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ABSTRACT

We report multi-instrumental observation of a bright fireball belonging to the Perseid meteor shower, which was recorded simul-
taneously by 11 all-sky photographic cameras, one high-resolution 300 mm photographic camera, two digital all-sky cameras, one
wide-field digital camera, and two analog image-intensified video cameras on 12 August in 2012 at 22:29:46 UT. An exceptional
beginning height of 170 km makes this fireball the highest Perseid ever observed and the highest meteor ever observed with precise
atmospheric trajectory and heliocentric orbit not belonging to the Leonid shower. Moreover, one spectral video camera recorded the
spectrum of the fireball. The spectrum shows only atmospheric emissions of O, N, and N, above 130 km. Below 110 km, the spectrum
is not markedly different from other Perseid fireballs. The spectrum of the persistent train was also recorded, and a double-station
observation of the persistent train provided its vertical and horizontal motion.

Key words. meteorites, meteors, meteoroids

1. Introduction

Beginning heights of meteors deduced from photographic obser-
vations range approximately from 70km to 120km (Ceplecha
1958). The television and photographic observations of the
Leonid shower in 1995 and 1996 carried out by Fujiwara et al.
(1998) showed that the beginning height of fast meteors could
be at heights around 160 km and probably depends on the sensi-
tivity of the observing system. It was confirmed and extended by
Spurny et al. (2000a), who reported beginning heights of 1998
Leonids up to 199 km, depending on initial mass and the observ-
ing system. Spurny et al. (2000b) analyzed the radiation type
of the highest Leonid meteors and suggested that light emit-
ted above 130 km is probably not connected with thermal abla-
tion. All high-altitude meteors from their sample showed comet-
like diffuse structures above 130 km, which evolved into typical
moving droplets at normal heights.

They divided the appearance of high-altitude meteors into
three distinct phases: diffuse, intermediate, and sharp. The sharp
phase was connected to the ablation process. The light emitted
during the diffuse phase cannot be explained by the standard ab-
lation theory, so a new type of radiation has to be considered.
Brosch et al. (2001), Hill et al. (2004), Popova et al. (2007), and
Vinkovi¢ (2007) all suggest that the thermalization of particles
sputtered from the meteoroid surface creates a cascade of colli-
sions in the high-altitude atmosphere, which then produces the
radiation of high-altitude meteors. The sputtering is effective for
high-velocity meteors and is negligible in the case of meteor ve-
locities below 30 km s~!. Both model light curves and theoretical
shapes of the moving bodies were in very good agreement with
observations.

High-altitude meteors (beginning heights above 130km)
were observed predominantly in the Leonid meteor stream
(meteor velocity 71 kms™!) (Fujiwara et al. 1998; Spurny
et al. 2000a,b; Koten et al. 2006), but also among n-Aquariids
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(67 kms™"), Perseids (60 kms™"), Lyrids (45 kms™') (Koten
et al. 2001), and Orionids (68 kms™!) (Olech et al. 2013). Here
we report a Perseid fireball with a higher beginning than any of
these meteors except Leonids. We provide a precise trajectory,
orbit, and the spectrum. The evolution of the persistent train is
also discussed.

