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ABSTRACT

Context. In meteor physics, the luminous efficiency 7 is used to convert the meteor’s magnitude to the corresponding meteoroid’s
mass. However, a lack of sufficiently accurate verification methods or adequate laboratory tests mean that discussions around this
parameter are a subject of controversy.

Aims. In this work, we aim to use meteor data obtained by the Fireball Recovery and InterPlanetary Observation to calculate the
luminous efficiencies of the recorded meteors. We also show the limitations of the methods presented herein.

Methods. Deceleration-based formulas were used to calculate the masses of the pre-atmospheric meteoroids. These can in turn be
compared to the meteor brightnesses to assess the luminous efficiencies of the recorded objects. Fragmentation of the meteoroids is
not considered within this model. Good measurements of the meteor deceleration are required.

Results. We find 7-values, as well as the shape change coefficients, of 294 meteors and fireballs with determined masses in the range
of 10°-100kg. The derived 7-values have a median of i = 2.17%. Most of them are of the order of 0.1-10%. We present how
our values are obtained, compare them with data reported in the literature, and discuss several methods. A dependence of 7 on the
pre-atmospheric velocity of the meteor, v,, is noticeable with a relation of 7=0.0023 - v>*. Furthermore, a dependence of 7 on the
initial meteoroid mass, M., is found with negative linear behaviour in log-log space: 7=0.48 - M;%47.

Conclusions. The higher luminous efficiency of fast meteors could be explained by the higher amount of energy released. Fast mete-
oroids produce additional emission lines that radiate more efficiently in specific wavelengths due to the appearance of the so-called
second component of higher temperature. Furthermore, the negative dependence of 7 on M, implies that the radiation of smaller mete-
oroids is more efficient. The results of this study also show the limitations of the ablation-based model for the determination of the

luminous efficiency.

Key words. meteorites, meteors, meteoroids — minor planets, asteroids: general — comets: general — techniques: photometric —

atmospheric effects — methods: data analysis

1. Introduction

Meteor physics is an old discipline but it is driven by new
technology. Moreover, it has received new interest, and current
research is producing better and more accurate results. How-
ever, most of the findings in meteor physics still have relatively
large uncertainties compared to terrestrial research areas. This
is mainly due to approximations of some parameters, such as the
shape of the meteoroid and its mass, which are unknown for each
specific meteor and cannot be measured directly. In addition,
both parameters change during the flight through the atmosphere
in an unknown and difficult to model way. The composition of
the meteoroid and the atmosphere also have to be approximated,
as well as some other aspects of the detections themselves, like,
for example, observational biases or measurement uncertainties.
Additionally, the meteoroid’s speed, its height, and the meteor’s
brightness are the most important parameters, and they are not
error-free since they are determined from measurement data with
inherent uncertainties. Moreover, possible fragmentation of the

* These authors contributed equally to this work.

Article published by EDP Sciences

meteoroid along its path could be important for the observed
brightness.

Meteors can be observed with various methods; for exam-
ple, optically, by radar, or by infrasound (see e.g. Brown et al.
2013 or Ott et al. 2020). The observation equipment determines
the meteoroid size range to be recorded. With a small field of
view (FOV), high-resolution imaging usually goes hand in hand
with many rather faint meteors. Since bright fireballs (visual
magnitude mag < —4) are relatively rare, a large FOV is help-
ful to capture them. However, the larger field of view usually
comes at the expense of the resolution of the images. A wide
FOV together with a favourable spacing between network nodes
allows the detection of bright, rare fireballs from more stations
than just one. This makes scientific analyses of quite good quality
possible. There are different meteor and fireball networks spread
around the world. Meteor networks include projects such as
the Spanish meteor network (SPN; Trigo-Rodriguez et al. 2004,
2006), the Slovak video meteor network (Toth et al. 2012), or the
Canadian automated meteor observatory (CAMO; Weryk et al.
2013; Weryk & Brown 2013) and fireball networks such as the
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European fireball network (EFN; Oberst et al. 1998), the global
fireball observatory (GFO; Devillepoix et al. 2020), or the desert
fireball network in Australia (DFN; Howie et al. 2017). The main
focus of this paper is on the Fireball Recovery and InterPlanetary
Observation (FRIPON). It is a French-based network that covers
France entirely, as well as parts of the neighbouring countries,
and is currently extending into the rest of Europe. Additional
cameras have already been deployed in other countries world-
wide. It is designed for fireball detection and meteorite recovery,
consisting of all-sky cameras, see Colas et al. (2020).

One goal of many meteor or fireball observations is to com-
pute, together with the trajectory, the pre-atmospheric mass
of the corresponding meteoroid. It is usually one of the main
parameters to be determined. To do so, the connection between
the entering body’s brightness, velocity, and mass is often used.
This analysis is in turn based on photometric formulae. To com-
pute the pre-atmospheric meteoroid mass from the meteor’s
brightness, one has to assume, or ideally determine, what frac-
tion of the loss of kinetic-energy of the object is converted into
its brightness. This is described by the parameter 7, that is, the
luminous efficiency. The value of 7 is part of various studies
as it is a very important parameter in meteor research. Differ-
ent methods to derive the luminous efficiency have been applied
and published in, for example, Verniani (1965), Ceplecha &
McCrosky (1976), Halliday et al. (1996), Hill et al. (2005), and
Weryk & Brown (2013). These studies all found a dependency of
the luminous efficiency on the velocity of the impacting object.
Overviews are given, for example, in Koschny et al. (2017) and
Subasinghe et al. (2017). Even small variations in the value for
7 can yield very different results for the meteoroid’s mass as
shown in the two studies just mentioned. This is especially frus-
trating as the determination of 7 is usually dependent on several
assumptions for unknown parameters.

Overall, the conversion between the brightness of a recorded
meteor or fireball to the mass of the corresponding meteoroid
based on a photometry formula is a complex topic involving mul-
tiple dependencies and parameters. Many authors have already
addressed this problem in various publications, using different
assumptions. In most cases, the brightness of the meteor is inte-
grated along its visible trajectory. The amount of kinetic energy
released by deceleration of the entering object in the Earth’s
atmosphere and which is converted into visible radiation and
emitted as luminosity, I, must be estimated. This fraction is the
luminous efficiency 7.

Following, for example, Ceplecha et al. (1998), the fraction
of the kinetic energy E of the entering object that is radiated can
be described as follows:

dE
dr’

Hence, the luminosity is related to the energy as stated
in Eq. (1). The pre-atmospheric meteoroid mass M, can be
computed as

2
M. = — fls ds, 2

T U

I= -1 (1)

with the term f I; ds giving the emitted light / in Watts,
integrated over the complete flight path s (Verniani 1965).

An alternative way to compute the pre-atmospheric mass of
the meteoroid is to use the meteor’s altitude and its decelera-
tion rate in the atmosphere. This way the mass can be computed
regardless of the luminous efficiency. This was done previously,
for example, by Gritsevich (2008a).
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In the study just mentioned, Gritsevich (2008a) introduces
a dimensionless coefficient method with two parameters, @ and
B, which are the ballistic coefficient and the mass loss coeffi-
cient, respectively. The origin of the method is based on the
work by Stulov et al. (1995). @ and 8 can be computed using the
generally more precisely determined velocity and height infor-
mation for the meteor event. Computations based on this method
have already made some meteorite sample recoveries possible as
shown in the case of the Annama meteorite (see e.g. Gritsevich
et al. 2014a,b). The link between « and 8 and a meteoroid’s phys-
ical characteristics were used by Moreno-Ibdiez et al. (2018,
2020) and Sansom et al. (2019) to estimate such parameters as
final height, final mass, and even meteoroid types.

Furthermore, using the o and B method, Gritsevich &
Koschny (2011) were able to compute the luminous efficiency
with only very few assumptions. In their work, their starting
points were the drag and mass loss equations. Considering a
change in the meteoroid’s velocity and mass during its trajec-
tory and taking the geometrical relation along the path of the
meteor into account, they were able to solve the formulas for
the meteoroid’s dynamical behaviour. The results derived this
way are then compared to the drag rate and light curve that were
observed for the considered meteor. Afterwards, T was computed
based on this comparison (Gritsevich & Koschny 2011).

