun, at the closest point of its
orbit. At this distance, EUl could no more image a full Sun. However, its images reveal details never seen
before of the solar corona, such as ‘hedgehogs’ (see Figure 7).
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https://wwwbis.sidc.be/EUI/pictures/20220307_hrieuv_mosaic/20220307_SolO_EUI_HRIEUV_mosaic.jpg
https://wwwbis.sidc.be/EUI/pictures/20220307_hrieuv_mosaic/
https://www.stce.be/movies/JHV_2022-03-29_15.44.00.mp4

Figure 7: This close-up of the solar atmosphere shows a phenomenon that researchers have tentatively nicknamed ‘the
hedgehog’. What exactly the hedgehog is and how it was formed, further research has yet to reveal. Credit: Solar Orbiter/EUI
Team/ESA & NASA.

Many more passages close to the Sun will follow later in the mission. Solar Orbiter’s orbit is becoming
increasingly tilted, which will allow us to image the solar poles for the first time.

DART impact on an asteroid, a milestone for the Royal
Observatory of Belgium

During the night of September 26-27, at approximately 1:15 a.m. (Belgian time), NASA’s DART probe
crashed into the asteroid Dimorphos (the moon of the binary system Didymos), located more than 10
million kilometres from Earth. The purpose of this impactis to test an asteroid deflection strategy. For the
Royal Observatory of Belgium (ORB-KSB), which is involved in planetary defence, this mission represents
an important first step.

17



On 24 November 2021, the DART (Double
Asteroid Redirection Test) probe took off from
the Vandenberg Space Force base in California
(USA). Its journey of almost a year will end in a
few days. This will allow us to study asteroid
deflection by probe impact. The target of the
mission is the Dimorphos asteroid. It is the
smallest of a binary system of asteroids called
Didymos and has a diameter of about 160 m (780
m for the main body, also called Didymos).

Figure 8: Artist view of the DART mission

It is a full-scale planetary defence experiment
with an impact speed of over 22,000 km/h (6.15 km/s). The experiment will also provide a better
understanding of the Didymos binary system. By studying the system before and after the impact and
comparing observations and numerical simulations, we will learn more about the ‘big rocks” that move
through space and could pose a threat to the Earth.

Ozgiir Karatekin and his team of the ORB-KSB are involved in the DART mission as part of the international
Asteroid Impact and Deflection Assessment (AIDA) collaboration of which NASA and ESA, with its Hera
mission scheduled for launch in 2024, take part. Scientists of the ORB-KSB will participate in the processing
of DART data.

Analysing the data from this mission will allow them to better understand the internal structure of
asteroids, in the framework of the European projects PIONEERS (Planetary Instruments based on Optical
technologies for an iNnovative European Exploration using Rotational Seismology) and NEO-MAPP (Near-
Earth Object Modelling and Payloads for Protection) to which the ORB-KSB contributes. The experience
with DART will also help to better prepare the next mission, Hera, which will carry the GRASS gravimeter,
developed by the Observatory with its Spanish industrial partner EMXYS.

In 2022, scientists of the ORB-KSB involved in DART and Hera participated in various public events to raise
public awareness on planetary defence and to let them know of the ORB-KSB’s contribution in this field.
They held notably an event in June at the Royal Belgian Institute of Natural Sciences on the occasion of
the Asteroid Day on June 30 and also another event in September at the Planetarium on the occasion of
the DART impact.

The research of the ORB-KSB related to this mission is funded by the Belgian Federal Science Policy
(BELSPO) with support from the ESA PRODEX programme. The PIONEERS and NEO-MAPP programmes
have received funding from the European Union’s Horizon 2020 research and innovation programme.
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https://www.astro.oma.be/en/two-events-in-june-2022-on-asteroids-sun-and-space-exploration/
https://www.astro.oma.be/en/dart-impact-on-an-asteroid-a-milestone-for-the-royal-observatory-of-belgium/

Seismic Activity in and around Belgium in 2022

In 2022, 99 natural earthquakes occurred in a zone between 1° and 8°E longitude and 49° and 52°N latitude
(). During the same period, the Royal Observatory of Belgium (ORB-KSB) also measured 40 induced events,
469 quarry blasts and at least 14 explosions offshore linked to controlled explosions of WW1 and WW?2
bombs by the Belgian, Dutch or French Armies. The 2022 ORB-KSB catalogue is complete for natural
earthquakes with a magnitude ML larger than 1.0. Events with magnitudes lower than 1.0 were routinely
detected where the Belgian seismic network is denser. The 2022 ORB-KSB 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, a sonic boom and a public outreach event.

17 natural earthquakes and at least 38 induced earthquakes occurred on the Belgian territory. The largest
earthquake was the induced event on 16 November 2022 in Dessel, which local magnitude ML was 2.1.
This earthquake was related to geothermal activities and was felt by the population in the neighbouring
communes of Dessel, Mol and Retie, who spontaneously answered the online Seismologie.be ‘Did You Feel
It?’ questionnaire. Three other events in Ittre, Waimes and Dessel were weakly felt in Belgium in 2022.

In comparison, last year, in 2021, 257 earthquakes occurred in and around Belgium. This larger number of
events was related to a seismic swarm that occurred close to the German town of Rott, north-east of
Eupen. The largest earthquakes recorded on the Belgian territory in 2021 occurred on 20 June 2021 in
Dampremy near Charleroi and 28 August 2021 in Baelen near Eupen. Both events had a local magnitude
of 1.7 and were not felt by the local population.
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Figure 9: Events recorded in 2022 by the Belgian Seismic Network of the Royal Observatory of Belgium.
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Seismology and Gravimetry

The largest volcanic explosion after Krakatau in 1883
studied within an international collaboration

On 15 January 2022, the Hunga® volcano (Tonga archipelago) produced a major explosion at 4:15 am
(Universal Time). This eruption is the culmination of an eruptive sequence that began on 19 December
2021. All eruptions prior to this explosive event were much smaller and impacts were limited to the area
around Hunga-Tonga and Hunga Ha’apai. The explosion caused significant atmospheric, acoustic,
gravitational, ionospheric and seismic disturbances. It was recorded by a wide range of instrument types,
each providing information and constraints on this major event. The frequency content of the event spans
avery wide band (from acoustic-gravity to audio: it was heard as far away as Alaska, at a distance of almost
10,000 km) and therefore requires an interdisciplinary collaboration and perspective.
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Figure 10: Seismic recordings of 15 January 2022 by the Belgian network of the Royal Observatory of Belgium. The ELIS station is

located in Antarctica and therefore shows a different waveform than the stations located in Belgium. Illlustration of the arrival of

the seismic waves between 4h15 and 7h00 UTC (fuchsia) and of the seismic-acoustic wave (green) from 12h43 at ELIS and 18h50
for the network in Belgium.

1 The name of the volcano is “Hunga”, not “Hunga Tonga-Hunga Ha’apai”. “Hunga” refers to the whole volcano, rather than the islands of “Hunga
Tonga” and “Hunga Ha’apai”.
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The paper published on Thursday, May 12 in the journal Science is the result of a global scientific effort,
with 76 authors from 17 countries, whose expertise includes seismology, acoustics, tsunamis, ionospheric
disturbances, volcanology, etc. This is the most comprehensive analysis of a very complex and large-scale
eruption. The main eruption was the largest recorded in recent decades and the most exhaustively
recorded by global monitoring stations (97 networks, 3189 data sets). It validated theories that had not
yet been observed with modern instruments. For example, the acoustic-gravitational waves circled the
globe three times over a period of six days, something that had not happened since the eruption of the
Krakatau volcano in Indonesia in 1883. Various tsunamis were also triggered at several locations around
the world. Unlike the Krakatau eruption, thousands of instruments were used to dissect this major
eruption and to analyse its impact on the planet.
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Figure 11: Recording of atmospheric pressure changes by the barometers of the international network of superconducting
gravimeters, two of which are located in Belgium: MEMB in Membach (Baelen) and RCHS in Rochefort. The graph shows the
different passages of the Lamb wave, which circles the Earth in about 35 hours and 10 minutes. At the ‘shortest distance’, this
wave travels about 6 hours less than at the ‘longest distance’.

The Belgian contribution to this international effort was the co-coordination of the seismological analysis
(Corentin Caudron, Université libre de Bruxelles) and the global analysis of the data from pressure sensors,
barometers and seismometers (Thomas Lecocq, Royal Observatory of Belgium).

Reference:

Robin S. Matoza et al., “Atmospheric waves and global seismoacoustic observations of the January 2022 Hunga eruption, Tonga”,
Science, Volume 376, Issue 6594, DOI: 10.1126/science.abo7063.

Ten Thousand Days of Continuous Gravity
Measurements in Membach

On 20 December 2022, the superconducting gravimeter in Membach (High Fens, Belgium) will have
measured variations in gravity for 10 000 consecutive days. Installed on 4 August 1995 by the Royal
Observatory of Belgium, this gravimeter has held a double world record since 18 September 2017: that of
the instrument that has measured variations in gravity at a single location for the longest period of time
in the world, and that of the longest circulation of electric currents in superconducting circuits.

22


https://doi.org/10.1126/science.abo7063
https://doi.org/10.1126/science.abo7063

Figure 12: The Membach’s superconducting gravimeter and an exploded view of the sensor with the levitating sphere. Left
photo: E. Coveliers.

Gravity variations are due to terrestrial tides caused by the relative movements of the Earth, the Moon
and the Sun, the movements of atmospheric masses and groundwater, as well as by various geophysical
phenomena. In the research of the ORB-KSB, the measurements of the Membach gravimeter, which have
the accuracy of one hundredth of a billionth (10™?) of g (g = 9.81 m/s?), provide a better understanding of
long-term variations in gravity, caused by slow tectonic movements or climatic variations. This is also
important for the study of the water cycle, which influences gravity.

Among the discoveries made with the Membach gravimeter are the measurement of the effect of tree
evapotranspiration on gravity, the possibility of assessing the quality of precipitation observations by
weather radars.

To date, this gravimeter participates in many research projects and the ORB-KSB hopes to be able to
perform this type of measurement for many years to come.
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Global Navigation Satellite
Systems and Reference

Systems
Towards FAIR GNSS Data

Introduction

The Royal Observatory of Belgium (ORB-KSB) maintains two
unique data repositories with more than twenty years of GNSS
observation data (RINEX data — Receiver Independent Exchange
Format) from Belgian GNSS reference stations as well as stations
belonging to the EUREF network (Figure 13). Motivated by user
needs and the EU Directive 2019/1024 on open data and the re-
use of public sector information (and its implementation in
Belgium), the GNSS team tackled the challenge to improve the
Findability, Accessibility, Interoperability, and Re-usability of
ORB-KSB’s GNSS data by applying FAIR data principles. These
principles serve as guidelines for making scientific data suitable
for re-use, by both people and machines, under clearly defined
conditions.
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Figure 13: EUREF permanent GNSS network.

