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Janus

Cis Verbeeck 1

As 2021 turns into 2022, there seems to be an atmosphere of cautious hope we can leave most of the restrictions
and damage by the covid pandemic behind us. At the same time, the world is struck by a geopolitical disaster
in Ukraine. In these difficult times, it’s good to have hopes and wishes. First of all, I wish all our readers and
their families a safe, healthy, prosperous, and rewarding year. I also hope we can meet again in person in 2022.

In 2021, Jean-Louis Rault and Rainer Arlt resigned as Director of the Radio and Visual Commission, and
were replaced by Chris Steyaert and Jürgen Rendtel, respectively. Jean-Louis also left the IMO Council. In the
2021 IMO Council elections the President and all candidate Council members were elected for 2022–2025. We
are happy to welcome new Council member Karl Antier, who is our webmaster since 2016. Juraj Tóth, Bob
Lunsford, and Marc Gyssens fulfill specific responsibilities in the IMO Council, respectively as Vice-President,
Secretary-General, and Treasurer. But several other people play an important role in IMO’s activities. The
IMO website, VMDB and fireball form are kindly provided and managed by Mike Hankey and Vincent Perlerin.
Obviously, Javor Kac and his Editorial Board take care of producing a WGN issue every two months and have
published IMC Proceedings articles for the IMC 2020 and 2021. The annual Meteor Shower Calendar, edited
by Jürgen Rendtel, is one of the IMO’s most successful products and reaches a large audience every year. Some
work is less visible but not less important, e.g., Jan Verbert aids Marc Gyssens with the IMO finances, and
Ronald Winkler takes care of the paper stock of IMO publications and ensures that WGN and IMC Proceedings
articles make their way to NASA ADS in due time. The IMO news editors make sure that the IMO website stays
up-to-date and reflects interesting meteor-related events or news, while the IMO info team answers questions
posed to the IMO via e-mail. I am very grateful to all those people, and would like to thank them — and all
people that I may have overlooked — for all the great work they have done and are doing for the IMO! It is
also my pleasure to congratulate all persons with a recent new fole in the IMO, I wish them a lot of success and
satisfaction in their new function!

Looking back on 2021, I believe we can say it was a year plenty of interesting events, with an unexpected
Perseid outburst on August 14, some newly observed showers, and a predicted Aurigid outburst on August 31
– September 1. As always, several very bright fireballs were observed by camera networks and reported via the
AMS/IMO online fireball form.

The year even saw the recovery of four meteorite falls: an iron meteorite weighing 14 kg in Sweden (associated
with the November 7, 2020 fireball over Scandinavia), an L6 ordinary chondrite in Austria (associated with the
November 9, 2020 fireball over Austria and neighboring countries), a meteorite fragment which smashed through a
residential roof in British Columbia, Canada (associated with an October 3, 2021 fireball over British Columbia),
and even the first carbonaceous chondrite fall ever recovered in the UK (associated with a very slow fireball over
the UK on February 28, 2021).

Because of the pandemic, we had our second online IMC on September 25–26, 2021. The online IMC was
a great success and reached more than 100 registered participants joining the IMC from different time zones
(25 countries). Though, as probably most participants did, I really missed the extra benefits of an in-person
conference, the IMC 2021 was very rewarding and I had the impression that most participants were better
acquainted with the online character of the conference than in 2020. Going virtual also opened an opportunity
for IMO to reach a new, wider audience, tearing down the financial and travel restrictions that refrain part of
the meteor community to attend the regular IMCs.

In 2022, we are planning to organize an in-person IMC in Hungary on September 29 - October 2, in the small
village of Poroszlo near Lake Tisza (Tisza-tó) in the Hortobágyi National Park. No, that is not entirely correct:
we plan to organize a hybrid IMC, combining the benefits of an in-person conference with those of an online
meeting. We are currently having final negotiations with the host site, and will report on the outcome soon via
the IMO website and IMO News.

I hope to meet you face-to-face again, to share a drink, and to hear about your meteor activities in September.
Meanwhile, have a great year!

Janus was a Roman god with two faces, one looking to the past and one to the future, called upon at the beginning
of any enterprise. Today he is often a symbol of re-appraisal at the start of the year.

1 Bogaertsheide 5, 2560 Kessel, Belgium.
Email: cis.verbeeck@gmail.com

IMO bibcode WGN-501-verbeeck-janus NASA-ADS bibcode 2022JIMO...50....1V
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Letter — VLF signatures of meteors

George John Drobnock 1

It is generally accepted that a meteor produces Very Low Frequency Signatures. There may be evidence that at
higher frequencies meteors produce High Frequency (HF) or Very High Frequency (VHF) signatures (Obenberger
et al., 2014). The meteor’s tail does have sufficient ionization to reflect (scatter) HF and VHF electromagnetic
signals (Opik, 1958). The hypothesis of this paper is that a meteor tail is a simple inductor and capacitor (LC)
creating a tuned circuit that can resonate a specific frequency at any point during its flight. This resonance and
observable frequency only occurs when XL = XC. Those who have observed for meteor signatures have reported
that not all meteors produce VLF signatures. The possible explanation for not receiving a signature may be an
inconsistency with the meteor having a resonance in relation to XL = XC.

Received 2021 October 16

1 Introduction

Since 1958, with the work of Hawkins (1958a,b), it has long been thought that a meteor creates an electro-
magnetic signature that can be rectified into an audible electrophonic sound, or that a meteor creates a receivable
very low frequency wireless (radio) signal. In 1963 Romig and Lamar collected data on anomalous sounds and
electromagnetic effects associated with fireball entry (Lamar & Romig, 1964). Keay, in 1980 pioneered initial
research on anomalous sounds from the entry of meteor fireballs (Keay, 1980). Drobnock (1992, 2001, 2002)
observed that meteors brighter than magnitude −6 produce an electromagnetic signature. In 1995 Beech, Brown,
and Jones set out to detect and show that only meteors with magnitudes brighter than −6 would produce de-
tectable vlf signatures. Price and Blum (2000) observed that during the 1999 Leonid Meteor Shower, meteors
were producing electromagnetic signatures in both the ELF and VLF range.

Hawkins (1960) presented a paper on his work on electromagnetic emissions from meteors, in which he
indicated that at the low end and the high end of the Very High Frequency spectrum there were no detectable
emissions from meteors. Hawkins does state that during the observance of the 1959 Geminid shower there were
some enhancements of low frequency magnetic noise.

On numerous occasions it was the sound, suggested to be an electrophonic noise, that caused the observer to
look up. An obstacle immediately becomes clear: light from a meteor at an altitude of, say, 80 km (50 miles),
would take only 0.0003 second to reach the ground-based observer whereas sound waves would take in excess
of four minutes! Simultaneous observations of these two phenomena are not, apparently, possible. The solution
to this problem may lie in the “hissing” sound that is often reported. Early radio (wireless) observers reported
strong – stray – signals possible not sferics or atmospherics but meteors (Talman, 1922; Eccles & Airey, 1911).

Early wireless (radio) operators reported an occasional “rocket sound” or hiss. A report by W. C. Eccles
(1911) discussing the recording of “Electrical Waves Occurring in Nature”. His observation window as July 26
to August 31, 1910. It is interesting the period for the Perseid meteors is during these dates. He was doing his
wireless experiments to identify “vagrant” signals that interfered with communications.

Havey H. Nininger (1952) in his classic book, “Out of the Sky”, recalls that in 1934 E.R. Weaver of the US
Bureau of Standards suggested that electromagnetic waves – or “ether waves” as Weaver called them – may
be produced by meteors and fireballs. These would then be transformed into audible sound by objects such as
buildings and cars.

Though ignored at the time, the proposal later received much attention, most notably by Colin S.L. Keay
of the University of Newcastle in New South Wales, Australia. Keay has investigated reports of “electrophonic”
sound emitted by a number of bright fireballs. In 1980 he showed that the plasma trail of a large fireball could
generate Extra Low and Very Low Frequency (ELF/VLF) radio emissions in the range 1 to 10 kHz. His theory
was eventually verified in 1988 by three groups of Japanese observers who, working together, managed to obtain
simultaneous photographic and radio observations of a bright fireball together with an electrophonic sound report
of the event.

Then there is also a controversy as to whether or not a meteor creates such an electromagnetic noise or
signature. After years of radio observation, an electromagnetic signature has been heard on the lower end of the
VHF radio spectrum. Although not always detecting a signature from a meteor, the meteor’s trail will reflect a
range of Earth bound transmitted signals.

Those observing a meteor or fireball for an electromagnetic signature have reported that not all meteors,
even those that are anticipated to produce a signature (meteors with a magnitude brighter than −6) do have a
detectable signature.

1 Crum House, 213 South Jefferson Street, Mount Union, Pennsylvania. 17066 USA. Email: drobnock@penn.com
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A meteor is to create an electrophonic sound from a nearby object, an object that has to resonate by the
meteor’s signature. The question then is, does a meteor act as a transmitter, producing a signature at a specific
resonance?

2 Meteor Signature and Resonance
The possibility of a meteor creating an electromagnetic signature as discussed in the early days of wireless

(radio) would have been created by a resonating circuit (Figure 1).

Figure 1 – A simple meteoroid resonating circuit can be illustrated as a natural capacitor and inductor of random induc-
tance. As the capacitor and inductor can change in value until a random event causes the circuit to oscillate at a frequency
determined randomly by the capacitor and inductor Where XC = XL.

For an electromagnetic signal to be created, a resonance mechanism needs to be available. Examples of
uncomplicated oscillators (illustration the XL = XC formula) are the discharges of a Leyden jar and Lecher wire
with spark gap.

The resonance occurs by allowing an inductorXL and capacitorXC to be continuously charged and discharged
to create a continuous wave. But with a meteor, the produced pulse or signature can be at a short time period
(T ). The result is a pulse at a frequency (f). The pulse responsible for a meteor’s signature at a given frequency
is created as the meteor travels into the atmosphere. The resonance can vary depending on the capacitance and
inductance created by its aberration.

For a meteor to create a detectable electromagnetic signature, a resonating circuit needs to occur. This
circuit needs to consist of a capacitor, an inductor, and resistance. The passage of the meteor through the
atmosphere creates the energy to charge the circuit. A hypothetical model is shown in Figure 2. The twisting of
the meteor’s tail (Keay) creates capacitance. The length of the tail creates the inductor. The charge to the circuit
is derived from the electrostatic charge created during the entry into the upper atmosphere. The capacitance
and the inductor are constantly changing. At some random period during the flight the charge in the tail and
the inductor resonate at a specific frequency (Carr, 1996; Rosenberg, 2005).

V.A. Bronshten suggests ELF/VLF radiation would be produced by trapping and tangling Earth’s magnetic
field in the turbulent plasma tail of an ablating meteoroid (Bronshten, 1991). This action would produce an
ionized inductor. The possibility of ionized gas or plasma as an antenna or aerial was suggested by J. Hettinger
in 1919.

For a circuit to resonate at a specific frequency, the resonance occurs by allowing an inductor XL and
capacitor XC to be continuously charged and discharged to create a continuous wave. But with a meteor, a
specific frequency is produced as pulse or signature that has a short time period (T ). The pulse occurring may
occur, all things being equal, only once. This signature is particular to the observed meteor. The result is a pulse
at a frequency (f).

