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ABSTRACT

A catalog of 824 fireballs (bright meteors), observed by a dedicated network of all-sky digital photographic cameras in central Europe
in the years 2017–2018 is presented. The status of the European Fireball Network, established in 1963, is described. The cameras
collect digital images of meteors brighter than an absolute magnitude of about −2 and radiometric light curves with a high temporal
resolution of those brighter than a magnitude ≈−4. All meteoroids larger than 5 g, corresponding to sizes of about 2 cm, are detected
regardless of their entry velocity. High-velocity meteoroids are detected down to masses of about 0.1 g. The largest observed meteoroid
in the reported period 2017–2018 had a mass of about 100 kg and a size of about 40 cm. The methods of data analysis are explained
and all catalog entries are described in detail. The provided data include the fireball date and time, atmospheric trajectory and velocity,
the radiant in various coordinate systems, heliocentric orbital elements, maximum brightness, radiated energy, initial and terminal
masses, maximum encountered dynamic pressure, physical classification, and possible shower membership. Basic information on the
fireball spectrum is available for some bright fireballs (apparent magnitude <−7). A simple statistical evaluation of the whole sample
is provided. The scientific analysis is presented in an accompanying paper.

Key words. catalogs – meteorites, meteors, meteoroids – instrumentation: miscellaneous – methods: observational –
methods: data analysis

1. Introduction

Comets, asteroids, and other bodies of the Solar System can lose
solid mass by various mechanisms (see e.g., Jewitt 2012). Their
fragments, dust particles, and meteoroids are subject to both
gravitational and nongravitational forces (Vaubaillon et al. 2019)
and evolve independently on the parent body. Meteoroids are
eventually either expelled from the Solar System; collide with
the Sun, planets, or other bodies; or are destroyed by mutual col-
lisions (Koschny et al. 2019). Unless moving together in large
quantities and forming diffuse orbital structures, such as zodia-
cal dust bands (Nesvorný et al. 2008) or cometary debris trails
(Reach et al. 2007), meteoroids cannot be observed telescopi-
cally in interplanetary space because of their faintness. They
demonstrate themselves most easily during the final stages of
their existence when colliding with planets or other bodies.
When penetrating through planetary atmospheres, they form
luminous events called meteors (Ceplecha et al. 1998). When
colliding with airless bodies, they produce impact flashes and
craters (Madiedo et al. 2019).

? The catalog is only available at the CDS via anonymous ftp
to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/667/A157
† Deceased.

Meteoroids have wide range of sizes, from ∼10−5 m to 1 m
(larger bodies are referred to as asteroids, and smaller ones as
dust particles). They carry information about the structure, phys-
ical properties, and composition of their parent bodies on these
scales. Such information is difficult to get directly from aster-
oids and comets since in situ exploration is always restricted
to specific bodies because of logistic and financial limitations.
Investigation of meteoroids represents an opportunity to sample
different populations of asteroids and comets. The most practical
way is to use a terrestrial atmosphere as a meteoroid detector and
observe meteors from the ground. Although such observations
have been carried out since ancient times (e.g., Hasegawa 1992),
the challenge is to have sufficiently precise techniques and meth-
ods to derive reliable preatmospheric orbits and, which is even
more difficult, to evaluate the physical properties of meteoroids
using the short period of time when meteoroids are decaying in
the atmosphere. In rare cases, meteoroid fragments reaching the
ground are recovered as meteorites and can be investigated in
laboratory in detail. However, they represent only the strongest
population of meteoroids.

Meteoroids of different sizes need different techniques. The
smallest meteoroids are numerous, but produce faint meteors.
They are best observed by radars, which detect the produced
ionization (Kero et al. 2019). Brighter meteors are nowadays
widely observed by video cameras. In this paper, we are mostly
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interested in centimeter-sized and larger meteoroids. They pro-
duce bright meteors (fireballs), which are relatively rare. In order
to obtain enough data, long-term monitoring of a large volume of
the atmosphere is needed. Fireball networks consisting of mul-
tiple stations equipped with wide-angle or all-sky cameras of
moderate sensitivity observing every clear night serve for this
purpose.

Here we present fireball data from 2 yr of observation by the
digital photographic cameras of the European Fireball Network.
In contrast to radar and video systems which produce mil-
lions and hundreds of thousands of meteor orbits, respectively,
obtained by automated software procedures (e.g., Campbell-
Brown 2008; Jenniskens et al. 2016), our sample is less numer-
ous, but every single meteor has been measured and reduced
by partly manual and partly semi-automatic procedures with the
aim to obtain the best possible accuracy of the data. The preci-
sion and accuracy of the cameras and the procedures used has
been demonstrated by the identification of the resonant structure
within the Taurid meteoroid stream (Spurný et al. 2017). The
advantage of the network is that most fireballs are detected by
more than two cameras, enabling a cross-check.

Other all-sky camera networks aimed at bright fireballs have
been built in recent years. The Fireball Recovery and InterPlan-
etary Observation Network (FRIPON; Colas et al. 2020) has
larger geographic coverage, but uses all-sky video cameras of
relatively low resolution and the data are inevitably of a lower
precision. The Desert Fireball Network (DFN) has grown from
its initial stage (Bland et al. 2012) into a much larger network and
now uses digital photographic cameras similar to ours (Howie
et al. 2017). The comparison of Taurid data contained in Spurný
et al. (2017) and Devillepoix et al. (2021), in particular of the
semimajor axes of the resonant branch, nevertheless, shows that
DFN accuracy is somewhat lower, probably because of auto-
mated reduction procedures and/or a lower quality of the optics
used. Both of these networks also have problems with photom-
etry, especially for brighter fireballs, since radiometers are not
used. The privately built and rapidly growing All-Sky-7 network
(formerly All-Sky-6, Hankey et al. 2020) uses seven video cam-
eras at each station, which together cover the whole sky, and the
network has good potential but is more suited to fainter mete-
ors. Other networks, for example those built in Spain (Madiedo
et al. 2018), Canada (Weryk et al. 2008), the USA (Kingery
et al. 2020), or Poland (Wiśniewski et al. 2017), mostly use
low-resolution video cameras.

The data presented here include the atmospheric trajectory
and velocity, radiant, heliocentric orbit, maximum brightness,
total radiated energy, and maximum encountered dynamic pres-
sure. An estimate of the meteoroid initial mass based on fireball
radiation and velocity is provided. The possible shower member-
ship and possible parent body are listed. In addition to the errors
of radiant and velocity, supplementary quality criteria such as the
number of cameras used and the minimal distance between the
closest camera and the fireball are given. Physical properties of
meteoroids are evaluated according to the classical PE criterion
based on the fireball end height (Ceplecha & McCrosky 1976)1

and according to the newly proposed pressure factor based on the
maximum dynamic pressure. Basic information on the fireball
spectrum, if available, is also provided.

The data form a catalog provided at the Centre de Données
astronomiques de Strasbourg (CDS). Each fireball has one (long)

1 The meaning of the PE acronym was not clearly explained, but was
probably derived from the graphical similarity to ρE designing the
atmospheric density at the fireball end.

row in the catalog. This work does not contain detailed light
curves or deceleration data; although, they are available for the
vast majority of the fireballs. Such data can be used for modeling
meteoroid atmospheric fragmentation, which was in fact done
for some bright and deeply penetrating fireballs from this sam-
ple in Borovička et al. (2020). The light curve and deceleration
data may be published in the future.

Section 2 provides the overview of the camera network and
the description of digital cameras. The procedures used for
image measurements and the computation of the fireball tra-
jectory, velocity, light curve, and orbit are described in Sect. 3.
The estimation of the meteoroid mass and its physical classifica-
tion using the PE criterion are also explained there. Section 4 is
devoted to the explanation of individual catalog entries. Finally,
the summary description and some statistics of the whole sample
is given in Sect. 5. This section is supplemented by histograms
in Appendix A.

The data presented here were further used to study physi-
cal and orbital properties of centimeter-sized meteoroids in the
Solar System. The analysis, dealing with both sporadic mete-
oroids and meteoroid streams, is presented in the accompanying
paper (Borovička et al. 2022, hereafter Paper II).

2. Digital cameras of the European Fireball Network

2.1. History of the network

The first fireball network in the world was established in former
Czechoslovakia in 1963 (Ceplecha & Rajchl 1965). In the fol-
lowing years, further stations were set up in southern Germany
and since 1968 the network has become known as the European
Fireball Network (Ceplecha et al. 1973). The German part was
gradually extended to other parts of Germany and even outside
German borders, but the stations remained equipped with low-
resolution all-sky mirror cameras (Oberst et al. 1998; Flohrer
et al. 2012). The headquarters of the network have remained at
the Ondřejov Observatory, Czech Republic. The Czech part of
the network was modernized several times. In the second half
of the 1970s, mirror cameras were replaced by fish-eye cameras
with higher resolution (Ceplecha et al. 1983). In the first years
of the new century, the cameras were automated and equipped
with photoelectric radiometers, creating so-called Autonomous
Fireball Observatories (AFOs; Spurný et al. 2007). Finally, from
2013 to 2015, a new type of Digital Autonomous Fireball Obser-
vatory (DAFO) was developed and deployed (Spurný et al. 2017).
The number of stations was also enlarged.

Tables with data of selected fireballs were published in a
number of papers (e.g., Ceplecha 1977; Ceplecha et al. 1983,
1987; Spurný 1994, 1997; Spurný & Shrbený 2008; Spurný et al.
2017). The European Fireball Network also enabled the recovery
of several meteorites, for example Benešov (Spurný et al. 2014),
Neuschwanstein (Spurný et al. 2003), and Žd’ár nad Sázavou
(Spurný et al. 2020), and provided their heliocentric orbits.