However, when moving towards FAIR data, one should consider the complete FAIR ecosystem, which
comprises policies, data management plans, identifiers, metadata standards, and data repositories. This
requires a substantial change in practices, technologies and implementation procedures that must be
supported by the strategic objectives of local and international organisations, and by dedicated funding.
To help moving the GNSS community forward, the GNSS team and University of Ghent received funding
from BELSPO through the FAIR-GNSS BRAIN 2.0 project (12/2022 — 09/2023).

To reach the project objectives, the FAIR-GNSS team adopted a threefold approach:

1. Reaching community agreement on standardised metadata to be used for GNSS reference station
data, requiring ORB-KSB’s involvement in several international Working Groups;

2. Completing ORB-KSB’s GNSS data with rich metadata, including e.g. data licence of use and Digital
Object Identifiers (DOIs), to enable tracing and citing the GNSS data, and therefore requiring a

complete restructuring of ORB-KSB’s GNSS data repositories;

3. Making the ORB-KSB’s GNSS data and metadata accessible to both humans and machines through
the development of APIs (Application Programming Interface).

Reaching community agreement on metadata standards

When dealing with GNSS data, one has to distinguish between two types of metadata:
e station-dependent metadata e.g. station owner, equipment, DOI of the station’s data set, etc.
e RINEX-dependent metadata i.e. those linked to one specific RINEX observation data file.
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As a consequence, the FAIR-GNSS team drafted two proposals for GNSS metadata standardisation, one for
GNSS station-dependent metadata and one for RINEX-dependent metadata. During this process, ORB-
KSB’s GNSS team devoted a great deal of effort in interacting with the scientific GNSS community to take
into account: (i) the perspective of the users accessing and using the data; (ii) compliance with FAIR data
principles; (iii) European and Belgian initiatives; iv) best practices at other GNSS data repositories
worldwide.

For the station-dependent metadata, the FAIR-GNSS team proposed to extend the international
GeodesyML? schema and make it compliant with FAIR data principles. This proposal was accepted by the
International GNSS Service (IGS) and then included in the upcoming version of GeodesyMIL.

As no metadata standard was available to describe RINEX data, the FAIR-GNSS team proposed to adopt
the W3C (World Wide Web Consortium) Data Catalog metadata schema (DCAT) which is used within the
European Plate Observing System (EPOS) and to extend the DCAT Application Profile for open datasets
and data portals (DCAT-AP)? in order to describe GNSS data (GNSS-DCAT-AP). The proposed new GNSS-
DCAT-AP profile for GNSS RINEX metadata was documented and made publicly accessible (on GitHub) to
enable discussions and collaborations within the community.

To reach out to the scientific community, contribute to
disseminating FAIR-GNSS results, get feedback on the FAIR-
GNSS proposals, and foster possible future collaborations
with experts in the field, the FAIR-GNSS partners organised
a webinar ‘Putting the FAIR principles into practice: the
journey of a GNSS data repository’, on October 11, 2022.
The webinar attracted great interest: 200 registered
participants (from 45 different countries, Fig. 2), including
several members of Belgian Federal Scientific Institutes.

Figure 14: Location of the registered participants of the

Digital Object Identifiers for GNSS Data FAIR-GNSS webinar.

The attribution of a Persistent Identifier (PID) to GNSS data is also required by FAIR principles, and DOI is
an obvious choice for a PID for GNSS datasets. By actively contributing to the Working Group on ‘DOls for
Geodetic Data Sets’ of the Global Geodetic Observing System (GGOS), the FAIR-GNSS team raised
awareness on the importance of using DOIs for making GNSS data citable and providing stable endpoints
to the data. As a result, the community agreed on a proposal, based on the DataCite schema?, for a
minimum set of metadata elements that should accompany the DOI of a GNSS dataset.

Restructuring ORB-KSB’s Data Repositories

In order to include the missing information i.e. metadata required by FAIR data principles (such as to
identify the origin and all changes occurred to the RINEX files with respect to the original, to include data
license, etc.), ORB-KSB completely restructured its repositories containing EUREF and Belgian GNSS data
and the corresponding data flows. The revised data repositories now collect information on the
provenance of new incoming RINEX files, file changes and corrections, and potential file issues.

2 GeodesyML, an XML implementation of the eGeodesy model, is a schema for transfer of geodetic information. For more information about
eGeodesy and GeodesyML, see http://www.geodesyml.org.

3 DCAT-AP is an initiative of the European Commission and the standard for describing Public Sector Information as open government data.

4 The DataCite Metadata Schema is a list of core metadata properties chosen for an accurate and consistent identification of a resource for citation
and retrieval purposes, along with recommended use instructions. See https://schema.datacite.org/

________________________________________________________________________________________________|
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Next steps

The last step of the FAIR-GNSS project will consist in implementing the open data portal for ORB-KSB's
European and Belgian GNSS data repositories including API to access GNSS data and metadata.
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GENESIS mission and associated research

Motivation

Figure 15: Satellite altimetry for measuring sea level
change. Presently based on the observed satellite orbit
and geocentre that differ from the real ones.

Improving and homogenising Earth’s reference frames
with the accuracy of 1 millimetre (mm) and a long-term
stability of 0.1 mm/year are relevant for many scientific
and societal endeavours (see Delva et al., 2023, in which
the ORB-KSB participated). For instance, quantifying

sea-level change from satellite altimetry strongly
depends on an accurate determination of the geocentric
motion and the orbits of satellites (see Figure 15). Sea-
level change is also determined from tide gauges that
need to be precisely located with respect to continental
and island reference stations. Reaching mm-level
accuracy in sea-level change needs positioning the
satellites and the reference frame with even better
accuracy and with a long-term stability of 0.1mm/year.
Numerous other applications in geophysics also require

such absolute accuracy. This is the case, for instance, when monitoring tectonic motions or crustal
deformations. It is thus important to reach high accuracy and precision in such observations in order to
advance our understanding of the physical processes involved in the Earth dynamics (see Figure 16), as
well as to contribute to a better understanding of natural hazards. Reaching such low errors in the

measurements is also essential for positioning and navigation in the civilian applications and for proper

georeferencing of geospatial information.

-glacial rebound

tectonic
motion

§ atmospheric
loading
deformation

Figure 16: All kinds of deformations requiring at least mm-level precision in their observation.
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Needs

The reference frame accuracy to be achieved represents the consensus of various authorities, including
the International Association of Geodesy (IAG). Moreover, the United Nations Resolution 69/266° states
that the full societal benefits in developing satellite missions for positioning, remote sensing and in-situ
measurements of the Earth are realised only if they are referenced to a common global accurate reference
frame at the national, regional and global levels. Today we are still far from these ambitious accuracy and
stability goals (Delva et al., 2023, and the references therein).

(1) The problem related to Earth ground-based observations. The reference frame attached to the Earth
is mainly realised and maintained by using GNSS satellites (Global Navigation Satellite System), and also
by SLR (Satellite Laser Ranging) and DORIS (Doppler Orbitography and Radio-positioning Integrated by
Satellite) beacons. The positions and velocities are deduced from their orbits that are determined from
Earth tracking stations. These orbits have thus important biases, as they are not observed from space. In
order to reference them in space, it is necessary to correct for the Earth’s rotation and orientation in space.

Very Long Baseline Interferometry (VLBI) is used to quasars
determine the Earth rotation parameters. This Q\
technique is based on the observation of quasars,
which are objects with very stable positions in the sky
and emitting in all wavelengths including
microwaves. Large antennas on Earth are observing
them, and recording the time correlation of the
signal arriving at different stations allows us to
determine the evolution of the time delays. These
observations are used together with models in order
to provide the Earth rotation and orientation
parameters, which are in turn used for GNSS satellite
orbit determination (see Figure 17).

Figure 17. GNSS satellites are tracked from Earth. Their
orbits are determined in space from using Earth rotation

(2) The problem related to Earth Rotation and and orientation parameters determined by VLBI.
Orientation Parameters. The reference frames

attached to the Earth (terrestrial frame) and to the quasars (celestial frame) are linked together by the
Earth rotation and orientation parameters. The relationship between these frames is complicated by the
fact that the rotation and orientation of the Earth are subject to irregularities induced by time-varying
global mass redistribution in the oceans, atmosphere, and liquid core, and also by external forcing such as
the gravitational pull of the Sun and the Moon (see Earth rotation highlight of this year).

The Solution

We will, in the future, benefit from the ESA GENESIS mission (to be launched in 2027), a mission that has
been accepted at the last ESA Ministerial in November 2022. GENESIS is a spacecraft co-locating four
geodesic techniques in order to enable a more precise realisation of the reference frames (see Figure 18),
satisfying the UN resolution requirements. The key instrument from this mission is the VLBI transmitter
(VT) based on the VLBI (Very Long Baseline Interferometry) technique that currently operates by recording
the signals from quasars (see Figure 18).

5 UN resolution 69/266 https://ggim.un.org/documents/A RES 69 266 E.pdf
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First Steps in Scientific Research

The Earth rotation represented by the difference (UT1-UTC) is one of the Earth orientation parameters
(EOP) that can only be determined by VLBI, observing distant celestial sources in order to measure the
Earth rotation angle. Earth-orbiting satellites tracked from Earth is not able to determine this angle, and
the orbit determination and time synchronisation (ODTS) procedure for GNSS satellites hence requires the
UT1-UTC as an input. Today, UT1-UTC is provided by the International Earth Rotation and Reference
Systems Service (IERS). As an alternative way, a VT onboard GNSS satellites or any other satellite would
allow the direct transfer of this information as an integrated step to the ODTS process thanks to the space
tie established between the VLBI and GNSS techniques. Researchers at ORB-KSB have investigated the
transfer quality of the UT1-UTC in such a concept by considering different VLBI baselines. Additional
guasar observations are acquired with the same VLBI ground stations during the same session, therewith
allowing to directly transfer UT1-UTC to the GNSS constellation with the precision of about 30 ps for a
long VLBI baseline where the UT1-UTC precision estimated from quasar observations is considered to be
fixed. This work has been published (Sert et al., 2022).
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Figure 18: Principle of the GENESIS mission. GENESIS satellite orbit is determined by (1) GNSS Receiver or (1) DORIS beacon
without absolute position and orientation information. (2) The different ground stations have local ties. (3) The GENESIS satellite
includes a VLBI Transmitter mimicking quasars and observed during (4) VLBI intensive sessions. (5) There is also satellite laser
ranging on GENESIS. (6) One performs analysis during intensive sessions observing VT and quasars and determine the absolute
position and orientation of GENESIS satellite using all data.
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Planetary Science

Discoveries about the Rotation, Interior and Atmosphere
of Mars Based on Insight Data

Radioscience Results

The RISE Experiment
Data from the radioscience experiment RISE (Rotation and Interior Structure Experiment) of the NASA
InSight mission (Interior exploration using Seismic Investigations,
Geodesy, and Heat Transport) have been used to probe both the
planet’s deep interior and its atmosphere dynamics. The RISE
coherent X-band transponder enables to measure the Doppler shift on
the two-way radio links between its two medium-gain antennas and
the NASA Deep Space Network. These Doppler shifts extremely
accurately characterise the relative velocity between the antennas
and the Earth and allow identifying tiny variations in the rotation and
orientation of Mars that are sensitive to the Martian interior and

atmosphere.