2. Instrumental data

Regular all-sky observations of fireballs were carried out by
Automated fireball observatories (AFO) at 11 stations in the
Czech Republic (Spurny et al. 2007). During the activity of
selected meteor showers, analog image-intensified video cam-
eras were used at two stations with narrow (50 degrees) fields
of view (Koten et al. 2004). We report observing a bright fire-
ball, EN120812, belonging to the Perseid meteor shower, which
was recorded simultaneously by 11 all-sky photographic cam-
eras on 12 August 2012 at 22:29:46 UT. By chance it also flew
very favorably into the field of view of image-intensified video
cameras at both videostations. The fireball was also recorded by
one high-resolution 300 mm photographic camera (only the ter-
minal part of the trajectory), two digital all-sky cameras, and one
wide-field digital camera. Moreover, one spectral video cam-
era recorded the spectrum of the fireball and its persistent train.
Locations of the stations and projection of EN120812 on the
ground are shown in Fig. 1, and basic details describing all cam-
eras used in the final work are listed in Table 1. For the measure-
ment, the films were scanned with a photogrammetric scanner
at the resolution of 5000 dpi, and the analog signal of the video
cameras was digitized on a PC in real time. In addition to di-
rect photographic imaging, each AFO is equipped with a fast
photometer with a sampling rate of 5000 samples/s and —1 mag
sensitivity limit (for a moonless night). Therefore, we have very
detailed information about the light curve of the fireball when it
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Table 1. Photographic, video, and digital cameras that recorded the EN120812 Perseid and were used in this work.

Regular Regular Image-intensified Image-intensified Image-intensified DSLR DSLR DSLR
all-sky  wide-field video (Ondfejov) video (KunZak) spectral video all-sky all-sky wide-field
Camera AFO 300 mm Panasonic Panasonic Panasonic Canon EOS Canon EOS  Canon EOS
SX50 NVS88 NVS88 5D Mark I 550D 550D
Type f f a a a d d d
Lens 3.5/30  3.5/300 1.4/50 1.4/50 1.4/50 3.5/8 3.5/5 3.5/8
Resolution | ... 768 x 576 768 x 576 768 x 576 5616 x 3744 5184 x 3456 5184 x 3456
FOV (deg) | 180 45 x 30 50 50 50 180 180 120 x 90

Notes. DSLR stands for digital single-lens reflex camera; type “f” stands for photographic film, “a” for analog, and “d” for digital record; resolution
is in pixels; FOV is field of view. Image-intensified cameras were equipped with the same image intensifier Mullard XX1332 and were operated
at a frame rate of 25 frames per second. The spectral video camera was equipped with a grating with 600 grooves/mm, and exposure time of all

DSLR cameras was 31.5s.
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Fig. 1. Schematic display of the places where the EN120812 Perseid
was recorded and projection of its atmospheric trajectory on the map
of part of the Central Europe. Dark circles mark stations where the
EN120812 fireball was recorded by the AFO, black crosses mark other
detections. The other detections are as follows: 300 mm photographic
camera, image-intensified video, image-intensified spectral video, and
all-sky DSLR camera at Ondfejov; image-intensified video and all-sky
DSLR camera at Kunzak; wide-field DSLR at Mt. Pancif.

was brighter than this sensitivity limit. We have never recorded
such a bright fireball with so many different instruments, so it
gave us a unique opportunity to get complex and reliable results
about this fireball, and for the first time, we can also compare
these results obtained independently from different kinds of in-
struments for one meteor.

The results are based on five best all-sky and one hi-res pho-
tographic images, three video records (including one spectral),
and three digital images plus 14 digital images of the persistent
train.

3. Atmospheric trajectory and orbit

Figures 2 and 3 show the fireball and its light curve, respec-
tively. The exceptionally long atmospheric trajectory (145 km)
was determined with high accuracy. The standard deviation of
any arbitrary point on the luminous trajectory is 31 meters
when we take all the records into account and 18 meters for
photographic records alone. The deviations of individual po-
sitions measured on photographic and video records from the
computed fireball trajectory are presented in Fig. 4. Terminal
heights determined from different techniques are within 1 km
(see Table 2). The lowest value is from image-intensified video
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Fig. 2. Comparison of fireball images from different techniques. The up-
per picture shows the detail of the fireball from the closest site equipped
with photographic all-sky camera (Churdiov), the bottom picture is
taken from the nearest DSLR record (Pancit). The photographic camera
contains a rotating shutter that results in an interrupted meteor trail.
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Fig.3. Light curves from different stations. Absolute magnitudes
(100km distance) are plotted here as the function of the height.
Rectified AFO light curve means that the original data were corrected
for the distance and the zenith distance (due to change of sensitivity of
the radiometer (Spurny et al. 2012)) of the fireball. The lower image
shows the fireball composition from Ondiejov video record.

