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Long-Term Studies of Major and Daytime Meteor Showers using
Worldwide Radio Meteor Observations

Hiroshi Ogawa*

Radio Meteor Observations are possible even during bad weather and during daytime. Using worldwide radio
observations between 2001 and 2022 allows us to reconstruct meteor activity structures and annual variations.
Our study is not restricted to major meteor showers but also includes daytime meteor showers.

Received 2022 November 27

1 Introduction

Continuous observations are very important when
we discuss a study of a long-term analysis of meteor
showers. On the other hand, however, optical obser-
vations are adversely affected by weather, daytime and
human resources.

Radio Meteor Observation is a very useful method
for meteor study because it is possible to observe even
during bad weather or during daytime. Since radio me-
teor observing using forward-scatter is very easy, a lot
of observing stations are working in the world. Besides,
it becomes possible to monitor a complete meteor ac-
tivity profile without influence of radiant elevation by
using worldwide data.

The International Project for Radio Meteor Obser-
vations (IPRMO) was set up in 2001. Its purpose was
the observation of the complete Leonid meteor shower.
As aresult, it succeeded to reconstruct the global shower
activity of the Leonids 2001 (Ogawa et al., 2002). Af-
ter the Leonids, IPRMO has continued to collect data
of worldwide radio meteor observations. Collected data
pointed out activity structures of major meteor showers
including daytime meteor showers (Ogawa & Steyaert,
2017).

The present study is not only an analysis of the ac-
tivity structure of meteor showers but also of the annual
variation through a long-term monitoring of major and
daytime meteor showers using worldwide radio meteor
observations.

2 Method

2.1 Activity Level Index
2.1.1 Motivation

When worldwide data are integrated, a correction
factor is needed just like for visual observations. Al-
though for visual observations a way has been deter-
mined to correct the observed data to a Zenithal Hourly
Rate by using limiting magnitude and amount of clouds,
this has not been done for radio meteor observations
yet. There are a lot of factors to consider such as loca-
tion, radio frequency, antenna, receiver, cable, software

IThe International Project for Radio Meteor Observations
(IPRMO), Midorino 2-14-3, Tsukuba, Ibaraki, 305-0881, Japan.
Email: h-ogawa@iprmo.org

IMO bibcode WGN-506-ogawa-radio
NASA-ADS bibcode 2022JIMO...50..1480

and the counting system of meteor echoes (manual or
automatic). It is therefore difficult to integrate world-
wide data and to convert them to Zenithal Hourly Rate.

2.1.2 Definition

As a solution, an index for estimating meteor activ-
ity was adopted. It is named “Activity Level” (Ogawa
et al., 2001) and is defined by the following formula.

1 N Hps, (t) — HSpoi (T) 1
A(t) = N Z < Dypo, x sin hi(t)>

i=1
where N is the number of observing stations, Hqps the
hourly number of observed meteor echoes at station ¢
at time ¢, Hgpo the background hourly rate at station ¢
at hour of the day ¢, Dgp, the background average for a
day (Dspo,i = 31 2TS:O Hgpo,i(T)), and h(t) the radiant
elevation at station ¢ at time t. A detailed explanation

can be found in the Handbook for Meteor Observers
(Rendtel, 2022).

2.1.3 Characteristics

The Activity Level Index has already been used in
some previous studies. Although it is useful to integrate
worldwide data, it has a few caveats.

One is related to periods of no-meteor shower ac-
tivity. In periods without meteor shower activity, the
Activity Level Index was 0.01 £ 0.29 (using February,
March and September in the period of 2002-2021). If
the activity level is within +0.3, therefore, chances are
that this is just background activity.

A second caveat is that it is impossible to compare
activity levels and profiles of different meteor showers.
This is because the Activity Level Index does not only
depend on meteor influx but also on geocentric velocity
and population index of the meteor shower and on the
forward scatter frequency.

2.2 Estimated activity structures

Activity profiles were estimated based on Lorentz
Profiles (Jenniskens et al., 2000), with a least squares
method. In this way, it became possible to estimate
peak longitudes, maximum activity levels, and dura-
tions of ascending and descending branches.

2.3 Annual variations
Long-term studies provide insight into the annual
variation of meteor activity. In this study three patterns
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were calculated: “Past average”, “10 years average” and
“5 years average”.

“Past average” is calculated by all data before the
considered time. When the “past average” of 2022 is
calculated, all data before 2022 are used.

The “10 years average” is the average for the pre-
ceding period of 10 years. For example, the “10 years
average of 2019” is calculated using all data of the pe-
riod 2010-2019.

The “5 years average” is the average for the preced-
ing period of 5 years. For example, the “5 years average
of 2015” is calculated using all data for the period of
2011-2015.

3 Data

Observed data were provided by Radio Meteor Ob-
servation Bulletin (RMOB)? and Radio Meteor Obser-
vations in Japan (RMOJ)P. The data were collected at
more than 50 observing sites in more than 15 countries.

4 Results and Discussion

4.1 Quadrantids (010 QUA)
4.1.1 Estimated Activity Structure

The Quadrantids are one of the major meteor show-
ers and are known for their narrow peak and high ac-
tivity in visual observations. The activity profile of the
Quadrantids was calculated using the Activity Level In-
dex and covers the period 2001-2022 (Figure 1).
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Figure 1 — The activity profile of the Quadrantids for every
0?05 in solar longitude, calculated using the Activity Level
Index, and covering the period 2001-2022.

The beginning of meteor activity was around A\g =
282 94, the peak occurred at Ao = 283?15 and the end
was around Ag = 284 °0. The maximum Activity Level
was 4.0 and Full Width at Half Maximum (FWHM) is
—-0°4/40°3.

4.1.2 Annual Variation

Figure 2 shows the annual variation of the Quadran-
tids. Maximum Activity Level and duration of the as-
cending and descending branch have not changed much
in the past average and ten years average.

Although the past average has a fairly flat curve,
the variations in 5- and 10-years average of the peak

2https://www.rmob.org
Phttps://www.iprmo.org
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Figure 2 — The annual variation of the Quadrantids (Top
row: peak solar longitude, 2°¢ row: maximum Activity
Level, 3™ row: duration of ascending branch, and bottom
row: duration of descending branch. Left column: past av-
erage, middle column: 10 years average and right column: 5
years average.).

solar longitude are much more pronounced. The peak
solar longitude for the period 2009-2010 was around
Ao = 283725 in the five years average. Then, the
period 2012-2014 shows an earlier peak around Ag =
283°05. During the period 2015-2016, it came later,
again around Ao = 283 °25. After that, the peak solar
longitude fell earlier again.

4.1.3 Discussion

Although the peak time was estimated at Ag =
283 °15, there is a high activity level during the entire
period of Ao = 283 °0— 283 °3. Possible interpretations
are that a peak structure kept high activity, a change of
peak time occurred for this period, or the apparent flat
peak was caused by an influence of the “zenithal effect”.

A previous study described that the peak time dur-
ing the period 2011-2016 was earlier than during the pe-
riod 2001-2010 (Ogawa & Steyaert, 2017). The 10 years
average of 2010 and 2016 in Figure 2 shows the same re-
sult. Moreover, as described in Section 4.1.2, the 5 years
average shows a peak solar longitude at A\g = 283 °05
during the period 2012-2014, and at A\g = 283 °25 dur-
ing the periods 2009-1010 and 2015-2019. Possibly, the
“flat peak” is caused by the variation in the peak solar
longitude.

Another possible interpretation, a zenithal effect,
was also described in previous research. The zenithal
effect is a temporary decrease in the Activity Level
when the radiant is located around the zenith. The
“flat peak” was caused by a temporary decrease around
Ao = 283 °2. Therefore, possibly the real activity level
around that time was much higher than calculated.
However, observational data corresponding to high ra-
diant elevations (h > 70°) were removed in the process
of calculating the Activity Level Index. Nevertheless,
it cannot be excluded that the zenithal effect occurred
at lower radiant elevation in some cases. This depends
on the distance between the transmitting and receiv-
ing stations, the radio frequency and the latitude of the
observing station.
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4.2 April Lyrids (006 LYR)
4.2.1 Estimated Activity Structure

The April Lyrids show a clear annual activity al-
though there are not many visual observations during
that time of the year. A long-term study also revealed
the complete meteor activity profile (Figure 3).
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Figure 3 — The activity profile of the April Lyrids in steps of
0°1 in solar longitude, calculated using the Activity Level
Index, and covering the period 2001-2022.

A clear activity started at A\g = 31 26. The activity
level was climbing, the peak came at \g = 32 °2 with
Activity Level = 0.6. According to the IMO Meteor
Shower Calendar, the peak time occurs at Ao = 32232
(Rendtel, 2021). The peak time therefore was a little
early. After the peak, April Lyrids activity ends around
Ao = 33°6. The FWHM was —0°4/ + 0°6. A past
research about FWHM described that it was between
1°1 to 124 (Dubietis & Arlt, 2001). Since 2007, there
was no unusual or outburst activity.

4.2.2 Annual Variation

Figure 4 shows the annual variation of the April
Lyrids.

Although the past average of the peak solar longi-
tude has a fairly flat curve, the peak solar longitude
falls later and later in the five- and ten-years average.

25 Past Average 25 10 years Average 25 5yearsAveare‘wge‘ -
3 224 324 24 ] H
5 323 323 23 SaS
5 22 [13000004000000000 L 322 22 gl Hsete
§ 321 [ o 321 HoaeH
9.0 O T LT 20 20 T
2005 2010 2015 2020 2025 2005 2010 2015 2020 2025 2005 2010 2015 2020 2025
10 10 10
v o8l ,)%g&LHHHH 08 08 (LT
3 o el il
£ o4 04 04 fLIoisd
8 o2 02 02 HHH
00
2015 2020 2025

X 0.0
2005 2010 2015 2020 2025 2005 2010
o T e o

il
0.6 0.6 ! 1 06 H] LJ]H] LJ]
04 — 04 04 [E[E[E = [r“
Wil o T

]
2005 2010 2015 2020

Ascending Branch

0.0 ‘
2025 2005 2010

08 08 T 08 %ﬁ T

06 #WM 06 06 H H
A Aa

04 [ 04 04 REE

0.2 0.2 02

[l I

%05 2010 2005 20m 2025 2005 200 2005 200 2025 2005 20 2005 2000 2025
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If this trend continues, the past average should evolve
in the same way.

4.3 n-Aquariids (031 ETA)
4.3.1 Estimated Activity Structure

The n-Aquariids, released from 1P /Halley, produce
the activity profile shown in Figure 5. A clear activity
started around A\ = 41 ¢5. After the main peak around
Ao = 44°0 — 46 °0, the activity level becomes weaker
and weaker.

