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3414-2018: A Perseid fireball showing exceptional light effects,

observed by video, photo and radio

Peter C. Slansky! and Bernd Gaehrken?

This article is about the observation of 3414-2018, a 2018 Perseid fireball, with video, photo and radio in parallel
from three different observing sites so that the trajectory could be calculated. The fireball showed exceptional
light effects, including a very bright terminal flash with a radius of up to 4 km, a persistent train, a green
afterglow and a diffuse, widespread bluish sky glow with a radius of more than 120 km, persisting for up to half
a second. These observations were possible only by the use of two very high sensitive cameras in video mode

with full HD resolution in colour independently.

Received 2019 February 9

1 Introduction

Fireball patrol has become popular. Some fireball
events have been reported by more than a thousand
people. So far, the all-time No. 1 on the IMO fireball
website is event 4299-2017 (IMO, 2017) over Frankfurt,
Germany, reported by 2046 observers from eight Eu-
ropean countries, followed by event 3638-2014 (IMO,
2014) over Pittsfield, Massachusetts, USA, reported by
1547 observers from the US and Canada. Other fireballs
gain celebrity status when new observation techniques
facilitate new information about their physical nature.
Hence, a 2001 Leonid became famous because it was ob-
served with an intensified high speed video camera at
1000 frames per second, revealing an axe-shaped shock
halo of a meteor head for the first time (Jenniskens &
Stenbaek-Nielsen, 2004). EN120812, a —9 mag 2012
Perseid fireball, became the “haul” of no less than 17
professional meteor cameras in Czechia (Spurny et al.,
2014), revealing a record breaking entering altitude of
170 km and a lot of other detailed information. Both
observations induced a lot of scientific papers including
new models of the physical principles of meteor light
distribution. Also in this article, there will be further
references to these events.

The main character of this article is a Perseid fire-
ball that lighted up on 2018 August 13 at 01"51™ UT
over Ingolstadt, Southern Germany (IMO, 2018). To
the knowledge of the authors only two visual observa-
tions were reported (not by the authors, unfortunately).
But it was recorded by amateurs (alone) with three dif-
ferent observation techniques, independently: Photog-
raphy, video and radio — still a quite rare parallelism.
After the report to the IMO by the authors this fire-
ball gained IMO code 3414-2018. By a joint examina-
tion together with two other German amateurs, Juergen
Michelberger and Reinhardt Wurzel, who had observed
it as well, 3414-2018 turned out to be an outstanding
specimen of the rich family of the Perseids: It entered
the atmosphere at a height of 159 km, produced a ter-
minal flash of —7 mag (according to Wurzel (2019)) at a
height of 82 km and expired at a height of 77 km, leav-
ing behind a persistent train that was visible for about 3
minutes and more than 7 minutes on a photo series. The
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terminal flash was accompanied (respectively followed)
by a strong green afterglow with a comparably sharp
outline with a radius of up to 4 km. Even more aston-
ishing, the terminal flash and the green afterglow were
not just reflected by the atmosphere but were accompa-
nied (respectively followed) by a widespread bluish sky
glow that persisted up to 480 ms, recorded by two cam-
eras independently, up to a distance of 122 km from the
point of the terminal flash. The areal dimensions of the
light distribution of 3414-2018 were so exceptional that
the authors made a line of technical tests to rule out
camera or lens artefacts, what the tests definitively did.
The meteor was also observed by a radio amateur from
Dessau, Middle Germany, who had his antenna pointed
to the GRAVES radar in France. The train echo lasted
43 s and showed a significant Doppler shift. So, further
examination of 3414-2018 seems to be highly valuable.

2 Observation

The first report of this fireball to the IMO came
from the authors. We had observed the 2018 Perseids in
the first night on August 11/12 from Oberes Sudelfeld,
Bavarian Alpine Mountains, 1420 m altitude. Due to
the weather forecast for the second night on August
12/13, we moved to Geigersau, Upper Bavaria, 930 m
altitude (47.72701° N / 11.02595° E). At 03"51™ CEST
(= 01"51™ UT) we were both busy with a technical
camera test. So, we missed the sight of our brightest
2018 Perseid. We only saw the reflection of its terminal
flash on the ground like a flash light. Luckily, it turned
out that this fireball had been covered by the fields of
the two high sensitivity digital cameras Sony «a7S run-
ning in video mode (Figure 1) and also, for the most
part, by a photo camera Canon EOS M (Figure 3). The
video of 3414-2018 was presented by Peter C. Slansky
on the IMC 2018 in Pezinok, Slovakia (Slansky, 2019).

The Sonys had recorded more than 500 meteors in
the two Perseids nights, but when the videos were an-
alyzed, the fireball at 01"51™ UT caught our special
attention because of its exceptional light effects (Fig-
ure 2). Although both authors had missed the fireball
visually, we reported it to the IMO and uploaded our
videos and photos. By this “our” fireball became 3414-
2018 — ready to be shared with the meteor observers’
community.