cameras at 78.6 km. The fireball terminated suddenly which con-
trasts to its beginning. The beginning heights strongly depend on
the sensitivity of the detector (see Table 2 and Fig. 5a), which
has been studied and demonstrated for other meteors in Spurny
et al. (2004). The image-intensified video cameras detected the
Perseid at the height of 170.2km as a meteor of +3 mag. This
is the highest Perseid ever observed (160.7 km was the highest
Perseid observed by our cameras so far) and one of the high-
est meteors ever observed by image-intensified cameras (Koten
et al. 2006). The highest meteors ever observed optically were
Leonids in 1998 with the maximum observed height of 199 km
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Fig. 4. Deviations of individual positions measured on photographic and
video records from the computed fireball trajectory.
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Fig. 5. Heights of trajectory and persistent train and spectrum of per-
sistent train. a) Composed image of the Perseid fireball from Ondfejov
video record; b) persistent train 1 s after the fireball passage; ¢) spec-
trum of the persistent train 1 s after the fireball passage: only oxy-
gen line is present in the higher altitudes, magnesium and sodium are
present at lower altitudes.

(Spurny et al. 2000a). The beginning heights from digital all-
sky and photographic all-sky cameras are 135 and 116 km, re-
spectively. Other atmospheric parameters did not differ from
regular Perseid meteors: initial velocity 59.81 + 0.05 kms™!;
geocentric velocity 58.61 + 0.05 kms™'; geocentric radiant:
right ascension 47.607 + 0.014°, declination 59.547 + 0.007°.
Atmospheric trajectory and heliocentric orbit parameters are col-
lected in Table 2.

The initial mass of 60 + 10 g of the EN120812 was deter-
mined from the photometry of three photographic and two video
records (Fig. 3). Determination of the photometric masses de-
pends very strongly on the luminous efficiency, 7, which is very
difficult to derive for such fast meteors as the Perseids. For the
initial velocity of 59.81 kms~!, a value of log T = —=11.91 (c.g.s.
units with / = 1 for O stellar magnitude) was used (Ceplecha &
McCrosky 1976), which corresponds to 1.8% of the total kinetic
energy of mass loss. There is a small discrepancy in maximum
brightness: the photographic film is more sensitive in the blue
part of the spectrum (where Ca II line is presented) in compar-
ison to the CCD detectors of our video cameras. This is proba-
bly the reason the maximum brightness from AFOs is by about
1 mag higher than from video cameras. The saturation near max-
imum brightness of the fireball may be the explanation for lower
maximum brightness at the nearest AFO station Churanov.

The light curves determined from Martinsberg and KunZak
records are almost identical. The maximum photographic bright-
ness of —9.2 + 0.2 mag was observed at the height of 85 km. The
absolute calibration of the radiometric light curve was performed
with the help of photographic records. The brightness at the
height of 85.0 km was set to —9 mag (averaged brightness in the

Table 2. Beginning and terminal heights observed by different tech-
niques, basic atmospheric data, and radiants and orbital elements
(J2000.0) of the EN120812 Perseid fireball.