The RISE experiment was specifically designed to measure the Martian nutations, periodic motions of the
spin axis in space, in order to study the core. For a fluid core, the nutation amplitudes are resonantly
amplified by the Free Core Nutation (FCN), a normal mode expressing a slight relative rotation of the core
with respect to the mantle. Since the eigenfrequency and the resonance strength of the FCN depend on
the mean equatorial moments of inertia of the fluid core and the mantle, on the polar flattenings of the
whole planet and of the core, and on deformational properties of the core, measurements of the nutation
amplitudes can determine these interior quantities, which are otherwise not directly accessible.
Information on the atmosphere can also be obtained because angular momentum exchanges between the
atmosphere and the planet modify the planet’s rotation.

New Mars Rotation and Orientation Model

In order to correctly interpret the extremely accurate RISE data, we developed a new Mars rotation model.
The new model includes hitherto neglected quadratic terms in the three rotation angles, nutation terms
at periods related to the orbital motion of Phobos and Deimos, updated relativistic corrections, and an
extra set of annual amplitudes in the spin angle to fit a slope observed in the Doppler residuals in the early
part of the mission. This slope in the residuals could be due to the decay of the global dust storm that
occurred a few months before the InSight landing, which temporarily sped up the planet's spin. Our
estimates of those annual amplitudes represent a monotonically decreasing contribution to the spin angle
over the first ~150 days of the RISE mission, which might be due to the temporary post-dust-storm
deceleration in the rotation of Mars.

Doppler Data

Besides nutation and changes in the spin, the Doppler data also depend on the precession of Mars. To be
able to decorrelate the precession rate and the orientation of the spin axis at epoch, we consider Viking
data in addition to 30 months of RISE tracking data. The measurement accuracy of RISE (~1.1 mHz noise
for data integrated over 60s) is four times better than that of Viking (~4.5 mHz@60s), mainly due to the

________________________________________________________________________________________________|
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unknown effects of the interplanetary medium, ionosphere and neutral atmosphere of Mars on the lower
frequency S-band Viking data.

Mars Rotation and Orientation Estimates

A long set of data is needed to obtain stable and accurate results. The estimated rotation and orientation
parameters converge after 600 days of operations (Figure 19). Our precession rate estimate, {)=-7598.1 +
2.2 mas/year (Figure 19b), converges first, favoured by the combination of Viking and RISE data.
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Figure 19: Main rotation parameters estimates. Converging solutions of the quadratic rotation coefficient (a), precession rate (b),
core amplification factor (c), and FCN period (d) as a function of time after InSight landing. Horizontal lines are the preferred
solutions of this study. Shaded regions are formal uncertainties (10).

We detected for the first time the small nutation motions (<40 cm) of the lander in inertial space due to
the effect of the Martian liquid core and estimated the period of the FCN, Tren= 21/ ween= -243 + 3.3 days,
and the resonance strength, F=0.0615 *+ 0.007 (Figure 19c and d). We also measured a secular trend in the
Martian rotation rate (¢"=4.11 10?2 +9.1 10" deg/day?, see Figure 19a) that has never been observed
before. It corresponds to a rotational acceleration of 4.0 + 0.9 mas/year? and could be the expression of a
long-term trend in the internal dynamics of Mars or in its atmosphere and ice caps.

Constraints on the Mars interior structure from radioscience

New constraints on the core and mantle of Mars have been derived from the nutation and precession
estimates, which required the development of detailed interior structure models that agree with the
crustal structure inferred from seismic data.

Since the estimated resonance strength F differs from zero at more than 8c, the core beneath the solid
mantle must be liquid. This independently confirms previous inferences from tidal measurements and
seismic observations. From F we determined the equatorial moment of inertia and the radius of the core
(Figure 20b). The core radius Rc=1835+55 km agrees well with previous results based on geodesy data and
reflected seismic waves from the core-mantle boundary. The FCN period indicates a density jump of 1690-
2110 kg/m3 at the core-mantle boundary, and the size of the core radius implies a mean density of 5955-
6290 kg/m3, requiring a larger amount of light elements alloyed with iron in the core than in the Earth’s
core. The FCN period indicates that the core-mantle boundary has a shape close to that expected for a
planet in hydrostatic equilibrium. Since the surface and crust of Mars are not in hydrostatic equilibrium,
we identified plausible processes that can explain the flattening of the core. The simplest model matching
the surface flattening consists in assuming two mass-sheet anomalies, one associated with the surface
topography and another emplaced deeper in the lithosphere. We also constructed models with three mass
anomalies. All models have one anomaly at the surface and a second at either the bottom of the
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lithosphere or the Moho. The model with three anomalies has a third load at the bottom of the mantle.
The nutation parameters are not compatible with a load at the Moho only.

This research is published in the journal Nature (Le Maistre et al., 2023).
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Figure 20: Interpretation of nutation parameters in terms of interior structure. (a) Core radius versus Trcn, (b) core radius versus F,
and (c) correlation between tecy and F, for models based on a recent mantle composition (Yoshizaki and McDonough 2020),
coloured areas), and models with a stable magma layer at the bottom of the mantle (circles). Colours differentiate models with
one internal load at the Moho (green) or at the bottom of the lithosphere (blue), or with two internal loads located at the Moho
and at the bottom of the mantle (orange). Blue and green lines are hidden behind orange lines in (b). All models include a surface
load associated with the shape of Mars. Solid (dashed) lines represent the hot (cold) end-member mantle temperature model.
Grey shaded areas represent 10, 20, and 30.

Seismic resulis

Seismic detection of a deep mantle discontinuity within Mars

At a depth of about 400 km in the mantle of the Earth, olivine, one of the most abundant minerals in the
upper mantle, undergoes a phase transition into its high-pressure polymorphs wadsleyite and
ringwoodite. These three minerals have the same chemical composition but a different crystal structure.
Since the chemical composition of the Earth’s mantle is known, and the elastic properties of upper mantle
minerals well studied, knowledge of the transition depth or pressure allows to determine the temperature
inside the mantle at that depth. This temperature together with the temperature estimate at the inner-
core outer-core boundary is anchor points to determine the current thermal state of the Earth, which
provides important information about the Earth’s long-term evolution.

Recently, evidence of triplicated arrivals in seismic data collected by the seismometer on the InSight
Mission to Mars has enabled to determine the depth of the mantle transition zone in Mars. Triplication off
the wave field into a direct, reflected, and transmitted phases, occurs when the wave encounters an abrupt
increase in speed, like at the location of a phase transition. The depth of the phase transition is located at
a pressure that is comparable to that occurring in the Earth’s mantle at a depth of 400 km, but since Mars
is smaller and less massive, it is about 600 km deeper. Based on the acquired seismic data, extensive
thermodynamic modelling has been done at the Royal Observatory of Belgium to study the effect of the
mantle composition and temperature on the depth of the transition zone depth (Figure 21).

Based on these results the temperature at the depth of the transition inside the mantle has been
determined. It indicates that Mars is colder relative to the models deduced from geophysical data prior to
the InSight mission, but in good agreement with temperature estimates deduced from the chemical
analysis of volcanic surface rocks of Amazonian age. Knowledge about the present thermal state of Mars
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is a fundamental ingredient for our understanding of its thermal evolution. The article relating to this study
has been published in PNAS (Huang et al. 2022).
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Figure 21: Effects of bulk composition on the transition depth: (a) the Mg# (the atomic ratio Mg/(Mg + Fe) x 100), (b) Mg/Si ratio
varied from 1.03 for Cl1 to 0.96 for CIO, (c) refractory elements varied between RE=1 and RE=1.20, where RE is the relative
enrichment of (Al, Ca) compared to (Si, Mg) and Chondrites. In panel (a) the Mg/Si ratio was kept at Cl1 and the refractory

elements at RE=1. In panel (b) the Mg# is set to 76 and the refractory elements at RE=1. When varying the refractory elements in

panel (c), the Mg# was set to 76 and the Mg/Si ratio was kept at CI1.

Marsquake Locations and 1-D Seismic Models for Mars from InSight Data

The continuous monitoring of the seismic activity of Mars by the InSight seismometer in 2022 has allowed
detecting 17 high quality quakes that occurred far enough from the station to sample a sizable section of
the mantle of Mars. Although, the number of quakes is far too low to directly determine precisely the
velocity and density structure of the deep interior, important and new information about the structure
can nevertheless be obtained by supplementing the seismic data with the geodesy data (mass, moment
of inertia, tides) and using assumptions about the bulk composition of Mars. This approach requires the
usage of parameterised global models that relates internal temperature, bulk composition, and depth of
the main reservoirs (crust, mantle, and core) to the seismic and geodesy observations. By using an inverse
method the most likely temperature and main reservoir depths, as well as the velocity structure of the
crust can be inferred. Since the location of occurrence of the quakes is not known, their location and focal
depth are estimated simultaneously with the interior structure parameters.

The study found that the majority of the quakes occurred at depths shallower than 40 km, well within the
crust, and mostly located in the Cerberus Fossae region, directly supporting its present-day tectonic active
state. We found evidence of a significant velocity jump between the upper and lower crust, which can be
attributed to the depth of transition between intrusive and extrusive rocks. Both types of rocks are formed
from cooling and solidifying magma, within the crust (intrusive) or on the surface (extrusive). The interior
structure models that agree best with the seismic data require that the lithosphere be more than 540 km
thick and that the mantle temperature is at the upper end of pre-mission assessments deduced from 3D
thermal evolution studies. This temperature is more than 100 K above that inferred from the
determination of the mantle transition, hinting at the likely more local character of the latter. Finally, the
estimated core radius is in good agreement with previous estimates based on smaller set of seismic events
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and previous estimates obtained from measuring tides. The study was led by M. Drilleau and has been
published in Journal of Geophysical Research in 2022.