In a similar approach, Subasinghe et al. (2017) computed the
luminous efficiency for simulated meteors using classical meteor
ablation equations. The simulations were performed following
the model of Campbell-Brown & Koschny (2004). Subasinghe
et al. (2017) discussed the uncertainties of 7 by varying the
drag coefficient, the meteoroid density, and the shape factor and
inferred errors of factors around two for these parameters. In
their study, they mention that those parameters were assumed
to be constant during the flight through the atmosphere for every
simulated meteor. Furthermore, by modelling different masses
and velocities of the meteors, they were able to find an uncer-
tainty of a factor of two. The largest deviations were found for
the slowest meteors (Subasinghe et al. 2017). In a follow-up
publication, Subasinghe & Campbell-Brown (2018) applied the
same approach to 15 meteors recorded by CAMO. Character-
istics of the network are detailed in, for example, Weryk et al.
(2013). The masses used for the simulated meteoroids were of the
order of 107°-10* kg (Subasinghe et al. 2017) and the recorded
events had masses in the same size range. They studied small
and non-iron meteoroids. They found luminous efficiencies for
the non-fragmenting meteoroids in the range of 107>~10%% and a
weak relationship between the luminous efficiency and the initial
meteoroid mass. A comparison with previously published stud-
ies placed their 7-values more in the lower value range, but they
also show large scattering. However, only 12 meteors were taken
into consideration in their study, with the limitations that such a
small data set incurs (Subasinghe & Campbell-Brown 2018).

Similar results were found by Capek et al. (2019), who inves-
tigated double station video observations. In their study, they
report on the observation and modelling of the light curves of 53
meteors produced by small iron meteoroids. Hence, they focused
on faint, slow, and low-altitude meteors. They found no obvi-
ous relationship between the luminous efficiency and the initial
velocity of the meteor, and only a weak relationship between the
luminous efficiency and the initial meteoroid mass, with simi-
lar behaviour to that reported in Subasinghe & Campbell-Brown
(2018).

It is also obvious that inferring the luminous efficiency of
small meteoroids poses an intrinsic challenge since they exhibit
compositional differences (Trigo-Rodriguez et al. 2003). As
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stream meteoroids are produced by the decay of undifferentiated
asteroids and comets, they are composed of fine-grained aggre-
gates (probably similar to interplanetary dust particles, IDPs)
that are built by diverse minerals. The random distribution of
such mixtures might produce different bulk chemical composi-
tions and tensile strengths (Rietmeijer 2004; Trigo-Rodriguez &
Blum 2009). As a consequence, the meteor ablation columns
could have varying chemical elements to be excited during the
meteor ablation, so it should produce significant luminous effi-
ciency differences (Borovicka & Spurny 1996; Trigo-Rodriguez
et al. 2003). Moderately volatile elements are depleted at higher
altitudes where excitation potentials are lower, producing the
so-called differential ablation (Trigo-Rodriguez et al. 2004;
Gomez-Martin et al. 2017). At the same time, faster meteoroids
develop a second spectral component that increases the lumi-
nosity of their meteors (Borovicka 1994; Trigo-Rodriguez et al.
2003). To better understand the changes in luminous efficiency
it is important to remember that meteor radiation is not contin-
uous but produced by emission lines that lie in different regions
of the electromagnetic spectrum. Just as an example, fast mete-
oroids containing silicates will show the ionised Si II lines at
408 nm and 635 nm, this way increasing the luminous efficiency
(Trigo-Rodriguez 2019). Silicon is a very common chemical ele-
ment as it forms part of the omnipresent silicates in chondritic
materials (Trigo-Rodriguez et al. 2019).

In order to calculate the pre-atmospheric meteoroid mass,
historically a value for 7 has to be assumed. The value for 7 is dif-
ficult to determine since it depends on parameters that are usually
unknown for a specific meteor and cannot be measured directly.
Hence, they have to be estimated with quite some uncertainty.

Several authors have studied the luminous efficiency
(Verniani 1965; Ceplecha & McCrosky 1976; Friichtenicht et al.
1968; Ayers 1970; Halliday et al. 1981, 1996; Hill et al. 2005;
Weryk & Brown 2013; Gritsevich & Koschny 2011; Nemtchinov
et al. 1997; Svetsov & Shuvalov 2018, 2019; Svettsov et al. 2018;
Ceplecha & ReVelle 2005; Brown et al. 2013; Subasinghe &
Campbell-Brown 2018; Capek et al. 2019) and published its
relation to, for example, the meteor’s velocity. Since different
assumptions were required depending on the method used in
these studies, a direct comparison is difficult. Several factors
have to be considered.

The recorded light curve is highly dependent on the detecting
instrument used and its interpretation of the assumed black-
body source function. Furthermore, the spectral sensitivity of
the instrument affects the received photon radiant power. As
the spectra of meteors are not homogeneous (especially since
there are various discrete emission lines present), the wavelength
sensitivity of the recording instrument influences the detection
capability and probability. Borovi¢ka et al. (1999) showed a
continuum for video meteors as well as diverse differences in
emissions of the analysed meteors. Additionally, the assumed
composition of the object that caused the observed meteor has a
large effect on 7, as shown by, for example, Svetsov & Shuvalov
(2018).

Moreover, most studies do not take fragmenting meteoroids
into account, even though it is known that fragmentation can
have a large influence on the luminosity, as shown, for exam-
ple, by Subasinghe & Campbell-Brown (2018) and Ceplecha
& ReVelle (2005). In fact, most meteoroids are expected to
fragment (e.g. Subasinghe et al. 2016).

Abrupt meteoroid fragmentation can occur anywhere along
the trajectory, and such behaviour can lead to a sudden increase
in luminosity. It is usually observed in cometary aggregates
that break apart when the loading hydrodynamic pressure

reaches the disruptive strength of the particles. It was used
by Trigo-Rodriguez & Llrca (2006, 2007) to infer the intrinsic
strength differences of meteoroids from different parent bod-
ies. The meteoroid break-up during the phase of heavy ablation
causes the release of the small grains and the vaporisation of
volatile species that quickly impulse micron-sized dust to the
shock front. As a consequence, large (mm to cm-sized) cometary
aggregates often end in a bright flare that is far more lumi-
nous than the rest of the ionised column (Trigo-Rodriguez &
Blum 2009; Trigo-Rodriguez et al. 2003, 2013). Obviously,
this effect should be considered to avoid luminous efficiency
overestimation during bright-ending flares.

An overview of the studies referred to and used values for
the luminous efficiency is given in Table 1, highlighting the
large range of t-values in current literature. For this work, we
calculated 7 in an alternative way to show its variability.

This work focusses on the luminous efficiency computa-
tion using a deceleration-based method following the procedure
of Gritsevich & Koschny (2011), described in detail below in
Sect. 3. For the events observed by FRIPON, data are presented
in Sect. 2, whereas the computation of luminous efficiencies is
presented in Sect. 4. The results are shown in Sect. 5, compared
to those from other studies, and relations between the luminous
efficiencies and the objects’ initial masses and velocities, as well
as entry angles, are investigated and presented. In Sect. 6, possi-
ble uncertainties and model limitations are discussed, followed
by a conclusion.

2. FRIPON data

The Fireball Recovery and InterPlanetary Observation
(FRIPON) is a global fireball network launched in France
in 2016. These days, it not only covers France, but also several of
the neighbouring European countries, and it is expanding world-
wide. Consisting of all-sky cameras, it is optimised for fireball
detection and meteorite recovery. The stations have an average
distance from each other of around 80 km, to allow triangulation
measurements of the recorded events. An event that is observed
by at least two stations is detected automatically and stored in
the FRIPON database. As of May 2020, the network consists of
150 cameras and 20 radio antennas, supplementing the optical
observations. The total covered area is about 1.5 x 10°km?
(Colas et al. 2020). For more details about the network, its
distribution, and the collaborating countries, we refer the reader
to Colas et al. (2020). The software used for the control of
the camera and meteor event detection is called FreeTure (see
Audureau et al. 2014 for details).

The station’s design is quite simple, which is one of the
advantages of the network, opening it up to institutions and
amateurs alike. The digital cameras used are DMK 23G445 cam-
eras (Anghel et al. 2019) based on the Sony chip ICX445 with
1.2 megapixels and a pixel size of 3.75 pm X 3.75 um (Colas
et al. 2014, 2020). For now, they only operate during the night
with 30 frames per second, and they take one 5-s exposure
every 10min for calibration purposes. The fish-eye lens has a
f=1:25mm (Jeanne et al. 2019). Furthermore, FRIPON uses a
hardware configuration of a next unit of computing (NUC) with
i3 processor, 8 Gb of random-access memory (RAM, for image
buffering), 32 Gb solid-state-drive (SSD) for system installation,
1 Tb hard disk drive (HDD), GigE vision, and power over Eth-
ernet (PoE) (Colas et al. 2014, 2020). Since the system has been
further developed over the past few years, more recent stations
may have a slightly different hardware configuration. For further
information about FRIPON, see Colas et al. (2020).

A159, page 3 of 17



A&A 650, A159 (2021)

Table 1. Overview of luminous efficiency studies with mass range of the investigated objects, utilised data sources, and derived range of 7-values.