_g 1 1T 1T I 1
] ﬁﬁ?ﬁ%ﬁ%ﬁ%ﬁ%{i% %
< oi§$§§”§§§§: 7 | %

40 42 44 46 48 50 52
Solar Longitude (2000.0)
Figure 5 — The activity profile of the n-Aquariids in steps of

0?2 in solar longitude, calculated using the Activity Level
Index, and covering the period 2004-2022.

The peak occurred at Ag = 44°3 with Activity
Level = 0.8. Although the peak time was a day ear-
lier than that of visual observations at Ao = 4595
(Rendtel, 2022), a high activity continued for the pe-
riod Ag = 44°0 — 46 °0. The FWHM was 1°6/ + 7 °2.
The descending branch took much longer than the as-
cending branch.

4.3.2 Annual Variation

Figure 6 shows the annual variation of the 7-
Aquariids.

A big change around 2012 was caused by high activ-
ities around 2012-2013. An outburst was observed by
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Figure 6 — The annual variation of the n-Aquariids (Top row:
peak solar longitude, 2°¢ row: maximum Activity Level,
3" row: duration of ascending branch, and bottom row:
duration of descending branch. Left column: past average,
middle column: 10 years average and right column: 5 years
average.).
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optical observations (Johannink, 2013) and radio obser-
vations (Steyaert, 2014) in 2013. The activity level was
also higher than the average level in 2012. As a result,
the peak time was later and the corresponding Activity
Level was higher.

4.3.3 Discussion

Although the descending branch took much longer
than the ascending branch (Figure 5), it is possible that
it was artificially prolonged by the contribution of other
daytime meteor showers such as the Northern w-Cetids
(¢ = 9° & = +11°) at A\ = 47°5, the Southern w-
Cetids (o = 23°, § = —3°) at A\g = 4925 or the &-
Arietids (a0 = 44°, § = +21°) at Ay =48°7.

The activity profile was fit to the sum of two Lorentz
profiles, which yielded 2 components (Figure 7). One
component corresponds to the main n-Aquariid activ-
ity which had a maximum Activity Level of 0.8 at A\g =
45 23 with FWHM = —2°5/42°5 (Comp 1 in Figure 7).
The peak time was near that of visual observations (at
Ao = 45°5) in this case. Moreover, video observations
published by SonotaCo Net 2007-2018 (Koseki, 2021)
show a similar result (at Ag = 45 °0). The other compo-
nent had a maximum Activity Level of 0.3 at A\gy = 49 °2
with FWHM = —2°5/ + 3°5 (Comp 2). Possibly this
component was caused by other daytime meteor show-
ers. It was possible to separate the activity into two
components every year (Table 1).
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Figure 7 — An activity profile of the n-Aquariids separated
into 2 components. (The curve with squares refers to Com-
ponent 1 (main n-Aquariid activity), the curve with triangles
refers to Component 2, the solid line refers to the total of
Components 1 and 2, and the circles with error bars show
the activity level of n-Aquariids.)

4.4 Southern §-Aquariids (005 SDA)
4.4.1 Estimated Activity Structure

The Southern §-Aquariids show a lot of activity at
the end of July in radio meteor observations although
they are less prominent in visual observations. Figure 8
shows an estimated activity profile.

Southern d-Aquariid activity started around A\ =
117°, and the peak had an Activity Level of 3.0 at A\ =
124°8 with FWHM = —3.0/ + 5.5. The descending
branch took longer than the ascending branch. After
the peak time, the Activity Level became weaker and
weaker.
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Table 1 — Estimated Components of n-Aquariid activity

Comp-1 Comp-2
Year )\Qmax Amax )\Qmax Amax
2022 45°27 1.0 50 °06 0.4
2021 45°15 0.7 48°73 0.3
2020 45°52 1.1 50°15 0.5
2019 44°60 1.0 49°32 0.5
2018 44°76 1.5 48 °99 0.5
2017 45°41 1.3 49°44 0.5
2016  45°70 1.0 49°53 1.0
2015 43°77 1.5 49°77 0.5
2014  45°23 1.0 49°10 0.5
2013  45°47 3.0 — —
2012 45°72 2.0 50952 0.5
2011 45998 1.3 48 °96 0.5
2010 46°22 1.3 50 °57 0.6
2009 44°05 0.6 47°08 1.2
2008 45°51 1.3 49°14 0.7
2007 45°96 1.0 48242 0.5
2006 45°77 0.8 50°12 0.5
2005 46 °45 1.5 50236 0.5
2004 44°81 1.5 49°84 0.5
4
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Figure 8 — The activity profile of the Southern §-Aquariids in
steps of 0 73 in solar longitude, calculated using the Activity
Level Index, and covering the period 2005-2022.

4.4.2 Annual Variation

The annual variation of Southern §-Aquariids is
shown in Figure 9. The peak solar longitude fell ear-
lier year after year in the graph of the past average. A
clear decrease in the Activity Level and increase in the
duration of the descending branch was seen in the five
years average. Although a big change was seen between
2013 and 2014 in the five years average, the reason for
this change is not clear yet.

4.4.3 Discussion

For the Southern §-Aquariids, there are three inter-
esting discussion points. They concern the peak time,
the wide descending branch and the high activity.

The first discussion point is that the estimated peak
time of radio meteor observations (Ag = 124 °8) was
much earlier than that of visual (Ag = 127° according
to Rendtel, 2022) and video (Ag = 12796 according
to Koseki, 2021) observations. Possibly, this discrep-
ancy was caused by differences of observable magnitude
between radio and optical observations. Although it
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depends on the geocentric velocity, radio meteor obser-
vations allow detection of fainter meteors compared to
visual observations. For example, a frequency around
50 MHz allows detection of sixth magnitude meteors in
the case of underdense echoes (Miyao & Ogawa, 2004).

The second point is that the descending branch took
longer than the ascending branch. Possibly, this was
caused by other meteor shower activity than that of the
Southern é-Aquariids. The Perseids and a-Capricornids
show activity from the end of July onward into August.
Since the a-Capricornids do not show strong activity,
it seems that the influence was due to the beginning
activity of the Perseids.

The third interesting point is that this shower shows
higher Activity Levels than other meteor showers in
radio meteor observations. The Activity Level of the
Southern §-Aquariids in visual observations reaches
ZHR = 25 (Rendtel, 2022). In comparison, the Per-
seids have a maximum ZHR around 100. The maximum
Activity Level Southern §-Aquariids in radio meteor ob-
servation is comparable to that of the Quadrantids and
the Geminids. It seems that this discrepancy is caused
by a combination of geocentric velocity, forward scat-
ter frequency and population index (McKinley, 1961),
but it is not clear which factor is the strongest. The
Southern §-Aquariids have Voo = 41 km/s and r = 2.5.
Possibly these parameters result in good conditions for
radio meteor observations.

4.5 Perseids (007 PER)
4.5.1 Estimated Activity Structure

Although the Perseids are one of the most excellent
meteor showers in visual observations, they do not show
high activity in radio meteor observations, probably be-
cause of a combination of fast geocentric velocity and
low population index. Figure 10 shows the estimated
activity profile covering the period 2001-2022.

A peak occurred at A = 140 °0 with Activity Level
of 1.2 and FWHM = —0°70/4-0°75. High activity con-
tinued during the period Ag = 139°7 — 140 °1. Clearly
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Figure 10 — The activity profile of the Perseids in steps of
0°1 in solar longitude, calculated using the Activity Level
Index, and covering the period 2001-2022.

discernible activity started at Ao = 138 °5. After the
peak was over, activity faded at A\g = 142°0. The de-
scending branch lasted a little longer than the ascending
branch.

4.5.2 Annual Variation
Figure 11 shows the annual variation of the Perseids.
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Figure 11 — The annual variation of the Perseids (Top row:
peak solar longitude, 2°¢ row: maximum Activity Level,
3" row: duration of ascending branch, and bottom row:
duration of descending branch. Left column: past average,
middle column: 10 years average and right column: 5 years
average.).

The later peak in recent years was caused by an
unexpected peak around Ag = 141 °5. A surprise peak
was observed at A\g = 141°5 in 2021 (Miskotte et al.,
2021). In other years, a small sub-peak around A\g =
141 °5 was also observed. Besides, a change in 2008 was
caused by high activity in 2008 and 2009 (Jenniskens
et al., 2008; Jenniskens et al., 2008).

4.5.3 Discussion

Figure 10 shows that the descending branch is longer
than the ascending branch. Figure 11 shows the de-
scending branch lasted longer year after year. Although
this was caused by an unpredicted peak around Ao =
141?25, it seems that the peak time shifted to later val-
ues recently. Table 2 shows the estimated traditional
peak time since 2009 (not including unexpected and
predicted outburst activity). It shows that peaks dur-
ing for the period of 2018-2022 occurred between Ag =
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Table 2 — Estimated traditional peak of Perseids.

Year Ao | Year Ao

2022 140°29 | 2015 139°80
2021 140°53 | 2014 139°93
2020 140°17 | 2013 139994
2019 140°10 | 2012 139°90
2018 140°11 | 2011 139°87
2017 139°91 | 2010 140°00
2016 139°75 | 2009 139°88

140°1 and Ag = 140°?5. On the other hand, maximum
activity before 2017 occurred between A\ = 139 °7 and
Ao = 140°0.

4.6 Orionids (008 ORI)
4.6.1 Estimated Activity Structure

The Orionids in radio meteor observations do not
show a high activity, just like the Perseids. This is
probably due to a combination of the high geocentric
velocity and the rather low population index. Figure 12
shows the activity profile of the Orionids covering the
period 2004-2021.
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Figure 12 — The activity profile of the Orionids in steps of

0°1 in solar longitude, calculated using the Activity Level
Index, and covering the period 2004-2021.

212 214

The peak was estimated at Ay = 208 °6 with a max-
imum Activity Level of 0.3 and FWHM = —2°3/+1°8.
Clear activity started at Ao = 205 ©5, and ended around
Ao = 213°.

4.6.2 Annual Variation

Figure 13 shows the annual variation of the Orion-
ids. The Orionids showed a high activity in 2006 and
2007 (Arlt et al., 2008). The Activity Level became
weaker and weaker after this event.

Since the activity level became weaker, it became
difficult to estimate the peak time, and the duration
of the ascending and descending branches. In the five-
years average, therefore, estimated values were unstable
in recent years.

4.7 Geminids (004 GEM)
4.7.1 Estimated Activity Structure

The Geminids are one of the most excellent meteor
showers. Radio meteor observations allow to observe
a lot of Geminid echoes. Figure 14 shows the activity
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Figure 18 — The annual variation of the Orionids (Top row:

peak solar longitude, 2°¢ row: maximum Activity Level,
3'd row: duration of ascending branch, and bottom row:
duration of descending branch. Left column: past average,
middle column: 10 years average and right column: 5 years
average.).

profile of the Geminids for the period 2002—2021. No-
ticeable activity started around A\g = 256°, the peak
occurred at Ao = 261°95, and the activity ended at
Ao = 263 °5. The ascending branch (FWHM of 1°30)
was much wider than the descending branch (FWHM
of 0°50).
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Figure 14 — The activity profile of the Geminids in steps of
0°1 in solar longitude, calculated using the Activity Level
Index, and covering the period 2002—-2021.