Soon we were happy to hear from Juergen Michel-
berger and Reinhardt Wurzel who had observed 3414-
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Figure 1 — Sequence analysis of fireball 3414-2018 on 2018 August 13, 01"51™ UT, observed by Peter C. Slansky at
Geigersau, Upper Bavaria, Germany, together with Bernd Gaehrken. The original video was shot with two Sony a7S
cameras at 25 fps with ¢ = 1/25 s and ISO 409000, equipped with two Canon FD 1.4/50mm lenses at F' = 1.4. The
meteor appeared in the field of view of camera 1, pointing to Camelopardalis in the image center, from right to left. Then
it changed to the field of view of camera 2, pointing to Ursa Minor, where it ended in a terminal flash. The embedded real
time code (UT) indicates the temporal development in hours:minutes:seconds:frames. The time of a radio clock had been
transferred manually to the time code setting of the cameras with an estimated precision of about 250 ms. The images
were rotated clockwise so that the meteor proceeds exactly from right to left in the composite. Hence, in this composite
every vertical step from top to bottom represents a temporal step of 1/25 s = 40 ms. In every image a line of stars appears.
To show the dimensions of the — strongly overexposed — terminal flash five frames around frame 01:50:59:22 are shown as
an overlay on the rest of the sequence analysis (note the additional stars appearing only in these five wider stripes).
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Figure 2 — The terminal flash of 3414-2018 in a compositing of two single video frames of camera 1 (right) and camera 2
(left). The image center of camera 1 pointed to Camelopardalis, the image center of camera 2 to Ursa Minor. The border
between the two camera fields is visible on the beginning of the green train. The bright star slightly right from the image
center is Polaris. It has “wings” due to artefacts of the lens (curvature of field, astigmatism and coma). On the right and
upper side of the white clipped area of the terminal flash block-shaped data compression artefacts can be seen. They are
caused by the recording codec of the camera. The widespread bluish sky glow that appears in the fields of view of both
cameras is no artefact. It will be examined in detail in Section 4.6.

Figure 3 — Persistent train of 3414-2018 photographed by Bernd Gaehrken in a series from Geigersau with a Canon EOS
M at ISO 3200 with 15 s integration time with Canon 2.8/50mm lens set to F' = 2.8 (Gaehrken, 2018). The persistent

train was warped by wind. Please also note the changes in colour. It will be described in detail in Section 4.7.

2018 visually and had photographed it, too (Figure 4).
Their observing site had been Horni Vltavice, Czechia,
at 822 m altitude (48.952° N /13.765° E). By a lucky
coincidence, our observing directions were rectangular:
we, “team Geigersau”, had pointed our cameras to the
North, catching the fireball in Ursa Minor, “team Horni
Vltavice” had pointed their camera (and their eyes) to
the West with the fireball appearing in Sagitta/Aquila.
With the video from Geigersau and the photo from
Horni Vltavice, Juergen Michelberger calculated the
trajectory. Reinhardt Wurzel provided additional infor-

mation about the atmosphere, while the authors started
a qualitative and quantitative analysis of the videos and
photos.

Team Geigersau operated two Sony «a7S equipped
with Canon FD 1.4/50 mm lenses set to F' = 1.4.
According to earlier experiences (Slansky, 2016), the
cameras were run with 25 frames per second with an
exposure time of 1/25 s at the maximum sensitivity
ISO 409000. In earlier tests this camera-lens combina-
tion — with the lens stopped down to F' = 2.0 — had
achieved a stellar limiting magnitude of 8.7 mag (Slan-
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Figure 4 — 3414-2018 photographed by Juergen Michel-
berger from Horni Vltavice, Czechia, together with Rein-
hardt Wurzel, with a Canon EOS 700D at ISO 1600 and
60 s exposure time with a Tamron 2.8/17-50mm zoom lens
at f = 17 mm and F' = 2.8. The exact exposure interval
was from 01"50™32° to 01"51™32° UT =£1 s. The camera
was pointing to the West, so the fireball appears in the con-
stellations Sagitta/Aquila. Unfortunately, there was some
dew on the front lens.

sky, 2018a). Both cameras were mounted on a paral-
lactic mounting with the long axis of the fields orien-
tated towards the radiant in an angle so that Polaris
was in the overlap of both camera fields on the short
axis. A focal length of 50 mm provided a field of view
of 39.0° x 22.7° at an aspect ratio 16:9 on the Sony’s
sensors. With this camera-lens combination the angular
resolution was 1.24 arcminutes per pixel, corresponding
to 48.45 pixels per degree.* The recording was done
in full HD resolution 1920 x 1080 pixels via internal
recording with XAVC S, 50 Mbit/s, 8 bit per channel.

Additionally, a Canon EOS M photo camera was
mounted on another parallactic mounting. It was
equipped with a Canon 2.8/50mm lens at F' = 2.8. This
camera was operated in a series with an exposure time
of 15 s at ISO 3200. The fireball flew through the cam-
era’s field of view with the terminal flash outside but
the biggest part of the persistent train was captured for
seven minutes until the photo series was interrupted by
technical reasons.

aThis is an average value; according to the laws of perspective
the angular resolution varies from the center of the image to the
periphery.
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Team Horni Vltavice used a Canon EOS 700D on a
parallactic mounting with a Tamron zoom lens 2.8/17-
50mm set to f = 17 mm and F' = 2.8. The field of view
was 47.3° x 66.5° at a resolution of 3456 x 5184 pixels.
The camera was set to ISO 1600 with 60 s exposure
time in a series. The exact exposure interval was from
01250™32% to 01"51™32°% UT £1 s. Unfortunately, there
was some dew on the front lens. But the image was
still usable. By a lucky coincidence, the cameras of
team Geigersau and team Horni Vltavice were crossing
their optical axis’ at an angle of nearly 90° and the
meteor crossed them at an angle of nearly 45° resulting
in ideal geometrical conditions for the calculation of the
trajectory.

