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Preface and motivation 

Studying the Solar System, as our home planetary neighborhood, the outlook for the first 

space travels, and the only recognized source of life as we know it, has always been one of 

the main interests of astronomy and science in general. Despite the significant progress in 

our understanding of how the Solar System was created, what bodies constitute it, and 

what mechanisms influence their motion, there are still numerous unanswered questions 

regarding the complex nature of our planetary system. Many of the key information we 

have about the origin of the Solar System come from the studies of the oldest remnants left 

over from the planetary formation in the early protosolar disk - asteroids, comets, and 

meteoroids. These bodies can reveal the composition and conditions present in the early 

stages of the Solar System, but can also give rise to dangers associated with the 

catastrophic impacts, which subjected our planet numerous times in the history. In each 

case, they are the topic of high scientific interest. However, the observations of asteroids 

and comets are often complicated by the small size and low albedo of these bodies, 

meaning that usually only limited amount of information can be gathered. Meteor 

observations during the interaction of meteoroids with the Earth’s atmosphere give us the 

opportunity to study small solar system bodies, which would due to their size otherwise 

remain unobservable. In recent years, the meteor astronomy is reliving popularity boom 

among professional and amateur astronomers, caused by the rising possibilities of using 

inexpensive technologies, particularly sensitive CCD cameras, to effectively observe meteors 

and provide valuable scientific data. The majority of these efforts are focused on studying 

the activities of meteor showers, determining original meteoroid orbits before the 

atmospheric entry, and of course, detecting potential meteorite impacts. However, the 

research focused on the physical and compositional properties of these bodies is still rather 

limited. The main goal of our work is to provide complex characterization of the global 

population of meteoroids in the Solar System, based on the combination of orbital, physical, 

and spectral properties determined from meteor observations. This set of data will enable us 

to study meteoroids and their parent objects in much more detail, and should provide 

answers even to more fundamental questions relating the nature and origin of 

interplanetary bodies.   
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1. Introduction 

1.1. Meteoroids, comets and asteroids 

Meteoroids are solar system bodies on heliocentric (or interstellar) orbits with sizes ranging 

from approximately 10 µm to 10 m (Ceplecha et al., 1998). Size is the only parameter 

distinguishing meteoroids from dust particles from one side and asteroids on the other side.  

They are dominantly produced as the decay products of comets and asteroids. Only a 

minority of meteoroids come from the surfaces of planets (e.g. Mars) and planetary 

satellites (e.g. Moon) or from interstellar space. Though meteoroids are conglomerates of 

ice and dust formed in primordial solar nebula, the dynamical lifetime of objects in near-

Earth space is assumed to be of the order of 10 Myr (Gladman et al. 2000; Foschini et al., 

2000), so no meteoroids could survive on these orbits from the beginning of the Solar 

System.           

 We consider three processes which lead to the separation of meteoroids from their 

parent bodies. Comets produce meteoroids through the process of sublimation and following 

gas drag (Whipple, 1951). During the cometary activity near its perihelion, the drag of 

vapors from evaporating ices also releases the solid particles, dust and meteoroids. 

Secondly, catastrophic disruption of comets can produce secondary nuclei and numerous 

dust particles and meteoroids (Jenniskens, 2006). The third process is related to collisions 

of solar system bodies, particularly among the main belt asteroids, which produce large 

amount of collisional fragments. The separation velocities of these fragments are in all cases 

much smaller than the original orbital velocity. Therefore, young meteoroids follow very 

similar orbits as their parent body. In this early stage, it is relatively easy to link the 

meteoroid stream with its parent object. With time, gravitational perturbations from planets 

and various non-gravitational forces such as the Poynting-Robertson effect (Burns et al., 

1979) cause the dispersion of the stream and separation from its parent body (Vaubaillon et 

al., 2006). With this respect we are able to distinguish stream meteoroids, which are usually 

just recently separated from their parent object (typically up to few thousand years) and 

sporadic meteoroids on seemingly random orbits, significantly altered from the parent orbit. 

We assume that sporadic meteoroids were freed from their parent object thousands to 

millions of years ago.         

 Meteoroids orbits may evolve to pass in close proximity to Earth and interact with 

our atmosphere. The penetration through the Earth’s atmosphere may, for certain 
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meteoroid sizes and velocities, result in a luminous phenomenon known as a meteor. Owing 

to the interaction with air molecules, a meteoroid heats up to very high temperatures and 

begins to melt and vaporize. A column of ionized and excited plasma is produced along the 

meteoroid trail, producing light, ionization, and for larger particles, shock waves. Meteor 

events exhibit several phases. The brightest part is meteor head. Ionization of air along the 

meteor path forms an ion train which reflects radio waves in the decameter range. The ion 

trains of bright meteors can be visible even to the naked eye and those of particularly 

brilliant meteors may persist for seconds or even minutes (also known as persistent trains). 

So-called wake of the meteor is luminosity extending directly behind the meteor head and 

forming comet-like appearance of bright meteors. Meteor wake has different spectral 

features compared to the spectrum of meteor head. At a given position, the wake duration 

is only a fraction of second.          

 During its interaction with the Earth’s atmosphere, the meteoroid loses mass through 

vaporization, fusion, and fragmentation. Generally, the process of mass loss by a meteoroid 

is known as ablation. Due to the resistance of the atmosphere, the meteoroid starts to 

decelerate. Ablation and deceleration affect one another, since ablation depends on the 

meteoroid velocity and deceleration on its mass. Therefore, the equations describing mass 

loss and deceleration of the body must be solved simultaneously.    

 The collisions with air molecules generally cause the fragmentation of meteoroids. 

There are several ways in which meteoroids break up. The most significant fragmentation 

processes include progressive fragmentation (Jacchia, 1955; Verniani, 1969), in which 

meteoroid fragments into parts which continue to crumble, quasi-continuous fragmentation 

(Babadzhanov, 2002; Borovička et al., 2007) describing continuous detachment of small 

particles, and gross fragmentation (Ceplecha, 1993; Borovička et al., 2007) characteristic 

during brilliant bursts, in which meteoroid suddenly disrupts into large number of 

fragments. Precise description of meteor deceleration and mass loss must include model of 

effective fragmentation. Neglecting meteoroid fragmentation was one of the main reasons 

behind the discrepancies of determined dynamical and photometric masses of meteoroids in 

past analyses (e.g Ceplecha, 1967; Verniani, 1967).      

 In our work, we study the nature of meteoroid populations and their relation to 

parent objects through spectral and video meteor observations. Understanding the nature of 

meteor radiation and correct physical interpretation of meteor spectra plays an essential 

role in delivering relevant analyses on the studied issues. First, we will describe the 
physical theory of meteors through the series of fundamental equations describing the 
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deceleration, mass loss, luminosity, and ionization that accompany the motion of a 

meteoroid in the atmosphere.  

1.2. The simple physical theory of meteors 

Theoretical models of motion and ablation of a meteoroid in the Earth’s atmosphere are 

described by the so called single body theory (Ceplecha et al., 1998). Single body theory 

refers to mass loss, deceleration, luminosity and ionization related to the motion of a single 

non-fragmenting body. The theory is based on an assumption that the heat transfer, 

ionization, luminosity and coefficient of drag are during this path constant (Bronshten, 

1983).             