4.7.2 Annual Variation

Figure 15 shows the annual variation of the Gemi-
nids. The activity level increased year after year.

4.8 Discussion

There are two discussion points concerning the Gem-
inids. One is the continuous high activity. The other
is a difference in peak time between radio and visual
observations.

Concerning the first point, Figure 14 shows that
there is a high activity during the period Ag = 261°4 —
262°1. Ogawa and Steyaert (2017) described that the
peak time for the period of 2011-2016 was later than
the period of 2002-2010. Possibly some early peak time
in the ’00s led to the flat peak structure.

We now turn to the second point. Although a peak
time in this study was estimated at A = 261995,



154
Past Average 10 years Average 5 years Avearage

S O\LHHHHHH - e [T \LMM 1]
gzezo ——A)——A’WW” 2620 Aath 2620 J]J] EE‘JT HEE
B 2618 2618 2618
B e LTI Sy sone L I

2005 2010 2015 2020 2025 2005 2010 2015 2020 2025 2005 2010 2015 2020 2025

° ° 1 ° EINEIE
g;,HHHHHHm . 1 :H HBLJ“J"L
= 2 444 2 g
g [ |
< o : oL

2005 2010 2015 2020 2025 2005 2010 2015 2020 2025 2005 2010 2015 2020 2025
52‘066 Tl 20 2.0&‘ T
E1s %Mé&) 15 44 15 [ M%%h
210 10 10
E 05 05 05
) %05 om0 205 20 2025 205 010 205 2020 2025 205 10 25 2020 2025
20 20 20
815 15 15
o
210 10 10
g, WLt TTITTT

2005 2010 2015 2020 2025 O.02005 2010 2015 2020 2025 o 2005 2010 2015 2020 2025
Figure 15 — The annual variation of the Geminids (Top row:

peak solar longitude, 2°¢ row: maximum Activity Level,
3'4 row: duration of ascending branch, and bottom row:
duration of descending branch. Left column: past average,
middle column: 10 years average and right column: 5 years
average.).

visual observations caught it at A\ = 262°2 (Rend-
tel, 2022). Since in radio observations it is possible
to observe fainter meteors compared to visual obser-
vations, it seems that, in the case of the Geminids, a
difference in detectable meteors led to a difference in
peak time. This it might be caused by the Poynting-
Robertson effect. Uchiyama (2010) researched the dif-
ference in peak time for each magnitude class using vi-
sual observations. It was concluded that the peak time
for brighter magnitude is later than for fainter mete-
ors: Thax(m) = 2629328 —0°055M, where m is meteor
magnitude and Tyax(m) solar longitude of the peak for
magnitude m.). This seems a plausible explanation for
the different peak times in radio and visual observa-
tions.

4.9 Ursids (015 URS)
4.9.1 Estimated Activity Structure

Figure 16 shows the estimated activity profile of the
Ursids. The beginning of Ursid activity was around
Ao = 269 °4, the peak occurred at \g = 270°6. The
FWHM was between —0?55 and 40?35 and the max-
imum Activity Level was around 0.4. After the peak,
activity ended at A\g = 271°?6. Although it was not
high, clear activity was observed every year.

4.9.2 Annual Variation

Figure 17 shows the annual variation of the Ursids.
A big change of trend was seen around 2015-2016. This
was caused by encountering the 1392 dust trail in 2014
(Brown et al., 2015) as a consequence of which a higher
activity was observed at A\g = 270°77 in 2016 (Rend-
tel et al., 2017). Moreover, IPRMO detected a higher
activity in 2017 at twice the usual level before 2017.

4.10 Daytime April Piscids (144 APS)
4.10.1 Estimated Activity Structure

The Daytime April Piscids show a low activity dur-
ing the same period as the April Lyrids. There were
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Figure 16 — The activity profile of the Ursids in steps of 0 71
in solar longitude, calculated using the Activity Level Index,
and covering the period 2004—2021.
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peak solar longitude, 2°¢ row: maximum Activity Level,
3'¢ row: duration of ascending branch, and bottom row:
duration of descending branch. Left column: past average,
middle column: 10 years average and right column: 5 years
average.).

a few studies about Daytime April Piscids. The maxi-
mum Activity Level was around 0.5 at A\g = 32 6, with
FWHM = —2°4 / +2°0 (Figure 18). The peak time
was in line with the latest IMO Calendar, which gives
Aomax = 32°5 (Rendtel, 2021). It started to appear
around A\g = 30°5. After the maximum, discernable
activity was over around Ag = 34°5. The Activity
Level stayed elevated after the end of the activity pe-
riod, but this was possibly due to other meteor showers
such as the beginning of the n-Aquariid activity.

4.10.2 Annual Variation

Figure 19 shows the annual variation of the Day-
time April Piscids. There was an unusual change in
the five years average around 2017-2019; the peak solar
longitude became later and the ascending and descend-
ing branches lasted shorter in the graphs of the 10 year
average. This may be due to errors.

4.10.3 Discussion

There were a few studies about the Daytime April
Pisids. Although the peak time in this study was later
than in the Meteor Shower Workbook 2014 (Rendtel,
2014) which gives Agmax = 30 3, the latest IMO Calen-
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Figure 18 — The activity profile of the Daytime April Pis-

cids in steps of 0?1 in solar longitude, calculated using the

Activity Level Index, and covering the period 2007-2022.
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dar indicated a similar value, Agmax = 325 (Rendtel,
2021).

4.11 Daytime Arietids (171 ARI)
4.11.1 Estimated Activity Structure

The Daytime Arietids, which are the biggest day-
time meteor shower, show a high activity in June. Fig-
ure 20 exhibits the estimated activity profile during
the period 2006-2022. Clear activity started around
Ao = 7320 and the end was around A\g = 88 °04.

The Daytime (-Perseids have their peak at the same
time. Figure 21 shows the estimated activity separated
into 2 components.

One component corresponds to the Daytime Ari-
etids (Compl), and the other one corresponds to the
influence of the other meteor shower (Comp2). The
component of the Daytime Arietids (Comp1) had a peak
at A\g = 77 °8 with Activity Level 1.0. The FWHM was
estimated as —5°5 / +5 °1.

4.11.2 Annual Variation

Figure 22 shows the annual variation of the Day-
time Arietids component (Compl). The activity level
became weaker and weaker in the five years average.
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Figure 20 — The activity profile of the Daytime Arietids in
steps of 0 72 in solar longitude, calculated using the Activity
Level Index, and covering the period 2006-2022.
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Figure 21 — Estimated components (circles refer to Compl,
triangles to Comp2 and the solid line to their sum.

4.11.3 Discussion

The estimated peak solar longitude in this study
(Ao = 7798) was later than the value published by
the IMO. According to the Meteor Shower Workbook
2022 (Rendtel, 2022), the peak occurs at A\g = 76 °6.
SonotaCo Net video observations recorded the peak at
Ao = 77° (Koseki, 2021). Since it is very difficult to es-
timate Daytime Arietid activity using forward-scatter
observations, we need to continue to observe and ana-
lyze them in the future.

4.12 Daytime (-Perseids (172 ZPE)

The Daytime (-Perseids are active around the same
time as the Daytime Arietids. Figure 23 shows an esti-
mated activity profile using parameters of the (-
Perseids.

This activity profile in Figure 23 could be separated
into 2 components (Figure 24). Compl has a peak Ac-
tivity Level of 0.9 with FWHM = —8°0 / +6°0 at
Ao = 78°24. Comp?2 has a peak Activity Level of 0.7
with FWHM = —5°0 / 4725 at A\g = 83°5. It is very
difficult to say which one was the Daytime (-Perseids
(see Discussion).

4.12.1 Discussion

There are some references for the peak solar longi-
tude of (-Perseids. For example, the latest IMO shower
calendar (Rendtel, 2021) has put the peak at Ao =
78°6. This value corresponds to the peak of Compl
(Ao = 78°4). However, the Daytime meteor working
list in the past Meteor Shower Workbook 2014 (Rend-
tel, 2014) put the peak at Ao = 83 5. Therefore, it is
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Figure 23 — The activity profile of the Daytime (-Perseids in
steps of 0 72 in solar longitude, calculated using the Activity
Level Index, and covering the period 2006-2022.

possible that Comp2 (Ag = 83 °5) corresponds to the (-
Perseid activity. We need to further discuss the activity
structure of the (-Perseids.

4.13 Daytime Sextantids (221 DSX)
4.13.1 Estimated Activity Structure

At the end of September, the Daytime Sextantids
show some minor activity. Figure 25 exhibits the esti-
mated activity profile of the Daytime Sextantids.

The activity began around Ag = 185°. The peak
occurred at A\g = 188 28 with FWHM = —2°94 / +2°6.
The maximum activity level was estimated as 0.3. After
the peak time, the eactivity ended around Ao = 192°.

4.13.2 Annual Variation

Figure 26 shows the annual variation of the Daytime
Sextantids. The activity level has stayed flat in the past.
The five years average shows a bigger change than the
ten years and past average.

4.13.3 Discussion

The Meteor Shower Workbook 2022 (Rendtel, 2022)
puts the peak at A\g = 184°?3. The present study es-
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Figure 25 — The activity profile of the Daytime Sextantids in
steps of 0 72 in solar longitude, calculated using the Activity
Level Index, and covering the period 2005-2022.

timates that the peak time was Ag = 188 °8, which is
much later. However, Ohtsuka et al. (1997) observed a
peak at A\g = 188°35. CMOR radar data confirmed a
peak time of around Ag = 187 ¢5. SonotaCo Net video
observations recorded the peak at Ao = 189 22 (Koseki,
2021).

5 Conclusion and Future work

The IPRMO succeeded to analyze the structure of
meteor activity and annual variation by using world-
wide radio meteor observations. By continuing to ob-
serve and analyze in the future, this has a potential for
more long-term studies.

Nevertheless, some issues need to be resolved in the
future.

First, changes in the annual variation of sporadic
meteors must be studied. This is because the formula
of the Activity Level Index considers the number of spo-
radic meteors (Hspo,i, Dspo,i). It therefore has to con-
sider whether an increase of meteor echoes (Hops,; —
Hgpos) means an increase of meteor shower activity
or decrease of sporadic meteors when analyzing annual
variation.

Second, most of the observing stations are located
in the northern hemisphere. In this way, we may miss
meteor shower activity in the southern hemisphere. Al-
though it is very difficult to increase the number of ob-
serving stations in the world, the IPRMO will try to
share knowledge and help beginners to start radio me-
teor observations.
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Ongoing meteor work

High inclination meteor showers in December and January
Jiirgen Rendtel®, Sirko Molau?