3 Trajectory

Due to the differences in exposure the meteor head
became visible in the video from Geigersau much earlier
than in the photo from Horni Vltavice, as can be seen
in Figure 6. According to this, Juergen Michelberger
calculated the trajectory along four points:

e Point A: Meteor becomes visible in the video of
Peter C. Slansky with a Sony a7S from Geigersau

e Point B: Meteor becomes visible in the photo of
Juergen Michelberger with a Canon 700D from
Horni Vltavice

o Point C: Terminal flash
e Point D: Expiration of the meteor.

Point D could be detected clearly in the photo as
well as in the video. Due to the movement of the meteor,
Point C had to be calculated from the centroid of the
overexposed area of the terminal flash in both the photo
and the respective frame of the video.

The meteor flight between point A and D was record-
ed over 39 video frames = 1560 ms. But the start-
ing point A had to be interpolated between two video
frames. So, the real duration of the meteor flight was
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Figure 5 — Trajectory of 3414-2018 (green) with points A,
B, C and D projected to the ground (red) and the projected
viewing angles (white) from the two observation sites (red
circles).
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Figure 6 — Trajectory of 3414-2018 in the video from Geigersau with points A, B, C and D (red) and with the real length
in km starting from point A (= 0 km). The entry point A indicates where the meteor became visible. It lies inside the
integration time of 40 ms of video frame 01:50:58:11 UT [hh:mm:ss:ff].

38.3 frames = 1532 ms. In this time the meteor traveled
a distance of 92.9 km. This means an average geocentric
speed v, = 60.6 kim/s. It has to be taken into account,
that the duration of half a video frame (= 20 ms) causes
a difference in speed of 0.8 km/s. Closer examination re-
vealed a speed between point A and B vap = 61.9 km/s
and a speed between point B and D vpp = 58.9 km/s.
An amount of 0.11 km/s goes back to earth rotation.
Hence, 3414-2018 was slightly faster than the literature
speed values for Perseids ranging from 59 km/s (Rend-
tel, 2017) to 60 km/s (Hughes, 1995). The speed distri-
bution of 3414-2018 between entry, terminal flash and
expiration matches well with the 2012 Perseid fireball
observed by Spurny et al. (2014).

4 Light distribution
4.1 Meteor head

According to Figure 1 the meteor head becomes vis-
ible in the video at frame 01:50:58:12 at an altitude of
158.6 km. The average motion blur of the meteor in
each video frame is about 21 pixels. Due to the laws of
perspective, the angular velocity of the meteor head in
the video increases slightly when the meteor flies from
the image corner to the image center. In the following
19 frames (= 760 ms), down to an altitude of 116.9 km,
neither a wake nor a train occurs.

Between frames 01:50:59:07 and 01:50:59:16 (for
360 ms) the meteor shows a trapezoid shape. This
is quite remarkable, because this artefact — just like
the “wings” of Polaris in Figure 2 — is caused alone by
lens defects such as curvature of field, astigmatism and
coma. The occurrence of this artefact states, firstly,
that the meteor is becoming significantly overexposed
at the beginning of the occurrence of the artefact and
secondly, that the meteor head still appears as a point
shaped object until the artefact ends. According to the
camera and lens tests that were made by the authors,
blooming caused by the camera sensor or the lens have
to be excluded as a reason. So, after the vanishing of
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Figure 7 — Trajectory of 3414-2018 projected onto the
ground (red). Note, that the fireball was recorded by the
video camera from Geigersau via the angle A-D but by the
photo camera from Horni Vltavice via the sharper angle B-D
(both white).

this artefact, from frame 01:50:59:16 on at an altitude
of 94.9 km, the meteor head has to be seen as an areal
object that is spatially resolved by the camera. Due the
clipping caused by overexposure the exact shape of the
meteor head cannot be determined from the video im-
age, but significant hints are revealed in the following.

4.2 Wake

To differentiate the meteor head, the white wake and
the green train it is evident that a colour video cam-
era provides significant advantages. Due to the motion
blur, the wake is not resolved sharply. A very short
white wake can be seen at first in frame 01:50:59:05
at an altitude of 119.1 km. “White” is referred to the
white balance of the camera which was daylight of ap-
proximately 6000 K. In the beginning the wake’s length
is shorter than the motion blur. So, its duration is less
than 40 ms. In the following frames the wake becomes a
little longer but is followed by the green train so quickly
that they cannot be separated precisely.
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Table 1 — Trajectory and additional parameters of 3414-2018.
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Time code (UT) Distance from meteor entry Height [km] Comments

[hh:mm:ss:ff] at the start of frame [km)]