 Collisions of atmospheric molecules with meteoroid can either liberate atoms from 

the surface of a meteoroid directly (also known as sputtering), or heat the material to its 

boiling point of approximately 2000 °C. At these temperatures, material starts to evaporate 

from the surface of the meteoroid in a phenomenon known as thermal ablation. It is 

assumed that thermal ablation is dominant process of mass loss. Excess of thermal stress or 

stagnation pressure can cause meteoroid to fragment into various smaller pieces. These 

fragments continue to collide with atmospheric molecules and ablate on their own as single 

bodies. The ablated material colliding with atmospheric molecules produces a trail of ionized 

and excited plasma. Rather than individual atomic emission, ablation may also take the 

form of dust emission/removal, releasing a trail of heated, small particles termed meteor 

wake (Ceplecha et al., 1998). The ablation behavior differs significantly among meteoroids. 

Large variations are observed in beginning heights and light curve shapes among smaller 
meteoroids, and in end heights among larger meteoroids.    

 The basis of the mathematical form describing the motion of a meteoroid in 

atmosphere was given by Whipple (1938) who used Hoppe’s solution with constant 

coefficients. More elaborate solutions to these differential solutions were presented by Levin 

(1956) and Bronshten (1983). Here, we will follow the formalization used by Weryk and 

Brown (2012a,b).           

 Let us assume meteoroid passing through a distance 𝑣∆𝑡 in time period ∆𝑡. A 

meteoroid with a cross-section area 𝑆 will encounter atmospheric mass (with atmospheric 

density 𝜌𝑎) of ∆𝑚𝑎 = 𝜌𝑎𝑆𝑣Δ𝑡. The cross-section area can be rewritten by introducing the 

dimensionless shape factor 𝐴 = 𝑆/𝑉
2

3. Meteoroid volume 𝑉 is related to meteoroid bulk 

density and meteoroid mass 𝑉 = 𝑚/𝜌𝑚 . We will assume that 𝐴 is constant and for simplicity 
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usually corresponds to a sphere (𝐴 = 1.21). The rate of air mass encountering the meteoroid 

is defined as: 

 𝑑𝑚𝑎

𝑑𝑡
=

𝛥𝑚𝑎

𝛥𝑡
=

𝐴𝑣𝜌𝑎𝑚
2
3

𝜌𝑚

2
3

.                                                       (1.1) 

The momentum transfer from the atmosphere to the meteoroid can be expressed as: 

𝑑 𝑚𝑣 

𝑑𝑡
=

𝑑𝑚

𝑑𝑡
𝑣 +

𝑑𝑣

𝑑𝑡
𝑚 = Γ𝑣

𝑑𝑚𝑎

𝑑𝑡
.                                             (1.2) 

 The drag coefficient Γ in Eq. 1.2 is defined as the fraction of momentum transferred 

to the body from the ongoing molecules of air. The drag coefficient can vary between 0 (for 

no transfer of momentum) and 2 (perfect reflection of air molecules). For small meteoroids, 

the term 𝑑𝑚/𝑑𝑡 can be neglected and by substituting Eq. 1.1 into Eq. 1.2, we get the drag 

equation: 

𝑑𝑣

𝑑𝑡
= −

Γ𝐴𝜌𝑎𝑣
2

𝜌𝑚

2
3 𝑚

1
3

.                                                                (1.3) 

The drag equation is the first fundamental equation in meteor physics. It describes the 

deceleration of a meteoroid during its flight in the atmosphere (the deceleration is 

emphasized by the negative sign at the right-hand side of the equation).   

 The second fundamental equation is called the mass-loss equation. The mass loss 

rate is determined by the kinetic energy transferred from the atmosphere to the meteoroid. 

We assume that a certain fraction of the kinetic energy (Λ) of the oncoming air molecules is 

expended on ablation of mass (vaporization or fusion and spraying) of the meteoroid 

(Bronshten, 1983). The loss of mass during ablation can be expressed as: 

𝑑𝑚

𝑑𝑡
 =  −

Λ𝐸𝑎

𝜉Δ𝑡
 = −

Λ𝑣2

2𝜉

𝑑𝑚𝑎

𝑑𝑡
,                                                   (1.4) 

where 𝐸𝑎  is the kinetic energy of interacting air molecules and 𝜉 is the heat of ablation, 

representing the energy required to melt/vaporize one unit of meteoroid mass 𝑑𝑚. 

Substituting Eq. 1.1 into Eq. 1.4 gives the conventional form of the mass-loss equation: 
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𝑑𝑚

𝑑𝑡
 =  −

Λ𝐴𝜌𝑎𝑣
3𝑚

2
3

2𝜉𝜌𝑚

2
3

.                                                          (1.5) 

 The heat-transfer coefficient Λ is valued between zero and unity, since the energy 

used on ablation cannot exceed the total kinetic energy of interacting air molecules. Part of 

this kinetic energy will be used to heat up the body of a meteoroid, part will be re-radiated, 

and part will be expended for excitation and ionization of the meteoroid and surrounding air 

molecules. In the event that fragmentation takes place, some of this energy is also 

expended to break the mechanical bonds between meteoroid grains.     

 It is assumed that the amount of light produced during this process is also related to 

the mass-loss rate, as it is proportional to the kinetic energy lost by the meteoroid 

(Ceplecha et al., 1998). The energy released by the meteoroid in the form of radiation, 

typically in the visible spectrum is described in the luminosity equation:  

𝐼 = −𝜏
𝑑𝐸𝑚

𝑑𝑡
= −𝜏  

𝑣2

2

𝑑𝑚

𝑑𝑡
+

𝑑𝑣

𝑑𝑡
𝑚𝑣 .                                            (1.6) 

 In this equation, 𝐼 is the radiative power (bolometric or in specific band pass) and 𝜏 

is the luminous efficiency, which is defined as the fraction of the kinetic energy loss of a 

meteoroid transformed into radiation. The luminous efficiency is dependent on the 

wavelength of radiation, the chemical composition of the meteoroid body and the 

atmosphere, on the meteoroid velocity and possibly on the meteoroid mass. According to 

Ceplecha et al. (1998), the deceleration term (𝑑𝑣/𝑑𝑡) can be neglected for fast and faint 

meteors.             

 Most of the meteor radiation is formed from line emissions in evaporated meteoroid 

atoms (Bronshten, 1983). Clearly, the chemical composition of the meteoroid is significant 

for the character of the produced emission, since different chemical elements are 

represented by different line strengths in the visible spectrum.      

 The ionization produced during the interaction with atmosphere can be described 

using the ionization equation: 

𝑞 = −
𝛽

𝜇𝑣

𝑑𝑚

𝑑𝑡
.                                                                  (1.7) 

 In this equation, 𝑞 is the electron line density, which represents the number of 

electrons per unit trail length. The ionization coefficient 𝛽 describes the average number of 
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electrons produced per ablated atom, while the atomic mass of standard meteoroid atom is 

labeled as 𝜇. The amount of ionization is again dependent on the mass-loss rate.  

 In order to determine the meteoroid mass from the observed photon and electron 

count, we need the values of  𝜏𝑙 and 𝛽, which is often problematic. Usual process of 

obtaining the ionization mass is based on measuring the electron line density 𝑞, assuming 

and ionization curve and integrating Eq. 1.7. Similarly, the photometric mass is determined 

by measuring 𝐼 along the meteor trail and integrating Eq. 1.6.     