2.2. Digital cameras (DAFOs)

The installation of digital cameras (DAFOs) began in 2013
and significantly enhanced the capabilities and efficiency of
the network. The development of DAFO was enabled by the
advancement of digital photographic techniques, the progress
in computer technology (speed and data storage capacity), and
the improvement in the internet coverage of the country. DAFO
(Fig. 1) is a weather-proof, fully autonomous box with a size of
about 45 × 45 × 40 cm with some external accessories. DAFO
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Fig. 1. Digital Autonomous Fireball Observatory (DAFO) with the lens
cover open at its site in Ondřejov. The Aurora weather sensor is on the
right, next to the GPS receiver. The radiometer window is at the back
right corner.

only needs a power supply to operate. Internet connection is
used for remote checks and configuration as well as remote data
downloads. The function of DAFO is to image the whole sky
continuously during the night under favorable weather condi-
tions and to carry out continuous high-frequency monitoring of
the total brightness of the sky during the night under any weather
condition.

The imaging is performed by a pair of commercial digi-
tal single lens reflex (DSLR) cameras, namely Canon EOS 6D
equipped with the Sigma 8mm F3.5 EX DG Circular Fish-
eye lenses. The complementary metal–oxide–semiconductor
(CMOS) sensor has a resolution of 5472 × 3648 pixels, 14 bits
dynamic range, and a physical size of 35.9 × 23.9 mm. The field
of view is a full 180◦; the diameter of the sky on the image is
about 3500 pixels. Two DSLR cameras are used to avoid any
dead time. Normally, each camera takes exposures 35 s long with
breaks of 25 s. The starts of the exposures of both cameras are
shifted by 30 s. There are therefore 5 s of overlap every 30 s,
where both cameras are working. It is ensured this way that any
fireball shorter than 5 s is completely imaged by at least one cam-
era. For longer fireballs, it may happen that images from both
cameras must be combined. In the case of the failure of one of
the cameras (mainly due to a failure of the shutter, which has a
limited lifetime), DAFO can be configured to a one-camera oper-
ation. In that case, one camera is taking exposures continuously
with gaps of about 1.5 s between images. The gaps are needed
to read out and save the image. The exposure length of 35 s was
chosen so that stars remain point-like and easy to measure on the
whole image.

The lenses are protected by a mechanical cover. During the
exposure, the cover is open (see Fig. 1) and the lenses are
directed to the sky without any other optical element (e.g., a
transparent dome). The full aperture ( f /3.5) is used. The best
focusing was found by trial and error for each camera before the
DAFO was assembled and it has since been stable during the
camera lifetime.

To measure the fireball speed, a liquid crystal display (LCD)
shutter was added on the backside of the lens. This shutter
replaces the mechanical rotating shutter used in the AFO. The

X-FOS(G2)-CE (Extra Fast Optical Shutter, 2nd generation-
Contrast Enhanced) product from the company LC-Tec (see also
Bettonvil 2010) was used. The closing time is ≤50µs and the
opening time is ≤1.8 ms. The transmittance is ∼30% in the open
state and virtually zero in the closed state, with a contrast >1:105.
The control electronics ensures alternation between the open and
closed states in a 1:1 ratio during the exposure with exact fre-
quency. One from ten prescribed frequencies between 10 Hz and
60 Hz can be selected for each night. Usually, the frequency of
16 Hz is used. That would mean 16 open and 16 closed states
during each second, in other words the moving fireball would
produce 16 dashes, hereafter called shutter breaks, per second.
However, the first closed state during each second was skipped
intentionally to produce a time mark, that is a three times longer
shutter break (something not possible with mechanical shutter).
In combination with the fireball light curve from the radiometer,
the time mark enabled us to determine the absolute time of each
shutter break with millisecond precision. All parameters can be
changed remotely.

The radiometer monitoring sky brightness is based on a pho-
tomultiplier (manufactured by the company Tesla VÚVET or ET
Enterprises) with an active diameter of 25 mm directed verti-
cally toward the sky without any optics. It monitors the integral
brightness of the sky during the whole night with a sampling
frequency of 5000 Hz. The radiometer was placed under a glass
window and it operates during any weather condition since the
radiation of bright fireballs can also be detected through a cloud
cover, even when it is raining. During the day, the radiome-
ter is protected by a mechanical shade against direct sunlight.
The control electronics ensures linearity of the output signal in
the range of 20 bits, corresponding to the range of input light
intensities of 1:106. Self-regulation of the high voltage ensures
that the output signal is kept on a constant level (usually 1000
units) unless a rapid change in sky brightness (e.g., due to a
fireball or lightning) occurs. The signal is monitored in real
time by the control computer. In the case of a detected event,
the data are saved separately in full time resolution (5000 Hz).
Events brighter than a certain limit are reported immediately
by email. Whole night data are saved in reduced resolution
(500 Hz).

Both the radiometer and the LCD shutter are supplied with
a precise time signal from the Precise Positioning Service (PPS)
of the Global Positioning System (GPS) receiver. The absolute
time is therefore known for any data point from the radiometer.
Using the time marks on fireball images from the cameras, the
radiometric light curve can be connected with the fireball trajec-
tory, that is both the fireball position and brightness are known
as a function of absolute time.

The weather is monitored by the cloud sensor by Aurora
Eurotech, which also detects precipitation. The lens cover is open
and exposure is taken only in periods without precipitation and
when the sky is at least partly clear. DAFO housing is heated
to melt any fallen snow. Temperatures inside DAFO are kept in a
reasonable working range by internal heating or by cooling using
a fan on the bottom of DAFO. Some DAFOs also have an active
cooling of the cameras based on Peltier modules. Thermal noise
was found to be a serious problem during the summer in the
images taken with the previous version of cameras (Canon EOS
5D Mark II). Canon 6D, now used in all DAFOs, can be operated
without active cooling, especially at sites with a climate that is
not so hot.

The air conditioning is controlled by a microcontroller 24 h
a day. The microcontroller also switches on the main computer
before the planned exposure. Exposures are planned for the
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Table 1. List of stations equipped with DAFO as of 2018.

No. Name λ ϕ h Start DAFO
[◦E] [◦N] [m] [year] [start date]

1 Šindelová 12.597 50.317 595 2015 2015-06-30
2 Kunžak 15.201 49.107 656 2005 2013-12-20
3 Růžová 14.287 50.834 348 1995 2014-05-14
4 Churáňov 13.615 49.068 1119 1964 2014-02-04
5 Kocelovice 13.838 49.467 525 2015 2015-07-01
6 Frýdlant 15.090 50.918 345 2017 2017-09-12
7 Kuchařovice 16.086 48.881 340 2009 2014-12-09
9 Svratouch 16.034 49.735 736 1963 2014-11-25

10 Polom 16.322 50.350 748 2005 2014-11-12
11 Přimda 12.678 49.669 745 1981 2014-06-25
12 Veselí nad 17.370 48.954 176 1964 2014-12-04

Moravou
14 Červená hora 17.542 49.777 749 1977 2014-11-27
16 Lysá hora 18.448 49.546 1324 1991 2013-11-13
20 Ondřejov 14.780 49.910 527 1963 2012-06 (a)

23 Stará Lesná 20.288 49.152 833 2009 2014-12-11
24 Kolonica 22.274 48.935 456 2016 2016-11-10
25 Rimavská 20.005 48.374 230 2018 2018-06-26

Sobota
26 Martinsberg 15.126 48.381 872 2009 2015-09-24

Notes. Longitudes and latitudes are given here to three decimal
degrees only, but they were measured with meter precision. (a)Start of
noncontinuous test operation.

period when the Sun is more than 6.◦5 below horizon. Lower ISO
speeds, starting from ISO 100 and increasing as the sky becomes
darker, are used during the evening and morning twilight. During
the night, ISO 3200 is used regardless of lunar phase. Images and
radiometric data are saved to the local hard disk with a capacity
of 2 or 3 TB. Images are saved both in raw format (CR2) and in
jpeg format. A long winter night can provide almost 50 GB of
data.

2.3. Network architecture and fireball detection

There were 16 fireball stations equipped with DAFO at the begin-
ning of 2017. By the end of 2018, the number increased to 18.
Geographical coordinates (longitude, latitude, and altitude) of
those stations in the World Geodetic System 1984 (WGS84)
system are given in Table 1. Fourteen stations were located in
Czechia, three in Slovakia (nos. 23–25), and one in Austria
(no. 26). Some of the Czech stations have been in use since the
network beginning in the 1960s. A schematic map of the stations
is given in Fig. 2. The mutual distances of neighboring stations
range from 47 km (between stations 4 and 5) to 147 km (between
23 and 24). The maximal longitudinal extent of the network
is 700 km (between 11 and 24), while the maximal latitudinal
extent is 280 km (between 6 and 26). Of course, the network
observed fireballs over a larger area. The map in Fig. 3 shows the
spatial distribution of the fireballs presented in this study. Bright
fireballs (mag <−10) were observed more or less uniformly
over an area of 7 × 105 km2 (900 × 800 km). Fainter fireballs
were, naturally, observed over a smaller area, closer to the
stations.

The headquarters of the network is located at the Ondřejov
Observatory, where data are analyzed and archived. At the time
of DAFO installations, the capacity of the internet connection
was limited on some stations, so that only images of special

Fig. 2. Map of locations of EN fireball stations equipped with DAFO.
Valid for the end of 2018.

interest were possible to transfer. Other images were periodically
transported on external disks. Later it became possible to transfer
all images in jpeg format and all radiometric data automatically
to the central server in Ondřejov.