A "o

s

120

-
ka
in

Pressure (GPa)
o
PO K L

LI L
PR B

135

Phezii gl @ {2016}
Khan g1 al (3451 |
Trig |

145
1500 1600 1700 1800 1800 2000 2100

Temperalure (K]
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Atmospheric science results

Spectral analysis of the Martian atmospheric turbulence: InSight observations

The dynamics of the lowermost part of the Martian atmosphere, the planetary boundary layer, affects the
surface-atmosphere exchange processes on Mars, including the Martian dust cycle, which leads to
seasonal and inter-annual variations. Turbulent mixing in the boundary layer drives the transport of
momentum, heat, and volatiles between a planet's surface and its atmosphere. To better understand the
Martian near-surface meteorology and the atmospheric processes affecting it, boundary-layer turbulence
needs to be investigated in depth through observations.

Atmospheric turbulence manifests itself by rapid fluctuations in atmospheric quantities with time scales
from seconds to minutes. Several landers and rovers operated on Mars, but only Viking, Pathfinder,
Phoenix, Mars Science Laboratory (MSL), and InSight provided in situ meteorological data. Only the InSight
lander could detect turbulent fluctuations continuously up to a pressure sampling frequency above 1 Hz
and up to 10 Hz. Its long temporal coverage of pressure also allowed us to investigate seasonal variations
caused by the Martian dust cycle. We quantified the turbulence energy at different turbulent scales,
corresponding to different frequency bands. Large-scale eddies are represented in the lower frequency
bands and smaller eddies fall in the high frequency zone.

We investigated the spectral behaviour of turbulence over a wide range of diurnal and seasonal conditions.
One of the important findings of our study was related to the effect of gravity waves on the boundary-
layer turbulence (see Figure 23). Our data analysis shows that gravity waves can increase the energy
contained in large-scale turbulent eddies (with time scales of 500 — 1000 s — approximately 2.5 — 10 km of
length scales, corresponding to mesoscale forcing) by up to an order of magnitude. Our results showed
that mesoscale forcings can initiate strong turbulence during night time. Our research is published in
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Geophysical Research Letters (Temel et al. 2022). Important implications of nighttime turbulence on the
dust cycle of Mars are studied in a follow-up work (Temel et al. 2023).
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Solar Physics

FARSUN: Findability and Accessibility of Historical
(1610-1980) Raw Sunspot Numbers

The sunspot record is the primary means by which the solar variability over the last 400 years is known
and constitutes a benchmark in solar/stellar variability studies and especially the Earth climate. While this
record has recently been improved via new or updated observations, data, and methodologies, these
improvements need now to be made accessible to the many researchers and users outside of the sunspot
community.

At the beginning of 2022, a team from the department of Solar Physics led by L. Lefévre from the World
Data Center SILSO (WDC-SILSO) submitted a project aimed to gather and make FAIR all available raw
historical sunspot number data. It was selected in July 2022 and started officially in March 2023.

FARSUN will make the raw historical sunspot data [1610-1980] of national and international origin, on
which the World Data Center SILSO deploys its expertise, Findable and Accessible for all users. The project
gathers, interprets and valorises the data, where the latter includes data pre-processing, quality
assessment and standardisation, as well as to advocate these data to end users. A detailed statistical study
will provide quality criteria for these historical data, and the most pertinent criteria will be included in
metadata describing the dataset.

This project extends across multiple fields through its network of participants:

1. the WDC SILSO expertise as curator of the International Sunspot Number

2. the statistical expertise from the Université catholique de Louvain, the Université libre de Bruxelles
and the Université d’Orléans,

3. the expertise on historical datasets from partners at the University of Extremadura, at the Leibniz-

Institut fiir Astrophysik Potsdam and at the University of Nagoya,

Virtual Observatory (VO) expertise from Observatoire de Paris,

the time-series expertise from our colleague from the University of Colorado’s LASP (US)

solar modelling expertise from the Université de Montréal

expertise in optical characters recognition from a team of the University of Innsbruck

(Transkribus).

N o v ks

The Transkribus tool will help with a novel aspect of the project: exploiting tables of numbers of sunspots
and groups observations compiled by the Zurich team from 1945 to 1979. These observations were
mentioned in the original Zurich Journals created by Pr. Rudolf Wolf, the Mittheilungen, but not included
and remained inaccessible for a long time. Following their recent digitisation at the ETH Zurich, they are
now available through e-manuscripts. An example is shown in Figure 24 for observations from 1949 from
a station in the Czech Republic.

Over the period 1945 to 1979 there are about 2000 tables to digitise (i.e. transform into machine-readable
tables) and the Transkribus tool has developed the capacity to learn from the first character extractions in
order to minimise extraction time and maximise efficiency.
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Figure 24: Table of observations from the Czech Republic in 1949.

The output of this project will be a compilation of historical sunspot numbers that will be made available
via standard VOtools defined by the International Virtual Observatory Alliance (IVOA), and more
specifically via an EPN-TAP (Europlanet-Table Access Protocol) service. This will allow this catalogue to be
Findable (via the IVOA Registry) and Accessible by query from a variety of TAP clients. In addition, the
standardisation of this VO tool allows other tools (graphical viewers, editors, etc.) to easily access the data,
making them Interoperable while the rich catalogue metadata allows the data to be Reusable, i.e. the data
will be FAIR-compliant.

Making these validated historical sunspot data collections FAIR will allow solar physicists, Earth-climate
modellers, experts in statistics, or anyone with a keen interest in solar variability, to analyse this unique
natural record, increase awareness of the public of the effects of solar variability on Earth and thus feed
future science in the service of society.
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Centennial TSI Variation

A variation of the solar energy received by the earth — quantified by the so-called Total Solar Irradiance
(TSI) —is a radiative forcing for climate changes on earth. Since the 1976 Science paper® by J. Eddy, solar-
climate research has been dominated by the paradigm that solar activity and TSI have been slowly
increasing since the Maunder Minimum — extending from about 1645 to 1715 —and the present, which
was believed to be a Modern Solar Maximum. [f this paradigm were valid, over the last 50 years, when
most of the global warming has occurred, this warming would be partly due to anthropogenic greenhouse
gas warming, and partly due to natural solar warming.

However, evidence has been accumulating against the ‘Modern Solar Maximum paradigm’. Based on this
evidence, in 2022 researchers from ORB-KSB, VUB and LATMOS have published a new reconstruction of
the centennial TSI variation from 1700 to 2020. This new centennial TSI reconstruction is nothing less than
a paradigm shift compared to the ‘Modern Solar Maximum paradigm’. Following the TSI reconstruction,
the TSI did not gradually increase over the last 320 years, but rather varied with a long-term periodicity of
105 years, and currently we are near the minimum of this 105-year variation. Therefore, over the last 50
years, the sun did not contribute to global warming, but rather tried to cool the earth, partly counteracting
greenhouse gas warming. Since we are near the minimum of the 105-year variation, we can expect a trend
reversal and for the next 50 years we can expect that the sun will contribute to global warming, making it
more difficult for mankind to reach the goals of the Paris Climate Agreement, in order to avoid catastrophic
climate change.

Detailed Explanation

In 1612 Galileo Galilei made the first telescope observations of the surface of the Sun, and noticed the
existence of small dark spots on the sun, now called sunspots. The observation of sunspots has been
continued from the 17th century to the present, and can be considered as the longest running scientific
experiment ever. Since 1981, the ORB-KSB hosts the World Data Center for the collection and analysis of
sunspot observations. Continuous daily observations are available from 1700 to the present. From these
observations, we know that the solar activity — measured by the number of sunspots — varies with an 11-
year cycle, and that the amplitude of the cycle is variable. From joint sunspot and solar magnetogram
observations, we also know that sunspots correspond to regions of strong magnetic fields on the solar
surface.

In 2015, following a series of international workshops under the leadership of ORB-KSB, a revision of the
sunspot number time series, was published. The major change of the revised time series (V2), compared
to the original time series (V1), is the correction of a discontinuity of the order of 20 % around 1947. In
the revised time series, a ‘Modern Grand Maximum’ no longer appears.

Total Solar Irradiance is continuously monitored with space radiometers since 1978. The occurrence of a
dark sunspot causes an instantaneous decrease of the TSI. A sunspot is small and has a relatively short
lifetime, of the order of weeks to months. The sunspot decays into large and long-lived regions — with a
lifetime of months to years —, which are slightly brighter than the solar background. These regions are
called facula, and they cause a long-term increase of the TSI. At the annual mean level, the facular TSI

6 Eddy, J.A., 1976. The Maunder Minimum: The reign of Louis XIV appears to have been a time of real
anomaly in the behaviour of the sun. Science, 192(4245), pp.1189-1202.
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increase is stronger than the sunspot TSI decrease, and there is a strong positive correlation between TSI,
facula and sunspots. Using the space age TSI observations, it is possible to calibrate the relation between
annual mean TSI and annual mean sunspot number, and reconstruct the TSI backwards in time before the
space age thanks to the long-term sunspot observations. The results are shown in the figure below, where
the orange curve is the annual mean TSI observed from space, and the purple curve is the reconstructed
TSI based on the long-term sunspot observations.

Annual mean Total Solar Irradiance
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Figure 25: Orange curve: composite TSI space observations. Purple curve: backward TSI reconstruction based on sunspot
observations.

More details can be found in the paper: Dewitte, S., Cornelis, J. and Meftah, M., 2022. Centennial total
solar irradiance variation. Remote Sensing, 14(5), p.1072.
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Successful Closure of the Flight Acceptance Review of the
Science Operations Centre for PROBA-3/ASPIICS

PROBA-3 is the next mission in the PROBA (PRoject for On-Board Autonomy) line of small satellites
developed by the European Space Agency (ESA). It is primarily a mission dedicated to the in-flight
demonstration of technologies for precise formation flying. For PROBA-3, this means that its two small
spacecraft will be flying together in formation, along a highly elliptical orbit around the Earth. The
formation of two spacecrafts will produce a giant solar coronagraph called ASPIICS, which stands for the
Association of Spacecraft for Polarimetric and Imaging Investigation of the Corona of the Sun.