Type of camera hg hg Length
(km)  (km) (km)
Photographic all-sky 116.0 79.2 58.7
Photographic high-res e 79.1 20.5
Digital all-sky 135.0 794 88.6
Image-intensified video | 170.2  78.6 145.2
Spectral video 1544 78.6 120.3
Beginning Max. light Terminal
Height (km) 170.18 + 0.09 82.7 78.6 + 0.03
Velocity (kms™") 59.81 £ 0.05 55+1
Long. (°E) 14.4436 £ 0.0003 13.505 13.45656 + 0.00008
Lat. (°N) 49.5036 + 0.0002 48.785 48.74671 + 0.00005
Abs. mag (mag) 3.0+£03 -97+02 -1.0+03
Slope (deg) 38.554 £ 0.007 38.959 + 0.007
Duration (s) 2.5
Length (km) 145.23 £ 0.06
Initial mass (g) 60 + 10
PE coefficient/type —5.48/111A
EN120812 IAU MDC | 109P
ar (deg) 46.756 = 0.014
Or (deg) 59.552 +0.007
Vo (kmsh) 59.81 + 0.05
ag (deg) 47.607 £ 0.014
o (deg) 59.547 + 0.007
v (kms™) 58.61 +0.05
vy (kms™) 41.48 +£0.05
a (AU) 29+3 25 26.3
e 0.967 + 0.004 0.962 | 0.964
q (AU) 0.9545 + 0.0002 0.952 | 0.958
w (deg) 151.90 + 0.07 151.3 153.0
Q (deg) 140.41914 + 0.00001 139.6 139.4
i (deg) 110.89 + 0.03 113.3 113.4

Notes. Heights and lengths for different techniques are rounded
to 100 m. Mean orbit of the Perseid stream based on the data of the
IAU Meteor Data Center Catalog of precise photographic orbits and the
orbit of the parent comet 109P/Swift-Tuttle in the passage of 1992 are
also presented.

heights from 84.5 to 85.5km is —9 mag). The maximum radio-
metric brightness is then —9.7 at the height of 82.7 km and cor-
responds to a short flare at 22:29:46.6637 + 0.0005 s UT (mean
time of maximum intensity from nine independent radiometric
records) that is not resolved in photographic records.

Spurny et al. (2000b) divided the appearance of high-altitude
meteors into three distinct phases: diffuse, intermediate, and
sharp. Diffuse structures, observed above 130 km, are connected
with sputtered particles and their subsequent thermalization.
The sharp phase is connected with classic meteor ablation. The
image-intensified video record of EN120812 shows the distinct
diffuse appearance of the meteor with a comet-like tail down to
the altitude of 139.1 km and a slightly diffuse appearance down
to 130.0 km, where the meteor quickly starts to transform to the
usual point-like object. This intermediate phase is visible down
to 124 km, and then the meteor looks like a distinct point leav-
ing the persistent train. The wake is visible from 112.5km. It
closely resembles the behavior of Leonids described in Spurny
et al. (2000b).
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Fig. 6. Light curve of EN120812 recorded by AFO at station Churafiov.
Duration of the flares: 80ms of the flare around 85.3km (three
1020 ms flares are part of this wide flare), 30 ms at 82.9km (3.5 ms
flare corresponding to the fireball maximum brightness is part of this
flare), 15 ms at 81.7 km, and 10 ms at 80.5 km.

The altitude where the ablation starts to be the dominant
source of light should be clearly visible in the part of the light
curve where the slope of the light curve changes significantly
(Koten et al. 2006). The light curve of EN120812 (Fig. 3) shows
two such points at the heights of 125 and 114 km. Based on
the comparison to the spectrum (see below), the first height
(125km) is connected with the start of ablation of volatile part
(Na) and the second height with the start of intensive evapora-
tion. When we compare the altitude of EN120812, where the ab-
lation starts to be dominant (according to the light curve), with
other meteors we can sort meteor showers as follows: 125 km
for 71 kms~! Leonids (Spurny et al. 2000a,b; Koten et al. 2006),
115km for 68 kms~! Orionid (Olech et al. 2013), and 125 km
for 60 kms~' EN120812 Perseid.