Literature Mass range T range Sources

Verniani (1965) Order of 1072 kg 0.02-0.2% Harvard photographic meteor project, 413
Super-Schmidt meteors, —1 to +0.5 mag

Ceplecha & McCrosky (1976) 1071-10% kg 0.2-2% Photographic fireball data, 232 observations,
the Prairie networks + laboratory measure-
ments of T + artificial meteors (Friichtenicht
et al. (1968) + Ayers (1970) were taken into
account)

Halliday et al. (1996) 1073-10% kg 1-7% 259 fireballs detected by a Canadian camera
network

Hill et al. (2005) 10713-10" kg 0.02-0.7% Numerical, high-velocity meteors

Weryk & Brown (2013) 1078-107 kg 0.5-6% Canadian meteor radar system and optical
video camera systems

Gritsevich & Koschny (2011) 1-10%kg 0.6-8%. Three fireballs of the sample published by

Nemtchinov et al. (1997)

Svetsov & Shuvalov (2019)
Svetsov & Shuvalov (2018)

0.2-20 m (10-107 kg)

0.3-3 km (10'°-10"3 kg)
30m and 100 m (107-10° kg)

5-10% (bolometric)

1-18% (bolometric)

2-40% (bolometric) 1-19%
(390-775 nm)

17% (bolometric)

17% (bolometric) 6%
(350-650 nm)

4-8%

Halliday et al. (1996)

Light flashes detected from space by satel-
lites’ optical sensors

Simulations

Simulations

Chelyabinsk meteoroid
Chelyabinsk meteoroid

Innisfree meteorite fall from 1977

Brown et al. (2013) 19 m (10% kg)
Svettsov et al. (2018) 19m (10° kg)
Halliday et al. (1981) 20-40kg

Subasinghe & Campbell-Brown (2018) ~ 107°-10"%kg
Capek et al. (2019) 10701072 kg

0.04-1% (some up to 30%) Small, non-fragmenting and non-iron
meteoroids
Double station video observations of faint,

slow, and low-altitude meteors

0.08-6%

Notes. For those works that indicate their size ranges in metres, we estimated the masses in kilograms, assuming a density of 2500 kg m~3. They

are stated in parentheses.

Most countries have integrated their national network into
the FRIPON database; for example, the Italian network, called
PRISMA (Gardiol et al. 2016, 2019), SCAMP in the UK, as
well the networks of Germany, the Netherlands, and Spain. Some
national networks are still in the installation phase and will also
be integrated into the FRIPON database in the future, such as the
MOROI network covering Romania (Nedelcu et al. 2018; Anghel
et al. 2019).

The data processing in the automated FRIPON pipeline is
described in detail in Jeanne et al. (2019). Essentially, an optimi-
sation of a fit through their velocity data is used for astrometrical
data reduction. For the photometry the recorded calibration stars’
magnitudes were calculated from the computed arbitrary fluxes
using star catalogues. With this information, it is possible to
compute the absolute magnitudes of the recorded events (the
magnitude the event would have if it was detected at the zenith at
a height of 100 km), by taking the exposure time and the atmo-
spheric absorption into account, including the air mass and the
extinction coefficient (Jeanne et al. 2019).

Recently, initial statistics and results of the FRIPON data
were published in Colas et al. (2020). Since 2016, around 3700
events have been detected by the network. Taking the increasing
number of installed cameras into account, the network observes
on average about 1000 events per year, of which 55% were
classified as sporadics. The accuracy of the astrometric reduc-
tion is estimated to be 1arcmin, and the velocity values have
uncertainties of about 100 ms~'. Furthermore, the accuracy of
the photometry is around 0.5 mag. This value is only valid for
non-saturated events with an absolute magnitude of —8 at most.
Additionally, FRIPON is not fully efficient for events with an
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absolute magnitude fainter than —5 mag, which corresponds to a
detection threshold for the incoming meteoroids of objects with
a size of about 1 cm (Colas et al. 2020).

3. Deceleration-based computations

To compute the pre-atmospheric mass of a meteoroid, a pho-
tometric relationship is used in most common methods. It is
assumed that during the deceleration in the Earth’s atmosphere,
a certain fraction of the loss of kinetic energy of the meteoroid
is converted into its brightness. How large this fraction is, is
the subject of extensive studies with varying values for this
luminous efficiency. Using these differing values published
in literature can lead to results with a large variation in the
mass of the corresponding meteoroid, as shown, for example, in
Koschny et al. (2017).

For each recorded event, we have some event-specific param-
eters, such as, but not limited to, the pre-atmospheric mass and
velocity, M. and v., the entry angle y, and also some calcu-
lated values such as the luminous efficiency 7. Some parameters,
however, are not only event specific but also time dependent,
and they are measured over the course of the trajectory. These
parameters include the luminosity / and the velocity v of the
meteor. Furthermore, some parameters introduced in the follow-
ing were divided by the corresponding pre-atmospheric value
and are dimensionless; for example the dimensionless velocity
v*. These event parameters are marked with an asterisk.

In an effort to remove the effect of the luminous efficiency
on the mass computation, Gritsevich (2008a), along with other
authors, developed an approach to compute the pre-atmospheric
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mass of the meteoroid by using the altitude of the meteor and
its rate of deceleration in the atmosphere. This way, a luminous
efficiency does not have to be assumed for its computation. This
method is briefly explained here.

Gritsevich (2008a) computed the pre-atmospheric mass of
the meteoroid by using the meteor’s altitude and the rate of
deceleration. This is done by computing the ballistic coefficient
a (Eq. (3)) describing the deceleration rate and the mass loss
parameter S (Eq. (4)) describing how much mass is lost to the
atmosphere (compare Gritsevich 2008a, Egs. (8) and (9)):

_ca-po-ho-Se

© 2. M, -sin(y) )
(- e}
=5 @

with the drag coefficient ¢4, the atmospheric gas density at sea
level py, the pre-atmospheric cross-section area of the mete-
oroid S, the scale height &, the pre-atmospheric meteoroid
mass M., the angle between horizon and trajectory vy, the heat-
transfer coefficient ¢y, the pre-atmospheric meteoroid velocity
ve, the effective destruction enthalpy H, and the shape change
coefficient u.

Since @ and 8 are automatically computed by the FRIPON
data pipeline (Jeanne et al. 2019; Colas et al. 2020) only a few
explanatory details about the method are given in the appendix.

The shape change coefficient represents the effect of the
change of the object’s shape, ranging from 0 to 2/3. A value of
1 =0 corresponds to the case where the maximal heating and
evaporation occurs in the front of the meteoroid, u=2/3 rep-
resents a uniform mass loss of the meteoroid over the entire
surface. Most studies speculate that u is related to the mete-
oroid’s rotation (e.g. Gritsevich & Koschny 2011 or Sansom et al.
2019).

Using Eq. (5) (Gritsevich 2008a, Eq. (12)), the pre-
atmospheric meteoroid mass can be derived. It originated from
Eq. (3) converted to M, with the pre-atmospheric shape factor of
the meteoroid A. and the meteoroid bulk density p. In addition to
estimates for A, and cq4, an assumption for p is needed. The scale
height of the Earth’s atmosphere /g is expected to be 7160 m,
and the gas density at sea level p is 1.29 kg m™3:

M. = ca-Acpo-hy \
e ca- sl . p2/3
2-a-sin(y)-p

Gritsevich & Koschny (2011) used a computation proce-
dure for an event’s luminous efficiency depending on the mass
and velocity of its source meteoroid, building on the work by
Gritsevich (2008a). They derived Eqs. (6) and (7) (their Egs.
(13) and (14)). In these equations, it can be seen that since
and M. could be derived as explained in Gritsevich (2008a), u
and 7 remain the unknown variables in the equations:

T M, - 03 - sin(y) - f(v*)

®)

1) = i (©)
L2
f@) =07 - (Ei(B) - Ei(B - v)) - ([i _”# + 1)
(u-v?—
-exp (,B(quuﬂl)) ; (7

with the shape change coefficient i and the luminous efficiency
7, the exponential integral Ei(x),

X2

Ein= | Sdz (8)

[eS]

and the dimensionless velocity,
V= —. ©)]

The sole remaining unknown parameter in this equation is
the meteor brightness I, which is based on observations. The
proper value of y and 7 can then be found by comparing the
shape of the observed light curve and applying a least-squares
fit with Eq. (6). Hence, ¢ and 7 are derived by finding the
best fit of the brightness function to photometrical observations
(Gritsevich & Koschny 2011).

To summarise, the specific steps to derive the luminous effi-
ciency of a meteoroid from data of an observed event are the
following: first, we obtain @ and g from the height-velocity fit
calculated by the FRIPON pipeline.