A coronagraph is a telescope that can observe the solar corona, the tenuous outer atmosphere of the Sun
that is usually seen only under total solar eclipse conditions. During a total eclipse, the Moon completely
covers the bright disc of the Sun, allowing the dim corona to be seen. The ASPIICS coronagraph will consist
of two PROBA-3 spacecrafts flying in formation, with one spacecraft carrying the optical telescope, and
the second spacecraft carrying the circular occulter that plays the role of the Moon. The inter-spacecraft
distance of around 145 metres will allow observing the corona close to the solar limb with
unprecedentedly low parasitic light coming from the bright solar disc. Such conditions will be similar to
those encountered during a total eclipse. In order to accomplish this task, the two spacecraft have to be
aligned with the precision of a few millimetres.

PROBA-3, to be launched in September 2024, will not only demonstrate advanced technologies but is also
a mission in the Science Programme of ESA. The scientific objectives of ASPIICS include the investigation
of structure and dynamics of the quiescent solar corona and of coronal mass ejections (CMEs), huge
eruptions of plasma and magnetic fields that may arrive at the Earth and produce geomagnetic storms.

Since 2017, the Solar Influences Data Analysis Center (SIDC) of the ORB-KSB has been developing the
Science Operations Centre (SOC) of ASPIICS. After the mission launch, the SOC will be tasked with creating
observation programs for the desired science operations of ASPIICS, sending them to the PROBA-3 Mission
Operations Centre in Redu (Belgium), as well as receiving and processing the acquired coronal images. The
SOC is developed by a team of software engineers and scientists at SIDC, which has been supported by the
SOC international partners from Germany, ltaly, Poland, and Romania. An important aspect of the SOC is
that it has to take into account the particular nature of this innovative mission, namely the presence of
two precisely aligned spacecraft. The SOC will have to calculate the influence of dynamically changing
positions and orientations of the two spacecraft on the resulting coronal images.
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A committee consisting of experts in software development, space mission operations and science was
appointed by ESA to follow the SOC development and to review it at regular intervals. The Flight
Acceptance Review was the last in the series of reviews. It had to certify that the SOC is built following the
predefined scientific and technical requirements. The committee has thoroughly inspected the SOC
software and associated documentation. In April 2022, it concluded that the SOC satisfies all the
requirements and the Flight Acceptance Review of the ASPIICS SOC is successfully closed.
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Scale Transfer in 1849: Heinrich Schwabe to Rudolf Wolf

The Sun is a fascinating and complex star that scientists have been studying for centuries. One of the ways
they measure its activity is by counting sunspots. Scientists have been tracking the number of sunspots
over time to understand how the Sun behaves and maintained the records in the form of a series called
International Sunspot Number (ISN). ISN is a widely used measure of solar activity that dates back to the
1600s. It is a count of the number of sunspots on the visible disk of the Sun, and it is used to track the 11-
year solar cycle and its variability over longer periods. However, the historical record of sunspot
observations is far from complete, with gaps and inconsistencies in the data that make it difficult to
construct a reliable long-term record of solar activity. To overcome these limitations, scientists have
developed methods to reconstruct the ISN using raw data counts, which are being recovered from the
archives from observers all over the world.

Overall, reconstructions of the ISN provide a valuable tool for understanding the long-term behaviour of
the Sun and its impact on Earth's climate and environment. However, uncertainties and limitations in the
data mean that caution must be exercised when interpreting the results, and ongoing efforts are needed
to improve the accuracy and consistency of the records.

The historical data on sunspot counts has been a challenge to analyse because there have been
inconsistencies in the way observations were made and recorded. To overcome this difficulty, Prof. Rudolf
Wolf introduced in 1859, a parameter called k-factors to other sunspot observers to bring them to his
scale. In other words, he would adjust their observations to fit his own scale. This was a common practice
back in the day, and it was essential to ensure that the data was consistent across all observers. Note that
Prof. Wolf started doing his own observations from 1849 and started keeping records of his observations
in his logbook called the Mittheilungen. Along with his own data, he started collecting sunspot records
from various other observers and included them in the Mittheilungen as well. The Royal Observatory of
Belgium conducted a mission between 2017 and 2019 to digitise all the data contained in the published
Mittheilungen.
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Figure 26: Yearly ratio for ISN versus Schwabe counts with vertical dashed line representing start of Wolf’s observation as shown
in Leussu et al. (2013).

From 1826 to 1848, Heinrich Schwabe was the primary observer of sunspots, as determined by Rudolf
Wolf. In simple words, every observer in that period used to be scaled to Schwabe. However, in 1849, Wolf
took over the role of the primary observer, and this shift caused an inconsistency in the Sunspot Number
series as can be seen in Figure 26.

In this study, we focused on this specific issue with the International Sunspot Number series. We found
that there was a significant jump in the sunspot counts around 1849, which had been a longstanding
mystery for researchers. We discovered that this jump was caused by a mistake in the way the data was
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processed. Specifically, the k-factor, which is a scaling factor used to standardise observations made by
different observers, was applied incorrectly to Schwabe’s data before 1849.

To address this issue, we carefully examined the available data and conducted statistical analyses to
validate the k-factor used by Wolf to scale the observers. We were able to propose a corrected k-factor
for Schwabe, which we believe will help to make the sunspot counts more accurate.

Since all other observers were scaled to Schwabe before 1849, we reconstructed the ISN from the period
from 1818 to 1848 as seen in Figure 27, using the data from the Mittheilungen but we plan to extend our
analysis to other periods in the future. Ultimately, our goal is to reconstruct the sunspot data from raw
historical records, which will help scientists to better understand the Sun and its impact on our world.
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Figure 27: Monthly smoothed SNV1, SNV2, reconstructed SNV1 spanning from 1818 — 1868 and 22% lowered SNV1 from 1818 —
1848. The zoom in the plot is for easy comparisons, with SN in the y-axis and time (in years) in the x-axis.

This study also highlights the importance of meticulous record-keeping, consistency in data collection, and
the need for correcting historical data to maintain the accuracy of scientific datasets. It is fascinating to
think that a small adjustment made over 170 years ago could affect our understanding of solar activity
today. This study, Battacharya et al. 2023 is published in the journal Solar Physics.
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Astronomy and Astrophysics

First results from the James Webb Space Telescope

In 2022, infrared images of the Southern Ring Nebula NGC 3132 taken by James Webb Space Telescope
(JWST) were released as part of its Early Release Program. The sensitivity and precision of 10 JWST near-
and mid-infrared images, taken with the NIRCAM and MIRI instruments respectively, show this planetary
nebula in unprecedented detail. It revealed multiple stars at the heart of the Southern Ring and helped to
shed light into the underlying history of NGC 3132.

An international team of almost 70 astronomers, led by Orsola De Marco of Macquarie University in
Sydney, Australia, and including astronomers of the ORB-KSB, analysed and modelled these most detailed
observations of the planetary nebula NGC 3132 to find out how these intricate shapes could have been
produced.

The Southern Ring Nebula is a ‘planetary nebula’ about 2000 light years from earth. It formed when a red
giant dying star, similar or somewhat heavier than the Sun, sheds its outer layers into space, exposing its
hot and compact nucleus, a white dwarf, which then illuminates the gas and dust expelled before.

Figure 28: NASA’s James Webb Space Telescope offers dramatically different views of the Southern Ring Nebula. Each image
combines NIRSPEC and MIRI data from three filters. At left, Webb’s image of the Southern Ring Nebula highlights the very hot
gas that surrounds the two central stars. At right, Webb’s image traces the star’s scattered molecular outflows that have
reached farther into the cosmos. In the image at left, blue and green were assigned to Webb’s near-infrared data taken in 1.87
and 4.05 microns (F187N and F405N), and red was assigned to Webb’s mid-infrared data taken in 18 microns (F1800W). In the
image at right, blue and green were assigned to Webb’s near-infrared data taken in 2.12 and 4.7 microns (F212N and F470N),
and red was assigned to Webb’s mid-infrared data taken in 7.7 microns (F770W). Credits: NASA, ESA, CSA, and O. De Marco
(Macquarie University). Image processing: J. DePasquale (STScl).

In the MIRI JWST images two stars are visible. However, the hot white dwarf appears reddish, which
indicates the presence of a dust disk around it. The bright blue-white star that can be seen in JWST’s
images is a main-sequence star orbiting the white dwarf at a radius of over 1200 AU, making this pair a
wide binary. This bright blue-white star did not interact with the central system to produce the nebular
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features, however, its steady, slow orbit around the central white dwarf helped to measure the initial mass
of the central star. It was the first time ever that the initial mass of a star of a planetary nebula could be
measured with great precision. The team calculated that the central star in NGC 3132 was nearly three
times the mass of the Sun before it ejected its layers of gas and dust to form the nebula. Now it is only
about 60% the mass of the Sun. Knowing the initial mass is a critical piece of evidence that helped the
team reconstruct the scene and model how the shapes in this nebula may have been produced. When the
nebula originates from a lone star, these ejecta are generally spherical. However, if the former red giant
star interacted gravitationally with a stellar companion during envelope ejection, then one would expect
the planetary nebula to contain evidence of these interactions. These signs are seen in departures from
spherical symmetry in the shape of the nebula, as well as structures such as rings, arcs, spirals, and jets in
the gas. The average size and separation of the arcs seen in the JWST images indicate the presence of a
second companion which has orbited the central white dwarf at a radius of about 50 AU. Hence the bright
A-star is too far away to be responsible for these features, which implies that there must be a third unseen
star in the system and that NGC 3132 contains at least a triple star system. Given the fact that the
hypothetical new star is not directly visible in the glare of the dwarf, the authors place an upper limit of
0.2 solar masses on the unseen companion. The disk of hot dust around the central white dwarf also
favours the existence of a close binary companion, which would have donated a significant amount of
material and angular momentum to form the disk. Sahai et al. 2023 showed that the dust disk is composed
of a mixture of carbon and silicate grains which may also have originated from a planetary system around
the companion star.

Combining the JWST images with spectroscopic observations from ground-based telescopes of NGC 3132,
the authors were able to reconstruct a 3D visualisation of this component of the nebula, as can be seen in
Figure 29. In the 3D reconstruction, the shape of this cavity is very clearly not smooth —it is covered in
numerous protuberances, which could be due to intermittent jets. If this is the case, these jets are being
generated over a huge range of axes —too many for a close binary to cause. This leads the authors to
conjecture that the central dwarf is not a member of a close binary, but at least a close triple, which either
also escapes detection or perished in an interaction with the giant. While speculation about the nature of
the origin of these features still remains, the authors are confident in claiming that the original star system
that became NGC 3132 was probably a quartet (or even a quintuple system).

Figure 29: Reconstruction of the ionised cavity of NGC 3132. Colour coding indicates Doppler shift as seen from Earth, with bluer
regions approaching the observers and redder regions moving away.