By definition resonance occurs when XL = XC, when 2πfL = 1

2
πfC (McHutchon, 2013):

XL = (2πfL), where L equals inductance in Henrys and f equals frequency in cycles per second,
XC = 1/(2πfC), where: C equals capacitance in Farads and f equals frequency in cycles per second.
Frequency is determined by the numbers of cycles of the electromagnetic signature at t in seconds.
f = 1/T where f equals frequency in cycles per second, and T equals the period in seconds for a wave to

resonate.
For a meteor to create an individual radio frequency signature please consider the following scenario:

1. The duration of the meteor’s very low frequency electromagnetic signature pulse is short. It can start at less
than 0.001 of a second. The pulse is of a short time duration and the resulting wavelength several thousand
meters in length. A very long electromagnetic wave is produced; its range for reception is possibly a few
hundred kilometers. However, this is not to say that a fireball magnitude of −6 or brighter will create a
larger signature and its range may be greater, but in general the distance of a propagated signature from a
meteor of magnitude −6 or less will be 300 kilometers or less. If the initial pulse from the meteor releases
a signature for 0.001 seconds or less, the resulting signature will travel d = r · t (Figure 2).
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Figure 2 – During the meteoroids flight the values of the inductor (L) and capacitor (C) are constantly changing, whilst
the internal capacitance is charging. At a random interval of time there is a discharge of the meteoroids natural capacitor,
with the random value of the inductor produced by the twisting described.

Where d is the distance the pulse will travel, r is equal the speed of an electromagnetic wave in free space
equals 2.9979× 108 meters per second. The longer the pulse time T the greater the distance the signature
will travel.

2. It is generally thought that a meteor “noise” is like to lightning generated sferics, creating multiple fre-
quencies. If I may offer the following: Consider a meteor at its greatest ablation, before extinguish, and
the release of the electromagnetic pulse as being a large resonating circuit. In order for an electromagnetic
signature to be created there has to be resonance.

This is being modeled as a simple resonating circuit consisting of a capacitor and inductor. A simple tuned
circuit that, when the energy is released from the capacitor, creates a single damper wave pulse.

3 The resonating circuit

The frequency generated by the meteor at the time of discharge of the electromagnetic pulse is dependent on
the capacitance (in farads) created by the ablation of the minerals in the meteor and the upper atmosphere. This
melting of silica, iron and low energy plasma of charged ions creates a temporary capacitor that is charged as it
enters the atmosphere. The irons, siliceous materials, and plasma create the dielectric and electrode and charge
of a temporary storage device. The length of the trail is plasma capable of acting an inductor. The length of
the trail creates an antenna. The length of the trail would be an inductor measured in henries. The length of
the resulting train or trail of the meteor and the capacitance created by a part the ablation of minerals would
determine the frequency created.

The receiver used during the 2002 Leonids was tuned to 3 900 hertz. To generate a signature during the
Leonids the meteor would have had to have an electrical discharge when the circuit was tuned with a resonating
circuit having a capacitance of 0.002 microfarads and an inductor of 0.832 Henry. The length of the inductor or
antenna would be 76.870 km. The capacitor created at some point reaches a breakdown point where the energy
is released and resonance occurs in a given frequency of the VLF spectruma – see Figure 3.

ahttps://goodcalculators.com/resonant-frequency-calculator/
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Figure 3 – Reactance Chart – The reactance chart is a document that allows the calculation of frequencies based on values
of ohms, henries, and capacitance.

As the created signal is from an antenna in free space, the electromagnetic pulse has the probability of going
off into space depending on the electron density of the atmosphere above and below the meteor, or around the
meteor. The signature can be propagated to follow the curvature of the Earth, absorbed or attenuated by the
atmosphere, and be “heard” in a different location (then it becomes a sferics). Or it can be propagated to the
observer within a radius below the meteor’s path.

4 Meteor as a Transmitter
Not every observation receives a signature from a single meteor. One explanation may be that the electro-

magnetic signal strength, in watts, may not correspond to the kinetic energy of a meteor. And given that the
electromagnetic signature to the observer is subject to the inverse law for electromagnetic waves. The signature
weakens the farther it travels from the source.

The meteor, as a transmitter, is constantly changing the length of the tail that acts as tuned inductor. The
twisting of the tail can create the capacitance to store an electrical charge. The twisting is suggested by Beech and
Bronshten, and Keay can create capacitance. The plasma antenna created and the capacitance is not constant
through the entire flight. At the final stage of flight, when the electrical discharge occurs, the value of the inductor
and capacitor (LC) is never the same and hence the frequency generated is never constant. Another factor to
consider for the VLF signature to reach the observer is the standing wave created relevant to the length of the
meteor’s resonating circuit.

5 Signal Propagation
To support part of this please review reports of observations of the weak signal generated by Sputnik 1

(Kitchen, 1958).
The early satellite observations were on a weak continuous carrier wave, unlike a meteor generated pulse, but

found to be subject to a varied propagation, unlike an Earth bound and generated signature. The early satellite
observations were related to an orbiting transmitter of 100 watts at a frequency of 15 meters. The early observers
noted that the satellite transmitter was transmitting in the D, E, and F layers of the upper atmosphere. The
location of the transmitter in the upper atmosphere determined if the signal was received by an observer directly
below the satellite or 1000’s of kilometers away.
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With a meteor’s signature being of short duration and of varied energy it is possible to exhibit the same
characteristics as the early orbiting satellite. But with a difference: rather than a continuous signal, the meteor
signature is a short pulse that may or may not be observed.

The pulse, as with all electromagnetic energy, is subject to the inverse square law. As the signature radiates
from its point of origin it weakens. A single pulse may not have enough energy to reach the observer. The
distance an electromagnetic signature travels is related to distance is equal to the speed of the signature times
the duration of the pulse, D = R · T .

See attached diagram indicating some variables that my effect the character of a single meteor pulse signature.
This is not to say these are the frequencies of a meteor, but if the proposed meteor model of a natural capacitor

and inductor created by ablation of a meteor when the trail reaches the length to resonate at say 3.9 kHz and
there is a discharge of the natural capacitor, then a frequency is generated that is within the capability of my
receiver.

The larger fireball may create additional signatures and have a sustained signature from its size, where the
small meteor may create a signature for a very short time period. Therefore, limited period of the electromagnetic
signature will make the success of capturing a meteor signal from a lesser fireball more difficult.

6 Conclusion
These notes are offering a possible model for a meteor creating a very low frequency electromagnetic signature.

Observers using both meteor scatter and a VLF receiver have reported that a VLF signature is not always received,
and there is a reported radio scatter. The creation of a receivable signature may be the interaction of the meteor
creating a resonance in the electromagnetic spectrum.
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IMCIMC IMC
Hungary Poroszló Hungary Poroszló Hungary Poroszló

Conferences

Forty-First International Meteor Conference, Poroszló, Hungary, 2022
September 29 – October 2

Ákos Kereszturi 1

1 Introduction

The conditions for the organization of the annual International Meteor Conference are still not normal,
however current regulations because of the COVID-19 virus allow the organization of physical meetings. Thus
the IMO Council and the Hungarian organizers progress with the preparations and hope the conditions will
remain the same as now and allow the meeting to take place. The organizers encourage you to register, as the
site can accommodate 120 people on a first come first served basis. In case the meeting cannot be organized, full
registration fees will be reimbursed to the registered persons.

Most of the scientific analysis based forecasts of experts suggest that the virus and the related uncomfortable
situation will not disappear for about a year, and persons interested in international conferences could meet with
each other if restrictions are kept carefully. The IMC 2022 provides all obligatory and recommended restrictions to
keep a safe meeting. The conference site is accessible by cars from European countries without flight, all facilities
support hygienic presence of attendees at this remote, countryside location. The Local Organizing Committee
is composed of members from the Konkoly Astronomical Institute (Research Centre for Astronomy and Earth
Sciences).

2 Venue and location

The conference site is at the Great Hungarian Plain, Hortobágy area, nearby a village called Poroszló, about
140 km to the east of Budapest, 2 hours driving distance (Coordinates: 47.649976◦ N, 20.668603◦ E; Google maps
link at https://tinyurl.com/IMC2020-map), at the lake called Tisza-tó, at the area of the Natural Reserve
Hortobágy (part of the UNESCO World Heritage sites). The “Fűzfa Hotel és Pihenőpark” (Willow Hotel and

1 Research Center for Astronomy and Earth Sciences. E-mail: kereszturiakos@gmail.com

Figure 1 – Location of the site on a map (left) and its aerial view (right).
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Figure 2 – Images of the main building (top left), one room interior (top right), some of the wooden houses (bottom left)
and their interior (bottom right).

Recreation Park, https://fuzfapihenopark.hu/) is a farm-like hotel, with buildings in 100–200 m walking
distance from each other.

While the conference room can host 120 persons, there are only 95 beds on-site, 8 of which are available in
single rooms, at a single room surcharge. Half of the on-site beds are in a large house as separate rooms with 2,
3 and 4 beds, while the remaining half of the beds are located in small wooden houses. All rooms are equipped
with private bathroom, fridge, air conditioning, and WIFI access. In case all the 95 beds are reserved, further
applicants can reserve a room for themselves in nearby accommodation and pay only the non-accommodation
registration fee (including conference costs and meals but not accommodation). The organizers will suggest
alternative accommodation in the village.

The site includes thermal bath, sauna, indoor swimming pool and outdoor thermal bath, which could be used
free of charge during the conference (Figure 3). There is a “night bar” where various drinks could be bought
(only for national currency called forints and not Euros), three billiard tables can be used next to chairs and
tables, around three bowling alleys (this last is not free of charge for use and the drinks in the bar should also
be paid for).

Figure 3 – The bowling alleys (left), the indoor swimming pool (middle) and the outdoor thermal bath (right).
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The weather at the end of September is supposed to be mild with max. 20–25◦C temperature daytime, 10–
15◦C nighttime and low probability of rain. Mosquitoes might be present, thus you might want to bring some
spray against mosquitoes. In case you require a visa, please contact the local organizers as soon as possible. The
local currency of Hungary is forint (HUF) – Euro is not accepted. You need to convert your currency, which
should be done in the main cities, however you may use your credit card.

3 Program and events

The scientific program will start in the evening of Thursday September 29 and will terminate at lunch Sunday
October 2. The excursion of the IMC 2022 will happen in the afternoon of Saturday October 1. The location is
the natural reserve next to the meeting place, part of the Hortobágy National Park. The excursion will contain
two parts, participants will be divided in at least two groups, with alternating site visit, altogether for 2–3 hours:

1. The walking along the “water pathway” that follows a 1.5 km long wooden plank system above the water,
meandering in the reed system. The pathway crosses 3 small islands, 2 bird watching hides and a 15 m high
scene watching tower. Information tables and guides will help you to get familiar with the unique plants
and animals there.

2. The boat trip also takes you through the natural reserve, visiting such hidden locations that are not
accessible during the walk. The natural environment is almost intact at the excursion site, thus please
follow the directions and the rules explained by the guides, and consider the environment, keeping your
trash with you and bringing it back to the hotel.

4 Travel info

The conference site can be reached by a 2 hour drive from Budapest. For persons arriving at the airport, a
shuttle service will be provided if needed. You can indicate your request to use the shuttle in the registration
form. The shuttle costs 45 EUR per person. For an ideal organization, please give your flight number and arriving
/ departing times as well.

Figure 4 – The “water pathway” part of the excursion.
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• Flight: to Budapest (BUD) Liszt Ferenc International Airport. From there the local organizers arrange 2
shuttle services around noon and late afternoon of the first day. There is a train access possibility from
Budapest to Poroszló (see below).

• Car: this is the ideal method to come to the site, which requires 2 hours driving from Budapest (mainly
on the M3 highway that requires a highway access ticket that costs 12 EUR). The travel time from some
main cities by car are the following: Bratislava 3.5 hours, Prague 7 hours, Berlin 12 hours.

• Train: from Keleti pályaudvar, i.e. the East railway station trains run around every 3 hours, the trip takes
around 3 hours, but requires 3 changes (usually at Hatvan and Fuzesabony). For more information ask the
LOC.