Secondly, we determine the mass M. according to Eq. (5)
with assumptions for A, cq4, and p.

Then, we obtain the brightness values of the event.

In the last step, we obtain the optimal values of y and 7 from
the least-squares fit of the observed light curves and velocities
according to Eq. (6).

In Sect. 4, a specific example of the method is presented.

4. Luminous efficiency computation

To illustrate the principle of the computations carried out within
the framework of this study, the individual steps are presented in
detail below using an example fireball event. The steps carried
out are detailed in the summary at the end of Sect. 3.

Table 2 includes some information of the event that occurred
on 19 May 2018 around 01:40 UT above the Occitanie region,
France. It was detected with seven different stations. It was
chosen as an example because the single-station data of the
brightness are well suited to visualise the concept. Furthermore,
the (calculated) values and properties are close to the average
values of the subset analysed herein, and therefore a nice rep-
resentation of a typical fireball event. An image of the fireball
recorded with the FRIPON station located at Onet-le-Chateau is
shown in Fig. 1. The pre-atmospheric velocity of the meteoroid,
as computed by the FRIPON pipeline, was 17.2kms~!. Further-
more, in Table 2 the computed maximum absolute magnitude of
the fireball is shown; for a more detailed explanation, please refer
to the end of this section. In the last two columns of Table 2, the
shape change coefficient 4 and the luminous efficiency 7, com-
puted following the method of Gritsevich & Koschny (2011) and
described in Sect. 3, are also reported.

4.1. Step 1: Obtain a and 8 from the height-velocity fit
calculated by the FRIPON pipeline

The FRIPON pipeline applies a slightly modified version of the
method from Gritsevich (2008a) to compute the pre-atmospheric
masses of the meteoroids. The data processing is described in
more detail in Jeanne et al. (2019); essentially, an optimisation
of a fit through FRIPON velocity data is used. It should be
mentioned that for initial onboard data processing purposes, it
is assumed that u=2/3 from the very beginning. Even though
this value of u=2/3 is used by most authors in the literature
(characteristic for meteoroids with cross-sectional surface areas
proportional to their volume to the power of 2/3 and heat redistri-
bution due to rotation to the whole surface), it is an uncertainty
that should not be overlooked. Nonetheless, & and S are only
based on deceleration data.
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Table 2. Details of the 19 May 2018 fireball as detected by FRIPON.

Date Time # ve (kms™h) M. (kg) a B v (©) Peak brightness u 7 (%)
uT) Stations (mag)
2018-05-19 01:40:24 7 17.17 £0.03 0.52 77.26 1.21 46.7 -6.7+0.5 0.681 £0.003  1.495+0.007

Notes. The table lists: the number of detecting stations, the computed meteor’s pre-atmospheric velocity ve, pre-atmospheric meteoroid mass M.,
the shape change coefficient a, the mass loss parameter 3, the slope between horizon and the trajectory 7y, as well as the determined maximum
absolute magnitude, the shape change coefficient y, and the luminous efficiency 7 derived in this work, as explained in Sect. 2 with Egs. (6)

and (7).

20180519T014025_UT

Fig. 1. Fireball from 19 May 2018 as recorded with the FRIPON station
Onet-le-Chateau (Occitanie region, France).

Since we used the Gritsevich & Koschny (2011) method
to process the FRIPON data, we are able to apply our own
least-squares fit to the observed light curves and find the opti-
mal values of ¢ and 7. Depending on the assumed values for A,
cd4, and p, and the obtained value of u, M. might differ from the
values determined by the FRIPON pipeline.

For every event analysed by FRIPON, the following nec-
essary values were extracted: the mass loss parameter 3, the
pre-atmospheric velocity ve, and the slope between horizon and
trajectory y. The other event specific parameter from Gritsevich
(2008a), the ballistic coefficient a, is also computed and listed
but is not required for the computation of the luminous efficiency
with the applied method.

4.2. Step 2: Determine the mass M, according to Eq. (5) with
assumptions for Ae, ¢4, and p

As can be seen from Eq. (6), the pre-atmospheric meteoroid
mass M, is needed to compute 7. M, is determined with Eq. (5).
In this step, some assumptions have to be made. In literature,
these assumptions vary from one study to another.

The equation includes the drag coefficient c4, the pre-
atmospheric shape factor of the meteoroid A, and the meteoroid
bulk density p. As in Gritsevich & Koschny (2011), we assumed
cg=1.2 and A. =1.5. Another common assumption is an ini-
tial spherical shape of the meteoroid, with A. =1.21 and ¢4 = 1.
A review of generally used assumptions and parameters can be
found in Gritsevich (2008b). Assumed values for the meteoroid
bulk density p can span a wide range of values, as discussed
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in Gritsevich & Koschny (2011). The European cooperation for
space standardisation (ECSS) supposes a meteoroid density of
p=2500kg m~3 for impact risk assessments for satellites (ECSS
2008). For about 45% of the whole FRIPON data set, Colas
et al. (2020) found a shower affiliation. Hence, we expect that
a lot of events originate from cometary material with densities
lower than typical meteorites (closer to p =400 kg m™>; Sosa &
Fernandez 2009). As the most fragile parts do not survive their
way through the atmosphere, meteorite densities can at most be
taken as an upper boundary density for a set of recorded mete-
oroids. We use the ECSS meteoroid density estimation for the
computations in this study.

Nonetheless, all these parameters do affect the mass, and
hence the results for the luminous efficiency, too. Thus, the vary-
ing assumptions for these parameters from one study to another
contribute to a wide range of luminous efficiency values.

Furthermore, the values computed by FRIPON, for example
a and B, are not free of errors. For example, to compute the pre-
atmospheric meteoroid mass (see Eq. (5)), @ is needed. The pre-
atmospheric mass is proportional to & by M3 o a. Furthermore,
the brightness is proportional to the pre-atmospheric mass, as
can be seen in Eq. (6) and hence to a by I° o« M2 « a. If one
converts the formula to the luminous efficiency, it is also easy
to see that 773 o« M2 o a. Hence, an error in « of a factor of
2 would cause an error in the computations by a factor of 8 in
M. and 7. This emphasises how much the luminous efficiency is
dependent on a.

4.3. Step 3: Obtain the brightness values of the event

For each event, the trajectory is computed by the FRIPON
pipeline and the object’s velocity is calculated taking the under-
lying station’s data quality into account. This is explained in
detail in Jeanne et al. (2019). So far, this is only done for the
astrometry and not for the photometry. Therefore, the meteor’s
brightness is only available for an individual station’s recorded
data.

In order to calculate the luminous efficiency, we combined
the calibrated individual stations’ brightnesses and the processed
trajectory’s velocity for the points in time at which the meteor
was visible. The single-station brightness is provided in absolute
magnitude values. We excluded outliers from these single sta-
tions’ magnitude data, and if more than 50% of a light curve
of any station was excluded, the entire light curve was not
considered in further calculations.

In Fig. 2, the interpolated absolute magnitude, single-station
data of our example fireball is presented as linestyle-coded lines.
The median absolute magnitude values are shown as blue dots
and were calculated for each point in time when the fireball was
visible. The curve’s data points are obtained as follows. First,
from all stations’ absolute magnitude values, the outliers at each
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Fig. 2. Interpolated absolute magnitude data from seven single stations
for the fireball from 19 May 2018 presented as linestyle-coded lines.
The x-axis displays the time of observation of the fireball (in seconds),
starting with the time of the first absolute magnitude value from the
stations considered (first value of the computed median magnitudes),
which correlates with 01:40:25 UT. The median absolute magnitudes,
calculated for each point in time the fireball was visible, are shown as
blue dots. The maximum brightness of this median curve is highlighted
with an orange ‘X’ and is —6.7 mag.

point in time are excluded by applying the statistical three-sigma
rule: all values that do not lie within three standard deviations
of the mean value are disregarded (see e.g. Everitt & Skrondal
2002). All single-station data light curves of which more than
50% of the data were rejected were also excluded from further
calculations. For all remaining data points, the three-sigma rule
is applied again. This way, parts of the curves with large devi-
ations are discarded as well. In Fig. 2, it can be clearly seen
that in this way the data of station FRMPO7 as well as parts of
FRMPO04 will be classified as outliers. If data of only one station
is available for parts of the observed time frame, this part of the
light curve is also rejected. The peak brightness of the result-
ing median magnitude curve is highlighted in the Fig. 2 with an
orange ‘X’ and is listed in Table 2.