The observed detailed structure in the nebula has been important in constructing the evolution of this
multiple-star system. Discoveries like these are only the start in the era of JWST. Understanding which
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molecules are present, and where they lie throughout the shells of gas and dust will help researchers refine
their knowledge of these objects. Just like Hubble Space Telescope in the past, JWST has the potential to
revolutionise what we know about the formation and evolution of planetary nebulae and the role of stellar
companions in shaping these impressive clouds of gas and dust expelled by dying stars. Astronomers at
the ORB-KSB are involved in other studies using JWST instruments and expect more impressive images and
results in the coming years.
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The James Webb Space Telescope is the world’s premier space science observatory. Webb will solve mysteries in our solar system,
look beyond to distant worlds around other stars, and probe the mysterious structures and origins of our universe and our place in
it. Webb is an international program led by NASA with its partners, ESA (European Space Agency) and CSA (Canadian Space
Agency).
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Gaia Data Release 3: Building the Largest and Most
Precise 3D Map of the Galaxy

Gaia is a European space mission aimed to create a 3D map of our Galaxy. It measures with an
unprecedented precision the sky positions of about 2 billion stars, as well as quasars, galaxies and asteroids
several times (8 times a year on average). In order to achieve its goals, the satellite has three instruments
on board (Figure 30): an astrometric instrument, a set of complementary low-dispersion
spectrophotometers (BP and RP), and a high-dispersion spectrograph (RVS). It was launched in December
2013 to the second Lagrange point (L2), and is mapping since 2014 the Milky Way. By the end of the
mission in 2025, it is expected to have acquired about one petabyte of information. To extract, calibrate,
and analyse these data, a large (mainly) European team made of scientists and engineers was brought
together to form the Data Processing and Analysis Consortium (DPAC). The processing and analysis of the
measurements do not only derive the 3D positions of stars in the Milky Way. It also deduces their nature
and main characteristics, as well as their proper motions in the sky and their speed relative to the Earth
(what we name radial velocity or RV), which combined informs us of how they move through space while
orbiting the Milky Way centre. Because of the high precision of its measurements obtained for an
unprecedentedly high number of stars, Gaia revolutionises our knowledge of the structure and dynamics
of our Galaxy. It is in recognition of all these efforts and major contributions to astronomy, that Gaia and
its DPAC have been honoured in November 2022 by the 2023 Berkeley prize awarded by the American
Astronomical Society.
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Figure 30: Optical bench of Gaia’s payload module (right). Simulations of the images obtained by the three instruments on board
are shown on the left. The astrometric field (AF) is used to measure the target position, the Red (RP)/Blue (BP) photometer
provides low-resolution spectra used to characterise the object, while the RVS grating produces the high-resolution spectrum
analysed to estimate its radial velocity and line-broadening velocity.

Since 2006, and thanks to funding provided by the Belgian Federal Science Policy Office (BELSPO) via the
PRODEX Programme of ESA, astrophysicists of the ORB-KSB are actively involved in the DPAC. They directly
contribute to the measurement and scientific validation of the radial velocity of stars, the estimation of
their astrophysical parameters and characteristics, and to the accurate measurement of the position of
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asteroids. While the final catalogue of the Gaia mission (Gaia DR5) is expected to be published in 2030,
four intermediate Gaia data releases have been planned. The third one (Gaia DR3) took place on 13 June
2022. It includes the results of the ORB-KSB commitment to the project from the beginning of the DPAC.
To celebrate it, as well as the contribution from other Belgian institutes, the ORB-KSB organised at its
Planetarium a public session, to which the national press was invited. In what follows, we summarise some
of the results.

The Radial Velocity of Stars and the Galactic Rotation

The motion of stars through space depends on the rotation of the Galaxy, on its interaction with other
galaxies, and on the stars’ birth environment. Therefore, its knowledge tells us a lot about the history and
evolution of the Milky Way. The component of this motion in the direction of Earth is the radial velocity
(RV). To measure its value for a fraction of stars observed by Gaia, the satellite has a high-resolution
spectrometer on board: the Radial Velocity Spectrometer (RVS, Figure 30). The RVS covers a wavelength
domain that ranges from 845 to 872 nm with a medium resolving power of 11 500. The physical
phenomenon allowing the RV measurement is the Doppler effect, as the motion of a star relative to Gaia
induces in its RVS spectrum a wavelength shift which is proportional to its speed along the line-of-sight.
By measuring the wavelength displacement of each spectral line relative to their laboratory position at
rest, the DPAC determines the RV of each star. The combination of this information with its proper motion
on the sky and distance provides not only a 3D view of where the star is, but also gives a hint of its future
and past locations giving means to study the dynamics of a significant portion of the Milky Way.

Median{Vy) [kms1]

Figure 31: Sky distribution of median radial velocities sampled in ~0.2 square degree bins. The map is a Mollweide projection of

the sky in galactic coordinates (I,b). The centre of the image is the Galactic centre, while the galactic longitudes increase to the

left (see Katz et al. 2023). The component on the line-of-sight of the Galactic disk rotation is visible through the variation of the
median RV alternating from positive (bright areas) to negative (dark areas) values.

In Gaia DR3 the radial velocities of about 33 million stars have been published in the catalogue (Figure 31
shows how they distribute over the sky). In practice, the published RV represents the median of 22
measurements done at different epochs, which allows the detection of variations due, for example, to the
presence of stellar companions. It is indeed expected that more than one third of the stars observed by
Gaia are members of a multiple system made of two or more stellar components orbiting its centre of
mass. In Gaia DR3, about 185 000 such systems have been identified thanks to the RV variations, which
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represents 45 times more than what could be achieved in the recent days with ground-based

spectroscopic surveys.

The Characterisation of Young Stars and the Galactic Spiral Arms

From the advent of spectroscopy 200 years ago, astrophysicists have
made great efforts to make a catalogue of stars in ever-greater detail.
Since then, stars’ colours and spectroscopic line features are used to
estimate their astrophysical parameters (effective temperature,
surface gravity and chemical composition). These parameters usually
suffice to describe the physical conditions in the stellar photospheres,
which can be linked to their fundamental parameters (intrinsic
luminosity, mass, radius) if combined with their distance from Earth.
Therefore, in order to also identify and characterise the stars (as well
as any other object that Gaia observes), the satellite has a second
spectrograph on board made of two prisms: one observing the blue
(BP: Blue Photometer) and red (RP: Red Photometer) part of the visible
spectrum of light, from 330 to 1100 nm. The resolving power of this
spectrophotometer is much lower than the RVS, but it has the
advantage to cover a much larger fraction of their spectral energy
distribution (Figure 32), where most stars seen by Gaia radiate most
of their light and present many representative spectroscopic features.
However, a smaller part of the stars, with effective temperatures
larger than 8000 K and spectral types A, B and O, emit most of their
radiation at wavelengths shorter than 330 nm. Their Gaia BP/RP and
RVS spectra also exhibit much fewer and often broader features,
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Figure 32: Variation with stellar effective
temperature (Teff) of the mean BP and RP
spectrum (black) of cooler (low red areas)
to hotter (upper purple areas) stars.
Source: Fouesneau et al.2023.

which make them more difficult to analyse, to derive their RVs, and to characterise. Despite the challenge

to measure RVs in these younger stars (see Blomme et al. 2023), about half a million have radial velocities

published in Gaia DR3 (Figure 33).

—

 —

Figure 33: Sky distribution (in galactic coordinates, same projection as in Figure 2) of the approximately half a million hot stars
with Gaia DR3 radial velocities. The colour scale gives the number of stars per ~0.2 square degree.

In addition, a specific DPAC software, developed by the ROB Gaia team, is dedicated to the study of ‘hot’
stars. It aims to identify these among the huge amount of data collected by the satellite and to derive their
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astrophysical parameters. This led to the publication in the Gaia DR3 of astrophysical parameters for 2
million A-, B- and O-type stars (Figure 34).
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Figure 34: Gaia DR3 surface gravity versus effective temperature of O-, B-and A type stars. The ‘hot stars’ part of the DPAC
pipeline processes the data in two modes: BP/RP + RVS spectra for the brighter targets (left panel) and BP/RP spectra only (right
panel) for the fainter ones. Left panel: the blue lines represent the expected evolution in time across the diagram of stars of a
given mass from the beginning of the main sequence (lower point in each curve). Right panel: the hatched area identifies the
region partly occupied by older lower mass stars burning helium in their cores. Source: Creevey et al. 2023 and Fouesneau et al.
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Figure 35: Overdensity map of the Gaia DR3 O- and B-type stars Figure 36: Hertzsprung-Russell diagrams for a subsample of

sample over plotted with the positions of the open clusters the Gaia DR3 vbroad catalogue. The binning size is 0.1 by 0.1
younger than 63 Myr. The cross indicates the position of the mag. The colour code follows the median vbroad value (in
Sun. Source: Drimmel & Gaia Collaboration 2023. logarithmic colour scale) per bin. Source: Frémat et al. 2023.

Because their radiation is more intense, hot stars consume more rapidly their energy and evolve faster
than cooler objects. They have less time to migrate from their birthplace located in the galactic spiral arms.
Therefore, their identification is a key element in the framework of the study of the Milky Way, as the
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precise knowledge of their distance, position, proper motion and RV allows astronomers to study its outer
disk structure and dynamics (see Drimmel & Gaia Collaboration 2023).

Finally, as hot stars are younger than the Sun and have weaker magnetic fields, they usually undergo less
or no magnetic braking and are known to be rotating faster. This rapid rotation, which originates during
the collapse of the protostellar interstellar cloud and the star’s birth, induces, through the differential
Doppler effect (one end of the star approaching the observer and the other moving away), a broadening
of the spectral lines observed in the RVS. This broadening is proportional to the projected rotation speed
of the star (named vbroad) and has been measured for more than 3 million targets, including cool stars.
In Figure 36, we show how a subsample distributes across the Hertzprung-Russell (HR) diagram (see
Frémat et al. 2023).

Asteroids

Closer to the Sun than the objects we have discussed so far are the asteroids. Accurate astrometry for
these small body objects was already present in the Gaia's second data release on April 25, 2018. This was
for a small sample of about 15 000 asteroids as a feasibility demonstration. In Gaia DR3, we now have a
much larger sample of some 150 000 asteroids with very accurate astrometry. In addition, the
observations in the third release span a longer time interval, such that each asteroid has on average more
positions. This leads to an impressive 23 million individual astrometric positions of asteroids in the Gaia
DR3 catalogue. Since Gaia has a predefined scanning law, one cannot choose when to observe which
asteroid. Therefore, the selection of asteroids to include in the third release was mainly driven by the
number of observations of each object.