5 Registration and payment

The registration for the meeting will soon be opened at https://imc2022.imo.net/registration. The
early bird registration fee (until June 30) is 225 EUR for standard accommodation in all room types excluding
single rooms for 3 nights with full board + participation in the conference, conference materials, coffee breaks
and excursion (price per person). There is a limited availability for single rooms (350 EUR, maximum 8 rooms),
which covers the accommodation in a single room for 3 nights with full board + participation in the conference,
conference materials, coffee breaks and excursion. There is a possibility to pay 100 EUR with no accommodation
but with all meals except breakfasts + participation in the conference, conference materials, coffee breaks and
excursion (for people who book accommodation off-site). After June 30, 20 EUR will be added to all registration
fees. It is also possible to attend the conference online (0 EUR). For more details, please visit the IMC 2022
website at https://imc2022.imo.net. We hope to finally meet you again at the IMC in Hungary!

COVID-19 Info

We hope that the IMC 2022 in Hungary can take place as planned, on September 29 – October 2, though this
of course depends on the evolution of the COVID-19 pandemic and related policies. Please bring your vaccination
certificate with you.

We encourage people to register for the conference. The following guarantees may be of help:

1. In case the IMC 2022 is canceled due to COVID-19, all participants will get a total refund.

2. If travel between a participant’s country and Hungary is not allowed at the time of the IMC, the participant
will get a total refund.
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Radio Meteors

The Randomness of Sporadic Meteoroids in Radio Observations

Hans W. Wilschut 1 and Felix Verbelen

We examine an uninterrupted set of radio observations of mostly sporadic meteoroids to determine whether
these meteoroid events occur purely randomly in time or whether short burst of events may contribute. Event
clustering on a short time scale of about a minute, but larger then one second, is examined in a background of
statistically distributed events modulated with a diurnal dependence. We find that in the present data set all
events can be attributed to chance coincidences. It is also shown that if some occasional clustering does occur,
this can not be identified by statistical means based on event timing only, thus requiring additional observables.

Received 2022 February 13; in original form 2021 September 14

1 Introduction

When observing radio echos from forward scatter-
ing a range of phenomena are found, such as Doppler
shifts, Fresnel oscillations, or head echos. By recording
only the time of such events with a time resolution of
about a second one gets a good impression of the me-
teoroid activity, for example to study meteor showers.
One may wonder if there is more information in these
data streams. When reviewing series of meteor radio
reflections, compact groups of events quite often seem
to appear. Since these reflections are mostly separated
by intervals of several seconds, they cannot be mete-
ors disintegrating during their brief passage through
the Earth’s atmosphere. They could however be cor-
related particles split-off recently from a larger parent
fragment. The degree of time clustering could then be
an indication how recently such an event occurred. In
general, meteoroids are observed to occur randomly in
time apart from an overall slow variation, in particular,
the diurnal and annual dependencies. To find whether
a data stream is purely random on a certain time scale
(to be defined later) or if it contains events clustered in
time, a statistical analysis is required.

In this paper we will show explicitly that sporadic
meteoroids at a timescale larger than a second occur
predominantly in a stochastic time sequence described
by statistical theory. Within these events we then in-
vestigate whether clusters can be identified.

As basis for the current investigation the registra-
tions of radio meteoroids obtained during the second
half of January 2021 at Kampenhout (BE) at the fre-
quency (49.99 MHz) of the VVS beacon at Ieper (BE)
(Steyaert, 2006) were used. The data are collected by
an automated system all with the same setting and
thus have been measured with a common bias. For the
present investigation a period in January was chosen
when few meteor showers were active and the events are
therefore dominated by sporadic meteors and the event
rate is most uniform except for the diurnal variation.
The data are a relatively small time-range selection of

1van Swinderen Institute, University of Groningen.
Email: hwwilschut@gmail.com;
permanent address: Sankt Augustin, Germany.

IMO bibcode WGN-501-wilschut-randomness
NASA-ADS bibcode 2022JIMO...50...12W

about 400 hours from a much larger body of data that
are regularlya published in e.g. Meteor News.

The outline of this article is as follows. In section 2
we discuss the diurnal variation of radio meteors. This
is needed to obtain a value for the average event rate
in a certain time range, which is an important input
for testing the hypothesis of short burst occurrences.
In section 3 we discuss the statistical theory describ-
ing random events occurring with a constant average
event rate. In particular, we derive the chance to see
a number of events in a particular time window. In
this section we also introduce a convenient Monte Carlo
method for data simulation. The statistical analysis of
the observational data is made in section 4. We find
satisfactory agreement with a stochastic distribution of
the event data. In section 5 we investigate how a com-
ponent of non-statistical event distributions could be
found by adding and subsequently recovering a random
burst to, respectively from, the data. In the conclud-
ing section 6 we summarize and discuss shortly how the
current result can be used to examine fragmentation of
meteoroids on a time scale shorter than a second.

2 Diurnal variation

The observed meteoroid event rate, λ, shows a strong
variation with the time of day (McKinley, 1961). For
our analysis we will need a prediction of the event rate
that is better than just averaging the event rate over
an hour. Therefore, we try to find a phenomenological
description of the average number of events per hour.
The data points shown in Figure 1 are the observed
number of events per hour. The daily (diurnal) vari-
ation is clearly visible in the figure. Indicated is also
the uncertainty in these numbers, which is taken to be
their square root. Note, that this already assumes that
the number of events in an hour follow a Poisson distri-
bution, i.e. that events are randomly distributed. We
tried two different approaches. The first one assumes
a sinusoidal dependence with a frequency of 24 hour,
to which an overall slow variation is added by trial and

aFelix Verbelen’s monthly radio meteors reports at https://

www.meteornews.net. The data with one second resolution in
this article are available as https://www.vvs.be/system/files/

20210115-20210131_49990_fv_all.txt
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Figure 1 – [Color on-line] The number of observed event rates in bins of one hour (blue points). The statistical error bars
are indicated. The red curve assumes a sinusoidal diurnal dependence, while the dashed green curve assumes that the
event rate has each solar day the same time dependence, only the overall scale is varying. See text for more detail.

error. A reasonable description of λ is found as

λ(t) = a+ bt+ c(1 + dt) sin(
2π
24
t+ φ), (1)

where the parameters a..d describe the slow overall vari-
ation and φ is the diurnal phase. It is displayed as the
red curve. The least-square fitting procedure for the
about 400 points in Figure 1 gives a reduced χ2 of 1.7.

The second approach assumes that the shape of the
distribution is each day identical, only the overall scale
changes. The shape, S(t), is obtained by averaging over
all available days. We use

λ(t) = (a′ + b′(t÷ 24) + c′(t÷ 24)2)S(t mod 24). (2)

Again the parameters a′..c′, describe a slow variation
over the course of the whole measurement. The count
rate function is shown as the green dashed curve. In
this case the reduced χ2 is 1.2, where we note that S(t)
is constructed from the observational data, so that the
reduced χ2 is non-trivial. Both fits do fail the χ2 test
by far (the best P-value is 0.3%), which is associated
with the large number of data points relative to the
simple description with few parameters. However, for
the purpose of the following analysis they suffice. As
the second method gives the best parameterized depen-
dence for λ(t) we will use it in the following. It was
checked that our results did not depend on the detail of
the diurnal description.

3 Statistical theory
The chance an event occurs starting a time t = 0

is given by the exponential distribution (Particle Data
Group et al., 2020)b

P1(t) = λe−λt, (3)
bhttps://pdg.lbl.gov/2020/reviews/

rpp2020-rev-probability.pdf

where λ is the average event rate and t the time elapsed
for the event to occur. Waiting a time t after a previ-
ous event, the meaning of t becomes the waiting time
between consecutive events. The highest probability is,
largest for t = 0, but the average waiting time remains,
of course, the inverse count rate:

∫ ∞

0

λte−λtdt =
1
λ
. (4)

Another result of statistical theory generalizes Equa-
tion (3) and gives the distribution of waiting times for
the last of n events to occur given a starting point (Par-
ticle Data Group et al., 2020)a.

Pn(t) = tn−1λne−λt
1

(n− 1)!
. (5)

To conclude this technical section we introduce a conve-
nient Monte Carlo technique for producing a sequence
of events randomly in time. We use the inverse trans-
form method (Particle Data Group et al., 2020)c Inte-
gral of Equation (3) between 0 and tr, corresponds with
a random numbers, rnd, between 0 and 1, from which
tr follows

1− e−λtr = rnd→ tr =
1
λ

ln(
1

1− rnd
) ≡ −

ln(rnd)
λ
.

(6)
Note that 1 − rnd is also a random number, therefore
the last two expression are equivalent. We illustrate the
theory above by producing a sequence of events similar
in length and count rate as in the observation, but with
a constant rate of 36 events/hour (i.e. 1/λ = 100 s).
The event times ti are simply obtained by

ti = ti−1 + tri. (7)
chttps://pdg.lbl.gov/2020/reviews/

rpp2020-rev-monte-carlo-techniques.pdf
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Figure 2 – [Color on-line] Data from a Monte Carlo event
generator assuming on average 100 seconds between events
corresponding to a rate of λ = 36 events/hour. Curves
through the histogrammed data are theoretical descriptions
with n = 1..5, they are explained in the text. The straight
blue line through the corresponding data is the probabil-
ity distributions for waiting times between events (n = 1).
The orange curve is the distribution of times starting with
a certain event and waiting until two events have occurred
(n = 2). Green, red and purple, corresponds similarly to
distributions for n = 3, 4 and 5, respectively. Note the log-
arithmic vertical axis.

.

Of course, for each new element i in the event stream
a fresh random number needs to be drawn for tri. The
waiting time t for n subsequent events, i.e. t = ti+n−ti,
are put in histograms with a convenient bin width. Af-
ter filling the histogram we normalize them to obtain
probability density functions (PDF’s) that can be di-
rectly compared with the theoretical expressions. These
normalized histograms are referred to as the observed
waiting time distributions, P obsn (t). In Figure 2 these
distributions are shown together with the theoretical
functions Pn(t).

The histograms and theoretical functions agree very
well (by construction). Note that the maximal proba-
bilities are at t = (n− 1)/λ.

4 Statistical distribution of meteoroid
events

We apply the procedure discussed in the previous
section to the observed data stream. The event rate is
determined for each P obsn (t) separately by a fit to the
corresponding data which have been histogrammed in
the way described in the previous section. The results
are shown in Figure 3.

The fitted values 1/λ = 107.7 ± 0.7 are consistent
with each other. The value obtained from the data rate
averaged over the full data set is however 127.5 s. The
fitted Pn(t) described the data poorly and less so as n
increases.

The lack of agreement between theory and data in
Figure 4 is due to the diurnal variation. This needs to
be included in the theoretical description in someway.
We choose to do this by creating simulated data where
we track the hourly event rate. This is done by making
an event series

ti = ti−1 +
− ln(rnd)
<λ>ti

. (8)
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Figure 3 – [Color on-line] As in Figure 2 using the measured
data. For clarity we show only P obsn (t) with n = 1, 3, 5, 7
and 9.
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Figure 4 – [Color on-line] Comparison of the observational

data, P obsn (t) with n = 1, 3, 5, 7 and 9 with the corresponding
Monte Carlo simulation using a local time average of the
data rate.

.

Here <λ>ti is a local time average rate, as described in
section 2. We use the rate function based on the diur-
nal repetition Equation (2) These data are then used to
obtain the Monte Carlo version of P obsn (t). To remove
the statistical fluctuation we repeat the procedure 1000
times and take the average, this eliminates the fluctu-
ations in the calculated probabilities. We will refer to
these distribution functions as PMCn (t) in the following.
They are the equivalents of Equation (5). The compar-
ison is shown in Figure 4. Here the histogram repre-
senting the theory, i.e. PMCn (t), appears as a smooth
line due the averaging procedure. Now, a much better
agreement is found than in Figure 3. Note that the the-
ory is not fitted to the data, the only parameter, λ, is
the event rate, which is obtained with the procedure in
section 2.

