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Editors’ notes

Marc Gyssens and Jean-Louis Rault

The 36th International Meteor Conference (IMC) took place from September 21 to 24, 2017, in Serbia, in the
Petnica Science Center, Petnica, Valjevo. It was organized by the Petnica Meteor Group, exactly 20 years after
the previous IMC took place at this location.

The conference brought together 132 participants from 25 countries (Azerbaijan, Belgium, Bosnia and Herzegov-
ina, Brazil, Bulgaria, Canada, Croatia, Czech Republic, France, Germany, Hungary, Ireland, Israel, Japan, the
Netherlands, Norway, Poland, Serbia, Slovakia, Slovenia, Spain, Sweden, Turkey, United Kingdom, and United
States). The varied schedule of events comprised 62 presentations (43 lectures and 19 posters), an excursion to
the Valjevo city surroundings, and several long-lasting socializing evenings.

All these dry facts and figures do not reflect the very nice atmosphere and the exciting discussions that took place
for four days between the participants aged from 2 to 77. Those who were lucky to attend both Petnica events,
twenty years ago and now, could witness the incredible transformation the Center had undergone from a fairly
primitive facility to a state-of-the art science center, but this was luckily not at the expense of the enthusiasm
and the atmosphere that characterized the previous event and that was still present today. For this, we must
thank the drive and enthusiasm of the Local Organization Committee and their many collaborators, in particular
Dusan Pavlovi¢ and the Center’s Program Director, Nikola Bozi¢.

The annual IMCs are a unique opportunity for amateurs and professionals interested in meteors to meet each
other. However, the publication and distribution of the IMC Proceedings that bring together all the papers pre-
pared by the contributors is also an important aspect, to make sure that results of the Conference are documented
and can be relied on for future meteor work.

After this IMC 2017, the IMO failed in preparing the Proceedings in a reasonable time. Producing quickly the
conference book depends mainly on the ability of the lecturers to deliver their paper in time, and of the editors to
carry out quickly the publication tasks. This year, most of the lecturers forwarded their papers within the desired
period, so the cause of the delay must be sought in the difficulties experienced by the editors’ team. Preparing
the Proceedings consists of exchanges with the authors, checking the science contents, preparing the layout,
checking the bibliography references, correcting typos and language mistakes, printing the document, etc. Three
volunteers came forward for editing the 2017 Proceedings, but one of them could not honor the commitments
made for personal reasons. As a consequence, the remaining editors were seriously handicapped. Marc now had
to do almost all of the LaTeX editing, while scientific content, bibliography checks, corrections of typos, and safe
electronic archiving were managed by Jean-Louis. Despite the delay caused by this, we still had good hopes to
finish this volume before the IMC 2018 until some health fconcerns of Marc interfered. Thanks to the help of
David J. Asher, Edith Leblanc, Antonio Martinez Picar, Francisco Ocafia Gonzélez, Javor Kac, Charles Powell,
and Cis Verbeeck, whose support is acknowledged here, the IMC 2017 Proceedings finally came to light.

The main lessons to be learnt are that a reliable team of volunteers has to be chosen for any future IMC
Proceedings editions, and that a sufficient number of them must be proficient with the text editor chosen. Our
most sincere apologies for the delay in publishing these long-awaited IMC 2017 Proceedings!

Happy reading!
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IMC 2017 Questions and Answers Session

compiled by Jean-Louis Rault

International Meteor Organization, Radio Commission, 91360 Epinay-sur-Orge, France
f6agr@orange.fr

The Questions and Answers Session took place on Thursday evening. It was chaired by Jean-Louis
Rault and had many participants. A selection of Questions and Answers are sketched below.

Selection of questions and answers

e Q: I would like to know about triboelectric effects

and how we can calculate them in case of a meteor,
if it is possible at all. (Matija Dodovic)

A Jiii Borivicka suggested triboelectric effects to
explain strange wobbles in light curves. Also the
FRIPON fireball network has observed Doppler
curves that oscillate near the end.

Q: Which projects might be accomplished by stu-
dents in the field of meteor sciences at middle
school (ages 12-13)? What kind of research might
be done by middle-school children in this field (or
are they too young for this)? (Ella Ratz)

A: Here are a few examples:

— Visual observations;

— Building an all-sky camera, write the soft-
ware, put it on internet (as Chris Peterson is
doing);

— Use a slingshot to sling little marble spheres
into sand and compare the images with im-
ages of craters on the Moon and on Mars;

— Make a comet (dry ice, water, sand);

— Google for “project astro” and you will find
a lot of inspiration.

e Q: Are visual observations still useful in the era

of video observations? (FElla Ratz)

A: These are a few important considerations in
this respect:

— In order to know the temporal evolution of
a meteor shower, we need to continue the
same observing techniques for a long time.
We have got a much longer record of visual
observations than video observations;

— The limiting magnitude of visual observa-
tions is typically a lot higher than that of
video observations;

— If we ever stop with visual observations, they
need to be intercalibrated with video obser-
vations in order to be able to track the video
observations of the pre-video period;

— The pleasant quietness of visual observations
in the middle of the night can be an impor-
tant incentive to perform visual meteor ob-
servations;

— For many more years, we will need both vi-
sual and video observations.

e Q: Which spectral resolution would you recom-

mend for spectroscopic observations? (Marcello
de Cicco)

A: Tt is best to take a low resolution so you collect
more photons. One to four nanometers per pixel
is recommended if you want to identify spectral
lines. If you want to go more into detail for check-
ing models, you need sub-nanometer resolution.

Q: Is there a Virtual Meteor Observatory? (Ro-
man Dvordk)

A There is a database, which is presently located
at ESTEC (maintained by Detlef Koschny), and
which adheres to the Virtual Meteor Observatory
format (Barentsen et al., 2010). This database
contains all video observations performed with the
METREC software.

Q: How can you track parent bodies back in time?
(Filip Matkovic)

A: Use planetary ephemerides to see where all the
planets were 1 minute ago. Use a software (e.g.,
REBOUND) to get the ephemeris of the planets
(e.g., CALCEPH or JPG ones), calculate the sum
of the gravitational attractions of the planets on
the parent body to find out where the body as a
function of time. Daniel Kastinen is working on
PyYTHON code that traces back bodies in time and
visualizes them.

Reference

Barentsen G., Arlt R., Koschny D., Atreya P., Flohrer

J., Jopek T., Knofel A., Koten P., McAuliffe
J., Oberst J., T6th J., Vaubaillon J., Weryk R.,
Wisniewski M., and Zotadek P. (2010). “The VMO
file format. I. Reduced camera meteor and orbit
data”. WGN, Journal of the IMO, 38, 10-24.
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Summary of the Visual Workshop

Cis Verbeeck!#, Vincent Perlerin?*, and Jiirgen Rendte
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1 Royal Observatory of Belgium, Ringlaan 3, 1180 Brussels, Belgium
cis.verbeeck@oma.be

2 American Meteor Society
vperlerin@gmail.com

3 Leibniz Institut fiir Astrophysik, 14482 Potsdam, Germany
jrendtel@aip.de

4 International Meteor Organization

A summary is given of the activitities during the Visual Meteor Workshop which took place at the
International Meteor Conference 2017 in Petnica, Serbia.

Summary

The Visual Workshop took place on the Friday evening.
It was chaired by Cis Verbeeck and had many partici-
pants. In his introduction, Cis pointed out that visual
observations are still very relevant. The incentives for
having the Visual Workshop are the following:

e providing tips and tricks regarding the new online
visual form on the IMO website;

e communication of two recently fixed bugs in the
online visual form: both the “past midnight” and
“input data gone” bugs have now been solved;

e interaction with visual meteor observers to im-
prove the online visual form where possible; and

e encouraging meteor workers to perform global me-
teor shower analyses employing the Visual Meteor
DataBase (VMDB) and discussing tools that can
aid this purpose.

First, Vincent Perlerin talked about “How to use the
new IMO form to minimize the time for submitting a vi-
sual observation session?”. This presentation was very
interactive, several suggestions by the participants will
be incorporated in the form in the near future:

1. check whether the radiant is above the horizon;

2. ten observing sites per observer ranked by usage;

3. put the sporadics at the last row of the magnitude
distribution;

4. Since at least 90% of observations use counting
(“C”), 7C” will become the default;

5. option to express the field center in (A, h) or («, §)
(with automatic conversion between both); and

6. option to provide observations via an EXCEL file
or similar (useful for experienced groups with a
lot of observations and poor internet connection).

Next, Vincent presented “Towards an open API for
the VMDB”. The VMDB Open API (http://www.imo.
net/members/vmdb_open_api) allows the user to query
the VMDB, either by calling the right API function with
your API Key directly (URL) or from a script written
in whatever language. The results can be provided in
many formats, including JSON, XML, CSV, and text
files. Meteor workers are kindly invited to employ the
VMDB Open APIL.

As last speaker of the workshop, Jiirgen Rendtel (2018)
presented “Analysis of visual meteor observations” in
which he focused on the Perseids 2017. From his presen-
tation, it was obvious that selecting the right binning
parameters for a given shower return is not straight-
forward. Binning parameters include the minimal and
maximal bin size (time interval), the minimal number
of meteors in a bin, the maximal correction, maximal
error and minimal limiting magnitude.

Proper binning parameters ensure that real features
stand out while no artifacts are introduced. It is clear
that the selection of proper binning parameters is an
iterative process.

Since the live ZHR plots of past shower returns on
the IMO website (http://www.imo.net/members/imo_
live_shower) employ default binning parameters, they
should be treated with care.

For upcoming meteor showers, IMO officers will care-
fully select binning parameters such that the live ZHR
plots are reliable. Over time, the binning parameters of
old shower returns will also be optimized.

Reference

Rendtel J. (2018). “Analysis of visual meteor observa-
tions”. In Gyssens M. and Rault J.-L., editors,
Proceedings of the International Meteor Confer-
ence, Petnica, Serbia, 21-24 September 2017. IMO,
pages 8-9.
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Analysis of visual meteor observations
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The Visual Meteor DataBase (VMDB) contains numerous data covering the activity of all major and
most minor showers. Each analysis of activity requires a careful data selection and several iteration
steps to adjust interval lengths (bins) and required sample size. Here we show a basic approach using

data of the 2017 Perseid return.

1 Introduction

One major aim of visual meteor observations is the cal-
culation of flux or number density along the Earth’s
path through the meteoroid stream. For this purpose
we obtain two measures: the number of meteors per
shower and the magnitudes of the shower meteors. An
essential step of the calculation of physical parameters is
a correction to standard conditions which are an unlim-
ited field of view, a reference limiting magnitude, and
the position of the shower radiant in the zenith (vertical
incidence). The effective field of view of a visual ob-
server has a radius of roughly 50° (Koschack and Rend-
tel, 1990)—hence also the recommendation to choose a
field center at least 50° above the horizon. The stan-
dard limiting magnitude (lm) is +6.5. The corrected
rate, called Zenithal Hourly Rate (ZHR), is calculated
using

6.5—1m
7HR = u ,
Tegsin” hg
with NV the number of shower meteors, r the population
index, ¢ the field correction (for sky obstruction), Teg
the effective observing time, hr the radiant elevation,
and v the zenith exponent which is set to 1.0 for visual

work. The latter conversion into flux or number density
is described by Koschack and Rendtel (1990).

2 Population index

It is obvious that the correction 76-5~1™ for the observ-
ing condition is crucial. We know that the meteor mag-
nitude distribution is different for various showers but
may also vary during the activity of one shower. Pecu-
liar changes may occur close to the maximum (center)
or during dust trail encounters. Hence we need to know
the value of r during the activity period. The parame-
ter r describes the increase of meteor numbers towards
fainter magnitudes (which needs to be corrected to the
reference value). Procedures to analyse the magnitude
data are available and also in preparation—so we just
emphasize this fact here.

3 ZHR profile: successive
approximation

Our aim is to find the general activity profile as well
as significant short variations. As a first step, we want
to get an overview of the temporal distribution of the
data and a first impression which parts of the profile are
most interesting. For this purpose, we run the ZHR cal-
culation with a relatively relaxed parameter set. As an
example, we choose the 2017 Perseid maximum which
occurred under moonlit skies. From stream modelling,
there was only one enhancement expected—a possible
filament encounter on August 12 around 13" UT (Jen-
niskens, 2006; p. 662).

Table 1 — Perseid 2017 peak analysis: selection parame-
ters. The interval length was between 900 s (minimum) and
86400 s (maximum), and the population index was set as
r = 2.2 for all profiles shown.

Parameter Figure 1 Figure 2 Figure 3
Min. Im 3.50 5.00 4.80
Max. correction 20 10 10
Min. meteors,/bin 10 50 80

For the first calculation, we allow (almost) all intervals,
including those obtained under poor conditions (see Ta-
ble 1). Some observers give limiting magnitudes of just
+3, which means an enormous correction and thus large
error margins. Including all data, however, implies a
larger sample and reduces the risk of missing any pe-
riod of interest (Figure 1).

This first ZHR profile in Figure 1 shows that:

1. the values for the maximum period are not evenly
distributed, namely there is a large gap between
August 12, 4» UT and 20" UT; and

2. there occur several apparent peaks and dips for
which we need to find out whether they are arti-
facts or not.

If we are too strict and use longer intervals—which
might be useful if we just want to obtain a rough idea
about the period under study—we would just smear
out all features and would just learn that the maximum
occurred in the night of August 12/13.
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Figure 1 — ZHR profile of the Perseid maximum period in
2017 including the possible filament crossing time, obtained
from visual data using the data set 1 given in Table 1. The
plot is shown like the live graphs on the IMO webpage.
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As a next step, however, we use less relaxed parame-
ters, i.e., only observations obtained under good skies,
resulting in smaller error margins but also a smaller
sample (column 2 in Table 1). The result (Figure 2)
is a smoother profile, but we lose both data points for
the middle of August 12 obviously because of the Im
limit (we cannot resolve any detail here anyway). We
see that a first peak at August 11, around 23" UT, is
better defined and the high ZHR > 80 on August 12
immediately after 2" UT disappears. It was based on
few data obtained under poor conditions only. Further-
more, the single peak value on August 12 before 22" UT
remains. The composition of the sample needs to be
checked since it is a single value only. Instead, we find
a better defined dip on August 12 after 22" UT as in
the first profile.
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Figure 2 — ZHR profile of the 2017 Perseid maximum for
the same period as shown in Figure 1. For this profile, we
applied the selection parameter set 2 given in Table 1.
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For the third approach we allow a slightly poorer limit
for the limiting magmitude, but require a larger sample
per bin (column 3 in Table 1). This obviously helps
(Figure 3) and brings even back the mid-day data as
just one point. The profile indicates that there was a
higher ZHR around 18" UT on August 12. This is very
likely the descent from the main peak which usually
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Figure 3 — ZHR profile of the 2017 Perseid maximum for
the same period as shown in Figure 1, applying the selection
parameter given in column 3 of Table 1.
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occurs near A = 140°. Obviously, this portion of the
profile is not covered at all. After that, the already
mentioned dip occurs, followed by another one-data-
point maximum—based on 9 count intervals. Before we
start any interpretation, we have to inspect all tables to
find outliers or reasons for distinct values.

4 Conclusions

Apart from the omitted question of determining a pop-
ulation index profile first, we showed the effects of the
data and parameter selection to obtain a reliable ZHR
profile. The procedure requires several approximations.
The three examples above are just a first attempt and
also demonstrate the uncertainties which may occur
when using the live graphs shown at the IMO web-
site. For a final analysis, the interval lengths need to be
adapted throughout the investigated period, taking into
account the uneven temporal distribution of the submit-
ted reports. This simple demonstration also emphasizes
the need of reports for all intervals, even if some may
have been obtained under poor observing conditions.
It is also obvious, however, that an insufficient sample
does not allow us to extract information about the pas-
sage of the Earth through a given meteoroid stream.
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Since 1 March 2017, we operate one of the FRIPON all-sky fireball cameras on the roof of the
ESA/ESTEC building in Noordwijk, the Netherlands. We have had a total of four fireball detections
since then. Three additional cameras are ready for installation within the Netherlands, and we expect
an increase of the detections once we have the new stations operational.

1 Introduction

The Meteor Research Group (MRG) of the European
Space Agency is operating a FRIPON camera (Colas
et al., 2015b) on top of the building of ESA/ESTEC in
the Netherlands since 1 March 2017. Our main research
interest is the determination of meteoroid flux densities
(e.g., Koschny et al., 2017), but also constraining the
luminous efficiency from looking at deceleration data
(e.g., Gritsevich and Koschny, 2011). We are working
on setting up a network of cameras that would fill the
gap between France/Belgium and Northern Germany.
Here, we briefly describe the camera setup, our first
detections, and then give an outlook into the future.

Figure 1 — FRIPON camera installed at the European Space
Agency’s center ESTEC, in Noordwijk, the Netherlands.

— -
Figure 2 — Computer and network switch located in the first
author’s office, 10 m below the camera.

2 The FRIPON camera

Figure 1 shows a photograph of the camera on the roof
of the ESA/ESTEC building. The system comes ready
to be plugged in. It uses a video-rate CMOS camera
with a fish-eye lens covering the complete sky. For tech-
nical details, see Colas et al. (2015a). Figure 2 shows
the computer and network switch in the office of the first
author. The system was installed in February 2017 and
has been operational since 1 March 2017. One of the
first images shows a flock of birds (Figure 3).

Figure 3 — Almost first light—one of the first images of the
camera, showing a flock of birds flying over ESTEC.
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Table 1 — Recorded fireball events (i.e., those which were
also seen by at least one other station) since 1 March 2017.

Time of event (UT)
2017-07-14 23"17™46°

Other stations

Arras, Cappelle-la-Grande,
Lille, Maubeuge, Wimereux
Brussels

Brussels

Brussels, Lille

2017-08-14 01"41™24°
2017-08-15 22"25™01°
2017-09-21 21*00™00°

Figure 4 — Large fireball over the Netherlands on 21 Septem-
ber 2017. The top image shows the view from ESTEC is on
top; the bottom image shows the fireball close to the horizon
as seen from Brussels.

3 First detections

The way the system works is the following: A personal
computer is continuously grabbing images. When a po-
tential fireball is detected, it sends the data to a cen-
tral server at the Paris Observatory. If other cameras
have recorded a matching fireball, an event is gener-
ated. Since our camera is fairly far from other stations,

we only rarely had recorded events until now. This
is expected to change once additional cameras will be
commissioned closer to the ESTEC camera.

Table 1 shows all recorded events to date. Just the night
before presenting this paper at the International Meteor
Conference, the largest event observed so far took place
(Figure 4).

4 The next cameras

Completely covering the Netherlands would require 8-
10 cameras if the distance between them should be less
than 100 km. Figure 5 shows a view of the setup with
the new cameras in their planned locations.

5 Summary

We have started to expand the FRIPON network into
the Netherlands. We aim at “connecting” also with
the network in Germany, where we collaborate closely
with the group in Oldenburg. In addition to the cam-
era at ESA/ESTEC, we have already identified three
additional locations with identified hosts.
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Figure 5 — Location of future cameras in the Netherlands
where a host has already been found.
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The BRAMS (Belgian RAdio Meteor Stations) Network, consisting of one beacon and about 25
receiving stations, generates a huge amount of data with thousands of meteor echoes detected every
day. With such large amount of data, it is difficult to process it all ourselves. Several attempts
were made to develop an automatic detection algorithm, but up-to-now none of these algorithms can
perfectly mimic the human eye which stays the best detector. Therefore, the BRAMS researchers,
in collaboration with the Zooniverse team (http://www.zooniverse.org/), have launched a citizen
science project called the Radio Meteor Zoo (RMZ, http://www.radiometeorzoo.org/) in August
2016. With the RMZ, thousands of citizen scientist eyes are manually identifying meteor echoes during
meteor showers. Hitherto more than 5000 registered volunteers have identified meteors in almost
30000 spectrograms. In 2016 the Perseids and the Geminids meteor showers were processed. In 2017
the volunteers helped us with processing the Quadrantids, Lyrids, and Perseids meteor showers. In
this paper the results obtained during the first year of the Radio Meteor Zoo are discussed. We will

also look into the future: how can we improve the RMZ and what will be done with these results?

1 Introduction

BRAMS (Belgian RAdio Meteor Stations) is a radio
network located in Belgium using forward scatter mea-
surements to detect and characterize meteoroids. It
consists of one dedicated transmitter located in Dourbes,
in the south of Belgium, and approximately 25 receiv-
ing stations spread all over the Belgian territory. The
transmitter emits a circularly polarized continuous wave
(CW) at a frequency of 49.97 MHz and with a power
of 150W. All receiving stations use the same equipment
(including a 3-elements Yagi antenna) and are synchro-
nized using GPS clocks. More details can be found in,
e.g., Lamy et al. (2015).

Each BRAMS receiving station is recording continu-
ously, producing each day 288 WAV files and detect-
ing circa 1500-2000 meteors. This huge amount of data
requires the use of automatic detection algorithms. Sev-
eral attempts were made to identify meteor reflections
either in raw data or in spectrograms by using auto-
matic detection algorithms, with varying degrees of suc-
cess (Calders and Lamy, 2014). The automatic detec-
tion of overdense radio meteor echoes in particular re-
mains a difficult task due to the various and complex
shapes they produce in spectrograms (see Figure 1).
This problem is particularly striking during meteor show-
ers where these types of meteor echoes are observed
abundantly.

On 12 August 2016, the BRAMS researchers launched
the Radio Meteor Zoo (http://www.radiometeorzoo.
org), a citizen science project hosted on the Zooniverse
platform (http://wwww.zooniverse.org; see also Lin-
tott, 2008). So, instead of detecting meteor reflections

Figure 1 — An example of a spectrogram with complex me-
teor reflection shapes, closely interwoven with airplane re-
flections (oblique lines). Here, the human eye remains the
best detector to identify the meteor reflections.

automatically by means of software, we rely on the best
detector which is the (trained) human eye for classify-
ing radio meteors during certain campaigns. Volunteers
are asked to draw rectangles around what they consider
to be a meteor. The first campaign was focused on gen-
erating a plot of the Perseids 2016 activity.

2 Method description

The objectives of the Radio Meteor Zoo are twofold:

1. to calibrate and to validate existing and future
automatic detection algorithms; and

2. to detect the complex shapes of overdense radio
meteor reflections. These reflections are more abun-
dant during meteor showers.
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New volunteers are asked to first read a tutorial. This
tutorial explains what a spectrogram looks like and pro-
vides examples of typical signatures of meteor reflec-
tions and common distortions (like reflections on air-
planes or broad-band interferences). Finally, the tuto-
rial explains what is expected from the volunteer: draw-
ing rectangles around potential meteor echoes and how
to do it correctly.

Each spectrogram is shown to ten different volunteers
to improve the quality of the classifications. A region
in the spectrogram is considered to be a real meteor if
at least four volunteers selected it. So, when one volun-
teer makes a mistake (either forgetting a meteor echo
or classifying incorrectly another signal as a meteor),
the risk of a false detection is minimal. An extensive
discussion of the classification algorithm applied in the
Radio Meteor Zoo can be found in Calders et al. (2016).

Finally a forum has been installed to allow interac-
tion among the volunteers and between the volunteers
and the researchers. Four topics are available: notes
(for questions and comments about individual spectro-
grams); science (a place to talk about the science be-
hind the Radio Meteor Zoo and related research): chat
(“everything you want to know about meteors but were
afraid to ask”); and help (questions about the classifi-
cation interface, bug reporting, and general help).

3 Results

A press release was sent to Belgian newspapers and ra-
dio stations to announce the launch of the Radio Meteor
Zoo on 12 August 2016.! The Zooniverse team has also
sent an e-mail to all volunteers that contributed in the
past to one of the other projects hosted on their citizen
science platform. In total more than 2000 volunteers
registered during the first days after the launch. The
very first day, more than 12 500 spectrograms were pro-
cessed. Motivated by this huge success, the authors
made available spectrograms observed during the Per-
seids shower from eight different receiving stations.

Later on in 2016, also the Geminids (5 stations) me-
teor showers were processed. In 2017, a successful cam-
paign has been launched to obtain an activity plot of
the Quadrantids (2 stations), Lyrids (1 station), and
Perseids (3 stations) meteor showers. For the Perseids
2017, all registered volunteers were contacted by e-mail
to ask their support for this campaign. More than
10000 spectrograms were processed in only two days,
which gave the authors the opportunity to produce a
preliminary activity plot quickly after the Perseids peak
(see Figure 2).

In October 2017, more than 5000 registered volunteers
had produced aggregated classifications of meteors in
almost 29 500 spectrograms (i.e., each of these spectro-

'E.g., https://www.imo.net/the-brams-team-needs-your-
help-to-detect-perseid-echoes-in-the-radio-meteor-zoo-
project/.

Figure 2 — The Perseids 2017 activity curve (reflections last-
ing at least 10 seconds) for the Humain receiving station,
based on the results obtained from the Radio Meteor Zoo.
The red curve is the total activity, the blue curve only the
Perseids. (All times are in UT.)

grams is processed by ten different volunteers). This
result is above and beyond all expectations.

4 Future plans

As a first step, the aggregated classification of meteors
in a spectrogram is calculated as described in Calders
et al. (2016). However, when comparing each individ-
ual classification with the aggregated result, the authors
notice sometimes major deviations. Therefore, we are
testing if the data quality can be improved by automat-
ically removing classifications that are obviously wrong
(see, e.g., Figure 3). The following formula will be used:

o — |Sagg 05|
|Sage U Sil

with S,ge the surface of the aggregated rectangles and
S; the surface of the rectangles drawn by one volunteer.
If v is small, the rectangles drawn by this volunteer are
excluded from the dataset.
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Figure 8 — Here, a volunteer has drawn a rectangle around
all meteors together instead of each meteor individually.
This result should be excluded from the aggregated clas-
sification set.

A new aggregated classification is then calculated on
a smaller but more accurate set of classifications. It
should however be noticed that we still adhere to the
egalitarian principle: all volunteers are considered as
equal; only classifications that are too far off the ag-
gregated classification are removed from the dataset. It
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does not make any difference if the classification has
been made by a registered or an unregistered volunteer.

The next step is to correct the activity curve for pa-
rameters such as the radiant height and the sensitivity
of the receiver. The Observability Function (OF, Ver-
beeck, 1997) represents the sensitivity of a particular
forward scatter setup to detect underdense meteors of
a given shower at a given time ¢. If the OF at time ¢;
is twice as big as the OF at time t5, and the meteor
activity is constant, then the set-up will observe twice
as many shower meteors at ¢; than at to. The OF is a
number that varies with each configuration of the trans-
mitter and receiver (each receiving station in the case
of BRAMS) and with the position of the radiant of the
meteor shower (hence with time).

The aggregated results of the Radio Meteor Zoo will
be also used as the ground truth for the calibration and
validation of the automatic detection algorithms (cf. the
first objective mentioned before).

5 Conclusions

Thanks to the Radio Meteor Zoo, the BRAMS project
can analyze for the first time several meteor showers per
year.

However, this citizen science project depends on the
motivation of volunteers to classify the spectrogram.
Therefore, a continuous effort is needed to make pub-
licity for this project to the general public, to give feed-
back to the volunteers, and to explain what has been
done with their work. People who would like to con-
tribute to this effort are invited to contact the article’s
first author (stijn.calders@aeronomy.be) .

Acknowledgements

The BRAMS Network is a project from the Royal Bel-
gian Institute for Space Aeronomy?, funded by STCE,
the Solar-Terrestrial Center of Excellence?.

The authors thank all volunteers who helped us with
the classification of the spectrograms. These volunteers

2http://wuw.aeronomie.be/.
Shttp://wuw.stce.be/.

make the success of the Radio Meteor Zoo. They also
thank the Zooniverse team, who is hosting the Radio
Meteor Zoo and who is always very enthusiastic in sup-
porting us. Last but not least, there would be no obser-
vations without volunteers hosting the BRAMS receiv-
ing stations. The authors are grateful for their constant
support.

References

Calders S. and Lamy H. (2014). “Automatic detection
of meteors in the BRAMS data”. In Rault J.-L.
and Roggemans P., editors, Proceedings of the In-
ternational Meteor Conference, Giron, France, 18—
21 September 2014. IMO, pages 194-196.

Calders S., Verbeeck C., Lamy H., and Martinez Picar
A. (2016). “The Radio Meteor Zoo: a citizen sci-
ence project”. In Roggemans A. and Roggemans
P., editors, Proceedings of the International Meteor
Conference, Egmond, the Netherlands, 2-5 June
2016. IMO, pages 46-49.

Lamy H., Anciaux M., Ranvier S., Calders S., Gamby
E., Martinez Picar A., and Verbeeck C. (2015).
“Recent advances in the BRAMS Network”. In
Rault J.-L. and Roggemans P.; editors, Proceed-
ings of the International Meteor Conference, Mis-
telbach, Austria, 27-30 August 2015. IMO, pages
171-175.

Lintott C. J., Schawinski K., Slosar A., Land K., Bam-
ford S., Thomas D., Raddick M. J., Nichol R. C.,
Szalay A., Andreescu D., Murray P. and Vanden-
berg J. (2008). “Galaxy Zoo: Morphologies derived
from visual inspection of galaxies from the Sloan
Digital Sky Survey”. Mon. Not. Roy. Astron. Soc.,
389, 1179-1189.

Verbeeck C. (1997). “Calculating the sensitivity of a
forward scatter setup for underdense shower me-
teors”. In Knoéfel A. and Roggemans P., editors,
Proceedings of the International Meteor Confer-
ence, Apeldoorn, the Netherlands, 19-22 Septem-
ber 1996. IMO, pages 122-132.



16

Proceedings of the IMC, Petnica, 2017

AMOS from Slovakia, Canary Islands, and Chile

Juraj Téth, Leonard Korno$, Frantisek Duris, Pavol Zigo,

Dusan Kalmanéok, Jozef Vilagi, Jaroslav Simon, Stefan Gajdos,
Pavol Matlovi¢, Alzbeta Kubirtova, and Martin Balaz

Dept. of Astronomy, Physics of the Earth and Meteorology, Faculty of Mathematics, Physics and
Informatics, Comenius University in Bratislava, Slovakia
toth@fmph.uniba.sk

AMOS (All-Sky Meteor Orbit System) is an autonomous meteor intensified video system observing
from Slovakia, the Canary Islands, and Chile. A short overview of the development, installations,
observations, and results of trajectory and orbital data are presented.

1 Introduction

The details about the setup of the AMOS (All-Sky Me-
teor Orbit System) cameras and software development
can be found in previous papers (Téth et al., 2011; Zigo
et al., 2013; Té6th et al., 2015) or current papers (Kor-
nos et al., 2018). All together, 8 AMOS cameras are
working from both hemispheres in autonomous mode
with light, temperature, humidity, and rain sensors.
Also, a test in an artificial wind tunnel confirmed safe
and stable operation of the AMOS camera up to wind
speeds of 115 km/h in open, observing mode and up
to wind speeds of 190 km/h in close, non-observing
mode. Moreover, one station in Slovakia, two stations
on the Canary Islands, and one station in Chile are also
equipped by a video meteor spectral camera (Matlovi¢
et al., 2018).

2 Detection efficiency of AMOS

We have conducted simultaneous visual and video ob-
servation during the Perseids 2016 peak activity on Au-
gust 11-13 in a dark-sky location, Tepli¢né, in the cen-
ter of Slovakia. Visual observations were conducted by
67 skilled observers. They recorded time of appear-
ance, stream identification, and visual magnitude es-
timation using conventient electronic recorders feeding

Figure 1 — Detection efficiency curve of AMOS (UFO-
CAPTURE).

Figure 2 — Composition picture of individual meteor detec-
tions during the Perseids 2016, August 12-13, in Tepli¢né.

the individual observations directly into computer. Si-
multaneously, two AMOS cameras were running UFO-
CAPTURE detection software just 15 m away from the
group of visual observers, and hence sharing the same
conditions and all-sky view. We compared the numbers
of simultaneously observed meteors in magnitude bins.
The result is shown in Figure 2.

Because of insufficient numbers of meteors brighter than
magnitude —2, we extended the data coverage with all-
sky photographic observations from the AGO Modra
Observatory from 2011-2013, where simultaneous ob-
servations by photographic and AMOS observations were
carried out. We plan to evaluate the final detection ef-
ficiency of the AMOS cameras by UFOCAPTURE soft-
ware and to compare the results with the newly devel-
oped detection software AMOS in the near future.

3 Interesting observations from the
Canary Islands and Chile

During regular meteor observation, the AMOS cameras
from the Canary Islands registered a fireball on July
12, 2017 at 227055838 UT, low over the northeast-
ern horizon from the Tenerife Station, which is in the
direction of the meteorite-dropping fireball recently an-
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Figure 8 — Radiant distribution in the southern hemisphere from AMOS-Chile.

nounced by Abderrahmane Ibhi under the name Igdi IT
(Ibhi et al., 2018).

The pair of AMOS cameras in the Atacama Desert in
Chile simultaneously observed 4463 meteors during the
first 9 months of operations (March-November 2016),
resulting in the radiant distribution shown in Figure 3.
At least ten 10 meteor showers (CAP, STA, SDA, PER, ORI,
LEQ, NTA, ETA, ERI, and NUE) from the IAU established
list and 7 meteor showers (SIA, XLI, MIC, AIC, XCA, MPI,
and AOA) from the working list were clearly identified.
Detailed analyses will be published in future papers.

4 Conclusions

We have successfully developed, tested, and installed
AMOS cameras in Slovakia, on the Canary Islands, and
in the Atacama Desert in Chile. Cameras require oc-
casional cleaning, regular maintenance, data archiving,
and processing.

Newly developed software for higher-precision analyses
will be launched soon along with published data.
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On July 21, 2017, at 7P04™20° UTC, a shallow-entry meteor lasting more than 3.9 seconds was
observed with the Canadian Automated Meteor Observatory (CAMO). The narrow-field camera (4 m
per pixel at 100 km resolution) recorded a dozen discrete fragmentation events. Here, we present an
initial analysis of the high-precision flight dynamics of the fragments and the implications for the

strength of cometary meteoroids.

1 Introduction

The Canadian Automated Meteor Observatory (CAMO)
is a multi-instrument optical observatory which consists
of two subsystems: the influx and the mirror system
(Weryk et al., 2013). For this study, we use data from
the mirror system, which is designed for high tempo-
ral and spatial two-station measurements of millimeter-
sized meteors.

The mirror system performs real-time tracking of me-
teors through an 80 mm telescope. The system rapidly
detects a meteor using a wide-field camera (640 x 480
resolution, 12 bits, 80 frames per second, 25 mm f/0.85
lens) with a field of view of 28° and uses this informa-
tion to dynamically steer two mirrors. These redirect
the light of the meteor through the telescope, where the
image is recorded in a narrow-field camera (640 x 480
resolution, 12 bits, 110 frames per second) which has a
field of view of 1 25, giving it a precision of 4 m per pixel
at 100 km. Both cameras are equipped with 18 mm
GaAs Gen-IIT image intensifiers, which give the wide-
field camera a limiting magnitude of 4-7.5 for stars, and
+5.5 for meteors.

Figure 1 shows the physical layout of the CAMO system
at the Elginfield site. There are two identical CAMO
systems, one at Elginfield, and the other one at the
Tavistock site, with a baseline of about 45 km. The
stations were built in 2007 and the system has been
fully automated since 2009 (Weryk et al., 2013). Data
from CAMO has been used for high-resolution model-
ing of meteor ablation (Campbell-Brown et al., 2013),
measuring trail widths of faint meteors (Stokan et al.,
2013) and transverse motion meteor fragments (Stokan
and Campbell-Brown, 2014), discovering a population
of low-velocity asteroidal meteoroids outside sporadic
sources (Campbell-Brown, 2015), and estimating the lu-
minous efficiencies of faint meteors (Subasinghe, Camp-
bell-Brown, and Stokan, 2017); among other research
topics.

Figure 1 — CAMO system layout. Both the influx and the
mirror system are located in a shed with a roll-off roof. The
roof is opened only in ideal observing conditions. The mirror
system is shown with its protective cover on, but the outlines
of narrow-field optics are drawn on with dashed lines.

2 The event of July 21, 2017

We describe an unusual event observed on wide-field
cameras of the mirror system from both sites. The be-
ginning of the event was recorded from Tavistock (Fig-
ure 2) and the last part from Elginfield (Figure 3), al-
though the meteor probably did continue to ablate after
exiting the wide field of view. The meteor was tracked
through the narrow-field camera only from Tavistock—
the tracking algorithm at Elginfield did not estimate the
tracking parameters well and the meteor disappeared
from the field of view after a couple of frames, making
data from that narrow-field camera unusable.

The narrow-field tracking at Tavistock began 0.45 s af-
ter the appearance in the wide field video, having start-
ed below the detection threshold of the real-time meteor
detection algorithm during that time. (For the com-
plete narrow-field video, see http://meteor.uwo.ca/
~dvida/IMC2017/20170721_tavis_narrow.gif.) Fig-
ure 4 shows 18 individual video frames from the narrow-
field video, with the individual fragments numbered by
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Figure 2 — Co-added video frames from the Tavistock wide-
field camera. The beginning of the meteor is visible.

Figure 8 — Co-added video frames from Elginfield. Notice
that the meteor spans the entire field of view, disappearing
at the end.

their order of appearance. When the narrow-field track-
ing started, an extended wake could be seen in the
wide field video. The narrow-field video shows that
the wake is caused by dust being blown away from
discrete fragments. After 1.4 s, this wake was com-
pletely gone, leaving several individual fragments with
stellar point-spread functions and no wake recorded for
another 1 s. Shortly after the wake disappeared, the
fragments themselves disintegrated further, creating a
total of 12 discrete fragments. During the following
1 s, the fragments noticeably decelerated, and some
showed transverse motion. All showed different rates of
deceleration which caused an increase in the along-track
distance between them over the period of their flight.
Several fragments with lower deceleration, which were
always brighter and presumably more massive, overtook
fainter fragments. Furthermore, the wide-field video at
this period shows a significant decrease in the bright-
ness of the meteor as a whole. Near the end, the frag-
ments started to disintegrate themselves, first showing
short trails behind them and finally turning into elon-
gated collections of dust, which caused the increase in
the intensity of the meteor’s light curve recorded by the
wide-field camera.

3 Data calibration and reduction

Even through the system has been operational for al-
most 10 years, it was only recently that the methods of
calibration of narrow-field data have been fully devel-
oped, allowing estimates of high-precision meteor tra-
jectories from narrow-field imagery limited only by in-
strumentation (and not software) possible. Complete
calibration procedures for obtaining high-precision tra-
jectories using narrow-field imagery will be described in
detail in a future paper. Here, we describe this process
only briefly. The mirror system is equipped with 16-bit
encoders, thus every mirror position (of the X and Y
mirror axes) has a unique value between 0 and 65 535.
To obtain celestial coordinates from narrow-field im-
agery, one has to first convert the image coordinates
to mirror encoder coordinates, then the mirror encoder
coordinates are transformed into celestial coordinates.
The calibration is performed by roughly pointing the
mirrors to known positions of stars—the star is then
centered in the middle of the narrow field of view and
a unique pair of mirror encoder versus celestial coordi-
nates is obtained for every star. An astrometric plate
is then fitted enabling direct transformation of image
coordinates to celestial coordinates. Essential informa-
tion here is the time and position of the mirrors at every
video frame, as the image plane is not fixed—this info
is written to a file during real-time meteor tracking.

Although it is possible to get high-precision trajectories
using two-station narrow-field observation, there was in
this case only one narrow-field video which was then
“paired” with the wide-field data from the Elginfield
site. To explore the dynamics of individual fragments,
their narrow-field observations were projected to the
trajectory estimated from the wide field solution.

The astrometric and photometric data reduction was
done manually, following existing procedures used for
CAMO (Weryk et al., 2013). The position of the me-
teor on wide field video frames was manually centroided
by appropriately adjusting the size of the annulus, and
the photometry was done by “coloring in” the pixels
which belong to the meteor. The manual procedure was
needed due to the noise in image intensified data and
the complex morphology of the meteor, as it exhibited a
wake which may confuse an automatic meteor detection
algorithm. During the manual reduction, we aimed to
select the head of the meteor, as it is the only consistent
feature over the whole duration of the meteor. Further-
more, the narrow-field reduction was done manually as
well—every individual fragment was tracked separately
when it could be distinguished from the background and
from other fragments.

4 Results

Wide-field trajectory solution and photometry

The meteor had a very shallow entry angle of only
82054 and a low initial velocity of (16.425+0.074) km/s,
which translated into a long duration and a small range
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Figure 4 — Eightteen chosen video frames of the narrow-field video. Fragments are numbered by order of appearance.
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of covered heights—the meteor began at 87.641 km and
the last observed point was at 80.017 km above sea level.
The terminal velocity was about 11 km/s. The meteor
covered about 60 km of distance above ground. The
trajectory was estimated using a modified lines of sight
method of Borovicka (1990); details will be given in a
future paper. The spatial residuals between the lines of
sight and the estimated trajectory from wide-field data
averaged to about 20 meters. Nevertheless, due to the
very large number of data points (476), the precision
of the trajectory is high, based on the consistency of
the lag. The meteor showed substantial deceleration—
Figure 5 shows the lag of the meteor, i.e., the difference
in the along-track distance between a hypothetical me-
teor moving constantly with the meteor’s initial velocity
and the observed meteor itself, following the procedure
first described by Borovicka, Spurny, and Koten (2007).
The lag was obtained in two steps: first, by fitting a line
to time versus length along the track of the first part of
the meteor’s trajectory, where it was assumed there was
no significant deceleration, and, second, by subtracting
the values obtained from the line from the length along
the track, thus leaving only the deceleration component.
It can be noticed that the cumulative length difference
at the end of the record is about 4 km, which gives an
average deceleration of about 500 m/s? for the complete
trajectory.

The photometric light curve is given in Figure 6. A pho-
tometric mass of 0.269 g was calculated using as bolo-
metric power of a zero-agnitude meteor P,,—o = 840 W
(Weryk and Brown, 2013) and a luminous efficiency
7= 0.7% (Campbell-Brown et al., 2013) in the R pass-
band. Assuming a bulk density of 1000 kg/m?® and
spherical geometry, the meteoroid had a diameter of
approximately 8 mm. As the complete light curve was
not recorded, we consider this mass to be a lower limit.
Due the uncertainly of the luminous efficiently, we con-
sider this value to be accurate to no better than a factor
of 2. The meteor exhibits an interesting light curve—
after an initial period of brightening, which coincides

Figure 5 — Meteor lags showing significant deceleration. Ob-
servations from both stations are plotted: Station 1 is Tavi-
stock and Station 2 is Elginfield. “Jacchia fit” stands for an
exponential function fit to the lag; see Equation (1).

Figure 6 — Photometric light curve. The absolute magni-
tudes (i.e., visual magnitude at 100 km) from both sites
are matching well, except during the part when the meteor
dimmed, where it was close to the noise floor.

with the appearance of the large-scale wake, the me-
teor dims suddenly when the dust is completely gone
and only the fragments are left. When the fragments
start to disintegrate themselves, the meteor brightens
again. Multiple maxima meteor light curves were also
described by Roberts et al. (2014), who discuss the pos-
sible mechanism producing such light curves. The be-
havior we have observed does not match any of the pro-
posed meteoroid fragmentation models.

Radiant and orbit

The geocentric radiant of the event is @ = 254 °068 £
0°162, 0 = —30°330 £ 0°264, and Vgeo = (12.095 £
0.101) km/s. There were no active meteor showers at
the given coordinates, thus the meteoroid was a spo-
radic originating in the antihelion source.

The orbital parameters are given in Table 1. According
to the Tisserand’s parameter of the meteoroid, it may be
of the Jupiter-family comet (JFC) origin. A parent
body search returned a best match to the orbit of as-
teroid 2016 LX48: the Southworth and Hawking D-
criterion (Southworth and Hawkins, 1963) between the
two orbits is 0.083. As the meteoroid was on a Jupiter-
crossing orbit, we believe this might be a spurious con-
nection, as JFCs with such orbits have short dynamical
lifetimes. Thus, the ejection probably happened very
recently as Jupiter-crossing orbits are very unstable.

Table 1 — Orbital parameters of the event.

Parameter Value Uncertainty
a 3.282 AU  0.065 AU
q 0.949 AU  0.001 AU
e 0.711 0.006
i 2°462 0°072
w 31°980 0°116
Q 298 2845 0°003
Q 5.616 AU  0.130 AU
T; 2.701 0.032
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Although the formal precision of the initial velocity so-
lution is high—the uncertainty being only +74 m/s—we
were not confident in the true accuracy of the result as
the event entered the atmosphere with such a low entry
angle. That is, we believe the meteoroid decelerated
significantly before it became instrumentally visible.

To explore this possibility, we simulated the meteor us-
ing the model of Campbell-Brown and Koschny (2004)
to compare the velocities at the top of the atmosphere
(180 km) and at the height of detection. We have
found that assuming a mass m = 0.17 g, bulk density
p = 700 kg/m3, heat of ablation Q = 4.6 x 10° J/kg,
a luminous efficiency of 1.4%, and a beginning entry
angle of 15° reproduces the observed conditions at the
point of meteor’s detection, though we emphasize this
is a non-unique solution.

Note that the entry angle here is the angle at the be-
ginning of the meteoroid trajectory at 180 km relative
to the surface of the Earth at that point, which dif-
fers significantly from the entry angle at the first point
of detection, due to the curvature of the Earth—the
meteoroid was about 800 km away from the point of
detection when it was at the height of 180 km. To ob-
tain the same velocity at the height of detection (87.641
km) as the observed one, we had to assume a velocity at
180 km that is about 400 m/s higher than the observed
initial velocity. This emphasizes that the real orbit of
the meteoroid was likely much different than our calcu-
lated value. After adding 400 m/s to the initial velocity,
the recalculated orbital parameters are: a = 3.691 AU,
e = 0744, ¢ = 2°302, w = 329557, 2 = 298°851,
Q =6.437 AU, and T; = 2.534.

Deceleration of fragments and meteoroid strength

Using the one narrow field video we performed a high-
resolution analysis of the flight dynamics of all dozen
discernable fragments. After determining the celestial
coordinates of each fragment on every narrow field video
frame, they were projected on the trajectory line deter-
mined from the wide field observations. Nevertheless,
as we were lacking two station high-resolution data, we
were only able to determine the along-track position of
every fragment, thus losing the information about their
transverse position. For example, fragments 4 and 7
show a perpendicular offset from the main trajectory,
obtained at the moment of their formation, but the un-
certainties in the trajectory would make any conclusions
about their transverse positions unreliable. Moreover,
the bending of the trajectory due to the Earth’s gravity
was not taken into account, although its influence was
not negligible.

Figure 7 shows the lags of individual fragments—the
graph was normalized to the first visible fragment, which
starts at 0 s and at a lag of 0 m. As the first visible frag-
ment (Fragment 1) was the furthest behind the leading
edge of the meteor, all other fragments, which are in
front of it, have positive lag. Fragment 10 was at the
head of the “fragment train” in the meteor. The frag-
ments did not have uniform deceleration, which caused

Figure 7 — Lags of individual fragments. Solid lines show the
observed lag, while the dashed lines show an extrapolation
using an exponential function fit; see Equation (1). Solid
circles are showing the point of fragmentation of individual
fragments.

some of them to overtake one another. This behavior is
visible as the moments when the lags of individual frag-
ments cross each other. For example, Fragment 6 had
the smallest deceleration, which caused it to overtake
Fragments 7, 12, 9, and 11. Obviously, all fragments
were transversally sufficiently distant from one another
not to collide. The case of Fragment 7, which shows
a larger transversal offset at the moment of fragmenta-
tion, suggests that the rotation of the fragments may
be one of the explanations.

To determine an approximate time of fragmentation
of individual fragments, we fit an exponential function
of length versus time of every fragment (Jacchia and
Whipple, 1961):

D(t) = k + vt + age®?’, (1)

where ¢ is the time, v is the initial velocity of every frag-
ment, a; and ag are deceleration coefficients, and D(t)
is the along-track distance of every fragment from the
beginning of the meteor. Next, we propagated the po-
sitions of the fragments back in time and looked for the
moments when they intersect. The plausibility of each
intersection/fragmentation was confirmed by looking at
the video as well. It was found that all fragments except
Fragments 1 and 6 emerged from larger fragments. For
Fragments 1 and 6, the possible points of fragmentation
could not be visually confirmed.

Furthermore, we have computed dynamic pressures for
every fragment, as shown in Figure 8. When comput-
ing dynamic pressure, we assumed that the drag coeffi-
cient is I' = 1, and the atmosphere densities were taken
from the NRLMSISE-00 atmosphere model (Picone et
al., 2002) for the time and location of the meteor. Al-
though the statistics are small, two clusters of dynamic
pressures at the moment of fragmentation can be seen,
one at about 2 kPa and the other at about 2.1 kPa.

The fragments themselves start to disintegrate to dust
at a height of about 82.5 km, which corresponds to a
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Figure 8 — Dynamic pressures of individual numbered frag-
ments. Solid circles represent moments of fragmentation for
individual fragments.

dynamic pressure of about 3.25 kPa. This suggests on
the one hand that the compressive strength of the more
compact parts of fresh JFC material ranges from 2.0 to
3.5 kPa. On the other hand, presuming that the dust
seen in the narrow file video which was blown away
early on is the matrix in which these fragments resided
indicates that its strength is sub-kilopascal, possibly on
the order of several hundreds of pascals for large (cm-
sized) JFC meteoroids.

Trigo-Rodriguez and Llorca (2006) determined compres-
sive strengths at the moment of fragmentation to range
from 400 Pa for Draconids to 340 kPa for Taurids, as-
suming that the moment of meteoroid fragmentation co-
incides with the point of maximum brightness. In con-
trast, Borovicka, Sputny, and Koten (2007) show that
the fragmentation does not coincide with the bright-
est point on the meteor’s light curve, except for pho-
tographic fireballs. They found that the compressive
strengths of more compact parts of Draconid meteoroids
are in the range of 5-20 kPa. Furthermore, they argue
that the erosion of meteoroids may start earlier and not
due to mechanical forces, while only a fireball’s flair
is caused by mechanical brake-up. We find that these
values are in good agreement with our findings for this
particularly unusual case of a long duration, shallow en-
try JFC meteoroids. The reason may be that both the
Draconids and our meteoroid originate from a Jupiter-
family comet. Finally, Biele et al. (2015) used measure-
ments from the ESA Philae lander and reported that the
upper limit of the compressive strength of the top 10-
cm layer of the Jupiter-family comet 67P/Churyumov-
Gerasimenko is in the range from 1 to 3 kPa, which is
also in agreement with our observations.

5 Conclusions

A highly fragmenting meteor observed on July 21, 2017,
with the Canadian Automated Meteor Observatory en-
abled high-precision measurements on a train of dis-
crete fragments produced during ablation. The mete-
oroid orbit is probably of Jupiter-family comet origin,

probably ejected recently as the meteoroid was on a
Jupiter-crossing orbit. We find that the initial velocity
of the meteoroid might have been as much as 400 m/s
larger than the measured one due to deceleration during
the non-luminous part of the trajectory. This is partic-
ularly acute in this case as the meteoroid had a very
low entry angle of only 8°.

We measured the apparent compressive strength of the
meteoroid and its daughter fragments with high preci-
sion largely due to its shallow entry angle. This unique
geometry, combined with the low speed of the mete-
oroid resulted in a very gradual change with time in
the dynamic pressure allowing unusual precision in the
estimated fragmentation points.

The flight dynamics and fragmentation locations of 12
fragments was determined from narrow field observa-
tions. The fragments showed non-uniform deceleration,
which caused them to overtake one another. The esti-
mated compressive strength of the entire meteoroid was
ca. 2.0 kPa, while the strength of the daughter frag-
ments was ca. 3.25 kPa. The appearance of the wake
even earlier in flight suggests that the outer matrix of
material has very low strength (less than 1 kPa).

Future work includes calculating the mass ratio between
the fragments and the dust, as well as determining the
size distribution of individual fragments through pho-
tometric and dynamical mass calculations.
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The Nomon Project consisted of deploying a small network of high-sensitivity video cameras for
automatic detection of simultaneously observed meteors. While mainly of educational interest at this
time, there are plans of extending this project in the future.

1 Introduction

The Nomon Network of high-sensitivity video cameras
was deployed for automatic and simultaneous moni-
toring of approximately 40000 km? of the atmosphere
at 100 km height over southern Norway. Analysis of
recorded data during the maximum of the Geminid me-
teor shower on December 13-14, 2016 (over 700 meteor
detections on 4 cameras) indicates that it is possible to
classify detected meteors to parent meteor showers. For
particular meteors, the statistical error is a few angular
degrees for radiant determination and 5 km/s for me-
teor velocities. Because of the small ground distances of
video cameras (around 6 km), obtained data are good
enough for educational purposes.

In order to get data with scientific value for meteor
astronomy, it is necessary to spread the camera network
to larger distances (50150 km).

A web application based on rating was developed for
classifying meteors from non-meteor videos/data. This
process will be automatized in the future by implement-
ing a machine-learning algorithm.

2 System

Each observation spot consisted of two high-sensitivity
video cameras equipped with appropriate lenses. This
equipment was protected by a waterproof casing with
heaters. It was connected to a PC via USB video cap-
ture cards. Each computer is equipped with UFOCAP-
TURE, the automatic meteor detection application.

3 Network

Cameras are located in three different schools. Their
exact locations are shown in Table 1. The distance be-
tween each two schools is around 6 km.

4 Geminid observations

Maximum activity for the Geminid meteor shower in

2016 was expected on the night of December 13-14.
During the entire night, four cameras were recording.

Table 1 — School locations.

School A (E) v (N) h

Grim 7°9697 5891484 22 m
Havlimyra 8°0337 5891914 34 m
Torridal 7°9256 5892014 41m

Figure 1 — Observing locations (H—Havlimyra, G—Grim,
T—Torridal) and observed areas of skys for each of the four
cameras that were operational (HN, GW, TN, and TW,
where N—North and W—West indicate the orientation of
the cameras.

They were oriented so that each observed part of the
sky was covered by two cameras from different locations.
Figure 1 shows the observing locations (H—Havlimyra,
G—Grim, T—Torridal) as well as the observed areas
by each of the four cameras at this locations (N—North
and W—West are used for the orientation of the cam-
eras).

During the observation, each camera recorded over 150
meteors. It is worth mentioning in this regard that it
was Full Moon, and, consequently, that the Moon was
above the horizon for the larger part of the night. Us-
ing UFOANALYZER, trajectory and motion parameters
were determined (coordinates, direction, trail, and ap-
parent speed). The meteors detected by each of the
cameras are shown in Figure 2.

The celestial projections of all detected meteors are
shown in Figure 3. Red lines represent the observed
meteor trails and green represent the extrapolated tra-
jectories. In each instance, the radiant of the Geminidi
meteor shower is easy to spot, as most of the trajectories
cross each other there.
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(a) HN

(b) TN

(¢) TW

During the night of December 13-14, 2016, the four
cameras that were operational detected a total of 714
meteors. Using UFOORBIT and metrics from UFO-
ANALYZER, the orbital elements of each meteor that
was observed by at least two cameras were determined.
As a result, the radiant point was determined for 204
meteors.

Figure 4 shows the radiants and the geocentric velocities
of all the particles that caused the observed meteors.

As can be seen, most of them were, as is to be expected,
part of the Geminid meteor shower. The error margin
for determining the coordinates of individual radiants
was around 5°. It is also worth mentioning that the
average calculated geocentric speed for the Geminids is
35 km/s with an error margin of 5 km/s.

Prior orbits in the Solar System for all the particles
responsible for observed meteors during the aforemen-
tioned night can be seen in Figure 5.

(d) GW

Figure 2 — Meteors detected by each of the cameras. For the abbreviations used, see the caption of Figure 1.

5 Conclusion

The network was set up so that the distance between
each two of the three camera locations was only around
6 km, far less of course than the optimal distance of
around 100 kilometers. In order to obtain scientifically—
as opposed to educationally—valuable results, the net-
work should be expanded so that this condition is met.

Despite this limitation, the data obtained from this
small video camera network were sufficiently accurate to
classify meteors to their corresponding meteor showers.
The error margins for determining meteoroid orbit pa-
rameters, however, were significantly greater than what
is expected for a network with optimal distances.