The SSO (Solar System objects) Gaia DPAC group
is divided in development units (DUs). Each DU
has the task of developing the software for a
specific part of the data reduction. The
upstream DUs are responsible for the basic
treatment leading to accurate astrometry, while
downstream DUs deliver derived products, such
as orbits, photometry, rotational properties and
masses. The ORB-KSB has been highly involved
in DU454, the DU responsible for the software to
convert coordinates in the focal plane to
coordinates in the sky, and this ever since the
creation of DPAC in 2006. Apart from doing the
conversion of coordinates, an important task of
DU454 is the efficient filtering of the bad
detections: removing detections that are clearly
not asteroids, or detections of poor quality.

The best astrometry is found for objects of
intermediate brightness. Bright objects are
larger in apparent size, and are no longer point
sources, while they suffer from saturation in the
image. Therefore fitting a standard point-spread
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Figure 37: Quality check of the astrometry of asteroids is done by
computing for each asteroid an orbit from all the gathered data. The
deviations between the positions derived from the orbit and the
observed positions will tell us something about the accuracy of the
astrometric positions. On the figure, we see that positions are most
accurate in the magnitude range 12-16. Fainter asteroids have larger
errors in their positions, but also brighter asteroids show larger errors.

function (PSF) to bright objects is less successful. On the other hand, faint objects have a lower signal-to-
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noise ratio and therefore the fitting of PSF will be less accurate. However, in the magnitude range of 12-
16, individual Gaia positions of asteroids reach an unprecedented accuracy of better than one
milliarcsecond.

This very high positional accuracy has already had some spin-offs. Using the Gaia data one was able to find
the signature of the motion of the photocentre of an asteroid due to its satellite. Moreover, observers of
stellar occultations by asteroids greatly benefit from the Gaia data. Not only are the ephemerides of the
asteroids so much more accurate, also the positions of the target stars are so much better known, so that
the uncertainty of the shadow paths on Earth is reduced to a few kilometres, whereas a few tens of years
ago this was still hundreds of kilometres, sometimes thousands of kilometres. This led in the past years to
an exponential increase in the number of positive observations of stellar occultations by asteroids, with
observers who were at the right place to observe the predicted event.

The third data release is not yet the end. In the next data releases, we expect even more asteroids with
more observations for each asteroid. With the use of PSFs especially adapted to the motion and the shape
of the asteroids, we expect even better orbits and better ephemerides.
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The year 2022 is also full of outreach activities, notably because of the 2022 Open Days, a big event
requiring a full year of preparation, but also for other outreach events (co-)organized by the Observatory
or by colleagues from the Observatory. The high activity of the ORB-KSB in 2022 is also reflected in the
published news on the ORB-KSB’s website (25 topics in 2022 compared to a mean of 14.6 publications per
year between 2017 and 2021).

Open Days 2022

The Royal Observatory of Belgium (ORB-KSB), the Royal Meteorological Institute (IRM-KMI) and the Royal
Belgian Institute for Space Aeronomy (IASB-BIRA), in collaboration with the Royal Academia of Overseas
Sciences, opened their doors on 24-25 September 2022.

Almost ten thousand visitors came to the Space Pole site and interacted with scientists, visit the telescopes
and learn more about the stars, the Sun, the asteroids, the planets and the Earth (earthquakes, interior of
the Earth, weather, climate...). The theme of this year was ‘Space for Climate’, on the occasion of the future
opening of the Climate Centre and of the engagement of the IRM-KMI and IASB-BIRA relating to climate.
A social media campaign was also organised for this event.

On this occasion, balloons representing the Earth and the Moon are exhibited for one week at the front of
the main building. A VIP event was held on Tuesday, September 20, 2022, in the evening, with guests from
the Observatory and the representatives of the South Moravian region in the UE. It was also an occasion
for the solar physics department to exhibit a high-resolution image made by the camera EUl on board the
ESA Solar Orbiter spacecraft. There was no school event organised this time.

A Calendar of the Space Pole (ORB-KSB, IRM-KMI and IASB-BIRA) was also made on this occasion, and was
sold during the Open Days, in the Planetarium, by order and internally to colleagues of the Space Pole,
who got the advantage to get their first copy for 1 € instead of 5 € (1 € being the cost of printing per copy).
About 300 calendars were sold.
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SUN Exhibition at the AfricaMuseum

SUN is an installation by British artist Alex Rinsler and solar expert Prof. Robert Walsh (University of Central
Lancashire). It is a lifelike representation of the SUN, as a 6-meter diameter balloon on which is broadcast
a 3D projection with state-of-the-art telescope images on a gigantic hanging shows 10 weeks of the life of
our Sun. Smoke and sound effects complement the unique experience.

With this installation in the AfricaMuseum, in cooperation with the Solar-Terrestrial Centre of Excellence
(STCE) in Uccle, the spectacular artwork was shown outside the United Kingdom for the very first time at
the AfricaMuseum.

Figure 38: lllustration of the SUN installation.

The SUN exhibition took place from April 5 to April 24, 2022. In addition to the spectacle of SUN, the
AfricaMuseum and the STCE also took this opportunity to show to the visitors their research projects linked
to the SUN and Climate. There were also special events such as the VIP opening in which directors of the
Federal Scientific Institutes are invited and the Family Sunday in which families can listen to traditional
tales.

Opening of the Climate Centre

On 29 November 2022 at 10:00, Secretary of State Thomas Dermine, Scientific Director Valérie Trouet and
Operational Director Ella Jamsin officially opened the Climate Centre at the Space Pole in Uccle. Belgian
and international scientific, industrial, academic, federal and political representatives attended this event.
Bertrand Piccard, who flew around the world with the solar plane Solar Impulse, was the special guest.

The official opening of the Climate Centre offered guests and the press the opportunity to meet the
directors of the Climate Centre and to discover the climate research carried out within the Federal
Scientific Institutes. To mark the opening of the Climate Centre, a work of art, exhibited on the Avenue
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Circulaire, was unveiled to the public. Created by the Wall Street Colours collective, the work depicts
human silhouettes covered in patterns ranging from microscopic views of bacteria to heat waves seen
from the sky, evoking the link between all scales of our ecosystem and the central role played by
Humankind and Nature.

The Climate Centre was created at the instigation of the State Secretary for Federal Science Policy, Thomas
Dermine. This centre brings together and coordinates the climate research of the Federal Scientific
Institutes: the Royal Meteorological Institute (IRM-KMI), the Royal Belgian Institute for Space Aeronomy
(IASB-BIRA), the Royal Observatory of Belgium (ORB-KSB), the Royal Belgian Institute of Natural Sciences
(RBINS), Royal Museum for Central Africa (AfricaMuseum) and Sciensano. It aims to strengthen their
collaboration with other research centres and universities and to focus more on the needs of economic
and political actors (adaptation measures, mitigation strategies, etc.).

A significant part of the research of the ORB-KSB is related to climate: measurements of the effects of
water masses on gravity and ground deformations, observation of atmospheric water vapour with GNSS
satellites, study of seismic noise related to storms, seismic studies for geothermal energy and the study of
the influence of the Sun on climate.

ASGARD balloon launch

The ASGARD 11th balloon launch took place on April 28, 2022. This event is organised by the Planetarium
and the institutes of the Space Pole, the ORB-KSB, the IRM-KMI and the IASB-BIRA, participated in it.

The ASGARD Contest is geared to primary and high school classes who proposed an original experiment
that will be loaded on a stratospheric balloon. Like every year, the finalists of the contest spent a day at
the Space Pole site, during which the balloon launch of their experiments is the climax. In addition to the
balloon launch, the participants also attended sessions in which scientists explain science topics in their
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fields and ‘Meet and Greet’ sessions in the afternoon in which scientists from different fields present
themselves and their research.

Exhibition at the Royal Palace

After an absence of three years due to COVID-19, the
annual exhibition at the Royal Palace took place from
July 23 to August 28, 2022. This exhibition is a ‘light’
version, only open to visitors who booked their visit
in advance via the Palace website.

This 15th edition, presented by BELSPO is entitled
‘Belgian Science Policy: Ensuring the Future’, atheme
that will valorise the way in which the department
] and the 10 Federal Scientific Institutes (FSls) are
preparing themselves for the future, by reaffirming themselves as essential players in research and the

related applications. For this edition, the ORB-KSB provide a maquette of the GRASS instrument, which
will be part of the future ESA Hera mission (launch schedule in 2024). GRASS will analyse the gravity field
of Dimorphos, allowing us to better understand its internal structure and to find a strategy to deflect
asteroids.

Soapbox Science Brussels 2022

Soapbox Science is an international science outreach initiative that aims to promote the visibility of women
and non-binary scientists and their research by bringing them on the streets to reach the public. Soapbox
Science events transform public areas in discussion forums based on Hyde Park’s Speaker’s Corner where
women and non-binary scientists, on their soapboxes, talk about their research to the people passing by.

Soapbox Science was founded in 2011 in London, by Dr Seirian Sumner, from the University of Bristol, and
Dr Nathalie Pettorelli, from the Zoological Society of London. The concept went on with great international
success, with, during some years, more than 40 events in at least 13 countries, including Belgium. The
Soapbox Science Brussels local organisation what founded in 2019 by researchers and science
communication officers of Royal Observatory of Belgium (ORB-KSB) and the Royal Belgian Institute of
Space Aeronomy (IASB-BIRA). The ORB-KSB became the host institute of Soapbox Science Brussels and the
administrative cost are managed by the ORB-KSB and the IASB-BIRA. Funding of Soapbox Science Brussels
goes through sponsoring from different entities.
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The 2022 event was the third one organised by Soapbox Science Brussels, after a first online event in 2020
that was broadcast live on social media, and one real-life event in 2021. It took place on June 25, 2022, at
the Place de la Bourse. Talks were in French, Dutch and English, three languages widely used in Brussels.

In 2022, Soapbox Science Brussels Sponsors are the VIB, SCK-CEN, Marc Vandenbrande and Europlanet
Benelux. The ORB-KSB and the IASB-BIRA also contributed to this event for the logistics (transportation,
catering...). Thanks for investments from UHasselt, ULiege (which pays back the lab coat costs paid by the
ORB-KSB) and Belspo last year (for the lab coats, the soapboxes...), the need for funds is reduced in 2022
(no need to buy soapboxes, lab coats or flags). Soapbox Science Brussels still needed some funds for filming
a promotional video, but, thanks to the partial compensation from Marc Vandenbrande, they could afford
it. Looking for new sponsors in 2023 will be a main task of the Soapbox Science Organisation Team.