High inclination meteor showers produce annually well observable activity from early December to end January
from the region Coma Berenices to Leo Minor. The observed parameters suggest that some of the streams listed
in the AU MDC data base are part of a complex stream, with some activity from other sources superposed. We
find that the #0020 COM (Comae Berenicids) is the dominating source and thus also as the proper designation
of the shower (complex). The activity is well detectable between December 4 (A\g = 251°) and January 31

(Ao = 311°).

The shower is the strongest source in the northern sky from December 17 until end January

except the Ursid and Quadrantid peak periods. The radiant at the reference position (Ag = 271°) is a = 164°,
0 = 429°, the atmospheric entry velocity is Voo = 63km/s.

Received 2022 November 22

1 Introduction

Observers know that there are meteors radiating
from northern positions in or near Coma Berenices pri-
marily in December and well into January. Meteor
shower lists include the Comae Berenicids with slightly
enhanced activity usually around mid-December.

For many years, we listed two meteor showers in
the IMO working list of meteor showers and therefore
also in the annual IMO Meteor Shower Calendar. The
data provided in the IMO publications were updated in
2010 and are based on an analysis of video meteor data
(Molau & Rendtel, 2009). These seemed to confirm
that the Comae Berenicids (#0020 COM) are active for
a shorter period while the December Leonis Minorids
(#0032 DLM) from a slightly further northern radiant
can be traced from early December to early February.
Both showers were also listed in the TAU MDC data
base.

However, the #0032 DLM entry was deleted from
the IAU MDC data base for some time, although meteor
activity was reported by video and visual observations.
A detailed analysis of meteor activity from the region
was published by (Koseki, 2011), which he described
as “Comae Berenicids and related activities”. The data
suggest that there is a complex of meteoroids on high
inclination orbits which can be traced for a large frac-
tion of the year.

The issue was raised again in a discussion by Peter
Jenniskens proposing a new designation which describes
the activity from the Coma Berenices — Leo Minor re-
gion in the sky. Since there are new rules about the
designation of new showers (Rudawska et al., 2022),
the suggested #1109 is not in the TAUMDC data base.
The issue of the Coma Berenices showers was also dis-
cussed by (Koseki, 2009) in connection with old shower
records.
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Potsdam, Germany. Email: jrendtel@web.de

2 Abenstalstr. 13b, 84072 Seysdorf, Germany.
sirko@molau.de
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In order to avoid confusion of the (visual) observers,
the 2023 Meteor Shower Calendar describes the meteor
activity as a complex with the (tentative) designation
#0020 COM. Next, we try to sort the available data.

2 Radiants in the Coma Berenices —
Leo Minor region in December to
January

First, we check the entries of showers with radiants
in the region Leo Minor to Coma Berenices listed in the
TAU MDC data base for the period from mid-December
to end-January (version accessed 2022 October 14).

In Table 1 (top part) we list all radiants found in
the TAU MDC data base which are close to the region
under discussion and with a geocentric velocity of at
least 50 kmn/s, although in a strict sense we may restrict
our search and attempt to group showers to showers
with geocentric velocities of at least 60km/s. (There
are a few further entries but with significantly lower
velocities and thus of different type, like the #0406 FCB
February Comae Berenicids.) The second (lower) part
of the Table 1 gives the three radiants quoted in (Koseki,
2011).

Data of the IMO Video Meteor Network (Molau &
Rendtel, 2009) find the #0020COM and #0032DLM as
published in the IMO Shower Calendar over the past
years. However, this is not surprising if we look at the
showers listed in Table 1 and radiants plotted in Fig-
ure 1. Further, there is no defined border or limit of
a meteoroid stream and criteria for a suggested associ-
ation can be defined and interpreted with some flexi-
bility, depending on the available data or the intention
of a search. The current TAUMDC data base adds two
comments. In entry #0020COM: “Previously named
December Leonis Minords”, and in entry #0090JCO:
“Duplicate name for shower 20, COM, between solar
longitude 280 and 300"

The activity from the DLM/COM radiants is one of
the longest meteor showers in our list. A recent anal-
ysis of single station video meteor data collected over
20 years aimed primarily at short duration meteor ac-
tivity (presented by Sirko Molau at the on-line IMC
2021). The total sample for this shower search com-
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Figure 1 — Radiants in the region Coma Berenices to Leo Minor between early December and early February included in
the IAU MDC data base (2022 October 14) in ecliptical coordinates (see Table 1). The circle at the 0032/0020 position
in the centre marks the position we find from our radiant search procedure. It perfectly fits with the #0032DLM and
#0020COM positions given in Table 1. The showers #0562, #0576, #0566, and #1155 are assumed to be not part of the
suggested complex as their positions are quite far away from the other radiants.
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Figure 2 — Radiant of the Comae Berenicids as detected from the video meteor observations during the entire activity
period. The solar longitude is colour coded; the motion is from left (green) to right (red). The increasing scatter at the
start and particularly towards the end of the activity period is a result of the smaller number of meteors associated with
the radiant under study and an indication that the activity period indeed starts and ends close to the dates given in

Table 1 bottom line.

prised 4 051 360 meteors recorded between January 1993
and March 2019. For the search a bin size of 0 °2 in so-
lar longitude and a shift of 0°1 were used. Each solar
longitude bin contains between 433 and 20951 mete-
ors. The radiant parameter space (o, d, V) was sampled
with 0 5 resolution in position and 0.5 km/s in velocity.
This search yielded 368 sources throughout the year.
The result of the analysis of video data in the period we
study here can be found at https://www.imonet.org/

showers/shw365.html. It shows that the DLM/COM
activity is emerging as early as December 4 (Ao = 251°)
from the background, and disappears only on January
31 (Ag = 311°). Between December 17 and end of Jan-
uary it is the strongest source in the sky, only briefly
interrupted by the Ursids and Quadrantids. Over 30 000
meteors from our database were assigned to the long-
duration shower. The radiant coincides perfectly with
the centre of the #0032DLM and #0020COM positions
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Table 1— Showers listed in the IAU MDC database (2022 October 14), sorted to the reference solar longitude. Please note
that the data of (Koseki, 2011) (Table 4) refer to photographic work and to B1950.0 while the others refer to J2000.

# Code Name Ao a 6 A B A=) Vi i Reference
ClFL PP PPl [m/s] 7]
Entries in the IAU MDC data base (2022 Oct 14)
1118 MLT 24 Leonis Minorids 259 152 29 144 16 245 65 146 SonotaCo et al., 2021
0619 SLM 7 Leonis Minorids 260 144 34 135 19 235 60 132 Segon et al., 2014
0443 DCL December Leonids 262 155 21 149 10 247 65 159 Shigeno & Yamamoto, 2012
0032 DLM Dec. Leonis Minorids 262 156 33 145 21 243 62 134 Jenniskens, 2006
262 164 40 149 30 247 64 138 Kashcheyev & Lebedinets, 1967
268 162 31 151 22 243 64 Molau & Rendtel, 2009
0562 BCT 13 Comae Ber. 265 186 26 174 26 269 66 135 Andreié et al., 2014
0020 COM Comae Berenicids 274 175 22 166 18 252 64 139 Jenniskens, 2006
266 160 32 149 22 243 63 139 SonotaCo, 2009
264 174 18 167 14 263 68 Molau & Rendtel, 2009
276 169 27 159 20 243 67 137 Rudawska & Jenniskens, 2014
277 170 27 160 21 243 63 135 Kornos et al., 2014
262 164 40 149 30 247 64 138 Kashcheyev & Lebedinets, 1967
274 167 28 157 21 243 63 135 Jenniskens et al., 2016
1170 LTM 10 Leonis Minorids 277 144 36 134 20 217 51 83 Jenniskens, 2023
0566 BCF 5 Comae Ber. 278 184 20 175 20 257 67 143 Andreié et al., 2014
0576 FOB 40 Comae Berenicids 282 200 24 188 30 266 65 189 Gural et al., 2014
0319 JLE  January Leonids 282 148 24 142 10 220 53 109 Brown et al., 2008
281 147 24 141 10 220 59 Molau & Rendtel, 2009
282 148 24 142 10 220 52 108 Brown et al., 2010
281 147 24 141 10 220 60 Molau et al., 2013
283 148 24 142 10 219 51 100 Jenniskens et al., 2016
0609 BOT 37 Comae Berenicids 290 197 30 182 34 252 61 117 Segon et al., 2014
0615 TOR 35 Comae Ber. 292 192 23 181 26 249 64 130 Segon et al., 2014
0616 TOB 26 Comae Berenicids 300 192 23 181 26 241 61 124 Segon et al., 2014
0090 JCO Jan. Comae Ber. 301 189 17 181 19 240 64 137 Jenniskens, 2006
304 193 15 186 19 242 66 Molau et al., 2013
1155 FBC Febr. Beta Comae B. 314 197 25 185 30 231 55 104 Jenniskens, 2023
Showers according to Koseki (2011)
0032 DLM Dec. Leonis Minorids 262 156 32 146 21 244 62 Koseki, 2011
0020 COM Comae Berenicids 283 172 25 162 20 239 62 Koseki, 2011
0090 JCO Jan. Comae Berenicids 296 188 19 179 20 242 63 Koseki, 2011
Shower detected in the video meteor data of the IMO VMN
0020 COM Comae Berenicids 265 159 32 148 21 243 63 this work

Table 2 — Attempt to describe the radiants found in the
Coma Berenices — Leo Minor region between early December
to end January as one continuous source

No « o #IAU
260 152 +29 1118
262 160 +35 0032
270 178 +27 0562, 0020
278 184 +20 0566
282 200 +24 0576, 0020
290 197 +30 0609
296 192 +23 0615, 0616
302 190 +16 0090
314 197 425 1155

shown by the circle in Figure 1. Further, we find a very
consistent radiant motion of +0.96°/°(Ag) in ecliptical
longitude and —0.05°/°(\g) in latitude (Figure 2) over
the entire activity period. This is also reflected by a
well-defined activity profile (Figure 3) with a slightly
steeper ascending branch than the descending branch.

Table 3 — Radiants in the vicinity of the Coma Berenices —
Leo Minor region between early December to end January
which do not fit a continuous motion of a possible single
source. This especially holds for the #0319 January Leonids
with their well separated radiant position.

Ao @ 0 #IAU and remark

260 144 +34 0619 (northern position)
262 155 421 0443 (southern position)
277 144 +36 1170 (far west and north)
282 148 +24 0319 (far west)

There are two dips in the shower activity relative
to the sporadic activity at the Geminid peak and the
Quadrantid peak. During these periods we find an in-
creased number of major shower meteors which are erro-
neously taken as sporadic (small errors, too short trails
close to the radiant). Hence the normalised activity
becomes significantly lower.