01:50:58:11 —1.8 160.2 Point A
01:50:58:12 0.7 158.0

01:50:58:13 3.1 155.8

01:50:58:14 5.5 153.7

01:50:58:15 8.0 151.5

01:50:58:16 10.6 149.2

01:50:58:17 13.2 147.0

01:50:58:18 15.7 144.8

01:50:58:19 18.1 142.7

01:50:58:20 20.5 140.6

01:50:58:21 22.9 138.4

01:50:58:22 25.3 136.3

01:50:58:23 27.7 134.2

01:50:58:24 30.0 132.2

01:50:59:00 32.5 130.0

01:50:59:01 34.9 127.9

01:50:59:02 37.3 125.8

01:50:59:03 39.8 123.5

01:50:59:04 42.3 121.4

01:50:59:05 44.9 119.1

01:50:59:06 47.4 116.9

01:50:59:07 49.8 114.8

01:50:59:08 52.3 112.6

01:50:59:09 54.9 110.3 Point B
01:50:59:10 57.6 108.0

01:50:59:11 60.2 105.7

01:50:59:12 62.7 103.5

01:50:59:13 65.1 101.4

01:50:59:14 67.5 99.2

01:50:59:15 70.0 97.0

01:50:59:16 72.4 94.9

01:50:59:17 74.8 92.8

01:50:59:18 77.1 90.8

01:50:59:19 79.4 88.8

01:50:59:20 81.7 86.7

01:50:59:21 84.0 84.8

01:50:59:22 86.2 82.8 Point C
01:50:59:23 88.5 80.8

01:50:59:24 90.7 78.8 Point D

Point A: indicates the point where the meteor became visible in the Geigersau video.
It lies inside the integration time of this frame of 40 ms.

Point B: Meteor entry in Horni Vltavice photo

Point C: Terminal flash; distance of entry point of 87.6 km, height 81.6 km

Point D: Expiration of meteor head; distance from entry point 92.9 km, height 76.9 km

4.3 Green train

In general, a green train is caused by emission in
the [O I] line at 557.7 nm. The exact maxima of the
colour primaries of the Sony 7S are unknown to the
authors, but it is obvious that the maximum wavelength
of the green channel lies below [O I] line. Hence, the
green train also affects the red channel, so the resulting
colour is a slightly yellowish green.

According to Figure 1 the green train becomes vis-
ible at frame 01:50:59:07 at an altitude of 114.8 km.
The green train occurs “in retrospect”: the end of the
green train becomes brighter in the following frames.
It remains visible until frame 01:51:00:15 (= 1320 ms).
The brightness of the green train has two maxima: the
first around frame 01:50:59:16 and the second with the

terminal flash at frame 01:50:59:22. The position of the
first maximum is at the position of the meteor head in
frame 01:50:59:09. The brightest parts of the first maxi-
mum of green train remain visible until frame
01:51:51:12, so this part of the green train has an over-
all duration of 55 frames (= 2200 ms). The position of
the second maximum is at the center of the terminal
flash with a strong but rapidly declining afterglow from
frame 01:50:59:22 until frame 01:51:01:00 (= 1120 ms).
Interestingly, the longest duration of the afterglow of
the green train is not at the position of the second max-
imum, the terminal flash, but at the position of the me-
teor head at frame 01:50:59:19, three frames (= 120 ms)
before the terminal flash, at an altitude of 88.8 km.
Here the green train remains visible nearly as long as in
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Table 2 — Trajectory parameters of 3414-2018 calculated by Juergen Michelberger, Lauffen am Neckar, Germany.

Observation site 1

Geigersau (D): Peter C. Slansky/Bernd Gaehrken

Latitude 47.728° N
Longitude 11.027° E
Altitude above sea level 933 m
Azimuth to observation site 2 55.066°
Trajectory points Point A Point C Point D
Right ascension 76.180° 197.239° 199.957°
Declination 82.608° 78.535° 77.075°
Azimuth 10.969° 355.844° 354.686°
Vertical angle 49.011° 36.679° 35.421°
Distance directly 206.9 km 133.5 km 129.6 km
Distance projected on ground 132.5 km 105.7 km 104.4 km
Observation site 2 Horni Vltavice (CZ): Juergen Michelberger/Reinhardt Wurzel
Latitude 48.952° N
Longitude 13.765° E
Altitude above sea level 822 m
Azimuth to observation site 1 237.112°
Trajectory points Point A Point C Point D
Right ascension 303.232° 291.579° 290.933
Declination 28.995° 10.308° 9.139
Azimuth 268.934° 262.715° 262.403
Vertical angle 40.918° 19.942° 18.644
Distance directly 237.1 km 226.4 km 226.9 km
Distance projected on ground 174.8 km 210.2 km 212.4 km
Base line parallax 243.7 km
Trajectory points Point A Point C Point D
Parallaxes to trajectory 66.169° 80.760° 81.313°
Trajectory points Point A Point C Point D
Latitude projected to ground 48.898° 48.677° 48.663°
Longitude projected to ground 11.372° 10.922° 10.895°
Altitude above sea level 158.6 km 81.6 km 76.9 km
Trajectory points Point A to D Point A to C Point C to D
Distance over ground 43.55 km 41.05 km 2.51 km
Distance along trajectory 92.9 km 87.62 km 5.28 km
Meteor duration 1.575 s 1.485 s 0.090 s
Virtual trajectory angle from observation site 1 18.091° 16.523° 1.568°
Virtual trajectory angle from observation site 2 22.967° 21.636° 1.331°
Meteor entry angle at point D 61.23°

the first maximum. In the end the green colour blends
more and more into the white of the persistent train.

The afterglow of the green train shows a relatively
sharp outline with a radius of about 4 km from point C
as shown in Figure 8.

4.4 Terminal flash

As was explained above, at frame 01:50:59:16 the
meteor head begins to bloom. This corresponds to an
altitude of 94.9 km. 6 frames later, at an altitude of
82.8 km, the meteor disintegrates in a terminal flash.
During these 6 frames the brightness of the meteor in-
creases over-exponentially.