Since the luminous efficiency calculation requires the lumi-
nosity /, we use our derived median absolute magnitude values
Mag as presented as blue dots in Fig. 2 and compute the inten-
sity in Watts with Eq. (10) (compare Eq. (18) in Gritsevich &
Koschny 2011, which is based on an equation developed by
Ceplecha & ReVelle 2005):

[ = 10-04Mag#3.185 (10)

However, some challenges of this method should be consid-
ered: In the case of particularly bright events, the cameras will
saturate at around —8 mag. However, only the data of individual
stations are affected, particularly those located close to the event.
Other stations, further away, should record unsaturated data. The
erroneous values should be recognised as outliers during the cal-
culation of the median curve and then ignored for the rest of the
calculation. The data set used in this study consists of 24 events
with peak brightnesses brighter than —7 mag, and for which we
would consider they might be affected by saturation effects. Also
to be considered are clouds that could occur and would affect
the data of individual cameras. A weighting of the single-station
data based on its quality could enhance the accuracy of the mag-
nitude values. However, this could also introduce sources of error
due to necessary assumptions. An error of 1 magnitude would
lead to a factor of about 2.5 difference in brightness, and hence
to a luminous efficiency with the same error (see Eq. (6)). Since
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1000001 ___ fit: = 0.68 +0.003, T = 0.0149 + 6.7E-05, Me=0.52 kg
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Fig. 3. Computed light curve of the fireball from 19 May 2018 with
applied fit. The x-axis displays the relative velocity v* of the fireball
for which each velocity value is divided by the fireball’s initial velocity.
The brightness values, calculated as explained in Sect. 4.3 for each point
in time for which a median magnitude value could be determined, are
shown as a blue ‘Xx’. The applied fit is displayed as a solid red line.

the FRIPON cameras are all-sky cameras, the photometric val-
ues are expected to have relatively large uncertainties of the order
of 0.5 mag. Keeping this in mind, we expect the brightness val-
ues computed as explained here to be quite a good compromise
between accuracy and computational efforts.

4.4. Step 4: Obtain the optimal values of u and = from the
least-squares fit of the observed light curves and
velocities according to Eq. (6)

For the events in the FRIPON database, the data are extracted
and the brightness computed as explained above. Applying a
least-squares fit to the light curve, the parameters y and 7 are
found as explained in Sect. 3. In Fig. 3, the median light curve
with resulting fit is presented for the fireball from 19 May 2018.
The error estimations of the luminous efficiency and the
shape change coefficient are based on their respective fits to the
light curve. These are purely statistical errors of the fit and do
not include other potential measurement errors or uncertainties.
Please refer to Jeanne et al. (2019) and Colas et al. (2020) for a
discussion on the FRIPON generated parameters’ errors.

5. Data, results, and discussion

In Colas et al. (2020), an overview of the FRIPON database and
parameters of the recorded events is presented. The status as of 4
July 2020, is that there are 3871 confirmed events in the database.
To be confident in our results, a number of quality control steps
were taken, eliminating over 90% of these events, resulting in
294 high quality events to analyse.

Initially, only events were selected that had sufficient data
to apply the methods presented in this work. For those events,
the parameters were extracted and the brightnesses and luminous
efficiencies were computed as described in Sect. 4 (see Table 2
for the fireball presented in detail in this work). In total, 1593
of the confirmed events had data sufficient to apply the method
presented in this work. The other events were excluded from fur-
ther calculations. The primary reason to exclude an event is the
small number of cameras that detected the event. The method
used in this work to calculate the light curve is only possible if
at least two cameras have data from overlapping time ranges.
This, as well as strong deviations in the individual cameras’
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Fig. 4. Velocity distribution (a), mass distribution (b), distribution of peak brightnesses (c¢), and distribution of entry angles (d) of the 294 FRIPON
events that meet the quality standards set for this study (see text for details) and form our subset.

magnitude data, led to insufficient brightness information for
proper evaluations to be achieved. This situation often happens
when significant weather differences are noticeable between the
observing stations, mostly due to fog, clouds, etc, or when the
event is only visible very close to the horizon in an individual
station’s data.

Of the remaining events, those that produced unrealistic
results were also excluded. To do so, all events where best-fit val-
ues of 7 and y are outside the realistic range were not included
in further calculations. In addition, only those events with light
curves allowing a qualitatively good fit were taken. To do this,
the relative errors of u and T were computed based on the errors
from the fitting process. Events with a relative error for T larger
than 0.04, or with a relative error for u larger than 0.1, were
also excluded. Additionally, the remaining events were manually
inspected and some with fits that did not match the curve well
were also excluded. This mainly concerned events for which only
a few data points were available. Hence, the determined error
values of the fit parameters were relatively small and the events
were not automatically excluded. This way, a total of 294 events
with satisfactory parameters and manually confirmed good fits
were left of the initial 3871 events that were considered. Thus,
less than 10 % of the whole available data set was used for this
work. This is emphasised here as we cannot rule out that this
introduced a bias in the study. However, it should be mentioned
that a bias could be present even within the entire sample. The
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investigation of possible observational biases should be carried
out as part of future studies.

The results presented in Figs. 4-7 are derived quantities
for which the calculation is based on different data that are
processed in several ways. The velocities and entry angles are
automatically calculated by the FRIPON system based on the
measured height and position information of the meteor. For
the entry mass computation, we used a and 3, which were also
automatically computed by the FRIPON pipeline based on the
deceleration information and some assumptions for unknown
parameters such as the meteoroids’ densities. The luminous effi-
ciency and the shape change coefficient are derived in this study
as described in Sects. 3 and 4.

The meteors considered for this study include sporadic and
stream objects. The velocity distribution of these 294 objects is
shown in Fig. 4a, and the mass distribution is shown in Fig. 4b.
Figure 4a indicates that a large number of the analysed events are
related to meteor showers. The peaks of the Perseids in August,
with typical velocities of about 59 kms™! and of the Geminids
in December, of about 35 kms~! (IMO, 2017) are clearly visible.
As mentioned in Colas et al. (2020) around 45% of the recorded
events in the FRIPON database are related to meteor showers.

The smallest object in our data set has a pre-atmospheric
mass of about 9 x 107%kg, the largest one of ca. 32kg.
The median of the masses is Me median = 0.0085kg. As men-
tioned before, due to the different assumptions the mass values
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Fig. 5. Masses of the entering objects as a function of their velocities.

presented herein differ from the ones determined by the FRIPON
pipeline. For the same density estimate, our values are about
half an order of magnitude larger than in Colas et al. (2020).
The slowest event has a pre-atmospheric velocity of around
13.1 kms~!, the fastest one of about 67.3 kms~!. The median of
the velocities is ve median = 34.8 km s~

The distribution of peak brightnesses is shown in Fig. 4c. The
values are the absolute magnitude values computed as described
in Sect. 4.

Additionally, the distribution of the objects’ entry angles is
presented in Fig. 4d. y describes the angle between the horizon
and the trajectory. It is apparent that most meteoroids entered
the Earth’s atmosphere at an angle between 30° and 50°, and the
median value is Ymedian = 39.3°. Since almost 2/3 of the events
show y < 45°, the majority of them tend to impact at a rather
shallow angle.

Figure 5 shows the masses of the entering objects against
their velocities. As expected, small objects were only detected if
they were fast. This bias has to be kept in mind and should be
further considered in future studies.

The distribution of the luminous efficiency 7 is shown in
Fig. 6 and the distribution of the shape change coefficient y in
Fig. 7. As can be seen, our luminous efficiency values differ by
orders of magnitudes ranging from 107% up to 100%. Approx-
imately 70% of the r-values are of the order of 0.1-10%, only
about 4% are smaller (between 10™* % and 10~'%), and 26% of
the data showed a luminous efficiency in the range of 10-100%.
The median of the 7-values iS Tyedian =2.17%, and that of the
shape change coefficient is ftmedian = 0.61.

The calculated values for the luminous efficiency, as pre-
sented in Fig. 6, can reach 100%. This is rather surprising and
obviously unphysical. This is a first and clear indication that
either the observational data is not of sufficient quality or that
the applied deceleration model, which is based on ablation, has
a limited range of applicability. This is further investigated in the
following.