One feature in Figure 4 should be noted. The drop
in the first bin of P obs1 (t) (bin widths are 5 s), is a
dead time effect. In the observations events need to be
separated by at least a second in order to see them as
separate events. Moreover strong signals (overdamped
events) may obscure following weaker events. In the
Monte Carlo simulations we required a minimal sepa-
ration of 2 s between events to get agreement with the
data.

Clearly one may conclude that the event stream con-
sists of locally stochastically distributed events. By tak-
ing the modeled slowly varying meteoroid rate as the
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Figure 5 – [Color on-line] Left column:P obsn − P
MC
n , Middle

column: P obs+bn − PMCn . Right column P obs+bn − P obsn . The
vertical scales ranges between −5× 10−4 and 15× 10−4/bin
of 5 seconds. In the right column the vertical scale has been
enlarged by a factor 5. The horizontal scales are between 0
and 300 s. Further details are in the text.

.

count rate, one has taken this non-statistical variation
into account. However, the question remains whether
there is room for non-statistical events like short bursts
of data.

5 Search for non-statistical time
distribution of meteoroid events

To find if the data stream could contain events that
are of non-statistical origin, e.g. a sudden bursts of data
due to clustering, we inject into the observational data
deliberately random bursts of events which we would
then need to find back in the analysis. Here, we put
20 bursts at random times in the data event stream.
Each burst consists of 4 radio signals that are taken at
random from a normal distribution (Gaussian) with a
standard deviation of 10 seconds. The modified event
stream is then analyzed as before. The probability dis-
tributions are evaluated and assigned to P obs+bn (t). The
label obs+b refers thus to the actual observations spiked
with the artificial bursts.

The probability distributions found this way are
barely different from those of the original data. In Fig-
ure 5 this is shown. First we subtract the Monte Carlo
probability PMCn (t) from the true probability distribu-
tion P obsn (t) (the curve and data shown in Figure 4).
This difference is shown in the left column of plots la-
beled with n. We show the same in the middle column
for the difference between the observed data spiked with
the 20 burst and the Monte Carlo result. (The Monte
Carlo was recalculated to account for the change in λ(t)
due to the added 80 events.) The data in the two
columns are very similar indicating that the effect of
the 20 bursts is nearly negligible. To see what, in fact,

Figure 6 – [Color on-line] The width distribution (normal-
ized to unity) of clusters shorter than 60 s for the event data
and the data spiked with sharp clusters. (Overlapping bars
mix colors to a darker hue.)

the contribution is, we subtract the observed probability
distributions from the spiked ones, to isolate the effect
of the spiking. This is shown in the plots of the right
column where we multiplied the probabilities with a fac-
tor 5 to make the result visible. A small enhancement
is seen at small times for the probabilities with n ≤ 3,
consistent with 4 neighboring events. (The first event
is the beginning of the cluster, the last event (n = 3)
the end.) Although we retrieve the effect of the spiked
events, the procedure is not very promising to search
for non-statistical events in an actual data stream.

An alternative approach is to search explicitly for
clusters. To explore this option we require that at least
4 events (n ≥ 3) occur within 60 seconds. In addi-
tion to the about 150 cluster in the original data, the
algorithm employedd finds back all 20 spiked events de-
scribed above, some of them include an event of the ac-
tual data. A convenient way to look at this, is by evalu-
ating the distribution of the width, σ, of the clusters, i.e.
σ =

√
∑

i∈cluster
(ti− <t>cluster)2/n, with <t>cluster

the mean time of the cluster. The spiked events have
σ distributed around 10 by their construction. The
cluster-width distribution is shown in Figure 6. En-
hancement around σ ≈ 10 is clearly seen when com-
pared to the distribution without the spike events. Note
that, because the distributions are normalized to unity,
the maximum at σ ≈ 25 of the spiked distribution is
also lower than the original one. This methods of find-
ing clusters thus works if a sufficiently strong compo-
nent of events with similar characteristics occur in the
data.

Comparing the width distributions of the event data
with those of the simulated event data (Figure 7) we ob-
serve no clear difference. From which one can conclude
as before that there is no clear sign of short-burst clus-
ters. Any clustering will be hidden in the statistical
fluctuations of the distributions.

6 Conclusions and Outlook
When one takes slow changes in the sporadic me-

teoroid count rate into account, the radio events are
occurring randomly in time. This is shown in this work
by a detailed comparison of the event distribution with

dThe function “Gather” in Wolfram Mathematica.
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Figure 7 – [Color on-line] The width distribution (normal-
ized to unity) of clusters shorter than 60 s for the event data
and the simulated event data.

those generated in a Monte Carlo simulation with ran-
dom events. The second result of the present study
shows that short bursts of clusters will, in general, not
be recognized as they can not be distinguished from the
statistical event stream. Only if they occur with simi-
lar characteristics and sufficient frequency can they be
identified.

The results of this work may be fruitful for the anal-
ysis of data taken with a higher time resolution. Here
the meteoroid class with a head echo can be used to
characterize the radio events further using the Doppler
shift information. In this case fragmentation in the at-
mosphere will show up as clusters in a time region of at
most a few seconds. The present analysis shows how to
determine in that case the background of clusters oc-
curring by chance on basis of the average event rate.
Additional information may also help to give a bet-
ter characterization of clusters hiding in the statistical
background.
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Ongoing Meteor Work

Ablation & Fragmentation Model (AFM): a simple phenomenological
simulation of meteoroid ablation and fragmentation

J. Vaubaillon 1, R. Decosta 2, D. Hestroffer 2

Many celestial objects – of different sizes – are evolving in the Earth’s space environment, so that approximately
30000 tons of extra-terrestrial material enters the Earth’s atmosphere every year, some of them reaching its
surface. The size of these objects, from micro-meter sized dust – yielding shooting star meteors, to larger
0.01 to 1 kilometer – with higher impacting consequence and hazard, have different frequencies of associated
events. Understanding and modeling the interaction with the atmosphere is of importance to rapidly assess
their potential risk, or to find the meteoritic remnants that are precious cosmic “sample returns”. The risk
(that is probability and consequence of an event) and hence protection or mitigation of Earth’s atmosphere
is probably larger for meter to 100 m sized bodies that can reach low altitudes, produce meteorites, shock
waves or even impacting craters. In order to predict the possibility that an entering bolide can produce a
meteorite and find in short-term its subsequent location on the ground, we have developed the “AFM” (Ablation
and Fragmentation of Meteoroids) tool to model two principal phenomena appearing during a hypervelocity
atmosphere entry: ablation and fragmentation. “AFM” is a software written in Fortran 90 that simulates such
phenomena according to a chosen model. The AFM tool does not include high HPC computation with full
hypervelocity hydro-dynamics model, but it is simple and robust in order to provide good and reliable first
order approximation of the atmospheric entry and final outcome of meteorites on the ground. We present here
the atmosphere model used and the physical modeling implemented to predict sizes and number of particles of
a given size as function of the altitude. Application can be on prediction of meteorites reaching the Earth, or
particles at about 10 km that could present risks to civilian aviation.

Received 2021 December 3

1 Introduction

Thanks to the spread of meteor camera networks
(Spurný et al., 2007; SonotaCo, 2009; Jenniskens et al.,
2011; Bland et al., 2012; Srba et al., 2016; Wiśniewski
et al., 2017; Segon et al., 2018; Colas et al., 2020),
to mention the most recent, the search and success-
ful recovery of meteorite following a recorded fireball
has greatly increased. Such fireball sometimes exhibits
flickering or fragmentation (Pearson et al., 2005; Popova
et al., 2011; Borovička et al., 2013). When searching for
meteorite, the knowledge of what to look for is better.
The main question is to know the mass (or size) of the
main fragment, and the existence of smaller fragments
and subsequent spread on the ground. For this and to
better understand the meteor phenomenon, the deter-
mination of the initial mass of the meteoroid, or the ter-
minal mass of the main fragment has been the topic of
several studies (see e.g. Moreno-Ibáñez et al., 2015; San-
som et al., 2019). In addition, in order to better derive
the entry speed and thus also the orbit of the meteoroid,
atmospheric deceleration must be properly described.
Optical observation may be coupled with a model of
disintegration and possible fragmentation (Campbell-
Brown et al., 2013; Vida et al., 2021). Knowing that
even the smallest meteoroids do fragment, this process

1IMCCE, Observatoire de Paris, univ. PSL, CNRS, Sorbonne
Université, Univ. Lille, France.
Email: jeremie.vaubaillon@obspm.fr

2IMCCE, Observatoire de Paris, univ. PSL, CNRS, Sorbonne
Université, Univ. Lille, France.

IMO bibcode WGN-501-vaubaillon-afm
NASA-ADS bibcode 2022JIMO...50...17V

is of utmost importance to understand the meteor phe-
nomenon (Armitage & Campbell-Brown, 2020). Several
models aiming to reproduce the physics involved in the
atmospheric entry of a meteoroid have been developed
over the last decades. The best review of all such phys-
ical process was recently performed by Popova et al.
(2019) and Borovička et al. (2019).

The present study, initiated in 2014, was motivated
by the start of the FRIPON project (Colas et al., 2020).
The goal was to derive a rough picture of the meteorite
fragment distribution on the ground, following a fire-
ball observation and the fall of a meteorite. In addi-
tion, the full exploitation of the “CABERNET” project
data (Atreya et al., 2012) requires the modeling of small
meteoroid entry in the atmosphere. Ideally, any me-
teor observation pipeline would include such modeling
to better understand the meteor phenomenon (see e.g.
Sansom et al., 2019; Baláž et al., 2020; Vida et al.,
2021). An additional motivation of this work was the
need to estimate the number of meteorite fragments in
the atmosphere at any given time, for aircraft safety and
risk evaluations. Such number can also be compared to
the number of artificial debris surviving the entry in
the atmosphere, for the same purpose. In this scope,
a collaboration with CNES (French Space Agency) and
IAAS (International Association for the Advancement
of Sapce Safety) was conducted. In addition, the AFM
tool was applied to planet Mars, in order to infer the
number of meteoroid impacts to be expected and later
to be compared to the InSight measurements (Daubar
et al., 2018); For this, we were inspired by McAuliffe
and Christou (2006a). The developed software called
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“AFM” (for Ablation & Fragmentation Model) written
in Fortran 90 is freely available upon requesta.

Several aspects described in this paper are probably
not new to the reader, especially since the model was
presented during the International Meteor conference
2015, but never published so far. However, the way the
fragmentation is taken into account is original to some
aspects. The goal of this paper is to describe the model
(section 2), its implementation in a software (section
3) and applications to several cases (small meteoroid,
large asteroid entering the Earth or Mars atmosphere
etc., see section 4).

2 Model

2.1 Generality

As a meteoroid enters a planet atmosphere in the
continuous regime, it inevitably experiences ablation
due to its high encounter velocity (a few 10 km.s−1),
and may subsequently show fragmentation. Figure 1
shows the classic view of these two phenomena and as-
sociated light-curves. In the case of a simplified sin-
gle body ablation, the meteor light-curve peaks toward
the end because of the exponential atmosphere pressure
profile. In the case of a fragmentation, the light-curve
peaks early because of the sudden high increase in ab-
lation area right after the fragmentation.

As mentioned above, the best review of all the re-
sources to simulate the ablation and fragmentation of
meteoroids in the atmosphere was recently performed
by Popova et al. (2019). Complementary works from
wind tunnel experiments and full simulation of many
aspects of atmosphere entry may be found in Ferrier
(2012).

2.2 Ablation

The model developed here aims to broadly repro-
duce these two phenomena in a simplified way. The
ablation model giving the mass-loss rate dm

dt
for a sin-

gle body is inspired by McAuliffe and Christou (2006a),
Campbell-Brown and Koschny (2004), and Borovička et
al. (2007), with the system of equations based on the
conservation of energy:

dm

dt
= −

Λ
2Q
SmρairV

3
m (1)

dV

dt
= −SmΛ

ρairV
2
m

Mm
+ G cosα (2)

dh

dt
= −Vm cosα (3)

dα

dt
= −G

sinα
Vm

(4)

dl

dt
= Vm sinα (5)

with:

ahttps://gitlab.com/vaubaill/AFM/

• Λ the accommodation (or heat transfer) coeffi-
cient (= 1 here)

• Vm the particle velocity [m s−1]

• Sm the particle equivalent sectional area [m2]

• rm the particle radius [m]

• ρm the particle density [kg.m−3]

• Q the latent heat of (heating+vaporizing) phe-
nomena [J kg−1].