Figure 2 shows that the terminal flash causes an
overexposed and clipped meteor center in the image.
The clipped area is nearly perfectly round shaped with
a diameter of 188 pixels, the terminal flash does not
show any motion blur. Hence, the authors assume a
very sharp brightness peak of the terminal flash of less
than 1/10 of a frame or less than 4 ms.

Note, that the green train extends into the overex-
posed center. Because a white overexposed area of an
image cannot be “dimmed” by additional green light,

this shows that the terminal flash is not entirely round
shaped but has a dimmer part at the rear, connected
to the green train. This might have the same reason
as the axe-shape of the halo of the 2001 Leonid ob-
served by Jenniskens & Stenbaek-Nielsen with 1000 fps
(Jenniskens & Stenbaek-Nielsen, 2004). But due to the
stronger motion blur in our case, caused by the integra-
tion time of 1/25 s, this cannot be judged precisely.

In order to investigate the nature of the clipped area
the authors made a series of tests with the same camera
and lens. Their volume would burst the volume of this
article; the methods and the results are documented in
(Slansky & Gaehrken, 2018). As a result, it was im-
possible to reproduce a clipped area of this size by the
overexposure of a point light source alone without pro-
ducing other significant artefacts like lens flares. These
artefacts are missing in the images. So, only an areal
light source produces a high light reproduction like the
one in the video.

Figure 8 (left) shows the spatial dimensions of the
terminal flash: The two yellow circles indicate a radius
of 2 km (inner circle) respectively 4 km (outer circle)
around point C. Each white line indicates a real distance
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Figure 8 — Terminal flash (left). Two frames after the terminal flash (right). The two yellow circles indicate a diameter
of 4 km (inner circle) and 8 km (outer circle) at point C of the trajectory. Each white line indicates a real distance along
the trajectory of 5 km starting from point A (red dot on the right).

along the trajectory of 5 km starting from point A (red
dot on the right). The yellow circle with the radius
of 4 km fits quite well with the terminal flash. Even
in the green afterglow fits to the light distribution of
3414-2018.

4.5 Afterglow of the terminal flash

The afterglow of the terminal flash is presented in
Figures 9-11.

4.6 Widespread bluish sky glow

It came as a big surprise to the authors that the ter-
minal flash was not just reflected by the sky but that
a widespread bluish sky glow around the terminal flash
showed a decay over up to 12 frames (= 480 ms). In the
images of both cameras the bluish sky glow occurred in
a very wide area around the terminal flash. To exclude
camera or lens artefacts as a reason for this light ef-
fect the authors made another line of empirical tests
with the same camera-lens combination. As a result,
camera or lens artefacts could be excluded as a reason.
The methods and results of the tests are documented
in (Slansky & Gaehrken, 2018).

4.6.1 Photometry of the sky glow

To examine the brightness distribution of the me-
teor three separate measurements were made from each
video frame: one for the meteor core in white and in
green, including the meteor head, the wake, the termi-
nal flash and its afterglow, a second one for the meteor
core in green, including the green train and the green
afterglow, and a third for the bluish sky glow in the red,
green and blue channel. According to the huge bright-
ness differences these measurements had to be based on
different methods.

The sky glow was very dim. For its determination
the opto-electronical conversion function (OECF) of the
Sony a7S the original settings of the observation was
measured by Peter C. Slansky with a Kodak test chart
with 20 grey scales of 1/3 F-stop (Slansky, 2018b). The
OECF was put into an Excel-table with the code values
of the three channels RGB on the y-axis (8 Bit = 0 to
255 for red, green and blue) and the brightness in ar-
bitrary F-stops on the x-axis. It was normalized to the
sky background that was measured in the video frames
before the increase of the meteor head’s brightness and
the terminal flash. This measurement has an error of

TCG 01:50:59:23

Figure 9 — One frame after the terminal flash. The meteor
head is proceeding further from the position of the terminal
flash. Note the strong green afterglow behind and around
the meteor head. Its diameter is almost the same as the one
of the terminal flash. Also, note the widespread bluish sky
glow.

TCG 01:50:59:24

Figure 10 — Two frames after the terminal flash. The meteor
head is proceeding to its terminal position where it fades
away. Note the white afterglow of the wake and the strong
green afterglow. Independently, the sky glow declines but
remains bluish.

TCG 01:51:00:00

Figure 11 — Three frames after the terminal flash. The me-
teor head has faded away. Note the white afterglow of the
wake and the strong green afterglow.
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Figure 12 — Arrangement of the measurement fields for the sky glow for both cameras. In order to reduce the influence
of the apparent image noise each field is 40 x 160 pixels wide, with the code values averaged. The distance from point C
is indicated as an angle as well as a distance along the respective yellow line rectangular to the line from the camera to
point C. A positive sign indicates the direction with the trajectory (to the left), a negative sign against the trajectory (to

the right).

less than 1/10 of an F-stop or less than 7% at code
values higher than 4.

The measurement of the sky glow was done sepa-
rately for both cameras in an alignment of measure-
ment fields of 40 x 160 pixels. Inside these fields the
code values were averaged to eliminate the influence of
the image noise. The distances of the centers of the
fields from point C are indicated as an angle as well as
a distance along the respective yellow line rectangular
to the line from the camera to point C. A positive sign
indicates the direction with the trajectory (to the left),
a negative sign against the trajectory (to the right).

Left from point C five measurement fields were
aligned (Table 3).