 Equations 1.3, 1.5, 1.6 and 1.7 contain several variables that need to be determined 

in order to solve the fundamental equations of meteor physics. Some of them are given by 

the physical properties of the meteoroid, some are determined from observations and 

others can be estimated theoretically. The atmospheric density 𝜌𝑎  is usually defined by a 

model of the atmosphere for different heights of meteoroid-atmosphere interaction 

(Bronshten, 1983). Currently the most used video observations allow us to easily determine 

the velocity of a meteor as a function of time and luminosity. The heat of ablation is defined 

by the character of ablation (vaporizing or spraying) and is thus dependent on the 

composition of meteoroid. Lastly, the luminosity coefficient, heat transfer coefficient and 

drag coefficient must be obtained from theoretical models, experiments, or by estimating 

based on observational data. 

2. The nature of meteor radiation 

2.1. Meteor spectra characteristics 

Meteor radiation is produced mainly by the excitation of atoms, due to the mutual collisions 

with atmospheric atoms and molecules, and also due to the recombination of free electrons 

in the surrounding ionized gas and subsequent cascade transitions (Bronshten, 1983). The 

radiation of a meteor originates in the gas envelope of air and meteoric vapor surrounding 

the meteoroid. Meteor spectra consist primarily of atomic emission lines and molecular 

bands. Spectral analyses indicate that it is mainly the atoms and ions of the meteoroid 

vapor which radiate. Although meteor spectra have been observed since 1864, the 

knowledge gained from these observations is rather scarce. Most performed works have 

been focused with the description of the spectra and identification of lines. The most 

extensive identifications are given by Halliday (1961) for Perseid meteors (velocity of app. 

60 km/s), by Ceplecha (1971) for a 32 km/s meteor and by Borovička (1994a) for a 19 
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km/s meteor. Survey of reliably identified atoms and ions is given in Ceplecha et al. (1998). 

 Not all lines in meteor spectra can be explained using single temperature. Borovička 

(1994b) revealed that meteor spectra are composed of two distinct components with 

different temperatures.          

 The lower temperature component is called the main spectrum. The temperature lies 

usually in the range 3500-5000 K and does not depend on meteor velocity. The main 

spectrum consists of several hundreds of lines, mostly neutral lines of atoms of meteoric 

origin. The most notable lines present in the main spectrum are of Fe I, Mg I, Na I, Ca I, Cr 

I, Mn I and Ca II. Thermal equilibrium is nearly satisfied, although some lines may deviate. 

Chemical composition of the radiating gas can be computed from the main spectrum.  

 The high temperature component is called the second spectrum, with characteristic 

temperature of nearly 10000 K. The chemical composition cannot be derived exactly, 

nevertheless, the chondritic values are consistent with the observations of several fireballs. 

The typical lines for the second spectrum are the high excitation lines of Mg II, Si II, N I and 

O I. The low excitation transitions in singly ionized atoms can be present in both spectral 

components. This is most notably the case of Ca II, which is bright in both spectra, but also 

fainter lines of Ti II and Sr II can be present in both components. The second spectrum is 

strong in fast meteors while it can be absent in slow meteors with velocity of about 15 km/s 

(Ceplecha et al., 1998). The ratio of gas masses involved in the production of both 

components was found to be a steep function of velocity.     

 The ratio of meteoric vapors to the atmospheric species in both components shows 

interesting disparities. Nitrogen and oxygen lines are not present in the main component. 

This is caused by the absence of allowed low excitation transitions in these atoms. The 

atoms simply do not radiate at 5000 K. Based on the pressure balance with surrounding 

atmosphere, Borovička (1993) concluded that about 95% of atoms in low temperature gas 

were the invisible atmospheric species. The second spectrum demonstrates both meteoritic 

and atmospheric emissions. Their ratio varies widely. In faint meteors of medium and high 

velocity the meteoric emissions in the second spectrum are often absent, while O I and N I 

lines and N2 bands are still present. The N2 bands sometimes appear very early on the 

trajectory (Cook et al., 1973). Other works (i.e. Borovička and Boček, 1996) showed that 

meteoritic emission invisible at the start of the trajectory burst out later, while the 

atmospheric lines brighten only moderately. Base on these effects, it appears that 

atmospheric emissions are less dependent on the ablation rate, which is rather expected. 

 While the previously described spectral lines are characteristic for the brightest part 

of meteor, also known as the meteor head, other phases of the meteor phenomenon 
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present specific spectral features. The spectrum of the meteor wake consists chiefly from 

low excitation lines. Typical wake lines belong to Na I, Fe I, Mg I and Ca I. The short-

duration trains are formed by only one spectral line, the forbidden green auroral line of 

neutral atomic oxygen at 5577 A. The luminosity is probably produced by the atmospheric 

oxygen. Persistent trains are not well understood objects. Several spectra have been taken 

in the recent years, which show different features from case to case. The spectra show both 

continuous or quasi-continuous radiation and atomic lines. The most important and most 

persistent line, common for all spectra, is the sodium line at 5893 A. This suggests that the 

long-living luminosity is due to similar mechanism which produces the sodium airglow. 

2.2. Physics of meteor radiation 

Let us consider the summary of elementary processes determining meteor radiation. We will 

first follow the formalization presented in Bronshten (1983). Inelastic collisions of atoms 

take place in the coma surrounding the meteoroid, causing the excitation and ionization of 

these atoms. Additionally, some of these excited atoms are formed during molecule 

dissociation. This mechanism is significant at low and medium velocities (Öpik, 1955). Most 

particle collisions in the coma are elastic and lead to nonradiative deceleration of meteoric 

vapor particles from their meteoric velocities down to thermal velocities. The momentum 

and energy is transferred to atmospheric atoms. This is caused by the fact that at these 

meteoric velocities, the momentum-transfer cross section is an order of magnitude larger 

than the excitation and ionization cross section. Öpik’s (1955) estimated that only 3% of the 

particle collisions are inelastic.         

 Besides atoms and ions, the coma surrounding the meteor contains electrons formed 

as a result of the ionization during the collisions with air molecules, or as a result of other 

mechanisms such as thermal emission from the meteoroid surface, mechanical emission 

during fragmentation, etc. In contrast to a shock wave, where electron impact is the main 

ionization mechanism, the role of electrons in the excitation and ionization processes is 

nearly negligible in the coma. Their energy is simply much lower than the energy of neutral 

atoms (Bronshten, 1983). Conditions in the meteor coma thus differ significantly from the 

conditions behind the front of a shock wave. Based on these assumptions, Bronshten (1983) 

concluded that thermodynamic equilibrium is not achieved even locally in the meteor coma. 

Rather, a state of under-excitation prevails. This means that the number of excited atoms is 

less than that required by Boltzmann’s law at the given electron temperature.   

 Later, Borovička (1993) developed a simple model of meteor spectra assuming 

thermal equilibrium and self-absorption, and found that thermal equilibrium was relatively 
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well satisfied at heights below 50 km. This model showed reliable results in the 

determination of chemical abundances of meteoroids and is still being used today. The usual 

predominance of under-excitation described by Bronshten (1983) could be partially caused 

by underestimating the contribution of atomic excitation due to recombination and following 

cascade transitions. Bronshten assumed the recombination radiative efficiency calculated by 

Öpik (1955), and argued that although the recombination radiation yields on the average 

six times the energy output of excitation through collision, still excitation plays dominant 

role in the overall radiation of an elementary volume of gas, because many excitation 

events occur for every event of ionization (recombination). Borovička’s model of meteor 

spectra will be described in detail in section 2.3.       