As mentioned in the Introduction, a web application
based on rating was developed for classifying meteors
from non-meteor videos/data. We intend to automatize
this process using a machine-learning algorithm.
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Figure 3 — Detected meteors projected on the celestial sphere. The actual meteors are in red, and their extended trajectories
in green. The Geminid radiant is clearly visible in each instance.
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Figure 4 — Radiants and geometric velocities of all the particles that caused the observed meteors.
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Figure 5 — Orbits of the particles responsible for the observed meteors. The Sun, the orbits of the planets up to Jupiter,
the position of the Earth, the orbit of the parent body, and the direction of the equinox is also indicated.
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The Polish Fireball Network (PFN) started in March 2004. Most of its observers are amateurs,
members of the Comets and Meteors Workshop. The Network consists of 38 continuously working
stations, where nearly 71 sensitive CCTV video and digital cameras operate. In 2016, PFN cameras
recorded 100 389 single events. Using these data, 19087 trajectories and orbits was calculated.

1 Introduction

Since 2004, the Polish sky has been patrolled by cam-
eras of Polish Fireball Network (PFN). Most of the
PEN observers are amateurs, members of the Comets
and Meteors Workshop and perform observations from
their homes. Some stations are located in astronomical
clubs and schools. The Network consists of 38 continu-
ously working stations, where nearly 71 sensitive CCTV
video and digital cameras operate (Olech et al., 2006,
Wisniewski et al., 2017).

2 Cameras of PFN

The cameras of the PFN were able to cover the entire
sky above Poland, but south-eastern Poland was par-
ticularly well-covered because the majority of cameras
are located in that area. This part of the country also
enjoys the largest number of clear nights, statistically
speaking (see Figure 1). In most stations, we use low-
cost sensitive CCTV analog video cameras equipped
with lenses with a 65 26 x 49 °2 field of view. Currently
there are 36 cameras of this type. We use METREC
(Molau, 1999) and UFOCAPTURE (SonotaCo, 2005)
software for meteor detection. UFOANALYZER is used
for astrometric reduction of video recordings. Some
stations were equipped with 16 high-sensitive Mintron
12v6 cameras with fast lenses. These cameras detected
up to four times more meteors than low-cost cameras.
Due to higher sensitivity and smaller fields of view, we
can record larger numbers of fainter meteors.

Figure 1 — Calculated trajectories of meteoroids in 2016.

Set-ups with digital cameras are based on the sensitive
DMK 33GX236. This camera has a resolution of 1920 x
1200 pixels. The new cameras are operated with lenses
with a focal length of 2.4 mm, which gives a 130° x
80° field of view. New cameras offer images with much
better quality compared to analog cameras.

A comparison of the various parameters of the low-cost
set-up, the sensitive set-up and the new digital HD set-
up is presented in Table 1.
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Table 1 — Types of camera working in PFN.

Parameter Low-cost set-up

Sensitive set-up HD digital set-up

Tayama C3102-01A1
480 x 576 pixels

Camera type

Image resolution

Interlaced
Time resolution 25/50 fps 8 bit
Lens 1.2/4 mm
Field of view 66° x 50°
Pixel size 5 /pixel

Mintron 12v6
768 x 576 pixels

DMK 33GX 236
1920 x 1200 pixels

Interlaced Progressive
25/50 fps 8 bit 50/25 fps 8/12 bit
0.8/6 mm-0.8/12 mm 1.2/2.4 mm
< 66° x 50° 130° x 80°
< 5’ /pixel 4/pixel

The detections from all PFN cameras are automatically
transmitted via Internet to the central server, where
double-station events are indentified and analyzed, and,
then, trajectories and orbits for these double-station
events are determined. In addition, all calculations are
checked by manual inspection.

3 Results of PFN in 2016

In 2016, PFN cameras recorded 100 389 single events.
The collected data were preliminary analyzed using the
UFOORBIT software. The calculations were performed
in a fully automatic way. The quality of the final re-
sults was controlled by UFOORBIT’s multiple param-
eter settings. Detailed information about the limiting
parameters can be found in the software documentation
(SonotaCo, 2007). Results with high uncertainty were
rejected, and the criterion for this e was based on the
set of limit values.

We also created the PYFN software for trajectory and
orbit calculation. PYFN (Zoladek, 2012) utilizes the
Celpeha method (Ceplecha, 1987).

Using these data, 19087 trajectories and orbits were
calculated for meteors detected in 2016. Detailed num-
bers of meteors for the period 2011-2016 are presented
in Table 2.

As one can see, 2016 is the second year in a row for
which a very rapid increase in the number of detected
meteors occurs. On the one hand, this was due to
the introduction of new sets of sensitive cameras. On
the other hand, a large number of cloudless nights in
September 2016 as contributed favorably to the num-
ber of recorded meteors (see Figure 2).

During the first half of the year the PFN cameras typ-
ically record only 20% of all detections of a given year
(see Figure 3).

Table 2 — Results of PFN during 2011-2016.

Year Detections Orbits
2011 24099 3430
2012 28471 4186
2013 36 347 6114
2014 46 936 7351
2015 79083 13528
2016 100 389 19087

Figure 2 — Cloud coverage for PFN stations in 2016.

Figure 3 — Cumulative distribution of multi-station detec-
tions in 2011-2016
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Table 8 — Stations and observers of the Polish Fireball Network.

1D Name Observer Equipment
PFNO1 Ostrowik Maciej Myszkiewicz PAVO1
PFN03 Ziotoklos Karol Fietkiewicz PAVO3
PFN06 Krakéw Maciej Kwinta PAVO6, PAVO7, PAV79, MDC14
PFN13 Torun Tomasz Fajfer PAV14
PFN19 Kobiernice Mariusz Szlagor PAVOS8
PFN20 Urzedéw Mariusz Gozdalski PAV25, PAV26, PAV38, PAV99
PFN24 Gniewowo Krzysztof Polakowski ~ PAV40, MDCO09
PFN32 Cheln Maciej Maciejewski PAV35, PAV36, PAV43, PAV60, MDC09
PFN37 Nowe Miasto Lubawskie Janusz Laskowski PAV41
PFN38 Podgérzyn Tomasz Krzyzanowski PAV44, PAV49, PAV50, MDC15
PFN39 Rosocha Andrzej Dobrychtop PAV42
PFN40 Otwock Zbigniew Tyminski PAVO1, PAVO9, PAV52
PFN41 Twardogéra Henryk Krygiel PAV45, PAV53
PFN43 Siedlce Maciej Myszkiewicz PAV27, PAV61, PAV67, MDCO7
PFN45 Larcut Lukasz Wozniak PAV3T
PFN46 Grabniak Tomasz Lojek PAV57, MDC06
PFN47  Jeziorko Tomasz Lewandowski  PAV13, PAV62, PAV63, PAV65
PFN48 Rzeszow Marcin Beben PAV59, PAV64, PAVT7
PFN49 Helenow Pawel Wozniak PAV23
PEN51  Zeléw Jarostaw Twardowski ~ PAV22
PFN52  Stary Sielc Marcin Stolarz PAV66, PAVT75, MDC04, MDC12
PFN53  Belecin Michat Katuzny PAV68
PFN54 Legowo Grzegorz Tisler PAV69
PEN55  Ursynéw Przemystaw Zoladek MDCo01, MDC02
PFN56  Kolbudy Cezary Wierucki PAVT1
PFN57  Krotoszyn Tomasz Suchodolski PAVT70
PFN58  Opole Filip Kucharski PAVT2
PFN59 Drawsko Pomorskie Mirek Krasnowski MDC10
PFN60 Bystra Piotr Nowak PAV74, PAV80
PFN61 Piwnice Marcin Gawronski PAV10
PFN62  Szczecin Zbigniew Laskowski MDCO05
PFN63 Starowa Gora Arkadiusz Raj MDC11, MDC20
PFN64 Grudziadz Sebastian Soberski MDC18
PFN65 Wadowice Mariusz Szlagor MDC13
PFN67 Nieznaszyn Walburga Wegrzyk PAVTS
PFN69 Lamkéwko Jacek Kapcia PAV69
PFN70 Koden Piotr Onyszczuk PAV6T
PFN71 Radomsko Hubert Drézdz PAVOL1
PEN72 Kozmin Wielkopolski Krzysztof Polak PAVO1, PAVO2
PFN74 Brwinéw Pawet Zareba PAVO1, PAVO2
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In recent years, spectroscopic observations of meteors have become quite popular. The Meteor Re-
search Group (MRG) of the European Space Agency (ESA) has been working on upgrating the
analysis of meteor spectra as well (Koschny et al., 2013). Our system works on image-intensified
cameras with objective grating (ICC8) adopted to this purpose. Its current status is presented.

1 CILBO spectral pipeline

The sketch of the CILBO spectroscopic pipeline is pre-
sented in Figure 1. ICC7 and ICCS cameras are located
at the Tenerife station of the double-station camera set-
up CILBO (Canary Island Long-Baseline Observatory).
At the same time when ICCS records the first order of
a meteor spectrum, the zero order (meteor) is recorded
by ICC7 camera mounted next to it.

This allows MESS (MEteor Spectra Selector) to scan
records of ICC8 along expected positions in images and
find spectra.

The same procedure is used by VIiDAS (Video Data
Archiving System), to compute the first-order spectrum
as a function of wavelength. Following the procedures
described by Zender et al. (2014), the pipeline soft-
ware processes data with the standard calibration pro-
cedure (dark current, flat field, lens distortion correc-

Figure 1 — CILBO spectral pipeline.

tions). The extracted meteor spectrum is then further
analyzed.

A synthetic spectrum is fitted to the observed one using
the PARADE database (Liebhart et al., 2012), a tool
that was developed for ESA for the calculation of the
radiation of emission lines of atoms and molecules. At
the moment PARADE has implemented only four of
meteoritic origin species, i.e., Mgl, Fel, Cal and Nal.
Moreover, it includes atmospheric elements (OI, NI,
Na).

2 Example: Geminids

The double-station meteor observations carried out by
ICCT (Tenerife) and ICC9 (La Palma) allow the deter-
mination of the trajectory of a meteor and its orbit.
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Figure 2 — The observed Mg/Na line intensity ratio in Cilbo
meteors (red open circles) as a function of meteor speed com-
pared to those derived by Borovicka et al. (2005), defining
several classes of meteors (symbols represents: m normal, e
Na-poor, ¢ Fe-poor, A enhanced Na, X irons, o Na-free, and
A Na-rich).
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The data is stored in the Virtual Meteor Observatory
(VMO) (Koschny et al., 2014), which is the long-term
archive of the IMO video meteor camera network. In
particular, it contains a record of precise measurements
of Geminid meteors that we merged with simultaneous
measurements of meteor spectra obtained from ICCS.

Figure 2 shows the observed Mg/Na line intensity ratio
in our example of Geminid meteors as a function of
meteor speed.
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Meter-sized meteorites are supposed to hit the Earth with a frequency in the order of once per one
hundred years. While they may not cause fatal damage, they could potentially have serious impact
on citizens’ lifes and modern industry. We discuss the risk of these meteorites and a couple of ideas
for measures to prevent damage.
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Some aspects of the hypothesis on the role of meteoroid impacts on splitting a comet’s nucleus are
considered. We compare the inclinations of the orbits of splitted comets relative to the mean orbital
planes of the known meteor streams. Calculations are based on the assumption that the impacts
occur at angles exceeding the studied inclinations. Inclinations of the orbits of 114 comets relative to
the plane of 100 meteor streams are calculated and are analyzed statistically. Then, distributions of
inclinations were obtained for splitted long- and short-period comets. This analysis concerns the cases
where the nodes of the comet’s orbit are within 0.1 AU of the meteoroids’ orbit. In the case of long-
period comets, appreciable irregularity of the distribution of the inclinations has been found. One
reason for this irregularity is the maximum near 180°. This peculiarity means that head-on collisions
are responsible for most of the studied processes, in agreement with the discussed hypothesis. In the
case of short-period comets, a local maximum has been found too for high inclinations. In conclusion,
the distribution of the inclinations of cometary orbits agrees well with the hypothesis that meteoroids
play a partial role in the splitting of cometary nuclei.

1 Introduction

The present work is a further development of ideas pro-
posed in earlier work of the present author (Guliyev,
2016a; 2016b). According to these ideas, one of the
possible causes of the disintegration of comets is their
collision with large meteoroids. In the cited papers, the
data of 114 comets which underwent splitting have been
analyzed relative to mean orbital planes of orbits of 125
known meteoroid streams. For some of the considered
comets, the number of expected collisions of the mete-
oroids streams exceed background values.

In this paper, we analyze the distribution of possible
angles of comet-meteoroid collisions. If these angles
are very large, the chances of the comets disintegrating
increase—the limiting case of this process is a head-on
collision. If the angles are small, however, the collisions
will lead mainly to less destructive processes, such as
the formation of craters on the surface of comet nucleus
or the appearance of outbursts.

Our calculations are based on the assumption that the
collision angle is at least the inclination of the comet’s
orbit relatively to the plane of motion of the selected
meteoroid stream. Starting from this assumption, we
analyze the values of the inclinations i’ of the orbits of
114 comets relatively to 112 meteoroid streams, from
the list approved by the IAU!.

2 Method of calculation

The values ¢’ for the inclination of the comets’ orbits
relative to the considered meteoroid streams is obtained
from spherical astronomy:

i’ = arccos(cosic cosig + sinic sinis cos(Qc — Qs)),

Thttps://www.ta3.sk/IAUC22DB/MDC2007.

where ic and ¢ are inclination and longitude of the
ascending node of the comet’s orbit, and ig and {2g are
the corresponding elements of the orbit of the consid-
ered meteoroid stream. Taking into account considera-
tions from previous work (Guliyev, 2016a; 2016b), the
values of ¢ will be calculated for comets having

A=|rc —7rs| <0.1 AU.

Here, rc is the heliocentric distances from a node of
the comet’s orbit and rg the heliocentric distance to
the orbit of the considered meteoroid stream in the di-
rection of the corresponding node of the comet’s orbit.
After calculating all the values of i we can deal with
the statistics of the obtained sample. To start with, we
can determine min ¢’ and maxi’ and divide this range
into intervals to compute the frequency of the inclina-
tion corresponding to each interval. In this process, we
can use Sturges rule, whereby the number of intervals
is determined by

h =1+ 3.322log;, N

with N the number of i’ values. However, the calcula-
tions showed that min4’ and maxi’ differ only slightly
from 0° and 180°, respectively, so the entire range 0°—
180° was divided into intervals. In determining the in-
tervals for the parameter ¢’ we will use the rule of equal
distance of the cometary orbits poles on the celestial
sphere. This means that, to determine the frequency
intervals, cosi’ must be divided into equal parts.

3 Results for long-period comets

Because the orbit inclinations of long-period comets or-
bits have an almost random distribution, their analysis
within this project is most important. Of the comets
investigated, 73 have a period of more than 200 years.
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The number of values for i’ obtained under the condi-
tion A < 0.1 AU is 573, implying that, for the statistics,
cosi’ must be divided into 10 equal parts. The upper
bounds of these intervals are shown in Table 1.

As can be seen from the data in Table 1, the number of
inclinations in the interval 143 °1-180° is higher than
in the other intervals. The significance of this can be
checked using the one-sided Student t-test (Gmurman,
1968). The mid-range values of the standard deviation
for the number of inclinations for 9 intervals are equal:
n = 57.8 and o = 7.69, respectively. We find for the
normalized difference

t=(N—n)/o= (71— 57.8)/7.69 = 1.98,

yielding a probability a that the higher frequencies in
the last interval are significant of more than 0.95.

If we limit the value of A to 0.08, 0.06, and 0.05 AU,
respectively, then we obtain the following statistical val-
ues, accordingly:

N=61,n=459, 0 = 5.84, t = 2.58, a > 0.99;
N =149, n =359, ¢ = 6.31, t = 2.07, a > 0.95;
N =34, n=255,0=461,1=183, a>0.95.

This means that in all these cases the interval 143 °1-
180° has a significantly higher frequency, which also
means that frontal collisions have a significant advan-
tage over other ones. This feature might be considered
in satisfactory agreement with our proposed mechanism
of comet nucleus splitting.

4 Results for short-period comets

Applying the above analysis to short-period comets in-
volves some difficulties. It is known that such comets
have small orbital inclinations. This feature will of
course influence the distribution of 7. It can be pre-
dicted that the maximum of such distribution will cor-
respond to small values of this parameter. Therefore,
the detection of the second maximum in the region of
the larger values of i’ requires a special approach. In
addition, the inclinations of the orbits of the used me-
teor streams also have a maximum near small values
(Table 2, N(MS)).

Nevertheless, we managed to do the calculations and
build the distribution of i’ for 42 short-period comets
subject to disintegration of the nucleus. (The comets
P/2010V1 and P/2016 J1 were added to our list later.)
After the calculations, we have identified 250 cases where
A is not greater than 0.1 AU (Table 2, N(PC)).

As expected, the number N in the first interval (0°-
38 °9) clearly dominate over the other ones. However, in
the range 70 °5-180°, there is significant local maximum
in the interval 141 °1-180° (N = 21).

The distribution of inclinations for D class comets is
given in Table 2 (N(DC)). It is very similar to the
distribution of /V in the previous case. It should also be
mentioned that while this class of short-period comets
contributes 114 from the 250 values of ¢’ (46%), their
number is considerably less (36%).

5 Conclusion

In this work, we started from the precondition that
the impact of a meteoroid on a comet nucleus can oc-
cur at angles exceeding the inclination i’. Based on
this precondition, we carried out an analysis of i’ for
comets subject to disintegration of the nucleus. A sig-
nificant maximum of the distribution of i’ for long-
period comets was found, corresponding to high val-
ues of this parameter. This agrees qualitatively with
the proposed mechanism of comet splitting. The mu-
tual velocity of a comet and meteoroid body in such
nearly head-on collisions can reach up to 60-70 km/s.
The collision energy in such events can be very large,
so that even a small meteoroid may thoroughly destroy
the comet’s nucleus.

Generally speaking, we can state again that the distri-
bution of 7’ is in good agreement with the hypothesis
that the splitting of comets may be explained in part
by the possibility of collisions with large meteoroids.
Hence, we have found one more argument in favor of
the ideas developed in our earlier work (Guliyev, 2016;
2016Db).
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Table 1 — Frequencies of i’ for long-period comets. The intervals considered are identified by their upperbound.
g

Upperbound of ¢  36°9 53°1 66°4 78°5 90°0 101°5 113°6 126°9 143°1 180°

N (A <0.10 AU) 99 63 44 o7 64 o7 42 o7 99 71
N (A <0.08 AU) a0 47 36 52 o1 44 37 47 49 61
N (A <0.06 AU) 35 36 29 40 47 33 29 31 43 49
N (A <0.05 AU) 28 22 31 31 18 20 26 27 27 34

Table 2 — Frequencies of i’ for periodic comets. The intervals considered are identified by their upperbound.

Upperbound of i 38°9 5693 7095 83°6 96°4 109°5 12397 141°1 180°
N(MS) a1 5 9 10 6 1 5 7 6
N(PC) 132 24 16 18 14 5 9 11 21
N(DC) 56 11 15 12 7 2 4 2 5
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Several ground-based stations and networks exist to monitor meteors and fireballs optically or by
radar. At present, there is no monitoring system for small near-Earth objects that systematically
analyses the available data and combines the individual pieces of available information. The aim of
this project is to develop such a system to monitor the impact of fireballs on a global scale. This can
only be achieved by combining data from different types of observations. There are very few meteor
detection methods as well as different types of data which can offer information on fireballs. We are
preparing to combine diverse data sources, as, e.g., the CTBTO (Comprehensive Nuclear Test Ban
Treaty Organization) infrasound data which monitors most of the Earth atmosphere and contains
world-wide information on atmospheric explosions. Fireball sensors from space as well as lightning
sensors are also being tested as a possible data source. Furthermore, social media is proposed to be a
source for global information. Debris re-entry data will be taken into consideration, also. A significant
part of data is already present in the different fireball networks. These data contain a large amount of
scientific information. A network unifying this information can multiply the scientific output. There
are already various cooperation being prepared. The overall goal of this project is to develop a method
to combine all available fireball data in a more automated manner. Therefore, a global near real-time
fireball monitoring might be achieved with NEMO (NEar real-time MOnitoring system). The final
aim is a better understanding of the fluxes and characteristics of impacting objects in the size range
of some tens of centimeters to a few meters.

1 Introduction too infrequent to be regularly seen in regional meteor

Roughly 54 tons of extra-terrestrial material is statisti-
cally accumulated by the Earth each day. Most of this
material can be classified as either interplanetary dust,
meteoroids, or asteroids (Drolshagen et al., 2017). The
larger objects are called near-Earth objects or NEOs. If
the objects are larger than a few millimeters, they pro-
duce a light phenomenon when entering the Earth’s at-
mosphere called a meteor. If the object is large enough,
it can cause a bright fireball which can be quite spectac-
ular. Several ground-based networks exist to monitor
meteors and fireballs optically or by radar.

At present, there is no monitoring system for small
NEOs that systematically analyzes the available data
and combines the individual pieces of information. The
aim of this project is to develop such a system to mon-
itor the impact of fireballs on a global scale. This can
only be achieved by combining data from different types
of observations, because most of them are locally con-
fined. All these observations could be combined to one
“mosaic”, allowing a global coverage. This is a goal we
are working towards with NEMO, the NEar real-time
MOnitoring system for fireballs.

The final aim of this project is a better understanding
of the fluxes and characteristics of impacting objects in
the size range of some tens of centimeters to a few me-
ters. Objects in this size range are too big and therefore

*These authors contributed equally to this work.

monitors and too small to be detected in space by ongo-
ing NEO surveys (where the lower threshold is typically
some tens of meters).

The NEMO system will combine data from sources like
social media, which give very fast alerts for events (Sec-
tion 3.1). It will have more detailed information ob-
tained by various meteor networks, providing in most
cases fast scientific information for the events, e.g., the
brightness of the fireball and the velocity of the cor-
responding meteoroid or asteroid. This is described
more closely in Section 3.2. Moreover, different sources
not directly related to fireball research can and will be
used for this system, like infrasound data and data from
weather satellites. This will be used to supplement ear-
lier information on events (Sections 3.3 and 3.4, respec-
tively). An additional point of interest is the origin of
the object which caused an event. Different sources will
be used to differentiate between objects of natural ori-
gin and re-entries of man-made objects. This will be
described more detailed in Section 3.5.

2 Motivation

The current situation is as follows. There is a fireball
event which causes public attention. People, who are
spread over a sometimes very large area, have seen this
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Figure 1 — Architectural diagram of NEMO: FIS—
Fireball Information System of SSA-NEO (Space Situational
Awareness-NEO); NEOCC—NEO Coordination Center, at
ESRIN (European Space Research Institute) in Frascati,
Italy; AMS/IMO-—American Meteor Society/International
Meteor Organization; CTBTO-—Comprehensive Nuclear
Test Ban Treaty Organization; FRIPON—Fireball Recovery
and InterPlanetary Observation Network; CAMS—Cameras
for All-sky Meteor Surveillance.

event and it is trending in social media. Those bright
events are usually observed and analyzed by fireball and
meteor networks. The output is a lot of scientific data.
However, since there are different networks covering all
areas of Europe or even around the world it is not clear
which networks have detected the event. That is why, in
the moment, it is difficult for officials, e.g., for ESA; to
react to queries from the public or journalists regarding
such a fireball event.

To change this is the goal of NEMO. The system should
include information about the events which cause public
attention in near real-time from all possible sources. It
will give a short summary, referring to all networks that
have seen the fireball and citing their scientific informa-
tion. There will be a coordination with FIS—the SSA-
NEO (Space Situational Awareness-NEO) Fireball In-
formation System, which is in preparation at NEOCC,
the NEO Coordination Center, at ESRIN (European
Space Research Institute) in Frascati, Italy. FIS should
in turn include all events with a magnitude brighter
than —10. An architectural diagram of NEMO includ-
ing potential contributors is shown in Figure 1.

3 Planned data sources

The goal of NEMO is to combine all available infor-
mation of fireball events. To do so, a large amount of
different data sources will be used, from social media to
fireball networks, up to weather satellites. Social me-
dia offer very fast and, depending on the population
density, world-wide information. Output from meteor
and fireball networks gives scientific details about the
event. More unconventional sources like weather satel-
lites or the CTBTO network (Comprehensive Nuclear
Test Ban Treaty Organization) can provide additional
information. Moreover, those fireball data and detec-
tion methods will be studied in more detail.

3.1 Social media

Nowadays, social media are some of the most impor-
tant sources of information. They are fast, world-wide,
and, in most cases, open to the public. This applies
for nearly all topics of our lives and hence also for fire-
ball events. Shooting stars are a phenomenon known by
most members of the public. Very bright fireballs cause
public attention. They scare, frighten, astound, sur-
prise, or amaze people. That is why, for fireballs, social
media are a particularly good source of information. In
some cases, there are photographs or even videos from
an event online. Platforms like Twitter, Facebook, In-
stagram, and YouTube contain a lot of posts if there
was a fireball event.

Moreover, witness reports are numerous after a fire-
ball appearance over a densely populated area. These
witness reports are mainly collected by the AMS/IMO
(American Meteor Society/International Meteor Orga-
nization) and provide information very fast regarding
the time, location, and direction of an event. For more
information in this regard see, e.g., Hankey and Perlerin
(2014).

NEMO is not limited to reports by the general public;
news coverage and journals are an additional source.
DLR Berlin (Deutsches Zentrum fiir Luft- und Raum-
fahrt), under contract with ESA, will be a data source
for ESA’s Fireball Information System and can also pro-
vide input to NEMO.

To conclude, social media and witness reports are very
fast. Using this will make it possible to have near world-
wide and near real-time information on events. Never-
theless, we would like to point out that the output is
dependent on the observing public. The sightings are
highly correlated to the location of the event as well as
to the time it appeared.

3.2 Meteor and fireball networks

A significant part of data is already present in the dif-
ferent fireball networks. These data contain a large
amount of scientific details. A network unifying this
information can multiply the scientific output. There
are already various cooperations being prepared, e.g.
of NEMO with the fireball-detecting FRIPON (Fireball
Recovery and InterPlanetary Observation Network), cov-
ering the sky of France, extending into different coun-
tries in Europe. For more information about FRIPON
see, e.g., Colas et al. (2014).

One interesting example of a European fireball is the
fireball over France on September 10, 2017, at about
19"29™ UTC. It was observed by people in the east-west
region of France as well as near the French borders of
Germany and Switzerland. Unfortunately, there were
no eyewitness videos. However, the FRIPON cameras
caught this fireball and the team was able to analyze it.
This way, its magnitude is known as well as the velocity
and trajectory of the corresponding meteoroid.
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3.3 Infrasound data

The CTBTO (Comprehensive Nuclear Test Ban Treaty
Organization) operates infrasound stations all over the
world with the aim to monitor most of the Earth’s at-
mosphere. Infrasound data have no spatial limitations
and contain world-wide information on fireballs during
day and night.

It has already been shown that it is possible to detect
fireballs using this infrasound data. The Chelyabinsk
superbolide, for example, was detected by 20 infrasonic
stations, enabling the determination of its location and
explosive energy (Le Pichon et al., 2013; Brown et al.,
2013; Pilger et al., 2015). Furthermore, the CTBTO in-
frasound data recorded multiple bright fireballs all over
the world, e.g., the Bangkok fireball in 2015 (Caudron
et al., 2016) or the Indonesian fireball in 2009 (Silber et
al., 2011). Additionally, there have already been more
than 70 NEO impacts identified from infrasound data
until the year 2017 (Gi and Brown, 2018).

The CTBTO measurements of fireball events can be
combined with results from other fireball sources, to
enhance the amount of knowledge of the event as well
as of the detection method itself.

3.4 Weather satellites

It has been demonstrated that it is possible to detect
fireballs with meteorological satellites. The 2008 TCg
entry was recorded by the Meteosat satellites operated
by EUMETSAT (the European Organization for the
Exploration of Meteorological Satellites) (Borovicka and
Charvat, 2009). From the data, Borovicka and Charvét
could confirm the trajectory of the asteroid in the at-
mosphere. In 2013, the Chelyabinsk superbolide was
recorded by different satellites, geostationary and low-
Earth-orbiting (Miller et al., 2013). Miller et al. were
able to combine different observations of the fireball
from the Meteosat satellites, from the DMSP F-16 (De-
fense Meteorological Satellite Program), as well as from
the MTSAT (Multifunctional Transport Satellites). By
using the parallax effect, they were able to determine
the trajectory of the impacting asteroid.

The idea is to use Meteosat data for the NEMO system
if an event was already observed. This way ground-
based observations and their results can be confirmed
and the knowledge about detecting fireballs using me-
teorological data can be enhanced.

3.5 Re-entries

For every bright fireball, it will be investigated if it was
caused by a natural or a man-made object. This will be
done in cooperation with the Aerospace database of up-
coming and recent re-entries and ESAs re-entry predic-
tions. Moreover, NEMO will keep an eye on upcoming
close approaches of known NEOs from the NEOCC.

4 Conclusions

In this work, we introduce NEMO, the NEar real-time
MOnitoring system. It will systematically analyse all
available data of bright fireball events in near-real time
on a global scale. To do so, NEMO will collect the data
from different data sources combining all information
yielding the most amount of knowledge.

The near-real time information can be achieved by us-
ing social media as well as the witness report database
AMS/IMO. The scientific information about a fireball
and corresponding meteoroid or asteroid will be ob-
tained from various meteor networks, which are spread
all over the world.

Furthermore, different unconventional sources will be
used for this system, like the CTBTO infrasound data
or the Meteosat weather satellites. On the one hand,
these data will be used to get more, respectively, con-
firmed information about single events. On the other
hand, these techniques will be investigated more sys-
tematically. There are more possible unconventional
data sources under investigation at the moment, like
lightning sensors or rain radars. Their potential to de-
tect fireballs remains to be seen.

Additionally, for every event the question will be an-
swered if the object was a meteoroid or asteroid of nat-
ural origin or if it was a re-entering piece of debris of a
man-made object.

By combination of all known information, the largest
amount of knowledge can be reached.

The goal of this system is to provide information on
objects which regularly impact the Earth’s atmosphere,
are too small to be detected by NEO surveys, but still
cause bright fireballs. This will enhance the knowledge
about the fluxes and characteristics of objects in space
which have a size of some tens of centimeters to a few
meters. Hence, the aim is to close the gap between large
meteoroids and small asteroids.
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We know since the impact of Comet D/1993F2 Shoemaker-Levy 9 on Jupiter that it is possible
to view these kind of events on giant planets. The continuous amateur monitoring of Jupiter has
led to the discovery of fireballs in Jupiter’s atmosphere, providing information not only on Jupiter’s
gravitational influence but also on the properties and populations of the impactors. We also got data
from observations of impacts on the Moon. We explain how it is possible to connect these data with
those of fireball networks in ordrer to get a better picture on metric objects. We focus in particular
on one of our key observational program at Pic du Midi Observatory.
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The latest version of the R package METFNS for analysis of visual meteor data is discussed, along with
its contents and major improvements. Also, R’s SHINY application that complements the package

and facilitates its use, is described.

1 Introduction

Since its first version in 2014 (Veljkovic and Ivanovié,
2014), many improvements and updates were made on
the software METFENS for analysis of visual meteor data
(Veljkovic and Ivanovié, 2015; Veljkovic, 2016). The
goal is to make a package containing all functions nec-
essary for the selection of rate and magnitude data, cal-
culation and graphical representation of the population
index and the zenithal hourly rate (ZHR). Also, it is
intended to optimize population index and ZHR algo-
rithms.

The package METFENS is written in the programming
language R. Its main advantages are that it is free and
open-source. On the other hand, its main disadvantage
is that the user has to have at least basic knowledge of
R. To facilitate its use, a simple SHINY application was
made which uses the most important functions from the
METFNS package.

In Section 2, the contents of the latest version of the
package METFNS and major recent improvements are
discussed. R’s SHINY application is described in Sec-
tion 3. Conclusions are made in Section 4.

2 Latest version of MetFns

The latest version, 3.0.1, of the package METFNS can
be downloaded from the R site!. There, one can also
find the pdf manual of the package, with description of
the various functions and examples of their use.

In its present form, the package METFNS contains the
following functions and data:

e filter functions for selecting data (by shower code,
dates, limiting magnitude, percentage of field-of-
view obstruction, radiant elevation, solar longi-
tudes, latitude and longitude, country, ZHR total
correction factor, observing site, and observer’s
name);

e functions for calculating the population index (lin-
ear regression method and method of average dis-
tance from the limiting magnitude);

Ihttps://CRAN.R-project .org/package=MetFns.

e function for calculating the Zenithal Hourly Rate
(ZHR);

e plot functions for making graphs of the magnitude
distribution, population index, and ZHR,;

e functions for calculating the solar longitude corre-
sponding to a given date and the date correspond-
ing to a given solar longitude; and

e the 2015 rate and magnitude data, coordinates of
radiants of meteor showers, list of meteor showers,
tables for calculation of population index and its
standard error.

The latest version of the package is adapted to use rate
and magnitude data published on the new IMO site.

An optimal bin size algorithm is used in the calculation
of population index and ZHR. A major improvement to
the efficiency of the algorithm was implemented in the
latest version of the METFNs package. The algorithm
can be described in the following way:

1. The optimal bin size algorithm searches for an
optimal bin size between minimum bin size and
maximum bin size with total number of meteors
per bin.

2. If there are not enough meteors, a maximum bin
size is used.

3. Only data for which the length of the observing
interval is smaller than or equal to the optimal
bin are used.

The optimal bin size algorithm, integrated in the pop-
ulation index (method of the average distance from the
limiting magnitude) and ZHR calculations, first sorts
magnitude and rate data corresponding to the speci-
fied shower by solar longitudes, in increasing order, and
takes the first block of data of maximum bin size (the
so called “block period”). Then, it calculates the cu-
mulative number of meteors in the block period and
gradually searches for the data subset that has enough
meteors with observing lengths smaller than or equal
to the bin size of the block. After finding the optimal
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block period (with optimal bin size), it continues the
same procedure with the next block period.

Also in the latest version of the package, the mean solar
longitude appearing in the result tables for population
index and ZHR is calculated as the weighted mean of
the observers’ solar longitudes in each bin as follows:

e In the population index table, the mean solar lon-
gitude is the mean of the observers’ solar lon-
gitudes weighted by Nobs/Cobs, the numbers of
meteors seen in each observing interval divided
by the total correction factor, which is given by
Cobs = Fobsrﬁﬁilmobs/ sin hobs~

e In the ZHR table, the mean solar longitude is the
mean of the observers’ solar longitudes weighted
by Tef, obs/Cobs, the effective time of each observ-
ing interval divided by the total correction factor.

3 Shiny application

The SHINY application of R for analyzing visual me-
teor data complements the R package METFNS. It calls
functions for selecting rate and magnitude data, and
calculating and graphically representating the popula-
tion index and zenithal hourly rate (ZHR). The appli-
cation facilitates the use of the package. It consists of
6 tabs: About, Data, Filter, Population index, ZHR
and References. Currently, the application exists only
locally. In the near future, after some more further test-
ing, it will be made publicly available, after publishing
it on the shinyapps.io site.

The description of the tabs and how to use application
are given in the About tab.

In the Data tab, the user can select rate or magnitude
data for the year 2015 and see their structure. This
step is important if the user wants to use some other
visual meteor data for further calculations. Minimal
functional rate data consist of the columns named Lat-
itude, Longitude, Start.Date, End.Date, Sollong, Teff,
P, F, Lmg, Shower, and Number. Minimal magnitude
data consist of the columns named Latitude, Longitude,
Start.Date, End.Date, Sollong, Teff, P, F, Lmg, Shower,
Mag.N6, Mag.N5, Mag.N4, Mag.N3, Mag.N2, Mag.N1,
Mag.0, Mag.1, Mag.2, Mag.3, Mag.4, Mag.5, Mag.6,
Mag.7, and Number.

In the Filter tab, the user can select rate or magnitude
data using various filters. First, rate and magnitude
data must be uploaded. Then, data can be selected by
date (providing start and end dates for the selection),
shower code, limiting magnitude, percentage of obstruc-
tion of field-of-view, and radiant elevation (Figure 1).
All the above-mentioned filters are optional, except for
the filter by shower, which must be selected.

In the Population index tab, the user can calculate
the population index on selected magnitude data. The
application calls the method of the average distance

Filter by date(optional)

Enter start date in format YYYY-mm-dd HH:MM (e.g.
2015-08-01 23:00)

Enter end date in format YYYY-mm-dd HH:MM (e.g.
2015-08-20 07:00)

Filter by shower (obligatory)

Select the shower code

Filter by limiting magnitude (optional)

Select the lower and upper magnitude values

2]

Filter by percentage of obstruction of field of
view (optional)

Select the lower and upper percentage values

Filter by radiant elevation (optional)

Select the lower and upper radiant elevation values

Select

Figure 1 — Part of the sidebar panel in the Filter tab of
the SHINY application for the selection of rate or magnitude
data by date, shower code, limiting magnitude, percentage
of field-of-view obstruction, and radiant elevation.

from the limiting magnitude. Calculations are perform-
ed on magnitude data that were previously filtered in
the Filter tab. The user specifies dates, shower code,
minimum and maximum bin size, and total number of
meteors (Figure 2). After computing the table with the
values of the population index in each bin, the user can
plot the table by choosing the limits and increments on
the z and y axes (Figure 3). The parameters of the plot
function change dynamically after the computation of
the population index table.
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Calculate population index

Enter start date in format YYYY-mm-dd HH:MM (e.g.
2015-08-01 23:00)

Enter end date in format YYYY-mm-dd HH:MM (e.g.
2015-08-20 07:00)

Select the shower code

ACE b

Select the minimum and maximum bin size

0.01) 0 3

Select number of meteors

4k

1000

Compute

Figure 2 — Part of the sidebar panel in the Population
index tab of the SHINY application in which the user spec-
ifies dates, shower code, minimum and maximum bin size,
and number of meteors for calculating the population index
on the filtered magnitude data.

In the ZHR tab, the user can calculate Zenithal Hourly
Rates on selected rate data. Calculations are performed
on rate data that were previously filtered in the Filter
tab. The user specifies dates, shower code, minimum
and maximum bin size, and total number of meteors
(as in the Population index tab). Also, the user can
choose between the options of a constant population
index value versus population index values calculated
from the data. The value from the shower list table is
used as the constant population index value. To select
the option of calculating the population index from the
data, the population index table must first be calculated
in the Population index tab. After computing the ta-
ble with ZHR values, the user can plot the table by
choosing the parameters for the plot function (as in the
Population index tab). The limits and increments on
the x and y axes change dynamically after the compu-
tation of the ZHR table. Via the References tab, users
can access the pdf manual of the R package METFNS.

4 Conclusions

The contents and major improvements of the latest ver-
sion of the R package METFNs for the analysis of visual
meteor data are discussed. The code of the optimal bin

Plot population index

First calculate population index, then select the parameters
for the plot

Select the limits on x-axis

Select increment on x-axis

1 =

Select the limits on y-axis

Select increment on y-axis

0.1 S

Plot

Figure 3 — Part of the sidebar panel in the Population
index tab of the SHINY application in which the user speci-
fies limits and increments on the x and y axes of the popu-
lation index plot.

size algorithm, integrated in the calculation of popula-
tion index and ZHR, is made much more efficient. In
order to facilitate the use of the package, a R SHINY
application was created. In the near future, this appli-
cation will be made publicly available. Hopefully, new
users will provide insights how to further improve the
package and the application.
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A new version of the program for meteor orbit determination is presented. The parameters of 10
Taurids, recorded and computed by European Fireball Network and independently by AMOS systems,
are compared. Also, a perspective of the EDMOND meteor orbit database is outlined.

1 Introduction

AMOS is the all-sky system for meteor observation and
orbit determination. It has been developed and con-
structed at the Astronomical and Geophysical Obser-
vatory (AGO) of Comenius University in Modra, Slo-
vakia. The AMOS system operates at four stations in
Slovakia, two on the Canary Islands, and two in the At-
acama Desert in Chile (T6th et al., 2018; Matlovic et
al., 2018). At present, UFO software (SonotaCo, 2009)
is used. However, we are developing our own program
for astrometric reduction and orbit computation. The
program will also be helpful for computations of the
meteor database EDMOND (Kornos et al., 2014).

2 Astrometric reduction

At the IMC 2015 in Mistelbach, Austria (Kornos et al.,
2015), the present authors showed that, in comparison
to UFOANALYZER (SonotaCo, 2009), for AMOS (All-
sky Meteor Orbit System) records, the all-sky astro-
metric reduction according to Borovicka et al. (1995) is
more suitable. In their procedure, an exponential for-
mula for zenithal distance is used, and, by an iterative
process, 13 reduction constants are searched for. At
present, we have developed an algorithm for identifying
the reference stars in the field of view (FOV) by iter-
atively searching the best solution of the procedure of
Borovicka et al., appropriately changing the (z,y) scale
in the image, and removing the worst-fitted stars. In
Figure 1, FOV of AMOS record is depicted with cata-
logued and measured reference stars. The differences in
positions are multiplied by a factor of 50 to make error
distribution better visible.

3 Meteor trajectory and velocity

In Kornos et al. (2015), the present authors introduced
a new program for meteor orbit computation (MT—
Meteor Trajectory). We have developed a new version
of the program since then, v3.21, in which additional
functions are implemented. The program at present
calculates

e meteor atmospheric trajectory;

e heliocentric orbital elements;

e dark flight, if possible (a drag coefficient I" had
been derived by numerical simulation of real frag-

Figure 1 — FOV of AMOS——catalogued and measured refer-
ence stars. The differences in the positions are multiplied by
a factor of 50 to make the error distribution better visible.

ments of the meteorite Kosice. They were per-
formed by our diploma student P. Hrabek);

e impact points;
e error estimation;

e visualization of results.

The program is written in LAZARUS/OBJECT PASCAL
and R (The R Project for Statistical Computing) which
is used for fitting and minimization processes. The pro-
gram has various types of output files, e.g., txt, csv,
kml, and various plots. It can run in single mode—to
compute individual meteors, and in batch/folder mode
(currently under testing). It has a graphical interface.

In the program, we have implemented three methods
for radiant and atmospheric trajectory calculation.

3.1 Ceplecha

The first one is the method described by Ceplecha (1987)
which is based on computing a meteor trajectory as the
intersection of two planes. Each of these two planes con-
tains one station with the supposed meteor trajectory.
The plane is an averaged plane across all the measured
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Figure 2 — Atmospheric velocity solution as distance along
the trajectory as a function of time, s = s(t) (solid curve).
Its derivation is the velocity, v = v(t) (dashed curve).

points, where the points do not lie exactly on the line
of meteor track. In case of multi-station observation, a
weighted mean intersection is computed from all pairs.

3.2 Borovicka

The method of Borovicka (1990), named also straight
least squares method, is based on a line of sight from a
station. Every measured point on the meteor trajectory
is connected to the station by the line of sight and is
processed separately. Next, D; is defined as the spatial
distance of i-th line of sight from the supposed line of
meteor trajectory. Then all the distances D; along the
meteor track from all stations are minimized by the least
squares method.

3.3 Velocity solution

Using the two methods mentioned above, the atmo-
spheric velocity is derived after the radiant is known.
For a velocity solution along the meteor flight, we use
the distance along the trajectory as a function of time,
s = s(t), according to Jacchia and Whipple (1961),
Pecina and Ceplecha (1983), and others. In case of a
sufficient number of measured points, we use the expo-
nential formula

s = at — be

(1)

to fit the measurement, where the unknown parameters
a, b, and c are searched for by a nonlinear least squares
method. If the exponential fit is not found, a linear fit is
computed instead (specifically, the median-based linear
model is used).

An example of the atmospheric velocity solution is shown
in Figure 2. The solid curve represents the fit of the
function s = s(t) according to (1), and its derivative is
the velocity, v = v(t) (dashed curve).

3.4 Gural

The third method for meteor atmospheric trajectory
calculation was proposed by Gural (2012). Basing him-
self on the idea of Borovicka (1990), Gural suggested to
derive the atmospheric trajectory solution together with

Figure 8 — Graphical interface of the program MT—Meteor
Trajectory.

the velocity solution. This means that all unknown pa-
rameters are estimated simultaneously. The method it-
eratively solves the meteor trajectory, time shift among
stations, and velocity of the meteor, so that the model
fits the measured data best.

3.5 Error estimation

After the mean atmospheric trajectory is calculated, in-
stead of the spatial distance of Borovicka (1990), the an-
gular distance of every measured point from the mean
trajectory is derived. Then, the Gaussian distribution
around each measured point in azimuth and zenithal
distance (A4, z) is generated.

3.6 Program

The graphical interface of the program is shown in Fig-
ure 3. The methods of radiant computations are on
the left. Borovicka and Gural mean that the calcu-
lation begins with the starting conditions according to
Borovicka (1990), and both Borovicka/Ceplecha and
Gural/Ceplecha mean that starting values are com-
puted by the Ceplecha method.

Figure 4 shows the distribution of entry speed as an
example of the Monte Carlo simulation. The dispersions
of all parameters, as showed in this plot, help us to
assess how compact the solution is.

4 Results

Finally, we have compared orbital parameters of 10 Tau-
rids observed in 2015 by stations of European Fireball
Network (EFN) and independently by AMOS stations.
The records of EFN were mostly obtained by the new
digital cameras with resolution better than 1’ per pixel.
These data show high reliability of astrometric solution,
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Table 1 — Comparison of the orbits of two Taurids from November 5, 2015, recorded independently by EFN (Spurny et

al. 2017) and by AMOS and computed by MT (this work) and UFOORBIT (SonotaCo, 2009).

Stations e 0 Ve a q e i w w+Q
(km/s) (AU) (AU)
EFN (23"12™01° UT) 54°25 +15°06 29.15 2260 0.3400 0.8495 5°15 115°48 158749
+ 0°01 0700 0.04 0.010 0.0004 0.0009 0°01 0°02 0702
AGO-KNM (MT) 54°1 +15°1 29.2 2.30 0.342 0.851 4°9 115°2 158 22
+ 0°5 0°2 0.5 0.20 0.005 0.014 0°3 0°8 0°4
AGO-KNM (UFO) 53°7 +14°6 27.10 1.95 0.339 0.805 4°7 11471 15771
EFN (20"53™04° UT) 53°87 +21°71 2926  2.076 0.3195 0.8461 2798 2987?63 161 °50
+ 0°02 0°01 0.02 0.005 0.0003 0.0004 0°01 0°04 0°04
AGO-KNM-VAZ (MT) 54?3 +21°4 30.9 2.45 0.296 0.879 2°7 29999 162 °8
+ 0°5 0°3 0.6 0.20 0.004 0.013 0°5 0°7 0°4
Reduced 54 72 +21°7 29.9 2.19 0.309 0.859 229 299 73 162 72
AGO-KNM-VAZ (UFO) 54°4 +21°2 28.5 1.89 0.323 0.829 2°3 299 °2 162 °1

Table 2 — Mean differences and their standard deviations of 10 Taurids between records of EFN (Spurny et al., 2017) and

AMOS data (this work).

da dé dVy da dq de di dw  dw+9Q) dDsu
(km/s) (AU) (AU)

0°30 0°50 0.66 0.174 0.009 0.014 0°55 0°61 0°64 0.017

+ 0°15 0°50 0.57 0.128 0.006 0.012 0°62 0°39 0°37 0.005

Figure 4 — The distribution of entry speed as an example of
the Monte Carlo simulation.

e.g., standard deviation (SD) of lateral deviations of all
measured points from the resulting atmospheric trajec-
tory is only 7 m (Spurny et al., 2017), while for AMOS
data it is usually several tens of meters. So, the result-
ing heliocentric orbits of EFN are of high precision and
we can consider them as a reference.

In Table 1, the first meteor EN051115_205304 is an ex-
ample where the data from EFN (Spurny et al., 2017)
and from AMOS stations in Slovakia computed by MT
are in good agreement. The atmospheric velocity from
AMOS could be derived by the exponential function (1),
so the geocentric velocity V; is well determined. In case
of the second meteor EN051115.205304, the data from
AMOS and from EFN do not agree so well; especially
the difference in V; is quite large. However, if only the
first part of the meteor is considered (without flares),
the solution of the geocentric velocity is closer to the
EFN solution (in Table 1 labeled as “Reduced”).

A summary of comparison of the all 10 Taurids is in
Table 2, where the mean differences in all parameters

with their SD are shown. Also, the value of D-criterion
of Southworth and Hawkins (1963) is presented. The
low value of Dgpy displays a quite close similarity of
orbits obtained independently in EFN and by AMOS.
The difference, for example in right ascension, is defined
as da = |ag — aa| for all meteors, where the index “S”
means “Spurny” and “A” “AMOS”.

5 EDMOND database

The European viDeo Meteor Observation Network is
freely accessible at http://www.daa.fmph.uniba.sk/
edmond. The latest version, 5.03, contains 252 425 me-
teor orbits till the end of 2015. At present, the orbits
are computed by UFOORBIT (SonotaCo, 2009) using
*.csv files and filtered according to Kornos et al. (2014).
However, we would like to compute the next version of
the database by our own MT program. The METREC
data (Molau, 1999), in principle, could be used, after
a conversion program is developed. We will need in-
put files containing positions of the meteor in spherical
coordinates frame by frame.

6 Conclusions

We have developed an algorithm for identifying the ref-
erence stars in the all-sky field of view of AMOS by
iteratively finding the best solution of the procedure
of Borovicka et al. (1995), appropriately changing the
(z,y) scale in the image, and removing the worst fitted
stars.

We have introduced a new version of the program (MT
3.21) for meteor orbit determination, in which also new
functions are implemented. Main advantages of the pro-
gram are an exponential velocity solution (for longer
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meteors), so a deceleration could be detected, and the
computation of uncertainty of parameters by a Monte
Carlo simulation. MT could be an independent tool for
orbit determination. In future, we plan to calculate a
new version of the EDMOND database using the new
version of the MT program.
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The Konkoly Meteor Observing Network (KoMON) is a meteor camera system being developed at
the Konkoly Observatory in Hungary. KoMON aims at recording the brightest fireballs, while having
high spatial resolution and high temporal resolution at the same time and operating also at night as a
regular meteor observing system. Using this system, we aim at observing the fragmentation processes
in high resolution to support meteorite recovery and give insights to the fragmentation process itself.
The system is currently in the prototyping phase and we expect to enter engineering mode by 2018.

1 Introduction

The Konkoly Observatory of Budapest have received
a 3.1 million EUR grant from the Hungarian National
Research, Development, and Innovation Office for the
four-year project “GINOP-2.3.2-15-2016-00003 Kozmi-
kus hatasok és kockazatok” —“Cosmiceffects and risks”.
This project focuses on the observational study of small
bodies in the Solar System that approach the Earth and
have the potential of impacting our planet. The planned
observational techniques cover a range of astronomi-
cal and geophysical approaches, including a network of
dedicated digital meteor cameras, an advanced digital
ionosonde to complement the optical meteor observa-
tions with radar measurements, and a sensitive system
for detecting lunar impacts to characterize the impactor
population.

Operation of an amateur network started in 2009 based
on analogue cameras and the METREC! software. Ob-
servers got used to the comfort of automatic recording
and trajectory measurement but at the same time were
faced with difficulties such as oversaturated fireball im-
ages and low resolution compared to new digital mega-
pixel cameras. We describe a newly designed automatic
hybrid camera solution in this paper. The concept itself
actually does not have very new elements. It is rather
a combination of ideas and design principles from other
meteor camera builders (and recent IMC participants)
from all over the world. State of the art electronics
and modern software solutions provide a solid base for
a separate high-speed and long-exposure camera. The
project is currently in the prototyping phase and we
expect to be able to report regular observation results
soon.

2 Goal of KoMON

The usual meteor camera systems are mostly tailored to
observe meteors at night and record the path of meteors
and meteorites. These systems tend to have problems

Thttp://metrec.org/.
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Figure 1 — System diagram: five optical units (video +
DSLR), one fast-reaction camera, and a data processing and
storage unit.

with bright fireballs at night and most of them are un-
able to observe fireballs at daylight. The KoMON sys-
tem aims to overcome the problem of observing bright
fireballs by employing a camera and a video camera that
is capable of both night- and day-time observations.

3 KoMON

The KoMON network will consist of four stations scat-
tered along Hungary. One station station will consist of
five optical units that cover about 90° of the sky (four
looking at the horizon and one to the zenith), which
will use Nikon D5500 cameras and a Gigabit Ethernet
video cameras as optical devices, controlled by a single-
board computer (SBC). The boxes will be connected
to each other over Ethernet and the data will be lo-
cally stored for each station on dedicated a data storage
server, which will processes the video and image data
before uploading it to the central data storage. (See
also Figure 1.)

Both the camera and the video camera will be equipped
with wide field lenses to achieve the 90° field of view.
Each station will also have a fast-reaction pan-tilt secu-



Proceedings of the IMC, Petnica, 2017

51

rity camera oriented upwards that we will observe the
fragmentation of the meteors by tracking them after the
video cameras have detected the presence of a meteor.

3.1 Camera

We use the Nikon D5500 DSLR camera which is equip-
ped with a 23.5 x 15.6 mm CMOS sensor producing
24 Megapixel images. The D5500 will be controlled by
the gPhoto library?. The lens is a Tokina AT-X 11—
20 mm f/2.8 PRO DX.

The DSLR camera will start acquisition as soon as the
continuously running video cameras detect a meteor on
the sky and signal the DSLR(s) to start the exposure.
The long exposure enables us to modulate the meteor
track with an LC-shutter that helps to precisely mea-
sure the speed of the meteor in the captured image (Bet-
tonvil, 2009).

3.2 Video camera

The video cameras in the optical units will detect the
meteors by running a modified version of METREC on
the continuous video feed. The METREC software may
be customized later to match the needs of a meteor
observing network where the stations can interoperate
with each other.

We plan to use a Gigabit Ethernet video camera that
has been tested over the summer of 2017. From these
tests we have concluded that it is indeed capable of
day- and night-time observation using the built-in gain
function of the CMOS sensor.

3.3 Fast-reaction unit

The fast-reaction unit will consist of a weather resis-
tant security camera with low light capabilities turned
upside down to watch the sky. The video camera is
capable of very fast repositioning with up to 400°/s ro-
tating speed. With the 32x optical zoom it can narrow
the field of view down to approximately 3°, which is
small enough to capture a meteor on the sky and follow
with it with continuous repositioning.

3.4 Radiometer

We plan to record the light curve of the fireballs by using
a dual channel radiometer. All KoMON optical units
will be equipped with a dual-channel radiometer, which
monitors the light levels at a speed of 100-1000 Hz in
the low-light and day-light regime. The latter is made
possible by adding a sheet of solar filter to one of the
light sensors.

2http://www.gphoto.org.

3.5 Housekeeping

Most of the delicate optical instruments require a stable
temperature and humidity to function properly, usually
within the 0-40° C temperature and 0-80% relative hu-
midity regime. We intend to install the KoMON sta-
tions in open sites on plains and mountains, thus we
have to take care of stabilizing the environmental pa-
rameters of the boxes. All boxes will have heat insu-
lation, heating, and liquid CPU coolers refitted to cool
the inside of the boxes. In addition to the general heat-
ing and cooling, we also need to heat the outlook win-
dows on the boxes to prevent fogging and take care of
the excess humidity in the boxes. The humidity will be
controlled by heating the air inside, supplemented with
silica gel desiccants. The heating and cooling will be
operated by a separate embedded micro-controller that
takes reading from temperature and humidity sensors
in- and outside of each box.

The KoMON network will start operating at four sites:
Piszkésteté Mountain Station, national parks with dark
skies, and geodesic or GSM towers in rural areas, far
from the light pollution of the cities.

4 Results

We have partial results from the various subsystems of
the prospective KoMON network that show the feasi-
bility of this project. Figure 2 shows the photograph of
the prototype of the optical unit as of 2017 summer.

Figure 2 — Inner view of the prototype of the planned optical
unit, including a video and DSLR camera, cooling, sensors
and an SBC.