Fireball detection is possible in two ways. Bright enough
fireballs (brighter than an apparent magnitude of about −5 on
moonless nights) are detected by radiometers in real time. Detec-
tions are written to data logs at each station and transferred to
the central server at the end of each night. The brightest fire-
balls (magnitude <

≈ −10) are reported by email immediately.
Evaluation of data logs from different stations can reveal real
fireballs as opposed to local terrestrial sources, other celestial
events (such as lightning or satellite glints), or spurious bright-
enings (such as those caused by clouds passing in front of the
Moon). Final confirmation is made on images taken at the given
time. Radiometers can also detect nonimaged fireballs for cloudy
nights. The approximate location and brightness of the fireball
can be judged from the radiometric data, but no further analysis
is possible.

Although radiometers can provide quick information on
bright fireballs, their real-time detection algorithm is not config-
ured to detect fainter fireballs present in the images (to avoid an
excessive number of false events). Moreover, radiometer sensi-
tivity is degraded during full Moon periods. All jpeg images are
therefore searched independently for fireballs. The search algo-
rithm based on the Hough transform provides cropped images of
suspicious features which are then checked by a human to find
actual fireballs. A database of all fireball images is maintained.
Images containing fireballs are archived in both jpeg and raw
formats. Other images are archived in only jpeg format to save
space.

Figure 4 shows, as an example, the images of fireball
EN270217_023122 taken by four DAFOs at four different sta-
tions. Figure 5 shows the radiometric curve of the same fireball.
Of course, the quality of the data depends on the distance to
the fireball. The image from the most distant station, number 16
(not used for fireball analysis), shows hardly recognizable shutter
breaks. Other images show well-defined shutter breaks including
three time marks (long segments). By the comparison with the
radiometric curve, it can be easily found that the time marks cor-
respond to times 02:31:23, 02:31:24, and 02:31:25 UT. The most
detailed image from the closest station, number 5, shows that the
breaks between the segments are empty at the beginning and at
the end of the fireball. This means that the fireball was a point-
like object there. The parts, where the segments are not fully
separated, indicate the presence of a wake or fragments lagging
behind the main body.
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Fig. 3. Location of 822 fireballs with measured photometry on the map of central Europe. The plotted positions correspond to the points of
maximum brightness. Fireballs are divided into six groups according to their maximum brightness.

In addition to providing absolute timing, the radiometric
curve also shows much more details about the fireball brightness
as a function of time than the images. For example, there was a
very short flare (full duration at half maximum ∼2.5 ms) on the
descending branch of the light curve. The general shape of the
light curve is not fully apparent from the image from station 5
because the fireball signal was saturated during the bright phase.
It is more obvious in the images from more distant stations, but
only the radiometer can provide full details. We also note that all
LCD shutters are usually correlated across the network, so short
duration flares can be missed in all images if they fall into the
shutter breaks.

2.4. Additional cameras

Along with DAFOs, other cameras are working at some sta-
tions of the network. First, there are spectral versions of DAFOs,
called SDAFOs. They use Sigma 15 mm F2.8 EX DG Diago-
nal Fish-eye lenses with holographic plastic gratings placed in
front of the lenses. No LCD shutter is used. The purpose is to
capture medium-resolution spectra of bright fireballs. A more
detailed description can be found in Borovička et al. (2019). As
an example, the spectrum of the fireball EN270217_023122 is
shown in Fig. 6. SDAFOs are planned at nearly every other sta-
tion. By the end of 2018, they were located at six stations (2,
3, 4, 10, 14, and 20). SDAFO images can be used to measure
the fireball position using the direct (zero order) fireball image.
Since there is no velocity information and as the images have
somewhat deteriorated due to the removal of the infrared fil-
ters from Canon cameras (to extent spectral coverage), SDAFOs

have been used in the present work rather exceptionally, for
example when the DAFO image was not available for some
reason.

Next, there are supplementary video arrays, based on Dahua
IP (internet protocol) cameras, at two stations (2 and 20). The
arrays were gradually built from 2016 to 2018 and consist of
14 cameras at each station covering the whole sky. The pri-
mary goal is to image fireball snapshots in flight for studies of
individual fragments or wake development. Holographic plas-
tic gratings are attached as well, so that bright fireballs produce
video spectra, albeit with a low dynamic range of 8 bit. There
are cameras of different types, but the typical field of view is
56◦ × 32◦ and the resolution is 2688 × 1520 pixels. More details
can be found in Borovička et al. (2019).

The IP cameras were found to be useful for the measurement
of velocities of some fireballs with slow angular motion which
did not produce resolvable shutter breaks in DAFOs. There is
also a narrow field video camera on the fast movable mount used
to track fireballs in flight and image their fragmentation. This
system, called the Fireball Intelligent Positioning System (FIPS),
is placed on station 2 and 20. It was, nevertheless, not used for
the present work.

Stations 2 and 20 also host image-intensified video cameras
of the Meteor Automatic Imager and Analyser (MAIA) system
which is not part of the fireball network. It is used for obser-
vations of faint meteors (Koten et al. 2014). Because of much
higher sensitivity, a fireball starting in the field of view can be
captured much earlier, that is at higher altitudes, than by DAFO
or IP cameras. Data from the MAIA system were used for a
couple of fireballs in the present work.
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Fig. 4. Images of fireball EN270217_023122 (February 27, 2017, 02:31:22 UT) taken at four different stations. In all cases, north is up, west is to
the right, and the fireball was moving generally from the bottom to the top. The scale is the same in all images. At station 5, the fireball moved
close to the zenith. The other three cameras imaged the fireball from increasing distances of 100 km, 160 km, and 330 km at stations 2, 9, and 16,
respectively (measured on the ground from the middle of the fireball). The fireball entry speed was 31 km s−1 and the maximum absolute magnitude
was −12.

Fig. 5. Uncalibrated radiometric curve of fireball EN270217_023122
from station 5.

Finally, some casual images or videos, for example provided
by amateur astronomers, were used as well. This concerns impor-
tant fireballs with predicted meteorite falls. These fireballs were
analyzed in more detail in Borovička et al. (2020), where more
details can be found.

Fig. 6. Fireball EN270217_023122 (right) and its spectrum pho-
tographed by the SDAFO at station 2.

3. Image measurement and computation of fireball
parameters

In this section, the measurement of DAFO images, which pro-
vide the vast majority of the data, is described. The methods
of computing fireball trajectories, orbits, light curves, and other
data are also outlined. The incorporation of radiometric data
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and data from additional cameras is also explained. We used
two main software tools developed by us. Program Fishscan was
used to measure photographic images and video records contain-
ing meteors. The measurements are saved in a human readable
text file called MED (MEteor Data). Program Boltrack reads
MED files and was used to compute the fireball data presented in
this work. Both programs are graphical interactive tools for per-
sonal computers using the Microsoft Windows operating system.
Another program, called Djas, was used to extract the fireball
signal from raw radiometric data. The output is also saved in
MED format and read by Boltrack.

3.1. Image measurement

The raw DAFO images were converted for the measurement
from CR2 format into 16-bit tagged image file (TIF) format
using Canon tools2. The images were cropped to a 1:1 aspect
ratio and intensities were saved in linear scale (the pixel value
is proportional to incident light). The same operations were per-
formed with the dark image. Dark images were taken by DAFOs
at the end of each observing night or when the observation had
been suspended because of bad weather. They were taken with a
closed lens cover and iris set to maximum.

Upon reading by Fishscan, the color image was converted
to grayscale using the common formula S = 0.30 R + 0.59 G +
0.11 B, where R,G, B are pixel values in a red, green, and
blue color, respectively, and S is the resulting grayscale sig-
nal. Then the dark image was subtracted and the image was
flat-fielded to account for lens vignetting. The function Sf =

S/
√

1 − (r/12.7025)2 was used for the flat field, where r is the
radial distance from the image center in millimeters and Sf is the
flat-fielded signal.

The following measurements were performed: astrometry,
stellar photometry, meteor positions, meteor velocity, and meteor
photometry. Star positions can be measured either manually or
automatically. Usually, automatic centroiding based on the cen-
ter of the gravity method was used. The operator just chooses the
limiting magnitude of stars to be measured in the selected part
of the image and then removes stars which were identified incor-
rectly by the automatic procedure, if there are any. Typically,
several hundreds of stars were measured on the whole image. In
the case that the image with a fireball does not contain enough
stars, for example because of cloudiness or twilight conditions,
another image from the same camera can be combined with the
current image, provided that the camera did not move in between.

Stellar photometry is usually done automatically as well, by
the aperture method. The background sky signal is measured in
the vicinity of each star. The same stars as for astrometry, or
part of them, were used. Stars of medium brightness (magnitude
+1 to +4) are the most useful. Bright stars are usually satu-
rated. The measured stars should be spread over a wide range
of zenith distances to enable the computation of the extinction
coefficient. Images with significant cloudiness were used for
photometry only if there was no other option (i.e., a better image
from another station).

Meteors were measured manually. The large variety of fire-
ball appearances on the images, produced by their variable light
curves combined with shutter breaks, prevented us from develop-
ing a reliable and universal algorithm for meteor measurements.
Manually measured meteor positions include the beginning and
the end of the meteor, that is the points where it started and
ceased to be visible. If the direction of meteor motion is not

2 Digital Photo Professional.

obvious from its appearance, it can be determined by inspecting
images from several stations and estimating the position of the
radiant. Other meteor positions were measured by the user along
the whole meteor path and were then used to compute the meteor
trajectory. Well-defined parts of the meteor, where the centerline
of the meteor streak can be picked out reliably, were selected.