The orbit of EN120812 is one of the most precise photo-
graphic orbits ever determined for a Perseid fireball. Orbital el-
ements are presented in Table 2, together with the mean photo-
graphic orbit of Perseids (Svoren et al. 2006) and the orbit of
the parent comet (Marsden et al. 1993). On the basis of Dsy
criterion, which serves for comparing two heliocentric orbits
(Southworth & Hawkins 1963), we conclude that the orbit of
the EN120812 Perseid is a typical orbit of photographic Perseids
only with slightly smaller inclination of the orbit to the ecliptic.
Dgy of the EN120812 orbit and the mean orbit is 0.02. Svoren
et al. (2006) identified 17 filaments inside the Perseid meteoroid
stream on the basis of the IAU Meteor Data Center Catalog of
photographic orbits. We compared the orbit of our Perseid with
the filaments and found that filament M has the most similar
elements (Dsyg = 0.02). The filament M is the most numerous
(43%), and its orbital elements are very similar to the mean orbit
and the parent comet (Dsy = 0.03 for the comet and EN120812).
Other filaments with similar elements (Dsy = 0.04) are F, K,
and R.

4. Physical properties and spectrum

We also studied the physical properties of the fireball. According
to the PE criterion (Ceplecha & McCrosky 1976), the EN120812
Perseid consisted of soft cometary material (PE = —5.48, PE
type IITA) and did not differ from regular Perseid fireballs. This
is also confirmed by the light curve profile. The detailed radio-
metric light curve from AFO shows numerous flares (see Fig. 6).
These flares are probably connected with the fragmentation of
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Fig.7. First and the second orders of the video spectrum of the
EN120812 Perseid. Different spectral lines begin at different heights.
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Fig.8. Video spectrum at high-altitude. Figure shows sum of
first 12 frames of the video record where spectral lines were evident.
Heights were from 154.4 km to 130 km. The spectrum was not corrected
for the spectral response of the camera.

the meteoroid and started at the height of 87 km under the dy-
namic pressure of 0.02 MPa. Macroscopic fragmentation is not
visible on the video records (no visible fragments), but the
heights of the flares correspond to the heights of the brightenings
observed in the persistent train. The typical duration of the flares
(from the beginning to the end) was 10-20ms, although the
brightest flare was only 3.5 ms long. A short duration of the ob-
served flares very probably means that mostly small grains were
released during these fragmentation events of the meteoroid.

Minor deceleration on the order of 5% was observed at the
very end of EN120812. The deceleration was presented on too
short a part of the trajectory to determine the ablation coefficient.
The terminal velocity was approximately 55 kms™'.

The spectrum (Fig. 7) was observed from the height
of 154 km. At the beginning, only atmospheric emissions (O, N,
N,) were present (see Fig. 8). This is consistent with a sputtering
process, when a single sputtered atom excites many atmospheric
atoms and molecules. A faint continuum with unclear origin was
also present. To our knowledge, the present spectrum is the best
meteor spectrum ever obtained at altitudes above 130 km. The
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Fig. 9. Monochromatic light curves. Time 0 s corresponds to 22:29:44.4 UT, which is the first frame of the spectral video record. Left: monochro-
matic light curves of the fireball. Intensities on logarithmic scale are given as the function of the height and the time of the fireball. Right: three
monochromatic light curves of the persistent train of the fireball (bellow 100 km altitude) from video record are given as the function of time. Both

the intensities and the time are on a logarithmic scale.

Na line (589 nm) appeared at 130 km. Other usual meteoric lines
(Mg, Fe) appeared later at heights between 120 km and 110 km.
Below 110km the spectrum was not markedly different from
other Perseid fireballs. At maximum, high temperature compo-
nent lines (Call, MgII) dominated. The monochromatic light
curves of the fireball and of the persistent train of the fireball are
presented in Fig. 9.

5. Persistent train

One second after the fireball passage, the train was visible in
the image-intensified video record between the heights of 139
and 79 km. The heights of the 2nd and 3rd maxima of bright-
ness of the persistent train and the meteor light curve correspond
to each other (see Figs. 5 and 6) within a few hundred meters.
The 1st maximum does not correspond to any feature in the light
curve at 109 km.

The early train was formed by the forbidden O 1 557 nm line
in the upper part and Mg, Nal, and the O I line in the lower part
(see Fig. 5¢). The quick initial decay of the MgI and Nal lines
was followed by a stable intensity lasting for about three sec-
onds (Fig. 9), which can be ascribed to the recombination phase
(Borovicka 2006).