Table 8 — Measurement fields from camera 2.

Field Angle from Distance from Camera

point C point C
2-1 5.6° 13 km 2
2-2 12° 29 km 2
2-3 18° 43 km 2
2-4 23° 57 km 2
2-5 30° 76 km 2

Right from point C seven measurement fields were
aligned. Because field 1 of camera 1 suffered strongly
from sensor amplifier glowing it was superseded by field
2- -1 of camera 2 (Table 4).

Table 4 — Measurement fields from cameras 1 and 2.

Field Angle from Distance from Camera
point C point C

2- -1 —7.0° —16 km 2
1-2 -13° —30 km 1
1-3 -19° —46 km 1
1-4 —25° —62 km 1
1-5 —31° —79 km 1
1-6 —37° —99 km 1
1-7 —42° —122.1 km 1

4.6.2 Photometry of the meteor core

Due to the strong overexposure with huge numbers
of clipped pixels the brightness of the meteor core — the

green train, the wake, the terminal flash and the green
afterglow — had to be measured by another method.
Their brightness should be compared to the bluish sky
glow only relatively. Because the numbers of clipped
pixels are proportional to the overexposed areas this
numbers were taken as an indicator. For a comparative
diagram this number was also calculated to F-stops. An
absolute calibration was not necessary because the com-
parison was made relatively. Because of the significant
differences in the distribution between the white light —
the wake, the terminal flash and their afterglow — and
the green light — the green train and its afterglow — sep-
arate counting of clipped pixels was made for white and
green. For the white overexposed area all pixels with
RGB code values 255/255/255 were counted and for the
green overexposed area all pixels with RGB code values
X/255/X were counted with X # 255 (“green only”).
The exactness of measurement of this method has not
been calculated.

In this article all photometric measurements rely on
images recorded by cameras. So, their results are ex-
pressed in F-stops, not in magnitudes, because mag-
nitudes go back to the nonlinearity of the human eye:
One magnitude represents a physical brightness increase
(or decrease) by a factor 2.5, to be taken as a percep-
tual brightness increase (or decrease) by the human eye
by a factor 2. Both expressions can be converted to
each other easily: One F-stop equals 3/4 magnitude,
one magnitude equals 4/3 F-stops.

4.6.3 Temporal brightness distribution of the
sky glow
As can be seen from Figures 19 and 20, the temporal
progress of brightness of the sky glow is related to the
brightness progress of the meteor core but not in a linear
way. Neither does the brightness of sky glow follow
the brightness of the white terminal flash and the white
afterglow nor the brightness of the green train and green
afterglow. Also, the sky glow keeps its bluish colour
nearly constantly.
In Figure 19 (bottom curves) the high value of the
red channel of field 2-5 has to be ignored because it goes
back to sensor amplifier glowing of the camera.
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Figure 13 — Video frame 01:50:59:20 of camera 2, two frames
before the terminal flash. The white overexposed pixels are
indicated in red, the green overexposed pixels (green only) in
blue. Counting reveals 1144 overexposed pixels white = 8.2
arbitrary F-stops and 1067 overexposed pixels green (only)
= 8.1 arbitrary F-stops. The white amount and the green
only amount are almost equal.

Figure 14 — Frame 01:50:59:21 of camera 2, one frame be-
fore the terminal flash: 3554 overexposed pixels white = 9.8
arbitrary F-stops and 2636 overexposed pixels green = 9.4

arbitrary F-stops. The white amount begins to dominate
the green one.

Figure 15 — Frame 01:50:59:22 of camera 2, terminal flash:
11076 overexposed pixels white = 11.4 arbitrary F stops
and 6077 overexposed pixels green = 10.6 arbitrary F-stops.
The terminal flash is much stronger in white than in green.
This cannot be caused by a strong green overexposure, be-
cause than a green halo would be seen. But the halo around
the terminal flash is white. Additionally, a bluish sky glow
appears. (Also, the averaging of the code values inside the
measurement fields can be seen.) The rectangular structures
around and behind the meteor head are data compression
artefacts caused by the camera.

Figure 20 shows the brightness of the sky glow in
the direction against the trajectory.

Please note that in Figure 20 field 2- -1 of camera
2 was used instead of field 1 of camera 1, because the
former suffered strongly from sensor amplifier glowing.
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Figure 16 — Video frame 01:50:59:23 of camera 2, one frame
after the terminal flash: 3172 overexposed pixels white =
9.6 arbitrary F-stops and 5255 overexposed pixels green =
10.4 arbitrary F-stops. It is quite remarkable that even in
the first frame after the terminal flash the green begins to
dominate the white due to its much longer persistence.

A

Figure 17 — Video frame 01:50:59:24 of camera 2, two frames
after the terminal flash: 978 overexposed pixels white =
7.9 arbitrary F-stops and 5433 overexposed pixels green =
10.4 arbitrary F-stops. Only two frames after the terminal
flash the dominance of the green over the white has become
drastic.

Figure 18 — Video frame 01:51:00:00 of camera 2, three
frames after the terminal flash: 495 overexposed pixels white
= 7.0 arbitrary F-stops and 4770 overexposed pixels green
= 10.2 arbitrary F-stops. As can be seen from this sequence,
the white light and the green light have different temporal
distributions: The white has a higher maximum but a more
sudden decline compared to the green with a lower max-
imum but a longer persistence. The widespread sky glow
does not follow the change in colour of the meteor core from
white to green only.