The major feature of the activity profile is a rela-
tively broad maximum between Ag = 265° and 277°.
Similar results, except a clear timing of the maximum
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#0020 COM activity (normalised to SPO)
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Figure 8 — Activity of the #0020 COM as given in Table 1, expressed as number of shower meteors relative to the number
of sporadic meteors. The normalisation causes a decrease of the COM activity at the peaks of the two major showers, the
Geminids and the Quadrantids. The reason is the large number of shower meteors, of which a fraction is erroneously is
classified as sporadic. As a consequence, the ratio COM/SPO significantly decreases near 262° and 283° solar longitude.

#0032 DLM (visual data 2015-2022)
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Figure 4 — ZHR of the long duration shower #0032 DLM (as assigned to the major activity in the IMO Meteor Shower
Calendar over the period 2016-2022), assuming a constant r = 3.0. The graph shows all ZHR values obtained during
the six returns. Values obtained close to the maximum times of the Geminids (262°) and the Quadrantids (283°) show
significantly higher scatter likely caused by problems with the shower association during high activity.

activity, are found from visual data (Figure 4). Most
likely, the higher rates remain unobserved visually due
to the Christmas break in many regions. However, we
also find effects of the major shower peaks on the ZHR
values of the COM. The visual ZHR shows mainly a
continuous activity which is slightly above the detec-
tion limit for visual observers.

The shower search procedure named the shower de-
scribed above as #0032 DLM because that was the clos-

est fitting radiant from the IAU MDC list, but this is
arbitrary. If we assume \g = 271° as the peak (refer-
ence) time, we find the radiant at o = 164°, 6 = +29°
which is close to the border between Leo and Leo Minor,
and less than 3° south of the star ¢ UMa.

We compared the recent results with the result we
published in 2009 (Molau & Rendtel, 2009). This earlier
analysis yielded a similar activity interval (Ao = 253°
to 315° with a peak at A = 268°).
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Figure 5 — The same region as shown in Figure 1 including the radiants discussed before (as dots with the 4-digit-IAU-
numbers) as well as the radiants found in the stream search (given in Table 4, shown here as small squares with the
3-digit-numbers from the search procedure). Several sources occur at A — Ag > 250°, i.e. closer to the Earth’s apex and
a few are outside the plot. Perhaps only the 037 = #0506 FEV (February epsilon Virginids; established shower) may be
associated with the #0020 COM discussed here. According to (Koseki, 2021) (especially pages 218-220) we may consider
DLM, COM, JCO (and perhaps FEV) as a series of continuous meteor activity.

Table 4 — Radiants in the Coma Berenices — Leo Minor region between early December to end January found in the search
for short-duration meteor activity presented at the IMC 2021 as explained in the text. Most of the radiants occur at
A — Xp > 250° (see also Figure 5). The number in the first column refers to the search and details may be accessed
at https://www.imonet.org/showers/shuxxx with xxx the number given in the first column. The positions refer to the
maximum of the detected activity. North/south describe the offset to the assumed “mean” radiant area.

Number IAU MDC Ao ! 0 A B A=)g Voo Remarks
in search Max.) [P] [P] [[] [] [  [km/s]

352 0339 PSU 252 168 44 149 36 258 60 north
356 0562 BCT 265 178 27 166 18 260 69 south
358 0562 BCT 268 180 22 170 19 262 69 south
363 0566 BCF 275 189 23 177 28 262 67

364 0566 BCF 276 181 12 172 12 257 69 south
001 0319 JLE 282 148 24 142 10 220 58 slow
004 0576 FOB 285 192 30 178 33 253 63

006 0576 FOB 286 197 23 186 28 260 66

010 0609 BOT 289 212 31 196 40 267 65 north
011 0609 BOT 291 210 18 201 28 270 66

012 0609 BOT 294 202 22 191 29 258 65

016 0615 TOR 296 199 15 192 21 256 67

018 0432 NBO 298 207 14 199 23 262 69

019 0607 TBO 297 218 18 209 31 272 64 north
022 1103 FBI 299 217 5 213 18 274 69 south
025 0607 TBO 302 215 5 211 18 269 67 south
030 0620 SBO 306 218 19 208 32 262 64

036 0620 SBO 312 223 22 213 36 262 63

037 0506 FEV 312 198 12 192 18 240 65

An attempt to describe the listed radiants as a con-
secutive sequence of one moving radiant cannot include
all entries from Table 1. We may describe the activi-
ties in two different “groups” (Table 2). A continuously
moving radiant which starts at Ao = 262° corresponds
with the #0032 position as given by (Koseki, 2011), fits

the #0020 position at Ao = 274° as well as the #0020
position (Koseki, 2011) and is finally at A, = 300° close
to the position of the radiants listed as #0090, #0615
and #0616. The average shift in degrees per 1° in solar
longitude is Aa = 0.92, Ad = —0.24 (or, if we restrict
to the best defined period between Ag = 256° und 298°,
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Aa = 0.88, A§ = —0.41). The overall activity period
covered by these radiant positions starts on December
4 and ends at January 31.

The shower search described above yielded 368 ra-
diants during the entire year. Among these, we find
the main source described here as well as a number of
further activity sources listed in Table 4 — also shown
in Figure 5 — which are relatively close to the #0020
COM. A few may be associated with the radiants listed
in the previous tables but most of them are further east
and probabbly do not belong to the complex discussed
here.

3 Conclusions

If we indeed consider a solar longitude of A\ = 271°
as a reference value, the corresponding radiant position
is a = 164°, 6 = +29°. This is closest to the #0020
COM entry given in Table 1. It is less than 3° south
of the star ¢ Ursa Major, north of the constellation Leo
and east of Leo Minor. Again, if we take the date and
position given above, the shower should be called ¢ Ur-
sae Majorids. But like in the case of the Quadrantids,
we may keep the known disgnation and avoid further
confusion.

Our normalised video meteor activity and ZHR (vi-
sual) data suggest that the COM activity is most obvi-
ous between December 17 and 29 (Ag = 265° — 277°).
The middle of this interval may be considered as refer-
ence date and is at December 23 (A\g = 271°). Overall,
the shower is detectable from December 4 (Ag = 251°)
until January 31 (Ag = 311°).

The visual data of December 2019, 2020 and 2021
show no significant rate variation, but a trend to slightly
higher ZHRs around December 20-23 similar to the
video data.

Visual observations are not suited to distinguish be-
tween the individual radiants reported from different
techniques, mostly video and thus with the possibility
to separate the streams by orbital parameters. The con-
clusion for our own working list is that there is a long-
lasting meteor activity from high-inclination showers.
These can be grouped so that observers can provide
shower magnitude data and rate informetion to derive
ZHR and subsequently number densities or flux densi-
ties. in this respect it is helpful that the shower radiants
are well separated from other active sources over the en-
tire period and the high geocentric velocity is a unique
characteristics.
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Meteor halo phenomena — attempt at a morphological classification
Peter C. Slansky?

Meteors can form very different types of halos around the meteor head. Since these halos are technically
difficult to observe, there are only a few reports so far. In this article, seven observations of meteors showing
different halo phenomena are presented. Two are from the author’s own video recordings, five from recordings
by others. These images are analysed and interpreted based on four basic facts about meteor halos. First,
meteor halos are no hard bodies with sharp contours, their boundaries and transitions are fluid. Second, they
are three-dimensional, transparent bodies, mostly with a rotational geometry. We look at them — and through
them — from a certain observer’s perspective from the outside. Third, meteor halos have an extremely high
contrast that is not mastered by cameras. Image analysis must take into account overexposure artefacts. Forth,
meteor halos are very short-termed. Using video technique, the effects of motion blur have to be taken into
account. Using the images of the meteors with halos presented, the author develops a basic morphological model
in three zones where four different types of meteor halos can occur. The inner zone A covers a volume with a
radius of 1 to 100 m (in exceptions even more). The middle zone B has a radius of 1 to 10 km. Very bright
flares and terminal flashes can occur here. The outer zone C goes up to a radius of 100 km and more around
the meteoroid. Here, a widespread, faint, pale-blue afterglow can occur as a result of a terminal flash or flare.

Without any doubt, all four halo phenomena considered in this system are causally interconnected.

Received 2022 October 27

1 Introduction

The knowledge about the morphology of meteors
seems to be significantly concentrated on the longitu-
dinal structures along the trajectory. “Meteor head”,
“wake”, “green train”, “persistent train” or “smoke
train” are terms for such longitudinal components of
meteors.  The lateral components forming three-
dimensional rotational bodies around the meteor head
called “halos” have been reported and analyzed far less.
Obviously, one reason is because they are so difficult to
observe. Another reason is that they are so fluid: Ha-
los do not show any hard border, just gradients. The
phenomena of a “terminal flash” or of “flares” are con-
nected with them. Moreover, halos have yet been ob-
served only in fast meteors. The observation of meteor
halo requires very high sensitive colour video cameras
with, in some cases, high spatial and temporal reso-
lution. But video meteor networks have long worked
solely with black and white cameras with comparably
low resolution. Also, there are some reports of visual
sightings.?

The physical origin of meteor halos is still a subject
of investigation and modelling (Vinkovié & Grisevich,
2020). Different scientific approaches for the explana-
tion of meteors’ light emissions have been made: elec-
tric charge and magnetic fields around the meteor head
(Silji¢ et al., 2018), UV-radiation (Jenniskens, 2004)
or X-rays (Smirnov, 2015). Instead, there is not just
one type of meteor halo, there are — at least — four
types of meteor halos showing different colours, different
dimensions and different temporal evolutions. There-
fore, their respective luminous appearances could have

IIMO. Email: slansky@mnet-online.de

IMO bibcode WGN-506-slansky-halo
NASA-ADS bibcode 2022JIMO...50..165S

#Thomas Weiland, https://www.imo.net/members/imo_vmdb/
view?session_id=77407

different physical causes, which, however, are undoubt-
edly related to each other.

As an amateur meteor observer using colour video
technology, I primarily take a morphological approach
to the phenomenon of meteor halos. My main goal is to
analyze the video images of individual examples of me-
teors showing significant halo formations as far as pos-
sible. To interpret these camera images correctly, we
must remember four important things. First, meteor
halos are no hard bodies with sharp contours. They
are “luminous clouds” with more or less steep or flat
brightness or colour gradients. So, their boundaries
and transitions are fluid. It is not possible to mea-
sure the exact dimension of a halo, such as a precise
radius. We can only determine approximate slopes.
Second, they are three-dimensional, transparent bod-
ies, mostly with a rotational geometry. We do not see a
cross-section of them. We look at them — and through
them — from a certain observer’s perspective from the
outside. Third, meteor halo phenomena go over an ex-
tremely high contrast range that is in its entirety not
mastered by any existing camera. As a consequence,
image analysis must take into account nonlinear over-
exposure artefacts. Forth, meteor halos are very short-
term phenomena changing their shape, their brightness
and their colour in very short time. Using video tech-
nique, we always have to consider the effects of motion
blur due to the exposure time of a single frame. Taking
these four facts into account, in this article I analyze
some of my own video recordings of meteor halos as
well as recordings by others. From this I derive a ba-
sic morphological classification of four types of meteor
halos observed in three different geometric zones.