Evolution of the persistent train of this fireball was de-
tected by digital still cameras and analog video cameras for al-
most 15 min. We present the reconstruction of the horizontal mo-
tion of the train from double-station observation in the first four
minutes in Fig. 10 and single-station evolution in the first five
minutes in Fig. 11. The maximum horizontal shift perpendicular
to the atmospheric trajectory was 6.5 km at the height of 91 km.
The corresponding mean speed was 27 m/s in the geographical
azimuth 140 degrees (corresponding to wind direction 320 de-
grees). The maximum horizontal shift in any direction was
a 13.5km long drift in azimuth 230 degrees with corresponding
mean speed 56 m/s. The highest speed of 81 m/s was measured
in the first minute. These two maximum drifts are highlighted
by gray ellipses in Fig. 10. Vertical evolution shows the upward
motion along the whole train with speed up to 13.5 m/s (maxi-
mum rise was 2 km from the height of 86 km and was observed in
first 2.5 min) with typical speeds around 2 m/s. The train was vis-
ible in the digital pictures between the heights of 99 and 84.5 km.

o e e e b e b e b e b

- EN120812

71 - evolution of persistent train
| - time after the fireball passage
B 43 s
] 76 s

distance 6.5 km
~30 m/s in azimuth 140°

Geographic latitude (deg)

b distance 13.5 km
7 ~60 m/s in azimuth 230°

13.45 13.50 13.55 13.60 13.65
Geographic longitude (deg)

13.40 13.70
Fig. 10. Horizontal evolution of the persistent train. Projection of the
atmospheric trajectory of EN120812 on the Earth’s surface is shown by
the black line. Maximum drifts of the persistent train are highlighted by
gray ellipses.

Two features were observed: increase in brightness in three parts
of the train (see arrows in Fig. 11) and the formation of a double
trail. The heights of the three bright parts in Fig. 11 are 94, 91.5,
and 90 km. The double trail was observed between 90 and 88 km
and was about 5 km long. The mechanism of double trails was
described by Kelley et al. (2013) and is connected with vortices
in a convectively unstable trail.

6. Conclusions

We presented observation of the bright Perseid fireball recorded
by different techniques. The main conclusions are summarized
as follows.

— The EN120812 fireball is the highest Perseid ever observed
and the highest meteor ever observed with precise atmo-
spheric trajectory and heliocentric orbit that do not belong
to the Leonid shower. Its beginning height recorded by ana-
log image-intensified video cameras with sensitivity limit
of +3 mag (absolute magnitude at that height) was 170.2 km.
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Fig. 11. Evolution of persistent train. The pictures were taken 1 min
to 5 min after the fireball passage. The white arrows denote the increase
in brightness of the persistent train at 94, 91.5, and 90 km.
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— The image-intensified video spectrum of EN120812 is the
highest spectrum of a meteor ever obtained. This spec-
trum shows that only atmospheric emissions of O, N, and
N, were present above 130km and that the spectrum was
not markedly different from other Perseid fireballs be-
low 110 km.

— The atmospheric trajectory and orbit based on records from
photographic, digital, and image-intensified video cameras
belong to the most precise ever obtained for a Perseid me-
teor. The standard deviation of any arbitrary point on the lu-
minous trajectory (approximated by a straight line) is 31 me-
ters for all three techniques. The only difference is strong
dependence of the beginning height on the sensitivity of the
detector. The orbit is a typical orbit of photographic Perseids
(with slightly smaller inclination of the orbit to the ecliptic),
and it is similar to the orbit of the parent comet (Dsy = 0.03).

— A double-station observation of first four minutes of the per-
sistent train showed the upward motion along the whole train
up to 13.5 m/s (typical speeds around 2 m/s) with maximum
vertical drift of 2 km from the height of 86 km.
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