4.1 DSLR camera

We tested the Nikon camera with the Tokina lens in
various set-ups. Figure 3 shows one of the early tests
when the camera was operated without the LC-shutter
at Piszkéstetd. The cutout shows the details in the
center, and hence also the camera’s astrophotographic
capabilities.
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Figure 8 — Field of view and the details in the picture of the
Nikon D5500 camera with a Tokina AT-X 11-20 mm f/2.8
PRO DX lens. The image was taken at the Piszkéstet6
Mountain Station with 15 seconds of exposure time. The
colors are inverted to make it suitable for printing.

4.2 Video camera

We have tested the video camera thoroughly over the
summer and have also captured a few meteors with it.

Figure 4 shows a meteor captured by the video camera
and an analog camera at the same time. We use an ana-
log video camera with the original METREC software to
benchmark and calibrate our new system.

Figure 4 — The same meteor captured by the video camera
(left) and an analog video camera (right). The images are
not scaled to each other; they are purely for demonstration.
The colors are inverted to make them suitable for printing.

4.3 Fast-reaction unit

We have tested the fast-reaction video camera to see
whether it is indeed capable for astronomical imaging.

Figure 5 shows a frame taken from the video feed of
the camera pointed at the north-eastern part of the
Pleiads, clearly showing the bright stars. The image
covers 64/9 x 36!5 and has a spatial resolution of 203
per pixel®.

3The image can be looked up on astrometry.net at http:
//nova.astrometry.net/user_images/1841406.

Figure 5 — Field of view of the fast-reaction camera with
maximum zoom, pointed at the NE part of Pleiads. The
image is a single frame from the video feed with exposure
time of approximately 40 ms. The colors are inverted to be
suitable for printing.

5 Outlook

The assembly of the first optical unit in the final box
will take place in late 2017, including a heating system
along the optical devices. We plan to benchmark and
tune the software to detect meteorites in the coming
months with this first optical unit.

The first station will be built at Piszkésteté in 2018,
after the benchmark has succeeded with the first optical
unit. We will concentrate on interconnecting the five
optical units and the fast-reaction unit into one system
in early 2018. Once one station works adequately, we
will move on to build and install the three other stations
by the end of 2018. The integrated operation of all
stations is planned to start in early 2019.

6 Conclusions

The Konkoly Meteor Observing Network is in the devel-
opment phase at Konkoly Observatory. The individual
devices that we intend to use for meteor and fireball
observation are being successfully evaluated in different
scenarios and the prototype optical unit has shown the
feasibility of the project. The development continues
and we except to enter into engineering mode by 2018
and scientific mode by 2019.
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The Fireball Recovery and Interplanetary Observation Network (FRIPON) Project aims to observe

fireball and meteorite falls.

The goal of the data reduction pipeline is to automatically compute

trajectory, orbit, dark flight, and strewn field. Preliminary results are shown, remembering that the
Achilles’ heel of any such pipeline is ultimately the astrometry and the method used to compute the
trajectory. The OpenMeteor Project aims at sharing meteor reduction codes in order to compare
the results and save lots of development time in the future. The part of FRIPIPE dealing with the
computation of trajectory will be released in early 2018 at the latest.

1 Introduction

The FRIPON (Fireball Recovery and Interplanetary Ob-
servation Network) project aims to observe fireballs and
recover meteorite falls (Colas et al., 2014). For this, 100
cameras are currently being deployed in France. To this
day, more than 80 of those are running.

The FRIPON data processing pipeline is called FRIP-
IPE (FRIpon PipeLine) and aims at automatically in-
gesting all the scientific data as well as to compute tra-
jectory, orbit, dark flight and strewn field of the possible
meteorite fall.

In this paper, we introduce several features of FRIPIPE.

2 Why yet another meteor data
reduction pipeline?

Several pipeline already exist in the meteor commu-
nity. They are developed in several languages and are
focused on several different aspects of meteor science.

For example, the well known METREC program (Mo-
lau, 1999) is widely used to record meteors and per-
forms astrometric reduction. The SonotaCo software
suite (UFOCAPTURE, UFOANALYZER, and UFOOR-
BIT) is also more and more widely used to detect mete-
ors and to compute their trajectory and orbit. The Pol-
ish Fireball Network is using a custom PYFN PyTHON
code. Veljkovic (2016) proposed powerful R code to
perform statistical analysis of the IMO VMDB. Atreya
and Christou (2007) and Egal et al. (2014) are using the
IDL language. Gural (2016) and Brown et al. (2010)
are using C, whereas Ceplecha and Spurny (1987) use
FORTRAN. Of course, this short list is not exhaustive.

Although there is open pipeline software, it might be
extremely hard (or impossible) to have access to them.
Hence, it is very difficult to compare codes and methods.
The idea of developing yet another meteor observation
reduction software is coming from the need to

e compare;

e test the pipeline with artificial meteors (fakeors;
Barentsen, 2009); and
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e add and/or contribute to the improvement of me-
teor pipelines in general.

In order to address these needs, FRIPIPE was designed
to be open source and to clearly state the methods used.
In particular, so far it implements the Borovicka (1990)
as well as the Egal et al. (2017) methods.

3 FRIPIPE structure, ongoing and
future work

In this paper, we describe FRIPIPE in general terms.
FRIPIPE is written in PYTHON and makes extensive
use of astropy and spiceypy libraries. It can ingest
FRIPON data as well as UFOANALYZER data. In a
near future, capabilities to ingest METREC data are
foreseen. FRIPIPE creates SPICE frame and instru-
ment kernels for each observation station, and creates
Event, Station, Observation, TrajectorySolver, and Tra-
jectory objects. It outputs 3D trajectory in both text
and kml files. The dark flight is computed using the
French MeteoFrance data, but capabilities to use pub-
lic data in either text or grub2 format are foreseen.

FRIPIPE also includes a section that creates artificial
meteors (fakeors) in order to test the accuracy reached
by the method and the software. The simulation of
the disintegration of a meteoroid in the atmosphere is
an independent program written in FORTRAN. In the
future, ideally, a PYTHON wrapper would be needed to
include this feature in the public version of FRIPIPE.

In addition, FRIPIPE include routines to process radio
forward scatter observations. This part is still under
development, and is so far written in C.

4 Some preliminary results

Below are some examples of preliminary results pro-
vided by FRIPIPE. It is worth mentioning that the as-
trometry part still needs to be greatly improved, which
is a challenge for any all-sky meteor record. As a con-
sequence, we know that these results will change in the
near future, once the astrometry is improved. However,
we also know it will not drastically change.

5 OpenMeteor project

The need to share methods, codes, and results is very
high today. FRIPIPE is of course not the only me-
teor pipeline software under development. In collabora-
tion with some other meteor enthusiasts (among whom
are Daniel Kastinen (IRF), Denis Vida (CMN/UWO),
Hadrien Devillepoix, to mention but a few), we intend
to release many other meteor-related codes. The goal
we aim for with this project is that

e data, methods, and software performances can be
directly compared;

Figure 1 — A few examples of trajectory computation with
FRIPIPE, visualised with GoogleEarth software.

e any newcomer in the field can save a lot of de-
velopment time by using, or by being inspired by,
already existing code; and

e the future meteor-related pipeline will only be bet-
ter.

Therefore, in late 2017 or early 2018, some codes will
be made publicly available.

6 Conclusions

The FRIPIPE FRIPON data reduction software is writ-
ten in PYTHON and will be released in 2018 at the latest.
Any contribution to the OpenMeteor project aiming to
improve the software and advancing the science of me-
teor will of course be most welcome.
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Several new algorithms in meteor image processing and post-detection analysis have been recently
developed supporting both the Cameras for All-sky Meteor Surveillance (CAMS) version 2.2 software
upgrades and a University of Western Ontario (UWO) faint meteor detection project. These in-
clude robust automated meteor track aggregation, velocity estimation improvements, multi-parameter
fit trajectory upgrades using the particle swarm optimizer, multi-frame flat field estimation, and a
matched filter refinement technique for estimating leading edge points in propagating meteor tracks.

1 Introduction

Meteor astronomy continues to dramatically expand in
the deployment of electro-optical sensors for visible and
near-IR wavelengths, along with the addition of larger
focal plane arrays and more sensitive imaging chips.
Computer technology has also improved dramatically
with faster processing power, multiple cores, graphical
processing units (GPUs), and smaller form factors. The
added processing capacity has opened up new possibil-
ities for alternative image processing approaches, while
at the same time new innovations in algorithms have
also recently come online. The focus of this paper is
specifically on algorithms, some of which have been en-
abled by the advances in available processing. The two
major areas of the meteor image processing pipeline to
be addressed herein are trajectory estimation and faint
meteor detection.

The first concerns the formation of trajectories and or-
bits from multiple cameras positioned at multiple sites.
The CAMS system and software (Jenniskenset al., 2011)
has been in operation for seven years and was in need
of greater automation of those steps requiring a human-
in-the-loop to process data, namely confirmation of me-
teors and space-time coincidence of tracks. The au-
tomation was required to maintain efficiency in the face
of greater expansion of the CAMS camera networks
around the world, provide a centralized processing site
and clearinghouse of products, and allow faster dissemi-
nation/visualization of results to the contributing users.
Most aspects of this automation effort were developed
under the auspices of NASA’s Frontier Development
Lab (FDL) and are reported on separately in the 2017
IMC Proceedings (De Cicco et al., 2018). Herein the fo-
cus will be strictly on the algorithm development associ-
ated with trajectory aggregation of tracks, more robust
velocity estimation via least mean squares, the applica-
tion of the particle swarm optimizer for improved or-
bits, along with thoughts on handling deceleration dur-
ing trajectory estimation.

The second piece of the processing pipeline concerns
pushing the detection limits to fainter meteors. The
University of Western Ontario (UWO) has recently de-
ployed two pairs of electron-multiplying charge-coupled

devices (EMCCDs), which are very low-light imaging
systems, as part of an effort to detect meteors of mass
down to that detected by radar. The challenge was to
apply the latest image processing techniques to see how
faint one could go in optical meteor detection. This
requires a more careful application of background clut-
ter suppression and sensitive detection techniques than
are normally employed by typical meteor collection sys-
tem software. Thus, this paper will include a discussion
of flat field estimation, equalization, covariance based
clutter suppression, matched filter detection, and the
refinement of track measurements. The latter are of
particular interest for obtaining better track positions
by moving away from centroid estimation to a propa-
gating line segment fit via matched filtering.

Section 2 covers the trajectory algorithm improvements
made and implemented as part of the CAMS software
upgrades and UWO trajectory estimator, while Sec-
tion 3 covers the faint meteor detection image process-
ing developed for the UWO. Summarization of results
and future work are covered in Section 4.

2 Trajectory estimation

2.1 Aggregation of tracks

To perform trajectory estimation between combinations
of two or more cameras or sites, one needs to associate
multiple camera tracks together that represent the same
meteor. In the case of two stations with one camera
track contributing from each site, the pairing associ-
ation is pretty straightforward using temporal coinci-
dence, basic geometry, and the expected height ranges
of meteors. The problem gets more complex when mul-
tiple cameras from the same site and two or more sites
are contributing, along with the potential for the inclu-
sion of false tracks such as clouds and aircraft. This
latter situation is what has been experienced in the
CAMS system where for example in one network, 20
cameras have been deployed at each of three sites (CA-
CAMS, California, USA). The mix of same and different
site tracks sometimes spanning several cameras at one
site, plus false alarm contamination and lack of camera
timing synchronization on the order of seconds, makes
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the space-time combinatorics and logic very challeng-
ing. So, until recently, CAMS employed a coordinator
analyst to visually review each trajectory triangulation,
and try to cull outlier tracks from the desired single-
meteor trajectory solution. This was painfully slow dur-
ing major showers with large numbers of meteor events
to examine by hand, but that process did provide a high
level of quality control. Note that prior to this point in
the pipeline, it was essentially an automated process
(except for human confirmation of meteors which was
an optional step for smaller networks).

Thus in the past, the CAMS coincidence application
combined track “aggregation”, user interactive culling,
and trajectory and/or orbit estimation. The software
looked for timing coincidence between available tracks
from a network of cameras that fell within a user speci-
fied timing tolerance. It then applied pairing constraints
in convergence angle, begin height, and end height, which
were based on simple intersecting planes (IP) geometry
(Davidson, 1936; Porter, 1942; Whipple and Jacchia,
1957; Wray, 1967; Ceplecha 1987). If the paired solu-
tion failed any of the constraints (one of the pair being
the primary track), the secondary track was returned to
the pool of potential contributory tracks for later use.
Once all potential pairs were examined, the app then vi-
sually presented the analyst with the multiple-camera
trajectory solution and the analyst had the option to
accept, reject, or remove a contributing camera track
from the solution. At this stage, the analyst would look
for co-linearity between all the contributing tracks in 3D
and a similarity in light curve response versus height be-
tween cameras. Unfortunately, it was the aggregation
step that was presenting too many erroneous solutions
to the analyst, usually when contaminating tracks were
not culled out in a prior confirmation step.

It was thought that machine learning could automate
the meteor or not-a-meteor confirmation step and also
help with the aggregation issue, so both areas were in-
vestigated under the FDL program. For the latter, it
was found, however, that adding some additional geo-
metric constraints was all that was needed to make the
coincidence app more robust and eliminate virtually all
false trajectories from incorrect track aggregation (see
De Cicco, 2017, for confirmation automation via ma-
chine learning).

The additional constraints focused on two areas. The
first was in the aggregation step itself where the IP pairs
that formed a radiant had a velocity estimate calcu-
lated along the 3D radiant line, and then constrained
by a user selectable minimum velocity, maximum veloc-
ity, and consistent (relative) velocity between the inde-
pendent measurements of the track pair. Next each IP
pair’s radiant that passed the first set of constraints,
was looked at for consistency in overall radiant direc-
tion between all the contributing pairs. Once the sec-
ondary track outliers were removed and all valid tracks
aggregated, they formed up a trajectory solution as in
the past, but via an updated solver (see Section 2.2 for
more details).

The second area of constraints came after the formation
of an aggregated trajectory solution. That is, rejecting
solutions automatically in a fashion similar to how the
CAMS human operators made a decision. For example,
a rising trajectory was considered not acceptable. Also,
the multiple contributing tracks had to be co-linearly
aligned in 3D space. This was tested by using a least
mean squares line fit and calculating the total root mean
square (RMS) deviation of the measurement projections
from the trajectory solution path. If outside the RMS
constraint, the secondary tracks were all returned to the
pool of potential contributors, the primary track tossed,
and the process started again on the next primary track
in increasing temporal order.

This proved to be a very robust procedure and has al-
lowed the coincidence step of the CAMS pipeline to
move towards a fully automated process from photon
capture to orbits. False estimation in the automated co-
incidence version is now operating below 1% and consid-
ered an acceptable false alarm rate given the prospect of
full hands-off automation. Adding a machine-learning-
based meteor confirmation step upstream should help
further lower the false alarm rate as fewer contaminat-
ing tracks would feed the coincidence aggregator. The
CAMS coordinator still has the option to visually re-
view each trajectory solution in lieu of automated coin-
cidence processing.

2.2 Trajectory solvers

In version 2.2 of the CAMS software, the trajectory
solver has been improved with a number of algorith-
mic enhancements that underwent development for the
UWO. Traditional meteor trajectory solutions are often
based on either the intersecting planes method or least
mean squares (LMS) line fit solution. The IP takes a
given camera’s fan of measurement rays along the me-
teor track and forms the normal to the best fitting plane
of those rays. A second camera’s view provides a second
normal, whose cross product with the first yields the ra-
diant direction. In the LMS approach (Borovicka 1990),
a 3D line is adjusted in position and orientation until
the closest point of approach (CPA) distances or angles
are minimized for all the measurement rays to the line.
In either approach after the radiant is found, a velocity
estimate is made along the 3D line as an independent
second step.

CAMS had employed a more robust approach based on
the multi-parameter fit or MPF (Gural 2012). In this
approach, a propagation model is used that is defined by
at least 9 unknowns: starting position vector, starting
velocity vector, deceleration terms, and timing offsets
between all contributing cameras. All the parameters
are solved for simultaneously in a coupled sense using a
cost function that tries to minimize the angles between
the measurement rays and model positions along-track.

The minimization algorithm used in the past had been
the amoeba/simplex technique (Nelder and Mead, 1965).
This algorithm is a local minimizer and thus requires a
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Figure 1 — Particle Swarm Optimizer particle distribution at various iteration stages for range versus speed, radiant right
ascension versus declination, and timing offsets At1 versus Ats.

good first guess on all the parameters to ensure one will
find the global minima in the cost function. To accom-
plish that, a bootstrapping technique was employed as
follows:

e line of sight angles’ measurements are converted
to ECI coordinates;

e [P is applied on all camera pairs and a starting
radiant direction is selected based on largest con-
vergence angle;

e LMS 3D line fit algorithm is applied to all mea-
surements to refine the radiant direction;

e an along-track fit is performed to find the velocity
magnitude and inter-camera timing offsets;

e a minimizer is run to refine the velocity and de-
celeration terms (other parameters fixed);

e a minimizer is run to refine position, velocity and
timing offset terms (other parameters fixed);

e a minimizer is run to estimate all the parameters
simultaneously;

e Monte Carlo trials are run with added measure-
ment noise for Keplerian elements’ error estimates;

e output products of latitude, longitude, altitude,
and velocity versus time for both measurements
and model are generated.

Despite the attempt at a good initial guess, it was found
on occasion that the simplex could still get caught in a

local minimum, missing the true global minimum solu-
tion. Thus, alternative minimizer functions were inves-
tigated in a recently published paper associated with
meteor velocity estimation (Egal et al., 2017). The
authors examined other “local” methods such as Pow-
ell’s, conjugate gradients, and quasi-Newton, as well
as “global” minimization techniques such as Particle
Swarm Optimization (PSO), simulated annealing, and
genetic algorithms. The conclusion drawn was that
the PSO was the most robust at finding global solu-
tions for trajectories and thus has been recently incor-
porated into the trajectory estimation modules used by
the UWO and CAMS.

The PSO follows the concept of the flocking behavior
of birds (Shi and Eberhart, 1998; Tsoulos and Stavrak-
oudis, 2010; Eslami et al., 2012).

In summary, it is a means by which the multi-dimen-
sional search space is filled with lots of particles possess-
ing the 94 meteor trajectory parameters with random
starting values (particle positions) and random motion
vectors associated with each parameter (particle veloci-
ties). The particles are allowed to follow complex paths
through the multi-dimensional space. They have a ten-
dency to regroup themselves and gravitate towards re-
gions where favorable conditions are met based on a
user-provided cost function. But their individual mo-
tion is governed by weights that control inertia (reluc-
tance to move), stubbornness (reluctance to change di-
rection of motion), and group pressure (attraction to-
wards the best solution known at any point in the itera-
tive process). As the particles wander around, they pass
through many points in the multi-dimensional space
and could “fly near” a very favorable minimum while
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Figure 2 — Radiant results showing improvement due to the trajectory algorithm upgrades of the velocity initial guess,
bootstrapping parameter reordering, and the PSO. The radiant spread of the 2012 Geminids has dropped from 0 °76 (left)
to 0271 (right) along with fewer outliers. Note the clusters for MON, COM, and HYD as well.

being drawn towards another minimum. The probabil-
ity of finding a global minimum is still not guaranteed,
but is far, far higher than a local minimum search tech-
nique. An example of 6 parameter values and how they
change as the particles move about towards a conver-
gence stopping criteria of a sample meteor trajectory is
shown in Figure 1.

2.3 LMS velocity estimate

In the bootstrapping operation of the previous subsec-
tion, there is a need for an initial velocity estimate to
be calculated after the IP and LMS radiant solutions
are found. Given the radiant line, the most common
way the velocity is computed is to difference adjacent-
in-time measurements along track, and compute an av-
erage velocity from the pairings of the short distances
over each frame’s time step. This approach tends to
add /2 measurement noise when differencing and thus
makes for a less robust mean. Instead, a new approach
is suggested where (i) the difference is taken with a
fixed reference position upstream on the radiant line to
avoid the v/2 additive noise, and (i) use an LMS solu-
tion of combining multiple camera measurements to get
a single velocity fit. To perform this, a constant velocity
propagation model is assumed and if desired, can be re-
stricted to apply only to the early portion of the tracks.
Note that we are just trying to get a good first guess
at the velocity, so deceleration could be ignored at this
stage. Since all cameras should witness the same abso-
lute velocity, the problem is overdetermined in the num-
ber of equations versus unknowns. The LMS solution
for the velocity V and timing offsets ATy (k=1,..., N,
N being the number of cameras, is the “camera index”
running over all cameras) are as follows:

Define along-track (CPA) distance as L;; = | X — Xref|,
where X is the cartesian vector of 3D position mea-

surement i for camera k along the radiant line (i =
1,..., My, My being the number of measurements for
camera k, is the “measurement index” running over all
measurements for camera k), and Xer is an arbitrary
reference 3D position along the radiant line (usually
taken near the first measurement point). Fit to the
model Lox — V15, where Lo represents a position off-
set from the reference position for each camera k, as-
sociated with an unsynchronized timing offset between
cameras, and Ty is the time along-track for measure-
ment ¢ for camera k. Then, if W;;, is the weight applied

to measurement ¢ for camera k,
N My

a= Z Z WixLikTir —

k=11i=1

N (Zf\i’i Wz‘kLik) (Z?ﬁi WikTik)

; 1
2 AR g
N M,
b= Z Z Wi TirTie —
k=1 i=1
2 = W @
a
V=50 (3)
Sk Wi
ATy = 7L0k ‘; Lot . (5)

To the author’s knowledge, this LMS solution for ve-
locity has not been published before. Combining these
improved velocity guesses, rearranging the bootstrap-
ping sequence from the original CAMS implementation
in 2010, and adding the PSO minimizer, has resulted in
approximately a 7% tightening of stream radiants and
less radiant outliers contributing to the sporadic back-
ground as seen in Figure 2.
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2.4 Deceleration

The MPF trajectory solver requires there be defined
a propagation model which may or may not include a
deceleration component. The original MPF trajectory
module (Gural, 2012) had options for a constant ve-
locity, linearly decreasing velocity, quadratic velocity,
and an exponential decay model (Whipple and Jacchia,
1957; Jacchia et al., 1967). It has been found that none
of these models match very well with the actual mea-
surements of decelerating meteors.

In addition, the exponential model is ill-conditioned in
its coefficients, since you can rewrite the position model
expression and show there is a linear-in-time term re-
peating twice when the exponential is Taylor-series ex-
panded—see Equation (7). This flattens the bowl of the
minimization cost function and effectively trades value
between V and ax, making the entry velocity accuracy
susceptible to small measurement errors:

L= Lo+ Vt+ae™; (6)

(7)

2
L~L0+Vt+a(1+mf+%t2+~--),

where L is the distance along the radiant line (along the
fit straight line track), L, the distance along the radi-
ant line associated with the timing offset of the camera
under consideration, and k a deceleration term.

Thus, ongoing work concerning trajectory estimation
is focused on finding a better conditioned deceleration
model or alternative solution approach.

In particular, the following three methods are currently
being investigated:

e Use a mathematical model that is consistent with
a simplified set of a meteor’s equations of motion
(Gritsevich, 2009) relying on a single parameter
to be fit by the MPF. The model will be based on
a genetic algorithm solution to many meteor tra-
jectory curves derived from solving the equations
of motion. The model will need to demonstrate
that it more closely matches actual measurements
than the exponential deceleration model.

e Use Denis Vida’s two-stage Monte Carlo approach
based on actual measurements, which is currently
under development at the UWO.

e Obtain a smooth fit of the estimated along-track
positions and use that as the motion model in the
MPF. As the MPF solution proceeds, the smooth
model fit would need to be updated. This ap-
proach utilizes a motion model based on actual
measurement behavior rather than forced into a
restrictive mathematical model. But is it a stable
solution when changing the motion model during
the MPF iterations? Should the smooth model
be monotonic? And what is the best smoothing
algorithm to employ?

3 Faint meteor detection

To detect the faintest meteors possible with a visible
light sensor, the University of Western Ontario (UWO)
obtained four EMCCD cameras with high gain, flat re-
sponse and low noise. To take advantage of the superb
image quality and attempt to see meteors of masses typ-
ically seen only by radar, one needs to apply more so-
phisticated image processing algorithms to process the
data close to the noise floor. The next two subsections
will discuss the front-end clutter suppression phase of
imagery prep followed by a discussion on streak detec-
tion with a matched filter.

3.1 Clutter suppression

Clutter suppression is a catch-all phrase that encom-
passes pre-processing the data into a uniform response
across the focal plane along with removal of stationary
objects as we are looking for propagating streaks. It is
comprised of several processing steps:

e Dark removal: Generally of no consequence in
frame rate video.

e Flatten: Equalizes the individual pixel responses
via a flat field.

e Fqualize: Equalizes the global background level
between frames.

o Mean removal: Subtracts an estimate of the sta-
tionary background.

e Whiten: Suppresses noisier pixels via second-or-
der noise statistics (covariance).

For the work involving the UWQO’s EMCCD, an at-
tempt was made to generate a flat field from multiple
frames collected over the course of the night. Origi-
nally, a collection was done with the sensor randomly
pointed around the sky. This “random”-based flat, gen-
erated from star-free background regions, was used as
a comparison to a “staring” fixed-mount sensor collec-
tion. For the staring sensor, the assumption was made
that the stars drift sufficiently so every pixel at some
point during the night sees a background sky with no
star contamination. To locate star positions quickly, a
linked-list gray-level histogram was formulated and im-
plemented so contributing gray levels could be tied back
to pixel locations. Gray levels below 5% and above 50%
cumulative probability were declared unusable within a
given frame (either a pixel was too low in value or was
part of a star or the PSF tail of a star). These were
removed from further processing for that frame. The
remaining pixels had their collective global mean esti-
mated and all pixels scaled (equalized) to a reference
frame. These designated background pixels were added
to a per-pixel cumulative sum and the corresponding
pixel running counter incremented. This was to be
used for an average background calculation per pixel
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at the end. The resultant average was the flat field and
compared very closely with the flat generated from the
random-pointing sensor collection.

After the image sequence is flattened, the next step is
to estimate a mean. Blocks of 32 frames of imagery are
temporally summed and the top four values in time per
pixel removed from the sum before the mean is calcu-
lated. This eliminated any meteor ghost contamination
in the mean that would have suppressed the meteor
signal upon the mean’s removal. At the same time, a
running temporal sum of squared pixel values was also
computed, so that a variance per pixel could be esti-
mated. In the same way as the mean, the top four
temporal values were removed from the variance calcu-
lation. The variance was then used to create a diagonal
covariance matrix by assuming the pixel noise was un-
correlated between adjacent pixels. The inverse of the
covariance was then applied to the mean removed im-
age, which resulted in a “whitened” image where high
variance pixels are effectively suppressed and all pixels
have a uniform responsiveness to light. The mean and
covariance of a given block of imagery is only applied
to the 32 frames in that block.

3.2 Matched filter detector

Once the clutter suppression step is completed, the next
stage of processing is to perform detection of a me-
teor across multiple frames. The optimal detector in
Gaussian noise is the matched filter (MF) detector (Mo-
hanty, 1981; Dawson et al., 2016). The MF concept can
be simply described as finding an image template that
propagates in space and time that would reproduce the
actual meteor image. That is, postulate a line segment
of some length, orientation, and starting position, con-
volve it with the imaging system’s point spread function
(PSF), and try to match that to the actual whitened
imagery streak moving across multiple frames.

The advantage of this approach is that it does not re-
quire taking the centroid of long line segments to get
the measurement positions of the meteor on the focal
plane. The PSF convolved line segments align approx-
imately with the leading/trailing edges of each frame’s
meteor track when the detection metric is high. The
disadvantage to matched filtering is a CPU loading is-
sue. It is totally unknown where, when and how fast
(starting position, frame, apparent angular speed re-
spectively) a meteor will appear, and thus one has to
hypothesize all possible motion vectors to find the best
match to the propagating meteor track and get the high-
est maximum-likelihood estimate (MLE). This is often
impractical for meteor detection unless the hypothesis
set can be reduced in size significantly. For the problem
at hand, the options are:

1. Create a brute force hypothesis set of all motion
vectors to examine the faint magnitude limit.

2. Use a fixed short vector length that spans multiple
velocity ranges for suboptimal detection.

3. Employ aless sensitive detector up front and “cue”
the MF with final validation using the MLE.

Another advantage to the MF is that if there is a po-
tential detection from either a brute force search or a
cued detection, then the application of an iterative MF
refinement algorithm can very closely align the leading
edges of the hypothesized track to the imagery and ob-
tain far better measurement pick points per frame than
standard centroid calculations. This is what was imple-
mented during the first phase of development and was
found to be highly successful at finding leading edge
positions as seen in Figure 3.

Options 1 and 2 above for the brute force MF is cur-
rently a work in progress, and will require distributing
the processing load across a large cluster of processors
and breaking up the hypothesis set into manageable
chunks. Working within the existing application pa-
rameter interface, the plan is to select subsets of the
large hypothesis set by defining restricted annuli of mo-
tion and eventually fill out the full motion space with
many processors running at different inner/outer radii
of motion. To further make the processing manageable,
each processor will be devoted to only one triplet of
frames at a time. This will still be prohibitive in ex-
ploring the entire search space of motion vectors for an
entire night’s worth of imagery, but it will be tried on a
limited frame set to determine the faint detection limit
for the EMCCD system.

Option 3 has been more compelling as it was the first
attempt at cueing the MF refinement by using a CAMS-
like detection algorithm up front. To meet a near real-
time processing requirement to demonstrate end-to-end
capability of video capture to orbit estimation with the
EMCCDs, a less computationally intense meteor detec-
tion process was applied after the imagery was whitened.
The maximum temporal pixel compression (Gural and
Segon, 2009; Gural, 2016) was used over blocks of 32
frames to obtain the mean, standard deviation, maxi-

Figure 8 — Faint meteor detection examples from the UWO
EMCCD image processing pipeline for short, and medium
length meteors showing the leading edge pick points (white
plus fiducials). The display uses red and cyan applied to
alternating frames.
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Figure 4 — Meteor detection example for a long length me-
teor.

mum pixel, and frame number of maximum pixel. This
compression technique naturally generates an imagery
threshold at approximately two times the standard de-
viation above the mean (for 32 frames), and operates
about four times faster than a standard if statement
threshold scheme. The resultant exceedance pixels per
frame are fed into a very fast cluster detector and multi-
frame tracker (Gural, 2016). To address the fact that
the cluster detector is more of a blob detector than a
line detector, the imagery is decimated at 2%, 4x, and
8% levels to handle up to the maximum motion of 300
pixels/frame expected in the UWO EMCCD imagery.
This processing approach met the initial baseline goal of
near real-time pacing of collection and processing with
the existing computer hardware on site.

The resultant sequence of measurement centroids from
the cluster/tracker cued detection was found to have a
very low false alarm rate. Thus the four parameters
of 2D position and velocity for every cued event are
fed into the MF refinement module. This produces the
best fit of the propagating streak immediately after de-
tection is declared. The refinement is an iterative algo-
rithm and utilizes the PSO once again to maximize the
MLE metric (cost function) as defined by Equation 8.
The algorithm effectively modifies the two position and
two velocity coefficients until a best match to the image
is obtained. The controlling features that define good-
ness of fit are the alignment of the endpoints of the line
segments as well as the line orientation

s, (85— spr7r7]”
2 TR 'T"

MLE = log (8)

where S; is the raw imagery (with j the frame number),
(S) the mean imagery, T; the template of streak for
frame j, and R the covariance matrix. The symbol “7”
indicates transposition, and the summations over j run
over all frames.

This cued approach was found to be very reliable and
detect much fainter meteors than expected. See exam-
ples in Figures 3 and 4. Meteors also show nice posi-
tioning of the leading edge pick points. In rare cases,

there has been a problem where either the optical sys-
tem warping bends long streaks across the focal plane or
there is evidence of deceleration. Both of these types of
cases cause the current constant-velocity straight-line-
segment propagation assumption to break down. A bet-
ter motion model for the MF refinement step will be
explored in the future.

How faint can one go with a matched filter detector is
still under investigation. The trade-off will be whether
the timing and processing load requirements justify any
further gains in limiting magnitude over what has been
achieved thus far, which has already exceeded expecta-
tions. There are other cued options that are between
the computational load of a brute force MF and the
highly efficient cluster detector. One algorithm would
be to threshold each pixel above its mean plus a fixed
factor times its standard deviation (known from the
block compression products) rather than use the com-
pression’s segmentation into max pixels per frame. The
threshold could thus be run at a level below the current
compression’s effective factor of two. The resultant ex-
ceedances would be fed into a Hough transform line
detector variant, whose most promising options are the
following:

e the phase-coded disk to estimate line orientation
of binary pixels around each exceedance pixel (Clo-
de et al., 2004);

e the Hueckel transform to estimate line orienta-
tion of gray pixels around each exceedance pixel
(Hueckel, 1973);

e spatially localized pixel pair estimate of slope as
has been done in the METEORSCAN application
(Gural, 1999); and

e a kernel-based Hough transform (Fernandes and
Oliveira 2008).

4 Conclusions

New algorithms have been developed for meteor tra-
jectory estimation with success in the areas of track
aggregation, velocity estimation, and multi-parameter
fitting using a global PSO based minimizer. Meteor
detection has also moved towards fainter tracks and
improved leading-edge position measurements by using
clutter suppression with a matched filtering approach
for image processing the video frames. Next steps in-
volve focusing on a way to handle deceleration in tra-
jectory estimation more robustly, determining the faint
detection limit of the matched filter compared to more
standard techniques, and performance of cued detection
alternatives feeding the iterative MF refinement.

Several algorithms that can be applied to the meteor
processing pipeline have been presented. These have
been utilized either at the UWO or embedded into the
CAMS processing stream. CAMS version 2.2 is now
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available as exportable applications with a continued
push towards more automation and a centralized col-
lection and dissemination of data products. With a
planned rapid one-day turnaround of results available in
the very near future, CAMS image collection sites and
their users should quickly see their submission feedback
from combined contributors’ collective results. Also
available are the particle swarm optimizer and trajec-
tory estimation software modules as stand-alone C call-
able functions.
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We describe an effort to automate the CAMS (Cameras for All-sky Meteor Surveillance) data re-
duction pipeline using artificial intelligence techniques to discriminate meteors from other types of
detections and to determine correct solutions during triangulation. The effort will make it possible to
have the results from a night of low-light video observations available to the observers the following
day. As part of the data reduction pipeline, meteors are classified as real and assigned to showers.
Results are presented in such a way that each shower can be identified, and new showers from the
occasional encounter with the dust trails of long-period comets can be recognized. The detection of
such rare showers will allow to direct the search for long-period comets in dedicated deep surveys.

1 Introduction

Long-period comets (abbreviated LPC), due to their
potentially large size and fast impact speeds of up to
72 km/s, contribute to the impact hazard on planet
Earth along with short-period comets and asteroids.
These impacts can severely disrupt the ecosphere and
entire human populations. Evidence indicates that the
impact of a comet or asteroid with a diameter of about
10 km was responsible for the mass extinction of most
species of dinosaurs. Impacts of future threatening as-
teroids could be mitigated if given sufficient warning
time. However, any new long-period comet type on an
impact trajectory with the Earth would likely be discov-
ered only 6-12 months before impact, when it becomes
visible as the Sun’s heat and wind start sublimating its
icy surface and ejecting rocky debris.

To provide extra warning time, the orbits of the comets
debris could be used by researchers to guide the search
for comets while they are still far out, providing us years
of extra warning time in case they can be detected along
that orbit. Most suitable is debris ejected during the
previous return of the comet to the inner Solar System,

which will cause rare aperiodic meteor showers (out-
bursts). Therefore, detecting those showers requires a
continuous and global search (Jenniskens, 1997).

Figure 1 shows how the debris evolve from a meteoroid
coma into a meteoroid stream in one revolution as a
result of differences in orbital period between grains.
The intersection point at the Earth’s orbit (the node)
of those orbits is not constant. As described by Jen-
niskens (1997), LPC outbursts are due to gravitational
perturbations on the individual meteoroid orbits, caus-
ing a periodic displacement of the stream relative to
the Earth’s orbit, which follows the Sun’s reflex motion
around the barycenter, with dominating contributions
by Jupiter (12-year period) and Saturn (30-year).

Given that the long term hazard posed by long-period
comets is statistically comparable to other naturally oc-
curring events (Chapman and Morrison, 1994), it is im-
portant to design detection and prevention strategies in
order to mitigate potential impacts.

To do so, the night sky needs to be monitored for an
extended period of time (approximately 60 years) and
from various locations around the globe (Jenniskens et
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Figure 1 — A diagram showing debris trails formed during
LPC travel to the inner Solar System. An LPC outburst
happens when the Earth (the blue point) crosses that debris.
Created by Peter S. Gural.

al., 1997; Lyytinen and Jenniskens, 2003). Low-light
video camera surveillance of the night skies aimed at
detecting previously observed and unobserved meteor
showers has been demonstrated to produce meteoroid
orbits that can be used to identify where in the sky a
parent long-period comet may reside when it still many
years out.

In this study, we improved the data reduction pipeline
for CAMS, the Cameras for All-sky Meteor Surveillance
project (Jenniskens et al., 2016), to make it possible to
operate this network into the future and create more
of such networks globally. To achieve this goal, we set
out to improve and automate the classification of mete-
ors from non-meteors using machine learning and deep
learning approaches and to improve the data visualiza-
tion tools to recognize new meteor showers.

2 CAMS pipeline automation

The ability of CAMS to successfully identify meteor
showers associated with potentially hazardous, long-
period comets relies heavily on its time coverage, ca-
dence, and total field-of-view. Meteoroids associated
with these comets will appear sporadically in time, cre-
ating non-annual showers that last only between one
and a few hours. When such showers have not been
previously detected, they cannot be predicted. Observ-
ing these unpredictable meteor showers thus requires a
coordinated, global effort amongst the meteor observing
community.

For this effort to proceed efficiently, it is imperative
that the data reduction involved be performed in an
automated, systematic fashion. The overarching goal of
this work is to automate the reduction pipeline for the
CAMS network in order to perform the systematic iden-
tification and characterization of previously unknown
meteor showers. Before this project, the CAMS reduc-
tion pipeline required an inordinate amount of human
effort to calibrate, confirm, and triangulate meteor or-
bits. Thus, the major goal with this automation is to
provide software tools that completely remove the hu-

man element from the CAMS data reduction from end
to end. Ideally, we intend to proceed from image cap-
ture to orbit calculation without any human interven-
tion without loss of fidelity for the results.

For this goal, a pipeline was implemented performing
the following steps on CAMS data automatically: (1)
meteor confirmation on operator end (i.e., on the lo-
cal machines capturing the data at observing sites); (2)
data retrieval; (3) data processing; (4) coincidence; and
(5) data visualization.

The proposed automation involves the development of a
series of software tools which perform these processes ef-
ficiently and cross-platform. Specifically, we developed
PYTHON scripts which implement this procedure from
end to end. Step 1 provides code that will implement
the automated confirmation learned on the observing
machines. Step 2 requires automated FTP of detected
object data from a server holding incoming data from
CAMS sites around the world. Steps 3 and 4 interface
with the existing CAMS software to process the incom-
ing data automatically. Step 5 will combine the trajec-
tory solution classifier trained on coincidence data (see
Section 4) with the existing CAMS coincidence software
to automatically find the best orbital solution for each
incoming meteor. Finally, we provide tools for the pub-
lic to visualize the CAMS meteor shower data on the
web in an effort to ensure continued amateur engage-
ment in the project.

3 Confirmation automation using Deep
Learning

Current practice is for observers to visually inspect the
CAMS detections to determine whether or not a de-
tection is a meteor, or a non-meteor. This is a time
consuming task that can be automated.

As a proof of concept for confirming meteor candidates
using machine learning, we trained a random forest clas-
sifier (Breiman, 2001) on a training set of approximately
200000 CAMS object detection data. This dataset con-
sisted of time-series information for meteors, aircraft,
clouds, and other objects identified in CAMS data (see
Figure 2). For this classifier, we focused on the time-
series of spatial and photometric data for each object
(see Figure 2). Given the heterogeneity of the data
(i.e., disparate numbers of data points), we opted to
mine metrics from these time-series data that describe

Figure 2 — Non-meteor and meteors images from CAMS.
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Figure 3 — Mining tracklets for features. In the trajectory
graphs, distances are measured in pixels of images (left);
light curves show intensity versus time (right).

the trajectories and light curves of each object. For the
trajectories, we calculated the coefficient of determina-
tion (R?) and residual standard deviation of a best-fit
line to the XY paths in the images, as well as the to-
tal distance traveled. Regarding the photometric vari-
ations, we extracted several statistical measures of the
shape of their light curves including the mean inten-
sity, median absolute deviation (MAD), skew, and kur-
tosis. We also included in this model two measures of
the timescale of the event: the total time observed and
the optimal period from a fast Fourier transform on the
light curves.

In order to verify that these selected features do provide
useful information for an object classifier, we examined
the relationship of each feature to the object class. Fig-
ure 4 displays an example of such an investigation. This
illustration shows that the light curve mean and MAD
do seem to correlate with the different object classes.

Following this verification, we trained a Random Forest
classifier to perform a binary classification of meteor vs.
non-meteor. To account for the class imbalance in this

Figure 4 — An example distribution of light curve features
(light curve mean and MAD) that appear to display correla-
tions with different objects (maroon, meteor; blue, aircraft;
grey, clouds; yellow, other).

training set (i.e., only 3% of the data are true meteors),
we employed a class weighting scheme that accounts
for the different class frequencies. Without any hyper-
parameter tuning, we achieved a meteor classification
precision and recall on a test set of 90% and 81%, re-
spectively.

Also, a classifier was implemented that takes as input a
set of image frames and returns as output a probability
score indicating whether or not the frames contain a me-
teor. Convolutional Neural Networks (CNNs)(Krizhev-
sky et al., 2012) provide an ideal architecture to tackle
this effort since they are responsible for state-of-the-art
performance in computer vision tasks such as object
classification. Three main functional layers are used in
their architecture: the convolutional, pooling (subsam-
pling), and fully-connected layers (see Figure 4).

The convolutional layer consists of small, learnable fil-
ters. Each filter corresponds to a set of weights. During
the forward pass, we convolve each filter with the input
by successively computing dot products between small
windows (also known as local receptive fields) of the
input and the filter. As we slide the filter across the
input, we produce an activation map that gives the re-
sponses of that filter at every spatial position. During
backpropagation, we learn how to update the weights to
minimize the errors the network makes on a given task.
Intuitively, each filter learns to detect specific patterns,
e.g., edges and color patches. The activation maps are
then stacked together and become the input of the next
layer.

The pooling layer down-samples the results from the
previous layer by using a simple operation (e.g., the
maximum or L2 norm) over a small window. The pur-
pose of this pooling operation is to sort or summarize
the findings of the activation map. It reveals whether a
given feature is found anywhere in a region of the image
and it discards the exact positional information. The
rationale is that once a feature has been found, its exact
location is not as important as its rough location rela-
tive to other features. The advantage is that it reduces
the number of parameters needed in subsequent layers.

In a fully connected layer, neurons have full connections
to all activations in the previous layer. The output is
simply computed by a matrix multiplication between
the input and the weights, followed by a bias offset.
The weights and the biases are learned through the
backpropagation algorithm. In a classification task, the
output of the last fully connected layer is usually passed
through a softmax function to compute the probability
of each class, which comprises the network predictions.

A typical CNN architecture is composed of a series of
convolutional layers each followed by a pooling layer.
Then a couple of fully-connected layers follows which
feed into the final output. An example architecture is
shown in Figure 5.

The network used in our study used five convolutional
layers followed two fully connected layers and a binary
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Figure 5 — Schematic diagram of a deep neural network.

softmax classifier. The network needs a large dataset
to give reliable results. We performed standard data
augmentation techniques on instances of the positive
class, such as rotation and flipping.

Our CNN achieves precision and recall scores are 88.3%
and 90.3%, respectively. Precision describes the per-
centage of objects assigned as “meteors” to be actual
meteors in a pre-classified data set. The recall describes
the percentage of actual meteors in that dataset that
were detected as such. That means that a CNN would
let about 12% of false detections through, while losing
about 10% of all meteors in the data.

In addition, we trained a Long-Short Term Memory
(LSTM) network that encodes the light curve tracklets
into a latent space, and that learns to predict whether
or not the tracklet corresponds to a meteor. The LSTM
achieves a precision of 90.0% and a recall of 89.1%. One
key advantage of using Deep Learning is that we did
not have to hand-engineer the meaningful features from
both images and light curves. The models learned these
on their own.

The advantage of using a machine learning approach is
that it generally requires less training data and com-
putation time when compared with deep learning. On
the other hand, manually extracting and engineering
features from the data will require more human time
pre-training. In the end, we will explore combining this
approach with the deep learning results in an ensemble
classifying scheme.

4 Coincidence

Once a meteor has been confirmed the information from
different cameras is used to generate a trajectory for
each meteor. Deviations in the video capture can lead
to erroneous solutions and improper trajectories and
orbits. These deviations can be identified from the light
curves, the latitude and longitude and the velocity of
the observed meteor measured by each camera.

Current practice is for a data analyst to inspect each
meteor trajectory calculated from meteor detections at
two or more sites. The data are presented in the form of
a light curve, a geographic projection of the trajectory
and a side-view of the trajectory. The effort is labor
intensive and time consuming and can be automated.

Considering the heterogeneity of the data, using the
raw coincidence data in a machine learning classifier
presents a significant challenge. As an alternative to
this, we propose to proceed similarly as with the ma-
chine-learning-based approach for the meteor confirma-
tion.

To summarize the method, we plan to extract singular
metrics describing the goodness-of-fit for an individual
coincidence solution. The two feature sets most impor-
tant to this coincidence is the trajectory and light curve
resulting from a solution. Thus, we propose to extract
some descriptive features from these feature spaces for
each object in an effort to define a parameter space
conducive to discriminating between good and poor so-
lutions. One example of such a metric is the co linearity
of the combined, three-dimensional trajectory of a solu-
tion, incorporating data from all cameras that observed
the object.

An optimal solution produces high co linearity between
the trajectories from different cameras. Another ex-
ample is the unit-lag autocorrelation of the light curve
differences with respect to some reference light curve.
A mismatching light curve should exhibit an anoma-
lously high autocorrelation, indicating different light
curve structures.

Choosing these methods, we hope to train amachine
learning classifier to distinguish good solutions from
poor ones. The goal with this project is to implement
this classifier in the automated CAMS pipeline. For
this, it may be necessary to search through much of
the camera combinatorial space when coinciding new
datasets. We plan to use a hierarchical method which
first scores the goodness of the initial solution using all
N cameras for an object. If this solution is poor, we will
then search through the next series combinations using
N — 1 cameras to search for an optimal solution. This
iterative procedure will be repeated until an optimal
solution is reached.

At the time of writing, we only implemented relatively
simple classifiers in Coincidence based on the light curve
shape (i.e., needing to have an Fyyey shape between 0.05
and 0.95) and maximum errors in geographic positions.
Plotting up such data as in Figure 4 showed meteors
and non-meteors to separate to better than circa 70%.
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Figure 6 — Graphic showing groupings identified by t-SNE
among meteor orbital parameters, compared to groupings
(meteor showers) previously identified by visual inspection.

5 Data clustering: searching for
outbursts and new meteor showers

Once the meteoroid orbits are calculated, the final step
is to identify outbursts and new showers. Using a data-
set of 122 295 CAMS meteoroid orbits preliminarily clas-
sified as showers, we tested the use of unsupervised
machine learning (Hodeghatta Rao and Nayak, 2017)
to identify newly recognized meteor showers and out-
bursts.

First, all parameters related to a meteoroid orbit were
separated, then clustering methods were tested in order
to identify the most effective ones for recognizing show-
ers. The following methods were applied: dimension re-
duction via PCA and t-Stochastic Neighbor Embedding
(t-SNE). We found that the TAU list shower classifica-
tion was correctly clustered only by t-SNE, as shown in
Figure 6.

A number of clusters are readily seen in Figure 6 that
might also be as of yet unidentified meteor showers.
In the next step, unsupervised machine learning with
DBSCAN (density-based spatial clustering of applica-
tions with noise) was used to identify these groupings.
Figure 7 shows some of the groups identified by DB-
SCAN. Some previously unidentified groups are indi-
cated. They may represent previously unrecognized me-
teor showers. Apart from the diffuse groups associated
with the main showers and with sporadic sources, there
are also some compact clusters in these data. Those are
potential meteor outbursts. DBSCAN can be used to
identify such outbursts in an automated way.

6 Visualization

It is current practise to collect the meteoroid orbits over
a period of time, then analyze for the presence of meteor
showers. This provides insufficient feed-back to the ob-
servers. To keep up efficiency, it is important to present
the results in near-real time.

To do so, we developed Java scripts to display the me-
teor radiant positions of each network. We chose to

Figure 7 — In addition to established meteor showers, the
Unsupervised Machine Learning with DBSCAN method
yielded clusters corresponding to possible meteor showers
not described before. These clusters are indicated by ma-
roon arrows.

present the data on a sphere! that can be rotated so
that at each point in time the whole sky can be exam-
ined and radiants near the poles are not spread out.
The results are presented in Sun-centered ecliptic coor-
dinates in order to provide a constant perspective (di-
rection of Earth motion center of the graph when first
displayed). The meteor showers are identified by com-
paring the new orbits to a look-up table of previously
assigned meteor showers. The current look-up table
is based on over 900000 meteoroid orbits detected in
all major video-based meteoroid orbit surveys (CAMS,
SonotaCo, Edmond, and CMN).

The final display makes it possible to see the active me-
teor showers in any given night (Figure 8). Results from
current data can be compared to past data (2010-2016)
of shower-assigned CAMS data. That makes it possible
to see unusual meteor shower activity and new showers.
Hovering over a point produces the IAU meteor num-
ber and clicking on a point brings up that shower in a
planetarium program. This new method for visualizing
meteor radiants will improve public interest in meteor
science, as well as allowing a novel approach to studies
of new meteor showers.

7 Conclusions

In order to fully automate meteor shower detection and
classification from video observations, we applied Arti-
ficial Intelligence (AI) methods of Deep Learning and
Machine Learning. Deep learning enabled a simple me-
teor /non-meteor classifier that took as input a set of
max-pixel image frames and outputs a probability score
that indicated whether or not the frames contained a

Thttp://cams.seti.org/FDL.
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Figure 8 — A web-based interactive graphic showing meteor
radiants plotted on the celestial sphere.

meteor. Machine Learning techniques were used to eval-
uate the triangulated trajectories to determine whether
a solution was correct/incorrect.Machine Learning was
also used to identify known and previously uncharac-
terized showers.

In doing so, we are able to identify meteoroid orbits po-
tentially associated with long-period comets that pass
close to Earth’s orbit. When they were ejected in the
previous return, the orbits of the meteoroids should di-
rectly trace that of their parent comet. Taking into
consideration uncertainties in the orbital parameters of
these meteoroids, the search space for these hazardous
comets can be narrowed down. These regions can be
then probed with dedicated, deep-sky surveys searches
to attempt to locate these long-period comets.

And, finally, the interactive web-based tool enables an
increase public commitment in meteor shower observa-
tions, which will hopefully result in expanded night sky

surveillance coverage. The goal is to identify new, rare
and non-episodic meteor showers and their potentially
hazardous long-period comets.
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Professional digital film cameras with high sensitivity are still quite unusual in meteor observation.
This may have one reason in their high costs. In the meantime, however, consumer photo cameras
with film mode and very high sensitivity came to the market for about 2000 EUR. The special
possibilities of digital film cameras with large CMOS sensors—including photo cameras with film
recording function—for meteor recording were presented by the author using three examples: a
2014 Camelopardalid, shot with a Canon EOS C 300, an 2014 exploding Aurigid, shot with a Sony
a’S, and the 2016 Perseids, shot with a Canon ME20F-SH. All three cameras use large CMOS
(Complementary Metal Oxide Semi-conductor) sensors; “large” meaning Super-35 mm, the classic
35 mm film format (24 x 13.5 mm, similar to APS-C size), or full format (36 x 24 mm), the classic
135 photo camera format. Comparisons were made to the widely used cameras with small CCD
(Charge-Coupled Device) sensors, such as Mintron or Watec; “small” meaning 1/2” (6.4 x 4.8 mm)
or less. Additionally, special photographic image processing of meteor film recordings were presented.
Also, the results of a practical comparison of the stellar limiting magnitude between the Sony «7S
and a Watec with the same lens were shown. This presentation goes back to an article with the same

title in WGN (Slansky, 2016). Here, the emphasis is on the topics not covered in that article.

1 Introduction

A classic still photograph with an exposure time of some
seconds, minutes, or hours shows a meteor as a streak.
All information of the background sky is summed up
over the integration time; all information about the me-
teor is summed up over the time and space of its angular
movement over the sky. So, in a single photograph, a
lot of information from the meteor is lost, namely with
respect to the angular velocity of the meteor head and
the temporal development of brightness and color of the
meteor head, trains, and wakes.

To provide this information, video cameras are widely
in use. Many of them are still based on analog technol-
ogy with small monochrome CCD sensors in “Standard
Definition” with 575 TV lines, resulting in a digital res-
olution of 720 x 576 pixels. However, this was technol-
ogy introduced in the late 1980s. Instead, television has
stepped further to “High Definition” with 1920 x 1080
pixels (“Full HD”). Today “Ultra-High Definition” is on
the rise and becoming available, with 3840 x 2160 pix-
els (“UHD”). Obviously, this technological progress is
interesting for meteor film recording.

2 Camera technology

Digital film cameras and digital photo cameras with film
function have in common that film recording is done
with a significant oversampling: Most of those cameras
use sensors with 1.5 to 2 times more pixels horizontally
and vertically than samples in the signal. Oversam-
pling does not mean binning: the real time downscaling

of oversampling is done by complex algorithms, and the
scaling ratio is not limited to integer numbers such as
2:1 or 3:1. The oversampling is also a mean to compen-
sate the loss of resolution of a color sensor, compared to
a monochrome sensor, caused by the Bayer mask: in a
color sensor with a Bayer mask, half of the sensor pix-
els are filtered in Green, a quarter in Red and another
quarter in Blue. To reconstruct all three primaries for
every sample of the signal, the native signal from the
sensor has to be “de-bayered”. For this, the informa-
tion of two green-filtered sensor pixels, one red-, and one
blue-filtered sensor pixel are combined. This causes an
average loss of resolution of the sampled signal com-
pared to the native sensor resolution of about 0.63x,
horizontally and vertically. This loss can be compen-
sated by an oversampling with 1.5 times more pixels
horizontally and vertically. So, oversampling gives dig-
ital film cameras a smooth image without artifacts like
aliasing or color aliasing. The oversampling ratio has
to be taken for width and height, so a 2:1 oversampling
means four times more native pixels on the sensor than
recorded samples in the signal.

The Canon EOS C 300! has a color CMOS sensor with a
Bayer mask with a native resolution of 3840 x 2160 pix-
els. The native signal from the sensor is de-bayered and
downscaled in real time, resulting in a full HD signal
with 1920 x 1080 samples being recorded. That means
an overall number of 8 300 000 pixels on the sensor, but
2070000 samples per image. Compared to still pho-
tography cameras with up to 30 Megapixels this may
sound mediocre, but full HD resolution is five times

Thttp://wuw.canon. com.
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the pixel count of standard definition video (SD) with
440000 pixels per image, being provided by cameras
like Mintron or Watec (that do not use oversampling).

Professional digital film cameras and consumer photo
cameras with film mode offer another valuable advan-
tage over conventional video cameras: a significantly
wider contrast range. A video camera is always linked
to a television standard that also specifies the gamma
curve. In Europe, these standards are CCIR 601 for
SD video cameras, respectively, ITU Rec. 709 for HD
video cameras, both with a gamma of 0.45, with only
a limited scale of variation. In digital film cameras,
the contrast transfer function can be adjusted manu-
ally or via a set of different gamma presets such as “cine
gamma” or “S-Log” (Sony) or “C-Log” (Canon). These
gamma curves provide a very flat contrast distribution
characteristic and a significantly higher contrast range
before low lights and high lights get clipped. It has
to be noted that this advantage will only pay off when
the signal is quantized with 10 bit or more. Unfortu-
nately, there are still recent missing links in the work-
flows for meteor imaging with 10 bit and more. And,
unfortunately, most consumer photo cameras, including
the Sony? 78S, are limited to 8 bit when using the in-
ternal film recording function. Consumer cameras do
not have a RAW recording in film mode.