2 Observations of meteor halos
2.1 Own video observations
2.1.1 Perseid fireball 3414-2018

I observed Perseids 2018 from Geigersau, Bavaria,
Germany, together with Bernd Géhrken. On 2018 Au-
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Figure 1 — Fireball 3414-2018 at its terminal flash. The bright star right of the centre of the image is Polaris, to the left
of it the constellation UMi. The terminal flash produces strong overexposure of the image. But this does not mean that
the large white area is to camera blooming alone: the terminal flash shows a spatial exte 1 of up to 4 km radius. A
strong green train can be seen and also the beginning of a green halo at the ba f the terminal flash. Interestingly, the
green train reaches into the bloomed area of the terminal flash. Because the green light of the green halo cannot “erase”
white light of the terminal flash, there is the question if this indicates an axe-shaped inner halo. In addition to the median
halos of the terminal flash with the green afterglow, all the sky background shows a pale blue outer halo. Please note that
the right part of the image is from camera 1 with the terminal flash out of its field of view and the left part of the image
is from camera 2 with the terminal flash in its field of view. So, the pale blue outer halo was detected by both cameras
independently. Camera: Two Sony a7S at 25 fps and ISO 409.000, each with Canon FD 1.4/50 mm lens at F' = 1.4.

TCG 01:50:59:23

Figure 2 — Fireball 3414-2018, one frame (= 0.04 s) after the terminal flash. The meteor head has proceeded a little bit
further from the position of the terminal flash to the lower left. The strong green train can still be seen while the median
halo now shows a strong green afterglow of the terminal flash. Still, all the sky background shows the pale blue afterglow.
But its maximum brightness is not, as in the frame before, close to the meteor anymore but further outside.
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Figure 3 — Arrangement of the measurement fields for the blue afterglow in both camera fields. Measurement revealed
that the pale blue afterglow lasted up to 12 frames (= 0.48 s) after the terminal flash. It appeared up to a lateral distance
of more than 120 km from the center of the terminal flash, so it covered an air volume of more than 4.2 Mio. km® (Slansky
& Géhrken, 2019).

gust 13 at 01"50™58°% UT, two of my cameras — as well
as two photo cameras of two other observers on an-
other observation site — recorded a bright Perseid end-
ing in a terminal flash.” It was assigned IMO fireball
ID 3414-2018. The trajectory calculation by Jiirgen
Michelberger revealed an average geocentric speed of
60.6 km/s at a very steep entry angle. As a result,
the meteoroid entered denser layers of the air rather
swiftly. So, the terminal flash of 3414-2018 was very
abrupt, showing a very sharp brightness peak.

Figure 1 shows 3414-2018 in the moment of the ter-
minal flash: The peak brightness causes a certain
blooming due to overexposure. But this does not mean
that the large white area is to camera blooming alone.®
The terminal flash shows a spatial extension of up to
4 km radius. A strong green train can be seen and also
the beginning of a green halo at the back of the ter-
minal flash. Interestingly, the green train reaches into
the bloomed white area of the terminal flash. Because
the green light of the green halo cannot “erase” white
light of the terminal flash in the video image, there is
the question if this indicates an axe-shaped inner halo.
In addition to the median halos of the terminal flash
with the green afterglow, all the sky background shows
a pale blue outer halo. Please note that the right part
of the image is from camera 1 with the terminal flash
out of its field of view and the left part of the image
is from camera 2 with the terminal flash in its field of
view. So, the pale blue outer halo is detected by both
cameras independently.

Figure 2 shows 3414-2018 one frame (= 0.04 s) af-
ter the terminal flash: The meteor head has proceeded
a little bit further to the left from the position of the
terminal flash. A strong green train can be seen. It is
connected with a green halo around the position of the
terminal flash. The rapid brightness decrease allows to
see that the terminal flash is accompanied — respectively
followed — by a widespread pale blue sky glow. Still,
all the sky background shows the pale blue afterglow.

PPeter C. Slansky,
video/view?video_id=80

“Empirical camera tests made by the author proved that these
effects cannot be attributed to overexposure alone (Slansky &
Géhrken, 2018).

https://www.imo.net/members/imo_

before, close to the meteor anymore but further out-
side. All in all, the green afterglow had a duration of
slightly more than one second. It lasts a little shorter
than the green train, but it has exactly the same colour.
The green afterglow has almost exactly the same dimen-
sions as the terminal flash itself. Its centre is the point
of the meteoroid at the moment of the terminal flash.
Figures 1 and 2 show the interconnection between the
green halo and the green train along the trajectory. The
pale blue outer halo was measured up to a duration of
0.48 s (12 frames) after the terminal flash. It appeared
up to a lateral distance of more than 120 km from the
centre of the terminal flash and covered an air volume
of more than 4.2 Mio. km?® (Slansky & Gihrken, 2019).
Close inspection shows that the brightness of the pale
blue afterglow slightly evolves from the centre to the
periphery of the outer halo.

2.1.2 2014 Aurigid with terminal flash

On 2014 September 1 at 05"44™44% UT, the author’s
camera recorded an Aurigid from La Palma ending in
a terminal flash.? With an average speed of 66 km/s,
the Aurigids are even faster than the Perseids. As there
was no second observation of this meteor available its
trajectory could not be calculated. Figure 4 shows just
a sequence analysis: Just as with 3414-2018, the termi-
nal flash of this Aurigid formed a short-lived white halo
followed by a green afterglow halo of almost the same
size. The green halo is connected directly to the green
train, again. A widespread pale blue halo can only be
seen very, very briefly. But it has to be taken into ac-
count that the camera had not been set to its maximum
sensitivity and the iris of the lens was set to F' = 4.0.

2.2 External observations in black-and-
white
2.2.1 An early report

Andrei Ol’khovatov pointed me to a very interesting
source. Ukrainian-Soviet Astronomer Igor Stanislav-
ovich Astapovich (1908-1976) wrote in his standard

dpeter . Slansky,
video/view?video_id=62

https://www.imo.net/members/imo_
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Figure 4 — Sequence analysis of an Aurigid on 2014 Septem-
ber 1 at 05"44™44° UT from La Palma (Slansky & Gahrken,
2019). The meteor flies from right to left. Each vertical step
represents 1/25 s. Due to the exposure time of 1/25 s for
each video frame there is significant motion blur. The ter-
minal flash inside frame 6 is very abrupt. It is followed by
a green halo with a duration of nearly one second. The
green halo has direct connection with a faint green train. A
widespread pale blue halo can be seen very briefly around
the terminal flash. Camera: Sony a7S at 25 fps and ISO
204 000 with Zeiss ZE 2.8/35 mm lens at F' = 4.0.
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book “Meteor Phenomena in the Earth’s Atmosphere”
((Astapovich, 1958); title translated®) on page 448:

§ 291. A ‘violet halo’ accompanies the
flight of very bright meteors (see Figure
215). Tts presence indicates a significant role
of ultraviolet radiation, apparently causing
the surrounding air within a radius of sev-
eral kilometres to fluoresce (resonance exci-
tation), as in some explosions.

Figure 215 on page 441 shows a black and white pho-
tograph taken via a rotating shutter of a meteor with a
dim halo. The original image subtitle reads: “Orionid
19th October 1952. The halo (fluorescent coloured) has
a diameter of 3 km (AAL photo).”

It is important to keep in mind that the diame-
ter measurement of a halo or of any other light ef-
fect in a photographic image is strongly dependant on
the sensitivity of the photographic system. Unfortu-
nately, Astapovich did not give any reference either to
the technical background of his diameter measurement
nor to the photographic technique used in this image.
But on page 138 Astapovich states that the first colour
photo of a meteor in the Soviet Union had been taken
in 1955, three years after that 1952 Orionid. Hence,
questions can be raised: how did he distinguish the
“violet” or “fluorescent” colour of the halo? Certainly
not from a black-and-white photo. A visual observa-
tion of this meteor is not reported. But even if there
had been one: the human eye is very insensitive for dim
and short time colour phenomena. Therefore, I assume
Astapovich selected the designation “violet” and “flu-
orescent coloured” for the halo due to his assumption
of ultraviolet radiation and fluorescence as the physical
reasons. We might call this speculative. After all, this
is the first source about a meteor halo I have found.
As we will see later, this is most likely an example of a
median meteor halo. The halo photographed is proba-
bly a green afterglow. Green being the complementary
colour to violet makes for a nice punchline.

2.2.2 The 2001 “high-speed-Leonid”

The most prominent example of a meteor with a
halo was a 2001 Leonid reported by Stenbaek-Nielsen
and Jenniskens (Stenbaek-Nielsen & Jenniskens, 2003).
The video recording had been made with a black-and-
white image-intensified high speed camera at 1000 fps.
Due to the short exposure time of only 1 ms there was
no visible motion blur. The video frames show an “axe-
shaped” or “bow-like” halo structure close to the meteor
head with a radius of up to some 100 m. As the camera
was equipped with a high speed lens of comparably long
focal length its field of view was only 6.4° x 6.4°. These
images induced a lot of articles to various meteor related
topics and it inspired theory building of meteor halos

¢Unfortunately, I am not able to read Astapovich’s book in
the original Cyrillic Russian. Therefore, I am highly grateful
to Ms. Irina Boyarchuk, guest student from the Ukraine at my
University, for her translation.

f Astapovich’s original term “B3psiBax” might not only refer to
“explosions” but also to terminal flashes and flares.
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Figure 5 — “Figure 215” on page 441 of Astapovich’s book (Astapovich, 1958); original subtitle: “Figure 215: Orionid
19th October 1952. The halo (fluorescent coloured) has a diameter of 3 km (AAL photo).” Earlier Astapovich states that
the first colour meteor photo in the Soviet Union was taken only in 1955. So, this photo must have been taken on black

and white film.

like hardly any other observation of a single meteor.
So, we have to really call this high-speed Leonid video
a lucky strike.

To my knowledge, this 2001 high-speed Leonid is the
only photographically documented example of a narrow
meteor halo. On the IMC 2018 I had a discussion with
Peter Jenniskens about the question if 3414-2018 also
shows signs of a similar narrow halo. However, we did
not come to a definitive conclusion. In Figure 1, the
beginnings of an “axe”-shaped halo can be seen, but
only very vaguely.