Independently of meteor positions, shutter breaks were mea-
sured for the purpose of computing the meteor velocity. If shutter
breaks appear point-like (as at station 9 in Fig. 4), their centers
are measured. If they are dash-like (as at station 5 in Fig. 4),
the leading edges are measured. Trailing edges were not mea-
sured because they may be affected by a wake or fragments and
they may therefore not represent the position of the main body.
We note that the edge measurement must take the size of meteor
image into account. The correct position is the center of the cir-
cle inscribed to the edge. Measuring the extreme edge would lead
to an artificially enhanced velocity in cases of rapidly brighten-
ing fireballs, whose radius on the image is increasing. If there
is at least one time mark (long dash) in a meteor image, the
absolute time of one shutter break can be written into the data
(provided that the absolute timing of time marks is known from
the radiometer or another source).

Finally, meteor brightness was measured, basically by aper-
ture photometry of individual shutter breaks. In practice, scan-
ning the shutter break along a path perpendicular to the meteor is
performed and the resulting profile is integrated. The procedure
is semi-automatic. The operator ensures that the whole meteor
signal is included, the sky background is correctly subtracted,
and interfering stars are avoided, if possible.

Fireballs are typically measured on four images from four
different stations, if available. If shutter breaks are not resolv-
able, only meteor positions are measured. The minimum is two
stations with one containing shutter breaks. In the case of excel-
lent data from many stations, more than four images can be
measured. Photometry is usually measured on two best images,
but sometimes on only one and sometimes on three. No pho-
tometry is possible for twilight fireballs when there are almost
no stars on the images. There are two such cases in the present
sample.

Images from SDAFO were measured in a similar way; how-
ever, since there is no shutter, velocity and photometry cannot be
measured. Videos from IP cameras contain only brighter stars,
so data from different times are often combined for astrometry.
Photometry is not done because of a nonlinear response and low
bit depth of the cameras.

3.2. Preparation of radiometric data

Raw radiometric data have the form of time series of bright-
ness values and the values of the control voltage. Control voltage
compensates for slow changes of sky brightness, so that bright-
ness values remain close to a chosen constant level during the
whole night. This arrangement makes the real time detection of
brief brightness events easier. If a fireball appears, the bright-
ness value increases and the voltage starts to decrease at the
prescribed rate. In rare cases of faint (or distant) fireballs with
smooth light curves without flares, their signal can be completely
nullified by this process and their presence may be apparent, only
by a dip in the voltage. In any case, the voltage change must be
used to reconstruct the fireball signal. For a given incident light,
the brightness value, B, is proportional to ∼V p, where V is the
voltage and the power exponent p is adjusted by the operator.
The usual value for TESLA VÚVET photomultiplier is p = 7.
The background light level, which can be constant or depend on
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time linearly and is determined from the signal level before and
after the fireball, was subtracted from the resulting signal. The
background may contain regular fluctuations with a frequency
of nearly 100 Hz caused by artificial light sources. In that case,
the fluctuations are fitted and subtracted from the fireball signal.

3.3. Computation procedures

The main steps of the computation procedure are the positional
reduction of all images and video records, the photometric cali-
bration of images with measured photometry, the computation of
the fireball atmospheric trajectory and velocity, the construction
of the fireball light curve using both photographic and radiomet-
ric data. The fireball mass and type are then evaluated and the
heliocentric orbit is computed.

3.3.1. Positional reduction

Positional reduction means converting plate coordinates x, y into
azimuths and zenith distances A, z. For DAFOs and SDAFOs, the
all-sky conversion formulas derived by Borovička et al. (1995)
were used. The formulas use a double exponential function to
describe radial lens distortion. The divergence between the opti-
cal axis and the direction to the zenith is considered as well as the
nonperpendicularity of the optical axis to the sensor. Altogether,
there are 12 parameters, called reduction constants, which need
to be determined. Stellar astrometry is used for that purpose.
The catalog star positions (we use the Bright Star Catalogue)
were converted from the standard equinox to the date of observa-
tion considering precession, nutation, and proper motion. Their
(A, z)catalog for the middle of the exposure time and the coordi-
nates of the station were computed and compared to (A, z)computed
obtained from the measured x, y and a first approximation of
the reduction constants. The best values of the reduction con-
stant were obtained by an iterative procedure minimizing the
difference between the two sets. It is important to note that
refraction was not explicitly considered since it is considered to
be described by the reduction constants.

All results are displayed numerically and graphically. The
role of the operator is to exclude stars with large deviations, to
select a restricted procedure if all 12 reduction constants cannot
be computed simultaneously, and to solve rare situations when
there is a systematic trend in residua in a part of the image.
Generally, nevertheless, DAFO images can be reduced well over
the whole sky from the zenith until close to the horizon. The
standard deviation in one coordinate (z or A sin z) is typically
between 0.005◦ and 0.01◦, which is 0.1–0.2 pixel size.

In case of IP cameras or other images and videos covering
only part of the sky, the gnomonic conversion formulas from
Borovička (2014), with a polynomial lens distortion, were used.
These formulas contain nine reduction constants. In this case,
the catalog stellar coordinates must be corrected for expected
refraction.

3.3.2. Trajectory computation

Fireball atmospheric trajectory was computed from the posi-
tional measurements of the fireball on all cameras. The straight
least squares method of Borovička (1990) was used. The method
assumes that the trajectory is a straight line in space. The tra-
jectory was computed by an iterative process minimizing the
miss distances of individual lines of sight from the trajectory.
The computation was performed in the coordinate system fixed
to Earth’s surface. The results are the apparent coordinates (right

ascension and declination) of the fireball radiant and the geo-
graphical coordinates (longitude, latitude, and height above the
geoid) of the beginning and end point of the fireball. To com-
pute the right ascension of the radiant, a chosen time during the
fireball appearance was used, usually the closest whole second
to the fireball beginning.

The resulting deviations from the trajectory are displayed
graphically. The operator can exclude outlying measurements
from computations and can set weights to individual cameras.
Usually, weights are set proportionally to the angular length
of the fireball, thus cameras having captured the fireball from
a closer distance and favorable angle are preferred. If cameras
other than DAFO were used, their pixel scale can be taken into
account. If all measurements from a camera are deviating, the
positional reduction can be checked again. In exceptional cases,
the whole camera can be excluded from the computation of
the trajectory (it can still be used for the computation of the
velocity).

There is less freedom if only two cameras are available. In
rare cases of a low convergence angle between the planes drawn
from two stations to the fireball, and no other station avail-
able, the straight least squares method becomes unreliable (Gural
2012). Nevertheless, if velocity measurements are available from
both stations, the trajectory solution can be adjusted so that the
velocity data from both stations become consistent. This is an
equivalent of the multiparameter fit of Gural (2012), but done
manually and without any assumption about the deceleration
function.

The scatter of the measurements in favorable cases (well vis-
ible fireballs at distances up to ∼200 km) is typically <∼20 m. Of
course, the precision for faint or more distant fireballs is lower.
Sometimes, the measurement of very bright fireballs may also be
difficult because of their large width on the photograph.

The fireball beginning and end points are marked on each
photograph or video. The operator selects the measurement that
is the most appropriate for the fireball. Usually, it is the measure-
ment from the closest station to the fireball beginning or end,
or from the station where the observing conditions were most
favorable from another reason.

We note that the assumption of a straight fireball trajectory
is not strictly valid. In reality, the trajectory is bent by Earth’s
gravity. The curvature is directly visible in the data of long fire-
balls moving nearly horizontally. The correction to gravity was
applied before computing the fireball orbit (see Sect. 3.3.7).

3.3.3. Velocity computation

Once the straight trajectory has been computed, shutter break
measurements can be used to compute the position of the fireball
on the trajectory as a function of time. Each measurement was
projected onto the trajectory and the distance of the projected
point from the trajectory beginning point was computed. This
quantity is called the length. So, the length as a function of time
was obtained. All cameras are combined together. If time marks
are available for all cameras, the time is already in absolute units.
If some time marks are missing or if there are systematic time
shifts from some reason, the time scales from different cameras
can be correlated using the length data.

Velocity is not a directly measurable quantity, but is com-
puted by fitting the time-length data by a smooth function. Only
for a minority of fireballs is the dependency linear and can
a constant velocity along the whole trajectory be used. Usu-
ally, a deceleration is visible in the second half of trajectory.
We prefer the physical four-parameter fit to the data based on
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the integrals of differential equations of meteoroid deceleration
and ablation (Pecina & Ceplecha 1983). The four parameters to
be found are the preatmospheric velocity v∞ (in practice com-
puted for the height of 150 km), the ablation coefficient σ, the
length at the initial time, l0, and the quantity Km−1/3

∞ , propor-
tional to the meteoroid initial mass m∞ (here the shape-density
coefficient K = ΓAρd, where Γ is the drag coefficient, A is the
shape coefficient, and ρd is the meteoroid density). Originally
(e.g., Ceplecha et al. 1993), the velocity at the initial time, v0,
was used as the fourth parameter instead of Km−1/3

∞ , but both
quantities are equivalent since the difference between v∞ and
v0 depends on Km−1/3

∞ and σ. The atmospheric density profile
was taken either from the Committee on Space Research Inter-
national Reference Atmosphere 1972 (CIRA72, COSPAR 1972)
or the Naval Research Laboratory Mass Spectrometer Incoher-
ent Scatter E-00 (NRLMSISE-00, Picone et al. 2002) model.
Both models gave similar results for fireball velocities. Earth’s
curvature was taken into account when computing atmospheric
height (and corresponding air density) for a given length (see
e.g., Ceplecha et al. 1993).

In the case of only small deceleration, the four-parameter
fit may not provide a solution. In that case, the fixed value of
the ablation coefficient σ = 0.02 s2 km−2 was used and only
three parameters were iterated. If no solution was obtained, the
operator could choose either a parabolic or combined linear-
parabolic fit, with a constant velocity until some point and then
constant deceleration. As before, outlying measurements can be
excluded and weights can be set to individual cameras. If there is
a systematic discrepancy between measurements from individ-
ual cameras, which cannot be solved by correlating times, the
trajectory solution is checked first before excluding any camera.