3 Video cameras versus film cameras

Digital film cameras with large CMOS color sensors
have the following advantages for meteor recording:

e fully digital signal processing with no digitization
artefacts by a frame grabber such as jitter;

e resolution is a factor 2.2 higher for HD against
SD, respectively, 5 times as many pixels;

e comparable star limiting magnitude at a much
larger field;

e at same image field of view better optical effi-
ciency due to longer focal length and proportion-
ally larger entry pupil;

e higher contrast rendition via various flat gamma
curves up to 14 F-stops versus standardized video
contrast rendition curve limited to about 7 F-
stops;

e color image.
There are also the following disadvantages:

e 56 times the data rate and the data amount;

e spectral sensitivity limited to visual 400-640 nm
(this can be avoided by removal of the UV-/IR
blocking filter—some digital film cameras have a
removable filter such as the Canon ME20F-SH);

2http://www.sony. com.
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Figure 1 — Still image sequence from film recording of a
Camelopardalid on May 24, 2014, at 1"58™08° UT from
Munich city center, shot with a Canon EOS C 300 at ISO
20000, 25 fps and 1/25 s with Zeiss Superspeed Cine Dis-
tagon 1.2/18 mm at F = 1.2.

e proprietary professional/consumer camera tech-
nology;

e complicated operation compared to video cam-
eras;

e consumer photo cameras have an internal record-
ing limited to 30 minutes due to custom’s and
taxation laws;

e higher price.

Another major problem is a lack of interoperability be-
tween the existing softwares for HD film post-product-
ion and astronomical image processing.

The cameras used by the author are summarized in Ta-
ble 1.

Camelopardalids 2014

The Camelopardalids (e.g., Jenniskens®, 2014) could be
observed for the very first time on May 24, 2014. That
was my first film recording of a meteor. I borrowed a
Canon C 300 with a Zeiss Superspeed Cine Distagon
from my University and pointed it to the zenith on
my rooftop terrace in the Munich city center, with Po-
laris and Vega in the picture. With ISO 20000, 25 fps
and F' = 1.2, a stellar limiting magnitude of +5.2 was
achieved.

For Figure 1, 145 film frames were cropped to stripes
and composed one under another. So, the temporal
development of the meteor from right to left, including
movement, brightness, and color, can be studied in steps

Shttp://meteor.seti.org.
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Table 1 — Cameras used by the author.

Camera

Canon EOS C 300

Sony a7S

Canon ME20F-SH

Year of introduction
Camera Type

Cooling

Sensor type

Sensor size

Native sensor resolution
Native pixel size
Resolution in film mode

Sample size
Oversampling
Maximum Sensitivity

Maximum frame rate
Internal recording codec
Maximum data rate

Lens mount
Price (body only)

2012
Professional digital
film camera
Active, controlled
Bayer color CMOS
22.5 x 12.7 mm
3840 x 2160 pixels
6.25 x 6.25 pm
1920 x 1080 samples

12.5 x 12.5 pm
2x

ISO 20000

(later ISO 80000)
60 fps

MPEG-2 8 bit
50 Mbit/s (internal)

Canon EOS or PL
ca. 13000 EUR

2014
Consumer photo camera
with film mode
Passive, uncontrolled
Bayer color CMOS
35.6 x 23,8 mm
4240 x 2832 pixels
8.4 x 8.4 um
1920 x 1080 samples
3840 x 2160 samples
(external recording)
19 x 19 pm
2.2%x
ISO 400000

60 fps (1920 x 1080 samples)
120 fps (1280 x 720 samples)

XAVC S 8 bit

50 Mbit/s (internal)
Sony E
ca. 2000 EUR

2015
Ultra-high sensitivity
professional digital film camera
Active, controlled
Bayer color CMOS
35.6 x 20.0 mm
1920 x 1080 pixels
19 X 19 pm
1920 x 1080 samples

19 x 19 pm

ISO 4000000

60 fps

External recording only

via HD-SDI or HDMI, 8-12 bit
Depends on recorder

Canon EOS
ca. 19000 EUR

of 1/25 s from top to bottom. Changes in the angular
speed can be seen from the S-shape of the figure of the
meteor head. Also note the development of the orange
persisting train.

4 Perseids 2016

For the 2016 Perseids observing campaign the author
and Bernd Gahrken, also from Munich, drove to Em-
berger Alm in the southern Austrian Alps at 1740 m
above sea level. The 2016 Perseids turned out to have
two maxima over two nights.

Canon Germany Ltd., Krefeld, equipped the author
with two Canon ME20F-SH cameras with Canon USM
11 1.4/35 mm photo lenses. Together with two Sony /7S
with 2.8/35 mm Zeiss lenses all cameras were mounted
on an equatorial mounting. Two film data recorders
Ambient PIX 240i were connected to the Canon cam-
eras. All cameras were pointed to Polaris for covering
the same sky area simultaneously. The sensitivity was
set up differently from camera to camera via ISO num-
ber and F-stop. This setup was chosen to compare the
cameras on the same motive and for a direct measure-
ment of the population index. The latter experiment
failed, but the recordings of the cameras were remark-
able.

The Canon ME20F-SH was introduced by Canon in
2015 as an ultra-high sensitive professional film camera
with a maximum sensitivity of ISO 4000000, ten times
of the sensitivity of the Sony «7S. It has no internal
recording nor a viewfinder nor a display, all needs to be

Figure 2 — The 45 brightest Perseids of August 12, 2016.
This composite image was gained with the maximum func-
tion. The star in the image center is Polaris; Ursa Minor is
left. The film sequence was shot with a Canon ME20F-SH
running at 25 fps, ¢ = 1/25 s and ISO 1400 000, equipped
with a Canon USM II 1.4/35 mm photo lens at F' = 2.0.

attached externally. The ME20 has a full format CMOS
sensor with a native resolution of Full HD (1920 x 1080
pixels), resulting in a pixel size of 19x 19 um, the largest
native pixel size on the market right now. Together
with an advanced noise reduction system this is the
key to the extraordinary sensitivity. For this goal the
manufacturer sacrificed smoothening of the image by
oversampling. Unfortunately, the Canon ME20F-SH is
out of reach for most amateur astronomers by its price
of 19000 EUR (body only). The need for an external
recorder, a display and a separate power supply does
not make the handling very comfortable. But with the
settings as in Figure 2 at 25 fps and with a field of view
of 54° x 38°, the Canon ME 20F-SH reached a limiting
stellar magnitude of +8.6.



74

Proceedings of the IMC, Petnica, 2017

During the first night, August 11 to 12, 2016, the cam-
eras ran for 252™ without interruption, during the sec-
ond night, August 12 to 13, 2016, for 3"43™, resulting
in an overall recording time of 6"35™ hours.

Back at home, the numbers of the meteors in the field
of the camera were detected by three different methods.
First, the author watched the 6"35™ of film recordings
“simply” in real time on a Full HD computer monitor
under controlled surrounding lighting conditions. By
this “Visual HD method’“, 513 meteors were detected
in total: 387 Perseids and 126 others.

Secondly, the video files should be analyzed with MET-
REC (Molau, 1999). Unfortunately, the METREC soft-
ware only works with an analog real time SD video sig-
nal. So, all 6"35™ of film recordings were downscaled
and converted to a SD video file with DVD compression.
This video was analyzed in real time with METREC by
Sirko Molau. Reducing the resolution from Full HD to
SD should result in a significant loss in meteor detec-
tion. By the “METREC SD method”, 499 meteors were
detected: 343 Perseids and 157 others. (Due to some
technical problems interpolation had to be made for a
small part of the video.) There were many matches be-
tween the two methods, but also missed hits by one of
the methods.

Thirdly, the negative effect of downscaling the original
Full HD film files should be avoided. So, they were seg-
mented into 3 x 2 = 6 pixel-top-pixel crops of 720 x 576
pixels (with overlapping) and exported to H.264 files.
These were stored on a small hard disk drive media
player and played back in real time. This led to “Sirko’s
titanic struggle” with 40 hours of SD video files. Dou-
blets and overlappings of meteors from segment to seg-
ment had to be eliminated by hand. Further challenges
were the settings of the detection threshold related to
the image noise and the correction of the perspective
because of the optical axis not being in the image cen-
ter after the cropping.

By this “METREC HD method”, 916 meteors were de-
tected over all: 557 Perseids and 359 others. At last, the
author consolidated all meteors detected by the three
different methods, resulting in an overall number of 947
meteor detections: 561 Perseids and 386 others. For
a single camera with a field of view of 54° x 38°—
approximately 1/14th of the sky—this is quite remark-
able.

5 Perseids 2017

The cover of WGN, the Journal of the IMO, vol. 44,
no. 6, December 2016, shows a sequence from an ex-
ploding Aurigid. By the high angular velocity and the
exposure time of 1/25 s, the meteor head appears as a
streak with a length of about 20 pixels. To enhance the
temporal resolution, the frame rate of the camera must
be increased. The Sony a7S has a maximum frame rate
of 120 fps. This was tested on the 2017 Perseids. Un-
fortunately, there were many clouds on the observing

Figure 3 — Perseid, shot on August 12, 2017, at 22"46™09°
UT, at Zettersfeld, Austria, 1800 m above sea level with
Sony 7S at ISO 400000 and 120 fps, t = 1/125 s, with
Zeiss/Contax Distagon 2.8/35 mm at F = 2.8.

location of the author at Zettersfeld, north of Lienz,
Austria, 1800 m above sea level. Although all Perseids
that were recorded had an unspectacular temporal de-
velopment, the advantage of the higher frame rate can
be seen in Figure 3.

The Perseid in Figure 3 appeared approximately 40°
from the radiant. In the image the meteor head shows
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hardly any motion blur. For larger angles from the ra-
diant, faster meteors cameras with even higher frame
rates than 120 fps must be used. In the future the au-
thor will try to realize this.

6 Sensitivity: a comparative test

The experiences from the 2016 Perseids campaign had
proved that the effective meteor detection efficiency is
influenced by a vast number of parameters, of which the
nominal camera sensitivity, represented by the ISO set-
ting, is only one. This gets even more complicated when
two cameras with different sensor types and sensor sizes
are compared. In the context of the 2017 Lyrids cam-
paign and, again, in collaboration with Bernd Géhrken,
the author realized a practical comparative test for the
stellar limiting magnitude between the Sony 7S with
full format color CMOS sensor and a Watec 120N+ with
1/2” monochrome CCD sensor.

The test was done with the same lens to provide exactly
the same optical output onto the pixels. A Canon FD
1.4/50 mm photo lens was chosen. Both cameras were
set onto an equatorial mounting and pointed to the Vega
region, the lens was changed quickly. Due to the fixed
focal length of 50 mm the sky region was reproduced to
a constant region on the sensors. In postproduction the
image of the Sony was cropped to the image field of the
image of the Watec. The whole image processing was
done with a consistent workflow: 100 film frames were
combined with the median function and a constant con-
trast rendition. The pixels of the cameras have nearly
exactly the same size, but in film mode the Sony oper-
ates with a 2.2x downscaling. So, for the comparison
the image of the Sony first had to be upscaled by the
factor 2.2 and then cropped. By this, at an identic field
of view the resolution of the Sony image is only 0.45x
of the resolution of the Watec. This can be seen in Fig-
ure 4 by the larger diameter of the stars, in particular,
Vega.

The stellar limiting magnitude was determined by star
counting in the image field compared to a star chart
from a planetary program.

As can be seen from Figure 4, the Sony a7S reveals a
slightly higher stellar limiting magnitude with the same
lens as the Watcec 120N+-. Interestingly, this is inde-
pendent from the usage of the UV-/IR-blocking filter—
even though the image of the Sony shows significantly
more noise. At the same time, the field of the Sony is
5 times larger than that of the Watec.

Conclusions

Film cameras and photo cameras with film function
with large CMOS sensors offer new possibilities for me-
teor observation. Further research should be made with
higher sensitivity, higher frame rate, higher contrast

Figure 4 — Camera comparison of the resulting stellar lim-
iting magnitude with the same lens used. Bottom left, star
chart with stellar limiting magnitude 49.0; top left, Watec
120N+ with stellar limiting magnitude +8.3; top right, Sony
a7S without UV /IR-blocking filter in color mode with stel-
lar limiting magnitude +8.6; bottom right, Sony «7S with
UV /IR-blocking filter in black-and-white mode with stellar
limiting magnitude +8.6.

range and higher color rendition. Very important is
the development of resolution independent meteor de-
tection software that can operate the original data from
film cameras and that is interoperable with common
film postproduction software and astronomical image
processing software.
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A new transmitter dedicated to radio forward-scatter meteor observations was installed in the east
of Slovakia at the Vihorlat Observatory and Astronomical Observatory on Kolonica Saddle. The
transmitter of the system was built at Modra Observatory. The first experiences and results from

this system are presented.

1 Introduction

A transmitter as a source of radio waves is the key com-
ponent of a forward scatter radio system. In Europe,
plenty of transmitters suitable for radio meteor obser-
vations exist, each of them having their own pros and
cons. The main groups of such transmitters are sum-
marized in this paper.

The best solution for accurate data processing, how-
ever, is building a dedicated transmitter with known pa-
rameters. A new transmitter of this kind was recently
installed at the Vihorlat Observatory and Astronomi-
cal Observatory on Kolonica Saddle. The instrumental
setup and first experiences are described in the last part
of this paper.

2 Important transmitter parameters

According to the classical theory of forward scatter-
ing of radio waves off meteor trails (Wislez, 1996), Pr
(transmitter power, Watt), G (transmitter gain), and
A (wavelength of transmitted radio wave, meter) are the
main technical parameters of a transmitter. The G pa-
rameter is a directional characteristic which is given by
the transmitter antenna radiation pattern. It is impor-
tant to notice that in the relevant equations a factor A\
occurs, which means that amplitudes and durations of
received echoes strongly depend on wavelength. Besides
these three parameters, it is also necessary to know the
position of the transmitter and of the receiver in or-
der to calculate the Observability Function (Verbeeck,
1997).

3 Suitable transmitters

In this section, we describe temporary European trans-
mitters suitable for forward scatter observations.

3.1 Terrestrial analog TV transmitters

As a consequence of the EU decision to cease analog TV
transmissions after 2012 and to switch any terrestrial

TV broadcasting to digital mode, many of the radio
meteor observers started to look for other radio sources.
There are still some suitable transmitters in eastern Eu-
rope (Ukraine, Belarus, Russia).

Their main advantages are a strong signal, a suitable
frequency (45-70 MHz), and the relatively low cost of
the system. On the other side, their operation is often
not continuous, they generate a modulated signal, and
their parameters are often unknown.

3.2 FM radio broadcast transmitters

The very dense network of FM transmitters is very
rarely used for meteor observations, due to their rel-
atively high frequency (80-100 MHz) and very unstable
operations.

3.3 GRAVES radar

According to the RMOB database, most of the Euro-
pean observers use this transmitter today. (For exam-
ple, at 12 September 2017 in the meteor live observa-
tory page', 30 European observers out of 39 used the
GRAVES transmitter).

Pros of this system are a very strong signal and con-
tinuous operation. The high frequency with A ~ 2 m,
and the antenna beam directed to south consisting of
four switching elements represent important cons of this
transmitter.

3.4 Dedicated transmitters

The most important advantage of a set-up with trans-
mitters dedicated to forward scatter meteor observing is
complete knowledge of, and control over, all parameters
of the system. Unfortunately, this solution is relatively
expensive due to installation costs, charges for electric-
ity, maintenance, etc.

In the recent past the system Bologna-Lecce-Modra, or
BLM for short (Hajduk et al., 1995) was in the op-
eration. Now, the VVS Beacon (Steyaert, 2006) and
BRAMS (Lamy et al., 2014) are active.

Thttp://www.rmob.org/livedata/main.php.



Proceedings of the IMC, Petnica, 2017

77

4 Kolonica-Modra system

Taken into account the position of the Modra observa-
tory and of the other stations of the SVMN (Toth et
al., 2012) a transmitter dedicated for forward scatter
observing was built at the Vihorlat Observatory and at
Astronomical Observatory on Kolonica Saddle.

As can be seen in Figure 1, the transmitter-receiver
(TR) stretches across the entire territory of Slovakia.
The hilly profile of the TR path is shown in Figure 2.

Figure 1 — Google map of the transmitter-receiver (TR)
baseline. The transmitter is located at the Kolonica Ob-
servatory and the receiver at Modra Observatory.

Figure 2 — The heigth profile of the TR baseline, with a
maximum height around 1400 m.

The main parameters of the transmitter are as follows:

o frequency—49.97 MHz;
e power—90 W;

e TR azimuth—282°;

o waveform—CW,;

e polarization—horizontal;

e transmitter antenna—>5-element Yagi.

The antenna diagram is shown in Figure 3.

Figure 3 — Modeled horizontal and vertical radiation pattern
of the transmitter antenna.

5 First experiences

The system has been in experimental operation since
January 2017. The antenna mast and building of the
transmitter are shown in Figure 4. On the receiver side,
an analog (AOR 8600) and a SDR (Funcube Dongle)
receiver has been tested. The first experiences can be
summarized as follows:

e the echoes are very similar to the former BLM
system echoes;

e there are no echoes from airplanes nor “exotic”
(epsilon shape) echoes as from GRAVES,

e during sporadic-E (mainly in June and July) pe-
riods, the signal interferes with some TV trans-
mitters localized in the east (Ukraine?).

Figure 4 — Five-element Yagi transmitting antenna at
Kolonica Observatory.
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Due to the random appearence of meteors on the sky, conventional transmission gratings can produce
images with severely tilted spectra. This is caused by the meteor motion being at a shallow angle
with respect to the dispersion axis of the grating. To alleviate this, it is useful to have a grating that
can disperse in two perpendicular axes simultaneoulsy. This can be achieved by using a grating with
a grid construction. This paper describes the design, production and use of such a grating.

1 Introduction

Meteor spectroscopy normally utilizes grooved optical
transmission gratings mounted in front of the camera
lens as shown in Figure 1. In laboratory applications
the single dispersion direction is not normally problem-
atic. However with meteor spectroscopy the meteors
often fall in such a manner as to produce a spectrum
that is not optimal. This is caused by the angle of mo-
tion of the meteor with respect to the dispersion axis
leading to a tilted spectrum. Such spectra are difficult
to process resulting in a loss of resolution at best and
may ultimately be un-useable.

One possible solution is to design a grating such that
the light is dispersed in multiple directions simultane-
ously thus increasing the chances of obtaining a useable
spectrum.

Figure 1 — Usual configuration for video meteor spec-
troscopy.

2 Grating design

In gratings, the diffraction is achieved by passing the
light though a structure consisting of a series of narrow
grooves cut into a suitable substrate. Modern gratings
also include polymer and holographic replica gratings

which are copies of a master ruled grating. These grat-
ings give a single axis of dispersion. Diffraction is a
complex process and the reader is refered to a suitable
text book covering the issue for more details, e.g., Hecht
(2005).

With the appearance of the meteor being random, this
single dispersion axis’ direction can place limitations
on the ultimate resolution due to the possibility of the
spectrum being tilted. When the meteor is such that it
is at a shallow angle to the dispersion axis, the quality of
the reduced spectrum can be poor. Examples of this are
shown in spectra captured during the 2015 Quadrantid
meteor shower (Ward, 2015).

A solution to this is to design a grating such that two
(or more) axes of dispersion are possible. This can be
achieved by using a grid structure as the grating ele-
ments. This can be thought of as the convolution of
two sets of grooves perpendicular to each other. Thus
no matter the fall of the meteor it will always be less
than 45 degrees from either perpendicular dispersion
axis. This greatly enhances the chances of obtaining
a recoverable spectrum from any given meteor bright
enough to be captured.

The configuration of the grid defines the charateristics
of the diffraction pattern in the same way for grooves
in a conventional grating. Hence, four dispersion axes
are produced in the design presented here.

The initial design is shown in Figure 2. It is a repeat-
ing structure spaced such that the mould will have 600
structures/mm in the horizontal and vertical directions.
In discussion with Dr. Paul Reynolds, it was suggested
that a simple aspect ratio of 1:1 was adopted for man-
ufacturing purposes.

3 Grating manufacture

Electron beam lithography was used to define the dif-
fraction grating pattern in a resist layer on silicon, fol-
lowed by etching of the pattern into the silicon sub-
strate. A nano-imprint process was then used to trans-
fer the pattern onto a polymer master material for use
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Figure 2 — Pattern used in the design of the polycarbonate
grating.

as a die in a polymer injection moulding process. The
gratings were produced on a Engel Victory 28 injection
moulder (Figure 3) and the parts were moulded in poly-
carbonate (Macrolon OD2015). The lithography, masks
and moulds were made by Dr. Paul Reynolds and the
production and inspection processes were carried out by
Miss Rachel Love.

Figure 8 — Victory 28 injection moulding machine.

4 Testing

Tests of the grating were done in the laboratory us-
ing a helium-neon (HeNe) laser. This has a red beam
at a wavelength of 633 nm with an output power of
0.800 mW. The grating was mounted in front of the
HeNe laser and the power in the zero order and pat-
tern of first order images was measured. Power mea-
surements were made with an Anritsu ML910B optical
power meter with a MA9802A silicon photodiode sensor
calibrated for 633 nm.

Figure 4 — Electron micrograph of grating surface.

Figure 5 — Diffraction pattern of test grating using a HeNe
laser (633 nm) with reference names used in power measure-
ments.

Table 1 — Optical power measured in diffraction pattern
spots of multi-axes polycarbonate grating.

Reference ID  Optical Power

Vs 0.233 mW
Hi1 0.068 mW
H2 0.069 mW
V1 0.066 mW
V2 0.065 mW
D1 0.030 mW
D2 0.029 mW
D3 0.030 mW
D4 0.029 mW
Total 0.619 mW

The zero order image (Reference Z in Figure 5) was
measured at 0.233 mW. Table 1 shows the power mea-
surements.

Figures 4 and 5 show that 29% of the incident beam is
transmitted in the zero order, whilst less than 9% goes
into H1. For comparison, the test was repeated using
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Table 2 — Optical power measured in diffraction pattern
spots of 600 grooves/mm educational grating.

Reference ID  Optical Power

7 0.388 mW
H1 0.184 mW
H2 0.073 mW
Total 0.645 mW

the same laser and measurement configuration but with
a conventional Paton Hawksley educational blazed grat-
ing with 600 grooves/mm. Being a conventional grating
only one set of images are produced. The equivalent
“H1” and “H2” positions spots were measured. Table 2
shows the results of the comparison measurements.

In this case, 49% of the incident beam is transmitted but
a much higher percentage, 29%, is concentrated into the
first-order image. This indicates that the “diffraction ef-
ficiency” of the grid-based grating is lower compared to
conventional grating by a factor of approximately 3. In
practical terms the result is that, for any given observ-
ing situation, a brighter meteor is required to record a
similar spectrum using a multi-axes grating compared
to the same system using a conventional grating:

Am = -25108 (). M

by
where by refers to the brightness of the spot (H1) as
measured through the polycarbonate grating and be
is the brightness of the equivalent spot through the
conventional grating. Considering the relative optical
powers of the first order power measurments and using
Equation (1), the magnitude penalty is approximately
1.1 magnitudes between the polycarbonate grating and
the comparison blazed grating.

5 Conclusions

Using injection moulding techniques, a polycarbonate
grating with a grid structure was designed and manu-
factured.

During the Perseids, two WATEC 910 HX/RC cameras
carrying 12 mm f/1.2 lenses were fitted with the poly-
carbonate pillar gratings. Initial testing captured an
early Perseid meteor. This is shown in Figure 6. This
image demonstrates the validity of the optical princi-
ple. A highly tilted spectrum can be seen to the left of
the zero order image and a much better presented spec-
trum can be seen below the zero order image. The faint-
ness of this well presented spectrum for such a bright
meteor illustrates the limitations in performance. The

meteor image was saturated in the original video. By
visual inspection and comparison to the known stars in
the image (o And and 8 Peg), a negative magnitude is
probable.

Figure 6 — A Perseid meteor with a highly tilted spectrum to
the left of the main meteor image. Below is a spectrum with
much better dispersion geometry. It is however considerably
fainter.

The particular design of the pillar structure results in a
non-blazed diffraction pattern having 4 dispersion axes.
This results from the profile of the grid structure. A sig-
nifiicant percentage of light is dispersed into many high
orders which are individually faint. Whilst the principle
of ensuring that a good dispersion geometry is always
available has been shown, the magnitude penalty limits
the utility of this style of grating to brighter meteors
and fireballs only.
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Radio meteors are typically visualized using spectrograms, although the properties of the meteor trail
are simply encoded in the varying signal power of the received signal. In this paper, we discuss some
aspects of how the properties of the received signal determine the shape of the reflections in the final
spectrogram. Simulated radio meteors are used for illustration.

1 Introduction

Radio meteors are typically visualized using spectro-
grams. Since there is sometimes confusion on how the
shape of the reflections in the spectrogram follows from
the actually received signal, this paper illustrates some
of these effects.

In Roelandts (2016), we have provided an overview of
the complete signal path, starting from the radio signal
that is transmitted, and ending with the final spectro-
gram that is typically used to visualize the received sig-
nal. However, in that paper we did not go into detail on
how the received signal gets translated into the shape of
the meteor reflection in the spectrogram. In the current
paper, we show how the reflection profile, the Doppler
shift of the received signal, and the combination with
the directly received carrier, are translated into the final
reflection image of the meteor in the spectrogram.

2 Effect of Doppler shift and directly
received carrier

All the illustrations in the current paper were generated
through simulations. The sampling rate of the simula-
tions was 5512 Hz. The simulated underdense meteors
consist of a fast linear rise followed by an exponential
decay. For comparability with typical results from, e.g.,
the BRAMS network (Calders and Lamy, 2011; Ranvier
et al., 2015), the results were then upconverted to a car-
rier frequency of 1000 Hz.

Figure 1 shows five different simulated meteor reflec-
tions. The first four are underdense reflections, with
a Doppler offset of 25 Hz, 0 Hz, —50 Hz, and 25 Hz,
respectively. Additionally, the fourth one lacks a di-
rectly received carrier. It is important to notice that
the shape of the actual reflection is not at all influenced
by the Doppler offset or by the directly received sig-
nal. The only visible effect of the Doppler is that the
reflection is shifted up or down in frequency.

To show the effect of the Doppler shift in combination
with the directly received carrier, we have to look at the
combined signal that is the input of the receiver.

Figure 1 — Spectrogram with five simulated reflections.

The first reflection from Figure 1 has a Doppler shift in
the received signal of 25 Hz, combined with a directly
received carrier at a power level of 1% of the meteor
signal (Figure 2). For clarity, we mention that the sig-
nal is colored solid blue inside its envelope because of
the high frequency oscillations, with respect to the time
scale shown, of the 1000 Hz carrier.
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Figure 2 — Underdense meteor profile with a 25 Hz Doppler
shift and a directly received carrier at 1% of the power of
the meteor signal.

The oscillations in the envelope of the signal are so-
called beats. These are amplitude variations that are
caused by two signals that are close together in fre-
quency, so that they show a pattern of alternating con-
structive and destructive interference.
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Figure 8 — Underdense meteor profile with a 0 Hz Doppler
shift and a directly received carrier at 1% of the power of
the meteor signal.

The second reflection from Figure 1 has a Doppler shift
in the received signal of 0 Hz (i.e., no Doppler shift),
combined with a directly received carrier at a power
level of 1% of the meteor signal (Figure 3). The beats
have disappeared. However, there is still some influence
from the combination of a modulated signal (reflected
off the meteor) with an unmodulated one (the directly
received carrier). Also compare with Figure 5, where
there is no directly received carrier.

The third reflection from Figure 1 has a Doppler shift in
the received signal of —50 Hz, combined with a directly
received carrier at a power level of 1% of the meteor
signal (Figure 4). The frequency of the beats is higher
than in Figure 2, because the frequencies of the two
signals are now further apart, so that the cycles of con-
structive and destructive interference follow each other
more closely.

The fourth reflection from Figure 1 has a Doppler shift
in the received signal of 25 Hz, and no directly received
carrier (Figure 5). The beats have disappeared.

The fifth, and last, reflection from Figure 1 is entirely
different from the previous four. It shows the combi-
nation of three long-lived reflection points (active for
10 s) with Doppler shifts of 25 Hz, 15 Hz, and —5 Hz,
respectively, and a directly received carrier at 1% of the
power of the meteor signal (Figure 6).
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Figure 4 — Underdense meteor profile with a —50 Hz Doppler

shift and a directly received carrier at 1% of the power of

the meteor signal.

Figure 5 — Underdense meteor profile with a 25 Hz Doppler
shift and a no directly received carrier.
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Figure 6 — Combination of three individual long-lived re-
flection points, with Doppler shifts of 25 Hz, 15 Hz, and
—5 Hz, respectively, and a directly received carrier at 1% of
the power of the meteor signal.

We have included this 10 s reflection in the spectro-
gram (Figure 1) to show that a longer signal can be
completely different from underdense reflections, espe-
cially with respect to the width of its spectrum. In the
case of meteor reflections, this is mainly because the
underdense meteors are short, while the three reflection
points from the fifth reflection are long.

This is the crucial point that we want to emphasize
in this paper: the underdense meteors have a relative
broad spectrum, i.e., they are tall in the spectrogram,
because of the properties of the received signal, and not
because of an effect of the receiver, sampling, etc.

It is a general rule of thumb in signal processing that
a short signal needs a large bandwidth. A very basic
signal that can be used to illustrate this, is a rectangular
pulse. Figure 7 shows both a short and a long pulse.
Figure 8 illustrates nicely that the spectrum of the long
pulse is much narrower than the spectrum of the short
pulse.

3 Conclusions
Through several simulated radio meteors, we have il-

lustrated how the received signal determines the shape
of the reflections in the spectrogram. We have shown
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Figure 7 — A short and long rectangular pulse.
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Figure 8 — Spectra of the short and the long rectangular
pulse of Figure 7.

that the shape of the reflections is not influenced by
the Doppler shift or the directly received carrier. Un-
derdense meteors have a wide frequency range because
they are short, and single reflection points that stay
active for a long time can result in a much smaller fre-
quency range.
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A prototype of a phased array of 8 elements is being built at the Humain Radio-Astronomy Station
by the Royal Observatory of Belgium. The main goal of this instrument is monitoring the solar
activity in the band of 20-80 MHz using Software Defined Radio receivers and employing beam-
forming techniques to track the Sun. However, because the operation frequency of the BRAMS
forward-scatter system lies within the frequency range of such an array, an appealing window of
opportunity opens for meteor science as well. In this paper we explore the possibility of using the
expected capabilities of the Small Phased Array Demonstrator to register radio meteor echoes.

1 Introduction

In order to deliver warnings and alerts about solar events
that can potentially influence life on Earth, the Solar
Influences Data analysis Center (SIDC) of the Royal
Observatory of Belgium (ROB) observe and study the
Sun using different instruments located on-board space
probes and also on ground-based facilities.

The Humain Radio-Astronomy Station (HuRAS), lo-
cated approximately 100 km south-east of Brussels, cur-
rently harbors three solar radio observation instruments:
CALLISTO, ARCAS, and HSRS. Additionally, the Ra-
dio Working Group of the SIDC is developing two extra
instruments to extend the total frequency range of the
observations: ANT34 (solar flux monitoring system)
and the Small Phased Array Demonstrator (SPADE).
Figure 1 shows the frequency ranges of the instruments.

Figure 1 — Frequency chart of current and future radio in-
struments in HuRAS.

Because the frequency range planned for SPADE in-
cludes the frequency of the pure sine signal emitted
by the beacon of the Belgian Radio Meteor Stations
(BRAMS) network (Calders and Lamy, 2012) register-
ing radio meteor echoes is, in principle, feasible.

2 SPADE proposal

The project, founded by the Belgian Science Policy Of-
fice (BELSPO), started on January 2016 with the ob-
jective to demonstrate that,

e the technology of Software Defined Radio (SDR)
receivers, beam-forming methods, and phased ar-
rays can be combined in functional radio astron-
omy instruments; and

e such an instrument can be built at a modest cost,
within reach of institutional bodies such as uni-
versities or observatories.

SPADE’s intended frequency range is 20-80 MHz. It
will consist of 8 fixed antennas. High availability is
expected from this instrument because SPADE will not
include any moving parts, a usual source of incidents.

A phased array works similarly to an interferometer,
but summing instead of multiplying the received signals.
Choosing an appropriate set of complex weights to be
applied to the received signals allows for steering the
main beam, manipulate the beam shape, and direct the
placement of nulls. A beamformer may, appropriately,
be considered a spatial filter.

Some benefits of this technique includes interference
avoidance and rejection, and higher signal-to-noise ra-
tio (SNR), while the use of SDRs and digital post-
processing procedures allows the generation of simul-
taneous beams pointing in different areas of the sky.

3 Design of the instrument

SPADE requires wide-band and ”wide field-of-view” for
the elements of the array. A tied-fork dipole antenna
shows the best performance-to-costs ratio (Figure 2) A
plastic box on top of the antenna contains the Front-
End Electronics (FEE) which includes—among other
components—a Low Noise Amplifier which adds 12 dB
of gain to handle cable losses without affecting noise
performance (Hicks et al., 2012).

The FEE circuit board design offers direct feed points
connections in 90° for each polarization. A metallic grid
deployed underneath the antenna reduces the ground
losses and variable soil conditions.

Generally speaking, it is desirable that the layout of the
array provides a symmetric beam with low side lobe
levels. For designs with low antenna count, as in the
case of SPADE, an irregular distribution of the antennas
does not represent an advantage.
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Figure 2 — Wide-band antenna selected as SPADE array el-
ement installed at the Royal Observatory of Belgium during
a testing period.

In order to define the final outlay of the array, differ-
ent distributions of the elements were simulated using
NEC2++! (Molteno, 2014). A circular distributed ar-
ray with central antenna element shows a good balance
in total gain and reduced side lobes levels (Figure 3),
even in steering mode simulations.

Figure 8 — 3D visualization of SPADE array pattern sim-
ulation in 50 MHz for a circular distribution of antennas
around a central one.

The radio frequency signal coming from each antenna of
the array is digitalized by an SDR, which in turn sends
the resulting digital data stream to a main processing

IThe simulations were carried out using loaded elements (alu-
minum) and including real ground (HuRAS soil conductivity and
permittivity).

computer. In this server, each of the digitally repre-
sented signals is appropriately weighted and summed
in order to shape and point the radio-telescope beam
towards the direction of interest, without moving me-
chanically any part of the telescope. A reference clock
signal is also included in order to keep all the SDRs
synchronized. Figure 4 shows a general diagram of the
different signals involved in SPADE operation.

Figure 4/ — General diagram of the different SPADE signal
paths.

4 Building SPADE

The instrument is still in construction phase. However,
it is interesting to mention some advances made in the
effort of having its first light before the end of 2017.

In order to achieve beam patterns that are as similar as
possible to the design, the area of the array field should
be as planar as possible. The Ruze formula modified for
a Phase Array (D’Addario, 2008) gives a requirement of
an accuracy of A\/25, i.e., 15 cm at a frequency 80 MHz.
This number is oot mean square (rms) for random de-
viation. However, the systematic error should be much
smaller. Therefore, an accuracy of about 6 cm was re-
quested.

In order to improve even more the total gain and the
general behavior of the array, the initial design using
individual wire-meshes beneath each antenna was re-
placed by a single 20 m x 20 m ground plane. We chose
a 15 m x 15 m galvanized welded wire mesh material
that is structurally sound and inexpensive, made with
a wire diameter of 6 mm. The different pieces of this
material were galvanically connected with one-another.

The location of each element was determined using a
Differential GPS (D-GPS) unit. The final measured er-
ror corresponds to a precision of approximately 80 mm.

Pipes to conducting the RF cables (RG-213 type) from
each antenna to the cabin—which will harbor the re-
ceivers and the processing PC—were placed before the

flattening of the terrain. Figure 5 shows a general view
of the current status of SPADE works at HuRAS.
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Figure 5 — General view of SPADE array field in HuRAS. Behind the SPADE antennas, the 6 m-dish and its piggy-backing
log-periodic antennas (used by the HSRS, ARCAS, and CALLISTO instruments) can be seen.

5 Observing meteors with SPADE

Although SPADE was initially intended to carry out so-
lar observations, it will be a radio-telescope with some
remarkable features. Helmboldt et al. (2014), using a
similar radio-telescope (with more antennas), reported
that they had registered meteor echoes successfully em-
ploying a 55.25 MHz signal from analog TV transmis-
sions.

Moreover, HuRAS is located in a radio-frequency-pro-
tected area, which ensures low noise levels affecting the
radio observations. Meteor echoes have been registered
for many years now by the BRAMS equipment located
at HURAS (Lamy et al. 2015), which is an encourag-
ing fact in the pursuit of observing radio echoes with
SPADE.

SPADE’s digital beam-former allows performing simul-
taneous observations. A parallel pipeline must be set-up
in order to process the meteor observations without af-
fecting the solar measurements. To implement this par-
allel pipeline, the GNU Radio free and open libraries?
will be used.
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At the occasion of the 20th anniversary of the IMO Video Commission, we analyze the goals and
projects that were defined upon the foundation of the Commission, to what extend they have been
achieved over the past 20 years, and which meteor projects we will see in the near future. We conclude
that video observations have been a major success story over the last 20 years, not least thanks to

the IMO and its Video Commission.

1 Introduction

The IMO Video Commission was proposed by Council
Member Marc Gyssens in 1996. It was founded one
year later at the 1997 IMC in Petnica. Now that the
IMC has returned to Petnica in 2017, we want to give a
retrospective of what happened during the twenty years
between those two events.

The status of video observation in 1997 and our plans
were laid down by Molau et al. (1997). The paper pro-
posed three key projects and some supplementary pro-
jects for video observers. It also defined the key tasks
for a Video Commission within the IMO, and, hence,
serves as perfect basis to answer following questions:

Where did we start from?

Which plans did we have?

What did we achieve (and what not)?

Where are we standing today?

What will we see in the (near) future?

2 Status of video observations in 1997

2.1 Videeo systems

By 1997, about 40 video systems were operated by am-
ateur astronomers world-wide (about 15 in Japan, 10 in
Germany, 5 in the Netherlands and the rest elsewhere).
Video systems were highly individual. A first series of
5 identical video cameras was just introduced in Ger-
many. All systems were image-intensified using first- or
second-generation tubes—Mintron and Watec cameras
were not yet available.

Observations were stored on video cassettes. Because
of this limitation, video systems were only used for se-
lected major showers like the Quadrantids, Perseids,
Orionids, or Geminids. There was no continuous night-
sky monitoring by video.

2.2 Hardware and software

PC hardware was based on 486 and Pentium I PCs with
a few hundred MHz clock rate running DOS or Windows
95. USB 1.0 and Firewire were just introduced, and the
first USB devices became available, so video was always
handled as analog signal. Framegrabbers were slowly
emerging on the consumer market.

The first software packages supported the measurement
of video meteors, but automated meteor detection was
still under development and automated systems seemed
impossible.

2.3 Meteor science

Most of our knowledge from meteor showers was based
on visual observations, which had been standardized 15
years earlier. The dust trail theory (see, e.g., Asher
and McNaught, 1999) was not yet developed and pub-
lished, so outbursts like the Leonid returns at the end
of the century were predicted based on the position of
the parent comet and subsequently rather inaccurate.

3 Key projects

3.1 Minor meteor showers

Minor meteor showers were regarded as key target in
1997, because video observations would combine the ad-
vantages of visual observations (high sensitivity) and
photographic observations (high accuracy). So they suit
perfectly to study minor and detect new meteor showers.

In fact, automated meteor detection and observation
became available much earlier and the degree of au-
tomation was much higher than anticipated. A first
video camera started continuous observation in March
1999 and marked the starting point of the IMO Video
Meteor Network.

Further large video networks were established subse-
quently in several countries, e.g., Poland (PFN, 2004),
Japan (SonotaCo, 2004), Croatia (CMN, 2007), USA
(CAMS, 2010), Benelux (CAMS Benelux, 2012).

Results from a first automated meteor shower search
based on IMO Network video data was presented at
the IMC 2006. The analysis revealed about 50 meteor
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showers. Further analyses based on up to a million sin-
gle station meteors in 2013 increased that figure to over
a hundred meteor showers. Similar automated meteor
shower surveys (though based on double station data)
were carried out by SonotaCo network (2009), CAMS
(2012), CMN (2013) and others.

The northern hemisphere was soon densely covered by
video systems, but over time video observations were
also carried out in the southern hemisphere, e.g., in
Australia (IMO Network, 2003), Brazil (BRAMON and
EXOSS, 2014), and New Zealand (CAMS NZ, 2014).

Later, new algorithms such as clustering and orbit link-
ing techniques were applied, e.g., by CMN to detect
showers of very low activity and with large radiation ar-
eas. The reporting and handling of (new) meteor show-
ers was standardized by the IAU Meteor Data Center
(MDC). At this time, the MDC list contains 726 meteor
shower entries, among which 112 established showers.

Recent work has suggested that we should be more crit-
ical in the hunt for new meteor showers. Meteoroid
stream modeling has shown that one parent body may
produce several radiants, and the same radiant may be
produced by several parent bodies. Neslusan and Haj-
dukova (2017) analyzed all major orbital catalogs avail-
able and found that only about 100+ showers can be
detected with statistical significance.

We may conclude that the original goal of this key proj-
ect was fully achieved.

3.2 Meteoroid orbits

By 1997, only a few hundred precise meteoroid orbits
were available, mainly based on double-station photo-
graphic work. We proposed to use video cameras to in-
crease this number by orders of magnitude thanks to
their high sensitivity. It would require double- and mul-
ti-station video observations.

The SonotaCo network started in 2004 in Japan and
evolved soon into a dense network (130 cameras at 31
stations in 2008) with significant overlap. They pro-
vided a catalog of soon over 100000 precise orbits and
the first all-sky radiant maps.

In 2010, CAMS started in the US with a different ap-
proach: they operated only 3 stations in California, but
each of these was equipped with a battery of 20 cameras.
CAMS provided soon a similar output as the SonotaCo
network. They added the dynamic aspect to the radiant
maps, i.e., how the map changes during the year.

The EDMOND database (established in 2012) follows
yet another approach. It combines data from the IMO
Network and a number of national video networks in
Europe using different detection software (METREC and
UFOCAPTURE). In this combined data set, double-
station recordings are searched, orbits computed, and
analyses conducted.

Today all three major databases (SonotaCo, CAMS,
and EDMOND) have about the same size and in com-

bination provide data from a million meteoroid orbits.
Smaller national networks provide additional orbital da-
ta. Meteor shower search in these databases is more reli-
able than from single-station data, but notwithstanding
it is similarly challenging to find reliable clusters in the
six-dimensional space of orbital elements.

In summary, we may say that the original goal of this
key project was fully achieved.

3.3 Flux densities

By 1997, shower activity profiles were solely based on vi-
sual observations. Video observations were supposed to
be more objective and to be able to study a wider range
of particle populations (meteoroid sizes). Since individ-
ual meteors would not have to be analyzed in detail, it
was argued that “flux analysis could be done almost au-
tomatically”.

In the first ten year of the IMO Network, however,
only relative activity profiles where obtained by com-
paring the meteor counts from different showers and
years. With automated meteor shower searches, average
shower profiles were provided starting from 2006. Later,
geometric corrections (observability function) were ap-
plied to these profiles.

With the introduction of limiting magnitude determina-
tion and the calculation of the effective collection area
of a video camera, we were able to calculate absolute
flux densities in the IMO Network starting from 2011.
In the same year, we obtained first real-time flux data
from the Draconid outburst.

The NASA All-Sky Network team has been working on
flux densities obtained with their cameras since 2012.

Owerall, we must admit that the original goal has been
only partially achieved so far.

Systematic errors in the limiting magnitude calculation
(e.g., from Moon) are not fully understood and cor-
rected at this time. Real-time flux monitoring was only
conducted once as proof of concept, but did not make
it to regular operation up to now, and currently only
the IMO and NASA All-Sky Network are collecting flux
density data.

4 Supplementary projects

4.1 Very faint meteors

In 1997, we stated that video observations open the win-
dow to meteor down to magnitude +9, which had not
been observed in the optical domain before.

Indeed, since then a number of observers operated cam-
eras with medium-sized fields of view (10°-30° in diam-
eter) capable of recording meteor of magnitudes +7 to
+8 on a regular basis. Some cameras like ESCIMO and
the UWO Deep Gen II further pushed these boundaries.
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However, the small field of view of such cameras brings
“standard” meteor detection software to its limits, be-
cause meteors pass the field of view within only a few
video frames and leave long shutter breaks. Meteor de-
tectors using line-based algorithms (e.g., Hough trans-
form) seem to be more appropriate. We shall also note
that the fraction of sporadic meteors increases with the
limiting magnitude.

Overall, we must admit that the original goal has been
only partially achieved so far.

Very faint meteors are still an interesting topic of re-
search:

e telescopic observations have ceased, so there are
no other optical observations in that magnitude
range;

o well-known meteor showers (e.g., the Lyrids) seem
to disappear at these faint magnitudes, and other
showers may show up;

e video observations of very faint meteos close the
gap between optical and radar observations;

e modern high-resolution cameras are sufficiently
sensitive to work at higher frame rates which al-
low the use of standard detection algorithms.

4.2 Observations of outbursts

In 1997, it was suggested that video systems would al-
low objective observations, even under meteor-storm-
like conditions.

The Leonid outbursts between 1998 and 2002 were in-
deed well covered by video, and triggered extended re-
search activities. The dust trail model (see, e.g., Asher
and McNaught, 1999) was ultimately confirmed and fea-
tures like short-term rate oscillations detected. Even
airborne missions by NASA and ESA were conducted.

A number of further outburst were detected or observed
by video, e.g., from the October Draconids (1998, 2011),
September ¢ Perseids (2008, 2013), n Aquariids (2013),
x Cygnids (2014), x Cancrids (2015), v Draconids (2016),
and Perseids (2016 and other). However, video could
also prove the absence of predicted outbursts on several
occasions.

Without any doubt, the original goal of this project was
fully achieved.

4.3 Fireball patrol

In our 1997 paper, we suggested that “almost auton-
omous” all-sky video systems would be able to collect
valuable fireball data and fill the gap to continuous work-
ing photographic networks like the Furopean Fireball
Network. Robust (i.e., non-intensified) cameras would
be required, and the sensitivity of these cameras would
not be the main concern anymore.

Thanks to the high degree of automation, video systems
were soon used as fireball cameras. However, since ac-
curacy is more important than sensitivity for this pur-
pose, video systems were inferior to photography or
still-imaging with high-resolution CCD cameras. For
this reason, they were often used in combination with
other systems.

Dedicated fireball cameras and networks were installed
among others in Canada (ASGARD, 2004), Slovakia
(AMOS, 2007), and the USA (NASA MEO, 2010).

A different approach was followed by the French FRI-
PON network starting in 2014. They are increasing the
accuracy of impact area predictions by a dense network
of low-cost all-sky cameras which will ensure multiple
detections of the same event.

We conclude that the original goal has been achieved
only partially so far.

Further results may be expected from FRIPON, which
is still in the roll-out phase. High-resolution video cam-
eras are more competitive compared to photography and
still imaging, by providing better accuracy and a greater
dynamic range.

4.4 Specific meteor characteristics

It was suggested in 1997 that video observations may be
used to study details like wakes, persistent trains, light
curves, and other meteor characteristics.

In fact, databases of millions of meteor recordings with
sum image and/or video footage have been collected
by now. There have been some recent studies on light
curves (e.g., EDMOND 2015, Petnica Meteor Group
2016). Specialized guided systems like CAMO (UWO
2007, based on the AIM-IT system of 2004) are used
to study the meteoric phenomena at high resolution.
However, other phenomena were not yet in focus.

In summary, the original goal has been achieved at this
time to a small extent only.

4.5 Meteor spectra

In 1997, we proposed that video observations can record
spectra of much fainter meteors than photography, and
increase the spectra database significantly.

In the following years, many low-resolution meteor spec-
tra have been obtained by video systems, and tempo-
ral aspects (i.e., different appearance and disappearance
time of spectral lines) could be studied too. Spectra
were automatically collected by camera networks on
the Canary Islands (CILBO, 2010), in the US (CAMSS,
2013), and at other locations. However, there was only
a limited gain in knowledge due to the low resolution. A
quantum leap was achieved by the use of high-definition
color video cameras, e.g., by observers in Japan (NMS,
2015).
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The analysis of spectral data remains demanding, be-
cause what we observe is not the meteoroid itself but
rather the excited atmosphere around it, so most of
the spectral lines and bands we see are of atmospheric
origin. There is also no clear correlation between the
strength of spectral lines and the abundancy of the cor-
responding chemical elements.

In summary, we have achieved the original goal only
partially so far.

4.6 Calibration of other techniques

In 1997, we noted that video observations are useful to
calibrate visual and radio observations, and to train vi-
sual observers.

These days, IMO video and visual observations are reg-
ularly combined to confirm each other (e.g., in case
of unusual shower activity). Other groups like UWO
(Canada) and UKMON (UK) conduct radio and video
observations in parallel, and correlate the results.

There have also been attempts to compare video and
radio data (e.g., to compare meteor shower surveys ob-
tained by radar and video, or the Daytime Arietids and
Sexantids project), but this instrumental overlap was
not yet comprehensively studied.

In summary, we have achieved the original goal only
partially so far.

5 Overall goals

Besides observational projects, a number of tasks for the
IMO Video Commission were defined at its foundation:

e coordination of activities and the encouragement
of more observers to apply this still rarely used
observation method;

e coordination between video observers, and fruit-
ful cooperation with other techniques like photo-
graphic, visual, and telescopic observation;

e providing information on the “how” and “why” of
video observations, technical hints, construction
plans for video cameras, suggestions for observa-
tional targets, and support for data analysis;

e Maintenance of a video database and providing
free access to the stored meteor data;

e providing a contact address for everybody who
has specific video-related questions or problems.

These goals were all fully achieved by the IMO Video
Commission over the past 20 years.

6 Conclusions

By now, video has become the most frequently adopted
observing technique for meteors with over a thousand
camera systems operated world-wide. Video observa-
tions do not require promotion by an IMO Commission
anymore, but the other Commission tasks are not out-
dated.

Some of the original projects are still attractive (e.g.,
real-time flux calculations and meteor characteristics)
and a number of promising new projects and technolo-
gies are emerging. Here are a few examples:

e high-precision orbits by improved velocity deter-
mination (CABERNET, CHIPOlaTA);

e HDTYV video without digital-analog-digital signal
conversion;

e dense networks of low-cost video systems;
e high frame rate video and millisecond light curves;

e Virtual Meteor Observatory and big data analy-
ses;

e neural networks and machine-learning techniques;

e improved meteoroid stream modeling based on ex-
isting data.

Beyond any doubt, video observation of meteors is an
ongoing success story, and we have good reasons to cel-
ebrate the 20th anniversary of the IMO Video Commis-
sion!
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We present the general methodology for finding uncertainties in measurement systems and associated
data analysis algorithms. We then apply these ideas on MU radar meteor head echo observations.
The method is based on Monte-Carlo simulations, statistical estimator theory, and fundamentally
known—yet stochastic—uncertainties. The end results are multidimensional and non-Gaussian prob-
ability distributions in the orbital elements for every meteor event. We also discuss how these new
uncertainties should be utilized when the data is used for further research.

1 Introduction

In spite of the underlying orbital dynamics being well
understood, it is still an open question how much ex-
traterrestrial material enters the Earth’s atmosphere
(Plane, 2012). Meteoroids and dust entering the at-
mosphere take part in physical and chemical processes
important for a wide range of phenomena, such as the
formation of clouds at 15-25 km altitude responsible for
ozone destruction in the polar regions and mid-latitude
ice clouds at 75-85 km which are possible tracers of
global climate change (Plane, 2003). Characterization
of dust trails and meteoroid streams is also highly rele-
vant for models like the European Space Agency (ESA)
Interplanetary Meteoroid Environment for eXploration
(IMEX) project (Soja et al., 2015) to assess the dust
impact hazard to spacecrafts.

Numerical simulations of cometary dust trails and the
dynamics of meteoroid streams is an active research
area. In 2005, Vaubaillon et al. (2005a; 2005b) pre-
sented the first approach to combine a physical model
of a comet nucleus and a dynamical model of individual
meteoroid particles using large computer processing re-
sources. Recently, we have also seen an advance towards
statistical simulations of meteoroid streams (Kastinen
and Kero, 2017). This opens up the door for a whole
new way to use measurements and to systematically
make predictions and compare with events.

Output from numerical simulations does by itself not
necessarily constitute valuable scientific material. Sim-
ulation data need context to be useful, and one very
common way to provide this context is to try to emu-
late reality and compare with observations. However,
the quality of the context that these comparisons or cali-
brations provide cannot be evaluated without an under-
standing of the quality of both the simulation and the
measurement. In these comparisons and calibrations,
it is vital to have an accurate understanding of the as-
sociated errors, biases, and uncertainty distributions to
properly link the simulations to the measurements.

The goal of this paper is to thoroughly examine the
errors that are associated with a High-Power Large-
Aperture (HPLA) radar meteor head echo observation

pipeline (Kero et al., 2012). We will outline in a ped-
agogical manner some basic principles associated with
statistical analysis of algorithms, error estimations in
measurement systems, and associated work. We will
also discuss some of the principles of using the addi-
tional information provided by these uncertainties and
probability distributions.

2 Measurement uncertainty example

2.1 Theory

Consider an algorithm, here described as a function F,
that takes a measurement z as input during circum-
stances C' and produce an output y. We can treat the
problem of finding the probability distribution of the
algorithm in two ways. First, let us consider the al-
gorithm stability itself. We can find the accuracy of
the algorithm as a probability distribution if we have a
model for the input as a function of the circumstances
and the output parameter y, which we denote by

G(C,yo) =, (1)
where yg is known and picked beforehand. These vari-
ables are not restricted to numbers. For example, if x
is a sinusoidal signal of frequency F', and y and C are
the sampling frequency and sampling number, we can
simulate the signal and generate simulated algorithm
inputs. The accuracy of the algorithm can be deter-
mined by passing the simulated variable x through our

algorithm
F(z,C) =y, (2)

and calculate the accuracy with the known parameter
Yo as Ay =y — yo. Let us consider that, if

F(G(Ca yO)a O) = Y) (3)
then

Y ~Hy,. (4)

If the algorithm F' and the model G does not contain

any stochastic processes or unstable/chaotic algorithms,
the distribution H,, will be a Dirac delta function. This
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is most often not the case, as, e.g., white noise is a
stochastic process that should be included in G. Here,
the notation H,, indicates that, for each yo, we will have
a different distribution function that Y is distributed
according to. We are interested in the probability

P(y:y0|F(xm,C)=ym)=P(y), (5)

where y is a variable, I'(y) a distribution function, yo
is the true parameter value, x,, is a measurement of
the x variable and yy, is the output from our algorithm
for the given measurement. In other words, we want
to know the probability distribution for the true value
of the parameter yo given our algorithm output 3. If
the algorithm contains systematic errors, the maximum
probability may not be located at y,.

Through G we can assume that all H,,(y) are known.
We can reformulate Equation (5) by asking instead,
“from which Hy,(y) is it most probable that y., was
drawn, where y,, is a sample of the stochastic variable

Y? or
PY ~Hy) =T(y). (6)

We have introduced the stochastic variable Y of which
Ym is a sample. It has an unknown distribution, but we
know it is one of the calculated H,,. Thus we look for
the probability distribution I'(y) describing the proba-
bility that Y is distributed according to H,. To find I,
we first state that, given H,,, there is a H,,(y) prob-
ability to draw y. Thus the probability that y,, was
drawn from H,, is Hy,(Ym), and so we know that

_ Hy(ym)
f MHy (Ym)dy ’
where y € M. A simple case is where the shape of

the distribution function does not change but is merely
displaced, i.e.,

I'(y) (7)

Hyo(y) = H(y — yo)- (8)

Then the distribution for the true parameter value given
a measurement is simply

_ H(ym —y)
fMH(ym - y)dy
Although not in the scope of this paper, we highly rec-

ommend reading some standard literature on estimator
statistics such as bootstrapping (Efron, 1982).