• α the zenith angle [deg]

• ρair the air density [kg.m−3]

• h the altitude of the particle [m]

• l the ground path length [m]

• G the acceleration of gravity [m.s−2]

Note that Equation 2 might be written in vectorial
terms (see Popova et al., 2019). In practice we consider
spherical particles by default (unless specified). Equa-

tion 2 becomes: dV
dt

= − 3

8
CD
ρair
ρm

V 2

m

rm
+ G cosα, with

CD the drag coefficient. The parameter Q was derived
by Borovička et al. (2007) for the particular case of the
Draconids. They found Q = 107 J kg−1.

2.3 Fragmentation
The classic picture of the fragmentation is to con-

sider that a meteoroid will fragment when the dynamic
pressure is larger than its tensile strength. Such tensile
strength depends on the meteoroid size, material, and
global structure. The size dependency is modelled as
a log-log mass – tensile strength diagram, hereafter re-
ferred to as “MP diagram”. It is worth mentioning that
the asteroid community sometimes model a meteoroid
(or asteroid) with a line of constant slope a = −0.25 in
such a diagram. Inner cracks of local fragility induces
by the formation process and subsequent collisions may
make the whole picture of a real meteoroid quite com-
plicated.

Popova et al. (2011) clearly showed (see Figure 2)
that indeed, a simple linear law (in log space) does not
well represent the meteorite falls observed by the meteor
community. We have thus chosen to implement the two
different approaches, with the following considerations:

F.1 The dynamic pressure P endured by the particle
from the atmosphere is computed as
P = CD

2
ρairV

2
m, with CD = 2 the drag coefficient

of a sphere.

F.2 By default, the model considers a linear law of
constant slope in the MP diagram. The relation
between the mass and tensile strength is given by
PTS = a ∗ (b/M)c, with a = 108, b = 2.7 1010,
c = 0.25 (Beech, 2013). In order to allow for some
small variations, we consider:

PTS = cp ∗ a ∗ (b/M)c (6)
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Figure 1 – A simplified view of ablation in the case of a single body (left) and of a fragmentation, and associated meteor
light-curve profiles.

Figure 2 – Mass versus tensile strength (MP) diagram from
fireball observations and meteorite recovery, from Popova et
al. (2011). Superimposed is the often assumed linear law of
constant slope −0.25.

with cp a coefficient allowing for a distribution
around the nominal value (cp ∈ [0.1; 0.9]). Note
that the user may choose different values for the
parameters a, b or c.

F.3 However, as shown by Popova et al. (2011), a con-
stant slope in the MP diagram might not correctly
reflect the reality. Instead, different methods (me-
teorite analysis, or fireball observations) allow sci-
entists to measure several data points in the MP
diagram. These points better represent a spe-
cific meteorite. Therefore, the AFM model takes

into account each of the measured [Mass;Pressure]
dataset (i.e. points in the MP diagram), and as-
sumes a linear variation from one point to the
next. Each tabulated data point is specified by
the user in the software configuration file. Note
that in order to provide such data, a preliminary
estimate of fragments mass is necessary. In the
scope of using the present approach in a work-
flow pipeline, an iterative process must be imple-
mented. This approach allows for a flexible mod-
eling of the meteoroid tensile strength (compared
to a constant slope), and presumably a better sim-
ulation of the fragmentation stage, for a given fire-
ball.

F.4 If at any stage P ≥ PTS then a fragmentation
occurs, resulting in N fragments

F.5 The number of fragment N is computed thanks
to a given distribution, such as

log10 F =
−N

cn × r
(7)

where F is the cumulative distribution function,
r ∈]0; 1[ the power index and cn ∈ [0.1; 0.9] a coef-
ficient allowing a distribution around the nominal
value.

F.6 The mass of each fragment is then computed
thanks to a Grady distribution (Vinnikov et al.,
2014; Gritsevich et al., 2014), such as Fm(m >
m0) = 1 − exp(−m

µ
), with Fm the cumulative

mass distribution function, m the mass of frag-
ment and µ the average mass of all fragments. In
practice, random numbers are generated to pro-
duce the desired distribution. While such math-
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ematical equation may lead to negative value of
the mass, we only consider realistic fragments in
practice, with the additional constraint of conser-
vation of total mass during the instantaneous frag-
mentation.

F.7 In order to reproduce the mutual interaction of
the fragment, a constant velocity drift might be
added. However the physical reasons for such drift
are not well understood (Stokan & Campbell-
Brown, 2014).

3 Implementation

3.1 Composition and shape

For sake of simplicity, the meteoroids are considered
as spherical bodies, which of course might not be realis-
tic, especially for large meteoroids (Popova et al., 2019).
The physical data for all possible materials are taken
from McAuliffe and Christou (2006a) (see Table 1). In
practice, icy meteoroids may only exist beyond the ice
line in the current Solar System, which is usually set
around 3 AU. Unless someone is interested in simulat-
ing icy meteoroids in giant planets or large satellite at-
mospheres, such composition is not considered here.

3.2 Atmosphere model

One needs to also model the atmosphere profile dur-
ing the meteoroid hypervelocity entry starting at alti-
tudes of approximately 120 km, i.e. when the density
starts to ablate the body and affects its velocity. Several
models are available today. The widely used U.S. Stan-
dard Atmosphere 1976 (National, 1992) does not pro-
vide any data above 86 km of altitude and is therefore
not recommended. A simple exponential model does
not well reproduce the atmosphere pressure at high alti-
tude either. It appears that interpolation from MSIS-E
90 model is better to be employed (Hedin, 1991). Note
that Mars atmosphere data have also been included in
the software (Daubar et al., 2018).

3.3 Numerical integration

A “AFM” software is written in Fortran 90 and is
freely available upon requestb. It includes an optional
parallelism capabilities thanks to the MPI library.

The numerical integration of the differential equa-
tions in Section 2.2 is performed with a Bulirsch & Stoer
algorithm with a precision of 10−6 and an automated
time integration step of initial value of 10−3 s. The ini-
tial conditions are set by the user and includes: mass,
velocity, entry angle, atmosphere model, material, and
three possibilities for the fragmentation (none, F.2 or
F.3). The default initial altitude is 120 km and the
default entry angle is 45 deg.

A test of the fragmentation process is performed at
each time step of the ablation process. If a fragmenta-
tion occurs, each child meteoroid is integrated individu-
ally at the following time step. This means that mutual

bhttps://gitlab.com/vaubaill/AFM/

dynamical interaction between the particles is not con-
sidered here. Any child meteoroid might fragment later
on. When the slope of the MP diagram (see section
2.3) is close to 0, the fragmentation process happens
for nearly any considered mass. This causes a catas-
trophic fragmentation since all considered sub-fragment
will fragment again. A very high number of fragments
is generated this way. It is worth mentioning that this
holds only for the mass range where the MP slope is
close to zero, and given the refinement of the fragmen-
tation model (F.3), this might be limited by tabulated
data.

The computation of the disintegration of a fragment
is stopped whenever its altitude reaches a given target
altitude Hmin (resulting in the storage of the physical
conditions), or its mass reaches Mf (after which the
particle is considered as completely disintegrated). The
value chosen for the Hmin and Mf depends on the ap-
plication:

• CNES wanted to know the risk endured by an
aircraft from a meteorite fall, and set Hmin =
16 km and Mf = 10−2 kg

• for meteorite density on the ground, we set
Hmin = 0 km and Mf = 10−1 kg

• for small meteoroid studies, Hmin does not matter
since the whole body will ablate before reaching
the ground, and an very low value is set for: Mf =
10−8 kg

The program can be run on a single processor or,
since it is parallelised, on a supercomputer cluster. The
CPU time also varies depending on the initial mass and
the fragmentation process, from a few seconds to several
hundred hours.

3.4 AFM output

The data produced by the AFM software include the
following physical parameters as a function of time, as
well as their time derivative: mass, radius, velocity, alti-
tude, zenith angle, horizontal and transverse distances.

In case of a real meteorite fall, such result might help
in providing a crude estimate on the fragment distribu-
tion to expect on the ground. At the very least, this
tool provides indication of the flight of the meteorite
after its observation with video cameras. Note that the
derivation of the largest final mass must be tuned to the
observed data one way or another, which necessitates an
additional development (Sansom et al., 2019).

4 Examples of AFM applications and
discussions

Ideally, each simulation example provided in this
section should be individually and carefully tuned for
the desired application, and published separately. In
this section, we rather provide a wide overview of the
AFM capabilities, and quickly discuss its advantages
and limitations.
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Table 1 – Physical properties of the considered materials (from McAuliffe and Christou (2006a)). Water ice is not considered
for meteoroids at 1 au.

Name Units Rock Water ice Iron
Specific Heat J/kg/K +9.6E+02 +4.2E+03 +6.9E+02
Density kg/m3 +3.4E+03 +1.0E+03 +7.8E+03
Emissivity +1.0E+00 +1.0E+00 +1.0E+00
Tmelt K +1.8E+03 +2.7E+02 +1.8E+03
Latent Heat < Tmelt J/kg +8.1E+06 +2.8E+06 +6.5E+06
Latent Heat > Tmelt J/kg +6.7E+06 +2.5E+06 +6.4E+06
Mass Unit kg +8.3E-26 +3.0E-26 +9.3E-26
Thermal conductivity W/m/K +2.0E+00 +1.6E+00 +6.0E+01
Condensation coeff +0.5E+00 +0.5E+00 +1.0E+00

4.1 Meteorite falls

The Chelyabinsk super-bolide of February 2013 has
been widely studied (Borovička et al., 2013; Popova
et al., 2013; Brown et al., 2013). The published data
provide us insight with the altitude of the light-curve
spikes, and the dynamic pressure may be computed
assuming its velocity was nearly constant. Assuming
moreover a constant slope of 0.165 in the MP diagram
leads to a first fragmentation around the observed al-
titude (around 40 km). The simulated surviving frag-
ments mass follow a Grady distribution because of the
underlying assumption (F.6, see also Gritsevich et al.,
2014). The largest fragment weights ∼ 102.4 kg, which
is roughly what was recovered (∼ 600 kg). Figure 3
shows the distribution of the fragments at the end of the
simulation. The expected total number of fragments is
overestimated compared to Borovička et al. (2013), but
the model foresee one large fragment accompanied by
many smaller ones.

The AFM software does not simulate the extremely
complicated interactions between the atmosphere and
large meteoroids, nor the complicated physics under-
lying the fragmentation process. For this, the reader
is referred to Popova et al. (2013) and Popova et al.
(2019). Similarly, the constant slope in the MP dia-
gram is obviously an oversimplification. However, the
order of magnitude of the largest fragment is correctly
predicted, as well as the presence of numerous fragments
on the ground.

Initial masses of other observed meteorite falls can
be found in Popova et al. (2011). By default, the AFM
software considers a constant slope in the MP program,
and several simulations are first run to estimate the
best value that would reproduce the observe light-curve
spike. In practice, some cases are extremely hard to
model using this way. Trying to reproduce the Grimsby
meteorite proved to be extremely difficult; this is the
reason why we introduced a way to specifically tune the
MP law by allowing the user to specify the data. Figure
2 provides the required MP-diagram data to be taken
into account. For the Innisfree meteorite, 7 data points
may be specified in the AFM software, and up to 11 for
Al Mahatta Sitta. An extensive study of all these mete-
orites fall would be very interesting and would certainly
lead to a revision of the considered model.