The obtained time-length dependency (further also called the
velocity fit) is used in further computation, for example when
relating the radiometric data to fireball heights or when com-
puting trajectory bending by gravity. For the computation of the
fireball orbit, the initial velocity is refined taking the physical
parameters of the meteoroid into account (see Sect. 3.3.7).

3.3.4. Photometric calibration

DAFO images where stellar photometry was done are calibrated
photometrically. This procedure is independent on any fire-
ball measurement. Only the positional reduction must be done
beforehand to enable the computation of zenith distances of
stars.

Photometric calibration is done by relating the measured sig-
nal, S , of a star with its visual magnitude V . The relation has
the form log S = c − 0.4bV , where b and c are constants. Since
DAFO images are in linear scale, b = 1. The sought after calibra-
tion constant is therefore only c. However, V is not the catalog
magnitude of the star, but its apparent magnitude affected by the
atmospheric extinction: V = Vcat + ka, where Vcat is the catalog
magnitude, k is the extinction coefficient, and a is the airmass
computed from the zenith distance. The extinction coefficient is
unknown, but its typical value k = 0.3 can be assumed at the
beginning. With that assumption, c was computed as the average
value from all stars. In the case of a nonlinear detector, both b and
c were computed by linear regression. After that, the extinction
coefficient was computed as the slope of the linear dependency
of (log S + 0.4bVcat) on −0.4ba. The value of c (and possibly b)
was then recomputed with the improved value of k. If necessary,
the procedure was repeated. At both steps, outlying stars can be
excluded.

The linear dependency with b = 1 ceases to be valid even
for linear detectors in the case of a saturated signal by a bright
object (star or meteor). In DAFO images, stars with a magnitude
of zero show signs of saturation after the 35 s long exposure. For
fireballs, the saturation limit is at about an apparent magnitude
of −8, but it depends on the angular speed of the fireball. We
approximated the saturation by changing b to 0.5 above a limit-
ing signal. The resulting dependency of a logarithm of signal on
magnitude is called a characteristic curve, though in practice we
used just a broken line. An attempt to deal with saturation more
rigorously has not been made since the light curves of bright
fireballs are taken from radiometers.

3.3.5. Constructing the light curve

The photographic light curve was computed from the measured
signals of individual shutter breaks, known photometric cali-
bration of the image, known positions of shutter breaks on the
sky, and the known fireball trajectory. First, the signal was con-
verted to magnitude using the characteristic curve. Then the ratio
between the exposure time of the shutter break (1/32 s for shut-
ter frequency 16 Hz) and the exposure time of stars (17.5 s for
camera exposure time 35 s since the shutter is closed half the
time) was taken into account. Subsequently, the resulting fire-
ball magnitude was corrected for extinction. Finally, the absolute
magnitude was computed by converting the magnitude to the
standard fireball distance of 100 km using the inverse square law.

The calibrated photographic light curve was used to calibrate
the radiometric signal and construct the radiometric light curve.
The raw radiometric signal, SR, was converted to instrumental
radiometric magnitude RI = cR − 2.5 log SR, where cR is an ad
hoc constant. As the radiometric signal is known as a function of
time, the fireball position for any given time must be computed.
For that, the fireball trajectory and the dependency of length
on time determined in previous steps (Sects. 3.3.2 and 3.3.3)
were used. From fireball geographical coordinates and height, its
zenith distance and physical distance from the station were com-
puted. Zenith distance is needed since the radiometer response
depends on the angle between the photomultiplier axis and the
direction to the source, that is on the fireball zenith distance (the
photomultiplier is directed toward zenith). The response function
has been measured in laboratory. The correction can there-
fore be carried out as well as the corrections to extinction and
fireball distance. There is, however, a difference between imag-
ing cameras and radiometers for fireballs close to the horizon.
Radiometers detect not only direct light, but also light scattered
in the atmosphere. Very bright fireballs can be detected even if
they are completely below horizon. For that reason, the airmass
is computed differently for cameras and radiometers. For details
see Borovička et al. (2017).

After all corrections, the radiometric curve has the correct
shape, but it is still shifted in magnitudes because an arbitrary
cR was used. This constant varies among radiometers as they
have different sensitivities and for a given radiometer it depends
on the actual value of high voltage. It was therefore determined
on an individual basis using the photographic light curve. The
radiometric curve was shifted to match the photographic curve
in a region where both curves have a good signal-to-noise ratio
and the photographic signal was not saturated.

It may happen for fireballs shorter than 1 s that there is no
time mark in the photograph. In that case, the time in the pho-
tographic light curve must be first adjusted by comparison with
the radiometric curve. Even if the radiometric magnitudes are
not calibrated, common features found in both curves (maxima,
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slopes, etc.) usually enable time adjustment with a precision bet-
ter than 0.1 s. The time-length dependency must be recomputed
after time is shifted and, after that, radiometric curve must be
recomputed.

The advantage of radiometric curves is a much higher time
resolution and much higher dynamic range, which enables us to
measure the magnitudes of the brightest recorded fireballs with-
out signal saturation (if signal is saturated at the closest station,
more distant stations can be used). The quality and mutual con-
sistency of radiometric curves was demonstrated, for example,
in Spurný et al. (2020) for the case of the Žd’ár nad Sáza-
vou meteorite fall. Radiometric curves are crucial, for example,
for detailed modeling of meteoroid atmospheric fragmentation
(Borovička et al. 2020). Short flares can be completely missed
in photographs with shutter. On the other hand, radiometers are
less sensitive than cameras and radiometric curves became noisy
for fainter meteors. In that case, radiometric measurements can
be averaged, reducing the time resolution (e.g., to 0.01 s, which
is still better than 0.0625 s from photographs), but also reducing
the noise. For the faintest observed meteors, radiometric records
can be completely absent, especially during full Moon periods.
Only photographic curves can then be used for the photometric
analysis. The absolute time can be usually obtained from video
records.

3.3.6. Mass estimation and classification

The calibrated light curve was used to compute the initial mass of
the meteoroid following the classical assumption (e.g., Ceplecha
et al. 1998) that the radiated energy at any time is proportional
to the loss of kinetic energy in the form of mass loss. Neglecting
any terminal mass, the meteoroid initial mass was then computed
from

mphot =

∫
2

τ(v)v2 I(t) dt, (1)

where t is time, v is velocity, τ is the luminous efficiency, and
I = I010−0.4M is the radiated energy. Here M is the fireball
magnitude and the energy of a zero-magnitude meteor is con-
sidered to be I0 = 1500 W following Ceplecha et al. (1998) for
V-band magnitudes and plasma temperature 4500 K. The lumi-
nous efficiency τ (in percent) was taken from ReVelle &
Ceplecha (2001):

ln τ = 0.465 − 10.307 ln v + 9.781 (ln v)2 − 3.0414 (ln v)3

+ 0.3213 (ln v)4 for v < 25.372, (2)
ln τ = −1.53 + ln v for v ≥ 25.372,

where v is in km s−1 (ln is a natural logarithm). ReVelle &
Ceplecha (2001) provided luminous efficiency as a function of
not only velocity, but also mass. The above equations are for a
meteoroid mass of 10 kg. The mass dependence can be used in
fireball modeling, such as in Borovička et al. (2020). It was found
in that work that the mass dependence is not as pronounced as in
ReVelle & Ceplecha (2001); nevertheless, τ is likely still about
two times lower for small meteoroids (�1 kg) than for large ones
(�1 kg). This means that masses of small meteoroids given in
this work may be underestimated by a factor of two. Neverthe-
less, it must be said that luminous efficiency is generally poorly
known, especially for high velocities.

The mass computed from the light curve is called the photo-
metric mass. The dynamic mass based on measured deceleration

can be computed from the velocity fit, namely from the param-
eter Km−1/3

∞ (see Sect. 3.3.3). However, the dynamic mass can
correspond to the actual initial mass only in the absence of
meteoroid fragmentation, which is rarely the case. The photo-
metric mass is therefore a much better approximation, despite
the uncertainty as to the luminous efficiency.

As found by Ceplecha & McCrosky (1976), physical proper-
ties of large meteoroids vary enormously. This is demonstrated
by the differences in the fireball end height for otherwise sim-
ilar entry conditions (entry speed, mass, and angle). Ceplecha
& McCrosky (1976) proposed a criterion based on fireball end
heights called PE and defined as

PE = log ρe − 0.42 log mphot76 + 1.49 log v∞ − 1.29 log cos zR, (3)

where ρe is the atmospheric density at the fireball end height
in g cm−3, mphot76 is the photometric mass in grams computed
from Eq. (1) using the luminous efficiency, τ76, of Ceplecha &
McCrosky (1976), v∞ is the entry velocity in km s−1, and zR is the
zenith distance of the apparent radiant. The luminous efficiency
to be used when computing PE is

log τ76 = −0.57 for v < 9.3, (4)
log τ76 = −3.42 + 2.92 log v for 9.3 ≤ v < 12.5,
log τ76 = −1.06 + 0.77 log v for 12.5 ≤ v < 17,
log τ76 = −0.32 + 0.17 log v for 17 ≤ v < 27,
log τ76 = −1.51 + log v for v ≥ 27,

where v is in km s−1 and τ76 was converted here from the units
used by Ceplecha & McCrosky (1976) into percent. We note
that τ76 is much smaller than the modern τ (about 4.5× at
10–15 km s−1 and 7× above 27 km s−1), so mphot76 is much larger
than mphot.