Subsequently, I dedicated the observation of the
2019 Perseids, during which the full moon interfered
strongly, to the hunt for narrow meteor halos with short
exposure times. I used the “head hunter’s quad” (not
to be confused with “head hunter squad”): four Sony

a7S cameras with 1.4/85 mm lenses.® All four cam-
eras were operated at their maximum ISO value with
an exposure time of 1/1000 s (= 1 ms). But this cam-
paign was unsuccessful. Within 2:42 hours, the four
cameras recorded 50 meteors altogether, including 44
Perseids, but there was no bright meteor with a visible
halo among them."

2.3 Video recordings of meteor halos by
the AllSky7 network

Obviously, the blue afterglow can only be detected
with very sensitive colour video cameras. In the mean-
time more colour video recordings of meteors’ terminal

gPeter C. Slansky, https://www.imo.net/members/imo_
photo/view?photo_id=1222
bpeter C. Slansky, https://www.imo.net/members/imo_

photo/view?photo_id=1265
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Figure 6 — 2001 Leonid; selected frames from a high-speed video sequence. Each image is a 1 ms exposure. The fitted
meteor position is shown, the frame number and the altitude are indicated.

flashes with a blue afterglow have been made. With
the AllSky7 network, colour video camera stations have
been released in great number in the last four years.
The brightest fireballs are available online via the All-
Sky7 Fireball Network Archive.! Each AllSky7 station
contains seven cameras, each with a field of view of
45° x 80°. Figures 7 to 14 show the video frames of
one of the seven cameras. The AllISky7 camera systems
have a semi-automatic exposure control and an auto-
matic white balance. For further research, the cam-
eras’ opto-electronical conversion function could be de-
termined and a photometry and colourimetry of the
videos could be made.

In the AllSky7 fireball network archive I found six

IAllISky7 Fireball Network Archive, https://allsky7.net/
#archive

fireballs that showed a terminal flash with a blue af-
terglow, all of them recorded by more than one cam-
era. The three examples with the most significant outer
halo showing a blue afterglow are fireball IMO ID 7242-
2021, recorded by Jim Rowe in Eastbourne, UK, fire-
ball 3542-2022, recorded by Ranjit Biswas in Kolkata,
India,* and, top of the list, fireball 2406-2021,! recorded
by Sirko Molau in Conow, Germany.

JAlISky7 Fireball Network Archive: 2021-11-03, 21:34:39 UT,
IMO Fireball ID: 2021/7242, https://allsky7.net/archive.
html?date=20211103&time=213439

KIMO fireball archive: 2022-05-26, 19:21 UT, IMO Fireball
ID: 3542-2022, https://www.imo.net/members/imo_video/view?
video_id=212

LAlISky7 Fireball Network Archive: 2021-04-23, 01:30:35 UT,
IMO Fireball ID: 2021/2406, https://allsky7.net/archive.
html?date=20210423&time=013035
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Date AMS File Name Station Main Observer Significance  Reference
Time (UT) IMO Fireball ID
23.04.2021 AMS35_20210423 0130357 Conow/DE Sirko Molau +++ !
01:30:35 2406-2021
03.11.2021 AMS117_20211103_213439_5 Eastbourne/UK Jim Rowe ++ J
21:34:39 7242-2021
26.05.2022 AMS138 20220526_192133_7 Kolkata/IN Ranjit Biswas ++ K
19:21:33 3542-2022
07.12.2021  AMS90_ 20211207_172900_ 1 Gyoér/HU Zsolt Kereszty + m
17:29:00 —

20.10.2021  AMS71_20211020_162807_2 Becsehely /HU Krisztian Sarneczky, + n
16:28:07 6766-2021 Balazs Csék

05.02.2021 AMS54 20210205 170837 1 Benediktbeuern/DE  Stephan Adler + °©
17:08:37 715-2021

2.3.1 Fireball 2406-2021

Recorded by AMS35/Sirko Molau on 2021 April 23,
01"30™35°% UT, in Conow/Germany.

Fireball 2021-2406 shows an exceptional peak bright-
ness coming with a broad peak light curve. Although
AllISky7 camera systems have a semi-automatic expo-
sure control and an automatic white balance a brief
colour measurement could be made. First signs of a pale
blue outer halo begin in Figure 7, 12 frames (= 0.48 s)
before peak brightness. The meteor head becomes so
bright that the image begins to show blooming. The
wake can be seen as well as the beginning of a faint
green train. In Figure 8, 6 frames (= 0.24 s) before the
terminal flash, the meteor head has become so bright
that the image blooming gets stronger. It covers the
wake and the green train. The sky background is bright-
ened. As a consequence of a lens artefact, radial “rays”
appear around the meteor head.

In Figure 9, 4 frames (= 0.16 s) before the terminal
flash, the meteor head has become so bright that the
image blooming now covers a large radius. The radial
“rays” have become stronger. The sky background is
brightened, but not only due to overexposure but also to
the beginning of a pale blue outer halo. Figure 10 shows
the terminal flash with peak brightness. The terminal
flash is so bright that the image is completely overex-
posed. Dimensions of halo structures cannot be deter-
mined. The pale blue outer halo has become brighter.
In Figure 11, 3 frames (= 0.12 s) after the terminal
flash, the pale blue outer halo is very prominent. In
Figure 12, 6 frames (= 0.24 s) after the terminal flash,
the colour of the pale blue afterglow reaches its peak
saturation but its brightness has fallen of a little bit.
In Figure 13, 12 frames (= 0.48 s) after the terminal
flash, the outer pale blue halo can still clearly be seen
covering all the field of view of 45° x 80°. In this video
it could be detected up to 19 frames (= 0.76 s) after the
terminal flash, even longer than 3414-2018 with 0.48 s.
In Figure 14, 32 frames (= 1.28 s) after the terminal
flash, the outer pale blue halo has vanished. There is
no green train anymore and no green afterglow. We still
see a median white halo that transforms to a persistent
train in the following. It must be noted, however, that
2406-2021 shows a very broad brightness peak, while

3414-2018 shows an abrupt one, so, the decay time of
the pale blue afterglow might well be the same. Never-
theless, the light development of 2406-2021 is the most
significant example for an outer halo with a pale blue
afterglow I have seen yet.

2.3.2 Fireball 7242-2021

Recorded by AMS117/Jim Rowe on 2021 November
3, 21"34m39° UT, in Eastbourne/UK.J

Despite some sky brightening, this fireball shows
multiple flares with a green afterglow as a median halo
and with a pale blue afterglow as an outer halo.

2.3.3 Fireball 3542-2022

Recorded by AMS138/Ranjit Biswas on 2022 May
26, 19"21m33% UT, in Kolkata/India.k

This fireball shows a multiple flare which comes to-
gether with green afterglow as median halo, some of
them showing a widespread pale blue-green afterglow
as an outer halo. Its colour is shifted to green very
strongly, obviously due to a shift of the camera’s white
balance.

2.4 Summary from the observations

As I had pointed out earlier, we often use terms like
“meteor head”, “wake” or “train” — even “halo” — as if a
meteor consisted of several, sharply separated individ-
ual parts. But this is not the case. Only the meteoroid
itself is a solid body with sharp defined form. But the
meteoroid we cannot see. All visible light appearances
of the meteor are gas or plasma phenomena with more
or less significant brightness gradients, which, moreover,
as a rule, overlap. Therefore, the sensitivity, dynamics
and resolution of our imaging systems strongly deter-
mine the reproduction of the parts of the meteor in
the image. For example, the track of a meteor will be
longer in an image taken with a more sensitive camera
than with a less sensitive one. The same applies to the
“radius” of a halo around a meteor head: Since, as we
have seen, the halo is not a sharply defined solid body,
the term “radius” refers only to the visible radius in the
image down to the sensitivity threshold of the imaging
system. In reality, the halo is larger, but according to
the brightness gradient, it can no longer be detected by
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Figure 7 — Fireball 2406-2021, 12 frames (= 0.48 s) before the terminal flash. The meteor head becomes so bright that
the image begins to show blooming. The wake can be seen as well a very faint green train.

Figure 8 — Fireball 2406-2021, 6 frames (= 0.24 s) before the terminal flash. The meteor head has become so bright
that the image blooming gets stronger. It covers the wake and the green train. The sky background is brightened. As a

consequence of a lens artefact, radial rays appear.

the camera system further away from the centre. When
it comes to colour, it is even worse: with highly satu-
rated, overexposed colours, cameras can produce very
strange-looking artefacts.

Despite all the technical limitations of those days,
the first photographic documents of meteor halos (see
Astapovich) appeared as early as 70 years ago. But in
the meantime only comparatively few have been added.

With today’s ultrahigh light-sensitive colour video cam-
eras the temporal development, the colours and the
structures of these halos can be investigated in detail.
A few examples could also be recorded by the author.
The formation of a halo around a meteor head has been
studied by several authors, including Sili¢ et al., Jen-
niskens and Smirnov, but also Astapovich. Another
very exciting discovery made by Obenberger et al. is
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Figure 9 — Fireball 2406-2021, 4 frames (= 0.16 s) before the terminal flash. The meteor head has become so bright that
the image blooming now covers a large radius. The radial rays have become stronger. The sky background is brightened,
but not only due to overexposure but also to the beginning of a pale blue outer halo.

Figure 10 — Fireball 2406-2021, terminal flash/peak brightness. The terminal flash is so bright that the image is completely
overexposed. Dimensions of median halos cannot be determined. The pale blue outer halo has become brighter.

that fireballs can also emit radio pulses with a duration
of 10 s of seconds (Obenberger et al., 2014).

3 Morphological classification model of
meteor halos

Based on the observations presented here, I propose
to differentiate between three different zones where four

different types of halos can occur. All four types of halos
are interconnected causally.

Zone A marks a radius around the meteoroid of
about 1 to 100 metres (in rare examples even more).
Here an axe-shaped inner halo or “shock-front-halo”
can occur. One example is the famous 2001 high-speed
Leonid. In zone A, halo formation is presumably caused
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Figure 11 — Fireball 2406-2021, 3 frames (= 0.12 s) after the terminal flash. The pale blue outer halo is very prominent.

Figure 12 — Fireball 2406-2021, 6 frames (= 0.24 s) after the terminal flash. The colour of the pale blue afterglow reaches
its peak saturation but its brightness has fallen of a little.

mainly by aerodynamic processes resulting from abla-
tion (Silber et al., 2018).

Zone B marks a radius of a few km around the me-
teoroid. Here, flares and terminal flashes may occur
as median halos, possibly accompanied by a green af-
terglow of about the same dimensions. Some examples
of these have been examined in this article. The main
physical reasons for the halo formation in this zone are
still unclear. It seems hard to believe that from the

very small meteoroid a physical transport of material
is possible to distances of some kilometres. Although
a terminal flash looks similar to an explosion, it would
then rather be a fast luminous wave front. There is
also the question of whether, in the case of particularly
large and fast meteoroids, the inner halo from zone A
can extend so far that it reaches into zone B.