4.2 Fakeors
Following McAuliffe and Christou (2006b), the data

produced by the AFM sofwtare may be converted into
artificial meteors, also known as “Fakeors” (from Bar-
entsen, 2010), in order to simulate its observation from
a fixed or moving camera (see e.g. Vaubaillon et al.,
2021)c. Note that this requires to compute or assume
the luminous efficiency τ , which is generally poorly con-
strained (Drolshagen et al., 2021). In addition, a pro-
jection of the data into 3D is required, since the model
is 2D only.

Such an approach is computationally more intensive
than in Bouquet et al. (2014), but allows the user to take
fragmentation into account. The apparent magnitude
of each fragment can be computed, and summed up for
each pixel of the camera, in order to best simulate the
signal received by the sensor. Such simulation requires
the knowledge of the whole acquisition chain: lens (ide-
ally with a model of distortion), sensor (number and
size of pixels, noise, quantum efficiency etc.).

One tremendous advantage of creating fakeors and
simulating their observation with cameras, is to asses
the accuracy and precision of a given system, and (most
of all) of a trajectory and orbit determination method.
Such approach was used by several authors in the past
(Gural, 2012; Egal et al., 2017; Vida et al., 2018) and
underlined the extreme difficulty to derive an accurate
orbit.

The AFM software may be used as well to produce
fakeors to compare to real measurements and help to
compute the mass of meteoroids (Atreya et al., 2012).
For very small meteoroids, the MP diagram might high-
light some extreme values and be extended to smaller
masses as currently considering in Figure 2.

4.3 Number of meteorite on a planet
The AFM software might be extensively used to es-

timate the flux of meteoroid at the surface of an atmo-
spheric planet. For this, a synthetic population of large
meteoroids (or asteroids) at the top of the atmosphere
is needed. Such a population must include the size (or
mass) distribution as well as the orbital distribution.
The application to Mars was published in Daubar et al.
(2018) and Stevanović et al. (2017).

chttps://academic.oup.com/mnras/

advance-article-abstract/doi/10.1093/mnras/stab2727/

6375796
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Figure 3 – Simulation of the Chelyabinsk super-bolide: histogram of the expected fragments mass on the ground from the
Chelyabinsk super-bolide. Left: from Borovička et al. (2013). Right: at the end of an AFM simulation.

For planet Earth, the first unbiased size frequency
distribution, tied to the orbital elements, was performed
by Bottke et al. (2002). A more recent estimate was
performed by Granvik et al. (2018). In this study, we
consider a population of 20 000 objects which represents
the unbiased population of near Earth asteroids. The
data were provided by M. Granvik, Univ. Helsinki, Fin-
land (personal communication – provided in 2014 – see
also Granvik et al. (2018)). These data were then con-
verted into an impact velocity and direction, thanks to
the approach defined by Neslusan et al. (1998). Figure 4
shows the distribution of the geocentric velocity. Figure
5 shows the direction in the sky from which the object
seem to come from. No privileged directions seem to
appear in this plot.

137 initial meteoroids were simulated, out of the
20 000 available near Earth asteroids. A distribution
of several parameters was chosen:

D.1 a distribution of b ∈ [10−3; 9.0× 10−2] (see Equa-
tion 6)

D.2 r = 0.6 and cn ∈ [0.1; 0.9] (see Equation 7)

They produced a total of 1.4 million simulated frag-
ments on the ground. The calibration of the output
data was performed as follow:

• The histogram of energy of fragment was multi-
plied by their parent body frequency in Brown et
al. (2013) diagram, and divided by the number of
simulated parent per energy bin.

• A cumulative histogram of fragment energy is pro-
duced in Figure 6.

As a result, the Brown et al. (2013) energy diagram
is modified by a depletion of large (> 10−1 kt TNT) and
small bodies (< 10−8 kt TNT), respectively due to frag-
mentation and ablation. In between, there is an over-
abundance of medium high-energy particles (∼ 10−2 kt
TNT). However, a closer look shows that assumptions
D.1 and D.2 tends to generate an excess of this class of
energy. Further studies and considerations are needed
to fine tune the final energy distribution.

Figure 4 – Histogram of the entry velocity of 20 000 syn-
thetic NEOs, according to a simulation following the unbi-
ased population of Near Earth Objects defined by Bottke et
al. (2002).

Figure 5 – Radiants (right ascension and declination) from
which the (synthetic) near Earth asteroid seem to come
from.

5 Conclusion

The AFM software is a simple tool to analyse as-
teroid/meteoroid atmospheric entry by modeling both
their ablation and fragmentation in a planetary atmo-
sphere. It considers a rather simple model in the sense
that fancy detailed and thorough consideration of the
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Figure 6 – Calibrated cumulative histogram of the energy
at the ground. The doted line is the energy distribution at
the top of the atmosphere derived by Brown et al. (2013).

meteor phenomenon are not taken into account. Better
models with refined physical modeling can be found in
e.g. Popova et al. (2019) and Boslough (2015). However,
this tool allows one to quickly estimate the major phys-
ical parameters of a meteoroid entry, which is enough to
reproduce a meteorite fall, create fakeors (to fine tune
an observation setup) and estimate the population of
meteorites on a planetary ground or any given altitude.
Thorough considerations for each of these applications
is needed but would be beyond the scope of this paper,
which goal is to provide a global introduction to the
AFM software.
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Review of visual meteor observations 2012–2021

Jürgen Rendtel 1

Visual meteor observations comprise a large amount of data for the study of meteor showers. On average
over the past ten years, more than 200 observers submit their data, covering 9 000 to 14 000 hours of effective
observing time in 200–280 nights per year and collecting a sample of roughly 50 000 meteors each year. The
continuation of this data collection is important to extend existing data series which go back over many decades
for some showers. Another important aspect is the establishment of a set of independent observation series and
finally the use of different samples to calibrate derived observational data. The IMO’s Visual Meteor Data Base
also generates semi-automatically ZHR profiles for all showers of the Meteor Shower Working List of the IMO.
This paper is an overview over the visual data submitted during the past ten years and demonstrates the ability
as well as the limitations of the live graphs provided on the IMO web page. Results discussed in detail include
the Quadrantids 2019, the α-Monocerotids 2019, the Orionids 2020 and the Perseids 2018.
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1 Introduction

The appearance of meteors was recorded over cen-
turies, particularly if they occurred in large numbers
on a few occasions or as bright fireballs. However, it
seems that systematic notes of meteor observations have
been taken only from the 19th century onwards. This
is certainly connected with the realisation that meteors
are of extra-terrestrial origin as first shown for mete-
orite dropping fireballs by E.F.F. Chladni in 1794 and
– among other findings – later confirmed by double-
station observations of meteors carried out by students
from Göttingen (Benzenberg & Brandes, 1800). Some
of the early regular notes about meteor numbers, mag-
nitudes and trail directions have been published in full
detail by Heis for the period 1833–1875 (Heis, 1877) or
have been collected by others. For example, the compi-
lation of Quetelet (Quetelet, 1841) includes early signs
of the Quadrantids as observed by Wartmann. A more
detailed description of the early meteor work can be
found, e.g., in Kronk (1988).

More than hundred years later, the standardisation
of observing and analysing methods during the founding
period of the IMO allowed detailed analyses of the activ-
ity of meteor showers. Details are described in Koschack
et al. (2022).

Reports of observations made before the standards
were established do not include the full information of
observing conditions and other data necessary for cali-
bration. Nevertheless, we may apply some methods to
derive consistent data, such as calibration via the num-
ber of non-shower meteors or comparing meteor num-
bers during a maximum and the period before and/or
after this. With some care, we may trace the activity
of some well known showers back over decades. Exam-
ples are the Orionids (Rendtel, 2008) and the Geminids
(Rendtel, 2019). This especially holds for unusual ac-
tivity, outbursts and meteor storms such as the Leonids
(Jenniskens, 2006).

From the 1990-ies onwards, video meteor observa-
tions became more and more important as they provide
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not only counts but also precise orbital data which al-
low us to deal with the structure of meteoroid streams
(Molau & Gural, 2022). Nevertheless, both the visual
and video meteor observations complement each other
(concerning temporal coverage and establishing an inde-
pendent sample). Cross calibration during a long over-
lapping period should guarantee a reasonable transition
from the visual data towards the video data. By contin-
uing visual observations we may easily extend the data
series for several meteor showers and this way cover
their evolution over about 200 years.

Another aspect I personally feel to be important is
connected with the appearance of meteors of various
brightness and velocity. Independent of the technique
used – visual, video, radio, radar – it is of benefit if
the observer or analyser has some experience and im-
pression with the way the meteoroids interact with the
Earth’s atmosphere.

2 Observational data in the current
VMDB

2.1 Data collection
The original data base was developed by Roggemans

(1988) and further improved and modified by Arlt and
Koschack mainly in the 1990-ies, motivated by require-
ments during the practical use (input of data as well
as analysis of shower activity). These programs for the
shower analyses allow us to derive reliable data of the
rate (ZHR) and population index (r) during the activity
periods of essentially all showers in our working list. Of
course, the working list has evolved, too. Some show-
ers cannot be found any more, others have been added
or had single outbursts only. In order to save storage,
the original version used observer codes and site codes.
Nowadays, the complete information is stored in one
record per session.

2.2 Meteor shower activity graphs
The IMO web page provides ZHR graphs for all me-

teor showers included in the working list for each re-
turn (see https://www.imo.net/members/imo_live_

shower). These graphs are calculated automatically
from the available and incoming data, applying a set of
standard parameters which is adapted manually to the
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Figure 1 – Analysis of the Perseid meteor magnitudes during the passage through a filament of the stream on 2018 August
12/13.

circumstances of the respective return. This includes
the (average) observing conditions of the available re-
ports and the number of reported meteors during the
activity period. In most cases, we provide a general
ZHR profile for the entire activity period and a sepa-
rate profile for the maximum of a shower. Especially
the population index r is different for the near-peak pe-
riod and the time off the centre of a shower, hence the
graphs cannot represent the appearance of the shower
over the entire activity period.

We show just a few examples of major and minor
shower activity graphs. Because of the pre-set param-
eters (r, sample size per bin, minimum limiting mag-
nitude) all these graphs are only meant as an overview
of the activity, and cannot replace an analysis of the
shower data. This requires an careful analysis of the
magnitude data first as described in detail by Koschack
et al. (2022), and an adaptive application of the interval
data as described for the Perseid 2018 analysis (Rendtel
et al., 2019). For comparison, we show the result of the
detailed analysis and the automatically generated Per-
seid graph for the period 2018 August 12, 10h30m to Au-
gust 13, 03h30m UT. A major difference is the applied
population index. For the live graph, r = 2.00 is set
for the entire peak period, while the Perseid magnitude
data show a change across the cross section through
the stream with a distinct minimum of r = 1.6±0.08 at
August 12, 19h47m UT, shown in Figure 1 (taken from
Rendtel et al. (2019)). But also the adaptive selection of
data for the ZHR calculation through the maximum pe-
riod makes a difference. The parameters for the detailed
analysis vary during the period, while the ZHR profile
shown on the web page has fixed parameters (Figure
2).

Another example for meteor shower rate profiles is
the 2019 Quadrantid (010 QUA) maximum shown in
Figure 3. For the details see the Figure caption.

Apart from the weather effects, a good data cover-
age over large geographical regions (continents) depends
on the astronomical conditions. The best chances exist
for showers like the Geminids or Orionids (see Figure 4)

Table 1 – Data of the outburst of the α-Monocerotid on 2019
November 22 for the points shown in Figure 5. The total
sample included 228 AMO meteors, and a constant r = 2.50
was used for the entire outburst period.
Int. is the number of count intervals for the given average;
AMO is the number of shower meteors; ND is the spatial
number density in (10−9km−3).