Ceplecha & McCrosky (1976) defined four fireball types
based on the value of the PE criterion:

I : −4.60 < PE, (5)
II : −5.25 < PE ≤ −4.60,

IIIA : −5.70 < PE ≤ −5.25,
IIIB : PE ≤ −5.70.

Ceplecha (1988) assigned type I to ordinary chondrites of
densities of 3700 kg m−3, type II to carbonaceous chon-
drites (2000 kg m−3), type IIIA to regular cometary mate-
rial (750 kg m−3), and type IIIB to soft cometary mate-
rial (270 kg m−3) present in short-period comets such as
21P/Giacobini-Zinner (responsible for the Draconid meteor
shower). These density estimates were used when computing the
preatmospheric velocity (see Sect. 3.3.7).

3.3.7. Computation of heliocentric orbit

Heliocentric orbits were computed by the slightly modified ana-
lytical method of Ceplecha (1987). The input values are the
fireball time, apparent radiant, geographical coordinates (lon-
gitude, latitude, and height) of an average fireball point, the
velocity at that point, the initial (preatmospheric) velocity, and
the beginning height. The average fireball point and velocity
were used to compute the corrections of the radiant and initial
velocity for Earth’s rotation. The next correction is for Earth’s
gravity, that means the computation of the zenith attraction of
the radiant and the geocentric velocity. Ceplecha (1987) consid-
ered the observed part of the fireball trajectory to be a straight
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Fig. 7. Deviations of lines of sight from the straight trajectory solution
for fireball EN161216_182218. Data from the two closest stations, num-
bers 3 and 10, are shown. The inset shows the relative positions of the
stations and the fireball trajectory in a ground projection sketch. The
fireball entered the atmosphere with a slope of 13◦ to the horizontal
plane and a velocity of 14.7 km s−1. The velocity was measurable for
a period of 13.7 s over a trajectory length of 185 km. It decreased to
8.6 km s−1 at the end. The curved line shows the expected deviation ∆
from the straight trajectory in the vertical plane due to gravity. The angle
δz is the difference between the actual radiant, which changes along the
trajectory, and the radiant from the straight trajectory solution. We note
that the scale of the vertical axis is exaggerated.

line and, moreover, applied the gravity correction at the average
fireball height (i.e., he used the same height for Earth’s rotation
correction and Earth’s gravity correction)3. Here we considered
that even the luminous part of the trajectory is curved by grav-
ity and we applied the gravity correction at the beginning of
the trajectory, where the determined preatmospheric velocity is
valid.

The trajectory curvature due to gravity is a small correction
to the straight trajectory solution obtained in Sect. 3.3.2. Gravity
acts in the fall plane, that is to say the vertical plane contain-
ing the trajectory. Figure 7 shows the observed deviations from
the straight trajectory for the long fireball EN161216_182218 (not
part of this catalog). Station 10, which lays close to the fall plane,
could not see any deviations. Station 3, which saw the fireball
from the side, detected a systematic trend which was obviously
caused by gravity. The expected deviation from the straight tra-
jectory at a length l measured in the fall plane perpendicularly to
the straight trajectory is

∆ = ∆0 −
1
2
g(t − t0)2 sin z + (l − l0) sin δz0, (6)

where ∆0 is the deviation at the beginning, that is at the length
l0 and time t0; g is the gravity acceleration at the fireball height;
t is time; z is the zenith distance of the radiant from the straight
trajectory solution; and δz0 is the difference between the true
zenith distance of the radiant at the beginning and that form the
straight trajectory solution. A negative sign means the direction
to the surface. To evaluate Eq. (6), the time-length dependency
found in Sect. 3.3.3 must be used.

The two unknown quantities are ∆0 and δz0. If the gravity
bending is seen in the data, as in case of EN161216_182218, they
are determined manually from the plot such as in Fig. 7. Only
the data from stations with a favorable geometry, that is to say
lying far from the impact plane, can be used. For a majority of
3 It is important to note that in the computer routine, he wrote that the
two heights are discriminated, but in practice, when calling the routine,
both were set the same.

fireballs, however, the deviations due to gravity are smaller than
the precision of the data. In that case, ∆0 and δz0 are computed
under the assumption of symmetry. In particular, δz0 is computed
from the assumption that the radiant from the straight trajectory
solution is valid for the middle of the fireball. Then, δz0 = g(t̄ −
t0) sin z/v̄, where t̄ and v̄ are the time and velocity, respectively,
for the fireball middle point.

Another detail to be considered before the orbit computation
is the value of the preatmospheric velocity. Taking an average
velocity in the first part of the trajectory would be inadequate
since the measured velocity can be affected by atmospheric
deceleration, which can start even before the fireball beginning,
as recently stressed by Vida et al. (2018). The original approach
of Ceplecha (1987) was to take the v∞ value from the physical
velocity fit (see Sect. 3.3.3). This value can be, on the contrary,
an overestimation in the case of severely fragmenting meteoroids
since the whole trajectory fit then gives an unrealistically small
dynamic mass, leading to unrealistically high deceleration before
the fireball start. We have therefore modified the method so that
only two parameters remain free, one of them being the initial
velocity. The method was applied to the beginning of the fire-
ball, before severe fragmentation can affect the dynamics. The
meteoroid mass was fixed and considered to be equal to the
photometric mass. The meteoroid density was estimated accord-
ing to the PE value (Sect. 3.3.6) or, in case of iron meteoroids,
according to the spectrum. The ablation coefficient and ΓA were
also fixed. The resulting velocities have been found to be not very
sensitive to their actual values (σ = 0.01 s2 km−2 and ΓA = 1.0
were used).

3.3.8. Comparison with analog cameras

The development of DAFO and the Boltrack program have been
part of the continuous improvement of the performance of the
European Fireball Network. One could ask how big of an impact
these improvements have on the final product, that is the fire-
ball data, in comparison with the situation when AFOs were
introduced (Spurný et al. 2007). We leave out obvious logistic
advantages of digital cameras, such as the immediate availabil-
ity of images for measurement (in comparison with transporting,
developing, and scanning films). It is also clear that the quan-
tity of the data increased dramatically (about ten times in terms
of fireballs detected per year) thanks to the higher sensitivity of
digital cameras, their ability to provide good data in poor con-
ditions (such as moonlight, twilight, or partly cloudy skies), and
an increased number of stations. Here, we are mainly interested
in the precision of the data.

The basis of good data is precise astrometry. AFO used a
fish-eye lens with a focal length of 30 mm, while DAFO uses a
8 mm fish-eye lens. Better precision could therefore be expected
for AFO. However, the practice showed that DAFO astrometry is
at least as precise as that from AFO. One reason is that DAFO’s
point-like star images are easier to measure and more numerous
than AFO’s star trail beginnings or ends. In AFO images, conve-
nient star trails were especially hard to find close to the horizon.
We often had to rely on the lens distortion parameters (reduction
constants) determined from the guided camera (Borovička et al.
1995). It is also possible that films were not perfectly mechani-
cally stable during the long exposure or during the development
process, worsening the astrometric performance. The standard
deviation of the mean star position in one coordinate was typi-
cally 0.015◦ in AFO using ∼50 stars. For DAFO, it is about half
of that value when using ∼200 stars.
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As for the meteor measurement, a higher sensitivity of
DAFO means that fireballs start to be recorded earlier during
their gradual brightening at the beginning. At the end, the dif-
ference is not so large since the drop in the brightness is usually
steeper. In any case, a longer record is an advantage for the deter-
mination of the trajectory and the radiant, but especially for the
initial velocity, which is very important for the computation of
the orbit. In addition, velocity measurements are now combined
from all cameras, improving the precision further. On the other
hand, very bright fireballs (apparent magnitude <∼− 13) are more
saturated and their measurement is more difficult in DAFO than
in AFO. Nevertheless, this effect is not severe.

Photometry is more precise on DAFO thanks to the linearity
of the CMOS detector (until the saturation limit). Moreover, the
ability of DAFO to produce time marks makes it straightforward
to combine photometry with a radiometric curve (for fireballs
longer than one second). In AFO, we had to correlate timing
according to the shape of the light curve, which was not reliable
if the meteor did not contain a natural time mark (e.g., a well-
defined flare).

In summary, the precision of the determination of the trajec-
tory and velocity is comparable for AFO and DAFO for fireballs
which are bright and long enough to be well recorded in AFO
and are not close to the horizon (<∼15◦). In other cases, the tra-
jectory and velocity precision is better from DAFO. In all cases,
DAFO provides more precise photometry by combining a CMOS
detector with a radiometer. For an example of a bright fireball
observed by both DAFO and AFO, see the Žd’ár nad Sázavou
fireball (Spurný et al. 2020).

4. Catalog description

The fireball catalog is provided at the CDS. There is one (long)
line for each fireball. The data contain information about the
fireball trajectory, velocity, heliocentric orbit, physical classifica-
tion, and some other information, for example about observing
circumstances. Fireball details such as full light curves or full
dynamic data are not part of this catalog. In this section, the
items in the catalog are described and explained.

Fireball code. Historically, fireballs within the European
Fireball Network were designated ENddmmyy, where dd is
the day, mm is the month, and yy are the last two digits
of the year of the fireball appearance. If more fireballs were
within one day, they were distinguished by additional letters
(A, B, etc.). After the introduction of DAFOs, the number of
detected fireballs increased rapidly and the codes were modi-
fied to ENddmmyy_hhmmss, where hhmmss is the time (UT) of
the observed fireball beginning with truncated decimal digits.
The format ENddmmyy_hhmm can be used if the exact time is
unknown.

Date and time. The fireball appearance time is given as the
year, month, day, hour, minute, and second (Universal Time, UT)
and is valid for the average point along the trajectory.