As can be seen in Egs. (6) and (7), the shape change coef-
ficient u does significantly affect the form of the light curve.
Hence, this parameter is another important topic, besides the
question of luminous efficiency, addressed in this paper. A value
of =0 corresponds to a case in which only the front of the
object ablates, but the cut-through surface area remains con-
stant and only the front hemisphere changes. Hence, the maximal
heating and evaporation occurs only in the vicinity of the front
critical point of the meteoroid, and the other parts of the body
do not change during its journey through the atmosphere. Many
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Fig. 7. Distribution of the shape change coefficient y derived in this
work.

studies assume u =2/3, including, for example, Halliday et al.
(1996) and Jeanne et al. (2019). The case represents a uniform
mass loss of the body over the entire surface area. For example,
Gritsevich & Koschny (2011) drew a comparison of the shape
change coefficient to the rate of the meteoroid’s rotation. Accord-
ing to them, a value of u =0 corresponds to a case in which the
entering object shows a stabilised motion without rotation. In
the case of p=2/3, the rotation is rapid and chaotic, allowing
consideration of a nearly consistent body shape, shrinking uni-
formly. Equation (6) indicates that the luminous efficiency has
less influence on the shape of the light curve and rather influ-
ences the height of the intensity peak of the recorded curve,
that is, the luminosity of the recorded event. Since 7 indicates
the percentage of initial kinetic energy that has been converted
into light, this is the expected behaviour. This could also point
towards a bias in the observations. If only a small part of the
energy is converted into visible light, the event might be too
faint to detect. Therefore, the distribution of the luminous effi-
ciency presented in this work could underestimate smaller values
of 7. The same is valid for other factors in Eq. (6), like the pre-
atmospheric meteoroid mass and velocity M, and v, as well as
the entry angle y.

Since u and 7 represent the physical properties of an event,
they can be used to exclude unphysical objects from the anal-
ysis. Very small values of u seemed to represent non-working
fits to the light curve. Hence, values u < 0.01 were excluded.
Moreover, based on the errors of u and 7 cases with fits that
did not work well were excluded. These limit values were found
by studying a large number of light curves and applied fits.
Cases with relative fitting errors of u greater than 0.1 or of 7
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larger than 0.04 were excluded from the analysis. The relative
error is also the basis for our upper limit of u. A value for u
of 2/3 should be seen as the physical upper limit. In combina-
tion to a relative error of less than 0.1 for this value, we accept
values of up to 4 = 0.73. These limits reduce the number of
‘good’ events to 294 out of over 1000 events that we were able to
analyse.

It is acknowledged that these thresholds were chosen based
on subjective interpretations. An even more detailed study of the
quality of the fits to the light curves and the light curves them-
selves could be considered in future work but goes beyond the
scope of this study. The given errors of y and 7 are solely based
on the statistical quality of the fit. They do not include other
uncertainties. Figure B.1 in the appendix shows 7 as a function
of u, with fitting errors for both values.

Furthermore, it should be kept in mind that the model of
the light curve used does not take fragmentation into account.
However, for some events fragmentation is clearly visible in
the light curves. Nevertheless, these events were included in
this analysis as long as the fit was reasonably good and using
the criteria mentioned above. A more detailed analysis of the
light curves and possible adjustment of the fit curves represents
an interesting aspect for future works. Abrupt meteoroid frag-
mentation can lead to a sudden increase in luminosity. Such a
behaviour can occur anywhere along the trajectory. It is usually
observed in cometary aggregates that break apart when the load-
ing hydrodynamic pressure reaches the disruptive strength of the
particles (Trigo-Rodriguez & Llrca 2006, 2007). The luminous
efficiencies plotted over the events’ velocities are presented in
Fig. B.2, T over the events’ corresponding meteoroids’ masses in
Fig. B.3, and 7 over the events’ entry angles y in Fig. B.4 in the
appendix.

In Fig. B.2, a weak relation between the luminous efficiency
and initial velocity of the event can be seen in semi-log space.
7 seems to be larger for larger velocities. A relationship between
the luminous efficiency and the initial meteoroid mass with neg-
ative linear behaviour can be clearly seen in log—log space in
Fig. B.3. Furthermore, a weak relation between 7 and the entry
angle is visible in Fig. B.4. The dependency of 7 on the entry
angle is only weak, and all relations show a large range of
scattering.

A possible dependence of i on the mass, velocity, and entry
angle of the objects was also investigated, but no correlation was
found. Furthermore, no dependency of either 7 or u on the peak
brightness could be seen.

The objects analysed in the course of this work are in the
107°-100 kg mass range. Our luminous efficiency values range
from 10~%=100%, most are of the order of 0.1-10%. The lumi-
nous efficiencies reported in the literature and presented in
Table 1 span a wide range of values. They are based on different
types of studies of objects of different compositions in various
velocity and size ranges. Our derived 7-values are larger than
those of most previous meteor and fireball studies dealing with
smaller objects, but they are consistent with studies of fireballs
and larger asteroids. For the latter, the luminous efficiencies also
fell into the 10% range.

Two examples of fireball studies were conducted by
Halliday et al. (1996) and Ceplecha & McCrosky (1976). For
the larger meteoroids, or even asteroids, their formulas might be
more valid. Their values for the luminous efficiencies are of the
order of a few percent, and both found a velocity dependency
of 7. Since the FRIPON data also consist mainly of fireballs,
the results were expected to be most suitable for a comparison.
The equations of 7 as given in the two works are presented in
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Fig. 8. Luminous efficiency over the initial velocity of the events with
fits through the data in semi-log space. Blue dots: values of 7. Orange
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data. Green line: weighted least-squares fit (WLS) applied to the data;
the method weights the values by the relative error of the value. Red
dotted line: results found by Halliday et al. (1996). Purple dashed-dotted
line: results found by Ceplecha & McCrosky (1976).

the appendix and were plotted in Fig. 8, taking the panchromatic
response into account.

To quantify the relation between the luminous efficiency
and initial velocity of the event as seen in Fig. B.2, a least-
squares fit was utilised to optimise the parameters of the
function 7 = b - vf. This is presented in Fig. 8 in semi-
log space. The equal-weighted least-squares fit (EWLS) gave
b=0.010+0.013 and a = 1.94 £ 0.31, the weighted least-squares
fit (WLS) 5=0.0023 £0.0036 and a=2.30+0.38. The WLS
method weights the values by the relative error of the luminous
efficiency. Due to this, we expect the WLS method to represent
the best estimate:

7=0.0023 - v>3. (11)

In this study, we also tested other fit functions, and the dis-
tribution seems to show a quadratic dependence of T on the
velocity. Since the luminous efficiency represents a percentage
of the object’s energy, this relation seems to be reasonable.

However, it is clear that the relative errors of the fitting
parameters are quite large. This should be kept in mind as well
as the large scattering the values exhibit (see Fig. 8). Yet, the
luminous efficiencies are of comparable orders of magnitude to
the literature values.

In the most recently published studies by Subasinghe &
Campbell-Brown (2018) and Capek etal. (2019), a weak relation-
ship between the luminous efficiency and the initial meteoroid
mass with negative linear behaviour in log—log space was found.
The equations of T as given in both works are presented in the
appendix.

In Fig. 9, the luminous efficiencies are presented as they were
derived in this work. They are plotted against the event’s mass
with a fit through the data in log—log space. Following Capek
et al. (2019), a fit with T = ¢ - M was applied to our data. EWLS
gave $ =0.63 +£0.14 and Q =-0.44 +0.02, WLS ¢ =0.48 +£0.11
and Q=-0.47 +0.02 (with initial mass M. in kg). Additionally,
the results found by Subasinghe & Campbell-Brown (2018) and
Capek et al. (2019) are included in Fig. 9 for comparison.

Again, we expect the WLS method to represent the best
estimate:

=048 - MY, (12)


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/202040204&pdf_id=0

E. Drolshagen et al.: Luminous efficiency based on FRIPON meteors and limitations of ablation models

R 101

£

L . —0.38 :
1072 Capek: T = 0.010-M_
sl T Subasinghe and Campbell-Brown: T = 0.0016-M7°-3¢

—— EWLS Imfit: T = 0.634-M; %44

074 WLS Imfit (Terror/T): T = 0.480-M5%47

Luminous efficiency
10-5

10-° 10-5 1074 1072 1072 107! 10° 10!
M. in kg

Fig. 9. Luminous efficiencies as derived in this work plotted over the
event’s corresponding meteoroid’s mass with fit through the data in
log—log space. Blue dots: values of 7. Green line: equal-weighted least-
squares fit (EWLS) applied to the data. Red dashed line: weighted
least-squares fit (WLS) applied to the data; the method weights the
values by the relative error of the value. Orange dotted line: results
found by Capek et al. (2019). Blue dashed-dotted line: results found by
Subasinghe & Campbell-Brown (2018).

The luminous efficiency values derived in this study are
about two orders of magnitude larger than the values published in
the works of Subasinghe & Campbell-Brown (2018) and Capek
et al. (2019) but show a similar dependency on the meteoroids’
masses. It should be mentioned that in both those works, only 15
(respectively 53), and especially smaller objects (10°°-10*kg),
were analysed. Nonetheless, the FRIPON data also include some
meteoroids in the same size range.