As can be seen from Figures 15-18 and graphs in
Figures 19 and 20, until the terminal flash the bright-
ness of the white parts of the meteor core (black circles
in Figure 19) dominate the green parts (dark green tri-
angles in Figure 19). In the first frame after the ter-
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Figure 19 — The brightness of the sky glow in the direction
with the trajectory.

minal flash the green parts begin to dominate, showing
a much longer persistence than the white parts of the
core. But the sky glow does not follow this drastic tran-
sient. It keeps its bluish colour throughout. Also, its
persistence lasts longer than that of the white parts of
the core (see black curve in Figure 19).

To the knowledge of the authors, such a phenomenon
has not been reported before.

Because of this temporal brightness and colour de-
velopment, the sky glow cannot be caused be reflection
of the meteor in the earth’s atmosphere alone. Diffuse
reflection can only do a small contribution to this sky
glow. Mainly, it must have other physical reasons.

Another remarkable detection is the spatial dimen-
sions of the sky glow. As expressed in Figures 19 and
20, it is visible with a similar temporal development in
both cameras and in all 12 measurement fields. The
most remote field of camera 1 is field 1-7 with an angu-
lar distance from point C of 42.4° or 122 km, of camera
2 it is field 2-5 with an angular distance from point C
of 29.5° or 75.6 km.

A last striking issue is a dark void inside the wide-
spread sky glow with its center about 8.5° or 20 km of
from point C on the upper left side. According to Fig-
ure 19 (fields 2-2, 2-3, and 2-4), beginning in the frame
after the terminal flash — frame 12 in the respective ta-
bles — until frame 17 the sky glow is remarkably darker
in fields 2-1 and 2-2 than in the more remote fields 2-3
and 2-4. This dark void remains stationary for about
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Figure 20 — The brightness of the sky glow in the direction
against the trajectory.

five frames = 200 ms. It cannot be explained by camera
or lens artefacts.

4.7 Persistent train

The persistent train of 3414-2018 started at a height
of 100 km and ended at a height of 79 km with a length
of 30 km. He was recorded with two cameras, the Sony
aTs in video mode 25 fps and a Canon EOS M that pro-
vided a photo series. The EOS M is an APS-C format
camera. It was equipped with a 2.8/50mm lens. The
exposure time was 15 seconds at ISO 3200.

On the Sony video, the persistent train is completely
visible and its development is easy to follow (Slansky,
2018c). The end of the wake and the beginning of the
persistent train are difficult to separate. The brightness
measurement of the persistent train starts two seconds
after the end of the terminal flash. At this time, only
small parts of the track burned out and the remains of
the wakes have disappeared.

The EOS M exposure time of 15 s was 375 times
longer than the exposure time of the Sony a7s of 1/25 s.
On the other side, the sensitivity of the EOS M of ISO
3200 and that of the Sony ISO 409000 and the lens
of the EOS M had an aperture of 2.8 while the lens
of the Sony had an aperture of 1.4. But the longer
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Figure 21 — The persistent train in an overlay of 25 video
frames at time code 01:51:06.

Table 5 — Height of points 1-5 in Figure 21.

Point in Figure 21 1 2 3 4 5
Height [km] 100 92 82 81 79

exposure time of the EOS M and the lower ISO setting
provided a better signal-to-noise-ratio and higher colour
saturation. So, in the photo series of the EOS M shown
in Figure 3 the persistent train could be detected better,
over a duration time of 7 minutes before the photo series
was stopped. The colour gradient from blue to red that
is typical for a fresh persistent train is still clearly visible
on the first picture after the fall. On the second picture
after the fall, the blue has faded and all other pictures
show a uniform brown-yellowish colour.

In Figure 21 five points are marked. Table 5 shows
their respective height.

At 01:51:06 UT, six seconds after the terminal flash,
the persistent train is showing signs of disintegration,
as it breaks up into several sections. The reason for
the kinks at points 2 and 3 in Figure 22 are different
vertical winds in the high atmosphere.

The first and the last section of the train faded very
fast. At points 2, 3 and 4 an attempt to measure the
development of the brightness was made. However, it
lacked a three-dimensional model that enabled a calcu-
lation of the changing column density with the perspec-
tive of the photo series. Therefore, at least the bright-
ness development of the total curve was determined.
This measurement was corrected with the OECF of the
video camera (see Section 4.6.1). The result is shown in
Figure 22. It shows three sectors: In the first 12 seconds
there is a strong decrease in brightness by a factor 63 =
6 F-stops. After that, the curve flattens considerably:
Between the twelfth and the twenty-eighth second the
brightness drop is only factor 5.6 = 2.5 F-stops. From
the twenty-eighth second on the brightness drop is very
flat. The persistent train is still visible but cannot be
measured properly for the next 100 seconds.

4.8 Radio Observation

Wolfgang Kinzel sent the authors a radio diagram
of a long meteor trail echo. By the exact time and the
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Figure 22 — Brightness development of the persistent train
measured over 2.5 minutes.

long trail echo there could be no mistake: That was
3414-2018. He had observed the fireball from Dessau,
Saxony-Anhalt, 51°48°06.46” N / 12°15’22.01” E, 65 m
altitude, with a four-element yagi antenna in the 2-
meter band at 143.050 MHz, pointed to the GRAVES
radar in France, with an azimuth of 221° SW, eleva-
tion 20°, 3 m over ground level. The distance Dessau-
GRAVES is 694 km. Because the main direction of the
GRAVES radar is south, the trail echo must come from
one of the northern secondary lobes of the radar.