Time error. The uncertainty of the fireball time is normally
given as 0.1 s. Only in exceptional cases when there are no radio-
metric or video data may the uncertainty be up to ±15 s. Such
an uncertainty occurs if all cameras, which recorded the fireball,
started the exposure at the same time.

Julian date. The fireball appearance time, valid for the
average point along the trajectory, is also given as the Julian date.

Solar longitude. The solar longitude in equinox J2000.0 at
the time of the fireball is provided.

Longitude, latitude, and height of the beginning point. The
geographical coordinates of the beginning point of the fireball
trajectory are given in the WGS84 system. Trajectory bending
due to gravity is taken into account. The beginning point is
selected by the operator from the beginning points measured on
individual fireball images. Usually, the image from the closest
station or the station where the fireball had low angular veloc-
ity, and thus the camera sensitivity was higher, is selected. Since
the onset of brightness is slow in many fireballs, the observed
beginning height depends on circumstances such as the distance
of the fireball and weather conditions. In two cases, when sen-
sitive MAIA video cameras were used (EN060818_221424 and
EN140818_223801), the observed beginning is much higher than
it would be from regular cameras.

Longitude, latitude, and height of the end point. The geo-
graphical coordinates of the end point of the fireball trajectory
are given in the WGS84 system. Trajectory bending due to grav-
ity is taken into account. The end point is selected by the operator
from the end points measured on individual fireball images.
Though the decrease in brightness at the end is often steeper
than the increase at the beginning, the end height is also affected
by observing circumstances.

Longitude, latitude, and height of the average point. In
addition to the beginning and end point, the geographical coor-
dinates of the average point of the fireball trajectory are also
provided in the WGS84 system. Trajectory bending due to grav-
ity is taken into account. The average point is near, but not
necessarily exactly in, the middle of the trajectory; it depends
on the distribution of the trajectory measurements. Meteor time
is given for the average point. The correction for Earth’s rota-
tion, when computing the heliocentric orbit, is performed at the
average point.

Longitude, latitude, and height of the point of maximum
brightness. Finally, the geographical coordinates of the point,
where the fireball reached maximum brightness, is given in the
WGS84 system. We note that the point of maximum brightness
is not always distinct. There may be two or more flares with an
almost identical brightness or the top of the light curve can be
flat with no clear maximum. Data are not available for fireballs
without photometry (observed in early dusk or late dawn).

Length. The observed length of the fireball in kilometers is
measured from the beginning to the end point. It is taken from
the linear trajectory solution since the length measured along the
curved trajectory would be almost the same.

Duration. The measured duration of the fireball in seconds
is computed as the time difference between the last and the
first measured velocity point (i.e., shutter break or video frame).
The real duration was longer in all cases. The given duration
expresses the interval available for velocity measurements.

Average azimuth and zenith distance of the radiant. The
average horizontal coordinates of the radiant are computed as the
arithmetic mean between radiant azimuth and zenith distance at
the beginning and the end of the trajectory. The azimuth changes
along the trajectory because of Earth’s curvature. The zenith dis-
tance changes because of both Earth’s curvature and trajectory
curvature. The zenith distance also expresses the angle between
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the direction of motion and the vertical direction (to nadir). The
azimuth is counted from from the north to the east.

Right ascension and declination of the apparent radiant.
The equatorial coordinates of the fireball apparent radiant are
given in equinox J2000.0 and are valid for the beginning point.
Both right ascension and declination change along the trajec-
tory because of the trajectory curvature. The given errors are
computed from the spread of positional measurements.

Initial no-atmosphere velocity (v∞). The initial velocity is
given with atmospheric influence subtracted and is valid for the
fireball beginning point. The meteoroid would have this veloc-
ity at that point if it is only influenced by gravity, but not
atmospheric drag. The given error takes the uncertainty of the
meteoroid mass into account.

Velocity at the point of maximum brightness. The velocity
at maximum brightness is obtained from the velocity fit for the
whole trajectory. If the maximum brightness point lies outside
the part of the fireball covered by velocity measurements (which
happens e.g., for fireballs with a bright terminal flare), the veloc-
ity is obtained by extrapolation. It is not available for fireballs
without photometry.

Terminal velocity. The velocity at the last measured velocity
point is obtained from the velocity fit for the whole trajectory.

Height of terminal velocity measurement. The height of
the last measured velocity point is provided. Depending on
the observing conditions, velocity measurements may terminate
some distance before the fireball end point.

Right ascension and declination of the geocentric radiant.
Equatorial coordinates of the fireball geocentric radiant (i.e.,
apparent radiant corrected for Earth’s rotation and gravity) are
given in equinox J2000.0.

Sun-related ecliptical coordinates of the geocentric radi-
ant. Ecliptical longitude minus solar longitude and ecliptical
latitude of the geocentric radiant can be used to study the so-
called sporadic meteoroid sources or the dispersion of radiants
of meteor showers.

Geocentric velocity. Geocentric velocity is the no-
atmosphere velocity relative to Earth’s center corrected for
Earth’s gravity.

Heliocentric radiant. Heliocentric radiant is the geocentric
radiant corrected for Earth’s orbital motion. Ecliptical longitude
and latitude are given.

Heliocentric velocity. Heliocentric velocity is the geocentric
velocity corrected for Earth’s orbital motion.

Orbital elements. Elements of the heliocentric orbit are
given in equinox J2000.0. Although just six elements are needed
to define the orbit, 10 elements are provided for convenience.
They are the following: the semimajor axis, eccentricity, per-
ihelion distance, aphelion distance, inclination, argument of
perihelion, longitude of the ascending node, longitude of the per-
ihelion, date of the last perihelion passage, and orbital period.
We note that in the case of orbits with eccentricities close
to one, the semimajor axis, aphelion distance, and period are
not well restricted and their errors may be larger than their
values. The same is true for the date of the last perihelion
passage if the Earth encounter occurred before perihelion. In

the case of nominally hyperbolic orbits, the aphelion distance,
orbital period, and date of perihelion passage are not given
(are set to zero). The semimajor axis is negative for hyperbolic
orbits.

Tisserand parameter. The Tisserand parameter relative to
Jupiter can be used for orbit classification (Tancredi 2014).

Maximum brightness. The absolute (100 km distance)
visual magnitude reached by the fireball at the maximum bright-
ness point is provided as the first physical parameter. The typical
uncertainty is ∼0.1 mag. For the faintest fireballs in the set, the
uncertainty may reach 0.5 mag. We note that the maximum
brightness does not always express the significance of the fire-
ball. Sometimes, the maximum is reached in a narrow large
amplitude flare with a duration of less than 0.1 s. It is not
available for fireballs without photometry.

Total radiated energy. The total radiated energy is the
energy radiated by the fireball to all directions at all wavelengths.
It is obtained by the integration of the light curve using the
conversion factor of 1500 W for a zero magnitude fireball
(Ceplecha et al. 1998). It is not available for fireballs without
photometry.

Photometric mass. Initial mass of the meteoroid is com-
puted from the light curve using Eq. (1). It is not available for
fireballs without photometry.

Terminal dynamic mass. An estimate of the meteoroid
mass at the last measured velocity point is computed from the
physical four-parameter velocity fit for the whole trajectory,
under the assumption of ΓA = 0.7 and a meteoroid density of
ρd = 3000 kg m−3. It is given only if the estimate is >1 g and if
the terminal velocity is <10 km s−1, otherwise it is set to zero. At
larger velocities, the meteoroid can be expected to be ablated out
completely. The given mass can be comparable to the expected
meteorite mass only if the terminal velocity is about 5 km s−1 or
less. In any case, the whole trajectory fit is only approximate.
A better estimate of the mass of a possible meteorite can be
obtained by meteoroid fragmentation modeling using not only
dynamics, but also a light curve (Borovička et al. 2020) and that
estimate is then used for meteorite searches.

PE value. The value of the PE criterion defined by Ceplecha
& McCrosky (1976), see Eq. (3), is used for the physical clas-
sification of meteoroids. It is not available for fireballs without
photometry.

Type. Fireball type is selected by the operator primarily
according to the PE criterion. If the PE value is near the bound-
ary, a combined classification can be given, for example II/IIIA.
It is not available for fireballs without photometry.

Maximum dynamic pressure. Dynamic pressure is defined
here as p = ρv2, where ρ is the density of the atmosphere and
v is the fireball velocity. The whole trajectory is considered.
The velocity fit is extrapolated to the parts of the trajectory not
covered by velocity measurements.

Height of maximum pressure. The height at which the
maximum dynamic pressure was reached is provided. In the case
of no deceleration, the maximum pressure is reached at the end
of the trajectory. Otherwise, it can be earlier.

Pf value. The value of a newly proposed criterion, called
the pressure factor, is an alternative means for the physical
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classification of meteoroids. See Paper II. It is not available for
fireballs without photometry.

Pf-class. Meteoroid class is computed according to the clas-
sification based on the Pf value. See Paper II for the definition
of classes. It is not available for fireballs without photometry.

Possible meteor shower. Three letter codes of meteor
showers assigned by the International Astronomical Union (IAU)
are used to identify the shower to which the fireball may belong.
The parameters of meteor showers were taken from the IAU
Meteor Data Center (MDC) webpage4 in 2016. Both established
showers, and showers on the working list with IAU numbers up
to 821 were considered. While the shower membership listed
here is obvious for well-defined major showers, it is only ten-
tative for minor showers. It was selected by the operator on the
basis of the similarity of the radiant and the orbit. It is impor-
tant to note, however, that there are large differences between
the published orbits for some showers. Moreover, some showers
from the working list may in fact not exist at all.

Possible related body. Name of asteroid or comet with a
similar orbit is listed for some fireballs. In cases of major show-
ers, the listed body is the well-known parent body of the shower.
In other cases, the association is only tentative and selected by
the operator.