The similar slope of all fits, indicating a weak relation-
ship between the luminous efficiency and the initial meteoroid
mass with negative linear behaviour in log—log space in com-
bination with different y-axis intersections, could point towards
a systematic error in the brightness determination and effi-
ciency assumptions. A systematic bias due to different heights
of the investigated objects based on their different masses could
also influence the results and is an interesting aspect for future
studies, as we demonstrate below.

For most of the events, the luminous efficiency values com-
puted in this work are around one order of magnitude larger
than the 7-values that are based on the photometric equations
published in the literature. Depending on the results used for
comparison, some luminous efficiencies differ by orders of mag-
nitude. It has to be noted that the luminous efficiencies published
in the literature, for which an overview is given in Table 1, also
differ among themselves by orders of magnitude.

Interestingly, the asteroid studies found somewhat larger val-
ues for 7 of the order of a few tens of percent. However, our data
indicate that the luminous efficiency decreases with increasing
mass. The correlation between the angle of entry and 7 was also
based on studies of particularly large objects, and the FRIPON
data did only show a rather weak relation.

Nonetheless, to quantify the relation between the lumi-
nous efficiency and the entry angle of the events, a least-
squares fit was used to optimise the parameters of the function
T=n-107. This is presented in Fig. 10 in semi-log space.
EWLS gave {=-0.0072+0.0031 and =0.71+0.14, WLS
{=-0.0075+0.0032, and n=0.80 = 0.14. We expect the WLS
method to represent the best estimate:

7=0.80 x 10700075 (13)
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Fig. 10. Luminous efficiencies as derived in this work plotted over the
event’s entry angle y with a fit through the data in semi-log space. Blue
dots: values of 7. Orange line: equal-weighted least-squares fit (EWLS)
applied to the data. Green dashed line: weighted least-squares fit (WLS)
applied to the data; the method weights the values by the relative error
of the value.

Even if the slightly negative slope agrees with the work by
Svetsov & Shuvalov (2018), since they found that objects with
very shallow angles especially show large luminous efficiencies,
we advise not overestimating this weak link and to keep a rather
large scattering in mind.

6. Uncertainties and model limitations

The new results presented are all based on data from the
FRIPON fireball network. Recorded events are naturally of dif-
fering quality. To account for this, at least to some extent, less
than ten percent of the available FRIPON events are used. The
selection is based on the quality of the recorded data. This
leads to our sample of the 294 most reliable events used for the
derivation of the luminous efficiency. The data presented in the
sections above always include results for this complete data set.

In the results of the derived properties, a visible scattering
can be seen. This can be expected for a physically diverse set
of meteors. In addition, some of the derived properties, and
especially the luminous efficiency, have values that are clearly
unphysical and unrealistic. To better understand this behaviour,
several sources of uncertainty and errors are possible.

An important source of uncertainties are the investigated
light curves themselves. So far, the brightness values are
extracted from the single-station data, which are averaged and
cleaned for outliers. It could be discussed if the method is suffi-
cient or if, for example, a station weighting by quality should
be taken into account, similar to the approach Jeanne et al.
(2019) carried out for their astrometric data reduction. This could
improve the quality of the light curves used as input for the analy-
sis. However, we do not think that this would lead to a significant
change in our results. We expect the present method to be a good
compromise between accuracy and computational effort due to
the relative low resolution of all-sky camera data.

An important factor to influence the brightness and light
curve of a meteor is fragmentation. The method used in this
work to obtain the luminous efficiency is based on the abla-
tion and deceleration of the meteors. Fragmentation was not
taken into account during this study. The role of fragmentation
was, for example, demonstrated in a study of the ablation of
two very bright bolides (Borovicka & Spurny 1996). Larger val-
ues of 7 for fragmenting objects were also found, for example,
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Fig. 11. Computed light curve with an applied fit. The light curve
is from a fireball recorded on 05 October 2016 and shows a clear
fragmentation (legend as in Fig. 3).

by Subasinghe & Campbell-Brown (2018). For their investigated
fragmenting meteoroids, the luminous efficiencies increased
from less than 1% for most of their analysed meteors to T-values
up to a few tens of percent.

As found by Ceplecha & ReVelle (2005), for example,
fragmentation could introduce large errors in the derived val-
ues of the luminous efficiencies and shift them towards much
higher values. In their study, they confirmed that the reason
for the ‘historical’ discrepancy of meteoroid masses deter-
mined from deceleration (‘dynamic mass’) and from bright-
ness (‘photometric mass’) is meteoroid fragmentation. They
argued that the deceleration-based method only measures the
mass of the largest fragment and that the brightness is com-
puted from the sum of the contributions of all fragments and
dust particles. Hence, either these two masses or the luminous
efficiencies differ for the photometric- and deceleration-based
method. The negative dependency of the luminous efficiency on
the pre-atmospheric mass obtained in this study and found by
Subasinghe & Campbell-Brown (2018) and Capek et al. (2019)
could probably be a bias caused by fragmentation. It is possible
that the more severe the fragmentation is, the lower the (smaller)
dynamic mass is, and hence the higher the luminous efficiency.
This could cause a shift in the T — M. diagram towards the upper
left of strong fragmenting objects, and a shift towards the lower
right of objects with less fragmentation.

How much influence this possible bias has could be part of
future work, and since most meteoroids fragment as shown by
Subasinghe et al. (2016), for example, we do expect a similar
behaviour for the objects in the investigated data set of FRIPON
meteors. We do expect most of our analysed events to fragment
at least to some degree. Some light curves show clear signs of
fragmentation. Figure 11 gives one example with clearly visi-
ble spikes, which could be attributed to fragmentation events.
Nonetheless, these events were also used if the fit for u and 7
appeared reasonably accurate.

In principle, observed fragmentations could and would be
an interesting parameter to be considered. However, this would
introduce new parameters and uncertainties. It would also give
the total or maximum photometric brightness, which could be
dominated by the total number of fragments and the assump-
tion of a luminous efficiency might lose its meaning. If high-
resolution recordings (in time and space) are available, it might
be possible to derive the light curve based on the fragmentations,
but the result would only apply for one specific event.
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Fig. 12. Pre-atmospheric mass M. of the entering object over its end
height hﬁna].

Other uncertainties are introduced by the assumptions of
values for the computations of the drag coefficient ¢4, the pre-
atmospheric shape factor of the meteoroid A, and the meteoroid
bulk density p. They can affect the results significantly. As men-
tioned before, assumptions for these values vary a lot depending
on the studies. In the presented method, a lower bulk density of
the source object should reduce the derived luminous efficiency.
This effect is being analysed in ongoing work. The analysed sam-
ple of meteoroids consists of sporadic and stream objects that
certainly have differing bulk densities, which in many cases are
lower than the constant value of 2500 kg m™2 used in this study.

Finally, the method itself should be investigated for possi-
ble error sources. Since the method is based on the analysis
of deceleration data, it is expected to be most robust for larger
events with low end heights for which the deceleration is very
prominent in the data. Figure 12 presents the mass of the enter-
ing object over its end height, hgn, . As expected, larger objects
have considerably lower end heights.

The low number of small and fast events with larger end
heights can be explained by the following physical factors.
According to the method used in this work, small objects would
only be detected if a large part of their energy were converted
into visible light or if they fragmented heavily, thus increas-
ing their brightness. This leads to an observational bias that
should be taken into consideration. It is suspected that the
ablation-based method used in this study is not entirely appli-
cable for some of the recorded events. This could explain the
unrealistically high luminous efficiency values for some events.

Visible objects that decelerate over longer time periods will
usually penetrate the atmosphere deeper. Such objects seem
the best candidates to match the assumptions of the present
deceleration-based method. These objects could show only little
fragmentation allowing the major body to ablate continuously in
line with the model. To support this idea, we studied a sample of
events reaching deeper into the atmosphere as determined by its
final height.

Particularly low penetrating events with final heights under
55 km make up a subset of about 40% of our complete data set.

Figure 13 shows the distribution of 7 over the pre-
atmospheric mass of the object. It shows the same as Fig. 9 but
only for the events with end heights, hg,,, below 55 km, repre-
senting a subset of 115 objects. It can be seen that the smallest
meteoroids were excluded this way and that the luminous effi-
ciency values in Fig. 13 are smaller than the ones in Fig. 9.
This was expected since smaller objects tend to have higher end
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Fig. 13. Same as Fig. 9, but only for the 115 events with an end height
below 55 km.

heights (compare to Fig. 12) and the previously established trend
towards larger 7-values for smaller entry masses. The result of
the WLS for this low-end-height subset is shown in Eq. (14).
The fit has a slightly smaller shift but a steeper slope than the fit
through all the investigated events (compare Eq. (12)):
7=0.33 - M0 (14)

The degree of deeper atmospheric penetration is likely also
associated with a higher tensile strength that informs us about the
transition between fluffy cometary aggregates and rocky chon-
dritic meteoroids (Blum et al. 2006, 2014; Trigo-Rodriguez &
Blum 2009; Beitz et al. 2016; Vernazza et al. 2015). Since larger
meteoroids with higher tensile strength are able to penetrate the
atmosphere deeper, most events with low initial masses and of
fluffy cometary nature are not included in this subset. Addition-
ally, we expect the events with low end heights and large masses
to be the most suitable ones for analysis with our method, and
thus we assume a rather high quality of results in those cases.
The luminous efficiency values for the larger masses have not
changed significantly from those obtained for the full sample
(compare to Fig. 9), but the physically unrealistic values have
disappeared. The subset of events shown in Fig. 13 need not be
the only one for which the present ablation-based method works,
but we expect reliable 7 calculations for these events.