±
Time λ⊙ Int. AMO ZHR ND
(UT) (2000.0)

04:37 239 .◦296 14 11 19±6 41
04:42 239 .◦300 8 11 40±12 86
04:46 239 .◦303 12 21 38±8 82
04:52 239 .◦307 15 43 96±1 205
04:57 239 .◦310 12 42 113±17 243
05:02 239 .◦314 12 20 60±13 128
05:07 239 .◦317 13 36 77±13 164
05:11 239 .◦321 8 17 93±22 200
05:16 239 .◦324 7 17 48±11 104
05:26 239 .◦331 9 10 16±5 34

when the respective radiant is well above the horizon for
a large fraction of the night. In such cases sessions from
observers in neighbouring geographical regions may suf-
ficiently overlap to obtain a continuous profile.

Short periods between radiant rise and twilight, as
we find them e.g. for the Eta Aquariids, require lots of
intervals from rather small longitude ranges to cover the
activity profile, which is essentially not possible.

Independent on all coverage by data obtained by
one technique, it is always important to compare and
calibrate data from independent data sets. It may help
to evaluate the accuracy and reliability of structures
found.

Nevertheless, the live graphs on the IMO web page
are also meant as a motivation to contribute to the data
collection and the immediate information about the ac-
tivity especially around major shower maxima.
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Figure 2 – Comparison of the ZHR profile for the Perseid maximum period in 2018.
Top: result of the adaptive data selection per interval and applying the values of the r-profile shown in Figure 1.
Bottom: the parameters for the shown period are r = 1.70, minimum bin length 10 minutes, minimum 50 Perseids per
bin, minimum limiting magnitude 5.50 mag.
While the small sample size is fine for the filament crossing time near 19h10mUT, the large number of available reports
later would allow to chose a much larger sample and to select data obtained under better conditions (which reduces the
bias due to corrections a lot as shown by Koschack et al. (2022)). Then we also obtain valuable data points rather than
the cloud of points in the right hand graph which do not tell us anything about the ZHR or flux density.

3 Data in the VMDB 2012–2021
Over many years, Rainer Arlt has developed the pro-

grams and maintained the contents of the VMDB and
worked as IMO Visual Commission Director. The ap-
proval of incoming reports is done by a small group
of experienced observers (Rainer Arlt, Bob Lunsford,
Ina Rendtel, Jürgen Rendtel). This is mainly to detect
more or less obvious errors in the data and to be close
to the incoming reports, occasionally contacting an ob-

server to clarify open issues or to get details about data
sent for “unknown” radiants, for example. Sometimes
observers find out that something was wrong after the
submit button was pressed. A short message to Vincent
Perlerin will be forwarded to establish contact between
the observer (submitter) and the VMDB team to cor-
rect the data.

With this brief report I also intend to thank Rainer
and the observers for their work. The numbers hope-
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Figure 3 – Visual observations of the Quadrantid activity in 2019.
Parameters for the general ZHR profile (left): r = 2.50, minimum bin length 4 hours, minimum 15 Quadrantids per bin,
minimum limiting magnitude 5.50 mag.
The peak ZHR profile (right) has another set of parameters: r = 2.10, minimum bin length 10 minutes, minimum 250
Quadrantids per bin, minimum limiting magnitude 5.80 mag.
This also implies that the near-peak ZHRs of the general profile are (over-)corrected with a (probably not appropriate
and usually higher) population index. Since the 4-hour interval length per bin (left diagram) exceeds the duration of the
actual peak, the average “modifies” the true peak ZHR (and perhaps also the position is smeared out).

Figure 4 – Visual observations of the Orionid (008 ORI) activity in 2020.
Parameters for the general ZHR profile (left): r = 2.60, minimum bin length 12 hours, minimum 40 Orionids per bin,
minimum limiting magnitude 5.30 mag (to include intervals closer to the full moon phase and to increase the sample for
the periods off the maximum which usually gain less attention).
For the peak ZHR profile (right) another set of parameters was applied: r = 2.55, minimum bin length 4 hours, minimum
250 Orionids per bin, minimum limiting magnitude 5.60 mag.
The general profile ends after the maximum due to the interference of moonlight. The maximum graph includes data of
reports from various longitude ranges. The rather continuous sequence of data points indicates a good overlap. The largest
geographical gaps are due to the Atlantic and Pacific Oceans, respectively (roughly corresponding to 5–8 and 14–19 UT).

fully help to motivate old and new observers to continue
with visual observations. This overview covers data col-
lected during the past ten years. It is less than around
the major returns of the Perseids in the late 1990-ies
until about 2004 and the period of the famous Leonid
storms which of course generated a huge interest.

In the subsequent years, the number of reports (and
of course the number of meteors) decreased significantly.
But the amount of reports we received since 2002 (Table

2) has been on a rather constant level. Variations are to
a large extent depending on the moonlight interference
with the maxima of the major showers in a given year.
(The 2021 numbers may still increase as some reports
are submitted with some delay.)

Many observers submit their visual meteor observa-
tion data regularly over a long time. Some observers
gained experience during more than two decades. Hav-
ing seen thousands of meteors, it seems that there are
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Figure 5 – Activity of the α-Monocerotids (246 AMO) in
2019 in the hour around the short ZHR outburst on Novem-
ber 22. The profile shown in the graph covers only the peak
period between 04h30mand 05h30mUT. Because of the small
sample (only 228 AMO meteors), and the attempt to obtain
a high temporal resolution of 5 minutes, we reach a point
where the results become statistically insignificant (see Ta-
ble 1) so that any interpretation requires further check of
this and independent data sets.

Table 2 – Totals of the visual observing data submitted to
the VMDB over the past ten years.

Year Obs. Sessions Nights Teff Meteors

2012 486 1814 237 13999 88906
2013 424 1570 211 12519 76006
2014 349 1306 234 9293 44715
2015 456 1516 202 13036 86224
2016 386 1444 215 11626 70486
2017 254 1258 248 9097 43090
2018 302 2002 276 14241 88565
2019 217 1465 281 10927 51169
2020 205 1739 276 13046 60372
2021 192 1521 273 11909 54454

almost no surprises left – which often enough is over-
ridden in the next session. Of course, each contribution
is welcome. Nevertheless, we want to add an overview
of the most contributing observers during the period
2012–2021 (Table 3).

Below is a list of particular events with enhanced
activity or outbursts recorded in these years. Results
are also included in the 2019 textbook on meteors and
meteoroids, mainly in Chapter 4 (Koten et al., 2019).

• 2011 October 08, October Draconids (009
DRA): well observed outburst at 20h09m UT
(video and visual methods (Molau & Barentsen,
2014)).

• 2013 September 09 September ε-Perseids
(208 SPE): increased ZHR (Rendtel et al., 2014).

• 2014 and 2021 – κ-Cygnids (012 KCG): en-
hanced ZHR in both years, with numerous bright

Table 3 – Observing time of the most prolific visual observers
during the ten year period 2012–2021.

Observer Eff. observing hours

Jürgen Rendtel, Germany 2093
Terrence Ross, USA 1615
Ina Rendtel, Germany 1111
Adam Marsh, Australia 992
Koen Miskotte, Netherlands 992
Javor Kac, Slovenia 639
Pierre Bader, Germany 505
Michel Vandeputte, Belgium 495
Kai Gaarder, Norway 477
Christoph Gerber, Germany 399

shower meteors especially in 2021 (Jenniskens,
2021) and a ZHR of the order of 10, about twice
the ZHR of a typical return.

• 2014 December 01, Phoenicids (254 PHE):
first activity recorded since the detection of the
shower in 1956. ZHR between 20 and 30 observed
visually from La Palma (Sato et al., 2014). An-
other calculated return on 2019 December 02
was confirmed by video observations.

• 2016 July 28, γ-Draconids (184 GDR): a
short outburst with a ZHR of the order of 100
found in video data (Molau et al., 2016), but not
observed visually.

• 2016 August 12, Perseids (007 PER): dust
trail encounters between 00h and 04h UT
(Miskotte & Vandeputte, 2017) with a ZHR of
the order of 300 as predicted by several models.

• 2018 October 06, October Camelopardalids
(281 OCT): weak but significant activity (Rend-
tel, 2018) with a ZHR of the order of 5.

• 2018 October 08/09, October Draconids
(009 DRA): four hours like a major maximum
with a ZHR near 150 around 23h UT and a later,
slightly weaker maximum shortly after 01h UT
(Rendtel, 2020b).

• 2018 November, Leonids (013 LEO): well af-
ter the nodal crossing on November 17, several
weak dust trail encounters were predicted. The
last one was due on November 25. Because of
moonlight interference, the amount of data is too
small for conclusions. The highest ZHR ≈ 20 is
found on November 18, 02h–03h UT which does
not fit any of the modelled positions and is about
4–5 hours after the nodal crossing.

• 2019 August 31, Aurigids (206 AUR): en-
hanced rates observed in the night August 31/
September 01. This weak sign initiated modelling
attempts which indicated the possibility of a short
activity burst on 2021 August 31 at 21h17m UT
with a ZHR ≈ 75. Observations confirmed both
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the timing and intensity of the modelled event
(Rendtel & Koschack, 2021b).

• 2019 November 22, α-Monocerotids (246
AMO): predicted and observed outburst (see Fig-
ure 5 and the details concerning the data listed in
Table 1).

• 2020 November, Leonids (013 LEO): weak
activity was predicted by Mikhail Maslov from
some dust trail encounters (see the IMO Meteor
Shower Calendar 2020, page 18). Meteoroids of
the 1600 trail are leading the comet, like the trails
due in the following years – hence the interest in
the appearance is of great interest. Unfortunately,
the visual data are not sufficient to confirm these
although some variations occur close to the ex-
pected positions.

• 2021 Aug 14, Perseids (007 PER): a very
late peak about a day after the nodal maximum
(Jenniskens & Miskotte, 2021).

• 2021 September/October: Arids (1130
ARD): meteors of comet 15P/Finlay seen as
Arids from far southern locations (Jenniskens et
al. 2021) end September (weak) and with a ZHR
of about 70 on 2021 October 6/7, caused mainly
by meteoroids released from the parent in 2014/15.

• 2021 November 28, Andromedids (018
AND): a brief outburst close to 05hUT (particu-
larly strong in radar data as communicated to me
by Peter Brown) – which was not covered by vi-
sual observations but may indicate further events
from this source (see Wiegert et al. (2013)).

• Taurid swarm years in 2012 and 2016, caus-
ing large numbers of bright fireballs in the first
days of November (to happen again in November
2022).

• Geminids (004 GEM): continuously showed
maximum ZHR of about 150 (see, e.g. Rendtel et
al. (2020a) for the 2018 return). There is a good
coincidence between the modelling of the stream
and the observed activity over the past decades
(Ryabova & Rendtel, 2018).

• Ursids: several filament and dust encounters have
been calculated, but the often poor weather at
many northern locations did not allow the visual
observers to collect sufficient data for an analysis
of the events.

4 Prospects for 2022 onwards
The continuation of the observation series is a gen-

eral goal, keeping in mind the calibration issues and
the documentation of the long term activity records de-
scribed in the Introduction.

The scientific value of visual meteor observations be-
come obvious in the already mentioned long-term stud-
ies of shower activity. The well established data are also

used as a reference when new flux density data are com-
pared or even reduced to ZHRs (e.g. Egal et al. (2020)
and Egal et al. (2022)). To some extent this is simi-
lar to the sunspot numbers which are calibrated to the
instruments used at the beginning of the observations.

Although the procedures have been applied over
more than three decades by now and it seems that all
aspects are known or solved, the limiting magnitude
correction does not work properly for background illu-
minated skies (Rendtel & Koschack, 2021a).

Another point where your contributions are welcome
is the addition of data you might have from the years
before the official start of the VMDB. There is already
number of session reports in the VMDB from 1972 to
1988. If you check your (or other’s) logbooks and find
reports which might be transformed into valid entries
for the VMDB, these are welcome. In case you have
questions how to handle such probably incomplete re-
ports, do not hesitate to contact me.