I'(y) = H(ym —y)- (9)

2.2 Example

As a practical example, let us consider the set of leaf
length measurements shown in Figure 1. The Figure
shows comparisons of this data with two different mod-
els for the population distribution. Let us assume that
the leafs were measured by a technician, for simplicity
hereafter referred to as Bob. Before trying to answer
the question which of models 1 and 2 (or none of them)
best describe the true distribution of leafs, we need to
characterize uncertainties and biases in Bob’s measure-
ment method. One way to proceed doing so would be

Leaf length distribution (by Bob)

T T
lBob data
~ Mean: 5.01 cm, Std: 0.50 cm||
—Model 1
Model 2

500

400

300 -

200 ~

100 -

0 I |

1 2 3 4 6 7 8 9

5
Length z [cm]

Figure 1 — Set of leaf length measurements collected by Bob
and scaled distribution models.

Bob error distribution (by Bob)
200 T T T T
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0
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Figure 2 — Error distribution Hy,(y —yo) of Bob’s leaf mea-
surements.

3 Example distribution of Bob leaf 3687 meansurnment (by Bob)
T T T T T T T T

3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2
Length z [cm]

Figure 8 — T distribution for leaf 3687 where the histogram
is the probability distribution for the true length and the
red line is the originally reported length ym.

to give Bob a set of 3D-printed leafs that we know the
exact length of.

Let us in this practical example assume that Bob’s mea-
surement method by some reason contains systematic
errors resulting in the distribution described in Equa-
tion (8). We now plot the error distribution of the refer-
ence measurements in Figure 2 and assume that this is
the distribution . We can then apply Equation (9) to a
specific measurement, e.g., leaf 3687 that was recorded
to have a length of y,, = 4.2 cm, to find the proba-
bility distribution I' of the true leaf length, plotted in
Figure 3. Now, we can use this information to split the
length measurement of this leaf over the bins used in
the analysis produced in Figure 1. Doing so, we arrive
at a partition for this particular measurement shown in
Figure 4. Doing the same for all measurements that
was originally presented in Figure 1, the distribution
will converge towards the true distribution. The result
of the procedure is given in Figure 5. Since we have cor-
rected for the measurement errors, this new distribution
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Example distribution of Bob leaf 3687 meansurnment (by Bob)
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Figure 4 — Create a discrete version of a Kernel Density
Estimation by splitting each leaf over the previous bins and
summing. The vertical red line is the originally reported
length ym.
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Figure 5 — The most probable leaf length distribution.

is the “most probable distribution given the measure-
ments”. At high number statistics, this distribution
gives a good representation of the true distribution.

Figure 5 shows that none of the models are able to re-
produce the shape of the corrected distribution. The
true distribution is somewhat bimodal, and it seems
that model 2 describes rather well one of its two com-
ponents only. Both models clearly lack capability to
describe the true dynamics of leaf lengths.

Before trying to draw any conclusions about the lengths
of the leafs in the trees that Bob sampled in his mea-
surements, we should also note that the example this
far has not included any debiasing procedure. For ex-
ample, lets us assume that Bob is short compared to the
trees. If this is the case, he could only reach the low-
ermost leafs of a tree and thus has a bias towards his
measurements, unless he was climbing the trees. Thus
we have only compared a measurement distribution to
the model, only when the bias is known can we produce
a population distribution.

This result raises the very important question: what
value of y does one report? The direct output of the al-
gorithm y,,, the maximum probability value, the mean
probability value, as much information as possible or
some other measure?

3 Measurement uncertainty application
The methodology presented above is very general and

thus we encourage others to apply such techniques to
other measurements systems.

After all of the above calculations were performed for
the MU radar meteor head echo data observation pipe-
line (Kero et al., 2012), we arrive at a set of orbital el-
ements equal to the number of Monte-Carlo iterations
we performed. Here, we present results from perform-
ing the analysis on two meteor events detected by the
MU radar. Each analysis set contained 10000 Monte-
Carlo clones, sampled using a white noise perturbation
and estimator statistics to introduce the stochastic pro-
cesses. In Figure 6, we show the Monte-Carlo clone
distribution for the meteor with ID 1150440. Figure 8
shows the corresponding Probability Density Function
(PDF). All the figures plot combinations of the familiar
orbital elements, which are

® @, semi-major axis;

e ¢, eccentricity;

e i, inclination;

e w, argument of periapsis; and

e () longitude of the ascending node.

To compare the analysis with a previous estimation of
uncertainties, where a 95% Student-t confidence limit
was given for the orbital elements of these two events,
we take the univariate histograms and calculate the
interval that contains a 1-sigma equivalent number of
clones. The 1-sigma threshold for a univariate normal
distributions corresponds to 68.27% of the probability
mass. However, these parameters are not representative
of the true uncertainties.

Figure 6 clearly shows parameter correlations in the
plane intersection plots. Thus, one must use more so-
phisticated representations to parametrize the distribu-
tions of the uncertainties in the data. Another example,
pertaining to the meteor with ID 1150491, is given in
Figure 7 and 6, respectively.

4 High level statistics

Now that we have obtained this additional information,
we must apply it somehow to improve our methods.
One straightforward way is to simply examine the distri-
butions before using the data in analysis and to discuss
the weight we assign to results based on such measure-
ments.

However, if we intend to use the distributions as done
in the example in Section 2.2, it can be done in exactly
the same manner. This may be one of the easiest ways
to compare simulations to measurements. The proce-
dure is similar to a Kernel Density Estimation (KDE)
where, instead of using the same kernel for all measure-
ments, each point is given its own probability distribu-
tion. More examples follow below.
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Figure 6 — Meteor ID 1150440 Monte-Carlo clone distribution in orbital element space. Plotted are only the coordinate
plane projections on a, e, i, and w, as the uncertanity in Q2 is approximately 0.
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Figure 8 — Meteor ID 1150440 PDF in orbital element space. The PDF was calculated by taking a 4-dimensional histogram.
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4.1 Example 1

Using a statistically large simulation, we can find a me-
teoroid flux density Fy(x) in orbital element space X
(x € X). We can then take our N measurements of
meteoroid orbits y; € X with the corresponding prob-
ability distributions G;(x), ¢ = 1,..., N, and form a
most probable density estimate Go(x) as

(10)

If we normalize the simulation and measurements to the
same units, we can qualitatively compare the simulation
output Fp(x) with the measurements. The comparison
can be done either as distribution functions

_ F(x)
Fsimul.(x) - m ) (11)
Fmeas.(x) = % GO(X)7 (12)
or as real fluxes
Fsimul. (X) - ZO(X) 3 (13)
_ Go(x)
Fheas. (X) = Hbias(x) ) (14)

where Hp,.qs 1s the conversion from the simulation mass
sampling to a real mass flux and Hy;as is the bias func-
tion of the measurement system. One interesting as-
pect that we find here is that the simulated flux density
Fy(x) could represent an arbitrary statistical measure:
it could be the most probable flux, it could be the mean
flux, it could be the stability-weighted mean flux, etc.

4.2 Example 2

If we would like to look into the origin of a certain me-
teoroid indexed %, we could simply use the probability
distribution for the orbital elements G;(x) and draw M
random orbits from this distribution. Then, we would
propagate these M orbits backwards in time and look
at how the distribution evolves.

4.3 Example 3

Suppose we would like to select all October Draconids
from a data set. Usually, a human would look at the
data and adjust parameters for a clustering methods un-
til the result looks like “it does not include sporadics”
or simply select the ones that “look like they are Dra-
conids”. This introduces a large uncertainty in the
classification since there is no quantifiable science basis
for the classification, except for intuition/experience.
Instead, let us use the simulation data from Exam-
ple 1, Fy(x), and assume this represents the October
Draconids. If we use these data to train a machine-
learning algorithm, only the model assumptions and the
algorithm efficiency will influence the selection process.

Then, we also give the algorithm of the distributions
for the individual measurements G;(x) so that the al-
gorithm can provide an “October Draconid likelihood”,
this time based solely on model restrictions and first-
principle physics.

5 Conclusions

The investigation of uncertainties associated with a data
reduction pipeline is important for the users of the final
data product. We conclude that the easiest method
is a Monte-Carlo type iteration of the pipeline where
stochastic processes can be introduced in a variety of
ways, e.g., through sensor response models, estimator
statistics, fake events generation, or noise models.

We have demonstrated that such an analysis can dras-
tically change results and also given some concrete ex-
amples on how to use the results in research applica-
tions. This opens a question that should be discussed
within the community: what do you publish in an open
database? The mean value, together with a variance?
Coefficients from a distribution fitting process? All the
Monte-Carlo clones? Pipeline output together with a
number of statistical moments?

Whatever data are published together with the mea-
surement results, it seems that the most important fac-
tor is ability to reproduce the probability density func-
tion (PDF). Thus, this should probably (pun intended)
be the goal of any database: to provide a central value
and enough data to accurately reproduce the measure-
ment PDF while retaining simplicity.
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The AMOS-Spec program (Matlovi¢ et al., 2017; Rudawska et al., 2016) is aimed to study spectra and
physical properties of meteoroids in the magnitude range of —1 to —10 (corresponding to millimeter-
to decimeter-sized objects). A preview of the updated results of the spectra survey performed during
the first three years of the program is presented. Spectral classification of the samples shows chon-
dritic ratios between the silicate, volatile, and metallic content for the majority of meteors, but also
considerable contribution of various distinct spectral types suggesting more peculiar compositions.
Furthermore, the first observations and the potential of the new higher-resolution AMOS-HSpec
spectral systems operating on the Canary Islands and in Chile are described.

1 Introduction

Meteor spectroscopy has been gaining popularity among
professional and amateur astronomers in recent years,
due to the accessibility of simple video-based systems
providing lower-resolution meteor spectra. The preci-
sion and high resolution of early photographic spectro-
graphs (e.g., Borovicka, 1993) cannot be achieved, but
this is partially compensated by the sensitivity of the
video systems. The intention of the AMOS-Spec (All-
Sky Meteor Orbit System Spectrograph) and AMOS-
HSpec (High-resolution Spectrograph) spectral program
is to provide a balance between sufficient spectral reso-
lution, astrometric precision, and the statistical advan-
tage of the video detection sensitivity.

It has been shown that lower-resolution spectra can be
used to study the composition of meteoroids based on
the variations of relative intensities of the main meteor
emission multiplets of MgI-2 (representing the silicate
content in meteoroids), NaI-1 (volatiles), and FeI-15
(metals and silicates). This is the basis of the spectral
classification of primarily smaller meteors introduced by
Borovicka et al. (2005). In addition, multi-station ob-
servations can be used to determine the trajectories, or-
bits, and light curves of the studied meteoroids, which
can be further applied to deduce physical properties,
such as material strength, dynamic pressure, or density.
Obtaining such sets of parameters for a large number of
observations provides us with complex view on the pop-
ulation of meteoroids in the Solar System. For known
meteoroid streams, it also suggests implications for the
structure and properties of their parent comets and as-
teroids.

2 Instrumentation

2.1 AMOS-Spec

AMOS-Spec is a semi-automatic remotely controlled
video system for the detection of meteor spectra lo-
cated at the Astronomical and Geophysical Observa-

tory (AGO) in Modra, Slovakia. The main device com-
ponents are a 30 mm f/3.5 fish-eye lens, an image in-
tensifier (Mullard XX1332), a projection lens (Opticon
19 mm f/1.4), and a digital camera (Imaging Source
DMK 51AU02). This setup yields a 100° circular field
of view (FOV) with a resolution of 1600 x 1200 pixels
and a frame rate of 12/s.

The incoming light is diffracted by a holographic grating
with 1000 grooves/mm placed above the lens. The spec-
tral resolution of the system varies due to the geometry
of the all-sky lens with a mean value of 1.3 nm/pixel.
The system covers the visual spectrum range of approx-
imately 370-900 nm with a sensitivity level of 10% at
900 nm. The spectral response curve of the AMOS-
Spec system was determined by measuring the known
spectrum of Jupiter. The typical limiting magnitude
of the system for meteors is approximately +4, while
only meteors brighter than approximately magnitude 0
can be captured along with their spectrum. More de-
tails about the properties and capabilities of the AMOS
systems can be found in Téth et al. (2015).

Spectral events recorded by the AMOS-Spec are supple-
mented by network of four AMOS systems in Slovakia,
which provide multi-station observations.

2.2 AMOS-HSpec

Since 2015, the AMOS network has been expanded into
global scale by installation of two systems on the Ca-
nary Islands (Teide Observatory, Tenerife; Roche de los
Muchachos Observatory, La Palma) and two in Chile
(Space Obs, San Pedro de Atacama; Paniri Caur Obser-
vatory, San Francisco de Chiu Chiu). To obtain simulta-
neous spectral observations, new higher-resolution spec-
trographs were employed to accompany existing AMOS
stations in Tenerife, La Palma, and San Pedro. The op-
eration of the spectral camera in Tenerife was finalized
in cooperation with the Valasské Meziti¢i Observatory
in the Czech Republic.
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The display component of these spectrographs is based
on a 6 mm f/3.5 lens, a high-definition digital Point
Grey camera providing a 60° x 45° FOV with a reso-
lution of 2048 x 1536 pixels and a frame ratio of 15/s.
The applied 1000 gr/mm holographic diffraction grating
results in a spectral resolution of 0.5 nm/pixel. The typ-
ical limiting magnitude of the system is approximately
+3 for meteors and —1.5 for meteor spectra.

3 Results

3.1 Distinct meteor spectra populations

Here, we discuss the observations of the AMOS-Spec
system collected since December 2013. While the first
results (Rudawska et al., 2016) showed small variations
on mostly normal-type meteor spectra, an increasing
number of observations is beginning to uncover the real,
much more diverse, structure of the spectral classifica-
tion of the studied meteoroid population (millimeter-
to decimeter range). The ternary diagram displaying
the spectral classification of 198 meteors is shown in
Figure 1.

Figure 1 — Spectral classification of meteors observed by
the AMOS-Spec based on relative intensities of main meteor
emission multiplets of MgI-2, Nal-1, and FeI-15. The dis-
played spectral classification is before correction for meteor
speed.

Most of the meteoroids are defined as normal type with
relative ratios of MglI-2, Nal-1, and Fel-15 charac-
teristic for ordinary chondrites. The division between
normal and Fe-poor meteoroids is not precisely defined,
as the lower intensity of Fe in these meteoroids is in
most cases probably caused by the lower brightness of
observed meteors. Besides the two mainstream classes
comprising 73% of the entire sample, we also observed
meteoroids belonging to various distinct spectral types.
The following main task is to find out whether the ob-
served spectral variations of main multiplets are caused
by actual compositional differences in the studied me-
teoroids, or are only a result of different atmospheric
flight conditions (meteor speed and size). For exam-

ple, increased intensity of Na in Na-rich meteors is of-
ten connected to low-velocity meteors with characteris-
tically lower temperatures. The low excitation poten-
tial of sodium causes Na-line radiation to be dominant
compared to other multiplets.

In general, the distribution of the determined spectral
classes and their individual populations show different
features when compared to similar surveys performed
by Borovicka et al. (2005) or Vojacek et al. (2015). We
believe that these distinctions are mainly caused by dif-
ferent size distributions of observed meteoroids.

Smaller meteoroids observed by Borovicka et al. (2005)
result in fainter meteors, in which lower temperatures
are achieved and self-absorption of spectral lines plays a
less significant role. Furthermore, we expect to observe
compositional differences between millimeter-sized par-
ticles on the one hand and centimeter- to decimeter-
sized particles on the other hand, as a result of their
formation process as well as the evolutionary influence
of solar and cosmic radiations, that penetrate surface
layers of meteoroids and particularly affect the presence
of volatiles.

The complete analysis of the AMOS-Spec observations
will be published in a separate paper, which is currently
in preparation.

3.2 Exceptional fireball spectra from the
Canary Islands and Chile

The observing conditions at the Canary Islands and the
Atacama Desert in Chile promised at least comparable
number of spectral detections, even with smaller FOV
and higher-resolution for the new systems compared to
the wide-field AMOS-Spec. This can be confirmed after
the first year of operation of AMOS-HSpec, in which 95
meteor spectra were observed by the two combined sys-
tems on the Canary Islands and 36 spectra by a single
system in Chile.

The provided spectral resolution of 0.5 nm/pixel is suffi-
cient to distinguish up to hundreds of lines of the main
and high-temperature spectral components. In addi-
tion, the spectral sensitivity and high altitude of the
observing stations provide more details into the near-
UV part of the spectrum. The collected spectra could
potentially be used for detailed modeling and for deter-
mination of the elemental abundances in meteoroids.

As an illustration, we provide spectral profiles of one
of the brightest spectral events observed on the Ca-
nary Islands (Figure 2). This case is a potential mete-
orite dropper with saturation hindering large part of the
spectrum and obstructing line intensity analysis for the
most part of the meteor path. As a silver lining, many
more details are provided in the 600-700 nm range of
the spectrum, where spectral lines are too faint to be
detected by standard video spectrographs. This area
mostly consists of a mixture of Fel, Til, Sill, and OI
lines and molecular radiation of FeO and Ns.
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Figure 2 — Top: Spectrum of a bright fireball captured by the AMOS-HSpec system on La Palma, Canary Islands, on
March 13, 2017, at 21256™ UTC. Bottom: The extracted spectral profile displaying numerous spectral lines, with only the
brightest emission multiplets noted. The spectral profile is not corrected for spectral sensitivity and was obtained from

one non-saturated frame.

4 Conclusions

We presented a short overview of the network of spectral
systems, which accompany the global AMOS network
and provide complex studies of spectral, orbital, and
physical properties of meteoroids. After over three years
of operation, almost 200 lower-resolution spectra have
been collected by the AMOS-Spec, providing insight
into the distribution of spectral classes and populations
of distinct meteoroid types. New, higher-resolution,
spectrographs AMOS-HSpec installed on the Canary Is-
lands and in Chile provide detailed meteor spectra with
the potential for determining elemental abundances. In
addition, we expect to obtain our first insights into to
compositional variations of Southern Hemisphere mete-
oroid streams observed in Chile.
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The French FRIPON (Fireball Recovery and Interplanetary Observation Network) program relies on
a video camera network associated to radio sensors running in a radar multistatic configuration to
observe fireballs and to determine accurate meteoroids orbits and potential meteorites strewnfields.
This paper focuses on some peculiar phenomena observed with radio means during the final phase of

the meteors flight.

1 Introduction

The French FRIPON program plans to install a network
composed of 100 video cameras and 25 radio receivers
to observe fireballs in order to compute associated me-
teoroid orbits and to determine the possible meteorite
strewnfields. Currently, 80 cameras and 13 receivers are
already operational.

The orbit and atmospheric trajectory of a meteoroid
is determined by means of optical triangulation on the
bolide’s apparent trajectory, and its accurate velocity is
computed thanks to radio data.

The French Air Force GRAVES radar, the primary pur-
pose of which is to detect and classify satellites, is used
by FRIPON in a multistatic configuration running in
forward and back scatter modes.

Although the main initial purpose of the radio observa-
tion system was the calculation of the accurate velocity
of a meteoroid, it quickly became apparent that this
system also enabled, as a result of its properties, the

detailed observation of the meteoroid’s behavior during
its atmospheric flight.

2 Observational method

A multistatic radar configuration has been chosen for
the FRIPON experiment.

The GRAVES transmitter, located near Dijon, France,
is a HPLA (High Power Large Aperture) radar-type. It
is transmitting 24 hours a day a powerful permanent
143.050 MHz CW (Continuous Wave) carrier thanks to
its 4-planar phased-array antennas. Each of the four
antenna systems is scanning an azimuthal sector of 45°
(from 90° to 270°) in the southern direction.

The FRIPON SDR (Software Defined Radios) receivers
are located where some of the 100 video cameras are
(see Figure 1), and they share the same local computer
that is used to process and to transfer the video data to
the FRIPON central server and database. Each radio
set-up consists of a FunCube Pro +2 SDR receiver and
a colinear vertical omnidirectional antenna.
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Figure 1 — Location of the GRAVES transmitter and of
the FRIPON radio receivers. In addition to the French re-
ceivers, some receivers are also installed in Austria, Spain,
and Belgium (September 2017).

Each time an optical multi-detection occurs (i.e., a me-
teor is detected on several video camera stations), the
related video and SDR I/Q (In phase/in Quadrature)
radio data are automatically transferred through a VPN
(Virtual Private Network) to the FRIPON central serv-
er. Furthermore, the I/Q radio data recorded 24 hours
a day are stored for about one month on the local hard
drive of each station and can thus be uploaded at any
time for data processing, even if no optical event is as-
sociated.

3 Head echo observations

The radio waves radiated by a transmitter are scattered
by the free electrons of the plasma surrounding the fast
moving body of a meteoroid and by the free electrons
of its ionized train, provided that the density of these
electrons is high enough, depending on the frequency of
the radio waves that is used. The plasma frequency at
which a radio wave is reflected is given by

| N.e?
fn= m (1)

where m and e are respectively the mass and the electric
charge of an electron, N, the electron density, and f,
the frequency of the reflected wave.

A trail echo amplitude is very sensitive to the geometri-
cal configuration of the incident radio waves. The Snell-
Descartes Law fully applies to the quasi-cylindrical train
mirror that produces a specular reflection. If a meteor
train is not properly oriented (i.e., if it is not tangent
to an ellipse which foci are the TX and RX locations),
there will be no train echo at all.

On the other hand, a head echo has much less geometri-
cal dependence, as a large part of the reflecting plasma
surface surrounding the meteoroid is considered as al-
most spherical, as observed by Kero et al. (2008) and
simulated by Dyrud et al. (2008). Therefore the RCS
(Radar Cross Section) of a head echo look similar for
different receivers located at distant places.

3.1 Velocity measurements

Knowing at any time the position of a meteoroid en-
tering the atmosphere thanks to its trajectory deter-

mination by video means, its velocity is deduced from
Equations (2) and (3):

1 dRt

where V is the geocentric velocity of the target, TX the
transmitter location, RX a receiver location, frx the
transmitted frequency and frx the Doppler-shifted fre-
quency measured at the receiver location. Other sym-
bols are explained in Figure 2.

Figure 2 — Transmitter location TX, receiver location RX,
and geocentric target velocity vector V. The diagram ex-
plains some of the symbols used in Equations (2) and (3).

Figure 3 shows an example of a meteor head echo used
to compute the meteoroid’s geocentric velocity.

3,
o
8
%
2%

47 kHz Doppler shift

2 seconds

Trail echo

Figure 8 — Example of a fireball head echo detected on 19
June 2017 at 0%46™08° UTC at the FRIPON radio station
in Toulouse.

We find that, on a large number of head echoes, the
Doppler frequency drift results in a smooth curve. The
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trajectory of the meteoroid shown in Figure 3, com-
puted thanks to the video data from five FRIPON cam-
eras, is displayed in Figure 4. Figure 5 shows the related
measured magnitudes of the meteor along its path.

Figure 4 — Trajectory of the 19 June 2017, 0%46™08°
UTC, bolide computed from video data of FRIPON camera
stations located in Besancon, Chatillon, Pontarlier, Saint
Lupicin and Troyes.

Figure 5 — Magnitudes graphs of the 19 June 2017 bolide as
recorded by five different FRIPON cameras.

The main purpose of FRIPON radio observations is to
determine as accurately as possible the meteoroid’s ve-
locity. However, it appeared serendipitously that the
HPLA configuration of the transmitter used by FRI-
PON, associated with its transmission of a pure CW
VHF (Very High Frequency) carrier, allow to observe
a variety of detailed meteor heads phenomena, such as
fragmentation, spinning, and others.

3.2 Partial fragmentation of a bolide
Sometimes a meteoroid fragments partially during its
atmospheric trajectory.

An example of such behavior can be seen in Figure 6, for
a fireball recorded on 22 June 2016 at 1"14™30° UTC.

Figure 6 — The arrows show at least two distinct fragments
decelerating faster than the main body observed on 22 June
2016 at 1"14™30° UTC.

3.3 Sudden changes in Doppler shifts

Smooth Doppler shifts curves indicate that the radial
velocity measured by each radio station is varying regu-
larly, according to the geometry of Figure 2. It happens,
however, that large and sudden variations of Doppler
shifts occur during the final phase of a fireball.

An example of such a behavior is shown on Figure 7.

500 milliseconds

Figure 7 — Sudden Doppler shift variations on the bolide
observed on 15 July 2017 at 2801™30° UTC.

3.4 Periodic Doppler shift oscillations

It appears that meteor Doppler shift curves are some-
times affected by regular oscillations during the last
phase of their trajectory, as a first example is shown
on Figures 8 and 9.

Finally, a complex Doppler signature of a fireball ob-
served on 16 December 2016 at 1"32™21% UTC is shown
in Figure 10.

Such high-frequency periodic fluctuations of the Doppler
frequency shifts are not observed in any case by the
FRIPON cameras. The fact that their shooting rate is
only 30 frames per second probably explains that the
cameras do not see such fast magnitude variations.

4 Discussion

Meteor head plasma behavior simulations such as per-
formed by Dyrud et al. (2008) and Silber et al. (2017)
apply to meteor flying in a steady state. At the end
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Figure 8 — High-frequency oscillations affecting the Doppler
shift curves of the bolide detected on 4 August 2017 at
0"04™46° UTC, as recorded by the FRIPON radio station
located in Suttrieu. The same phenomenon was also ob-
served by the distant radio station of Toulouse.

Figure 9 — Zoom on the Doppler shift oscillations shown in
Figure 8.

Figure 10 — Doppler signature of the bolide observed on 16
December 2016 at 1%32™21° UTC by the Orléans, Marseille,
and Orsay FRIPON radio stations.

of their flight, bolides undergo very harsh stresses due
to the important variation of the atmospheric pressure,
stresses which deeply modify the behavior of the plasma
surrounding the meteoroid. The sudden frequency vari-
ations in Doppler signatures observed with the FRIPON
radio system, that employs a HPLA radar in multistatic
mode, highlights large radial velocities and associated
RCS fluctuations. In the case of the example shown in
Figure 10, it appears that the sudden frequency varia-
tions are due to some changes in the apparent distance
of the RCS, probably because the global volume and the
shape of plasma surrounding the body changes during
the final fragmentation.

The regular Doppler oscillations visible on Figures 8
and 9 can be explained, according to the current ob-
servational data, by the spinning of an asymmetric me-
teoroid. This hypothesis is supported by some meteor
magnitude flickering already observed by Beech et al.
(2003), and by the periodic RCS amplitude fluctuations
detected by Kero et al. (2005).

5 Conclusions

An HPLA transmitter such as GRAVES, radiating a
permanent pure carrier at a short wave length (about
2 m) proves to be a powerful tool to examine in detail
the plasma surrounding the meteoroid. The automation
of our data processing of radio records will allow the
systematic analysis of all recorded head echoes.

The combination of radio data from different stations
allowing a 3D view versus time of the observed phe-
nomena is one of the next steps ahead for the FRIPON
program that is planned to run for the next 10 years.
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The discrepancy between visual and video meteor magnitudes has been discussed through recently
published data on independently observed meteor spectra. The preliminary results show that there
is a dependency between the percentage of the meteors radiation in the near infra-red part of the

spectra and the meteors entrance velocity.

1 Introduction

The differences between visual and video meteor mag-
nitudes have been initially mentioned by Shigeno and
Toda (2008). Their results have shown that there is a
significant difference between estimated visual magni-
tudes and calculated video magnitudes, but there were
no conclusions on the possible relationship explaining
those differences. Purely qualitative efforts in that sense
were made by members of Croatian Meteor Network
(Segon et al., 2013). These previous studies were based
on single-station observations, meaning there were no
data on meteor trajectories or atmospheric velocities.
Both groups of authors concluded that the amount of
near-infrared (NIR) radiation from atmospheric lines
contained in meteor spectra (invisible to the human eye
or photographic emulsions, but well-detected by CCD
sensors) is important and represents the reason for dif-
ferences in visual and video meteor magnitudes.

An important step towards finding the relation between
visual and video magnitude may be the work on video
meteor spectra collected by Vojdcek et al. (2015; 2016).
Based on their published catalogue, we discuss the im-
pact of radiation in the NIR part of a meteors spectrum
on the estimation of video magnitudes.

2 Results and discussion

In our analysis we used calibrated spectra of video me-
teors of magnitudes between +2 to —3 as provided by
Vojécek et al. (2015). In order to have the infrared
part of the spectra covered by the analysis, only me-
teor spectra ranging up to at least 850 nm were used in
this analysis. For each analyzed meteor spectrum, the
overall intensity has been calculated as the area below
the entire spectral curve, and a separate value calcu-
lated as the area below the spectral curve ranging from

Figure 1 — Relationship between the ratio of the NIR to
the fully integrated spectrum the meteors entrance velocity.
The dependence of infrared light output of the meteor on its
entrance velocity is clearly seen.

wavelengths of 700 nm and longer, representing the ra-
diation in the NIR part of the spectrum. The ratio of
the NIR to the fully integrated spectrum has been cal-
culated and compared to the meteors entrance velocity.

The results of our analysis are summarized in Figure 1.
The dependence of infrared light output of the meteor
on its entrance velocity is clearly seen.

The scatter of data for meteors possessing the same en-
trance velocity is in some cases large, but a clear trend
of increasing the infrared part of the meteor spectrum
with increasing entrance velocity can be seen. The scat-
ter may be explained by variability of meteoroid compo-
sition, and will be addressed in future work. The linear
relation connecting the percentage of the meteors NIR
radiation to the total meteors radiation (NIR%) can be
expressed as

NIR% = 28.3 + 0.36V4,

where Vi stands for the meteors entrance velocity in
km/s. The authors deem the consequences of this find-
ing very important, since there is no way to calibrate
the video meteor magnitudes in order to be comparable
to visual or photographic work. The fastest meteors ra-
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diate about half (or more) of their total radiation in the
NIR part of their spectrum! Note that the relationships
used for photometric mass estimation are based on vi-
sual or photographic magnitudes which are insensitive
to the NIR part of the spectrum. Thus, video magni-
tudes cannot be used without being corrected for the
effect exhibited above.

The detailed analysis of obtained results is in progress
and will be published in a future full-length article in
WGN, Journal of the IMO.

3 Conclusions

Initial results of the analysis of individual meteor spec-
tra from the catalogue of representative meteor spec-
tra (Vojacek et al., 2015; 2016) for the NIR-part of the
spectrum, and the dependence on the meteor’s entrance
velocity have been presented. We have found that the
part of the meteors radiation in the near infrared is di-
rectly proportional to the meteors entrance velocity.
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Properties of millimeter-sized meteoroids were studied using video technique. Direct cameras paired
with spectral camera allowed us to study orbits, atmospheric trajectories, and spectra of 152 faint
meteors of magnitudes between +3.5 and —5.5. The fragmentation model developed by Borovicka et
al. (2007) was used to derive physical properties of a selection of 94 meteoroids. Along with complex
information about meteoroid trajectories and orbits, this approach helped to reveal new knowledge
about the internal structure of millimeter-sized meteoroids. Furthermore, the size distribution of
grains for Jupiter-family members was compared to results of the COSIMA instrument of the Rosetta
mission. A dependence of the differential ablation on the grain sizes was revealed. Two phases of
the fragmentation for one Geminid meteoroid were studied. Even millimeter- and centimeter-sized
meteoroids can contain different materials within one single body.

1 Introduction

Video observations are used more and more for me-
teor observations by both professional and amateur as-
tronomers. Also, spectral observations of meteors are
becoming more common these days. Astronomers are
interested in differences between individual meteors, in
the structure of meteoroids, and in the abundances of
individual chemical elements in meteor spectra. New
models of meteoroid erosion are being developed.

Double-station video observations combined with spec-
troscopic video observations can be a very good way to
study millimeter-sized meteoroids. Almost two decades
of video observations of meteors at the Ondiejov Ob-
servatory using VHS cameras gave us a broad database
to study large quantities of meteoroids.

The model of meteoroid fragmentation developed by
Borovicka et al. (2007) using observation of 9 Draconids
can thus be tested with the study of a large number of
sporadic meteoroids. We tried to use this complex in-
formation in conjunction with spectral data to reveal
more about the still poorly known inner structure of
small meteoroids.

2 Observations and equipment

The video observations performed by the Department
of Interplanetary Matter of the Ondiejov Observatory
were the source of the data for this work. We used
observations that took place between 2004 and 2014,
during the activity periods of major meteor showers.
These data were kindly provided for this work. Most
of the video observations were carried out in the Czech
Republic, based on the Ondfejov and Kunzak Obser-
vatories. Data from the observation campaigns of the
Leonids in Tajikistan in 2009 and the Draconids in Italy
in 2011 were also used.

The S-VHS cameras used for observations (Panasonic
NV-S88 and NV-SX50) were equipped with image in-
tensifiers (until 2005, it was Dedal-41, from 2005 Mul-
lard XX1332). The same cameras were used for spectral
observations. A spectral grating Milton Roy with 600
grooves/mm blazed to 470 nm was used. The spec-
tral sensitivity extends from 380 nm to 900 nm. Arsat
50 mm f/1.4 lenses were used most of the time, but
Jupiter 85 mm f/2 and Flektogon 35 mm f/2.4 lenses
were used too.

Detailed description of the data reduction are given by
Vojécek et al. (2015). All spectra were calibrated for
the spectral sensitivity of the system.

The same source of data was used as in the work of
Vojécek et al. (2015). The present work uses an ex-
tended database of observations and also uses data that
were not selected for the catalogue of representative me-
teor spectra, but were adequate for our purpose. In ad-
dition, this work analyzes, compares, and connects the
study of faint meteors spectra with the fragmentation
process of meteoroids in the atmosphere.

3 Spectral classification

The wavelength reduction for all meteor spectra was
done manually. The three meteor spectra components
(the Planck continuum, the atmospheric lines, and the
low-temperature meteoric lines) were also manually fit-
ted. The three meteoric lines that we can work with in
case of faint meteors are magnesium MgI-2 at 518.2 nm,
sodium Nal-1 at 589.2 nm and iron Fel-15 at 526.9—
544.9 nm.

The spectral classification for all 152 meteors was done
according to relative intensities of Mg, Na, and Fe lines
and was taken from work of Borovicka et al. (2005).
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The more volatile sodium line prevails thanks to the
low temperature in slow meteors. Thus the correction of
relative intensity Na/Mg for the speed of the meteoroid
had to be considered. The ternary graph is shown in the
Figure 1. The black line shows theoretical position of
meteors with normal chondritic composition according
to Borovicka et al. (2005). The position depends on the
speed of the meteor (marked in km/s above the line).

Normal O

Na poor @

Fe poor

Na enhanced
Na rich

Na free

Irons

) 80%

60%

N\ 40%

AT I
e 0P e

Aok > \ 20%
ot SO el

Mg |- 2

20%  40%  60%  80% a1

Figure 1 — Classification of meteor spectra. Each class is
represented by a different symbol. The black line shows the
theoretical position of meteors with normal chondritic com-
position according to Borovicka et al. (2005) as a function
of meteor speed (in km/s).

4 Results of the fragmentation model

The fragmentation model developed by Borovicka et al.
(2007) was applied to 94 meteors. The model is using
the dustball concept with quasi-continuous fragmenta-
tion. Grains are released during the flight of the mete-
oroid. After they are released they behave as one body.
The equations of the meteor ablation and fragmentation
are applied. The physical parameters in these equa-
tions are used as free parameters for best fit of the
lightcurve and the deceleration curve. The decelera-
tion curve shows the difference between the computed
position of the meteoroid without deceleration and the
actual measured position. If the meteoroid is slowing
down, we can observe a typical lag: the deceleration
curve. Parameters like the initial mass and the initial
velocity, bulk density of the meteoroid §, ablation o
and erosion coefficient 7, sizes (their limits) of grains
and number of grains released, and energy received be-
fore the start of the erosion (per unit cross section) Ej
can be derived. Fore more details about the model,
see Borovicka (2007). We assumed the grains to have
a density of 3000 kg/m? and a spherical shape. For
iron meteoroids, we assumed the density of grains to be
6000 kg/m3.

The results of the application of the fragmentation mod-
el reveal large differences in physical parameters. Some
of the parameters are shown in Table 1. The mete-

oroids contained grains of very small sizes up to sizes of
the same order as some meteoroids themselves. The to-
tal number of grains per meteoroid varied between 102
and 108. It can be seen that some meteoroids did in-
deed contain a large number of grains. The two orders
of magnitude range for the energy necessary to start
the ablation implies that meteoroids may contain both
strong and fragile material.

Table 1 — Some results from applying the fragmentation
model developed by Borovicka et al. (2007). Here, Es is
the energy necessary to start the erosion.

Parameter Value
Grain sizes 5 pm-2.5 mm
Grain numbers 10%2-108

E; 10°-107 J/m?

The COSIMA instrument on the Rosetta spacecraft col-
lected a number of cometary particles while orbiting
around the Comet 67P/Churyumov-Gerasimenko. Hor-
nung et al. (2016) analysed these particles. They mea-
sured sizes of the captured grains. The particle sizes
varied from 15 pm up to approximately 300 pm, and the
total number of particles was 7524. The histogram of
grain sizes was fitted by a power law function with expo-
nent —3.3. Since Comet 67P/Churyumov-Gerasimenko
is a member of the Jupiter-family comets, we tried to
compare results of the COSIMA instrument with our
sample of meteoroids on Jupiter-family orbits. The
grain sizes derived from the modeling varied approxi-
mately from 5 pm (mass of 1 x 1071° g) up to 2.5 mm
(mass of 3 x 1072 g). The total number of grains for
all meteoroids summed together was 1.6 x 10'°. The
larger range of grain sizes was probably caused by the
larger sample of our meteoroids. The distribution of
grain sizes up to approximately 300 pm was similar.
The power law fit of our data was with exponent —3.4,
in good agreement with the power law function of grain
sizes from Comet 67P/Churyumov-Gerasimenko. The
histogram of grain sizes up to 450 pym is shown in Fig-
ure 2. The power law fit is showed as well as the power
law fit with exponent —3.3 taken from Hornung (2016).

The fragmentation model was successfully applied to
94 of the total number of 152 meteors. The remaining
38% of all meteors could not be modeled. The model
failed to work for cases where there was no or very little
deceleration. The model also failed if there were not
enough points for the fit, i.e., if the meteor observation
was too short.

5 Study of differential ablation

The spectral video observations allowed us to study
monochromatic light curves. These light curves show
the time evolution of intensities of individual spectral
lines. The monochromatic light curves of three low-
temperature meteoric lines of Mgl, Nal, and Fel were
studied.
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Figure 2 — Histogram of grain sizes of Jupiter-family me-
teoroids up to 450 pum. Our power law fit with exponent
—3.4 is shown. The power law fit of grain sizes captured by
Rosetta with exponent —3.3 taken from Hornung (2016) is
also shown.

There are obvious differences in intensity among indi-
vidual lines for different spectral lines. But we could
also observe differential ablation in some cases. We
could see that the sodium line somewhat differed from
the other two lines. We could observe meteors with
early release of sodium, but also some cases showing a
somewhat later release of sodium.

We tried to describe the shape of individual light curves
using simple analysis. Despite the sometimes compli-
cated shape of the monochromatic light curves, we used
one quantity to describe the monochromatic light curve
shape. We studied the height where half of the indi-
vidual element was radiated out, instead of using the
position of the maximum of the light curve (because of
the complicated shape). This quantity was computed
by integrating the monochromatic light curve along the
trajectory. The height where the integral reaches half
of its total value is the height where half of the ele-
ment was radiated out. We focused on heights where
half of the mass of sodium or magnesium was radiated
out. Comparison of these heights can help us to better
see if the sodium was released earlier or later than the
magnesium.

The difference between the height where half of the
sodium was radiated out and the height where half of
the magnesium was radiated out is shown in Figure 3.
This difference is indicated in kilometers. If the differ-
ence is 0, half of the magnesium and half of the sodium
were radiated out at the same height. If the sodium
was released earlier than the magnesium, the value of
the difference is positive and if the sodium was released
later than magnesium, the value of the difference is neg-
ative. The Na-free and iron meteoroids as well as the
meteors with only atmospheric lines in their spectrum
were excluded from Figure 3, since the determination of
the Na-Mg half mass height difference is very inaccurate
for these classes.

The dependence of the difference between these heights
for Na and Mg on the grain sizes of the meteoroid was
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Figure 3 — The difference between the height where half of
the mass of the sodium was radiated out and the height
where half of the mass of magnesium was radiated out as a
function of photometric mass and the upper mass limit of
grains. The lower line is a fit for the normal class, and the
upper line a fit for the Na-poor class.

revealed. As can be seen in Figure 3, the larger the
lower mass limit is for grains, the later the release of the
sodium occurs. As mentioned above, we were assuming
the same shape and density for the grains. Mass and
size of grains are thus proportional. This might sug-
gest that meteoroids containing smaller grains have also
a larger inner shape allowing faster release of volatile
sodium. This hypothesis has to be further investigated
in the future.

6 Sodium-depleted classes

Throughout this work, the Na-free and Na-poor classes
differed from the other classes. There are two sources
for both Na-free and Na-poor meteoroids: the Sun-ap-
proaching meteoroids and the meteoroids on cometary
orbits. However, we did not observe much difference
in physical properties between sodium-depleted mete-
oroids on Sun-approaching orbits and sodium-depleted
meteoroids on cometary orbits.

The sodium-depleted material showed rather lower val-
ues of porosity and higher beginning heights for the me-
teors. They also require more energy to start the ero-
sion. So, the sodium depletion is making the meteoroid
material stronger. The Na-poor and Na-free meteoroids
tend to have lower mass. According to limits of size for
grains, the Na-poor and Na-free meteors usually do not
contain very small grains based on the limits for grain
size. The sizes of grains are otherwise comparable to
sizes of most of the normal class. The study of meteor
morphology revealed that Na-free and Na-poor meteors
produced no or only faint wakes.

We can also see that for a given grain size the Na-poor
members tend to release their sodium earlier. Knowing
just one quantity (and not the whole shape of monochro-
matic light curves), one can assume that the lack of
sodium for the Na-poor meteors is the cause of the early
release of the sodium. In other words, the sodium runs
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out faster. To confirm this presumption, we have to
look at monochomatic light curves of Na-poor meteors.
From a total number of 21 meteors classified as Na-poor,
11 of them were successfully modeled. We show some
monochromatic light curves of Na-poor meteors in the
Figure 4. The sodium light curve for Na-poor meteors
usually does not start earlier than the magnesium line,
but the sodium can end earlier than the magnesium.
The initial brightening of Na and Mg suggests that the
release rate for sodium and magnesium is more or less
the same, but since there is less sodium in the mete-
oroid, this element simply “runs out”. Thus the shift of
differential ablation is probably caused by the smaller
amount of sodium in Na-poor meteoroids.
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Figure 4 — Examples of monochromatic light curves of Na-
poor-modeled meteors.

All these differences for Na-poor (and Na-free) mete-
oroids lead us to the conclusion that these classes might
have a different structure. Figure 5 shows—schemat-
ically, but illustratively—an idea of this different struc-
ture of Na-poor and Na-free meteoroids: they do not
contain grains larger than the other classes (in fact,
some normal meteoroids contained larger grains than
any other Na-poor member). Unlike other classes, how-
ever, they usually do not contain very small grains. The
smallest grains were probably depleted in interplanetary
space, during close approaches to the Sun or by expo-
sure to cosmic rays. The Na-poor and Na-free classes
do not produce long wakes, probably because they con-
tain less grains, but the fragmentation model did not
allow to prove this.

7 Geminid meteoroid
The meteoroid with the highest negative difference of

half-mass heights of Na and Mg in Figure 3 is the Gem-
inid SX336, on which we now focus in more detail.

Figure 5 — Schematic representation of the differences in
inner structure of on the one hand normal and Na-enhanced
classes (left) and on the other hand Na-poor and Na-free
classes (right).

As any Geminid, this meteoroid was on a Sun-approach-
ing orbit. The spectrum was classified as normal. It
is one of two meteoroids with a Sun-approaching or-
bit that were not classified as Na-poor or Na-free (the
second one was an iron meteoroid). Although the rel-
atively large lower mass limit predicts later release of
sodium, this meteor differs a lot from the dependence
shown in Figure 3.

The light curves in Figure 6 show that the shape of the
magnesium and iron lines are similar, with a lower in-
tensity for the iron line. They both show two maxima.
The release of the magnesium was the quickest. The
sodium increase was slower. The slope of the sodium
line was almost the same during the flight until the max-
imum at the very end of the meteor. It only gets a little
bit higher after the second stage of the fragmentation
starts.

The light curve in white light shows two stages of frag-
mentation. When we observe two stages, we assume
that there is a part of the material that was unaffected
by the erosion until some point during the flight. Af-
ter that point, the erosion of the second part starts.
Thanks to the shape of the light curve, we are able to
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Figure 6 — The monochromatic light curves and integral
light curve of the Geminid meteor SX336.
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estimate the properties of this stronger part. The re-
sults from the fragmentation model for both stages of
the erosion are shown in Table 2. The number of grains
in the first stage was two orders higher. There were only
larger (millimeter-sized) grains released during the sec-
ond stage. In the first stage, about 1.5 x 103 grains were
released, and, in the second stage, only 19 grains were
released.

The Geminids are well-known for the variations of the
amount of sodium in their spectra. It was suggested by
Capek et al. (2009) that the sodium depletion is caused
in interplanetary space during close approaches to the
Sun. The sodium depletion does not depend on me-
teoroid sizes. The porosity and the grain sizes play a
key role in the rate of this depletion. Meteoroids with
smaller grains deplete the sodium faster during their
passages around the Sun. The SX336 meteoroid con-
tained large grains both in the first and in the second
stage of the erosion. Moreover, in the first stage, there
were also smaller grains. In the second stage of ero-
sion there were only larger grains (over 1 mm in size).
The part with the smaller grains fragmented first. Be-
cause of the faster depletion of sodium on the orbit for
smaller grains, there was less sodium than what one
would expect for a chondritic composition. The mate-
rial in the second stage of erosion was different, how-
ever. Because of the larger grains, the depletion of the
sodium in that stage was much slower or did not take
place at all. When the stronger part of the meteoroid
started to fragment, the relative intensity of the sodium
line started to correspond to the chondritic composition.
Because of the difference in inner structure, we observe
a much later release of the sodium than what is typical
for other meteoroids.

Table 2 — Comparison between the first and second stages of
the erosion for the Geminid meteor SX336 according to the
fragmentation model developed by Borovicka et al. (2007).
Here, N is the number of grains in the meteoroid, Fs the
energy necessary to start of the erosion, m the initial mass,
and m% the mass subject to the second stage of erosion
expressed as a percentage of the initial mass.

First erosion

Grain sizes N E, m
(mm) (J/m?) (g)
0.23-2.16 1.38 x 10> 1.2x 105 5.0 x 10*
Second erosion
Grain sizes N E, m%

(mm) (J/m?) (g)
1.46-2.32 19 6.6 x 107 30

8 Conclusions and additional remarks

We reduced, measured, and analyzed a total number of
152 observations of faint sporadic and shower meteors.
All these meteors were observed from at least two sta-
tions using video techniques. They were observed both
in white light and by using a spectral grating. Obser-
vations were run mainly from the Czech Republic by

the scientific staff of the Ondfejov Observatory during
the period 2004-2014. Using the double-station record-
ings, we obtained atmospheric trajectories and orbital
parameters of the observed meteoroids.

The results of the fragmentation model showed a fairly
wide range for some parameters among all meteoroids.
The masses of grains ranged approximately from 1 x
10719 g up to 3 x 102 g, corresponding to a size range
from 5 pym up to 2.5 mm. Individual meteoroids con-
tained approximately between 102 and 10® grains. We
compared sizes of grains derived from modeling with
results of measurements of cometary particles collected
by the Rosetta spacecraft orbiting Comet 67P/Churyu-
mov-Gerasimenko (Hornung et al., 2016). We found
good agreement in the distribution of sizes for grains
collected from this Jupiter-family comet with results of
our modeling of Jupiter-family meteoroids.

Reduced meteor spectra were classified according to
the classification of faint meteor spectra suggested by
Borovicka et al. (2005). The main goal of this work
was the combination of results from the spectral and
fragmentation analysis. We used the time evolution of
three spectral lines, namely Na, Mg, and Fe (monochro-
matic light curves). The shapes of these monochromatic
light curves varied for individual meteors. To describe
the differences in the release of these three spectral el-
ements, we used the height at which each element was
radiated. Difference in this height for sodium and mag-
nesium depended on the sizes of grains of meteoroids.
The early release of sodium was typical for meteoroids
with small grains. Bodies with large grains released the
sodium at the same time as the magnesium, and in some
cases even later than the magnesium.

A special case in our study was the Geminid meteor
SX336, as the late release of Na was unusual for the
given grain sizes. This meteoroid fragmented in two
stages. We proposed that different degrees of sodium
depletion in interplanetary space in the parts of the ma-
terial eroded during these two stages was the reason for
the later release of the sodium. Larger grains and thus
probably lower depletion of the sodium in the second
stage of fragmentation caused a later maximum for the
Na line.

The Na-free and Na-poor groups differed from the oth-
ers. The monochromatic light curves suggest that the
early release of sodium is a consequence of Na depletion
in interplanetary space. At some point during the flight
in the atmosphere, the smaller amount of sodium “runs
out”. Other physical properties suggest that there is
a real difference in the structure between the sodium-
depleted classes compared to other spectral classes.

Acknowledgements
The authors wish to thank all observers. Without their

countless sleepless nights, this work could not have been
done.



114

Proceedings of the IMC, Petnica, 2017

This work was supported by the grants 16-00761S and
P209/11/1382 of the Grant Agency of the Czech Re-
public.

References

Borovicka J., Koten P., Spurny P., Bocek J., and Stork
R. (2005). “A survey of meteor spectra and or-
bits: evidence for three populations of Na-free me-
teoroids”. Icarus, 174, 15-30.

Borovicka J., Spurny P., and Koten P. (2007). “At-
mospheric deceleration and light curves of Dra-
conid meteors and implication for the structure of
cometary dust”. Astron. Astrophys., 473, 661-672.

Capek D. and Borovicka J. (2009). “Quantitative model
of the release of sodium from meteoroids in the
vicinity of the Sun: Application to Geminids”.
Icarus, 202, 361-370.

Hornung K., Merouane S., Hilchenbach M., Langevin
Y., Mellado E. M., Della Corte V., Kissel J.,
Engrand C., Schulz R., Ryno J., Silen J., and
COSIMA Team (2016). “A first assessment of
the strength of cometary particles collected in-situ
by the COSIMA instrument onboard ROSETTA”.
Planetary and Space Science, 133, 63-75.

Vojacek V., Borovicka J., Koten P., Spurny P., and
Stork R. (2015). “Catalogue of representative me-
teor spectra”. Astron. Astrophys., 580, A67.



Proceedings of the IMC, Petnica, 2017 115
Detectability of minor features in
meteor shower activity profiles
Jiirgen Rendtel
Leibniz Institut fiir Astrophysik, An der Sternwarte 16, 14482 Potsdam, Germany
jrendtel@aip.de
International Meteor Organization, Eschenweg 16, 14476 Potsdam, Germany

Verification of activity variations or small outbursts based on model calculations requires a careful

selection and analysis of observational data. Possibilities and limits of detection are shown using data

from several events in 2016, covering the Perseid peak period (various dust trail encounters) and the

p-Leporids end-March (no observational evidence). Data of the e-Eridanids (September 12) and the

a-Monocerotids (November 21) show weak peaks at the predicted positions. Additional calibration

using several data sets allowed us to determine a ZHR of the order of 5 for both events.
1 Introduction

200 i
s
The structure of meteoroid streams is affected by sev- ¢ ;
eral effects starting at the moment of the ejection from 150 ¢
the parent object until the observation of meteoroids . ; PR F # ¢
encountering the Earth’s atmosphere. Modeling dust T 49 ¢ $,t
trails has become quite successful over the years. The U ? ¢
annual IMO Meteor Shower Calendar provides infor- e 5 5
mation about possible events, being it larger outbursts, %0 o N
trail encounters, or chances for very minor activity. For = o
the events in 2016, we compiled a review of observa- 0 = =
139.40 13945 13950 139.55 139.60 139.65  139.70

tional evidence (Rendtel et al., 2017) using visual, video,
and radio (forward scatter) data. Here we have a look
at the level of detectable variations and possibilities of
calibration of various data samples.

2 Minor variations in a major shower

In 2016, the Perseids (007 PER) were expected to cross
three dust trails of different age (Table 1). Additionally,
the general activity level was assumed to be rather at
a ZHR of 150 than the usual 100-120 due to Jupiter
perturbations (Rendtel, 2015).

The analysis of visual data provides us with a smooth
ZHR profile (Figure 1). The clearly visible peaks show
the passages of the 4-revolution trail and the 2-revo-
lution trail. This is very well confirmed by video flux
data (Figure 2). In both profiles, the minor 1-revolution
trail is not detectable. Contrary to the other peaks, the
latter was expected to add a ZHR of about 10, i.e., an
increase of the order of 5% just at the ascending branch
of the first major peak. No obvious additional feature
occurs. In the video flux profile, one may suspect a
minor shoulder at Ao = 139 243-139 244, but in view of
some other variations, e.g., shortly before Aqy = 139 255,
an interpretation as a confirming signature of the 1-
revolution trail encounter is questionable. At this point,
the conclusion is that either the increase at the given
time is too small (hidden within the error margins) or
the timing was not correct. We have to conclude that we

SOLAR LONGITUDE (2000.0)

Figure 1 — ZHR profile of the 2016 Perseid maximum cov-
ering the trail encounter period, obtained from visual data.

Figure 2 — Flux profile of the Perseid maximum as shown
in Figure 1, obtained from video data. The arrow indicates
a possible minor flux enhancement due to the 1-rev. trail.

cannot extract any significant information about the 1-
revolution trail from both optical data sets. (The radio
data are available only with lower temporal resolution.)

This gives an idea of the significance level we may ex-
pect for other events: variations which exceed 5% of the
neighbouring values can be found and can be considered
significant. This has also been shown in the Quadrantid
(010 QUA) analysis of the 2016 return (Rendtel et al.,
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Table 1 — Perseid dust trail encounters expected in 2016 (Rendtel, 2015).

Age of trail Time (UT) Expected additional rate ~ Author(s)
1-rev. Aug 11, 22P34™ 10 Maslov, Lyytinen
4-rev. Aug 11, 23h23™ 50 Maslov, Lyytinen
2-rev. Aug 12, 0h—4h bright meteors Vaubaillon

2017). For smaller peaks, the chance increases if the fea-
ture extends over several intervals so that several data
points define a reliable profile.

3 Detectability of minor shower activity

3.1 pu-Leporids end March

Apart from the Perseid peaks and the Quadrantid ac-
tivity feature, the other events listed in the IMO Me-
teor Shower Calendar for 2016 (Rendtel, 2015) were ex-
pected to show rather low activity, perhaps close to the
detection limit. Between March 28 and 30, a possi-
ble encounter with small meteoroids (i.e., faint meteors)
from Comet 252P /LINEAR was calculated by Mikhail
Maslov (see Rendtel, 2015). The most probable timing
for a very minor activity was March 28, 11"-18" UT.
The radiant was given as @ = 78°, § = —16°, and the
entry velocity was just 15.5 km/s.

The observing window for optical observations was quite
narrow as the radiant in Lepus is above the horizon
only in the early evening. Locations at tropical lati-
tudes were best placed. Unfortunately, neither visual
nor video observations cover the period appropriately.
The most promising window was also too early for Eu-
ropean longitudes. Radio forward scatter data seem to
show two peaks. Both are based only on limited data
points from regions where the radiant was low in the
sky (and thus the correction factors were large; see Fig-
ure 3). Furthermore, the low velocity adds to the uncer-
tainty, and one has to bear in mind that the ZHR cal-
culation is based on the relation to the counts recorded
in the preceding days (Ogawa et al., 2004).
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Figure 3 — Radio ZHR during end March 2016. The dotted
lines give the radiant elevation of the p-Leporids for the

contributing locations.