 First, let us consider the case of a highly rarefied coma, where collisions of the 

second kind can be disregarded. In these conditions, excitation processes will be in 

equilibrium with spontaneous radiation. The kinetic energy of the meteoroid mass ∆𝑀 which 

vaporizes during interval ∆𝑡 (order of 10-6 s) equal to 

∆𝐸𝑡  =
Δ𝑀

2
𝑣2                                                                  (2.1) 

dissipates during time interval 𝛿𝑡 (order of 10-4 s) ≫ ∆𝑡. During this time, a fraction 𝜓𝑋 of 

energy ∆𝐸𝑡 is spent on the excitation particles of type 𝑋 (atoms, molecules, ions), while a 

fraction 𝜏𝑋 is converted into radiation (Öpik, 1958). In the absence of the collisions of the 

second kind, 𝜓𝑋 =  𝜏𝑋. Here, 𝜏𝑋 is the luminous efficiency of particle 𝑋 (also known as 

radiative efficiency or luminosity coefficient). Generally, 𝜏 is dependent on velocity, 

fragmentation, and chemical composition of the meteoroid. Various models have been 

developed for the estimation of 𝜏 (Verniani, 1969; Ceplecha, 1988; Jones & Halliday, 2001). 

 Now we will consider the collisions of the second kind. The coefficient of radiation 

damping on account of collisions 𝐷 is equal to the number of collisions of the second kind 

per atom per second. Next, let 𝐴𝑖 =  𝐴𝑖𝑘𝑘  be the Einstein damping constant, i.e. the 

reciprocal of the lifetime of state 𝑖. We can express the perturbation of the excited state (on 

energy level 𝐸𝑖) as 

𝑞𝑖  =  
𝐴𝑖

𝐴𝑖 +  𝐷
.                                                                  (2.2) 

 The radiation of a certain spectral multiplet, characterized by an upper energy level 

𝐸𝑛  and lower energy level 𝐸𝑘, can be caused by direct excitation of level 𝐸𝑛  or by cascade 
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transitions from the above levels 𝐸𝑖 (𝐸𝑖 > 𝐸𝑛).        

 Following the formalization of Kovshun (1968), we can define the productivity of the 

spectral radiation of particle 𝑋 at wavelength 𝜆 as: 

𝛾𝑋𝜆  =  
 𝑞𝑖𝑏𝑖𝐸𝑖Π𝑖𝑖

 𝐸𝑖𝑖 Π𝑖
,                                                             (2.3) 

where 𝑏𝑖 is the part of the energy 𝐸𝑖 spontaneously reemitted in the multiplet with a mean 

wavelength 𝜆, and Π is the probability of excitation of level 𝐸𝑖. This means that 𝛾𝑋𝜆  is the 

part of the energy 𝜓𝑋∆𝐸𝑡, which has been converted into the radiation of the given 

multiplet. By summing up the values of 𝛾𝑋𝜆 , we can obtain for the luminous efficiency: 

𝜏𝑋  =  𝜓𝑋  𝛾𝑋𝑁

𝑁

,                                                             (2.4) 

where 𝑁 is the denotation of the multiplet corresponding to numbers 𝑛 and 𝑘, hence the 

corresponding change from 𝛾𝑋𝜆  to 𝛾𝑋𝑁 . Both the productivity 𝛾𝑋𝜆  and luminous efficiency 𝜏𝑋 

are functions of the ratio of the number of meteor atoms and the number of atmospheric 

atoms per unit volume in the meteor coma. This ratio is expressed by so called dilution 

factor 𝛿. The frequency of collisions depends on the density of meteoric particles in the 

coma, hence also on 𝛿. The dependence of the probability of collisions of the second kind on 

𝛿 is even higher (Bronshten, 1983).        

 Furthermore, more than 80% meteor atomic levels whose radiation provides the 

brightest lines in meteor spectra have excitation energies between 2 eV and 8 eV, while the 

excitation energies for air atoms can reach up to 13 eV (Kovshun, 1968). This is the reason 

why collisions of meteor atoms with one another most often lead to nonradiative transitions. 

The part of the kinetic energy which is converted into radiation of multiplet 𝑁 during the 

time interval 𝛿𝑡 is: 

𝜏𝑋𝑁  =   𝛾𝑋𝑁 𝛿  𝜓𝑋 𝛿  𝑑𝛿.

0

𝛿𝑜

                                                    (2.5) 

Here, the dilution factor  𝛿 varies from its initial value 𝛿0 to 0. The total luminosity 

coefficient of the coma in the recorded region of the spectrum will be 



15 
 

𝜏Δ𝜆  =    𝑘𝜆

𝑁𝑋

 𝜏𝑋𝑁 ,                                                          (2.6) 

where  𝑘𝜆 is the spectral sensitivity of radiation receiver at certain wavelength 𝜆. Most of the 

excited energy levels have lifetimes of  𝑡𝑛  ~ 10−7 −  10−8 (Kovshun, 1968).   

 Bronshten (1983) notes that the events of excitation and spontaneous radiation are 

in equilibrium only for slow meteors at high altitudes. For fast meteors and in the lower 

parts of meteor trajectory, the collisions of the second kind must be taken into account. The 

frequencies of filling 𝐷𝑛
+ and emptying 𝐷𝑛

− of an energy level 𝑛 by collision of the second 

kind can be expressed as sum of level transition probabilities 𝑎: 

𝐷𝒏
+  =   𝑎𝑘𝑛

𝑛−1

𝑘=1

 +   𝑎𝑠𝑛

∞

𝑠=𝑛+1

                                                     (2.7) 

𝐷𝒏
−  =   𝑎𝑛𝑘

𝑛−1

𝑘=1

 +  𝑎𝑛𝑠

∞

𝑠

.                                                        (2.8) 

Here, k < n < s and summing to infinity makes it possible to take into account the 

processes of nonradiative recombination and ionization from level n. If we express the total 

frequency of collision of the second kind as 𝐷𝒏
∗ =  𝐷𝒏

+ + 𝐷𝒏
− , we can also assume that  

𝐷𝑛
−  =  𝛾𝐷𝑛

∗, and  𝐷𝒏
+  =  1 − 𝛾 𝐷𝑛

∗ .                                          (2.9)   

If 𝛾 < 1/2, the upper levels will be overpopulated and for 𝛾 > 1/2 they will be 

underpopulated. For 𝛾 = 1/2 we will have equilibrium (𝐷𝑛
− = 𝐷𝒏

+) and level populations 

given by simple Boltzmann distribution: 

𝑛𝑖  =  
𝑛

𝑈
 𝑔𝑖  𝑒

𝐸𝑖/𝑘𝑇 ,                                                            (2.10) 

where 𝑛 is the concentration of all atoms of the given element, 𝑛𝑖 is the concentration of 

atoms with level 𝑖 populated, U is the partition function, 𝑔𝑖 is the statistical weight of the 

level, 𝐸𝑖 is the energy of the level above the ground level, 𝑘 is the Boltzmann constant, and 

T is temperature.           