As an aside: isn’t it a good feeling that you know
that others at various locations around the globe con-
tinue observing when your session ends or it is not pos-
sible for you to collect data for any reason?

For me, it is enjoyable to watch meteors under an
unlimited dark sky and to combine many apparently
independent data of single meteor strikes in the sky to
a comprehensive image of the meteoroid streams and to
document their evolution.

Continue your efforts to follow the activity of major
as well as of minor showers throughout the year. Each
contribution is welcome!
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1 Introduction
This is heliocentric orbit parameters of J14 Meteor

Shower Catalog as the supplement of J14 Meteor Shower
and Cluster Catalog (SonotaCo et al., 2021), which is
requested by IAU MDC meteor shower database regis-
tration. The full digital data is on the web page on the
references (SonotaCo, 2021).
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Table 1 – J14 shower catalog supplement (heliocentric orbit parameters).

iauno code a q e peri node incl
752 AAC 66.5 0.79 0.99 125.2 17.7 166.9
429 ACB 25.7 0.98 0.96 176.3 308.1 105.2
450 AED 14.1 0.74 0.95 117.1 17.9 122.3
523 AGC 7.7 1.01 0.87 187.4 155.9 74.4
331 AHY 7.5 0.28 0.96 116.8 106.1 56.9
505 AIC 2.1 0.15 0.93 140.4 334.1 17.1
328 ALA 8.3 1.01 0.88 169.4 106.2 95.6
517 ALO 13.1 0.28 0.98 297.0 13.0 112.2
246 AMO 13.0 0.47 0.96 94.3 60.0 133.5
18 AND 2.8 0.81 0.71 236.0 232.2 10.2

466 AOC 18.6 0.69 0.96 69.2 315.1 160.7
1111 AQI 1.8 0.09 0.95 330.3 92.9 41.3
171 ARI 2.4 0.07 0.97 27.8 77.2 27.2
206 AUR 33.4 0.68 0.98 109.5 158.2 148.9
21 AVB 2.5 0.74 0.70 249.1 29.0 6.6

900 BBO 7.9 0.98 0.88 178.6 292.0 82.0
342 BPI 2.3 0.08 0.96 330.8 138.2 24.1
411 CAN 8.9 0.68 0.92 108.1 110.9 111.8

1 CAP 2.4 0.61 0.75 266.5 128.8 7.0
20 COM 16.1 0.56 0.97 262.7 266.1 134.3

388 CTA 5.0 0.07 0.99 331.6 222.9 39.1
497 DAB 26.5 0.68 0.97 111.6 262.9 114.9
334 DAD 2.4 0.98 0.58 177.9 254.9 73.0
994 DBC 1.9 0.10 0.95 148.4 96.0 26.0
885 DEV 14.0 0.96 0.93 160.8 275.0 151.4
824 DEX 9.9 0.78 0.92 55.9 88.0 157.4
498 DMH 6.2 0.93 0.85 29.4 84.1 121.9
563 DOU 17.1 0.51 0.97 269.0 268.9 106.4
502 DRV 11.3 0.78 0.93 125.2 253.1 153.1
221 DSX 1.2 0.15 0.87 214.4 8.8 22.4

1120 DUM 5.2 0.92 0.82 211.9 268.0 45.1
530 ECV 3.5 0.80 0.77 55.1 120.9 156.6
23 EGE 6.5 0.77 0.88 238.3 208.0 169.5

529 EHY 16.1 0.36 0.98 106.3 82.0 142.5
145 ELY 36.7 1.00 0.97 191.2 50.0 75.1
893 EOP 14.5 0.96 0.93 201.4 355.1 168.0
513 EPV 12.3 0.63 0.95 105.6 276.9 149.0
191 ERI 11.4 0.94 0.92 31.9 314.2 132.8

1127 ESL 2.1 0.08 0.96 150.4 148.1 22.2
31 ETA 10.8 0.57 0.95 96.3 45.1 163.6

746 EVE 2.4 0.98 0.59 6.4 73.2 75.5
11 EVI 2.5 0.43 0.83 285.0 356.9 5.4

548 FAQ 2.0 0.13 0.94 324.0 108.9 33.6
1123 FFH 11.0 0.93 0.92 26.3 94.0 125.4
1125 FFL 2.5 0.10 0.96 146.7 138.0 21.5
531 GAQ 12.1 0.99 0.92 195.7 51.0 120.9

4 GEM 1.3 0.15 0.89 324.2 262.0 22.5
139 GLI 2.2 0.39 0.82 290.2 35.9 6.3
404 GUM 2.6 0.95 0.64 204.4 299.0 47.0

1124 HTV 8.1 0.68 0.92 111.3 293.1 145.6
343 HVI 2.9 0.76 0.73 64.6 220.0 0.9
16 HYD 14.8 0.25 0.98 120.1 74.9 128.8

458 JEC 21.6 0.92 0.96 216.5 82.2 95.3
459 JEO 2.4 0.89 0.62 226.6 92.8 4.9
431 JIP 23.4 0.90 0.96 219.9 93.7 112.3
319 JLE 7.4 0.05 0.99 334.6 281.9 105.1
175 JPE 17.3 0.59 0.97 262.0 108.0 148.9
510 JRC 14.0 1.00 0.93 192.2 84.2 88.7
829 JSP 8.2 0.69 0.92 250.9 108.8 158.2
344 JUG 26.8 0.98 0.96 202.8 125.1 40.2
533 JXA 21.0 0.82 0.96 307.2 285.0 172.2
793 KCA 4.7 0.06 0.99 152.3 109.1 31.3
12 KCG 3.2 0.98 0.70 204.5 136.6 33.9

336* KDR 10.1 0.93 0.91 209.4 250.9 73.5
445 KUM 18.8 0.99 0.95 187.3 222.9 129.5

1121 LAD — 0.13 1.00 317.6 278.9 73.9
1119 LAV 6.7 0.94 0.86 24.4 79.1 87.2

13 LEO 7.9 0.98 0.88 173.0 236.0 162.2

iauno code a q e peri node incl
22 LMI 16.0 0.62 0.96 103.2 207.9 124.8

524 LUM 15.9 0.92 0.94 147.1 214.9 114.6
6 LYR 22.0 0.92 0.96 214.2 32.1 79.5

520 MBC 8.1 0.58 0.93 263.5 54.1 170.2
559 MCB 10.2 0.60 0.94 79.0 58.0 70.2

1118 MLT 17.9 0.57 0.97 261.1 258.9 145.8
19 MON 8.7 0.18 0.98 130.6 77.0 35.7

318 MVE 5.0 0.97 0.80 12.3 84.1 100.0
1117 NEV 12.9 0.51 0.96 271.1 65.9 170.8
1116 NFL 10.2 0.76 0.93 121.0 247.1 156.7
245 NHD 5.4 0.92 0.83 32.0 46.1 138.0
581 NHE 13.5 0.88 0.93 222.2 35.8 65.9
33 NIA 2.0 0.23 0.89 310.3 151.8 2.4

392 NID 3.2 0.99 0.69 174.5 223.0 74.1
250 NOO 12.6 0.12 0.99 139.8 67.9 23.9
215 NPI 2.0 0.34 0.83 297.3 182.1 4.2
488 NSU 53.5 0.82 0.98 229.6 241.0 99.3
17 NTA 2.1 0.38 0.82 292.1 232.0 2.6

337 NUE 7.3 0.92 0.87 36.4 348.0 142.6
1115 NXE 4.3 0.60 0.86 81.7 61.9 19.8
818 OAG 16.7 0.16 0.99 313.4 207.0 128.4
555 OCP 11.1 0.80 0.93 234.4 190.9 85.3
281 OCT 14.7 0.99 0.93 168.8 192.6 77.5
333 OCU 15.8 0.98 0.94 165.3 202.0 101.0
338 OER 3.9 0.53 0.86 90.2 53.0 19.7
569 OHY 6.0 0.66 0.89 73.0 132.1 113.7
514 OMC 16.1 0.53 0.97 88.0 238.0 150.8
873 OMI 14.1 0.57 0.96 83.9 332.9 136.1
13 OML 6.1 0.90 0.85 143.7 221.0 148.4
8 ORI 9.9 0.58 0.94 81.6 27.9 163.8

860 PAN 55.6 0.72 0.99 114.1 72.1 90.3
183 PAU 5.5 0.12 0.98 141.1 315.4 55.7
642 PCE 2.0 0.13 0.93 143.0 338.1 18.3

7 PER 15.5 0.95 0.94 151.0 140.0 113.1
728 PGE 2.3 0.10 0.96 327.5 275.9 18.4
645 PHC 4.2 0.71 0.83 110.6 188.8 161.3
372 PPS 7.1 0.87 0.88 134.5 96.9 150.0
552 PSO 8.8 1.01 0.89 355.6 344.8 135.8
839 PSR 21.2 0.42 0.98 279.7 25.0 69.1
339 PSU 14.9 0.92 0.94 209.4 252.1 117.4
10 QUA 2.6 0.98 0.63 171.9 283.1 70.8

876 ROR 5.0 0.91 0.82 37.5 3.9 144.7
512 RPU 9.1 0.99 0.89 4.2 43.8 105.7

5 SDA 2.5 0.08 0.97 150.2 307.9 26.3
1114 SGC 5.9 0.87 0.85 135.6 202.7 155.0
1113 SJA 13.5 0.87 0.94 314.6 294.9 172.3
526 SLD 3.7 0.98 0.73 190.8 221.9 89.0

1126 SOV 5.8 0.75 0.87 61.0 132.1 161.8
208 SPE 17.5 0.72 0.96 245.9 167.1 139.3
237 SSA 3.8 0.06 0.98 333.5 204.1 23.1
561 SSX 14.1 0.60 0.96 78.1 89.0 151.2

2 STA 2.0 0.36 0.82 113.8 42.9 5.3
480 TCA 5.4 0.85 0.84 132.4 207.0 157.4
535 THC 14.9 0.51 0.97 90.5 312.0 138.0
613 TLY 6.9 0.96 0.86 158.0 198.9 141.7
593 TOL — 0.70 1.00 245.3 224.2 140.2
340 TPY 15.0 0.96 0.94 20.0 69.0 112.0
571 TSB 74.1 0.49 0.99 270.9 343.0 82.0
543 TTB 4.0 0.94 0.76 154.6 285.1 133.3
507 UAN 9.9 0.70 0.93 110.5 97.1 112.5

1122 UMN 11.4 0.50 0.96 270.8 274.0 101.5
1112 UPI 10.3 0.90 0.91 139.5 107.0 147.5

15 URS 4.9 0.94 0.81 205.8 270.8 52.6
705 UYL 11.9 0.74 0.94 117.0 167.9 115.1
346 XHE 3.5 0.98 0.72 196.7 351.9 60.4
341 XUM 1.5 0.22 0.85 313.6 299.0 67.0
335 XVI 35.4 0.58 0.98 279.7 76.0 170.7
444 ZCS 13.4 0.99 0.93 162.9 114.0 107.4

iauno: IAU numeral code; code: IAU 3 letter code; a: semimajor axis (AU); q: perihelion distance (AU); e: eccentricity; peri:
argument of perihelion (J2000); node: longitude of ascending node (J2000); incl: inclination of the orbit (J2000).
* 336 KDR on this paper has been renamed as 336 DKD on current IAU MDC list.
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2022 March 03 fireball from Slovenia

Four views of the same fireball captured from Rezman Observatory, Slovenia on 2022 March 03 at

00h17m16s UT. Top: SI0002 camera of the Global Meteor Network; middle: AMS77 camera of the Allsky7

Network; bottom left: CVETKA camera of the IMO Video Meteor Network; bottom right: Rezman

Observatory allsky camera.

Images courtesy: Javor Kac, Yves Bastian, Rezman Observatory.