In this case, we have to conclude that there was no
reliable signature of the shower. Peter Brown (2017)
also confirmed that the Canadian CMOR radar did not
record any activity around the given time.

3.2 e-FEridanids and a-Monocerotids

Vaubaillon (see Rendtel, 2015) predicted possible ac-
tivity of the e-Eridanids (209 EER) on September 12,
at 17830™ UT (radiant o = 57°, § = —15°). Sato
(see Rendtel, 2015) noted that there is a chance of
weak a-Monocerotid (246 AMO) rates on November 21,
at 18"30™ UT. The exciting news is that any activity
in 2016 at the given position would indicate a slightly
higher rate in 2017 (November 21, 21P26™ UT; still to
come when this paper was written).

Both showers are lacking optical (visual and video) data.
However, radio data give ZHRs of the order of 25, which
is surprisingly high for both showers. In the case of the
September event, the observations cover the well-known
September e-Perseids (204 SPE) just a few days earlier
(Figure 4). Meteors of the EER and the SPE have simi-
lar atmospheric entry velocities (64 km/s and 59 km/s,
respectively). Except for the Antihelion source (lower
velocity), there is no other significant meteor shower ac-
tive, and the SPE showed neither rate enhancements nor
magnitude peculiarities in 2016. Hence, we can use the
data we obtained by visual and video observations, giv-
ing a ZHR around 6 (Figure 5), to calibrate the EER ac-
tivity level. The (radio) ZHR of the SPE and the EER are
essentially identical. Hence, we may use a calibration
factor of 0.2 to determine the (optical) ZHR of the EER.
With some confidence, we apply the same factor also
to the AMO and conclude that both the EER and AMO
showed significant and similar activity with ZHR ~ 6
exactly at the calculated positions.

With this confirmation of the prediction for 2016 come
the prospects for another observable return of the AMO
in 2017—which needs to be confirmed. This interaction
between prediction and observation is of great benefit
for both modelers and observers.

4 Forthcoming events

The 2017 and 2018 IMO Meteor Shower Calendars in-
clude several events which are worth to be checked by
all observational methods. Further data about possi-
ble encounters may be published at other times, so ob-
servers should also regularly check notes in WGN or at
the various websites. Even a negative result is impor-
tant information. In this sense, I urge that results from
modeling are disseminated to the observers, despite the
fact that there are several video camera networks cov-
ering essentially all periods. The chance of collecting
independent data samples provides additional informa-
tion, either in the confirmation of really minor features
close to the detection limit or in more reliable flux or
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Table 2 — Predicted meteor showers in 2017 and 2018 which require observational confirmation. (Check for later announce-
ments notes in WGN or on the IMO webpages, and see the notes in the respective Meteor Shower Calendars.)

Shower Date and time (UT Prediction Author
246 AMO 2017 Nov 21, 21"26™  Indication from activity observed in 2016 Sato
46P/Wirtanen 2017 Nov 30, ca. 0"6  Rad. a = 9°, § = +9°, 15km/s Maslov
015 URS 2017 Dec 22, 14P43™ 884 dust trail Vaubaillon
793 KCA 2018 Jan 09, 21" Observed 2015, 2016. Check recommended
Rrad. o = 138°, § = 4+9°, 47km/s
031 ETA 2018 May 05, 07"35™  Resonant meteoroids Kinsman
% cerns both the meteoroid stream number density (ex-
30 pressed as ZHR or flux) and the position of the peak
SPE EER (time of the event).
25
- ! o The findings may also help to find a minimum level of
« 20 activity for the various techniques to provide reliable
T data on the timing and meteor rate or flux.
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Figure 4 — Radio-ZHR profile of the period covering the SPE
and EER activity. Using the optical (visual and video) data
obtained for the SPE, we derive a calibration factor for the
EER activity.

10

ZHR
I
>
—

[l I '

e
Sep 9, 9UT

0
165.50 166.00 166.50 167.00

SOLAR LONGITUDE (2000.0)

Figure 5 — ZHR of the September e-Perseids obtained from
visual data giving a maximum ZHR of 6 close to Ao = 267°.
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mass index data. Last but not least, observing around a
possible unique meteor shower event is fun and may a-
rouse curiosity to observe during periods of low activity.

5 Conclusions

Observational results may be used to adjust parameters
used for the modeling possible encounters. This con-

Combined data extend the mass range for which we
may find results. and thus also allow us to derive in-
formation about the mass index s (population index r),
including mass sorting if the maxima of differing mag-
nitude ranges are observed at different times as in the
Quadrantids 2016. This can then be included into the
model parameters as well.
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To have a better understanding of the daytime meteor showers, the EurAstro Radio Station (EARS)
observed the 2016 daytime showers by radio: Capricornids/Sagittarids (115 DCS), x-Capricornids
(114 DXC), April Piscids (144 APS), e-Arietids (154 DEA), Arietids (171 ARI), (-Perseids (172 ZPE),
B-Taurids (173 BTA), 7-Leonids (203 GLE), and Sextantids (221 DSX). The observed overdense rates
around the expected maxima of said meteor showers in the EARS configuration were classified as
low (maximum rate of up to 3 overdense echoes per hour), medium (maximum rate of up to 8-10
overdense echoes per hour), and high (maximum rate of up to 19-21 overdense echoes per hour).
These manifested a certain agreement with the rates of said daytime meteor showers listed in Table
1 of the IMO Meteor Shower Calendar 2016. Combined radio observations with at least one other
radio station on the other side of the Earth relative to EARS now appear the next step for the radio
observations of the daytime meteor showers in 2017 and beyond.

1 Introduction

Two past articles (Tomezzoli and Verbeeck, 2015; To-
mezzoli and Barbieri, 2016) presented the results of
the radio observations of the Daytime Sextantids (221
DSX), made after the invitation by Jiirgen Rendtel at the
IMC 2014 in Giron, France, to observe 221 DSX with all
possible means (Rendtel, 2014).

Tomezzoli and Verbeeck (2015) described radio observa-
tions of 221 DSX from EARS (EurAstro Radio Station)
in Munich, Germany (48°07'58"”0 N, 11°34/47”3 E) in
the recording period from 2014 September 30, 7"00™
UT, to 2014 October 5, 16"00™ UT, and concluded that
the 221 DSX radio meteor activity, if present at all, was
at level much lower than that of the sporadic radio me-
teor activity.

Tomezzoli and Barbieri (2016) described combined ra-
dio observations of 221 DSX from EARS and RAM-
BO (Radar Astrofilio Meteore BOlogna) in Bologna,
Italy (44°30'2879 N, 11°21'12”0 E), respectively in the
recording periods 2015 September 27, 8"15™ UT, to
2015 October 3, 730™ UT, and 2015 September 28,
0"00™ UT, to 2015 October 4, 0"00™ UT, and con-
cluded that the radio observations of EARS and RAM-
BO were in mutual agreement confirming that, as in the
year 2014, also in the year 2015 no evidence existed of
a relevant radio meteor activity of 221 DSX.

To improve the knowledge of the radio meteor activity
of the daytime meteor showers, EARS radio-observed
the 2016 daytime showers listed in the IMO Meteor
Shower Calendar 2016 (Rendtel, 2015).

2 EARS radio observations

EARS, based on the forward scattering principle, adopt-
ed the same configuration described in said two ar-
ticles, i.e., radar GRAVES as radio beacon (emitter

at Broyes-les-Pesmes, 47°20'51772 N, 5°30'58”68 E,
about 500 km from Munich), vertical antenna J-Pole
144, receiver ICOM 1500 (USB mode, 143.049 MHz),
computer Pavillion dv6 (with processor Intel Core Duo
T2500), and SpecLab V26 bl0 as recording software.
Meteor rates were derived by counting visually the ra-
dio echoes on the JPG images recorded every 5 minutes
by SpecLab. Table 1 lists the targetted 2016 daytime
meteor showers.

2.1 Capricornids/Sagittariids

EARS radio-observed the daytime Capricornids/Sagit-
tariids (115 DCS) in the recording period 2016 January
29, 5716™ UT, to 2016 February 2, 18"05™ UT. The ra-
dio observation ran smoothly without problems. Fig-
ure 1 shows the recorded meteor rates.

A remarkable overdense radio echo was recorded on
2016 January 29 at 8855™ UT (Figure 1).

The underdense rates revealed no meaningful maximum
associated to the passage of 115 DCS. The overdense
rates revealed maxima of 3 overdense echoes per hour
on 2016 January 29 around 8"-10" UT, on 2016 January
30 around 57" UT, on 2016 January 31 around 5"
10" UT, and on 2016 February 1 around 7"-9" UT.!
Hence, we may associate to 115 DCS at the expected
maximum the qualification “low overdense rates”.

2.2 x-Capricornids

EARS observed the daytime x-Capricornids (114 DXC)
in the recording period 2016 February 12, 5221™ UT, to

1We should also bear in mind that a maximum around the
same time on every day may be an indication that the Observ-
ability Function is high near that time (which means that the
forward scatter set-up is very sensitive to meteors from the radi-
ant direction at that time). Also for the other daytime showers
discussed in this paper, data were not corrected with the Observ-
ability Function.
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Table 1 — The 2016 daytime meteor showers according to the IMO Meteor Shower Calendar 2016 (Rendtel, 2015).

Shower Code Activity Max Ao Radiant Rate
- Date 2000 Q@ )
Capricornids/Sagittariids 115 DCS Jan 13-Feb 04 Feb 01 321°5 299° —15° medium
x-Capricornids 114 DXC Jan 29-Feb 28 Feb 13 324°7 315° —24° low
April Piscids 144 APS Apr 20-Apr 26 Apr 22  32°5 9°  +11° low
e-Arietids 154 DEA Apr 24-May 27 May 09  48°7  44° 421° low
May Arietids 294 DMA May 04-Jun 06 May 16 55°5  37° +18° low
o-Cetids 293 DCE May 05-Jun 02 May 20 59°3 28° —04° medium
Ariets 171 ARI May 14-Jun 24 Jun 07 76°5  42° 425° high
(-Perseids 172 ZPE May 20-Jul 05 Jun 09 78°6  62° 423° high
B-Taurids 173 BTA  Jun 05-Jul 17 Jun 28 96°7  86° +19° medium
~-Leonids 203 GLE Aug 14-Sep 12 Aug 25 15292 155° +20° low
Sextantids 221 DSX Sep 09-Oct 09 Sep 27 184°3 152° 0°  medium

Figure 1 — Meteor rates for 115 DCS in the recording period 2016 January 29, 5"16™ UT, to 2016 February 02, 18705 UT,

and an image of remarkable overdense radio echo on 2016 January 29 at 8"55™ UT.

2016 February 14, 17"35™ UT. The radio observation
ran smoothly without problems. Figure 2 shows the
recorded meteor rates.

A remarkable radio echo on 2016 February 12 around
19834m-19"39™ UT (Figure 2) was identified as radio
interference generated in the building hosting EARS
by analyzing the corresponding WAV file recorded by
SpecLab.

The underdense rates revealed no meaningful maximum
associated to the passage of 114 DXC. The overdense

rate revealed faint maxima of 3 overdense echoes per
hour on 2016 February 12 around 7*-9" UT and on 2016
February 14 around 6"-8" UT. Hence, we may associate
to 114 DCX at the expected maximum the qualification
“low overdense rates”.

2.3 April Piscids

EARS radio-observed the April Piscids (144 APS) in the
recording period 2016 April 21, 5"20™ UT, to 2016 April
24, 17"25™ UT. The radio observation ran smoothly
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Figure 2 — Meteor rates of 114 DXC in the recording period 2016 February 12, 5"21™ UT, to 2016 February 14, 17"35™
UT, and an image of a remarkable radio echo on 2016 February 12 between 19%34™ and 19"39™ UT.

Figure 3 — Meteor rates of 144 APS in the recording period 2016 April 21, 5720™ UT, to 2016 April 24, 17725™ UT.

without problems. Figure 3 shows the recorded meteor
rates.

The underdense rates revealed no meaningful maximum
associated to the passage of 144 APS. The overdense
rates showed an almost Gaussian maximum of 13 over-
dense echoes per hour on 2016 April 22 around 0"-11"
UT. Hence, we may associate to 144 APS at the ex-
pected maximum the qualification “medium overdense
rates”.

The much higher number of overdense echoes than for
the previous two showers and the Gaussian-like max-
imum indicative either a shower maximum, or a high
Observability Function, or both. The plots for the other
observation days do not show a similar activity pattern.

2.4

EARS radio-observed the daytime e-Arietids (154 DEA)
in the recording period 2016 May 8, 14"32™ UT, to 2016
May 11, 5720™ UT. The radio observation ran smoothly
without problems. Figure 4 shows the recorded meteor
rates.

e-Arietids

The underdense rates revealed no meaningful maximum
associated to the passage of 154 DEA. The overdense
rate revealed two maxima of 6 overdense echoes per
hour on 2016 May 9 around 4"-10" UT and 8 over-
dense echoes per hour on 2016 May 10 around 47"
UT. Hence, we may associate to 154 DEA at the ex-
pected maximum the qualification “medium overdense
rates”.
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Figure 4 — Meteor rates of 144 APS in the recording period 2016 April 21, 5720™ UT, to 2016 April 24, 1725™ UT.

2.5 May Arietids and o-Cetids

Due to the IMC 2016 in Egmond, the Netherlands,
EARS was not active during the May Arietids (294
DMA) and o-Cetids (293 DCE) passages.

2.6 Arietids and (-Perseids

EARS radio observed the Arietids (171 ARI) and the
(-Perseids (172 ZPE) in the recording period 2016 June
6, 5"24™ UT, to 2016 June 10, 5"30™ UT. The radio
observation ran smoothly without problems. Figure 5
shows the recorded meteor rates.

The underdense rates revealed no meaningful maximum
associated to the passages of 171 ARI and 172 ZPE.
The overdense rate revealed a maximim of 8 overdense
echoes per hour on 2016 June 6 around 6"-12" UT,
an almost Gaussian maximum of 19 overdense echoes
per hour on 2016 June 7 around 4"-12" UT, a maxi-
mum of 21 overdense echoes per hour on 2016 June 84
around 613" UT, and a maximum of 12 overdense
echoes per hour on 2016 June 9 around 4"-12" UT.
Hence, we may associate to both 171 ARI and 172 ZPE
at their expected maxima the qualification “high over-
dense rates”.

Clearly, the Observability Function is high around 4P
12" UT. High shower activity was observed on June 7
and 8.

2.7 B-Taurids

EARS radio-observed daytime -Taurids (173 BTA) in
the recording period 2016 June 27, 16"13™ UT, to 2016
July 30, 16"30™ UT. The radio observation ran smoothly
without problems. Figure 6 shows the recorded meteor
rates.

The underdense rates revealed no meaningful maximum
associated to the passage of 173 BTA. The overdense
rate revealed a maximum of 10 overdense echoes per
hour on 2016 June 28 around 12P-15" UT, three max-
ima of, respectively, 10, 10, and 11 overdense echoes
per hour on 2016 June 29 between 4" and 13" UT and
a maximum of 10 overdense echoes per hour on 2016
June 30 around 3" 6" UT. Hence, we may associate
to 183 BTA at the expected maximum the qualification
“medium overdense rates”.

Maximum overdense rate of about 10 every day near the
same time indicates a flat shower profile (clear shower
activity, but without a defined maximum).

2.8 ~-Leonids

5 EARS radio-observed the v-Leonids (203 GLE) in the
recording period 2016 August 23, 5227™ UT, to 2016
August 26, 5"15™ UT. The radio observation in the
recording period ran smoothly without problems. Fig-
ure 7 shows the recorded meteor rates.

The underdense rates revealed no meaningful maximum
associated to the passage of 203 GLE. The overdense
rate revealed a maximum of 8 overdense echoes per hour
on both 2016 August 23 around 6"-12" UT and 2016
August 24 around 59" UT. Hence, we may associate
to 203 GLE at the expected maximum the qualification
“medium overdense rates”.

No clear pattern can be observed here. During the other
days, no similar activity was detected.

2.9 Sextantids

EARS radio-observed the daytime Sextantids (221 DSX)
in the recording period 2016 September 25, 8"13™ UT,



122

Proceedings of the IMC, Petnica, 2017

!
}z,

Figure 5 — Meteor rates of 171 ARI and 172 ZPE in the recording period 2016 June 6, 5724™ UT, to 2016 June 10, 5"30™
UT, and image of radio echoes on 2016 June 7 between 7"56™ and 8"05™ UT.

Figure 6 — Meteor rates of 173 BTA in the recording period 2016 June 27, 16213™ UT, to 2016 July 30, 16*30™ UT.

to 2016 September 28, 17"35™ UT. The radio obser-
vation in the recording period ran smoothly without
problems. Figure 8 shows the recorded meteor rates.

The underdense rates revealed no meaningful maximum
associated to the passage of 221 DSX. The overdense

rate revealed two maxima of, respectively, 8 and 10
overdense echoes per hour on 2016 September 27 around
1h-4" UT and 5"-8" UT.

Hence, we may associate to 221 DSX at the expected
maximum the qualification “medium overdense rates”.
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Figure 7 — Meteor rates of 173 BTA in the recording period 2016 June 27, 16"13™ UT, to 2016 July 30, 16"30™ UT.

Figure 8 — Meteor rates of 221 DSX in the recording period 2016 September 25, 8"13™ UT, to 2016 September 28, 17"35™

UT.

The fact that the number of overdense meteors is sig-
nificantly higher on September 27 at 2"-3" UT than on
September 26 at the same time suggests that shower
activity was higher on September 27 (since the Observ-
ability Function is the same on the same UT hours of
neighboring days). The same is true for the number
of overdense meteors at 5"-8" UT on both days, again
suggesting the activity on September 27 was higher.

3 Discussion

The EARS radio observations did not allow to deter-
mine the total rates or underdense rates of the daytime
meteor showers in 2016 at their expected maxima. How-

ever, they permitted to determine around said maxima
and in the EARS configuration the associated overdense
rates which can be classified as low (maximum rate of
up to 3 overdense echoes per hour), medium (maximum
rate of up to 8-10 overdense echoes per hour), and high
(maximum rate of up to 19-21 overdense echoes per
hour).

The associated overdense rates showed a certain agree-
ment with the rates of Table 1 around the expected
maximum. More specifically, 115 DCS had low over-
dense rates (“medium” in Table 1), 114 DCX had low
overdenserates (“low” in Table 1), 144 APS had medium
overdenserates (“low” in Table 1), 154 DEA had medium
overdense rates (“low” in Table 1), 171 ARI and 172
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ZPE had high overdense rates (“high” in Table 1), 173
BTA had medium overdense rates (“medium” in Ta-
ble 1), 203 GLE had medium overdense rates (“low”
in Table 1), and 221 DSX had medium overdense rates
(“medium” in Table 1).

Of course, because of the Earth’s rotation, EARS could
not observe daytime meteor showers, during the night,
so that possible further radio echo maxima may have
been lost. To avoid this and to further improve the
knowledge of the radio meteor activity of the daytime
meteor showers, combined radio observations with at
least another radio station with opposite longitude rel-
ative to EARS would be very useful for producing un-
interrupted radio observations of the daytime meteor
showers.

4 Conclusions

The EARS configuration we adopted revealed itself to
be reliable by providing uninterrupted radio observa-
tions in the recording periods around the expected max-
ima of the 2016 daytime meteor showers, improving in
this way the knowledge of their radio meteor activity.

Combined radio observations with at least another radio
station with opposite longitude now appears to be the
next step for radio observations of the daytime meteor
showers in 2017 and beyond.
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The activity of the (-Cassiopeiids has been analyzed using the new available video datasets. ED-
MOND and SonotaCo databases were used. Activity was confirmed every year from 2010 to 2015,
starting at Ao = 109° and ending at \g = 118°, with a maximum at Ag = 113°. Orbital elements of

(-Cassiopeiids are presented.

1 Introduction

The (-Cassiopeiids form a minor meteor shower ac-
tive in the middle of July, discovered independently in
2012 by the Polish Fireball Network (PFN, Zo}adek and
Wisniewski, 2012) and by the Croatian Meteor Network
(CMN, Segon et al., 2012). This shower is currently
known as Working List Shower 444 ZCS). The IAU Me-
teor Data Center (MDC) entry for this shower refers
to three sets of shower data from, respectively, PFN,
CMN, and CAMS (Jenniskens et al., 2016). According
to these data, maximum activity occurs at Ao = 113°
or at \g = 109°, and the radiant is located close to
Ogeo = 5° and fgeo = 50°. The geocentric velocity is
just above 57 km/s. Orbits of (-Cassiopeiids orbits are
similar to orbits of Perseids, but the perihelion distance
is larger (almost 1 AU).

The (-Cassiopeiids were first observed during the night
of July 14-15, 2005, when a small outburst was detected
by PFN video cameras. Many bright ZCS meteors and
fireball were observed that night, and according to an
analysis of PKiM visual reports the ZHR was above 5.

Large sets of data were used for further analysis. We
searched for (-Cassiopeiids in the Sonotaco database
using orbital similarity criterions and in the IMO Video
Network database (single-station meteors). The (-Cas-
siopeiids were active during every year from 2007 to
2011. The most important feature of the ZCS is their
activity profile. Between A\g = 110° and Ao = 116°,
the (-Cassiopeiids are the most active meteor shower,
with a clearly discernible maximum at A = 113°. The
Perseids reach a similar activity level 9 days later, close
to Ao = 122° (Figure 1).

2 Analysis

Large orbital datasets were used to investigate the exis-
tence of the ZCS meteor after 2011. The SonotaCo and
EDMOND databases were merged into a single dataset
with 483 406 meteoroid orbits. Only meteors observed
at Ao = 100°-130° were used for calculations (32077
orbits). Each meteor orbit in this selected subset was
compared to every other meteor orbits; for each pair,
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Figure 1 — Activity profile of the (-Cassiopeiids calculated
from IMO Video Network data

Figure 2 — The (-Cassiopeiids among all meteor showers
active between Ao = 100° and Ao = 130°.

orbital similarity was calculated using Drummond’s cri-
terion. Pairs with a D’ value above a certain threshold
were rejected, and the others were retained. For every
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Figure 8 — Annual activity of the (-Cassiopeiids.

orbit, the mean similarity with all other non-rejected
orbits was calculated. By properly setting the rejec-
tion threshold, we could easily reject the sporadic back-
ground, while the more compact meteors showers be-
came clearly discernible. The presence of the ZCS radi-
ant was checked in the whole range of solar longitudes,
in bins of one degree solar longitude and also separately
year by year.

3 Results

The (-Cassiopeiids radiant is clearly visible on the ra-
diant map generated for the whole range of analyzed
data; also 11 other meteor showers were identified in
the solar longitude range Ao = 100°-130° (Figure 2).

The (-Cassiopeiids activity was analyzed in bins of one
degree in solar longitude. There is no trace of activity
before A\ = 109°, but at A\g = 110° (-Cassiopeiids are
clearly visible, and between Ay = 112° and Ay = 114°
we observe quite strong activity. The radiant becomes
weak after A\g = 115°, but some traces of activity are
observed until A\g = 118°. At Ay = 119°, an activity
increase is observed which is connected to the early Per-
seids. There is no clear gap between the ZCS and PER
radiants, but activity profiles can be used to distinguish
between these two (probably closely connected) meteor
showers.

The (-Cassiopeiids activity was checked year by year,
for the range Ag = 100°-130° (Figure 3). The presence

of this meteor shower is clear in 2010 and 2011. In 2012,
the radiant is a bit weaker, but between 2013 and 2015
(-Cassiopeiids are clearly visible again. There are not
enough data in 2016 to detect the shower.

Largest numbers of (-Cassiopeiids were observed for so-
lar longitude Ay = 113°, which is consistent with the
first analyses of this shower.

The orbital elements for the orbit with the best mean
D’ value (as the most representative for the shower)
are the following: a = 21 AU, ¢ = 0.9938 AU, e =
0.95358, ¢ = 107°13, w = 162963, and Q = 113 °176.
The corresponding geocentric radiant parameters are
Qgeo = 6968, dgeo = 51924, and Voo = 57.16 km/s.
See also Table 1.

4 Conclusions

The current analysis of the Sonataco and EDMOND
databases confirm activity of the (-Cassiopeiids. This
meteor shower is active annually in the period Ao =
110°-118°, with a maximum at A\g = 113°. The be-
ginning of the activity is well defined, while the end
of activity is unclear and seems to be connected with
the beginning of the early Perseids. Both showers can
be distinguished using activity profiles, as there is a
significant activity dip between ZCS and the early Per-
seids. Nevertheless, a dynamical connection between
the (-Cassiopeiids and the Perseids is quite possible,
and both showers may be closely connected.
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Table 1 — Radiant positions, geocentric velocities, and orbital elements of the Zeta Cassiopeiids.

Designation PYo) ageo Sgeo Vgeo a q e w Q i Mean D’
) ) ) (km/s) (AU) (AU) ) (©) ©)

_20140715-230530 113.176 6.68481 +51.2380 57.1638 21.4081 0.993772 0.953580 162.634 113.176 107.129 0.0679480200247
_20130714-214056 112.409  5.17808 +48.9153 58.5310 88.5351 1.00284 0.988673 166.669 112.409 110.039 0.0679633987666
_20140715.210944 113.099  4.64285 +51.9804 57.0304 171.156 0.999309 0.994161 165.081 113.099 105.636 0.0679651529655
_20130715_004713 112.532 4.36004 +50.4762 56.4849 11.1564 1.00276 0.910119 166.344 112.532 106.253 0.0679870056370
_20140716-212542 114.063 6.57075 +51.6779 57.2933 41.7638 0.997561 0.976114 164.279 114.063 106.851 0.0679984628783
_20130715-001410 112.510  6.34812 +49.0019 57.8987 16.4463 0.999464  0.939229 164.906 112.510 109.580  0.0680219756871
_20130714-013922 111.255 2.79872 +50.5083 57.4276 —49.5509 1.00320 1.02025 166.920 111.255 106.034  0.0680395914562
~20100716-015554 112.958 7.33232 +50.3343 58.1871 —71.2508 0.995218 1.01397 163.438 112.958 108.402 0.0680790879550
_20120715-220038 113.620 7.01311 +49.9137  58.3065 64.3769 0.998616 0.984488 164.724 113.620 109.515 0.0680830028885
_20130716-023624 113.558 6.98483 +51.5220 56.9202 21.6941 0.996459 0.954068 163.708 113.558 106.375 0.0680981241081
~20090716-030402 113.244  6.05770 +49.2141 58.0374 32.3097 1.00458 0.968908 167.513 113.244 109.116 0.0680999374613
-20140714-234634 112.249  4.22093 +49.7592 56.8871 11.3269 1.00317 0.911435 166.567 112.249 107.391 0.0681165250436
_20090716-015559 113.199  6.26712 +50.4718 56.9043 13.4019 0.998984  0.925460 164.647 113.199 107.075 0.0681270515224
_20140716-013713 113.276  8.06499 +49.8215 57.8452 20.1930 0.995343 0.950709 163.242 113.276 109.166 0.0681636140926
_20100715-231638 113.210  5.87005 +49.4426 57.8316 20.0676 1.00234 0.950052 166.297 113.210 109.038 0.0681878249815
_20110714-233706 111.668 3.12290 +50.0403 57.9385 —40.1939 1.00330 1.02496 166.995 111.668 107.392 0.0682695180591
_20100715-234023 112.868 3.68575 +51.2082 56.2045 12.3995 1.00271 0.919133 166.354 112.868 105.211 0.0682696042536
_20150714-230951 111.979  3.66584 +50.2018 57.9848 —37.3560 1.00337 1.02686 167.025 111.979 107.420  0.0682952328502
~20090715-234706 113.114  6.35370 +50.2817  58.2387 —171.6005 0.997894 1.01394 164.535 113.114 108.547  0.0683046849679
~20150715-232604 112.944  5.52864 +51.8433 56.2562 14.2469 0.996218 0.930075 163.466 112.944 105.123 0.0683349054525
-20140715-022639 112.236 5.17943 +50.1651 58.1821 —38.3156 1.00035 1.02611 165.643 112.236 108.067  0.0683428391710
-20130714-002155 111.561 4.26274 +48.7252 57.4953 12.5274 1.00336 0.919907 166.663 111.561 108.893 0.0683778075867
_20130716-224244 114.357 7.22923 +52.2280 56.9595 35.2887 0.995425 0.971792 163.387 114.357 106.025 0.0685082957135
_20140715_213253 113.114  5.28647 +49.1654 58.4176 61.6452 1.00458 0.983704 167.571 113.114 109.844  0.0685335837326
_071617MLA0014 113.961 6.69174 +51.1304 57.8255 —85.3103 0.999761 1.01172 165.350 113.961 107.426 0.0686059887440
_20090716-025054 113.235 5.59875 +52.2168 56.2209 21.6053 0.997903 0.953812 164.299 113.235 104.412 0.0687899286512
_071415MLA0023 112.331 4.52472 +51.9101 56.9128 —137.867 0.998826 1.00724 164.879 112.331 104.945 0.0687916343371
_20110716-202718 113.450  5.02169 +50.8763 58.1466 —55.9915 1.00179 1.01789 166.287 113.450 108.171 0.0688204402695
_071314MEA0007 111.511 2.15694 +50.3600 57.7004 —37.4619 1.00542 1.02684 168.100 111.511 106.633 0.0688354850370
~20140716-024008 112.960  5.22926 +50.7633 57.7878 —41.0385 1.00238 1.02443 166.593 112.960 106.962 0.0688522515835
_071617MLA0007 113.889 6.99467 +51.3544 56.9031 15.0410 0.995438 0.933818 163.201 113.889 106.905 0.0689766516156
_20120717-030135 114.416 8.70780 +51.1336 57.6647 58.3232 0.995415 0.982933 163.409 114.416 107.715 0.0690413911816
_20160716-032104 113.450  6.78049 +52.1093 56.1214 13.8801 0.995112 0.928307 163.034 113.450 104.834  0.0690567804617
_20100717-020929 113.921 8.73264 +50.4916 57.7797 29.4946 0.993589 0.966313 162.621 113.921 108.525 0.0690918046499
_20100717-023508 113.938 8.24356 +50.9842 57.2395 19.6372 0.994442 0.949359 162.874 113.938 107.416 0.0691303877073
_20130713-210221 111.429 1.59793 +50.6957  57.5382 —40.0038 1.00603 1.02515 168.419 111.429 106.198 0.0691459433560
_20130713_014923 110.665 3.10299 +49.6087  56.3915 9.66704 1.00191 0.896358 165.825 110.665 106.368 0.0691527971029
_20100715-195250 113.075 6.07652 +49.0924 58.2669 17.3887 1.00107 0.942430 165.655 113.075 110.547  0.0691855146092
_071617ZGR0O015 113.932 6.90858 +51.7097  56.5819 13.6601 0.995419  0.927129 163.142 113.932 106.118 0.0692208045336
_20150716-005229 113.001 6.29904 +50.4673 56.6903 10.2071 0.997662 0.902258 163.944 113.001 107.083 0.0692248810958
-20090716-031934 113.254  6.16059 +51.0839 56.3043 10.6183 0.999058 0.905912 164.595 113.254 105.888 0.0692296026822
_20130716-005816 113.493 7.86159 +51.2425 56.9769 16.5034 0.991909 0.939897 161.858 113.493 106.958 0.0692306948023
~20090715-034642 112.318 7.86923 +50.3646 58.1806 —63.2333 0.991146 1.01567 161.912 112.318 108.403 0.0692353004920
_20130715-004713 112.532 5.78937 +51.5543 56.0603 10.6279 0.994262 0.906448 162.572 112.532 105.230  0.0692469953060
_20110716-221204 113.519 7.53154 +51.3195 57.5191 37.7173 0.990457  0.973740 161.488 113.519 107.647  0.0692546491117
_20120715.220934 113.626  5.41938 +51.6619 57.6655 —36.1778 1.00051 1.02766 165.718 113.626 106.508 0.0692839035787
_20120717-012602 114.711 8.08958 +51.4547  57.1624 21.3127 0.997913 0.953178 164.319 114.711 107.046 0.0692883825190
_071213RIB0005 110.676 2.61673 +49.7046 56.3190 9.91833 1.00314 0.898860 166.458 110.676 106.111 0.0692885875872
_20110717-215210 114.459  6.96977 +52.0055 57.5210 2683.32 0.996143 0.999629 163.786 114.459 106.901 0.0692941281946
~20090715-012044 112.222 4.00124 +48.8946 57.2018 11.4662 1.00598 0.912266 168.063 112.222 108.232 0.0693138145284
_20110717-012836 113.649 7.01634 +50.6148 56.8597 11.7578 0.997171 0.915191 163.825 113.649 107.270  0.0693880550039
_20140717-013653 114.230  8.76719 +51.0176 57.6886 39.3545 0.994307  0.974735 162.959 114.230 108.048 0.0693966902941
-20140714-224051 112.206 4.58332 +49.1174 57.2519 10.4779 1.00257 0.904316 166.234 112.206 108.649 0.0694528196651
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The 2016 y-Draconids outburst observed by video is yet another outburst that was independently
discovered by forward scatter radio observations. Thanks to the high declination of the radiant, it
was recorded by many observers in the northern hemisphere. A detailed activity profile was also

obtained.

1 Introduction

During the past few years, we have reported on forward
scatter observations of predicted outbursts or enhanced
activity of the following known streams:

e October 2011 Draconids (Steyaert, 2013);
e May 2013 n-Aquariids (Steyaert, 2014a);

e May 2014 Camelopardalids, associated to Comet
209P /LINEAR (Steyaert, 2014b);

e February 2015 ~-Lyrids (Steyaert, 2015). This
outburst was confirmed by Brown (2016). There
was a weak return in 2017 (Pellens, 2017).

This contribution is an update on our previous paper
(Steyaert, 2015), and discusses a new and similar out-
burst.

2 Discovering outbursts

Figure 1 shows the hourly counts obtained by Felix Ver-
belen for 2014-2016. He has been monitoring the VVS
beacon since the beginning of 2005 with the same re-
ceiver and antenna setup.

Figure 1 — Yearly overview of the counts of Verbelen ob-
tained for the years 2014-2016.

The well-known annual streams are easily recognized:
the Quadrantids on January 3-4, the Lyrids end April,
the n-Aquariids early May, the long-lasting daytime
streams in June, the Perseids in August, and the Gem-
inids mid-December. The presence of the Orionids in
October and the Leonids in November varies from year
to year. There was also a strong return of the Ursids in
2016.

During February and March there are no known major
streams, and the annual sporadic activity is the lowest

Figure 2 — Participating stations in RMOB (Radio Meteor
Observatories On-line).

Figure 8 — Typical daily radio count pattern.

of the year. Hence, this is the period of the year (for the
northern hemisphere) during which smaller streams can
be more easily detected from the normally low counts.
Along with the longer nights during these months, there
is also a good chance of optically recording activity if the
weather cooperates. Outside this period, the signal-to-
noise ratio of a smaller stream is too low at nighttime.

For radio observers, unknown activity can also be more
easily discovered when the sporadic activity is at its
lowest, i.e., during local afternoon to midnight hours.

3 Observations

During July 2017, there were 57 submissions to RMOB
(Radio Meteor Observatories On-Line, Figure 2).! Most
of the observers employ automatic counting methods.
Some of the stations are still in a testing phase. It
should be noted that several new stations in Brazil have
recently come on line, which creates the possibility of
studying the southern hemisphere streams.

A typical monthly graph (Figure 3) shows the daily
pattern with a maximum in the morning hours local

Thttp://www.rmob.org/livedata/main.php.
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time, and a minimum in the evening, with superimposed
stream activity, like the daytime S-Taurids in early July.

4 Finding previously unknown activity

In checking the monthly submissions to RMOB, the fol-
lowing mail exchange between the authors took place:

Date: Tue, 02 Aug 2016 11:43:42 +0200

To: Jeffrey Brower <jbrower@meteorchaser.net>
From: Chris Steyaert <csteyaert@gmail.com>
Subject: Re: RMOB 2016 07 Brower

Hi Jeff,

Several observations recorded an outburst on
July 28, Oh - 1h UT. I’11l look into that one.

Seventeen reflections are seen in the 5-minutes Speclab
waterfall spectrum (Figure 4), which is exceptional for
that time of the day. An extrapolated rate of 200 per
hour occurs only for the strongest streams.

An automatic counting script found only seven reflec-
tions, shown on the lower axis of Figure 4). It clearly
needs more tuning.

In total, twelve RMOB observers recorded increased ac-
tivity in the interval July 27, 23" UT-July 28, 2" UT,
indicated with blue arrows in the various panels of Fig-
ure 5.

All types of transmitters are present:

e the 50 W VVS beacon (49.99 MHz);

o the Megawatts GRAVES radar (143.05 MHz) in
France; and

e TV stations in North America and Japan.

Simply adding (without any scaling) the counts of these
twelve observers for the two days around the outburst
(Figure 6) confirms the higher activity for July 27, 23b
UT, and July 28, 0" UT.

5 Optical observations

Contrary to the 2015 February 5 event, there was no
need to try to locate the radiant of the stream based
on the radio observations. Quoting from the Central
Bureau Electronic Telegram 42922

JULY GAMMA DRACONID METEOR OUTBURST

P. Jenniskens, SETI Institute and NASA Ames
Research Center, reports that stations of the
CAMS meteor video camera network in the
Netherlands detected unusually strong activity
from the July gamma Draconids shower (IAU

2http://www.cbat.eps.harvard.edu/iau/cbet/004200/
CBET004292.txt.

Chris Steyaert (Mol, Belgium]

Freg = 49.990 MHz OT1EZ m
pate=2016-07-22 Tine=00:05 UTRE00CE 200d8

ose oooT

ZH 006

Figure /4 — Spectrum obtained by Steyaert in the interval
July 28, 0®00™-0"05™ UT.

shower number 184) between July 27d23h56m and
28d00h23m UT. According to the data analysis by
M. Breukers (Hengelo,The Netherlands),about
half of all 126 single-station-detected meteors
in the partially clouded night (typically with
brightness around magnitude +2) radiated from
this shower’s radiant, as did five out of nine
multi-station meteors. The median geocentric
radiant position was R.A. = 279.88 +/- 0.12 deg,
Decl. = +50.12 +/- 0.46 deg (equinox J2000.0),
with geocentric velocity 27.31 +/- 0.09 km/s,
(equinox J2000.0) .

Jeff records the counts in 10-minute intervals, which is
a good compromise of time resolution versus number.
The average number of reflections the day before and
after the outburst in the interval 23"30™-0"30™ UT is 4
to 7. It is significantly higher from July 27, 23"40™, to
July 28, 0"30™ (boxed in Figure 7). This is somewhat
longer than the interval given by CAMS, most probably
because it includes fainter meteors.

6 Radiant position

The radiant was rather high in the sky for Europe (Fig-
ure 8). This poses a problem for explaining the high
number of underdense meteors in Figure 4.

According to classical underdense specular reflection ge-
ometry, the reflections can only take place at a large
distance, and consequently their number and intensity
should be low. The same happens, e.g., at the Per-
seids culmination of the radiant, but this is from more
overdense meteors at higher speed. This leads to the
conclusion that the reflections in Figure 4 are short but
non specular.

7 Conclusion

Beyond any doubt, moderately strong stream outburst
can be identified in the heterogeneous forward scatter
counts.
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(a) Jeff Brower, Canada

(c) Lee Garton, UK

(e) NACHODSKO-R3, Czech Republic

(g) OBSJAROMER-R3, Czech Republic

(i) Chris Steyaert, Belgium

(k) Felix Verbelen, Belgium

(b) Walter Hohmann Sternwarte, Germany

(d) Fabio Moschini, Italy

(f) Stan Nelson, USA

(h) Eric Smestad, USA

(j) Hirofumi Sugimoto, Japan

(1) Bill Ward, UK

Figure 5 — Twelve RMOB observations of increased activity in the interval July 27, 23® UT-July 28, 2" UT, indicated

with blue arrows in panels (a)—(1).
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Figure 6 — Stack of all counts shown in Figure 5.

Figure 7 — Jeff Brower’s 10-minute counts around the time
of the outburst.

8 Analysis opportunities

Currently, basic data in the Visual RMOB Archives?,
which contains data since 2000, are not systematically
scanned for unknown activity. Several more streams
may await discovery in this database.
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First observations with the BRAMS radio interferometer
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The BRAMS radio interferometer located in Humain is presented. Contrary to the other traditional
BRAMS receiving stations, it is able to retrieve the direction of the specular reflection point of meteor
echoes. The interferometer is made of 5 antennas placed along 2 axes approximately aligned with the
North-South and East-West directions, with a common central antenna. The principle of determining
the direction of arrival from phase differences measurements following the method proposed by Jones
et al. (1998) is presented and then applied to two examples of meteor echoes observed on December 5,
2016, one with a high signal-to-noise ratio and the other one much fainter. The results are discussed
as well as the next steps needed to fully calibrate the radio interferometer.

1 Traditional BRAMS receiving
station

BRAMS (Belgian RAdio Meteor Stations) is a Belgian
network of radio receiving stations aiming at detecting
and studying meteoroids using forward scatter of ra-
dio waves off the meteor ionized trails. It consists of
a dedicated transmitter emitting a pure sine wave at a
frequency of 49.97 MHz and with a power of 150 W, and
about 25 receiving stations covering the Belgian terri-
tory. A typical BRAMS receiving station consists of
a 3-element Yagi antenna, a commercial [COM-R75 re-
ceiver, a Behringer UCA222 external sound card (acting
as the ADC), a BRAMS calibrator, and a GPS clock.
The block diagram is shown in Figure 1. A signal com-
ing from the BRAMS calibrator is added to the incom-
ing signal from the antenna to ensure frequency and
amplitude calibrations. Then, the receiver shifts the
incoming signals received around 49.97 MHz to a fre-
quency around 1 KHz that can be easily sampled by
the external sound card at a frequency of 5512 Hz. The
sound card also samples a signal coming from a GPS
clock to ensure synchronization between all BRAMS re-
ceiving stations. Data are then stored on a local com-
puter (see Lamy et al., 2015, for more details). The
3-element Yagi antenna has a very broad radiation pat-
tern in order to cover a large portion of the sky where
meteor trails are likely to appear. Therefore, when us-
ing data from a single BRAMS receiving station, the
direction of the specular reflection point of a meteor
echo is not known.

2 Radio interferometer in Humain

One station, located in the radio-astronomical site of
Humain, in the South-East of Belgium, is a radio inter-
ferometer and is able to retrieve the direction of arrival
of a meteor echo to an accuracy of the order of 1°. The
general idea of an elementary radio interferometer is
illustrated in Figure 2.

—— Ampl. & Freq.
49.97 MHz calibrator

49.9705 MHz
Power
combiner
|

Receiver GPS RX
ICOM IC-R75
L
+
Audio freq. PPS + NMEA NMEA
Sound card Control
Beringher UCA222 | USB PC

Figure 1 — Block diagram of a classic BRAMS receiving
station.

Two antennas (called 0 and 1) are separated by a dis-
tance D (called the interferometer baseline). The radio
wave reflected off the meteor trail is assumed to propa-
gate in the plane containing the two antennas with an
angle ¢ (measured from the vertical). Since the source
of the (reflected) wave is located at more than 100 km,
it is located in the so-called far-field of the antenna and
the front wave can be assumed to be plane. The in-
coming signal reaches antenna 0 slightly earlier than
antenna 1. The time delay is 7 = (D/c) sin ¢, where ¢ is
the speed of light. During this time, a phase difference
measured between antennas 0 and 1 occurs due to the
additional distance the incoming wave has to cover. We
have

¢10=—277TD5111§7 (1)

where A is the wavelength in air of the incoming signal
(approximately 6 meters for BRAMS).
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Figure 2 — Geometry of an elementary radio interferometer,
where D is the interferometer baseline, and ¢ the angle of
arrival of the incoming signal measured from the vertical.

In principle, the (planar) angle-of-arrival ¢ could then
be measured using only two antennas. However, since
@10 is measured within +m, Equation (1) admits one so-
lution for ¢ in [—7/2,7/2] only if D < A\/2. Otherwise,
there is an ambiguity due to the multiple solutions of
the equation (their number being equal to the number
of A/2’s in D). Unfortunately, if the two antennas are
too close (D < A/2), they start to influence each other
via mutual impedance effects and the phase measure-
ments are not reliable anymore.

There are a number of ways to overcome this problem.
Jones et al. (1998) proposed to use three co-aligned an-
tennas instead of two (see Figure 3), and to measure
phase differences with the central antenna acting as the
phase reference. The trick is to use distances d; and ds
between antennas at the extremities (1 and 2) and the
central one (0) which differ by A\/2, e.g., d1 = 2.5\ and
do = 2.

Equation (1) can then be used for each pair of antennas:

2 .
¢10 = Y dy sin ¢

2
Poo = +77T do Sin(.

Figure 8 — A linear array of 3 antennas with the central
antenna 0 being the phase reference.

Individually, both equations admit several possible so-
lutions (respectively 5 and 4) but they can be either
summed or subtracted to provide two estimates of sin (:

. A $10 — P20 $10 — P20

. AN - _ . 4
sin ¢ or di 1 ds or ; (4)
. A dotdn g0t P
sin( = or d—dy - . (5)

Equation (4) admits 9 possible solutions while Equa-
tion (5) admits only one, as can be seen from Figure 4.
Since the slope of the single branch of the bottom graph
is not very steep, the solution is unique but inaccurate.
On the other hand the slope of the nine branches of the
top graph are very steep and, therefore, provide a very
accurate estimate of the angle of arrival. For example,
in Figure 1, it was assumed that the following values
were measured: ¢19 = 100° and ¢o9 = —40°. This gives
respectively ¢10 + ¢20 = 60° and @10 — ¢20 = 140°. If
we assume a phase uncertainty of +10°, we obtain the
horizontal gray shaded areas. Using Equation (5) gives
a value of ¢ between approximately —16 °1 and —22°9,
and is therefore rather inaccurate. However, it allows
to select the correct branch in the top graph, which
provides a much more accurate solution for { between
approximately —17°6 and —18 ?4. Therefore, by com-
bining solutions from Equations (4) and (5), the angle
of arrival can be estimated with an accuracy of less than
1°.

This provides the angle of arrival as if the meteor was
in the plane of the three co-aligned antennas. In order
to determine the zenith and azimuth angles of a meteor
echo in the more general case, two linear and perpen-
dicular axes of three antennas are used with the central
antenna (used for phase reference) common to the two
axes. The two axes are oriented along North-South (N-
S) and East-West (E-W) directions. The method above
then provides two angles ¢; (along N-S direction) and
(2 (along E-W direction) which are combined to com-
pute the elevation angle o (measured from N to E) and
the azimuth angle 8 (measured from the ground up) of
the meteor echo using the following formulas (see, e.g.,
Valentic et al., 1997; or Madkour et al., 2016):

cos (a cos (1
arccos = arccos ;
cos f3 cos 3

CcOoS
arctan < —CQ ) .

cos (1

Q
|

(6)

B (7)
The BRAMS interferometer in Humain has been de-
signed accordingly. The block diagram is shown in Fig-
ure 5. Six antennas are used since the central antenna is
a crossed-Yagi antenna which will be useful for future
radio polarisation measurements and study of meteor
power profiles. In the following, the central antenna
called “low” (L) will be used as reference for all phase
measurements. The receivers are AR5001D, which al-
low the use of a 10 MHz reference provided by a GPS
clock as a reference for the phase measurements. The
ADC is the NI 9215 from National Instruments which
samples simultaneously the signals coming from the six
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Figure / — Relationship between the sum and the difference
of the phase differences, ¢10+¢20 and ¢10—p20, as a function
of the angle of arrival (. The gray shaded bands illustrate
an uncertainty of +10°.

receivers and the PPS signal coming from another GPS
clock. More technical details about the interferometer
will be published elsewhere.

3 Determining radio meteor echo
direction

In this section, we present a few examples where the
techniques described in Section 2 are applied to radio
meteor echoes observed with the BRAMS interferome-
ter on December 5, 2016. Data are presented as spec-
trograms obtained using 16 384 samples of the raw time
series and an overlap of 90% to compute the FFT. This
provides a time resolution of the order of 0.3 s and a
frequency resolution in the order of 0.33 Hz. These
spectrograms were analyzed by users of the citizen sci-
ence platform, the Radio Meteor Zoo (Calders et al.,
2016; 2017) to manually detect meteor echoes and es-
timate the background to be subtracted from the ac-
tivity curve observed during the Geminids (Verbeeck et
al., 2018). The results of the aggregated inputs of the
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49.9705 MHz Y
Power GPS
divider disciplined
Power 10 MHz ref.
combiner
‘ 10 MHz
10 MHz
10 MH
RX z distribution
AR5001D
Audio X6
freq
Amplifier GPS RX
&
Filter
PPS + NMEA NMEA
—
ADC Control
NI 9215 USB PC

Figure 5 — Block diagram of the radio interferometer in Hu-
main.

users are shown on the spectrograms as white rectan-
gles. Figure 6 is the spectrogram obtained at 0"35™
UT with seven detections (rectangles) from the RMZ
users. Spectrograms are used here in order to deter-
mine the best frequency to use to calculate the phase.
Since the phase of the meteor echo should not depend
on frequency, the best procedure would consist in se-
lecting the frequency bin in which the signal-to-noise
(S/N) ratio is the highest.

First, let us consider the second rectangle from the left.
A zoom on this region of the spectrogram is shown in
Figure 7. It corresponds to a bright meteor echo that
does not overlap in frequency with any other signal such
as a reflection on an airplane or the direct signal coming
from the transmitter.

To illustrate the method described in Section 2, 10 adja-
cent frequency bins centered on the upper bright “spot”
of the meteor echo in Figure 7 are selected. The re-

Figure 6 — Spectrogram obtained at Humain on December
5, 2016, 0"35™ UT. Horizontal axis is time (5 minutes dura-
tion) and vertical axis is frequency (200 Hz centered on the
direct signal from the beacon). Rectangles are aggregated
results from individual contributions from RMZ users.
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Figure 7 — Zoom around the second white rectangle of Fig-
ure 6.

sults for the phase differences between antenna pairs are
shown in Figure 8. The phase differences are computed
between the lower central antenna (called “L”) and any
of the two other antennas along the North-South and
East-West axes (respectively called “N” and “S”, and
“E” and “W?”). For example, phase N-L and phase S-L
in Figure 8 correspond to ¢19 and ¢oo in Equations (4)
and (5). For the selected frequencies, just before and
after the meteor echo, only noise is recorded and, there-
fore, the phase differences vary completely randomly as
expected. During the meteor echo, however, the phase
differences become strongly coherent. As expected, the
results do not depend on the frequency, the small varia-
tions observed being due to slightly different S/N ratios
in the various frequency bins.

Figure 9 shows sum ¢1¢ + ¢20 and difference ¢19 — @20
of the phase differences along the two orthogonal axes.

Figure 8 — Phase differences between the central antenna L
and (top left) the North (N) antenna; (top right) the South
(S) antenna; (bottom left) the East antenna; and (bottom
right) the West antenna, for data from Figure 7. The 10
different curves correspond to adjacent frequency bins cen-
tered on the upper bright spot of the meteor echo shown in
Figure 7.

Figure 9 — Sum (left) and difference (right) of phase differ-
ences from Figure 8 for N-S axis (top) and E-W axis (bot-
tom).

The Jones method is applied to these results to ob-
tain the two angles of arrival {n.g and (g.w which are
then combined to provide the elevation angle a and
the azimuth angle § of the meteor echo using Equa-
tions (6) and (7). (See Figure 10.) This procedure
can be done for each selected frequency bin above. For
clarity, only the results corresponding to the frequency
bin with the highest S/N ratio (called “freq0fi”) are
shown in Figure 10. The results at other adjacent fre-
quencies are very similar. Again, the results are very
stable during the meteor echo which gives confidence in
the method. It has been checked that the same results
are obtained when using frequencies corresponding to
the lower bright “spot” of the meteor echo in Figure 7.

Let us now consider in Figure 11 a zoom on the sixth
rectangle from Figure 6. It contains a much fainter
meteor echo for which the S/N ratio varies strongly with
frequency with values as low as 1 at some frequencies.
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Figure 10 — Top: Angles of arrival, {n.s and (g-w, as a
function of time for data from Figure 7. (Bottom: Corre-
sponding elevation («) and azimuth (8) angles.
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Figure 11 — Zoom around the sixth rectangle of Figure 6.

The meteor echo does not overlap with another signal
either. We carry out the same procedure selecting 10
adjacent frequency bins centered on the one with the
highest S/N ratio (at approximately 1027 Hz).

The phase differences between the central antenna and
all of the four other antennas are shown in Figure 12. As
expected, due to the lower S/N ratios, the results are
much more scattered. However, the contrast between
the coherency of the phase differences during the meteor
echo and the randomness of the phase differences before
and after the meteor echo remains very clear.

Figure 12 — Phase differences between the central antenna L
and (top left) the North (N) antenna; (top right) the South
(S) antenna; (bottom left) the East antenna; and (bottomn
right) the West antenna, for data from Figure 11. The
10 different curves correspond to adjacent frequency bins
around 1027 Hz.

The directions of arrival in the N-S and E-W planes,
and the azimuth and elevation angles for that particular
meteor echo, are given in Figure 13. Again, only results
for the frequency bin with the highest S/N ratio are
shown. The results are still very stable over time during
the meteor echo, emphasizing that the frequency bin
with the highest S/N ratio should always be selected.

Figure 13 — Top: Angles of arrival, (n.s and (g-w, as a
function of time for data from Figure 11. (Bottom: Corre-
sponding elevation («) and azimuth (3) angles.

4 Discussion and conclusions

In Section 3, the method of Jones et al. (1998) was suc-
cessfully applied to some data obtained with the inter-
ferometer in Humain on December 5, 2016. The phases
were determined using the complex Fourier transform.
The phase differences become coherent as soon as a me-
teor echo occurs and do not depend on the frequency,
as expected. For bright meteor echoes, it was shown
that using the frequency bin with the highest S/N ratio
is more than enough to provide an accurate direction of
arrival. However, for fainter meteor echoes, it might be
needed to sum up the contributions of individual fre-
quency bins present in the meteor echo to increase the
S/N ratio. This should be done by adding the com-
ponents of the Fourier transform in the complex plane
before calculating the phases. Also, the examples pre-
sented in this study consist of “isolated” meteor echoes
which do not overlap with any other spurious signal.
In practice, an overlap occurs quite often. For these
meteor echoes, an automated procedure should be de-
veloped in order to select a frequency bin that belongs
to the meteor echo.

So far, the directions of arrival computed for the me-
teor echoes are not calibrated. There are a number of
systematic errors that need to be taken into account
and corrected for. This includes a possible difference
in length between the cables going from antennas to re-
ceivers. A difference of 20 cm between two cables would
produce a phase difference of 18° assuming a wavelength
around 4 m in the cable (corresponding to a propagation
speed around 0.67¢, provided by the seller). Also, the
exact relative positions of the antennas must be mea-
sured. In the calculations above, it was assumed that
di = 15 m and do = 12 m, and that antennas were
perfectly aligned along the N-S and E-W directions. In
practice, this is not the case. A precise determination
of these systematic errors was carried out at the end
of 2017, but were not yet implemented in the results
presented in this study.
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Once these systematic errors are taken onboard, the cal-
ibration itself can be performed with one of the follow-
ing methods: (1) using the BRAMS calibrator (Lamy
et al., 2015) as a transmitter and a calibrated antenna
both attached to a drone flying in the far-field of the in-
terferometer; (2) using the signal reflected from a plane
whose position can be accurately determined (e.g., us-
ing websites such as Flight Tracker); or (3) using data
from optical cameras located next to the interferome-
ter. The first two methods are currently under investi-
gation. The third one was used, e.g., by Madkour et al.
(2016). The installation of a CAMS (e.g., Roggemans
et al., 2016) camera in Humain is planned in early 2018
to test this method as well.