 We can express effect of collisions of the second kind on the radiation of spectral 

multiplet 𝜆𝑛𝑘  using Einstein coefficients as: 



16 
 

𝐷𝑛𝑘  =  
𝐴𝑛𝑘

𝐴𝑛
′

 𝐷𝑛
− −  𝐷𝒏

+ ,                                                     (2.11) 

with 

𝐴𝑛
′  =   𝐴𝑛𝑘

𝑛−1

𝑘=1

.                                                              (2.12) 

If we express 𝐷𝑛 =  𝐷𝒏
+ −  𝐷𝒏

− = (1 − 2𝛾)𝐷𝑛
∗  , the frequency of transitions 𝑛 → 𝑘 can be 

written as: 

𝛿𝑁𝑛𝑘 =  𝑁𝑘𝐴𝑛𝑘

𝐴𝑛
′ + 𝐷𝑛

𝐴𝑛
′

,                                                    (2.13) 

where 𝑁𝑘  is the population of level 𝑘. On the basis of Eq. 2.13, the ratio of the intensities of 

two lines of the same element 𝜆𝑛𝑘  and 𝜆𝑙𝑚  (considering n > k, l > m, and l ≠ n) will be 

𝐼𝑛𝑘

𝐼𝑙𝑚
 =  

𝑁𝑛𝜈𝑛𝑘𝐴𝑛𝑘𝐴𝑙
′ (𝐴𝑛

′ + 𝐷𝑛)

𝑁𝑙𝜈𝑙𝑚𝐴𝑙𝑚𝐴𝑛
′ (𝐴𝑙

′ + 𝐷𝑙)
=  

𝑖𝑛𝑘

𝑖𝑙𝑚

𝐴𝑙
′ (𝐴𝑛

′ + 𝐷𝑛)

𝐴𝑛
′ (𝐴𝑙

′ + 𝐷𝑙)
,                          (2.14) 

where  𝜈𝑛𝑘  and  𝜈𝑙𝑚  are frequencies of corresponding transitions,  is a Planck constant, 𝑖𝑛𝑘  

and 𝑖𝑙𝑚  are the intensities of the same lines in the absence of collisions of the second kind 

(𝐷𝑛 = 𝐷𝑙 = 0).           

 As we mentioned, the simplest assumption is that the level populations are given by 

Boltzmann distribution for thermal equilibrium (Eq. 2.10). If we assume the same 

temperature in the whole radiating volume and take into account the self-absorption of 

radiation inside this volume, the solution of the equation of radiative transfer (Ceplecha et 

al., 1998) yields the resulting specific intensity at frequency 𝜈: 

𝐼𝜈  =  𝐵𝜈 𝑇   1 − 𝑒−𝜏𝜈  .                                                       (2.15) 

Here, 𝐵𝜈 𝑇  is the Planck function for blackbody radiation and 𝜏𝜈  is optical depth at 

frequency 𝜈. Only bound-bound transitions in atoms and ions are considered as sources of 

opacity. Following Ceplecha et al. (1998), the optical depth produced by a single line at 

given frequency 𝜈 can be obtained by 

𝜏𝜈 =  𝑁
𝜋𝑒2

𝑚𝑐𝑈
 𝑔1 𝑓 𝑒−

𝐸1
𝑘𝑇   1 − 𝑒−

𝜈
𝑘𝑇 Φ ν ,                                    (2.16) 
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where 𝑁 is the column density of the given element (cm-2) or the concentration integrated 

along the line of sight. The oscillator strength, which expresses the probability of absorption 

or emission during energy level transitions is 𝑓, and index 1 at 𝑔 and 𝐸 denotes the lower 

level of the transition. The factor  1 − 𝑒−𝜈
𝑘𝑇   is a correction for stimulated emission and it 

is close to unity for lines in visual spectrum. Φ ν  designates the normalized line profile 

 Φ ν 
∞

0
𝑑𝜈 = 1. All other quantities in Eq. 2.16 are physical constants: electron charge 𝑒, 

electron mass 𝑚, and Planck constant .        

 The importance of self absorption in meteor spectra was already stressed by 

Ceplecha (1973), however, if we consider meteor spectra as a result of pure emission (e.g. 

Nagasawa, 1978), the line intensity can be obtained as 

𝐼 = 𝑁 
2𝜋𝑒2

𝑚𝑈

 𝑔1 𝑓 

𝜆3
𝑒−

𝐸2
𝑘𝑇 .                                                     (2.17) 

Here, we used the relation 𝜆 = 𝑐/𝜈. Eq. 2.17 is in fact the limiting case for optical depth 

𝜏𝜈  ≪ 1 and 𝐼𝜈 = 𝐵𝜈 𝑇  𝜏𝜈 . Following these assumptions, excitation temperatures of about 

3000 K were determined, but as confirmed by Borovička (1993), we cannot neglect self-

absorption for meteors brighter than magnitude +3.      

 The resolution of the observed meteor spectra is insufficient to resolve line profiles, 

so only the total line intensity can be compared with observations. Specific intensity is then 

integrated over the line profile and over the visible surface of the radiating volume. Several 

models of the radiating coma and computed theoretical emission curves can be found in 

Ceplecha (1964). 

2.3. Formation of spectral lines in meteor spectra 

The determination of chemical composition of meteoroids from their radiation in the 

atmosphere is rather difficult task. To proceed from the line intensity of a given element to 

the number of radiating atoms, it is necessary to assume that the radiating layer is optically 

thin and self-absorption can be neglected. Generally, these conditions are not satisfied. 

Alternatively, the curve of growth method needs to be applied for each present element 

separately. However, this method is feasible only for iron, which provides sufficient number 

of spectral lines in the visible spectrum.        

 Borovička (1993) introduced a simple model for meteor spectra, based on the 

thermal equilibrium and taking into account the self-absorption. The free parameters of this 
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model are the temperature, the column density of Fe I atoms, the relative abundances of 

other atoms, and the visible surface area of meteor radiating volume. Using this model, 

abundances of Fe, Na, Mg, Ca, Ti, Cr, Mn, and Al were determined in the radiating meteor 

gas. The chemical composition of the radiating gas varied along the trajectory, and does not 

fully reflect the chemical composition of the original meteoroid body. Several refractory 

elements (Al, Ca, Ti) are underabundant in the radiating gas. The material is usually ablated 

by melting in liquid phase and then evaporated in surrounding gas, but the low melting 

elements can be evaporated incompletely or too late. Borovička (1993) found that about 

95% of the hot gas around the meteoroid was formed by air. We will now describe the basic 

formulas defining this model of meteor spectra formation.     

 After the calibration of the observed meteor spectrum (see Borovička, 1993, section 

2), the specific intensity 𝐼𝜆 integrated over the whole radiating surface, labeled 𝜉𝜆 (𝜉𝜆 =

 𝐹(𝜆) 𝑟2) becomes known. We will follow the assumption that the meteor can be at any 

instant treated as an uniformly bright object with surface area 𝑃, and that for simplicity, 𝑃 

is perpendicular to the line of sight. In this case: 

𝜉 𝜆  =  𝑃𝐼𝜆 .                                                                 (2.18) 

The surface area 𝑃 is unknown parameter, which has to be determined from the 

observation. However, the specific intensity 𝐼𝜆 has to be calculated as a solution of radiative 

transfer equation inside the meteor gas volume. The meteoroid size is typically very small 

relative to the whole radiating volume. Therefore, the size of the meteoroid can be 

neglected and the meteor can be treated simply as a finite gaseous slab.    

 Thermal equilibrium is usually not observed or only very faint in meteors. Following 

this assumption, Borovička’s model (1993) considers only radiative transfer in spectral lines. 

The absorption coefficient and the source function are respectively 

𝛼𝜈 =  
𝜋𝑒2

𝑚𝑐
𝑛1𝑓  1 −

𝑔1𝑛2

𝑔2𝑛1
 Φ 𝜈 ,                                              (2.19) 

𝑆𝜈 =  
2𝜈3

𝑐2
 

1

(𝑔2𝑛1 𝑔1𝑛2)  −  1 
.                                                 (2.20) 

Here 𝑛1, 𝑛2 are the populations of the lower and upper energy level respectively. All other 

parameters are the same as in Eq. 2.10 and 2.16.      