There was a good reception from the visitors, from the communication from the institutes of the speakers,
and from the press, with which some interview where done. On this occasion, videos of the event were
made by Marc Vandenbrande. Those video can be watched in the Soapbox Science Brussels YouTube
channel. The organising team intends to renew the initiative and to organise a new event on June 24, 2023.
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Information to the Public, Website, News and Press
Releases

In 2022, the Communication and Information service replied to questions from authorities, public and the
media send by email (449, with 221 in French, 175 in Dutch and 55 in English), by telephone (88), by social
media of the Observatory (Facebook: 7 and Twitter: 3) and by paper letters or fax (6), hence 433 repliesin
total. 32 questions came from authorities (courts, police...) or particulars such as lawyers, with 22 in Dutch
and 10 in French. In order to reply to some of the questions, more specific research are performed.

As usual, most questions were about sunset and sunrise, astronomical phenomena, calendars and time,
satellite and space station flybys, night observations, and the history of ORB-KSB. Questions related to
other fields of expertise such as seismology or space weather are forwarded to the respective services.
Due to lockdown and COVID-19 safety measurements (put in place since March 12, 2020), visits are
restricted and strongly discouraged.

In 2022, 25 topics were published in the ‘News’ section of the ORB-KSB’s website (always in three
languages: NL/FR/EN), including 8 press releases. This is big increase compared to 2021 (17 topics,
including 2 press releases).

Social Media

On 31 December 2022, the ORB-KSB Facebook webpage has 1431 likes (with 232 new likes since
end 2021), and the ORB-KSB Twitter account got 1195 followers (173 new followers since end 2021). The
themes of the published posts and videos are related to all services of the institutes, comprising shared
posts from the Planetarium Facebook page, from the Seismologie.be Facebook page and Twitter account,
from the EUI Twitter account and also from the Royal Belgian Institute of Spatial Aeronomy and the Royal
Meteorological Institute.

The most successful Facebook post of the year is a post announcing the October 25, 2022, solar eclipse,
which is partially visible in Belgium. The most successful tweet is on Twitter is related to the Perseid meteor
shower, which got an exceptional number of 56,457 impressions and 877 engagements while the other
tweets of the top 12 tweets only got an impression below about 9000.

In 2022, the Information and Communication service got the admin permission to manage the LinkedIn
page of the Royal Observatory of Belgium, which was automatically created since several (ex-)colleagues
have LinkedIn profiles. At the beginning of 2023, there are 693 followers in the ORB-KSB LinkedIn account.
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The Planetarium



Daily Activities

Frequentation, Social Media and Website

Although 2022 saw a gradual return to normal after the previous two years, which were marked by the
COVID-19 pandemic, the start of the year was nevertheless well below normal levels due to the fact that
many schools were unable to take school trips until spring. However, strong momentum in the last three
quarters enabled us to reach a total of 44,121 paying visitors, thanks to figures from April to December
that were very close to those for 2019 (the pre-COVID year).

A total of 828 sessions were given, divided between 83 lessons for school groups, 6 workshops and 739
film screenings (for individuals, families and tourists). Compared with a normal year such as 2019 (1,657
sessions, including 222 courses for school groups, 40 workshops and 1,395 film screenings), these figures
give a clear idea of the impact of school closures and lockdowns on the Planetarium's day-to-day activities.

The Planetarium's Facebook page continued to grow, closing the year 2022 with 3,581 likes (up 735 on the
previous year). An Instagram account was also created in March 2022 to reach a younger audience. By the
end of the year, it had 482 followers.

The year 2022 also saw the launch of the Planetarium's new website, as the previous one no longer met

current standards. The new website is intended to be more attractive and clearer for visitors, and easier
to maintain internally. Its positive impact was quickly felt, with the number of requests for practical
information by telephone or email falling after the site was launched in the spring.

A New Planetarium Film on Climate Change

- o S In collaboration with the IRM-KMI and the BIRA-IASB, and
g S o A e as part of the launch of the Climate Centre, a new
@l Planetarium film on the Earth's climate has been added to

1_;1: i 11 H r the portfolio. The preview of Earth's Climate took place on
_A R s June 20 in the presence of a large audience. As well as
: 2 climate and meteorology, of course, this film covers a
C 13‘. I M A ‘N E number of research themes being carried out at the Space
o - Pole. Although the film stands out from the other offerings,

which tend to focus on astronomy, it was well received by
e the audience.
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Special Activities

As usual, a number of events promoting science and educational and cultural activities have been
organised in 2022.

Thomas Pesquet at the Planetarium

OnJune 27, 350 primary school pupils had the chance to put their questions to astronaut Thomas Pesquet,
who came to present life on board the ISS during a day organised by Science Policy and the ESA. Media
coverage was extremely extensive, with the day ending with a press conference led by Thomas Pesquet
and Secretary of State Thomas Dermine.

Space Week

Nearly 200 people were able to listen to and interact with Dirk Frimout, Frank De Winne and four North
American astronauts as part of Space Week on October 20. The question-and-answer session was
preceded by presentations by four scientists from the Space Pole on their space-related research themes
(solar physics, the Galileo system, volcanism and the earth’s climate).
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ESO Day

To mark ESQO’s 60th anniversary, the Planetarium, Belspo, BNEC and ESO organised a day and evening on
December 8 celebrating ESO through its astronomical discoveries and technological achievements. The
Astronomy and Astrophysics Contact Group held a special day dedicated to ESO results, alongside a session
presenting ESO professions to engineering students from several faculties and a meeting between Belgian
technology players and ESO representatives. The evening was devoted to an event for the public, with live
streaming of ESO astronomers from the VLT site in Chile and talks by Belgian astrophysicists who have
used ESO telescopes.
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Also in 2022

e The mobile planetarium and VR system were made available to the public at the KNAL Festival on
March 13;

e Special sessions were offered as part of the Printemps des sciences event on March 27;

e The Planetarium took part in the VeLeWe grant (science teachers) held at UGent on April 23;

e The dome, auditorium and exhibition hall were the setting for the recording of an episode of the
Val so Classic You Tube channel on April 26 (image: extract);

e The ASGARD project was co-organised from April 27 to 29 by the Planetarium, the Observatory
and several partners (see highlight on page );

e The 2022 edition of the Nocturnes des Musées at the Planetarium on May 19 saw the participation
of dancer xxxx (with dancer);

e A conference on the latest Data Release from the Gaia mission was held on June 13 (see highlight
on page);

e Colleagues from the solar physics and space weather department came to give their input at the
Zonnekijkedag on July 3;

e A new edition of the Planetarium Brussels Poetry Festival took place on September 9 and 10;



e A temporary exhibition on the Czech humanist Arnost Lustig was open to visitors throughout the
autumn (with an opening at the Observatory on September 22);

e An event presenting the DART mission was held on September 27

e The Planetarium took part in the Night of Darkness at the Rouge-Cloitre on October 8;

e Telescopes fitted with solar filters and solarscopes were made available to the public during the
solar eclipse on October 25;

e Several colleagues from the Space Unit came to run workshops during the Dag van Wetenschap
on November 27.

Room rental (projection room or auditorium): as with the number of visitors, there was a marked increase
in the frequency of room rental compared with previous years, with a gradual return to normal. The
Planetarium hosted the Ketchum company on February 4, the PIEN-Dag on March 16, the Listen!2020
festival on March 31, the Geography Olympics on April 20, a society of dermatologists on April 28, the VVS
on May 7, a programme for RTL-TVI on May 31 and a BIFFF festival client evening on September 2.

The internationally renowned Ars Musica festival chose the Planetarium to host one of the concerts in its
2022 programme, which was themed around ‘Big Science’. On November 19, the dome welcomed 350
people to hear works by Brian Eno and Denis Bosse (original creation) performed by the musical group
Sturm und Klang, set to images by Frangois Schuiten from the book ‘On Mars’.

Media interviews: the National Lottery came to film two subjects on the Planetarium and the new digital
projection system on February 14 and 16. The Planetarium also responded to requests from various media:
RTL-TVI on May 25, LN24 on May 16, Radio Alma on 1 June, Télépro on July 8, RTBF on July 13 and
September 21, Radio Vivacité on November 6.
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Annexe 2: Workforce



Staff Statistics

On 31 December 2022, 181 employees are working at the ORB-KSB, including people working at the
Planetarium. Compared to last year, there was a net decrease of four contractual employees,
corresponding to 10% of the contractual staff. The mean age of the staff is 43.5 years, with 93% of the
workers between 26 and 59 years.
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The majority of the staff (67%) are contractual agents. This is particularly true for scientists, in whom 78%
are contractual, and particularly for employees of level D, for whom all of the staff is contractual.

Age of the staff on 31 december 2022 Staff figures by level and status in 2022
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The fact that more and more scientists are contractual is because scientific research is more and more
funded by external projects. Moreover, scientists constitute the majority of the staff (60% in 2022),
highlighting the fact that the ORB-KSB is a research institute.
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Scientists and non scientists share in 2022 Non scientific staff by level in 2022

Analysis by Gender
On 31 December 2022, female staff

]

Staff's gender share on December 31 constituted 40% of the employees at
the ORB-KSB. This is a slight increase in
the share of female employees
compared to 2021 (38% of women), and
particularly compared to 2016, where
only 33% of the staff is female.

This increase of females in the

workforce concerns mainly contractual

2016 2017 2018 2019 2020 2021 2022 where, between 2016 and 2022, female
EMen HWomen contractual staff increases by 42% (from

38 on 31 December 2016 to 54 on 31

December 2022) while male contractual staff remain stable (from 71 on 31 December 2016 to 68 on 31
December 2022). Meanwhile, the gender balance of the statutory staff does not change.

Staff's gender share on December 31 according to status
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When looking through the staff hierarchy, we can see an inversion of women to men proportion between:
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e (- and D-level workers, where women are the majority (53% for C-level workers and 69% for D-
level workers), and scientists and

e A- and B-level workers, where women only make about one third of their corresponding level
(33% for A- and B-level workers), with a slightly higher proportion for scientists (37% of scientists
being women).

Gender share in 2022 according to level

SW A B C D

H % Men H % Women

Compared to the administrative staff, women to men proportion is slightly lower among scientists, with
only 37% of scientists being women on 31 December 2022, while this proportion amounts to 44% for the
administrative staff. The gender share of contractual and statutory scientists remains, however, relatively
constant between 2016 and 2022, with slight increases for contractual scientists in 2019 and 2022.

Gender share on December 31 for scientists and non scientists

Scientists Non Scientists Non Scientists Non Scientists Non Scientists Non Scientists Non Scientists Non
scientists scientists scientists scientists scientists scientists scientists
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Scientist's gender share on December 31 according to status
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