Number of cameras. To evaluate observation circum-
stances, the number of different cameras used to compute the
fireball trajectory is given. In most cases, the number of cameras
corresponds to the number of stations. Only in a few cases was
more than one camera used at one station (e.g., both the DAFO
and IP camera) and was the number of stations thus smaller than
the number of cameras. Of course, the minimum is two stations.

Minimal distance. Another benchmark of observation cir-
cumstances is the minimal distance between the fireball and one
of the cameras used to compute its trajectory. The distance was
computed in three dimensions.

Spectrum. The existence of the fireball spectral record,
either by the SDAFO or by IP cameras, is noted in the last col-
umn. If “poor” is given, only a faint spectrum or a spectrum
of inferior quality with maximally three spectral lines is avail-
able. The spectra indicating anomalous meteoroid composition
are marked either “Fe” (only lines of iron are present), “Na+”
(the sodium line is brighter than expected), or “Na−” (the sodium
line is faint or missing), but they are only a few. Most spec-
tra are broadly consistent with a chondritic composition (see
Borovička 1994, for a description of normal fireball spectra). A
more detailed analysis of good spectra with the aim of revealing
minor chemical differences is planed for the future. The fireballs
showing only Fe lines were studied by Vojáček et al. (2020).

5. Description of the sample

The EN database contains 2566 meteors observed by the digital
cameras from at least two stations in the years 2017–2018. Most
of them, however, are too short or too faint to obtain precise tra-
jectories and orbits. They can be used for statistical purposes
only. Trajectory computations were done for 872 fireballs. Some
of them were then excluded since the results were not reliable
enough. In particular, all fireballs with a minimal distance larger
than about 350 km were excluded. Finally, 824 fireballs were

4 https://www.ta3.sk/IAUC22DB/MDC2007/

Fig. 8. Relation between the meteoroid mass, velocity, and fireball
brightness. The symbol size is proportional to the maximum brightness.
The meteoroid subsamples with masses >5 g and >0.5 kg are marked
by hatching. The uncertainty of velocities is lower than 1 km s−1. The
uncertainty of masses is driven by the uncertainty of the luminous effi-
ciency and may be about 30%. Moreover, the mass of small meteoroids
may be underestimated by a factor of two, as explained in Sect. 3.3.6.

included in this work and catalog. In Appendix A, histograms
of some observable quantities are presented. We note that some
of the fireballs were already used, together with fireballs from
other years, in specialized studies, namely about meteoroid frag-
mentation (Borovička et al. 2020; Shrbený et al. 2020), iron
meteoroids (Vojáček et al. 2020), as well as Taurid (Spurný &
Borovička 2019; Borovička & Spurný 2020), September ε Per-
seid (Shrbený & Spurný 2019), and ηVirginid (Brček et al. 2021)
meteor showers.

Fireball brightness primarily depends on meteoroid mass and
velocity. These three quantities are compared in Fig. 8. It can be
seen that small meteoroids were detectable only if they had a
high velocity. Only meteoroids more massive than about 5 g (an
equivalent diameter of 1.5 cm for a density of 3000 kg m−3 or
2.5 cm for 600 kg m−3) were observable at any velocity. It must
be, nevertheless, kept in mind that small and slow meteoroids
among them were observable over smaller area than the larger
or faster ones. Meteoroids more massive than 0.5 kg (an equiv-
alent diameter of 7 cm for a density of 3000 kg m−3 or 12 cm
for 600 kg m−3) are hereafter called “large.” All of them were
observable over the whole covered area. Our sample contains
388 meteoroids larger than 5 g, and 63 of them are larger than
0.5 kg. The largest one had a mass of about 110 kg and a probable
diameter of about 40 cm. The smallest observed, fast mete-
oroids with masses around 5 × 10−5 kg had diameters of about
5 mm. We note that no large meteoroid faster than 45 km s−1 was
observed and only a few faster than 30 km s−1 were observed
during the 2 yr covered by this work.

The temporal distribution of fireballs over the year was
uneven. There are peaks associated with meteor showers Taurids
in November, Perseids in August, and Geminids in December.
The showers, nevertheless, disappear when only large mete-
oroids are considered (the situation may be different in the years
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Fig. 9. Geocentric radiants of all fireballs in ecliptic coordinates. The eclitptical longitude is given relative to the solar longitude at the fireball
appearance. Radiants of fireballs assigned to 16 major meteor showers are plotted in color. The whole sky is plotted in the Winkel triple projection.

with enhanced Taurid activity, see Spurný et al. 2017). The num-
ber of fireballs is further influenced by observational factors such
as the length of the night (substantially different in June and
December at 50◦N latitude) and weather, which is usually better
from June to August, but it varies from year to year. For exam-
ple, the network recorded 136 fireballs in January 2017 (48 of
them entered this catalog), but only 29 in January 2018 (11 in
the catalog; in both years the weather was poor for Quadrantid
maximum). Over shorter periods of time, the lunar phase can
influence the number of fainter fireballs.

In the whole sample, 222 fireballs belonged to one of 16
major meteor showers. Namely, there are 80 Taurids, 46 Per-
seids, 38 Geminids, ten α Capricornids, eight Leonids, six χ
Orionids (five northern and one southern one), five Orionids,
five December Monocerotids, five Southern δ Aquariids, five κ
Cygnids, four ηVirginids, three Lyrids, three October Draconids,
two η Aquariids, and one Quadrantid and Ursid. We counted
fireballs classified as Southern and Northern Taurids and also
λ Taurids (LTA), ω Taurids (FTA), and τ Taurids (TAT) into
Taurids. Roughly speaking, 73% of fireballs observed from 2017
to 2018 were sporadic or belonged to minor showers; 10% were
Taurids, 5% Perseids, 5% Geminids, and 7% include all of the
other major showers together. It is worth noting that, as reported
by Spurný & Borovička (2019), the new branch of Taurids dis-
covered in 2015 (Spurný et al. 2017) was also present in 2018,
though at a lower activity level.

Figure 9 shows the distribution of radiants in ecliptic coor-
dinates relative to the position of the Sun. Sporadic radiants
are distributed relatively evenly over the observable part of the
sky (which excludes the far southern sky and is biased against
the daytime sky). Sporadic meteoroid sources are much less

pronounced than in the radar data covering much smaller mete-
oroids (Campbell-Brown 2008). Only the antihelion source (180◦
from the Sun) shows a somewhat enhanced concentration of
radiants. Most shower radiants seem to be tightly concentrated
in these kinds of coordinates. Taurids and η Virginids have elon-
gated radiants and only κ Cygnids have a dispersed radiant. It
is important to note, however, that shower assignment may be
uncertain for showers that are not defined very well, such as η
Virginids and κ Cygnids.

6. Conclusions

This paper has presented a catalog of 824 fireballs observed
by the European Fireball Network. The catalog is available in
electronic form at the CDS and the data belong to the most
reliable fireball data currently available. They can be used for
various studies of meteoroids in the Solar System. This paper
contains an explanation of how the data were collected, the meth-
ods of their analysis, a detailed description of catalog entries,
and a basic statistical characterization of the dataset. Selected
scientific analyses are presented in the accompanying Paper II.

The network continues the observations. The number of cam-
eras has increased since 2018. The measurement and processing
of the most important fireballs continues on a daily basis. More
data will be made available in the future.
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Bland, P. A., Spurný, P., Bevan, A. W. R. et al. 2012, Austral. J. Earth Sci., 59,

177
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Borovička, J. 2014, in Proc. Int. Meteor Conf., Poznań, Poland, 22–25 August
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Appendix A: Histograms of selected quantities

In this appendix we present histograms showing the distribu-
tion of selected quantities such as the fireball velocity, maximum
magnitude, entry angle, and orbital elements. The histograms
simply show what the properties are of meteors that are observ-
able with our cameras, that is to say brighter than a magnitude
of about −2. Not only the whole sample, but also two subsam-
ples with meteoroid photometric masses >5 g and >0.5 kg are
presented. Additionally, sporadic meteoroids, that is those that
do not belong to any of the 16 major meteor showers listed in
Sect. 5, are marked, irrespective of mass.

Fig. A.1. Distribution of observed fireball magnitudes.

Fig. A.2. Distribution of heights of fireball maximums.

Fig. A.3. Distribution of fireball end heights.

Fig. A.4. Distribution of trajectory lengths.

Fig. A.5. Distribution of trajectory slopes.
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Fig. A.6. Distribution of trajectory azimuths. Azimuth zero corresponds
to the north.

Fig. A.7. Distribution of apparent declinations of the radiant (J2000.0).

Fig. A.8. Distribution of apparent right ascensions of the radiant
(J2000.0).

Fig. A.9. Distribution of initial velocities.

Fig. A.10. Distribution of geocentric velocities.

Fig. A.11. Distribution of heliocentric velocities.
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Fig. A.12. Distribution of semimajor axes of short-period meteoroids
with a < 7 AU. The positions of major mean motion resonances with
Jupiter are indicated. Peaks caused by meteor showers Geminids and
Taurids are marked.

Fig. A.13. Distribution of perihelion distances.

Fig. A.14. Distribution of orbital eccentricities.

Fig. A.15. Distribution of orbital inclinations.

Fig. A.16. Distribution of arguments of perihelia.

Fig. A.17. Distribution of longitudes of perihelia.
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Fig. A.18. Distribution of Tisserand parameters relative to Jupiter.
The division into three orbital classes is marked (JFC = Jupiter-family
comets).

Fig. A.19. Distribution of PE parameters. The division into four fireball
types is marked.

Fig. A.20. Distribution of pressure factors, Pf . The division into five
categories of ablation ability is marked.
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