 If we assume that the spectral lines are characterized by Voight profile: 
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Φ 𝜈 =  
1

 𝜋 Δ𝜈𝐷

 𝐻 𝑎, 𝑢 ,                                                   (2.21) 

where 

Δ𝜈𝐷 =  
𝜈0

𝑐
  

2𝑘𝑇𝑘

𝑚𝑎
                                                          (2.22) 

is the Doppler width, 𝜈0 is the frequency at the line center, 𝑘 is the Boltzmann constant, 𝑇𝑘 

is the (kinetic) temperature, and 𝑚𝑎  is the atom mass.  𝐻 𝑎, 𝑢  represents the Voight 

function, where 𝑢 is the frequency measured from the line center in Doppler width, 

𝑢 =  
𝜈 −  𝜈0

Δ𝜈𝐷
                                                                  (2.23) 

and 𝑎 is parameter related to the damping constant Γ: 

𝑎 =   
Γ

4πΔ𝜈𝐷
 .                                                             (2.24) 

Besides Eq. 2.22, the above equations are valid generally. To proceed further, we 

need to know the level populations, which in general poses difficult problem. However, if we 

assume thermal equilibrium, the level populations are simply given by the Boltzmann 

distribution (Eq. 2.10). Substituting from 2.10 and 2.21 into 2.19, we obtain the absorption 

coefficient  

𝛼𝜈 = 𝑛𝜍𝐻 𝑎, 𝑢 ,                                                            (2.25) 

where 𝜍 is a parameter dependent only on the temperature and atomic parameters relating 

the line defined as 

𝜍 =  
𝜋1/2𝑒2

𝑚𝑐𝑈
  

𝑚𝑎

2𝑘𝑇
  𝜆𝑔1𝑓𝑒

−𝐸1/𝑘𝑇 1 − 𝑒−𝜈/𝑘𝑇 .                           (2.26) 

The dependence on frequency in Eq. 2.25 is described by the Voight function. If we assume 

that the temperature is constant along the line of sight, the total optical thickness at 

frequency 𝜈 is given by 

𝜏𝜈 = 𝑁𝜍𝐻 𝑎, 𝑢 ,                                                           (2.27) 
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where 𝑁 is the column density of the atoms of the given spectral lines.    

 Assuming thermal equilibrium and energy levels given by the Boltzmann distribution, 

the source function is equal to the Planck function: 

𝑆𝜈 = 𝐵𝜈 𝑇 .                                                                (2.28) 

With a constant temperature the radiative transfer equation can be easily integrated. The 

result for specific intensity is 

𝐼𝜈 = 𝐵𝜈   1 − 𝑒−𝜏𝜈  .                                                         (2.29) 

The intensity can now be computed for each frequency, provided that we know the three 

parameters: 𝑇, 𝑁 (for each element) and Γ. Parameter 𝑃 relates to the observed quantity 𝜉 

(2.18). The remaining atomic data (𝑈, 𝑚𝑎 , 𝜆, 𝑔, 𝑓, 𝐸) must be known.    

 Unfortunately, observed meteor spectra are not sufficient to resolve the true line 

profiles. The dispersion and resolution of the observed spectra depends on the observational 

technique, but even the most precise photographic emulsions are limited and offer only 

small dispersion. The observed profiles are instrumental. Therefore, the line profiles cannot 

be studied from observations and the only observable quantity with a physical meaning is 

the total line intensity. Gaussian profile can be used for a reasonable fit of the instrumental 

profile (Borovička, 1993): 

𝜉 𝜆 =  𝜉0𝑒
 − 𝜆−𝜆0 /Δ2 .                                                      (2.30) 

Here, 𝜆0 and 𝜉0 are the wavelength and instrumental intensity at the center of the line and Δ 

is the width of the instrumental profile. By integrating 𝜉 𝜆  over all wavelengths, we obtain 

the total line intensity (brightness): 

𝜉 =   𝜉 𝜆 𝑑𝜆 =   𝜋 Δ𝜉0.                                                   (2.31) 

This means that the total brightness can be determined directly from the observed 

instrumental maximum, provided that we can realistically estimate Δ. For a theoretical 

determination of the total line intensity 𝜉, we need to integrate Eq. 2.29 and multiply by the 

surface area 𝑃:  

𝜉𝑡𝑒𝑜𝑟𝑦  = 𝑃𝐵𝜈Δ𝜈𝐷   1 − 𝑒−𝑁𝜍𝐻(𝑎 ,𝑢)  𝑑𝑢
∞

−∞

.                                  (2.32) 
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This integral needs to be computed numerically for each line and with reasonable limits. 

 The above theory described how to determine intensity of any spectral line for given 

parameters 𝑇, 𝑁, Γ, and 𝑃. In practice, we are usually solving the reverse problem: to 

calculate these unknown parameters from the observed brightness of spectral lines captured 

by the spectrograph. This can be performed by the least square method. The complete 

model of meteor spectrum and method for calculation of meteor gas abundances can be 

found in detail in Borovička (1993). Furthermore, the Calibration Free method, which is 

usually applied in Laser Induced Breakdown Spectroscopy elemental composition analyses 

(e.g. Ciucci et al., 1999; Tognoni et al., 2010; Hornackova et al., 2014, Takahashi et al., 

2015), can be also applied for meteor spectra recordings, as recently suggested by Ferus et 

al. (2016). 

3. Physical properties of meteoroids 

In this chapter, we describe the physical parameters we will use to characterize the nature 

of studied meteoroids, along with the applied method for their calculation. In each case, the 

physical property and the applied procedure was selected to accommodate the capabilities 

of the observational system (described in section 4.1).  

3.1. Photometric mass 

Masses of meteoroids from meteor observations are usually determined using dynamical 

and photometric methods. Different approaches delivered scattered results in the past, due 

to neglecting the fragmentation process of meteoroids in the atmosphere. Precise 

fragmentation model is necessary for reliable calculation of the dynamic mass, which is not 

suitable for the lower resolution of video observations. Therefore, we will focus on 

determining the meteoroid masses using the photometric method, i.e. from the meteor light 

curve. The standard luminosity equation (e.g. Bronshten, 1983) can be rewritten in the 

form: 

𝑚∞ = 2  
𝐼𝑑𝑡

𝜏𝑙𝑣2

𝑡𝐸

𝑡𝐵

.                                                                 (3.1) 

Here, 𝑚∞ is the original mass of the meteoroid, 𝑣 is the meteor velocity, and 𝐼 is the light 

intensity of the meteoroid, integrated in the time interval from the beginning of the light 
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curve (𝑡𝐵) to the end (𝑡𝐸). The luminosity efficiency factor, 𝜏𝑙, represents the fraction of the 

meteoroid’s kinetic energy, which has been converted into luminosity in the visual range.  

For the calculation of 𝜏𝑙, we applied the approach described by Hill et al. (2005). The 

method uses a relation between the luminous efficiency factor and universal excitation 

coefficient 𝜁 defined by Jones & Halliday (2001): 

𝜏𝑙 = 2  
𝜖

𝜇
 

𝜁

𝑣2
,                                                                  (3.2) 

where the values of 𝜁 are split into several regimes based on the meteor velocity and the 

ratio of the mean excitation energy to the atomic mass  𝜖/𝜇  is computed for meteoric 

atoms and ions producing the most radiation (e.g. Ceplecha et al., 1998), assuming the 

majority of the observed radiation comes from the meteoroid atoms (Bronshten, 1983). 