In ongoing work, additional biases, the range of applicabil-
ity of the present method, and the dependency of the luminous
efficiency on various model parameters are further investigated.

7. Conclusions

One of the most important and controversially discussed meteor
parameters for the conversion from magnitude to mass is the
luminous efficiency 7. In the course of this work, the data of
the FRIPON optical video camera system was used, and a robust
calculation method for the luminous efficiency was applied. We
calculated the luminous efficiencies of meteors and fireballs
using deceleration-based formulas and compared our results to
values published in the literature. Luminous efficiencies and
shape change coefficients were determined for a total of 294
events with computed pre-atmospheric meteoroid masses in the
107°-10? kg range. These 294 events were selected from a sam-
ple of more than 3000 FRIPON events based on the quality of the
data. Preliminary results were obtained from an initial analysis
based on all 294 events.

We are able to confirm a dependency of T on the velocity of
the event in the investigated data. The relation 7=0.0023 - v33
was found. As expected, this implies that the radiation of faster
meteoroids is more efficient. It could be explained as a con-
sequence of higher excitation potentials and by the presence
of a second spectral component of high temperature exhibit-
ing important emission lines in the optical range. Moreover,
a relationship between the luminous efficiency and the ini-
tial meteoroid mass with negative linear behaviour was found:
7=0.48 - M;%47. This points to the fact that smaller meteoroids
radiate more efficiently. The correlation between the angle of
entry and 7 did only show a weak dependency of: 7=0.80 -
10—0.0075-7'

Although the luminous efficiency values derived in this work
range from 10~*=100%, most of them are of the order of 0.1—
10%. This is considerably larger than in most meteor studies,
especially for smaller objects, but it is well within the range
found in studies of fireballs and larger asteroids. The dependency
of 7 on the meteoroid’s mass with a slightly negative slope agrees
with more recent studies.

By careful analysis of the calculated luminous efficiencies
and cross-correlations with several parameters, we realised that
the ablation-based method has certain limitations. In some cases,
especially for small meteoroids and those with short deceleration
durations unrealistically high values for the luminous efficiency
were obtained. The assumption of a smooth ablation and decel-
eration seems to break down in certain cases. The neglect of
fragmentation probably has the biggest impact. Fragmentation
was observed in many of the analysed events. A detailed analy-
sis of fragmentation would likely require dedicated observations
with very high spatial and time resolutions. Consideration of
fragmentation would also lead to another parameter with addi-
tional uncertainties and assumptions that could be challenged.
In addition, each fragmentation event would be different, and a
derived luminous efficiency would likely only be valid for that
specific event. Moreover, it should also be mentioned that we
only calculated one constant value for 7 for each event. The fact
that the luminous efficiency can change in the course of the
meteor phenomenon is not taken into account.

In our study, we concentrated on understanding the biases,
advantages, and shortcomings of the method used. For an initial
hint of the range of applicability of the ablation-based model,
we looked at a subset of events that penetrated to 55 km alti-
tude or below. Typically, these objects also have longer periods
of recorded deceleration values. We believe that these events
are most compatible with our model assumptions. Most of the
source objects of the qualifying 115 events have calculated initial
masses in the 0.005 kg to 10kg range. For the luminous effi-
ciency as a function of mass, the relation 7=0.33 - M7 was
found (with initial mass M. in kg). Unphysical luminous effi-
ciency values no longer appear in this data set. We believe that
the calculated luminous efficiency values for this data set are
quite reliable.

The obtained relationship between the luminous efficiency
and the initial meteoroid mass shows a negative behaviour. In
our study, this trend is found for the complete data set and
for the reduced set with larger and deeper penetrating objects.
This agrees with the results of previous studies for smaller
source particles. Several explanations for this finding seem pos-
sible. Smaller objects might only be visible if they have truly a
higher luminous efficiency. It could also be that smaller objects
only become visible if they fragment heavily, which increases
their luminosity, or that this is the result of a smaller surface-
to-volume ratio for larger objects, which leads to a reduced
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luminous efficiency because of a relatively smaller ablation area.
Many interesting aspects are still open for future interpreta-
tion and analysis. Future work might entail the study of more
FRIPON data, using only the highest quality FRIPON data,
or taking into account the shower affiliation of the events. A
study of the effect of different bulk densities on the luminous
efficiency is ongoing.

A comparison of the obtained results with results based on
data from other sensors or applying another method to deter-
mine the luminous efficiency to the FRIPON data could also be
an interesting feature of future works. A more detailed analy-
sis of the range of applicability of the deceleration method is in
progress. That study will also assess additional correlations of
meteor parameters and investigate the dependence of the lumi-
nous efficiency on the bulk density of the source object. The
wealth of data from the large FRIPON network will certainly
provide new insights into the meteoroid environment and its
interaction with the Earth’s atmosphere.
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Appendix A: Deceleration-based computations

Based on the drag and mass loss equations, Gritsevich (2008a)
derived a formula dependent on the dimensionless parameters &
and g, as well as on the dimensionless velocity v* (see Eq. (7) in
Gritsevich 2008a, Eq. (A.2)). This equation represents a height-
velocity relation for which a and 8 represent the best solution.
Since v* depends only on the deceleration of the meteoroid, it is
possible to determine the proper values of @ and 8 obtained from
the best least-squares fit of the observed heights and velocities
for Eq. (A.2).

This method has the main advantage that no assumptions of
the meteoroids’ parameters have to be made. The parameters o
and S can be derived by using only the (generally accurately
measurable) altitude of the meteoroid and its velocity:

. 1= U*Z
m' = exp|-8- R (A1)
Iy
Ei(p) - Ei(B -
y* — ln(CL/)‘}'B_IH(M)’ (A2)
with the following dimensionless mass and height:
M h
o = A3
mE Y T (A3)

Appendix B: Data, results, and discussion

In Fig. B.1, 7 as a function of y with fitting errors for both values
can be seen. Figure B.2 presents the luminous efficiencies plot-
ted over the events’ velocities, Fig. B.3 shows 7 over the events’
corresponding meteoroids’ masses, and Fig. B.4 presents T over
the events’ entry angles 7.

Halliday et al. (1996) derived a relationship for 7 (with v in
km s~!) as given in Egs. (B.1) and (B.2):
v<36kms,

THalliday et al. = 0.04, (B.1)

36

2
THalliday et al. = 0.069 - (_) ) v > 36km S_l . (B.2)

v

Ceplecha & McCrosky (1976) published a dependency of
the luminous efficiency on the fireball velocity as presented in
Egs. (B.3)-(B.7):

log(Tcepiecha&mccrosky) = — 12.75, (B.3)
v<93kms™!
10g(TceplechascmcCrosiy) = — 15.6 + 2.92 - log(v), (B.4)
93kms™! <v<12.5kms™!
108(TceplechasemcCrosky) = — 13.24 +0.77 - log(v), (B.5)
125kms™! <v<17.0kms™!
10g(TceplechasemcCrosky) = — 12.5 +0.17 - log(v), (B.6)
17.0kms™! <v < 27.0kms™!
10g(TceplechagmcCrosky) = — 13.69 + log(v), (B.7)

27.0kms™! <v<72.0kms”".

Converted to the formalism used in this work, Subasinghe &
Campbell-Brown (2018) found a relation between 7 and the pre-
atmospheric meteoroid’s mass M. as given in Eq. (B.8). Capek
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Fig. B.1. 7 as a function of u with fitting errors for both values.
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Fig. B.2. Luminous efficiencies 7 over the events’ pre-atmospheric
velocities v, in semi-log space.
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atmospheric meteoroid masses M, in log—log space.

et al. (2019) found a similar relation. Converted for masses in kg,
it would be expressed as stated in Eq. (B.9):

TS ubasinghe&Campbell-Brown = 0.0016 - Mg0-3647’ (B8)
and for masses in kg,
TCapek et al. = 0.01 - Me_0'38- (B.9)
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