The results from the radio interferometer in Humain
will be extremely important for the BRAMS network,
in particular for the retrieval of individual meteoroid
trajectories as only data from 3 additional traditional
BRAMS receiving stations are then needed (see, e.g.,
Wislez, 2006).
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For the first time, meteor shower activity curves from BRAMS forward scatter observations are
published here. The BRAMS team developed a technique to separate observations into the sporadic
background and a shower component. This method is applied to the Perseids 2016 and 2017, the

Geminids 2016, and the Quadrantids 2017.

1 Introduction

BRAMS (Belgian RAdio Meteor Stations) is a radio
network located in Belgium using forward scatter mea-
surements to detect and characterize meteoroids. It
consists of one dedicated transmitter located in Dourbes
in the south of Belgium and approximately 25 receiv-
ing stations spread all over the Belgian territory. The
transmitter emits a circularly polarized continuous wave
(CW) at a frequency of 49.97 MHz and with a power
of 150 W. All receiving stations use the same material
(including a 3 elements Yagi antenna) and are synchro-
nized using GPS clocks. More details can be found in,
e.g., Lamy et al. (2015).

Each BRAMS receiving station is recording continu-
ously, producing each day 288 WAV files and detect-
ing about 1500-2000 meteors. Though significant ad-
vances in automatic detection of meteor reflections in
the BRAMS spectrograms have been made, the best de-
tector stays the human eye. In August 2016, the Radio
Meteor Zoo® was launched. This citizen science project,
hosted on the Zooniverse platform (Lintott, 2008), ex-
ploits the (trained) human eye of many volunteers for
classifying meteor reflections during certain observing
campaigns. This enabled the BRAMS team to publish
shower activity results for the first time here. More in-
formation about the Radio Meteor Zoo can be found in
Calders et al. (2016; 2017).

In the current paper, we present meteor shower activity
profiles from BRAMS observations. Section 2 describes
the process of extracting the sporadic background dur-
ing a meteor shower. Perseid near-maximum activity
curves for 2016 and 2017 from BRAMS observations
are presented in Sections 3 and 4, respectively, while
Sections 5 and 6 provide the results for the Geminids
2016 and the Quadrantids 2017, respectively.

Finally, conclusions and future plans are outlined in
Section 7.

Thttp://www.radiometeorzoo.org.

2 Estimating the sporadic background

Since the current BRAMS observations were performed
by basic forward scatter stations (i.e., without inter-
ferometer?), it is not possible to tell which individual
meteor reflections are shower meteors. Hence, the only
way to estimate shower activity is to estimate the spo-
radic background and subtract it from the total activity.
We illustrate this process here in detail on the Perseids
2016 observations. The same method is applied in the
activity analysis of any meteor shower.

Figure 1 shows an estimation of the sporadic back-
ground during the Perseids 2016 observations by the
BRAMS receiving station Humain. The top left plot
shows the hourly number of meteor reflections observed
for each UT hour of the day, on individual days some
time away from the Perseid maximum (August 17 in
blue; August 19 in green; their average with standard
deviations as error bars in black). It is assumed that
there is no significant shower activity on those days, so
the observations represent the sporadic background at
that time. The sporadic background during the Perseid
maximum is assumed to be the same.

The bottom left plot shows the average hourly number
of meteor reflections for every UT hour of the day (av-
erage over August 17 and 19), with the standard devia-
tions as error bars (in black). Since a sinusoidal diurnal
variation is expected (Powell, 2017), a sine curve was fit-
ted to these averages (both a weighted and unweighted
fit). Figure 1 shows clearly that both fits are good ap-
proximations of the average hourly number of meteor
reflections. The sporadic background during the Perseid
observations will be modeled as the weighted sine fit.

The plots on the right in Figure 1 apply the same ideas,
but on the hourly total duration (in seconds) of meteor
reflections. Meteor shower maxima typically feature a

2Though there is an interferometer in the Humain receiving
station, single-antenna data from Humain are employed in the
present analysis. Shower analysis of interferometric data from
Humain are foreseen in the near future.
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Figure 1 — Estimation of the diurnal variation of the sporadic background during the BRAMS Perseids 2016 campaign
(receiving station: Humain). Top left: Hourly number of meteor reflections observed on individual days, some time away
from the Perseid maximum (August 17 in blue; August 19 in green; average in black). Bottom left: Average and sine fits
of the hourly number of meteor reflections. Top right: Hourly total duration (s) of meteor reflections observed on August
17 and 19, and their average. Bottom right: Average and sine fits of the hourly total duration of meteor reflections. Times

are in UT.

lot of long-duration (overdense) reflections, which often
overlap with shorter (underdense) reflections. As a re-
sult, counting the number of reflections can be a rather
inaccurate measure of meteor activity. The hourly to-
tal duration of meteor reflections provides a more ro-
bust measure of meteor activity. The fitted sine curves
shown in the bottom right plot of Figure 1 are a good
representation of the average hourly total duration of
meteor reflections. Hence, the hourly total duration of
sporadic meteor reflections during the Perseid observa-
tions will be modeled as the weighted sine fit.

Similar results are obtained for other datasets.

3 Shower activity: Perseids 2016

The BRAMS station in Humain observed the 2016 Per-
seids from August 10, 0" UT until August 14, 0" UT.
Figure 2 shows an estimation of the Perseids 2016 ac-
tivity as observed from Humain during this period.

The hourly total number of meteor reflections is shown
in the top left plot (red curve). As a proxy for the
diurnal variation of the sporadic background, the av-
erage hourly number of meteors observed away from
the shower maximum is plotted (black circles for the
average and black sine curve for its weighted sine fit),
as explained in Section 2. An estimate of the number
of Perseid reflections per hour (blue curve) is obtained
by subtracting the modeled sporadic background (the
black weighted sine fit) from the hourly total number of
reflections. The Perseid radiant elevation is featured in
the bottom left plot. The plots on the right in Figure 2
show the same curves, but for the total duration rather
than the number of meteor reflections.

It is clear that the number of Perseid reflections is much
smaller than the large number of underdense sporadic

reflections (faint sporadic meteors) observed by Humain
(top left plot in Figure 2). Hence, the scatter in the
true sporadic rates (the difference between the real and
modeled sporadic rates) hides the salient features in the
Perseid rates. Since the proportion of Perseids to spo-
radics is a lot higher in the top right plot in Figure 2
(total duration of meteor reflections), the Perseid max-
imum on August 12 stands out better in that plot.

This is even more the case in Figure 3, which shows the
same plots as Figure 2, but only taking into account
the larger particles (meteor reflections lasting at least
10 seconds). Both in the number of reflections and the
total duration of reflections, the Perseids clearly domi-
nate the reflections lasting at least 10 seconds, and the
Perseid maximum on August 12 stands out clearly.

A word of caution is in order. The shower meteor
numbers in the present paper have not yet been cor-
rected for the relative sensitivity of the forward scatter
setup, which shows a large daily variation as the ra-
diant crosses the sky. This daily variation is clearly
seen in the plots (with a minimum near 18" UT for
the Perseids), meaning it is pointless at this stage to
determine at which exact time the shower maximum
occurred. Using an analogy with visual data, the for-
ward scatter data presented here are similar to raw vi-
sual rates rather than ZHRs. The relative sensitivity
of the forward scatter setup is called the Observability
Function and was modeled by Verbeeck (1997). The au-
thors will incorporate the Observability Function into
the analysis of the present data in a future paper.

4 Shower activity: Perseids 2017

The top left plot in Figure 4 shows the hourly number of
meteor reflections (total observed, estimated sporadic,
and estimated Perseids) for the Perseid observations by
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Figure 2 — Estimation of Perseids 2016 activity (BRAMS receiving station: Humain). Top left: Hourly number of
meteor reflections (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic
background and its weighted sine fit; lower blue curve: estimated hourly number of Perseid reflections). Bottom left:
Radiant elevation. Top right: Hourly total duration (s) of meteor reflections (upper red curve: total observed; black
circles and curve: estimation of diurnal variation of sporadic background and its weighted sine fit; lower blue curve:

estimated hourly total duration of Perseid reflections). Bottom right: Radiant elevation. Times are in UT.

Figure 3 — Estimation of Perseids 2016 activity (BRAMS receiving station: Humain).

Top left: Hourly number of

meteor reflections lasting at least 10 seconds (upper red curve: total observed; black circles and curve: estimation of
diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated hourly number of Perseid
reflections). Bottom left: Radiant elevation. Top right: Hourly total duration (s) of meteor reflections lasting at least 10
seconds (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic background
and its weighted sine fit; lower blue curve: estimated hourly total duration of Perseid reflections). Bottom right: Radiant

elevation. Times are in UT.

the BRAMS receiving station at Humain, from August
11, 0" UT until August 14, 0* UT.

The same features are observed as for the Perseids 2016,
with comparable values for the sporadic background.
The Perseids 2016 (Figures 2 and 3) show a distinctly
higher activity on August 12 as compared to the neigh-
boring days, while the Perseids 2017 (Figures 4 and 5)
show a more even activity profile. All values for the
Perseids observed on August 12, 2016, are a lot higher
than all Perseid values observed in 2017. This is consis-
tent with the increased Perseid activity in the late UT
hours of August 11 and the early UT hours of August
12, 2016, as was observed by video (see Molau et al.,
2017a), visual and radio techniques (see Rendtel et al.,
2017).

The visual peak of the Perseids 2017 was observed in the
late UT hours of August 12, when the radiant was very
low in the sky. The relative sensitivity of the BRAMS
system for Perseids at that time was too low to allow
clear detection of the maximum.

5 Shower activity: Geminids 2016

The top left plot in Figure 6 shows the hourly number of
meteor reflections (total observed, estimated sporadic,
and estimated Geminids) for the Geminid observations
by the BRAMS receiving station at Neufchateau, from
December 13, 0" UT until December 15, 0" UT, while
the top right plot in Figure 6 gives similar information
about the hourly total duration of meteor reflections.
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Figure 4 — Estimation of Perseids 2017 activity (BRAMS receiving station: Humain). 7Top left: Hourly number of
meteor reflections (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic
background and its weighted sine fit; lower blue curve: estimated hourly number of Perseid reflections). Bottom left:
Radiant elevation. Top right: Hourly total duration (s) of meteor reflections (upper red curve: total observed; black
circles and curve: estimation of diurnal variation of sporadic background and its weighted sine fit; lower blue curve:
estimated hourly total duration of Perseid reflections). Bottom right: Radiant elevation. Times are in UT.

Figure 5 — Estimation of Perseids 2017 activity (BRAMS receiving station: Humain). 7Top left: Hourly number of
meteor reflections lasting at least 10 seconds (upper red curve: total observed; black circles and curve: estimation of
diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated hourly number of Perseid
reflections). Bottom left: Radiant elevation. Top right: Hourly total duration (s) of meteor reflections lasting at least 10
seconds (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic background
and its weighted sine fit; lower blue curve: estimated hourly total duration of Perseid reflections). Bottom right: Radiant

elevation. Times are in UT.

While the short observing interval of 48 hours does
not allow to clearly identify the shower maximum from
these plots, the corresponding plots in Figure 7 (only
taking into account reflections lasting at least 10 sec-
onds), clearly show an increased activity in the late UT
hours of December 13 and the early UT hours of De-
cember 14, in line with the video observations reported
by Molau et al. (2017b). Another peak is visible in the
top right plot of Figure 7 around 15" UT on December
13, which is not seen in (Molau et al., 2017b), to be in-
vestigated further after correction by the Observability
Function.

It should be pointed out that the sine fits for the spo-
radic background of reflections lasting at least 10 sec-
onds (both for number of reflections and total dura-

tion) in Figure 7 is rather poor, with a maximum close
to local midnight. However, due to the small ampli-
tude of this sporadic background with respect to the
shower component of reflections lasting at least 10 sec-
onds, this does not affect the shower activity interpre-
tations above.

6 Shower activity: Quadrantids 2017

The top left plot in Figure 8 shows the hourly number of
meteor reflections (total observed, estimated sporadic,
and estimated Quadrantids) for the Quadrantid obser-
vations by the BRAMS receiving station at Kampen-
hout, from January 2, 0" UT until January 5, 0" UT,
while the top right plot in Figure 8 provides similar
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Figure 6 — Estimation of Geminids 2016 activity (BRAMS receiving station: Neufchateau). Top left: Hourly number of
meteor reflections (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic
background and its weighted sine fit; lower blue curve: estimated hourly number of Geminid reflections). Bottom left:
Radiant elevation. Top right: Hourly total duration (s) of meteor reflections (upper red curve: total observed; black circles
and curve: estimation of diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated
hourly total duration of Geminid reflections). Bottom right: Radiant elevation. Times are in UT.

Figure 7 — Estimation of Geminids 2016 activity (BRAMS receiving station: Neufchateau). Top left: Hourly number
of meteor reflections lasting at least 10 seconds (upper red curve: total observed; black circles and curve: estimation of
diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated hourly number of Geminid
reflections). Bottom left: Radiant elevation. Top right: Hourly total duration (s) of meteor reflections lasting at least 10
seconds (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic background
and its weighted sine fit; lower blue curve: estimated hourly total duration of Geminid reflections). Bottom right: Radiant
elevation. Times are in UT.

Since most BRAMS stations do not include an interfer-
ometer, shower membership of individual meteor reflec-
tions cannot be decided. A method was developed to
split the hourly number of meteor reflections in a spo-
radic background and a shower component. Compar-
ing the results of the showers presented in this analysis
(Perseids 2016 and 2017, Geminids 2016, and Quad-

information about the hourly total duration of meteor
reflections. Figure 8 provides the same information, but
only taking into account reflections lasting at least 10
seconds.

All of these plots individually permit to deduce that the
Quadrantid maximum took place on January 3, which

is consistent with the video results reported by Molau
et al. (2017c).

7 Conclusions and future outlook
The present study marks the first publication of meteor

shower activity results of BRAMS, made possible by the
citizen science contribution via the Radio Meteor Zoo.

rantids 2017) to the literature, this method seems to
perform well.

Meteor shower maxima typically feature a lot of long-
duration (overdense) reflections, which often overlap
with shorter (underdense) reflections. As a result, in-
discriminately counting the number of reflections can
be a rather inaccurate measure of meteor activity. The
hourly total duration of meteor reflections (total, spo-
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Figure 8 — Estimation of Quadrantids 2017 activity (BRAMS receiving station: Kampenhout). Top left: Hourly number
of meteor reflections (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic
background and its weighted sine fit; lower blue curve: estimated hourly number of Quadrantid reflections). Bottom left:
Radiant elevation. Top right: Hourly total duration (s) of meteor reflections (upper red curve: total observed; black circles
and curve: estimation of diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated
hourly total duration of Quadrantid reflections). Bottom right: Radiant elevation. Times are in UT.

Figure 9 — Estimation of Quadrantids 2017 activity (BRAMS receiving station: Kampenhout). Top left: Hourly number
of meteor reflections lasting at least 10 seconds (upper red curve: total observed; black circles and curve: estimation
of diurnal variation of sporadic background and its weighted sine fit; lower blue curve: estimated hourly number of
Quadrantid reflections). Bottom left: Radiant elevation. Top right: Hourly total duration (s) of meteor reflections lasting
at least 10 seconds (upper red curve: total observed; black circles and curve: estimation of diurnal variation of sporadic
background and its weighted sine fit; lower blue curve: estimated hourly total duration of Quadrantid reflections). Bottom

right: Radiant elevation. Times are in UT.

radic background, and shower component) provides a
more robust measure of meteor activity, and is always
plotted alongside the hourly number of reflections. For-
ward scatter reflections from meteor streams with a
small mass index (such as the Perseids) are outnum-
bered by the sporadic background. The shower activity
profile can still be determined by only considering the
reflections with a duration of at least 10 seconds, which
correspond to larger particles.

Meteor numbers in this paper have not yet been cor-
rected for the relative sensitivity of the forward scatter
setup, which shows a large daily variation as the radiant
crosses the sky. This daily variation is clearly seen in the
plots, meaning it is pointless at this stage to determine

the exact times of the shower maxima. Using an anal-
ogy with visual data, the forward scatter data presented
here are similar to raw visual rates rather than ZHRs.
The relative sensitivity of the forward scatter setup is
called the Observability Function and was modeled by
Verbeeck (1997). The authors will incorporate the Ob-
servability Function into the analysis of shower data in
a future paper. It is expected that this will enable to
determine the exact times of occurrence of shower max-
ima.
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The search for meteorites is a cumbersome and tough activity. After having instrumental evidence,
i.e., the detection of fireballs in one of the existing fireball networks and the computation of the
potential landing site area, a group of enthousiasts often spends days in the search for meteorites.
This study analyses if the use of airborne cameras can support the meteorite search. A set of 11
test meteorites was distributed on two different kind of surface areas: a grass field and a harvested
wheat field. A high-resolution camera mounted on a drone acquired images at 60 meters altitude.
The images were post-processed to identify the meteorites. The algorithm detected at least half of

the meteorites.

1 Introduction

The analysis of meteorites is scientifically important
and provides information on the meteorite composition
(Sitek et al., 2016; Erokhin et al., 2015; 2016; Spurny
et al., 2014) and thus provides information on the par-
ent body (Borovicka et al., 2013; Sitek et al., 2016) and
clues on evolution of our Solar System (Taylor, 2005).
The detection of meteorites is rare. Often, they are
found following an eyewitness report of the meteorite
fall itself (Hankey and Perlerin, 2016). Borovicka et al.
(2015) provide an overview of the published meteorite
findings after instrumentational observations, limited to
22 cases until the end of 2013.

Other meteorite findings are reported after dedicated
search campaigns in deserts (Ouazaa et al., 2008) or
(ant)arctic regions (Haack et al., 2007; Karner et al.,
2016).

To allow for a more systematic and geographical well-
covered approach to the characterization of meteors,
visual camera networks are operated on several con-
tinents. The observation of the meteor ablation phe-
nomena in the atmosphere from at least two different
observation points allows the computation of a poten-
tial landing ellipse—besides the computation of several
physical meteor characteristics.

These networks are operated in several European coun-
tries, i.e., Slovakia (Porubéan et al., 2009), Croatia (Se-
gon et al., 2016), France (Colas, 2016), Italy (Gardiol
et al., 2016), Germany/Czech Republic (Flohrer et al.,

2012), Spain (Madiedo et al., 2009), the Netherlands
(Bettonvil, 2015), BeNeLux (Roggemans, 2016), and
Poland (Wisniewski et al., 2017), as well as in Aus-
tralia (Day et al., 2016), Tajikistan (Kokhirova et al.,
2015), the USA (Kenyon and Watson, 2005), Japan
(Yamamoto, 2005), and Canada (Brown et al., 2010).

Once an event is reported within a camera network by
several cameras, the potential landing ellipse is com-
puted. If the landing area is suited for an on-ground
search, a search team of enthusiastic meteor researchers
is organized and a systematic search of the potential
landing area is executed (Oberst et al., 2003; 2004;
Tyminiski et al., 2015). The search typically requires
days of concentrated walking in a well-organized and
structured manner. Often the search is supported by
hand-held metal detectors. All inspected areas must
be recorded carefully to allow the continuation of the
search campain at a later time.

To improve or at least support the human-intensive
search activity, we have experimented with an optical
camera system mounted on a drone to detect meteorites
placed on well-defined surface areas. The meteorites
were provided by members of the IMO (see list of co-
authors). The resulting airborne-images were analysed
with an algorithm aiming at automatically detecting the
meteorites. This article reports on the equipment, both
the camera system and the drone (Section 2), the me-
teorite samples (Section 3), and provides an overview
of the actual flight campaign (Section 4). Section 5 de-
scribes the data obtained and the analysis applied to
them. The results are described in Section 6.
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2 Instrumentation

An Altura Zenith drone, a commercial octocopter, was
available for the test flights. It is a 3-axis stabilised
drone of about 70 cm edge to edge, a weight of 2.5 kg,
and a maximum take-off weight (MTOW) of 9.8 kg.
The drone is powered by a 20000 mAh LiPo-battery
allowing a flight time of up to 30 minutes. The Al-
tura Zenith drone is equipped with a gimbal and can
host a load of up to 5.5 kg. Although the drone was
equipped with a GPS system and would have allowed
an autonomous flight based on way-points, we used a
standard 2.4 GHz remote control system to control the
drone. The drone was equipped with a Sony Alpha 7R
camera on the gimbal system, also controlled by another
2.4 GHz remote control system. The Sony camera has a
backside-illuminated CMOS image sensor (Sony Exmor
RSTMm) of 35.9 mm x 24 mm with a theoretical pixel
resolution of 7389 x 4926. The CMOS is based on a
1-inch stacked design obtaining RGBG each at 12 bit
resolution, and has a maximum sensitivity at 610 nm,
530 nm, and 470 nm in the red, green, and blue bands,
respectively. All bandpasses have a relatively high in-
frared contribution. We used a lens of 35 mm. The
ground-based resolution is obtained by

fp
" dw’ (1)
with 7 the resolution [pixel/m], f the focal length [m],
p the number of pixels, d the camera distance to ob-
servable [m], and w the chip width [m]. We decided to
fly at an altitude of 60 m, thus obtaining a theoretical
resolution of slightly better than 1 cm x 1 cm. Figure 1,
(a), shows the drone on the campaign day, just before
the take-off. The camera is visible at the bottom of the
drone, mounted on the gimbal and facing the observer.

3 Meteorite samples

A total of 11 meteorites were available as listed in Ta-
ble 1. The meteorites were of different sizes, ranging
from just above 1 cm to nearly 30 cm.

Figure 1, (b), shows all meteorites. On the campaign
day, only the GDXX and GINXX meteorites were available,

Table 1 — Some characteristics of the available meteorites.

Id. Type Size [cm)] Weight [kg]
GDO1 Chondrite 18 x16x 8 2.374
GD02  Iron 17 x 7x 7 2.532

(Gibeon)
GD03 Iron 5 x 3x 2 0.183
(Can. Diablo)
GDO4  Chondrite 2 X 2x 2
GDO5  Chondrite 05bx 1x 1
GDO6  Chondrite 8 x 6x 4 0.411
GIN12 H4/5 4 x 3x 2 0.03
GJN13 LL5 4 x 4x 3 0.05
GJN14 Iron 9 x bx 4
GJN15 Iron 17 x 8x 7
GJN16 Iron 24 x 10 x 11

representing a reasonable mixture of ordinary chondrites
and iron type meteorites of different sizes. The mete-
orites have been on loan from several co-authors of this
article.

4 Flight campaign

The flight campaign was executed on a partly clouded
summer day, 10 August 2016, at a model airplane fly-
ing field in Belgium at 11"00™ local time. Due to the
clouds, the light conditions were not stable. The wind
was modest and not stronger than 3 Beaufort. The sur-
face area to expose the meteorites was two-fold. First,
all meteorites were laid down on a grass field at equal
distances (2 meters); see Figure 2. The grass height
was about 4 cm. After the first overflight, the mete-
orites were shifted by 4 meters onto a wheat field that
was harvested about one week earlier. The drone and
camera were operated by a pilot and a camera controller
using two 2.4 GHz remote control devices. Images were
obtained in regular intervals during the flight. Due to
the large pixel size of the camera, most images contain
all meteorite samples in a single exposure. The camera
was operated at an altitude of 60 meters and delivered
a sequence of several dozens of RGB-images in TIFF-
format. These images were screened and 9 images were
selected from the grass and the wheat field correspond-

ingly.

5 Data analysis

As most aerial images show all meteorites in their scene,
only one TIFF-image was selected for analysis. To begin
with, the meteorites were identified visually and their
image coordinates noted. Using these coordinates, a
80 x 80 pixel rectangle was cropped. The correspond-
ing surface area represents 75 cm x 75 cm. The indi-
vidual color planes RGB were analyzed by plotting line
profiles along a center line intersecting the individual
meteorites; see Figure 2 for the areas over the grass,
and Figure 3 for the areas over the wheat field. The
line profiles from the grass field analysis indicate that
the meteorites have a low reflectance on all color planes,
and that the reflectance profile changes showing a sim-
ilar behavior.

The following algorithm, taking advantage on these ob-
served reflectance behavior, was applied to the input
scene:

e Each individual color plane—indicated by R/G/B
as red/green/blue, respectively, is rescaled from
its original integer domain into floating point num-
bers in the range 0..1:

Rao:28—1 = Ro.1,

and the same, mutatis mutandis, for the G-plane
and the B-plane.
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(a) Drone (b) Meteorites overview

T

(c) Campaign field

Figure 1 — (a) Drone with the mounted camera just before lift-off. (b) Meteorites before they were laid out in the field.
(c) Aerial view of the campaign field. The meteorites were equally spaced, first in the area indicated by the yellow arrows,
and later on in the area indicated by the blue arrows.



148 Proceedings of the IMC, Petnica, 2017

Figure 2 — The inlet images show 80 x 80 pixel rectangles cropped from the full frame aerial image with the meteorites
in the image centers. The dotted lines indicate the meteorite positions. The colored line plots represent the profiles along
the dotted line for each RGB color band, in red, yellow, and blue, respectively. The image was obtained over the grass

field at a height of 60 meters.
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Figure 8 — Same as Figure 3, but over the wheat field.



(a) Wheat
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(b) Grass

Figure /4 — The images show the (a) wheat and (b) grass fields with boxes drawn in the areas identified by the software

algorithm as potential meteorite locations.

e Each color plane is inverted to avoid scaling prob-
lems caused by division by small numbers:

Ro:1 = 1/Ro.1 = Ro.1,

and the same, mutatis mutandis, for the G-plane
and the B-plane.

e The pixel values of the individual color plane are

divided by each other:

Dra(z,y) = Ro:1(2,y)/Go:1 (2, y);
Drp(7,y) = Roa(,y)/Bo1 (2, y);
Dci(z,y) = Goa(z,y)/Boa(z,y).

e The algorithm walks through the obtained arrays
and checks if individual pixel values are lower than
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a threshold:

threshhold = 0.95;

if Drg(z,y) < threshold and
Drp(zx,y) < threshold and
Dgg(z,y) < threshold and

then search pixel neighbors of (z,y) for

same condition.

e If more than 10 neighborhood pixels fulfill the
above condition, the algorithm indicates a hit and
thus a potential meteorite landing location.

In a first analysis, the threshold parameter used above
and the number of neighborhood pixels was varied. The
above values represent one of the sets used that resulted
in the detection of half of the meteorites on the grass
and the wheat field. The algorithm works well on the
grass field and produces only a limited number of false
detections, but, on the wheat field, the number of false
detections is high. Figure 4 shows the scenes with boxes
drawn for each meteorite detection by the algorithm.

6 Results and conclusions

This study tried to answer whether high-resolution cam-
era images obtained from air could support future mete-
orite search campaigns. An airborne campaign was ex-
ecuted, and high-resolution images were obtained from
60 meter altitude and with 11 meteorites in the field of
view. Two different surface areas, a grass field and a
recently harvested wheat field, were available. The ob-
tained images were analyzed using a simple algorithm.
On both surface areas, half of the meteorites were de-
tected by the algorithm.

This study is a first demonstration of the airborne me-
teorite support capabilities for future meteorite search
campaigns. We conclude that meteorite search cam-
paigns can be complemented by airborne cameras as
described in this study.

Several aspects should however be considered:

e The pixel resolution determines the smallest de-
tectable meteorite. The pixel resolution is driven
by the flight altitude and thus determines again
the region that is covered by a single exposure.
In case of a potential search area of several square
kilometers, one might have to analyze several thou-
sands of single exposures. It is clear that the im-
ages obtained must be geo-referenced, and an al-
gorithm must produce a list of potential meteorite
locations with precise coordinates given.

e The algorithm applied takes into account dedi-
cated meteorite reflectance characteristics. De-
tailed analysis is needed, and, with a better char-
acterization, the algorithm might be improved.

e This study assumed that meteorites are lying on
the surface. This assumption is wrong, however,

as the impact speed is typically sufficient to let the
meteorites penetrate the surface, at least partially.
More realistic cases need to be studied.

e Alternative instrument approaches could be stud-
ied to take advantage of other meteorite char-
acteristics. One of the alternatives could be to
take advantage of meteorite magnetism and fly a
magnetometer-like instrument. Another approach
would be to study dedicated meteorite reflections,
e.g., in the ultraviolet wavelength regime (Wagner
et al., 1980). With an active ultraviolet detec-
tor, the airborne campaign could then be executed
during the night and allow the detection in a wide
range of surfaces. Still another approach could
involve to fly penetrating radars from the drones,
which would be a technological improvement from
the currently used hand-held metal detectors.

Finally, we would like to draw the attention to privacy
and legal aspects: flying with an airplane or a drone re-
quires following the national legislation for remote con-
trolled airplanes, and the privacy of neighbors and land-
owners must be respected under all circumstances.
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A study of the ability of human beings to correctly estimate and count the time in case of a meteorite
fall is performed. A video showing a simulation of a bolide is shown to more than 500 people, who
are asked to guess the duration of the phenomenon and provide an uncertainty. The people take each
test twice: first without knowing what to expect nor what will be asked of them, and second knowing
they have to estimate the duration of the phenomenon. The experiment is repeated for different
populations, durations, and with or without fragmentation. The preliminary results of this study,

which will be developed in a forthcoming publication, are presented.

1 Introduction

Thanks to the extension of meteors detection networks,
it is rare for a meteorite fall in highly populated areas
to be detected today only by human observers. How-
ever, the visual observation of fireballs remains the only
source of information available in the case of meteorite
falls having occurred in the past centuries (e.g., the
Orgueil meteorite fall in 1864) or in regions not covered
by detection networks. The exploitation of such obser-
vations sometimes led to a meteorite recovery shortly
after their fall in Europe and over the American ground
(Haack et al., 2012; Jenniskens et al., 2012; Fries et
al., 2014; Hankey and Perlerin, 2016). In a lesser ex-
tent, visual observations of fireballs are also analyzed
in order to determine the orbital origin of a meteorite
(Gounelle et al., 2006). However, the accuracy of the
computed orbits highly depends on the reliability of an
eye-witness in estimating sensitive characteristics (tra-
jectory, velocity) of an unexpected and impressive phe-
nomenon. An accurate perception of the duration of a
fireball is especially mandatory to valuably determine
its orbital origin.

The purpose of this work is then to measure the ability
of individuals to perceive a time duration, regardless
of their knowledge about the science of meteors, in or-
der to evaluate the usefulness of visual observations in
determining the dynamic origin of meteorite falls.

2 Experiment

2.1 Methodology

In order to provide the same experiment conditions for
all the witnesses tested, a reproducible simulation of
a meteor in a night sky is created. The appearance
duration of the meteor is thus precisely known. The
animation is then presented to several people who are
not expecting what to see. After a first viewing, a wit-
ness has to estimate the duration of the event. The

process is then repeated, warning the witness that the
same question will be asked after watching exactly the
same simulation. After the second viewing, the witness
provides a second estimate of the phenomenon duration.

2.2 Simulations

For this experiment, three simulations inspired by the
testimonials of the Orgueil meteorite fall were created.
Simulations 1 and 2 represent a fragmenting fireball
with respective durations of about 7 s and about 4 s.
Simulation 3 represents a short fireball (lasting 3 s)
without fragmentation. Several snapshots of Simula-
tion 1 are shown in Figure 1.

2.3 Sampled population

Simulation 1 was widely used for the experiment and de-
signed to compare the performances of witnesses with
different degrees of knowledge in meteor science and
observation. The animation was presented to observing
specialists (scientists or amateurs regularly producing
meteor observation reports), non-observing specialists
(scientists or highly qualified amateurs working in the
field of meteors), astronomy scientists not working in
the field of meteors and to the general public. Sim-
ulation 1, 2, and 3 were presented to lay people with
sufficient general interest in science to participate in
the experiment. In total, 576 individuals took the test,
personally interviewed and tested by Egal (83% of the
total population) and Kwon (17%).

3 Results

3.1 Analysis

The data analysis relies on two main stages. The ability
of the witness in counting the time is first evaluated
by analyzing the accuracy of the duration estimated
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Figure 1 — Several snapshots of Simulation 1—fragmenting fireball.

during the second viewing. Depending on the reliability
of the time perception of a witness, the accuracy of the
duration estimated without expecting the question is
then analyzed.

We now present the results for Simulations 1, 2, and 3.

3.2 Simulation 1

For a long simulation with fragmentation, less than one
person in four was able to correctly count the real du-
ration of the simulation during the second viewing.

The percentage of reliable witnesses providing a correct
estimate of the duration of the fireball during the first
viewing is below 5%.

3.3 Simulation 2

For a similar but shorter simulation (with fragmenta-
tion), twice as many people as in Simulation 1 were
able to correctly count the time.

This time, 15% of reliable witnesses were able to accu-
rately guess the fireball duration during the first view-
ing. However, the most probable estimate is mostly
provided by people able to count the time, but whose
first guess is at least 2 s below the real duration.

3.4 Simulation 3

For a short simulation (3 s) without fragmentation, the
ability of the witnesses in counting the time of the sec-
ond viewing is similar as in the case of Simulation 2.

In this case, the most probable guess is however pro-
vided by people able to correctly count the time and to
guess the fireball duration during the first viewing with
an accuracy of 1 s.

4 Conclusions

For a relatively long event (about 7 s) including frag-
mentation, the vast majority of witnesses was unable
to correctly estimate the duration of the phenomenon
within less than 2 s, either by crudely guessing or by
counting the time. In the vast majority of cases, this
error leads to underestimate the real duration of the
fireball. The degree of knowledge of the topic did not
clearly impact the above conclusions.

A shorter event leads to a greater number of people able
to correctly estimate the total duration. The guess of
the duration provided after the first viewing is however
also generally smaller than the real duration in the case
of a fragmenting fireball. This usual understimation of
the duration disappears in the case of a fireball without
fragmentation. This difference is explained by the fact
that a higher attention is paid to the time perception
when the witnesses’ concentration is not perturbated by
distractive events such a fragmentation. Indeed, it has
been shown (Gil, 2008) that time seems shorter when
one does not focus on it. Fraisse (1979) confirmed that
the less complex an observation is, the more attention
a subject is able to give to the duration, resulting in a
better time perception.

It is highly unlikely that a witness of a real meteorite fall
would focus on counting the time. If the meteor does
not first appear in the field of view of the observer, the
first guess provides a result that underestimates the real
duration even more, because of the time it takes for the
witness to notice the phenomenon and carefully look at
it. Unless it is possible to evaluate the reliability of a
given witness, it is therefore impossible to discriminate
between a correct estimate of the duration of a short
event and a wrong guess of a long duration event. To
consider a one-second uncertainty on the duration of a
meteorite fall is far too optimistic, especially if it is a
spectacular one. It is therefore necessary to consider
the reliability of visual testimonies with great caution.
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5 Discussion

The large number of candidates interviewed should suf-
fice to deduce statistical results related to the percep-
tion of time. However, the reliability of these findings
depends on the presence of bias in the sample of popu-
lation tested. First of all, it should be checked that the
samples chosen are sufficiently representative of a group
of persons who would be likely to report the observa-
tion of a fireball to a scientific organization; but the
composition of such a group is hard to pin down. By
its nature, this type of event is potentially observable
by a wide variety of individuals, regardless of their age,
gender, or education level. Nowadays, the observing re-
ports of fireballs can be written by any type of profile.
For our experiment, we have then tried as much as pos-
sible to vary these parameters in the cases of the general
public and the scientists. We questioned men, women,
children, adults, and elders, speaking French, English,
Spanish, Italian, or Portuguese. We made efforts to
reach people interested enough in observational science
to accept to be tested. Therefore, we hope not to have
favored a certain type of profile for each category of the
assessed population.

Because of the complexity of the topic, and considering
that time perception depends strongly on psychological
parameters of the witness, we do not claim here to pro-
vide robust results dealing with the accuracy of time
duration guesses by a witness. This experiment, how-
ever, highlights general tendencies of time perception
and the systematic lack of reliable duration guesses.
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This paper describes the project ASMET for detection and observation of meteors and other transient
sky phenomena (TSP), in particular with the application of some of the satellite technologies on
Earth with respect to harsh environmental conditions (heating, cooling, power supply) and autonomy
(portability, remote control, redundancy, sensors, network, reporting).

1 Introduction

The Space Technology Department as a part of the
Chair for Aerospace Information Technology of the Uni-
versity of Wiirzburg is engaged in the development, con-
struction, and operation of space systems, especially in
the field of small satellites for scientific applications and
higher autonomy as well as the search for extraterres-
trial intelligence (SETT) and the exploration of Uniden-
tified Aerospace Phenomena (UAP). Sky observations
are reported by individuals who may not have a strong
scientific or technical background or who lack the ad-
equate equipment necessary to record an event in the
sky just when and where it occurs. Since the location
and time of a meteor is largely unknown, it is necessary
to have as many small and particularly cost-effective
systems as possible. At the University of Wiirzburg, an
Experimental Sensor Platform (ESP) for this purpose
was set up in 2008 and is continuously being improved
(see Figure 1). Similar systems for the detection of the
Transient Lunar Phenomena (TLP) are also developed
within the group (Mohn et al., 2015).

Most of the meteors—caused by natural objects that
dive into the Earth’s atmosphere at high speed, glow,
and disintegrate—appear suddenly and unpredictably.
Similarly to the UAPs and TSPs, neither the location
nor the time of occurrence can be planned (except some

Figure 1 — Outdoor platform of the ESP and screenshots of
received data from weather satellites and airplanes.

known meteor showers). An important challenge is to
detect the meteor phenomenon at all. In many cases,
there are no wide-area monitoring systems that could
detect a meteor. Therefore, it is necessary that an au-
tonomous network of sensors is established for detection
and observation in inaccessible and uninhabited areas.

The primary goal of the project ASMET is to develop
and test a system for autonomous detection and obser-
vation of meteors with the following system goals:

e continuous and reliable detection, observation, re-
cognition, and recording of the phenomenon;

e real-time alarm function;

e low maintenance requirements due to autonomy;
e remote control capability;

e self-sufficiency;

e multiple data transmission and networking.

Since the system goals have a lot in common with space
technology, especially with the development of autono-
mous satellites, the user requirements and functional
requirements listed in Tables 1 and 2 are derived from
the system goals according to space engineering stan-
dards.

2 Project requirements

2.1 User and functional requirements

The specific functional requirements of the ASMET sys-
tem are derived from the user requirements and from
the meteor characteristics. For example, the functional
requirement FR0600, “The system should be able to de-
tect the meteors that persist for at least 2 seconds” is a
detailed derivation from the user requirement UR0300,
“The system should be able to autonomously recognize
at least meteors from observed sky phenomena”. Some
of the meteor phenomenon characteristics relevant for
the project are categorized and highlighted in Table 3.
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Table 1 — User requirements.

Nr. Description Priority Fulfilled
UR0100 The system must detect short-term sky phenomena yes
URO0200  Observation with the system must be possible day and night, 24/7 yes
URO0300  The system should be able to detect at least meteors from observed celestial phenomena autonomously high no
URO0400  The system should be able to detect at least as well as the healthy human eye high no
URO0500 The system should cover the entire sky of a location high yes
UR0600 There must be at least 2 systems at different locations no
URO0700  The optical frame rate should be adjustable med. yes
URO0800  The system should be suitable for all weather conditions med. partly
URO0900 The system should be able to deal with light pollution and thus reduce false alarms med. no
UR1000 The system should be able to observe other short-term phenomena med. no
UR1100 The system can work in modes with different settings med. partly
UR1200  After detection, the system may lead another instrument in the direction of the phenomena low no
UR1300 The system must be able to send an alarm (short message) to the user upon detection partly
UR1400 The system must be able to store the user data (images, videos, measured data, ...) redundantly and partly

non-volatilely
UR1500 The detection metadata shall be available to the user no later than 3 minutes after detection high no
UR1550  The payload data should become available to the user at the latest after 24 hours of remote detection med. no
UR1600  The system should back up the detections of at least 7 past days in offline mode high no
UR1700 The system must remain capable of communicating throughout Europe under environmental conditions
UR1750 The system should be able to detect reliably under environmental conditions throughout Europe med. no
UR1780 The system should remain capable of communicating worldwide under environmental conditions low no
UR1800 The system should be portable med. no
UR1900  The system should have a permanent, 24/7 self-sufficient energy supply high no
UR2000 The system is to be constructed modularly low yes
UR2500 The system should be expandable with additional sensors low yes
UR2900 The system design must remain within the budget yes
Table 2 — Functional requirements.
Nr. Description Source Priority
FR0100  The system must be able to detect TSPs in the wavelength range from 380 nm to 780 nm URO0100
UR0400
FR0200 The system should be able to record the TSPs for for a period of at least 1 sec. to at least 2 min. URO0100 high
UR0400
FR0300 The system should be able to detect the TSPs with a magnitude of at least 44 UR0100 high
UR0400
FR0400 The system should be able to detect the TSPs at night in min. 110 km height above ground UR0200 high
FR0500 The system should be able to detect the TSPs during the day in min. 80 km height above ground = UR0200 high
FR0600 The system should be able to detect the meteors that persist for at least 2 sec. UR0300 high
FRO700  The system is designed to provide a minimum sky coverage of 360° x 150° URO0500 high
FRO800  The system should remain capable of communication between 36°-64° N and —30°-36° E UR1700 high
UR1750
FR0900 The system should remain communicative at temperatures between —30° C and +60° C UR1700 med.
FR0800
FR1000  The system should have a max. of 8 kg weight and max. hand luggage dimensions for expeditions UR1800 med.
FR1100  The system should be able to detect at least 8 meteors at the same time UR0400 med.
FR0200

2.2 Meteor and system characteristics

There are many meteor characteristics (e.g., size, tex-
ture, brightness, origin, radiant, frequency). According
to the latest IAU definition!, in the context of meteor
observations, any object (original body) causing a me-
teor can be termed a meteoroid, irrespective of size.

ASMET system should be able to record meteors not
fainter than magnitude +4 (FR0300) since most of the
meteors detected are not fainter than +5 magnitudes
(Campbell-Brown, 2016). The aim of the ASMET sys-
tem is not only to perform meteor detection at night,
but also to detect daylight meteors. Till now, daylight
meteors have mostly been captured by radar observa-
tions since they are daytime- and weather-independent.
However, nowadays much better cameras are available
with higher dynamic range, higher sensitivity, and lower
noise. With the benefit of integrated sensor data, re-
duction of false detections by a neural network, and ap-
propriate dynamic calibration of the system that works
seven days a week, twenty-four hours a day (UR0200)
the daylight meteors detection must also be possible.

Ihttps://www.iau.org/static/science/scientific_
bodies/commissions/f1/meteordefinitions_approved.pdf.

2.3 Further properties and boundary
conditions

There are many different measuring methods available
to obtain the relevant meteor data. In this initial proj-
ect, the ASMET system should mimic, and ideally sur-
pass, the human eye’s detection capabilities, as required
by user requirement UR0400, “The system should be
able to detect at least as well as the healthy human
eye” (Table 1). Therefore, we should first analyze ob-
servation performance of the healthy human eye (spa-
tial resolution, FOV, wavelength, light value, limiting
magnitude, frames per second, size, distance, and fre-
quency). Then we can derive from the user require-
ment, e.g., UR0400, the next functional requirement,
e.g., FR0300, “The system should be able to detect the
TSPs with a magnitude of at least +4”, and so on, as
listed in Table 2.

In the next projects, following project ASMET, some
other rarely interlinked meteor characteristics, e.g., ra-
diometric, acoustic, electrical, and astrometric will be
simultaneously collected for the same meteor case to
generate new knowledge and to reach secondary project
goals (described in Section 4).
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Table 3 — Meteor phenomenon categorization based on Sumners and Allen (2000), Beatty (2006), Hanslmeier (2007), and
Brown et al. (2013).7 The table entries most relevant to us are those referring to objects with an average diameter in the

range of 30 ym to 10 m.

Average Diameter Average Mass Average Frequency Name/Effect

(As big as) (Ablation)

< 30 pum <1pug 100/second Dust/Micrometeorite

30 pm-1 mm 1 pg—2 mg > 10/second Meteoroid /Telescopic
(all decay) (> 100 000/day) meteor (> 45 m)

1 mm-1 cm 2mg2g 1/second Visual meteor (—2—+6 m.),

(sand grain/pebble)  (all decay) (> 1000/day) >1gTNT

1 cm—50 cm 2 g-250 kg 1/hour Fireballs (< —2 m.),

(boulders/rock) (mostly decayed) (> 10/day) 1 kg—0.6 kT TNT

50 cm—1 m 250 kg-1 T 1/day Bolides (< —4 m.),

(microwave) (mostly decayed) 0.6 kT-1 kT TNT

1 m-10 m 1T-1.5 kT 1/10 years Asteroids/Superbolides

(car) (icy/stony decay, iron not) (< —=17m.), > 0.6 kT TNT

10 m-50 m 1.5 kT—200 kT 1/100 years Local disaster,

(house) 1-600 MT TNT

50 m—100 m 200 kT-1.6 MT 1-2/1000 years Regional disaster,

(soccer field) 1 GT TNT

100 m—1 km 1.6 MT-1 GT 1/50-500 000 years Continental disaster,

(small village) >1GT TNT

1 km-10 km 1GT-1.6 TT 1/10-100 million years  Mass extinction

(small town) 1 TT-1 PT TNT

> 10 km > 1.6 TT < 1/billion years Planet disaster

T See also Footnote 1 and http://lexikon.astronomie.info/TNT/TNT.html.

3 System concept

Meteor observations are mostly based on optic and ra-
dio methods. ASMET’s rough optical system concept
consists of six basic functional groups (see Figure 2):

1. optical system (camera, heatable cover, and fur-
ther sensors;

2. communication system (alarm, metadata, payload
data, further stations);

3. computer system (board, data processing, archiv-
ing, distribution, and analysis);

4. thermal system (heating and cooling);

Figure 2 — ASMET system overview with relationships be-
tween functional groups.

Figure 8 — ASMET functional groups with individual com-

ponents and aspects.

5. energy system (solar and wind system, charge con-

troller, rechargeable battery); and

6. mechanical system (casing, cooling openings, so-
lar cells, antennas).

Optional additional sensors can also be added: rain sen-
sor, wind gauge, seismic sensor, hygrometer, tempera-
ture measuring instruments, etc.

Based on the rough system concept, we develop a de-
tailed top-down description of the individual compo-
nents (Figure 3) for each of the six functional groups in
the following subsections.

3.1 Functional group “Optical system”

A typical optical system consists of the following com-
ponents:

e external contactor (transparent glass dome, dome
heating, temperature, rain, humidity sensor, O-
ring, twilight switch module);
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Table 4 — Optical and computer system concepts.

Concept A Concept B Concept C
Common Custom Futuristic
products embedded technologies
Components Multi-sensor Dynamic, neuron

off-the-shelf
Fisheye cam
Single Board
(industrial) PC

cams

Camera array
Intelligent camera
base unit

processing
DAVIS sensor
SNAP neuron
processor

Prototype 1 Prototype 2 Next projects

e camera system (fisheye lens/lens, aperture, image
intensifier, imaging lens/filter, (CCD or CMOS)
sensor /camera, digitizer (A/D converter, decod-
er/grabber); and

e internal housing (lightweight, plastic) due to mod-
ularity (UR2000), adaptability, and easy inter-
changeability (with the opening for the supply of
CPU hot air for drying the fish eye and dome and
connected cables).

There exist basically three approaches to video observa-
tion of the entire sky: reflective (curved) mirrors, fish-
eye lenses, and camera array. In the future, the de-
velopment of Dynamic and Active-pixel VIsion Sensors
(DAVIS) could play an important role for high-speed vi-
sion applications (Tedaldi, 2016). We decided to study
two system concepts (Table 4): Concept A with fish-
eye lens Cam (MATRIX VISION mvBlueFOX3) and
Concept B with four embedded 130° Cams (VRmagic
VRmS-12/BW-COB M12 IR-Cut).

3.2 Functional group “Communication

system”

In order to get a rough estimate of the communica-
tion needs, we use a simple (best guess) calculation of
the frequency and usual duration of the meteor phe-
nomenon. Furthermore, we want to distinguish, as with
other M2M applications, between “control” and “mon-
itoring”. The aspect of “system tracking” is not rele-
vant to the ASMET project because the individual sys-
tems are stationary and do not move. “Control” re-
quires a bidirectional low rate communication (teleme-
try data, such as Alarm-E-Mail with thumbnails, and
telecommands, such as camera settings), and “moni-
toring” requires unidirectional high-rate transmission
of event videos (e.g., meteors). Assuming that there
are usually about 30 meteors per day (and night) with
an average duration of 4 seconds, 120 seconds of trans-
mitted payload data (video material) will be transmit-
ted. Assuming an HD camera with at least 30 fps and
a resolution of 1920 x 1080 = 2073600 pixels results
in 3600 (120 s x 30 fps) frames per day with 9.3 MB
(12 bit x 3 color depth for RGB, CMOS x resolution =
12 x 3 x 2073600 = 74649600 bit) per frame results
in 33 GB/day and multiplied by 30 days requires 1 TB
of non-volatile memory (SSD) per month. Each video

would add 10% overhead in meta-information (times-
tamp and possibly other sensor data) for internal com-
munication and backup of all payload data. For exter-
nal communication, however, only one event per day,
of a length of 4 s, is sufficiently interesting (fireball,
unrecognized event) to be uploaded to the server via
satellite (push). Then, this takes 120 frames with each
uncompressed frame of 9.3 MB, which results in at least
1.2 GB/day (including meta-information). In addition,
the users could find a pair of thumbnails worth exploring
and manually request further (uncompressed) videos
(pull, via low rate communication). Such a video upload
takes up to 30 minutes via commercial providers such
as skyDSL2+ FLAT L Premium (upload 6 Mbit/s). In
summary, there are four possible transfers to users:

e text-alarm only per e-mail;

e text-alarm per e-mail, with preview image attach-
ed;

e compressed video (system-AI decides to send);

e uncompressed video (user decides).

Communication channels and interactions with other
observation stations will be developed in further work
based on communication in satellite swarms.

3.3 Functional group “Computer
system”

3.3.1 Hardware-functional scenario

After we decided to install a single board (industry)
PC in ASMET and to compare different models, we de-
cided to use Axiomtek’s Pico-ITX Embedded Board?
for the first prototype. We have compared the follow-
ing criteria with regard to the fulfillment of primary
objectives: CPU, graphic, data handling (operating sys-
tem, SATA), communication channels (ethernet, USB,
PCI), expandability and energy budget. Further proto-
types are to be equipped with cheaper and more energy-
efficient SBCs, such as LattePanda and Raspberry PI
3/Module. In Concept B, we use the D3 Intelligent
Camera, Platform?3, which is available in combination
with the four VRmagic Cams.

3.3.2 Software-functional scenario

For meteor detection and analysis, it was decided to
write our own custom software. There are countless ex-
amples of similar software (ASGARD, SANDIA, METE-
ORSCAN, METREC, UFOCAPTURE, WSENTINEL, AS-
TRORECORD, ASTROVIDEO, LUCAM RECORDER, ME-
TEOR44, MoTiON, CMN_BINVIEWER, UFOID with
cascade classifier, RECAP, and other OEM software and

2http://wuw.axiomtek.com/Default .aspx?Menuld=
Products&FunctionId=ProductView&ItemId=8931&upcat=137.

Shttps://www.vrmagic.com/vrmagic-imaging/
oem-solutions/camera-platforms/..
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Figure 4 — ASMET Basic software concept.

detection algorithms), but we have decided to develop
ASMETTSP software for university use for further cus-
tomization and to improve existing ideas. Basic frame-
work of the ASMETTSP software is a GUI programmed
by students in C++ with QT-Cross-platform software
development for embedded and desktop and OpenCV-
Open Source Computer Vision Libraries for motion de-
tection and analysis. This software is gradually being
updated with sensor data and trained neural networks
(Figure 4). We also use the common software UFO-
CAPTURE as reference software.

3.3.3 Data storage, distribution and archiving

On the basis of user requirements (Table 1), the data
concepts for storage, distribution, and archiving are
worked out, e.g., the system should back up the de-
tections of at least 7 past days in off-line mode, the de-
tection metadata shall be available to the user no later
than 3 minutes after detection, and the payload (full)
data should become available to the user 24 hours after
remote detection at the latest.

3.4 Functional group “Thermal system”
Regarding to a very harsh environment, heating and

cooling aspects will be tested and gradually improved
in the first prototype (Figure 5).

Figure 5 — First Prototype ASMET1.

3.5 Functional group “Energy system”

Power system with Sun module, rechargeable battery,
solar controller, Webbox-LCD for online monitoring and
long-term statistics, as well as fuses and lightning pro-
tection have been set up. In the next prototype, more
attention has to be paid to include the full number of 3
solar panels and consider more low-power components,
to evaluate the self-sufficient operation capabilities.

3.6 Functional group “Mechanical sys-
tem”

A sketch of the housing for the first prototype (Con-
cept A) was custom-made by us and commissioned to a
company for production. Regarding Concept B, we will
design the array mount for VRmagic cameras so that
with 20° elevation and four overlapping fields of view,
we can cover the entire sky

4 Conclusion and outlook

This paper is a description of the Project ASMET and
its prototyping and testing phase. More detailed anal-
yses and further prototypes are in preparation to inte-
grate the “observation” and “analysis” of meteors and
other transient celestial phenomena in better quality.

The task of the observation procedure is to set up and
use autonomous observation systems with different kinds
of sensors and algorithms to detect such transient phe-
nomena as meteors are. The task of the analysis pro-
cedure is to analyze the meteor phenomenon itself but
also all surrounding aspects like weather, air and space
traffic, and astronomical situation, and to compare and
combine these data with the results from other net-
worked stations. This makes it necessary to have in-
tegrated and networked intelligent systems for observa-
tion, detection, and analysis with the specific time and
location of the observation. By autonomous and syn-
chronous observation of the same meteor from different
locations with several different methods (e.g., optical
and radio), including neural network analysis, more pre-
cise results can be extracted.

In addition to the primary project goals, the following
secondary goals as next steps for future developments
and subsequent projects are also considered:

e full autonomy;

e opening up of hard-to-reach, sparsely populated
areas to the observation network;

e supplementation by additional instruments/sen-
sors (e.g., environmental sensors);

e analysis and calculation of the trajectory and or-
bit;
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e acquisition of comprehensive scientifically based
data on so-called Unidentified Aeronautical Phe-
nomena (UAPs) and their detection.

Long-term goals, in addition to education of university
students, are to give students the opportunity to carry
out interdisciplinary and practice-oriented research with
their own prototypes resulting in diverse topics for final
studies.

The currently available low-power single-board PCs and
measuring instruments for sky observation have more
performance and they are also more precise and lower-
priced than before, which can be clearly seen, e.g., in
the rapid development of the market for the commer-
cial AllSky 360° HD 3D VR Cams with one or more
lenses*. The open source software with countless li-
braries, databases and advances in autonomous driving
and flying systems is also developing better and smarter
than ever, e.g., the newest version of OpenCV supports
deep neural networks (“createCaffelmporter”), as well
as new and improved algorithms for important func-
tions such as calibration, optical flow, image filtering,
segmentation, and feature detection®. Novel end-to-end
artificial intelligence products as system-on-chip (SOC)
with dedicated Neural Compute Engine vision process-
ing unit (VPU) and dedicated hardware accelerator for
deep neural network inferences are appearing more and
more on the market.

Area-wide, multistational observations will also allow
orbital distributions to be determined. The atmosphere
strongly reduces both the UV and IR range so that the
best data in this range may come from cameras on small
satellites® (meteors were also observed on other plan-
ets). Combining all of these aspects can help us to de-
velop better methods to measure more accurate meteor
characteristics optically and with all other methods.
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EXOSS—EXplOring the Southern Sky for new meteor radiants—is a citizen science project network
aimed primarily to register meteors and fireballs or bolides using CCTVS low-cost cameras and meteor
analysis suite software for video capturing and astrometry, evaluating (i) trajectories, (ii) velocities,
(iii) radiants, (iv) orbits, and (v) light curves. The network is a social non-profit organization, con-
stituted by amateurs scientists collaborating with professional astronomers. Currently, the network
is composed of 66 stations, with 44 collaborators and 8 partners

1 Introduction

The EXOSS—EXplOring the Southern Sky for new me-
teors radiants—project is a citizen science project net-
work that started its operations on May 2015. The aim
of the project is primarily to register meteors and fire-
balls or bolides using CCTVS low-cost cameras and me-
teor analysis suite software for video capturing and as-
trometry (Molau and Gural, 2005), evaluating: (i) tra-
jectories, (ii) velocities, (iii) radiants, (iv) orbits and (v)
light curves (Ceplecha, 1987). The network is a social
non-profit organization, constituted by non professional
scientists collaborating with meteor science researchers.