3.2. Material strength  

3.2.1. KB and PE parameters 

The material strength plays an important role in differentiating between asteroidal and 

cometary meteoroids and is crucial in estimating the potential of interplanetary bodies 

producing meteorite falls. Meteor observations can be used to characterize the material 

strength of meteoroids by calculating parameters empirical parameters 𝐾𝐵 and 𝑃𝐸, which are 

functions of the beginning and the end height of the meteor luminous path. Fragile particles 

tend to crumble under lower pressures resulting in higher beginning height of the observed 

luminous trajectory. Likewise, only stronger materials can withstand the pressure and reach 

lower parts of our atmosphere, and only the most robust particles will eventually fall on the 

Earth’s surface. It is observed that depending on the entry velocity and meteoroid mass, the 

ablation begins at higher heights for cometary bodies than asteroidal ones (Ceplecha & 

McCrosky, 1976; Koten et al., 2004).         

 The 𝐾𝐵 and 𝑃𝐸 parameters defined by Ceplecha (1968), and Ceplecha & McCrosky 

(1976), and later revised by Ceplecha (1988) can be expressed as 

𝐾𝐵 = log 𝜌𝐵 +  2.5 log 𝑣∞ −  0.5 log 𝑧𝑅 ,                                         (3.3) 

𝑃𝐸 = log 𝜌𝐸 −  0.42 log 𝑚∞ +  1.49 log 𝑣∞ − 1.29 log cos 𝑧𝑅 .                     (3.4) 

Here, 𝜌𝐵 and 𝜌𝐸 are the atmospheric densities at beginning and end height of the luminous 

trajectory, 𝑣∞ is the pre-atmospheric meteor velocity, 𝑧𝑟 is the zenith distance of the 

radiant, and  𝑚∞ is the original photometric mass calculated using luminous efficiency factor 
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Table 1. Classification of meteoroid material strength based on KB and Pe parameters (Ceplecha, 
1988). The differences between C3 and C2, and IIIAi and IIIA are based on orbital properties (see 

Ceplecha, 1988). 

 

in accordance with Ceplecha & McCrosky (1976). These parameters form a basis for an 

empirical classification of meteoroid material strength, which differentiates between fragile 

cometary bodies (e.g. characteristic for Draconid meteors), dense cometary bodies, 

carbonaceous bodies, and stronger meteoroids of asteroidal origin (Ceplecha, 1988). The 

values for atmospheric densities were obtained using the MSIS-E-90 Atmosphere Model of 

Hedin (1991). These parameters form a basis for the empirical classification of meteoroid 

material strength (Table 1). The 𝐾𝐵 classification differentiates between fragile cometary 

bodies (group D) characteristic e.g. for Draconid meteors, typical cometary bodies (group 

C), dense cometary bodies (group B), carbonaceous-type bodies (group A), and strong 

meteoroids of asteroidal origin (group ast). Similarly, the classification based on the 𝑃𝐸 

parameter distinguishes between cometary bodies (group III), carbonaceous-type bodies 

(group II), and asteroidal bodies (group I).   

 

3.2.2. Dynamic pressure 

The bulk strengths of meteoroids can be also inferred from the loading ram pressure 

causing their fragmentation. During the aerodynamic loading, the internal stresses in the 

meteoroid are proportional to the exerted ram pressure (Fadeenko, 1967), and so the 

stagnation pressure at breakup can be used as a measure of meteoroid strength in the 

Material type KB group KB PE group PE 

Fragile cometary D KB < 6.6 IIIB PE ≤ -5.70 

Regular cometary 
long-period 

C3 6.6 ≤ KB < 7.1   

Regular cometary 
long-period 

C2 6.6 ≤ KB < 7.1 IIIAi -5.70 < PE ≤ -5.25 

Regular cometary 
short-period 

C1 6.6 ≤ KB < 7.1 IIIA -5.70 < PE ≤ -5.25 

Dense cometary B 7.1 ≤ KB < 7.3   

Carbonaceous chondrites A 7.3 ≤ KB < 8.0 II -5.25 < PE ≤ -4.60 

Ordinary chondrites 
Asteroids 

ast 8.0 ≤ KB I -4.60 < PE 
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disruption (Popova et al., 2011). The fragmentation strength of a meteoroid can be simply 

taken as the dynamic pressure acting at the front surface of the meteoroid: 

𝑝 =  𝜌𝑣
2 ,                                                                        (3.5) 

where 𝜌  and 𝑣  are the atmospheric density and meteor velocity at the height of the 

fragmentation. Both of these quantities can be easily measured from the observational data 

and the atmospheric model, but the determination of the fragmentation height is often 

difficult. Various methods can be applied for this purpose, depending on the type of 

available data and the type of meteoroid fragmentation (Popova et al., 2011).   

 In our analysis of the fragmentation strengths of Taurid meteoroids described in 

section 4.3, fragmentation heights were determined from meteor light curves. The meteor 

flares (sudden transient increases of brightness) observed mainly during bright fireballs are 

caused by the sudden release of dust or small fragments from the meteoroid. The position 

of the flares in Taurid light curves was used to infer the fragmentation height. However, not 

all of the analyzed Taurid meteors exhibited recognizable flares, and therefore we were not 

able to determine reliable values of dynamic pressures for these, characteristically fainter 

cases. 

3.3. Mineralogical density 

Density is certainly one of the most important physical properties defining the nature 

meteoroids. There are numerous methods for the determination of meteoroid densities. Bulk 

densities of meteoroids can be calculated from meteor observations by simultaneously 

fitting the deceleration and the light curves of meteors (e.g. Borovička et al., 2007; Kikwaya 

et al., 2011). The effective fragmentation model must be taken into account.  

 Mineralogical density represents the density of the substance, irrespective of the 

structure and shape of the body (Bronshten, 1983). The actual (mineralogical, or grain 

density) of the meteoroid material differs from its bulk (volume) density due to the porous 

structure, presence of voids and volatile inclusions, which are characteristic for most 

meteoroids. We applied the method suggested by Ceplecha (1958) and developed by 

Benyukh (1968), which uses the heat conductivity equation to obtain the mineralogical 

density of meteoroids. The equation of heat conductivity can be written in the form:  

2𝑇𝐵 𝜆𝛿𝑚𝑐 1/2

Λ
=  

𝑣∞
5/2

 𝑏 cos 𝑧𝑅 1/2
,                                                    (3.6) 
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where 𝑇𝐵 is the temperature of the frontal surface of a meteoroid; 𝜆 is the meteoroid heat 

conductivity; 𝛿𝑚  is the mineralogical density of the meteoroid; 𝑐 is the specific heat of the 

meteoroid, Λ is the heat transfer coefficient in the beginning of evaporation; 𝜌 is the 

atmospheric density; 𝑧𝑅 is the zenith distance of the radiant; and 𝑏 = 1/𝐻 is the air density 

gradient, where 𝐻 is the scale height.        

 The laboratory data of 𝜆, 𝛿𝑚 , and 𝑐 are available for various types of rocks, minerals, 

and metals (Berch et al., 1949), while the values of 𝑇𝐵 and Λ can be assumed for meteoric 

stone and iron particles (Levin, 1956). Using these values and by defining the decimal 

logarithm of the left-hand side of Eq. x as the function 

𝑓 𝛿𝑚 = log  
2𝑇𝐵 𝜆𝛿𝑚𝑐 1/2

Λ
 ,                                                  (3.7) 

we are able to construct the dependence of 𝑓 𝛿𝑚  on 𝛿𝑚  (Figure 1). The decimal logarithm of 

the right-hand side of Eq. X, 

𝑓 𝛿𝑚 = log  
𝑣∞

5/2

 𝑏 cos 𝑧𝑅 1/2
 ,                                                   (3.8) 

can be calculated from precise video observations and from the atmosphere model. Using 

these values of 𝑓 𝛿𝑚  in the diagram on Figure 1, we are able to determine the mineralogical 

density 𝛿𝑚  of meteoroids.         