Zone C marks a volume outside of Zone B of up to
more than 100 km radius around the meteoroid. Here



WGN, THE JOURNAL OF THE IMO 50:6 (2022)

Figure 18 — Fireball 2406-2021, 12 frames (= 0.48 s) after the terminal flash. The outer pale blue halo can still clearly be

seen covering all the field of view of 45° x 80°.

Figure 14 — Fireball :

frames (= 1.28 s) after the terminal flash. The outer pale blue halo has vanished. We

see a median halo with a white afterglow that forms a persistent train. There is no green train anymore and no green

afterglow.

the pale blue afterglow can occur as a result of a flare
or terminal flash. After 3414-2018 there have now been
more observations by cameras of the AllSky7 network.
So, the phenomenon of the pale blue afterglow is proved
to be real. The dimensions of these outer halos with
more than 100 km radius and an atmospheric volume
covered of several Mio. km? are really impr As
the colour is a pale, desaturated blue, it cannot go back

5sing.

to emission at a single wavelength as with the green af-
terglow. Obviously, metastable states of the molecules
and atoms in the atmosphere play a major role. But
how are they induced, how is the energy transferred
over hundreds of kilomet Also, the geometry of the
outer halo should be investigated further. We have to
take into account that the earth’s atmosphere has a ver-
tical structure that changes significantly at an altitude
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Figure 15 — 72
halo can well be seen.

2021, in the moment of peak brightness. Despite some sky brightening, a widespread pale blue outer

Figure 16 — 3542-2022, two frames after a flare. The outer halo is extremely wide showing a blue-green colour.

of 80 — 115 km. Therefore, the very simple model of a
sphere with a radius of up to over 100 km and a certain
decrease in brightness from the centre to the periphery
can only be a first draft. There are more questions:
What function does the decrease follow? What, if the
observer is inside the halo? What role does the trans-
parency of the Earth’s atmosphere play? What tempo-
ral function does the decay of the afterglow follow?

I expect that the physical origins of all halo phe-
nomena a meteor can show are directly related to each

other. Today meteor halos appear to be a rare phe-
nomenon. But it may well turn out that they are just
a rarely observed phenomenon. It might even turn out
that all meteors have some kind of halo that we just
can’t observe (yet).

4 Summary

More video observations are necessary to understand
the morphology of meteor halos better. Unfortunately,




WGN, THE JOURNAL OF THE IMO 50:6 (2022)

.\. :

L.
s
-

e ———
~ —
-

177

Zone C: outer halo, r > 100 km

Zone B: median halo, r ~ 1-10 km ™

€ meteor flight direction

Zone A: inne/p’flalo‘ r~1-100 m

Figure 17 — Sketch of a morphological classification model of meteor halos in three zones (cross-section). Attention: The
sketch is not to scale. Zone A marks an inner halo with a radius of approx. 1 up to 100 m. This may be for example
a shock front in form of an axe or bow. Zone B marks a median halo. Here a terminal flash (white) may occur which
sometimes may show a green afterglow. Due to the same colour the green afterglow is likely to have the same reason as
the green train: the forbidden oxygen emission line at 557.7 nm. Zone C marks an outer halo with a radius up to 100 km
and more. Here a pale blue afterglow of a terminal flash or flare can appear. Note that the radius factor between the
inner and the median halo is about 10%, as well as between the median and the outer halo.

the different types of halos require different observa-
tions techniques. For inner halos (zone A) a very short
exposure time, a high spatial resolution and a high mag-
nification are key. Colour is mandatory. Median halos
(zone B) need a medium field of view and medium sen-
sitivity but colour. For the green afterglow narrowband
filters might be used. The outer halo (zone C) requires
very high sensitivity and very wide field and colour,
again. Spectroscopy seems impossible due to the low
light level. For zones B and C multi station observations
and trajectory calculations are highly valuable. In this
case, small sensor cameras have an advantage over large
sensor cameras (usually preferred by the author): they
have lenses with shorter focal length and, as a conse-
quence, faster F-stops available. From the perspective
of photography a meteor halo is not a point shaped phe-
nomenon but a planar one, so, the F-stops of the lens is
key, not the entry pupil. Hence, lenses with fast F-Stop
and wide field are favourable for observations of outer
meteor halos.
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Spectroscopy during the Perseids shower maximum 2022

Bill Ward!

A high-resolution spectrum captured during the Perseid 2022 shower is analysed. Two additional fireballs were

captured and the difference in their spectra is examined.

Received 2022 October 12

1 Introduction

A test using a transmission grating with 830 grooves
per mm fitted to a ZWO 174MM camera/25 mm f/1.3
lens system was carried out during the Perseid 2022
maximum. Several bright fireball spectra were captured
but, as is common with meteor spectroscopy due to the
random fall of any meteor, most of these were only small
sections of the spectrum. One spectrum, however, was
captured that spanned most of the visible wavelength
range. That is discussed here.

2 High Resolution Spectrum Image

A significant advantage of the ZWO 174MM camera
is the global shutter. This means each video frame is a
complete image of the whole field of view. This allows
for easier image processing and greatly improves the
overall quality of the images.

Figure 1 shows the raw composite video image of the
fireball spectrum on 2022 August 14 at 00"32™58° UT.
Figure 2 shows a crop of the spectrum that has been
further processed and the many lines present. The IRIS
image processing package was used for this.®

F023/0E/14 00125586 VIOIELSLIA W cie 4 Them 113 600

Figure 1 — Raw image of Perseid fireball spectrum. Negative
image is shown here for better reproduction.

The first task is to wavelength calibrate the image.
This is done using VISUAL SPEC.® The brightest lines
are assumed to be known by comparison with other
spectra and laboratory lists of element emissions (Ward,
2015).

Once the major lines, for example sodium and mag-
nesium, have been established, the weaker lines can then

1UWS, Tom Howie Building, High Street, Paisley, PA1 2BE.
Email: bill_meteor@yahoo.com

IMO bibcode WGN-506-ward-spectroscopy
NASA-ADS bibcode 2022JIMO...50..179W

2http://www.astrosurf.com/buil/iris-software.html
Phttp://astrosurf.com/vdesnoux/
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Figure 2 — Crop and reprocessed image of Perseid fireball
spectrum. Negative image is shown here for better repro-
duction.

be “fitted” by comparing the measured wavelengths to
the reference emission data.

To correct for instrument response the spectrum is
now divided through, by a known flux standard. Us-
ing the library supplied with the VISUAL SPEC soft-
ware, Vega was used. The wavelength calibrated and
instrument response corrected spectrum plot is shown
in Figure 3. A colourised synthetic spectrum is shown
in Figure 4.
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Figure 8 — Spectrum plot of Perseid fireball.

Figure 4 — Colourised synthetic spectrum.

Examining the spectrum reveals that the strongest
emission is from neutral magnesium (triplet) at 517 nm.
This triplet is partially resolved in the spectrum image.
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Next strongest is the sodium doublet at 589 nm. This
spectrum is of a cometary refractory material and has
the typical appearance as recorded in previous years,
Figure 5.

Figure 5 — Perseid fireball spectrum from 2020. 600
grooves/mm transmission grating used. Negative image is
shown here for better reproduction.

3 Other Perseid spectrum comparison

A bright fireball was observed visually on 2022 Au-
gust 10 at 02"11™16° UT Initially it was thought to
be a Perseid given its path. The fireball was also cap-
tured by both a WATEC 910 camera fitted with a Com-
putar 2.8 mm f/1.0 lens, Figure 6 and another WATEC
910 camera fitted with a 12 mm f/0.8 Lens and 600
grooves/mm transmission grating, Figure 7.

2025, /0810 0201316, 198 i 00 D A

Figure 6 — Suspected Perseid fireball, 2022 August 10 at
02"11™16° UT.

This spectrum is well dispersed and detailed. How-
ever closer examination of the images reveal some in-
teresting features. Visually it was assigned as a Perseid
but the wide field view shows the fireball is not quite
aligned to the radiant. Also examining the spectrum it
can be seen that there is no emission from the forbidden
oxygen transition at 557.7 nm.

This was noticeable as all previous Perseids spectra
are seen to have this distinctive emission due to their
high geocentric velocity of 61 km/s (Kronk, 2014). By
lacking this line it indicates that the meteor was not
travelling as fast as a normal Perseid. This emission
only occurs in high speed meteors that start to ab-
late above ~ 110 km. Here the atmospheric conditions
are such that the electrons are not robbed of energy
through collisional de-excitation allowing the transition
at 557.7 nm to occur (McKinley, 1961).

WGN,
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No emission from
Oxygen at 557.7nm

Figure 7 — Spectrum of suspected Perseid fireball.

By good fortune another fireball was captured by
the same camera systems the following night at 2022
August 11 at 01"53™18% UT. The wide field and spec-
trum images are shown in Figures 8 and 9. Inspection
of the spectrum images reveals the characteristic emis-
sion of the 557.7 nm line indicating that this was a fast
meteor consistent with the Perseids.

Figure 8 — Perseid fireball, 2022 August 11 at 01"53™18% UT.

Communication with  Alex Pratt of the
NEMETODE group confirmed that the first fireball was
indeed a lower velocity sporadic fireball. Its appearance
near to Perseid radiant was a chance alignment.

4 Conclusions and future plans

The test of the 830 grooves/mm transmission grat-
ing has proven successful with the capture of an ex-
tremely well resolved spectrum of a Perseid fireball.
There is always the compromise that as the groove count
and the dispersion both increase, the number of avail-
able spectra falls. This is due to the greater dispersion
requiring a brighter meteor to give a viable spectrum,
all other things being equal. Also, as the spectrum is
geometrically longer, less is likely to be seen in the field
of view.
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Emission from
/7 Ozygen at 557.7

Figure 9 — Spectrum of Perseid fireball showing forbidden
Oxigen emission at 557.7 nm.

Even without a full wavelength analysis, a spectrum
can reveal “secondary” information about the meteor.
This is illustrated by the example whereby the absence
of the 557.7 nm line immediately indicates a velocity
limit approximation. In this case it indicated that the
fireball may not have been a Perseid as was initially
thought. Without access to the spectrum information,
or indeed the video imaging, a visual observer may in-
correctly have assigned this fireball as another Perseid.

The Kilwinning Spectroscopic Survey for Meteors
has been taking meteor spectra for over a decade. Until
this test, 600 grooves/mm gratings have been used. As
a result of this test a second 830 grooves/mm transmis-
sion grating will be installed on another ZWO 174MM
plus 25 mm f/1.3 system in the near future.
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2022 Tau Herculids from Arizona
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Composite image of about 100 meteors captured
during the Tau Herculid campaign on 2022 May
31 from 03"42™ to 11"02™ UT from Double R
Ranch, Arizona, USA. ZWO ASI 294MC Pro The field covers 66° in azimuth
camera was used with Sigma 28-mm f/1.4 lens and 63° in elevation. Image
and % S exposure. courtesy: Jan Masiar.