1.1 Foundations

The initiative started on May 2015, with the union
of a professional astronomer, Marcelo De Cicco, and
nine amateurs, headed by Eduardo P. Santiago, Luciana
Fontes, and Marco Mastria., committed to volunteer
working and the development of the team as a whole,
adopting the “Citizen Science” concept, that provides
the opportunity to do scientific research to science en-
thusiasts or amateur scientists.

A year after founding EXOSS, a camera was set on
OASI (Observatério Astronomico do Sertao de Itacu-
ruba, in Pernambuco State, Brazil), creating our first
partner network, called R-OASI (Rede OASI, Figure 1).

2 EXOSS network

The setup of EXOSS network is constituted by CCTVS
for meteors video monitoring which are small CCD cam-
eras, with 1/3” sensor, based on the Sony EXview HAD
architecture, no IR-filter, and fast lens configurations
£/0.9 tof /1.2, near IR-corrected (aspherical lens), with

Figure 1 — Map showing northeastern Brazil. The red
marker indicates the center of the R-OASI network

a field of view in the range of 50°-80°. In Figure 2, we
show a typical EXOSS station.

Currently, the network consists of 66 working stations,
with 44 collaborators and 8 partners covering 13 Brazil-
ian states as shown in Figure 3.

Despite being essentially a network of volunteer peo-
ple, the EXOSS project also has done many partner-
ships with several educational institutions, implement-
ing more stations, for example, two cameras are oper-
ating on the campi of the Observatério Nacional and
another one at the Observatério do Sertao de Itaparica
(R-OASI). Another nine stations are being implemented
in the Northeastern region of Brazil in order to in-
crease the coverage, they are being installed on educa-
tional public institutions, as INSA (Instituto Nacional
do Semi—Arido)7 on Campina Grande, Paraiba State and
UFRPE (Universidade Rural de Pernambuco), on Re-
cife, Pernambuco State.



Proceedings of the IMC, Petnica, 2017

163

Figure 2 — Four cameras setup of the EXOSS station in Itu,
in Sao Paulo state.

Figure 8 — Map of Brazil showing the EXOSS network.

Six cameras are already operating at OMCJN (Obser-
vatério Municipal de Campinas Jean Nicolini), one cam-
era at UNIVAP (Universidade do Vale do Paraiba),
one camera at UFES (Universidade Federal do Espirito
Santo), one camera at UFRJ/OV (Universidade Federal
do Rio de Janeiro-Observatério do Valongo), one cam-
era at the public high school Agostinho Neres Portela in
Sobral, Ceara State, and two cameras at UFMS (Uni-
versidade Federal do Mato Grosso do Sul).

2.1 Overview of the organization

The volunteers are the main source of EXOSS’s strength,
as they keep operating the cameras, performing three
basic tasks: (1) distinguishing captures from false posi-
tives, (2) astrometric analysis (using UFOANALYZER),
and (3) synchronizing the final results with a specific
database.

The EXOSS Database (DB) holds all files outputs from
captures, analyses, and orbits, using a MYSQL format-
ting structure, so it is possible exploring data using SQL
queries. In Figure 4, we show a “front end” after data
extraction from DB.

Also, to maintain quality standards for our results from
captures to final meteor orbits, the EXOSS project has
developed training modules that allow newbies, leveled
and all other volunteers updated with good practices
that can be accessed through an on-line portal, as shown
in Figure 5.

The network is managed by a Board of Coordinators.
The Board onsists of four members, Eduardo P. San-
tiago, Luciana Fontes, Marcelo De Cicco, and Marco
Mastria dividing the various tasks among each other.
The members of this Council are active in the following
areas:

e Marcelo De Cicco: general coordinator, studies
and data research, technical guidance, and repre-
sentation of the EXOSS network;

e Eduardo P Santiago: support and activation of
the stations;

e Marco Mastria: software development and IT sup-
port;

e Luciana Fontes: administrative tasks, social me-
dia, and human resources.

At the base of the organization are the members who
actively participate in the project, keeping the cameras
operational, performing the elimination of false posi-
tives, conducting the pre-analysis, and synchronizing
the results with the DB. For capturing, analyzing and
orbits evaluation, the project adopts the UFO suite
(Molau and Gural, 2005).

Figure 4 — DB front end, the upper right window contains a
query template, and, at the bottom, the final result is shown
that can be exported as .CSV, .XLS, .SQL and JSON/PHP.
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Figure 5 — An image from the EXOSS support and training
portal.

Besides meteor video monitoring, many others activi-
ties related to meteors studies are being conducted by
EXOSS and its team, such as

e lunar impact monitoring!—two EXOSS members,
Carlos Henrique Barreto and Tiago Torres, are
periodically observing the Moon for impact de-
tections;

e IMO fireball report—Eduardo P. Santiago dissem-
inates the IMO fireball tool in Portuguese? and
manages Latin-American reports;

e scientific outreach—videos about coming meteor
showers on YouTube, news about fireballs and
general information related to small bodies and
planetary field published on the EXOSS webpage?
and on many other social media like Facebook, In-
stagram, and Twitter.

3 First results

In the period May 2015-May 2017, a total of 28000
single meteors were registered (using Q1 UFO quality),
as shown in Figure 6. Of these totals, 1624 are multi-
station meteors and 1276 orbits could be evaluated.

The above histogram shows an average of 690 meteors
per station. Only four stations got more than 2000

Ihttp://press.exoss.org/projetos-2/impacto-lunar/.
2http://bolido.exoss.org.
Shttp://press.exoss.org.

Figure 6 — Absolute frequency histogram of meteors per
station.

meteors. Many factors contributed for those figures,
such as camera calibration, operator experience, local
weather, and starting date of the station’s operation.

An efficiency of 6% was obtained in terms of the total
number of orbits calculated from 28 000 meteors, 94%
of which are double-station and the remaining 6% are
three- or more multi-station captures.
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We present the evolution of FRIPON from its funding in 2015. As many projects, full operation mode
took more time than planned, but we are now ready to detect any bright fireball over France and
compute accurate orbits, trajectories, and, if we are lucky, strewn fields. Most of our delay was due
to the installation of this huge network including 100 all-sky cameras and 20 radio receivers, but also
to underestimating the complexity of the network itself. FRIPON is working now, and, furthermore,
it is now easy to extend to Europe and to any country, as all our work will be released. Italy and
northern Europe are currently installing FRIPON stations. With the GRAVES radar data, we are
able to get an accuracy of a few tens of meters per second.
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1 Introduction

FRIPON is the acronym of “Fireball Recovery and In-
terPlanetary Observation Network”. This project of
network was founded by ANR, the French Research Na-
tional Agency (Colas et al., 2014). The deployment of
network started in 2015 and in 2017 approximately 90%
of the network is active over France.

The aim of FRIPON is to answer questions that arise
about the connections between meteorites and aster-
oids. It is easy to study a meteorite in a laboratory but
we cannot tell where it came from. In fact, its orbit is
most of the time difficult to compute.

We currently know more than 740000 asteroids with
their orbits, but only sparse or almost no physical in-
formation of this population. However, physical pa-
rameters are crucial for understanding the origin and
evolution of the Solar System. Recent theories of So-
lar System formation and evolution (Walsh and Mor-
bidelli, 2011) concluded that it is possible to find prim-
itive objects in the inner part of the Main Belt of As-
teroids. Some of them could hit the Earth due to some
Yarkovsky non-gravitational force drifts and to the “ex-
press delivery” dynamical evolution toward the inner
Solar System (Nedelcu et al., 2014). It is therefore es-
sential to know the orbit of the observed meteors (and
meteorites) and to find connections between them and
their potential parent bodies.

The main goals of FRIPON are to recover fresh mete-
orites fallen in France and to compute accurate orbits
of fireballs to identify possible new dynamical families.

The FRIPON objective is to detect and measure all
the bright fireballs (negative magnitudes) over France
in order to achieve the following;:

e making accurate statistics on the impact flux of
meteoroids hitting the Earth;

e searching for dynamical families and parent bod-
ies of meteoroids;

e searching for meteorite falls;

e engaging in scientific outreach for meteors, mete-
orites, and, more globally, Solar System bodies.

The operative novelty of the FRIPON network is the
required real-time operation mode from the meteors de-
tection to the orbits and strewn field production. The
final goal is to be able to trigger a field research cam-
paign 24 hours after the detection of a meteor able to
produce a meteorite. To be effective in researching the
meteorite rapidly after its fall, the network Vigie-Ciel!
based on a collaborative science program (Colas et al.
2015) was created in parallel to FRIPON. Such an orga-
nization allows to mobilize trained persons for quickly
searching the meteorite inside the zone representing the

Thttp://www.vigie-ciel.org.

ellipse of fall computed by the FRIPON automatic de-
tection and calculus tools.

2 Network design

FRIPON is composed of an optical network for detec-
tion and measurement of bright fireballs. In order to
get more accurate speed data, we also developed a radio
network based on the military radar GRAVES (Rault
et al., 2014). In order to be efficient, we used the same
hardware for all the stations. All the acquisition PCs
are connected on the same network (VPN, Virtual Pri-
vate Network) to be easily managed. We have, e.g., a
real-time evaluation of the network state (internet link,
camera connection, storage space, etc.). Detections are
made by the optical network.

2.1 Optical counterpart

The goal of the network is to detect bright meteors (pre-
senting negative magnitudes). As these events occur not
so often, the network covers the French territory (Fig-
ure 1). Theoretical estimates show that the recovery of
one meteorite per year (Colas et al., 2012) is feasible
by the network. Finally, in order to observe in good
condition (high elevation) with several cameras, it is
necessary to use a median spacing of 100 km, that is to
say one hundred cameras for France. As we use digi-
tal cameras allowing short exposure time, it is possible
to observe daytime events; at that time we do not use
this mode as it produces too many false detections. The
detection mode is triggered by Sun elevation (h < —6°).

2.2 Radio counterpart

An optical network is very efficient for measuring fire-
ball geometry. For determining accurate velocities, the
FRIPON network uses the GRAVES radar head echo
Doppler effect that can be processed with the geomet-
rical model obtained by the cameras. Optical speed
measurement accuracy is about a few hundred meters
per second; combined with radio data, we reach an ac-
curacy of a few tens of meter per second. Speed mea-
surement is essential for semi-axis determination and,

Figure 1 — FRIPON optical network. European extensions
over Italy, BeNeLux, Germany, and Romania are also shown.
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Figure 2 — GRAVES radio beacon and the position of radio
antennas over France.

therefore, fundamental for pinpointing the origin of fire-
balls and their possible parent bodies. FRIPON records
radar echoes of the French radar GRAVES used by the
French Air Forces to track low-altitude artificial satel-
lites (Rault et al., 2014). The radar is usable all over
France, a 200 km spacing being sufficient for radio ob-
servatories, so only a quarter of the optical stations will
have radio equipment (Figure 2).

3 Detection and data reduction:
FreeTure and FRIPIPE

The FRIPON network developed its own software for
detection of fireballs using all-sky cameras. FREETURE
is an open source software available on the Github ar-
chive (Audureau et al., 2014). Consequently, the radio
counterpart of the detection algorithm was conceived
and developed (Rault et al., 2014).

Data reduction of optical and radio data were formal-
ized into a pipeline called FRIPIPE (Vaubaillon et al.,
2018). The pipeline includes the astrometric calibration
for all-sky cameras based on long-exposure images, the
astrometry of each event, the computation of fireball
trajectory, and the dark flight to finally get the strewn
field in case of a meteorite fall.

4 State of the network

The network is up and running for about 90% of the
detectors in optical domain. Fifteen radio stations are
nominally running. To avoid false detections, we only
download in our database events seen by at least two
stations. We have an annual average of 2000 multiple
detections. As we only observe bright events, we only
detect the two bright meteor shower of the Perseids and
the Geminids. Bright fireballs are most of the time
disconnected from meteor showers. Several events were
detected by more than 20 all-sky cameras. While four
GRAVES radar beams are scanning the sky, and while
the system is down from time to time for maintenance,
and because of several geometry reasons, we do not have
systematic radio and video coincidences, i.e., no radar

detection for a bright video event and many radio echoes
of meteors unseen by cameras. An upgrade of GRAVES
is planned, and we hope to get more flexibility on our
regular observations.

Two campaigns of recovery of meteorite falls were orga-
nized during 2016 and 2017. Based on the computations
done by FRIPIPE, the meteorite falls should have oc-
curred near the town of Roanne (August 6, 2016) and
in the forest of the Chambord Castle (March 27, 2017),
both in France. A third search was also organized in
Northern Italy by the Prisma network (Gardiol et al.,
2016). Unfortunately, the recovery campaigns were un-
successful into finding pieces of meteorites due to the
difficulty of the terrain encountered (like big ferns in
the Chambord forest). Nevertheless, they offer the op-
portunity to test and ameliorate the procedures of or-
ganizing such campaigns in the context of the VigieCiel
and FRIPON networks.

5 Extension of the network

Even if the surface of France is large enough to get sci-
entific results, it is clear that the efficiency of the net-
work is directly proportional to its surface. It was clear
that we had to extend over Europe as meteorites do not
know borders! Our policy was to install FRIPON cam-
era and computers in some countries in Europe to start
collaborations. The main extension concern Italy with
the Prism project (Gardiol et al., 2016). We are also
extending over Northern Europe (Koschny et al., 2018)
We can see the progress of the project on Figures 1
and 2 and on the FRIPON website?.

6 Conclusions

The FRIPON network is now operating. With our expe-
rience and feed-back we are reasonably optimistic that
we can recover a meteorite in the near future. More-
over, with 2000 fireball orbits computed annually, we
can start the statistical studies of possible fireball fam-
ilies. We suspect that these families in between meteor
streams are mainly connected to comet and asteroid
families. The project took more time to develop than
anticipated, as we had to manage in real-time detec-
tion and data processing of one hundred cameras. The
good thing, however, is that it is now easy to extend
to other parts of Europe to get more results. As the
entire project is open source, the extension can be done
in several ways, from stand-alone stations to networks
isolated from or connected to FRIPON.
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In autumn 2017, the Ukiah International Latitude Observatory has been preparing to take astro-
nomical data for the first time since the International Earth Rotation and Reference Systems Service
(IERS) ended visual observations in 1982 after 83 years. In conjunction with cameras to be installed
at the Mendocino College North County campus, our project hopes to extend the CAMS network
into the rural Redwood Empire of northern California. The collaborators seek to expand the role of
the Observatory as an educational and interpretive center and create original research opportunities
for scientific-minded students at the College. We present photos of our nascent project and solicit

constructive input.

1 Mendocino College

Mendocino-Lake Community College District is a small
community college located in a large rural area in north-
ern California (see Figure 1). The district encompasses
approximately 8300 km? and serves around 3000 full-
time students. The college currently consists of a main
campus in Ukiah; satellite campuses in Willits, Fort
Bragg, and Lakeport (Lake County); as well as the
Point Arena Field Research Station on the bluffs over-
looking the Pacific Ocean.

Figure 1 — Location of Mendocino County in northern Cal-
ifornia.

2 Ukiah Latitude Observatory

In 1895, the International Geodetic Association (IGA)
called for an unprecedented international effort to ob-
serve and measure the wandering of the Earth’s pole
and its resulting variation of latitude. The United States
Coast and Geodetic Survey became involved, and, by
1899, the IGA had established six International Lat-
itude Observatories at 39°08" N: three in the United
States, and one each in Italy, Russia, and Japan. Only
two of the United States latitude observatories survive
today. The various stations continued to function until

Figure 2 — Sign showing the coordinates at Ukaiah Interna-
tional Latitude Observatory.

advances in computer technology and satellite observa-
tions rendered them obsolete in 1982. The data col-
lected by the observatories over the years still have use
to scientists, and have been applied to studies of polar
motion, the physical properties of the Earth, climatol-
ogy, and satellite tracking and navigation.

The Ukiah International Latitude Observatory property
was deeded to the City of Ukiah and currently servesas a
public park. The observatory itself is used as an interpre-
tive and educational center for the surrounding commu-
nity. However, as of 2017, we are extending its mission
to once again include astronomical observations.

3 The project

Our group has constructed two CAMS stations, each
consisting of two cameras. One is currently installed
at the observatory and is taking nightly data, which
have been used to perform calibrations and optimize
the camera settings in anticipation of the installation
of the second station. While we initially intended for
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Figure 8 — Zenith telescope used at Ukaiah International
Latitude Observatory.

the second station to be located at the North County
Campus in Willits, we no longer believe this is optimal
for calculating trajectories. We will install the second
set of cameras 75 km south in Sonoma County, with the
future possibility of relocating it or adding a third site
at the Point Arena Field Station within the district.

4 Goals

The collaboration between Mendocino College and the
Ukiah International Latitude Observatory has been a

Figure 4 — CAMS station used in the project.

goal unto itself, a union of the historical and present
day hubs of scientific activity in our area. And while
a significant component of our project is outreach to
the scientifically minded youth of Mendocino County,
we believe that our local viewing conditions will gener-
ate useful data in a presently neglected portion of the
night sky. Once confident we are using our cameras suc-
cessfully, we plan to upgrade each site to at least eight
cameras. We ultimately hope to integrate our obser-
vations with the wider San Francisco Bay Area CAMS
community located to the south.
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One way to learn more about the space environment in the terrestrial neighborhood is studying
the annual flow of meteors that reaches our planet. Long-lasting projects and surveys have been
dedicated to observing the sky with the purpose of capturing meteors, and generating large databases
that allow searching for patterns in the sporadic meteor background and the identification of meteors
associated with large and minor meteor showers. Most of the projects, however, are located in the
northern hemisphere, making it difficult to detect southern hemisphere meteor showers. Thus, in
order to increase the representativeness of meteor observation in this area and to allow the search
for new radiants, BRAMON-—the Brazilian Meteor Observation Network—was created, aiming to be
a meteor-monitoring network based in Brazil. This work presents the network and the development
of its first data-mining tool, necessary for its operation and search for new meteor showers. Using
algorithms dedicated to the search for, and validation of, new radiants, the developed software called
ENCONTREITOR was able to find at least 108 possible new radiators so far in open access databases.
In conclusion, it was shown that there is a willingness among the public to develop a collaborative
meteor-monitoring network in the molds of citizen science, even in a country with a tradition in
scientific research that is still in development. In addition, the created software proved to be a
robust tool to search for new radiants. In this way, the network is preparing to present the new
meteor showers obtained by ENCONTREITOR, validating the findings, to the Meteor Data Center.
Meanwhile, there are plans in other research areas involving meteors and other atmospheric events

4Departamento de Engenharia de Producgao, Faculdades Integradas de Taquara, Taquara, Brazil

like Transient Luminous Events.

1 Introduction

Meteors are common phenomena in which a meteoroid
collides with the upper atmosphere of a planet. A me-
teoroid travels through the space following a path de-
termined by its orbit and, at the moment it penetrates
the atmosphere, the direction from where it seems to
come from is called the radiant. Some events, like the
passage of an active comet, can generate streams with a
large number of particles that follow the same orbit. If
Earth intercepts this stream, a high number of meteors
can be detected seemingly radiating from a single area
in the sky, in what is called a meteor shower. Any me-
teor detected that does not belong to any of the known
meteor showers is called a sporadic meteor (Ceplecha et
al., 1998).

Large and long-lasting radar surveys and optical obser-
vation projects have collected a great volume of data
on both sporadic meteors and meteor showers. Us-
ing mathematical and statistical tools, it is possible to
search through the databases of these projects, allow-
ing the identification of minor showers not previously
noted (e.g., Segon et al., 2015). Most of these projects
are located in the northern hemisphere, making infea-
sible the detection of a representative number of mete-
ors in the higher latitudes of the southern hemisphere
(Campbell-Brown and Jones, 2006). More recently, new
projects dedicated to filling this gap have been proposed
(Janches et al., 2015; Jenniskens et al., 2016).

To expand the coverage area of the meteor surveys and
to provide more reliable meteor orbital data on the
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southern hemisphere, the authors of this paper and
many other collaborators have created the first Brazil-
ian optical meteor detection network based on record-
ing stations, namely BRAMON-—the Brazilian Meteor
Observation Network. To support the search for new
meteor shower radiants, it was necessary to develop a
robust tool capable of finding patterns of new showers in
this growing database. The development of this tool re-
quired constant testing of the underlying algorithms on
real data, so, major open-access databases were investi-
gated, namely the SonotaCo and EDMOND databases.
This paper describes briefly the creation and implemen-
tation of BRAMON and the initial development of the
ENCONTREITOR software, dedicated to finding and vali-
dating new minor meteor showers. Already 108 possible
new radiants of meteor showers were identified with it.

2 BRAMON
2.1 The network

The Brazilian Meteor Observation Network or BRA-
MON is a scientific organization whose mission is to de-
velop, promote and disseminate science and technology,
especially the study of meteors, their origins and nature,
and the characterization of their orbits. It is a non-
profit collaborative network maintained by volunteers,
bringing together several meteor-monitoring operators
with the prime purpose of producing scientific data and
providing them to the community, and this by analyzing
the records acquired by the monitoring stations. In ad-
dition to the traditional astrometric analyses performed
for sporadic meteor and meteor shower research, other
activities can be developed with the data acquired with
the cameras: obtaining spectra of meteors and other at-
mospheric phenomena with the use of diffraction grat-
ings coupled to the cameras; triangulation and calcu-
lation of the trajectory of bright meteors to estimate
possible strewn fields of meteorites (Rendtel, 2017); de-
tection of other interesting phenomena such as sprites,
blue jets, and other TLEs—Transient Luminous Events
(Campbell-Burns and Kacerek, 2014); and observation
of satellites and other artificial objects’ reentry or whose
orbit determination is of interest.

To encourage the participation of all members, BRA-
MON is constantly updating its database of good and
low-cost materials and equipment. This allows the con-
stant construction of new stations and guarantees the
quality of the data obtained by the group. In the same
way, the team is dedicated to keep operators well in-
formed and oriented so that the best pointing and tri-
angulation solutions are achieved. In addition, through
the ideal of citizen science (Socientize, 2013), we seek
the commitment of the public in the activities promoted
by the network, allowing everyone to be able to con-
tribute actively to the accomplishment of scientific re-
search. In this context, the network not only conducts
meteor-monitoring activities, but also promotes pub-
lic observations and transmissions of meteor showers
with the help of social networks. It also disseminates
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Figure 1 — Coverage of the BRAMON camera network as of
end 2016.

meteoritics in schools, colleges, universities, astronomy
clubs, and official entities of study within the country.

2.2 Brief history

The first meteor monitoring station was set up by Pro-
fessor Alberto Silva Betzler, in the state of Bahia, in
2005. In 2006, a station was put in operation by Pro-
fessor Maria Elizabeth Zucolotto, curator of the mete-
orite collection at the Museu Nacional (National Mu-
seum) in Rio de Janeiro. The goal was to develop a na-
tional network solely to watch for bright meteors with
the potential of meteorite dropping, in order to allow
the determination of a more precise trajectory for the
bolide, improving and simplifying the processes of find-
ing and recovering the fragments. The idea was pre-
sented during the 10" ENAST—Encontro Nacional de
Astronomia (National Astronomy Meeting)—in 2007,
and caught attention of people who wanted to create a
national meteor observation network. In the following
years, some new stations became active, but the all-sky
project could not flourish as planned mainly because of
technical difficulties and the high cost of equipment.

In 2013, there was a new attempt to create a meteor-
monitoring network, this time led by the amateur as-
tronomers André Moutinho, Carlos Augusto di Pietro
Bella, Eduardo Placido Santiago, and Renato Caéssio
Poltronieri. At the end of that year, Eduardo Santiago
started to dialogue with meteor-monitoring networks in
Europe, like UKMON and CEMeNt/EDMOND. Par-
ticularly valuable was the continuous support of Jakub
Koukal to create a project better adapted to the situ-
ation of amateur astronomy in Brazil. This time, the
stations were designed using primarily old security cam-
eras equipped with common lenses, instead of the too
expensive all-sky design. With this setup we were able
to obtain a narrower field of view, allowing the detec-
tion of fainter meteors and retrieving more precise data.
The first meteor image captured by this network was ac-
quired by the station of Renato Poltronieri on January
9, 2014.

Shortly after the success of capturing the first meteors,
the station owners created a group in a social media
website aiming to gather people interested in joining
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the network. The growing number of stations allowed
some regions to be covered by more than one camera,
making possible the first meteor triangulation of the
network (and probably the first ever over Brazil). The
simplicity and the low cost of the components selected
for the BRAMON stations enabled the network to grow
rapidly and to aspire national coverage, as planned since
the beginning.

BRAMON begun operation in 2014 with 9 stations, and
grew to 23 in 2015. At the end of 2016, the network of
cameras covered 50% of the Brazilian territory, with
39 stations spread across 16 states, as can be seen in
Figure 1. Most of the stations are located in the south-
eastern region of Brazil, the most populated area of
the country. In the northeastern region, the stations
are concentrated near the coast, as the interior of this
area has a semi-arid climate and low population den-
sity. The number of stations in the southern region is
growing, with the potential of an even greater contri-
bution to the detection of southern hemisphere meteor
showers. During this period of operation, the stations
recorded 76 568 individual meteors, of which 15 381 were
double- or multi-station observations, which allowed for
the calculation of 8041 orbits.

3 Encontreitor software

A meteor detection network is formed by gathering a
group of single or multiple stations that operate to reg-
ister meteors via video or radio recording. Later, the
set of registrations, also known as captures, is used to
extract useful data like the orbital parameters of the
meteors. All the information collected is then sent to a
database and becomes available for public or private re-
search. The ENCONTREITOR software was developed to
meet a primary need of an automated search process for
new radiants in the emerging open-access meteor orbit
database of BRAMON. The software can receive as in-
put a set of orbits extracted from software like UFOOR-
BIT, and it returns a list of possible new radiants. Other
meteor detection networks such as EDMOND and Sono-
taCo also have a policy of keeping their databases open-
access, allowing anyone interested in meteor research to
search through the data. To validate the ENCONTRE-
ITOR software, a large number of tests was executed
using the information stored in these databases lead-
ing to the preliminary discovery of 108 meteor showers
(23 already approved by the Meteor Data Center as pro
tempore, 75 under current analysis, and 10 to be sub-
mitted). The software can perform a series of tasks to
find the new radiants as described below.

3.1 Clusters of similar orbits

The ENCONTREITOR software is based in the Density-
Based Spatial Clustering of Applications with Noise or
DBSCAN algorithm (Sugar et al., 2017) to search the
orbits in the database. As output, it returns clusters of

Figure 2 — Visualization of how the DBSCAN algorithm

works. The minimum number of neighboring orbits for a
point to be considered in the core is set to 4 in this illustra-
tion. The points A are core points, because the areas with
radius r surrounding these points contain at least 4 points
(including the central points themselves). The points B are
reachable points, because the areas with radius r surround-
ing these points contain core points but less than four of
them. The points C are noise, because they are neither core
points nor reachable points.

similar orbits. The criterion for similarity used to com-
pare the orbits is the D-criterion proposed by Drum-
mond (Galligan, 2001; Jopek et al., 2002). This crite-
rion compares the orbits giving a value of dissimilarity,
that is, the smaller the number, the more similar are
the orbits. The D-criterion uses the following orbital
elements: eccentricity, distance of perihelion, longitude
of perihelion, longitude of ascending node, and inclina-
tion. During the execution of the DBSCAN algorithm,
a maximum value for the D-criterion must be given,
along with the number of minimum neighboring orbits
of a specific orbit for it to become considered as a core
point, and the minimum number of orbits that defines a
cluster, i.e., core orbits plus reachable orbits. A visual
explanation is provided in Figure 2.

A cluster may not define a new meteor shower as it
can contain zero, one, or many radiants. Clusters with
more orbits than the parameter of maximum size of the
cluster are divided into smaller ones and clusters with
less orbits than minimum orbits for a radiant (usually
6 orbits) are discarded. The groups formed after this
stage are tested to confirm if they may represent new ra-
diants through a combinatorial analysis algorithm that
tests the similarity of the orbital elements. An average
orbit is calculated for each group, and the D-criterion
is applied between each orbit of the group and its av-
erage orbit. If all the orbits in the group are similar to
the average orbit, respecting the maximum value of the
D-criterion accepted for this step, the group is regarded
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Figure 3 — Break-point method for the proposed September
e-Orionids radiant, showing the frequency and the cumula-
tive series of meteors distributed per value of the similarity
D-criterion (EDMOND and SonotaCo databases).

as a possible new radiant. Some of the approved groups
may represent the same shower and share repeated or-
bits, so these groups are gathered in a single group and
the repeated orbits are eliminated. The similarity of
the average orbit of the possible new radiants is tested
against the orbital elements of valid meteor showers in
the TAU database. At this stage, the solar longitude is
also taken into account to differentiate meteor showers
whose orbits intersect the orbit of Earth at more than
one point.

3.2 Validation mechanisms

After finishing the initial analysis of a given database, a
list of possible new radiants is produced, which is then
subjected to further validation using the break-point
method and the Valideitor method. The break-point
method (Welch, 2001; Neslusan et al., 2013) is a graph-
ical analysis in which all the orbits of a possible new
radiant are plotted according to their value of the D-
criterion of similarity. In addition, in the same graph,
the orbits are presented cumulatively with increasing
value of D. The method requires the input of the values
of the initial D, the final D, and the integration delta.
An example of the method can be seen in Figure 4.
In this example, the orbits plotted show a distribution
that resembles a Gaussian at the left side of the graph
(between D = Oand D = 0.2), meaning that the orbits
are concentrated near the orbital parameters of the ra-
diant. In the cumulative series, the same region of the
graph shows a fast growth, reaching an inflection point
near D = 0.2.

To complement the break-point analysis, a method call-
ed Valideitor was proposed, in which the orbits of a
possible new radiant are analyzed not only in function
of D-criterion, but also as a function of time. It is ex-
pected that the temporal distribution of the meteors of
a shower is Gaussian in the days near its peak. Using
the method, it is possible to visualize the distribution

Figure 4 — Valideitor method of the Geminid radiant show-
ing the number of meteors that are/are not associated to
the shower inside a spherical area of radius 10° around the
radiant center (EDMOND and SonotaCo databases).

of the orbits over time and how these orbits fit into the
radiant. The method also makes it possible to under-
stand how the orbits are distributed close to the radiant,
providing a much greater understanding of the charac-
teristics of the radiant and of its neighborhood. An
example of an application of this method can be seen
in Figure 4.

4 Conclusions

The implantation of a meteor-monitoring network like
BRAMON in Brazil, a country with a still developing
tradition in research in the meteor field, has shown that
a good share of the population is interested in science.
The number of people that appreciate astronomy has
proved to be considerably high and, with the constant
supply of information on good and cheap equipment, it
is possible to bring these people together to contribute
to a better understanding of the space environment in
the terrestrial neighborhood, in a classical effort of cit-
izen science. This endeavor has stimulated and encour-
aged the development of other useful solutions like the
software ENCONTREITOR for the search of new meteor
showers. The software facilitated the search through
already established large databases, basing the analysis
on the use of the D-criterion. It has also provided ro-
bust tools to validate the results using the break-point
and the new Valideitor methods, increasing the confi-
dence of the findings. The capacity of the algorithms
was put to the test and they proved to be able to locate
many new probable radiants. This development along
with other ones made by BRAMON paves the way to
a fully functional network with a high potential for dis-
coveries in the field of meteor research in the southern
hemisphere.

5 Future work

As a recently created meteor-monitoring network, BRA-
MON is still poorly known by the majority of the sci-
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entific community dedicated to meteor studies. To in-
crease its visibility, a presentation paper is already be-
ing written, in parallel with a more complete paper fo-
cusing on the creation and the development of the al-
gorithms behind of the ENCONTREITOR software. With
the aim of seeing the tentative new showers found by the
software approved in the List of Established Showers of
the Meteor Data Center, their analyzed data will also be
published within the mandatory deadline. Meanwhile,
the search for more radiants within the open access
databases (including the new BRAMON database, now
part of the EDMOND database) will continue. Lastly,
a new research effort on Transient Luminous Event will
be developed in partnership with the Institute of As-
tronomy, Geophysics, and Atmospheric Sciences of the
Sao Paulo University (IAG/USP).
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The Croatian Meteor Network (CMN) has been active since 2007, when more than a single camera
started to capture meteors and the first CMN double-station meteor was captured. Since then, CMN
has been active through lots of various activities, papers, and presentations. The chronological list
of the most important achievements and results has been presented. The extensive paper on the
anniversary will be published in WGN, Journal of the International Meteor Organization.
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The American Meteor Society (AMS) has developed an open-source low-cost fireball camera system
and back-end network to enable the deployment of a wide-area fireball network in the United States.
This article presents both the hardware and software aspects of the project as well as the link between
this camera network and the AMS Online Fireball Form used by thousands people around the world
to share their fireball sightings with the scientific community since 2011.

1 Introduction

The AMS and the International Meteor Organization
(IMO) collectively generate a comprehensive database
of crowd-sourced visual observations that catalogs and
characterizes over 300 confirmed fireball events each
year since 2011 (Hankey and Perlerin, 2014). While
sometimes the data gathered from the general public
are sufficient for meteorite finding (Hankey et al., 2016),
the witness reports alone do not provide accurate val-
ues needed to determine the meteoroids orbit. To com-
pensate for this shortcoming, the AMS has developed
hardware and software designed to capture scientifically
calibrated recordings of fireball events. The goal of the
camera network is to provide reasonably precise esti-
mates for the trajectory, mass, and orbit calculated
from video recordings. This data will be linked to events
in the existing AMS/IMO fireball database and avail-
able to the public through the AMS and IMO websites.
The AMS/IMO fireball database and API services have
been enhanced to support machine to machine device
registration, video, picture, and reduction data uploads
and event monitoring and notification. An open data
solutions pipeline is also planned pending the release of
open source developments from other IMO members.

2 Hardware

The AMS Camera system has been developed using a
combination of off-the-shelf and custom components.
Devices are available as single-camera part-sky systems
or as six-camera all-sky systems.

2.1 Single camera system

The single camera system was developed to appeal to
beginners who might not have a large budget or a 360°
view from their home. The system was designed for in-
door use, eliminating many of the barriers people have
with setting up sky cams (Figure 1). The device can be
simply hung in a window. At its core, the system is com-
prised of a low-light, low cost CCTV IP project camera
utilizing the Sony IMX290 CMOS chip, a Raspberry Pi
3 single board computer and a custom made PCB board

Figure 1 — Single camera device installation.

that supplies networking and power to the components.
All elements are housed inside a small wooden box and
connected with an Ethernet (POE) wire that provides
12 V power and Internet access. The components can
be easily removed and placed inside an outdoor CCTV
enclosure if this is the operators preference. The com-
ponents used to build the device cost less than 200 USD.

2.2 All Sky 6 system

The All Sky 6 system (see Figure 2) is essentially 6
single camera systems packed into two enclosures. A
360° aluminum milled housing with an 11" acrylic dome
holds the 6 cameras. Five of the cameras are spaced out
72° apart and the sixth is pointed straight up. A single
Cat 6A cable supplies power and Ethernet to the cam-
eras from a distance up to 100 meters. At its terminat-
ing end, the Cat 6A cable plugs into a 12 x 12 x 4 metal
box that holds a power supply, network switches, and 6
Raspberry Pi computers. A single AC power cable and
network cable into the cluster box provide power and
networking to all 12 IP devices in the system. A low-
end computer running Linux can also be used instead
of the Pi cluster.

3 Software

Open source client side software has been developed to
facilitate the capturing, detection, and communication
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Figure 2 — Six-camera device.

of videos recorded by the devices. The code has been
written primarily in Python using the OpenCV library
for video capture and processing routines. The fireball
device code accomplishes the functions described below.

3.1 Registration/authentication

New devices automatically register with the AMS site
the first time they are turned on. The MAC address
from the Raspberry PI provides a unique ID for the
device. The operator claims the camera and associates
it with his account by entering the MAC address inside
a form on the AMS website. Once a device has been
registered and claimed, it can freely communicate with
all of the data APIs.

3.2 Capture program

A video capture program runs on the device 24 hours
a day. The program holds the last 10 seconds of 25
frames per second video in a memory buffer and scans
for any type of motion detection lasting more than 5
frames. Detections are saved to the SD card for later
analysis and processing. A watchdog monitors the cap-
ture program and automatically restarts it in the event
something caused it to crash or stop. This allows nearly
fault-tolerant operations.

3.3 Auto settings

Since the camera operates 24 hours a day, the settings
between night and day must also change. To compli-
cate matters, light pollution created by city lights, the
Moon, and reflecting clouds can also impact the ideal
settings needed by the camera. For these reasons, a
script was made that automatically adjusts the cameras
brightness, contrast, and other settings throughout the
day and night. Every 10 minutes, a series of frames is

taken from the camera, and the mean brightness is de-
termined. The settings on the camera are then adjusted
until the frames fall within an ideal brightness range.

3.4 Calibration

Calibration of the cameras field of view is achieved uti-
lizing a long exposure mode built into the camera. While
in this mode, the frame rate slows down to 7 FPS, but
the sensitivity is greatly increased due to the integra-
tion of frames, essentially making a longer exposure.
Stars as dim as magnitude +3 are visible in the frames.
Ideally, at least two calibration frames are taken and
saved each night. The images are then run through a
local installation of astrometry.net. The images are
plate solved, and a WCS (world coordinate system) file
is saved and uploaded to the network site and associ-
ated with the camera. The WCS file maps the pixels
x and y coordinates to right ascension («)/declination
(0)values. By virtue of knowing the cameras location
and time of exposure, the «/d values be can easily
translated to the azimuth and elevation values needed
to solve fireball captures.

3.5 Analysis

At this point, the data analysis portions of the program
have not been written or implemented. The current goal
is to develop the infrastructure and capture devices and
get the network started. Once events are being saved
and reduced, we will have the raw data to analyze and
solve events. Ultimately from the network we hope to
get solutions for the atmospheric trajectory, velocity,
mass estimate, and orbit. When the time comes for this
stage, we plan to leverage existing open source projects
to solve and analyze events.

3.6 Data sharing

The fireball camera program is based on an open data
concept where in all media reductions and solutions are
saved in a central place and immediately available to the
public through the AMS or IMO websites. The sharing
is facilitated by the AMS fireball database back-end and
FODE protocol APIs.

Figure 8 — Fireball capture by a 6 cameras device in Novem-
ber 2017 from Monkton, Maryland, USA.
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3.7 Fireball alerts

Client-side software monitoring witness-reported events
is used to find fireball captures on the client computers.
An API that lists fireball reports within a certain dis-
tance of the camera provides a rough time frame and
location for each event. Local files are then searched
and compared with this time and if matches exist the
files are uploaded to the backend. This system provides
coincidental detection capabilities for single station cap-
tures.

3.8 User interface

A web based user interface resides on each Raspberry
Pi device. The interface allows the camera operator to
browse captures, change camera settings, and reboot
the Pi if necessary. This interface simplifies the opera-
tion of the device so that end users do not need to use
SSH or SETP to monitor the system or access the files.

4 Network

The network has been developed to be open and sup-
port any type of device or camera. Video and photo-
graphic recordings of fireball events can be uploaded to
the network through web forms or machine-to-machine
APIs. To facilitate the uploading of media and trans-
fer of data associated with these fireball observations,
the AMS has developed the Fireball Observation Data
Exchange Protocol (FODE). Standardized data object
definitions, data exchange URLs, and sample client im-
plementation code enable the protocol. The protocol is
designed to ingest data from any type of camera net-
work for the purposes of storing, analyzing, and sharing
the data in a single place. All data uploaded through
the APIs will be attached to witness reported fireball
events in the database and if no event exists one will be
created. The idea is to create a single media and data
repository for all information about fireball events that
occur in the world. This will enable the collection and
sharing of fireball data across networks and devices pro-
viding a well-organized, easily shareable, single source
for all information relating to an event.

Figure 4 shows the schema of the network.

4.1 Data object and API definitions

The FODE protocol is compromised of the following
data objects. For each object, there are corresponding
API URLs that enable creating, updating, and viewing
data associated with the object.

4.1.1 Device operator/API key

The device operator links to an AMS member login and
exists by virtue of the existing AMS website. Device
operators are given a secure API key through the AMS

Figure /4 — Schema of the network.

website that enables communication with the machine-
to-machine APIS. This key enables the system to iden-
tify all requests sent from the operators network.

4.1.2 Device

The device represents a single camera inside an oper-
ators domain. The device is assigned with a uniquely
identifiable AMS ID and must be registered and claimed
to the operators profile before initiating data services.
Longitude, latitude, altitude, and other details relating
to the device are stored in the device record. Once the
device is registered, the operator can upload media and
data associated with the device by supplying the API
key and the device ID. The device will also appear in
the list of devices in the operators profile on the AMS
website.

4.1.3 Motion capture

A motion capture represents a device camera capture
event that might be a fireball but has not been auto-
detected. This function allows operators to upload a
timestamp and single image (preferably a video stack)
of the event. This allows operators without automatic
detection to log event times and be notified of coinciden-
tal detections by other camera operators or eyewitness
reports.

4.1.4 Fireball capture

The fireball capture API allows operators to upload
videos, still photos, or reduction data associated with
fireball events. This API should be used only for events
that have passed auto-detection or event-coincidence
detection via witnesses or other motion capture logs.

4.1.5 Heartbeat

The heartbeat is a simple API that allows the operator
to log a recent capture frame from the camera. This
enables a live view or latest view for all cameras in
the network. The heartbeat also monitors the device
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to make sure it is operational. If too many hours pass
without a heartbeat, the camera operator is notified of
a potential outage with the camera.

4.1.6 Observation reduction

Fireball capture records can be amended with reduction
data from the event. Multiple reduction records can be
tied to each media file. For example, if two different
reduction methods were applied on a video, both could
be logged. Relevant reduction fields include the follow-
ing: start x/y, end z/y, start a/d, end «/§. start az-
imuth/elevation, end azimuth/elevation, elapsed time,
and peak magnitude. A free-form large-capacity notes
field is also allowed to support the saving of more com-
prehensive reduction data sets.

4.1.7 Trajectory and orbit solutions

Network operators can also upload event solutions as-
sociated with events. There is a one-to-many relation-
ship between solutions and events allowing multiple so-
lution providers or methods to be saved and associated
with events. Trajectory solutions will incorporate the
starting and ending longitude, latitude, and attitude;
the starting, ending, and median velocity and the peak
magnitude.

4.2 Web admin

Operators can view their devices, captures and other
data through a web based admin on the AMS website.

All files and settings are also available for viewing and
editing using a browser based app included with AMS
fireball devices.

5 Conclusions and perspectives

Four All Sky 6 units have been in beta testing since July
2017, and, since that time, over 20 fireball events have
been captured by the cameras. Much time and devel-
opment has been put into the quick and cost-effective
manufacturing of the devices. We estimate over 400
devices will be needed to complete the network across
the country, so, for these reasons, much effort has been
put into planning the production and marketing of the
devices. As the network develops and multi-station cap-
tures become a possibility, we will implement solution
computations. The main goal at this point is to make
the devices available to the public and start building
the network.

References

Hankey M., Fries, M., Matson R., Fries J. (2016).
“AMSNEXRAD—Automated detection of mete-
orite strewnfields in Doppler weather radar”. Plan-
etary and Space Science, 143, 199-202.

Hankey M. and Perlerin, V. (2014). “AMS fireball
program, community website, mobile app, and all-
sky camera”. In Gyssens M., Roggemans P., and
Zotadek P., editors, Proceedings of the Interna-
tional Meteor Conference, Poznan, Poland, 22-25
August 2013. IMO, page 120.



Proceedings of the IMC, Petnica, 2017

181

Observation of lunar impact flashes

Mert Acar'?, Alper K. Ates?, and Cenk Kayhan?

! Department of Astronomy and Space Sciences, University of Ege, Bornova, 35100, Izmir, Turkey
mrtacarmerdo@gmail.com and mert.acar@istek.k12.tr

2ISTEK Belde Observatory, Uskudar, 34674, Istanbul, Turkey
bilim.merkezi@istek.kl2.tr

In this study, the results of 20 hours of observations to detect the lunar impact flashes from the
ISTEK Belde Observatory are presented. Currently the ISTEK Belde Observatory is the only place
working on lunar impact flash detection in Turkey. A 40 cm catadioptric telescope armed with a fast
frame camera system is dedicated to this research. Several flashes have been detected with S/N > 5.
In this manuscript, the probable causes of the detected flashes, such as impacts or iridium flashes,
are discussed. An overview of the video recording observation technique and the number of validated

flashes from the literature are given.

1 Introduction

Meteoroids are small natural bodies which are frag-
ments from comets and asteroids traveling through the
interplanetary medium of the Solar System. Sometimes,
they strike planets or the Moon. If they reach the Earth
we can see them as a meteor or fireball in the sky due
to friction with the air molecules. Only a small fraction
of the meteoroids make it to the surface. The Moon has
no atmosphere like the Earth, so the falling objects do
not create fireballs, yet the kinetic energy of the incom-
ing object is converted into thermal energy which can
be detected as an impact flash. Though the meteoroids
can hit anywhere, flashes are easiest to detect on the
night side of the lunar surface. Thanks to new sensitive
fast-frame video cameras, many rapid and faint flashes
can now be detected.

1.1 Time line lunar impact flash studies

A number of attempts have been made previously to
observe and document lunar meteor impacts.

o First, Melosh et al. (1993) made a theoretical as-
sessment of impact flash detection by using pho-
tometers. If the impactors are bigger than 1 me-
ter, the impact flash can be detected by photom-
etry technique by using a meter-class telescope.

e Ortiz et al. (1999) began to search for impact
flashes with CCD cameras instead of photome-
ters. They concluded that an impact flash can be
detected using a 5-10 seconds exposure time with
CCD cameras.

e During the 1999 Leonid meteor showers, two in-
dependent groups detected an impact flash on the
Moon. This became the first confirmed observa-
tion of lunar impact flashes (Dunham et al., 2000;
Ortiz et al., 2000).

e Bellot Rubio et al. (2000) observed the Moon with
a 20-cm diameter telescope with a & x 6’ video

camera. They pointed out that the luminous ef-
ficiency (the fraction of kinetic energy converted
into radiation) of the collision processes can be
determined.

e Chudnick et al. (2002) observed the 1999 and 2001
Leonids impacts and reported their positions on
the Moon. Also, Ortiz et al. (2002) determined
the mass distribution of 2001 Leonids impacts.

e The NASA MEO (Meteoroid Environment Office)
started monitoring lunar impacts in 2006 and de-
tected 399 impact flashes during 2005-2016.

e Yanagisawa et al. (2007) detected Geminids im-
pacts and determined particle masses, duration
of flashes, and impact angles.

e Suggs et al. (2014) determined the kinetic energy
and mass distribution of 126 detected impacts by
NASA ALaMO (Automated Lunar and Meteor
Observatory) data.

e Larbi et al. (2015) observed the Moon with 35-cm
and 20-cm diameter telescopes and detected two
impact flashes.

e Kim et al. (2015) detected a flash during 2013—
2014 with an educational telescope.

e The NELIOTA! project from Greece started mon-
itoring the Moon for faint NEO impacts in 2017.
They observe the Moon with a 1.2-m telescope
and two video cameras. So far, they detected 27
impacts with Johnson-Cousins R and I filters.

2 Technique and observations

2.1 Technique

The observer does not need much equipment to start
detecting impact flashes. A telescope with clean optics,

Thttps://neliota.astro.noa.gr/.
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a fast-frame camera, a computer with advanced cap-
ture software, and a high-resolution Moon map is what
it takes for lunar impact studies. The observation pro-
cedure is rather simple: the telescope is pointed to the
night side of the Moon, and the fast-frame camera is
set to record consecutive ideo clips each lasting a few
minutes. The recommended setOup for visual observers
is below:

e field of view wide enough to see the night side of
the Moon (focal reducers are not advisable in view
of signal loss);

e 1/30 fps or 1/60 fps for exposure times;
e LUNARSCAN software for automatically detection;

e REGISTAX and MAXIMDL software for data re-
duction.

2.2 Observations

The geographical coordinates of ISTEK Belde Obser-
vatory are 41°01’48” N latitude and 29°02'32” E longi-
tude. Belde Observatory is the only place making lunar
impact flashes observations in Turkey. The instruments
used for this purpose are a Meade LX600 40 cm diam-
eter Schmidt-Cassegrain f/8 telescope and a Celestron
Skyriss (1600 x 1200) camera. The diameter of the
telescope is large enough for detection of lunar impacts
down to magnitude +9. Impact flashes can be detected
at the night side of the Moon (dark side of lunar disk),
S0, for the lunar impact monitoring, observations should
be carried out for a few nights during the waxing cres-
cent and a few nights during the waning crescent.

The LUNARSCAN software is used for automatic detec-
tion of flashes in the field of view. Then, eliminating
false detections is done manually. The REGISTAX soft-
ware can then be used for the reduction of the data.
After that, the IRAF or MAXIMDL software can be
used for analysis purposes. We detected possible im-
pact flashes during 20 hours of observing data. Most
of them are false flashes caused by satellites flares or
cosmic rays. After the reduction of our data, we have
one impact flash candidate (Figure 1) and one microm-
eteorite or iridium flare (Figure 2).

Figure 1 — Candidate impact flash image and line profile,
JD 2457937.300579

Figure 2 — The image obtained at JD 2457877.295718 is
potentially an iridium flare or a micrometeorite. In 20 hours
of observation, 6 such events have been recorded.

3 Conclusions

After the reduction of 20 hours of observing data, we
have an impact flash candidate. Scientifically confirmed
sightings require observations from two or more widely
separated locations, or observations using two different
filters at the same time. No other observer detected
this event, unfortunately, so it is not possible to confirm
that this is a real impact flash. We have just started
monitoring the Moon for lunar impact flashes and we
will continue to work on it. We would like to collaborate

with anyone who is interested, or has expertise, in this
field.
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Stations of the Bolidozor radio meteor detection network produce every day a lot of data. In this
paper, we present the way how are measured data stored in detection stations and how they are trans-
ferred to the common data storage server. All data are indexed to the database before transmission
which provides a fast access and a simple search of the requested data according to several param-
eters (e.g., time, station, duration or length). The system provides a user-friendly web interface for
accessing data and machine-readable outputs for external processing tools. Data management system
is ready for use with multiple storage servers or extend to virtual-observatory standards.

1 Introduction

Bolidozor is a network of meteor radio detection sta-
tions (Figure 1), where each site produces a significant
amount of data that must be stored on a shared stor-
age for easy access and processing. We explain how
measured data are managed and stored in Bolidozor.

Figure 1 — RMDSO02E (radio meteor detection station) as-
sembled from MLAB modules.

2 Data outputs

Each station produces approximately 2 GB of data per
day on average. For data recording stations, we use
radio-observer software which provides several types of
output data.

2.1 Metadata

CSV (comma-separated values) files contain informa-
tion about each generated file. In case of the RAW file
(meteor detection), it includes properties as duration,
peak frequency, radio magnitude, or noise level of back-
ground.

2.2 Snapshots

A snapshot .FITS (flexible image transport system) im-
age contains a continual spectrogram of one minute per

Figure 2 — Example of a snapshot. It is useful only for quick
browsing by people.

file with a narrow frequency band around the GRAVES
radar transmission frequency. In snapshots (see Fig-
ure 2), meteors are included that have not been de-
tected. These files are used for determining the status
of the station, because, in themself, it is possible to see,
e.g., interference noise.

2.3 RAW files

When the radio-observer software detects some meteor,
a RAW FITS file is created, the file contains unpro-
cessed samples from an analog-digital converter. This
file is intended for postprocessing.

In addition, a preview FITS image (spectrogram) of the
RAW file is created.

See also Figure 3.

3 Data transmission

Measured data are immediately transferred to the cen-
tral data storage server (space.astro.cz) with a data-
uploader software which contains almost 7 TB of space
for measured data. Because this is not enough for sav-
ing all historical data, old data are backed up on mag-
netic tapes of CESNET servers, and deleted from the
space.astro.cz server.
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Figure 8 — Radio fireball with head echo captured by mul-
tiple stations. Graphs are precisely aligned by GPS time
marks from RAW files.

4 Data streams

A station provides two types of UDP/IP data streams.
These streams can be used with PySDR or Freya visual-
ization software. The first data stream is uncompressed
and contains all AD converter data. This stream is in-
tended for debugging purposes. The second data stream
includes compressed data and is suitable for visualiza-
tion purposes. When a meteor is detected, the station
makes a TCP/IP request with some fundamental prop-
erties of the event. This stream is used for real-time
visualization on the map.

5 Standardized data access

Although the data are available from the central stor-
age server via an http web page, this is not suitable
for browsing and searching for required data program-
matically. Moreover, old backed-up data are not ac-
cessible in real-time, and they must be requested from
magnetic-tape storage. This can take several seconds
or even minutes.

Therefore, stored data are indexed in the MLABvo da-
tabase. MLABvo API provides us easy access to data
based on parameters such as station, type of data (snap-
shot, meteor, multibolide), event time, and duration.

MLABvo can also obtain and provide backed-up data
from magnetic tapes. It is based on the jobs model
where the client sends a query for data and gets a job-
id. The data required by the server are collected and
prepared for fast access. When all the files are col-
lected, the server creates a JSON containing links and
information about each file (or event). Client download
files from http links are obtained by job-id.

The MLABvo database is designed as a universal tool
and is ready to manage data from other projects. To-
day, for example, it stores data from the Ionozor net-
work which makes a radio ionosphere observation. The
database is designed to be expanded with virtual-obser-
vatory standards by IVOA®.

1http: //www.ivoa.net/deployers/intro_to_vo_concepts.html.

5.1 Python access

Since we have writen most of the processing software in
Python, we have prepared a Python library for easy
access to the measured data on storage servers and
MLABvo databases.

Several processing scripts are prepared in Python Ju-
pyter notebooks.

6 Visualisation tools

Because viewing data in web index is not comfortable,
and for some users very difficult, we have prepared some
tools for easy browsing of measured data.

6.1 RTbolidozor

RTbolidozor (rtbolidozor.astro.cz, Real-Time Boli-
dozor) is the web interface for simple visualization of
measured data. RTbolidozor provides several types of
outputs.

6.1.1 Multicount

Multicount is a graph which shows a detection count
per period. It shows some detections per period from
all stations in one chart. Each site has its own position
within the rectangle. The position of the station is vi-
sualized by a gray square. Clicking on the station name
displays the data for the selected station only.

See also Figure 4 for an example.
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Figure 4 — Multicount.

6.1.2 Real-time map

The real-time map show radio-meteor detections in real-
time on the map of stations (Figure 5). When some
meteor is detected, the source station blinks, and the
sound is played. Next to the map, it is possible to see
latest detected meteors.
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Figure 5 — Visualisation of meteor detections on the map of
stations in real-time.

Figure 6 — List of multistation events

6.1.3 Multibolide

The multibolide part contains the list of multi-station
bolides (Figure 6). The match is detected by the time
of event and length of the record. Every multi-station
event is marked by the unique id for easy access with
MLABvo tools. It is useful for choosing interesting
bolides for future processing. In the web interface are
the links for easy access to the corresponding snapshots.

6.2 Server space.astro.cz

Data on primary storage server are browsable with a
file index web page or with a Javascript JS9 fits viewer.

6.3 Bolidozor RMOBmultigen

RMOB histograms are generated centrally from data on
the storage server (space.astro.cz) on the processing
server meteorl.astrozor. It provides us with simple
updates of the program and more efficient detecting of
events.

6.4 PySDR

PySDR is Python software for live 2D waterfall display
of measured data.

6.5 Freya

Freya is another Python 3D visualization software pack-
age (Figure 7). Besides the video representation, it gen-
erates sound in which it is possible to hear meteors as
a whistle. Freya uses a reduced data stream, and is
therefore suitable for permanent presentation (e.g., on
observatories for visitors) or for streaming through the
Internet.

The Freya software can be run under Linu