The interpretation of the radiogram was given by
Wolfgang Kaufmann, Algermissen. Figure 23 shows two
typical meteor head echoes, A and C. B is a meteor trail
echo of about 100 ms. This duration meets the major-
ity of radio meteors. According to the exact timing, D
is the trail echo of 3414-2018. It lasts 43 s and has a
Doppler shift of 35 Hz at the maximum. The Doppler
shift is estimated to be caused mainly by wind drift that
affects different parts of the trail in different heights in
different ways and directions. This is estimated to a
tree-dimensional warping of the trail that can be seen
in the photo series of the persistent train (Figure 3), too.
Additionally, the radio waves reflected by the different
trail segments reach the receiver with different phasing.
This explains the oscillation of the signal amplitude.
At the end the trail echo occurs more and more inter-
rupted. This might also go back to wind drift changing
the geometry of radio wave reflection. The radiogram
does not show indications for fragmentation.

Parallel observations of meteorites in the visual and
the radio range are still rare and a comparison with the
visual ZHRs is difficult. But with only one video ob-
servation and one radio observation from different po-
sitions three-dimensional calculations cannot be made.
In order to better understand the context, especially in
the interpretation of the Doppler shift, it would make
sense to expand parallel observations, as well in video
as in radio.
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Figure 23 — Radiogram of 3414-2018 by Wolfgang Kinzel, Dessau, Saxony-Anhalt, 51°48°06.46” N / 12°15’22.01” E, 65 m
altitude. The observation was made with a four-element yagi antenna in the 2-meter band at 143.050 MHz, pointed to
the GRAVES radar in France, with an azimuth of 221° SW and elevation 20°, 3 m over ground level.

5 Discussion

The light distribution of 3414-2018 shows several re-
markable peculiarities. The observations were possible
only by the use of two very high sensitive cameras in
video mode with full HD resolution in colour.

Referring to Figure 2 the terminal flash shows a
nearly perfect circular shape, but with a significant
green strangling on the rear which is connected directly
to the green train. This might have similar reasons as
the axe-shape of the halo of the 2001 Leonid, observed
by Jenniskens & Stenbaek-Nielsen (2004). Due to the
stronger motion blur caused by an integration time of
1/25 s this cannot be judged precisely (Jenniskens &
Stenbaek-Nielsen, 2004).

The spatial dimensions of the terminal flash and the
green afterglow of 3414-2018 with a radius up to 4 km
are exceptional. This goes back to advances in the ob-
serving technique compared to observations with older
analog monochrome CCD cameras with SD resolution
that are still widely in use in meteor observation.

For the 2001 Leonid observed by Jenniskens &
Stenbaek-Nielsen, Silji¢ et al. (2018) report a bright-
ness gradient of 1 km from the meteor heads center
the brightness fallen down to 1/30 of the maximum at
an altitude of 104.8 km. (The measurement was not
executed to wider distances.) It has to be taken into
account that the exposure of the images has a huge in-
fluence on measurements like this. It would be very
valuable to detect brightness gradients of meteors via
high dynamic range imaging.

There is also reasonable conformity between fire-
balls 3414-2018 and EN120812 observed by Spurny et
al. (2014): Both show terminal flashes with a very
sharp brightness increase on nearly the same altitude
(Table 6).

According to Wurzel & Michelberger (2005) the air
density is increasing significantly at this altitude.

Spurny et al. (2014) divided the appearance of high
altitude meteors into three distinct phases: diffuse, in-
termediate and sharp. The diffuse phase was observed
and described by Gaehrken/Michelberger for a high al-
titude Leonid 2002 (Gaehrken & Michelberger, 2003).
According to this, the similarities between 3414-2018
and EN120812 indicate similar physical formation con-
ditions.

The diffuse, widespread bluish sky glow of 3414-2014
has been recorded by two cameras independently: Cam-
era 2 with the terminal flash in its field of view as well
as camera 1 with the terminal flash outside its field of
view. The bluish sky glow can be seen up to an angle
of 42° — respectively a distance of 122 km — from the
point of the terminal flash. Its bluish colour does not
follow the drastic change in colour from the white ter-
minal flash to the green afterglow with a much longer
persistence. Hence, diffuse reflection contributes only
a minor part to the sky glow, but cannot be its major
physical reason. Also, the temporal development of the
brightness as well as the colour of the sky glow does
neither follow the development of the white part of the
meteor core nor the one of the green part. Again, the
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Table 6 — Brightness developments along the trajectories of Perseid fireballs 3414-2018 and EN120812.

Altitude of entry  Altitude of terminal flash  Altitude of expiration

3414-2018
EN120812

158.6 km
170.2 km

81.6 km
82.7 km

76.9 km
78.6 km

physical reasons must be different from diffuse reflection
in the earths’ atmosphere alone.

There are different scientific approaches for the ex-
planation of the physical nature of meteors’ light emis-
sions, for example electric charge and magnetic fields
around the meteor (Sﬂjié et al., 2018), UV-radiation
(Jenniskens, 2004) or X-rays (Smirnov, 2015). Because
the authors are amateur meteor observers they will not
exceed their competence by speculation. But they are
ready to discuss and share their observations and data
with every interested scientist.
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