 This technique was used be Benyukh (1974) to estimate the mineralogical densities 

of over 3000 meteoroids from a database of meteors captured by Super-Schmidt cameras. 

Recently, Babadzhanov and Kokhirova (2008) applied the aforementioned method to 

determine mineralogical densities of 501 meteoroids observed by photographic cameras, 

delivering results in satisfactory agreement with the results of Benyukh (1974). Considering 

the sensitivity of the AMOS system, which is similar to the sensitivity of Super-Schmidt 

cameras, we expect to observe comparable beginning heights of meteors and thus 

comparable results for mineralogical densities. The values of atmospheric densities and 

temperatures at different heights were obtained using the MSIS-E-90 Atmosphere Model of 

Hedin (1991).  
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4. Dissertation thesis project 

4.1. Observations and data reduction 

Our analysis is primarily based on the observations of the spectral All-sky Meteor Orbits 

System (AMOS-Spec) based in Modra Observatory, Slovakia (Rudawska et al., 2015). In 

order to determine accurate atmospheric trajectories and original heliocentric orbits of 

studied meteoroids, multi-station observations for these meteors are required. These are 

provided by four AMOS stations comprising the Slovak Video Meteor Network (SVMN), which 

carry out routine meteor observations on every clear night (Tóth et al., 2011; Tóth et al., 

2015). In some cases of single-station meteor spectra, our data were supplemented by 

individual observations provided by Pavel Spurný (European Fireball Network) and Jakub 

Koukal (Central European MEteor NeTwork).        

 The AMOS-Spec is a semi-automatic remotely controlled video system for the 

Figure 1. The dependence of the function 𝑓 𝛿𝑚   (Eq. 3.7) on mineralogical density 𝛿𝑚 . The points 

represent values for different materials assuming physical parameters, which were used by Benyukh 
(1968). 
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detection of meteor spectra. The main display components consist of a 30mm f/3.5 fish-eye 

lens, an image intensifier (Mullard XX1332), a projection lens (Opticon 1.4/19 mm), and a 

digital camera (Imaging Source DMK 51AU02). This setup yields a 100° circular field of view 

with a resolution of 1600 x 1200 pixels and frame rate of 12/s. The incoming light is 

diffracted by a holographic 1000 grooves/mm grating placed above the lens. The spectral 

resolution of the system varies due to the geometry of the all-sky lens with a mean value of 

1.3 nm/px. A 500 grooves/mm grating was used for the observations in Chile, providing a 

mean spectral resolution of 2.5 nm/px. The system covers the whole visual spectrum range 

from 300nm to 900nm. The spectral response curve of the AMOS-Spec system (camera, 

image intensifier, and lens) is given in Figure 2. It was determined by measuring the known 

spectrum of Jupiter and is normalized to unity at 480 nm. The typical limiting magnitude of 

the system for meteors is approx. +4 mag., while only meteors brighter than approx. 0 

mag. can be captured along with its spectrum. More details about the properties and 

capabilities of the AMOS systems can be found in Tóth et al. (2015). The main disadvantage 

of the wide-field camera is the interference of the moonlight and bright Moon spectrum 

causing occasional difficulties in meteor detection. For this reason, the center of the field of 

view of the AMOS-Spec system was shifted approximately 30 degrees from zenith towards 

the north, successfully avoiding the majority of direct moonlight disturbance in the field of 

view. 

Figure 2. The spectral sensitivity of the AMOS-Spec system. The spectral response curve was 
determined by measuring the spectrum of Jupiter, and is normalized to unity at 480 nm. 
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4.1.1. Spectra Reduction 

The All-sky geometry of the lenses causes slight curvature of the meteor spectra captured 

near the edge of the FOV. For this reason, each spectrum was scanned manually on 

individual video frames using ImageJ program. Before scanning the spectra, all of the 

analyzed spectral events were corrected for dark frame, flat-fielded, and had the star 

background image subtracted. We are particularly interested in the relative intensities of the 

Na I - 1, Mg I - 2, and Fe I - 15 multiplets, which form the basis of the spectral classification 

of meteors established by Borovička et al. (2005). To accurately measure the intensities of 

these emission lines, the scanned spectrum was corrected for the spectral sensitivity of the 

system, and subtracted of the continuous radiation fitted by Planck curve at different 

temperatures (between 3500 and 4500 K), and the atmospheric emission lines of O and N, 

originating in the high temperature spectral component (Borovička, 1994b). The scale of 

each spectrum was determined using known spectral lines in the calibration spectrum and 

polynomial fitting of 2nd or higher degree. The line identification, correction for spectral 

sensitivity, reduction of continuum radiation and atmospheric emission, and calculation of 

relative intensity ratios of studied spectral lines are all performed by our own developed 

Matlab code. Each spectrum was scanned and scaled on individual frames and the final 

profile was obtained by summing measured intensities on each frame. Only bright enough 

meteor spectra with signal-to-noise ratio higher than 5 were used for our analysis.  

 The low resolution of the video meteor spectra allows us only to identify limited 

number of meteoroid spectral lines compared to high dispersion photographic spectrographs 

used mainly in the past (e.g. Ceplecha, 1964; Nagasawa, 1978; Borovička, 1993). It has 

been shown that meteor spectra consist of two spectral components (Borovička, 1994b). 

The majority of the observed meteoric spectral lines belong to the main, low-temperature 

(≈ 4500 K) spectral component, which comprises mostly of the neutral lines of Na, Mg, Fe, 

Cr, Ca, and Mn. The high-temperature (≈ 10000 K) spectral component is significant only in 

bright and fast meteors. It consists of atmospheric O and N lines, and meteoric high-

excitation lines of Mg II, Si II, and Ca II. Only three meteoric lines (Na I, Mg I, and Fe I) 

can be reliably examined in typical video spectra. Nevertheless, the variations of relative 

intensities of these lines can reveal the different compositions of studied meteoroids. The 

list of the most important atomic lines identified in typical low resolution video meteor 

spectra can be found in Borovička et al. (2005) or Vojáček et al. (2015). 

4.1.2. Photometry and astrometry 
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Previous measurements and orbital analyses of known meteor streams have demonstrated 

the astrometric precision of the AMOS system (Tóth et al., 2015). The system achieves 

higher orbital accuracy compared to most all-sky video systems due to significantly higher 

pixel resolution. Multiple station observations of the analyzed spectral events were used to 

determine the heliocentric orbital parameters and geocentric trajectory parameters of the 

Taurid meteors. The AMOS systems comprising the SVMN yield a standard astrometric error 

of 0.03 - 0.05° that translates to the accuracy of tens to hundreds of meters for 

atmospheric meteor trajectory. The detailed all-sky reduction described by Ceplecha (1987) 

and Borovička et al. (1995) was used. Each meteor was measured individually using 

UFOCapture software for meteor detection and UFOAnalyzer for astrometric data reduction. 

 The largest uncertainty of our observations comes from the determination of 

absolute magnitudes of meteors, which are estimated empirically. New method using the 

comparison to the brightness of the Moon in various phases was applied to gain higher 

accuracy of the estimated magnitudes. Yet, exceptionally bright fireballs among the 

analyzed observations can cause significant saturation, delivering higher uncertainty in the 

determination of the absolute magnitudes and consequently the photometric masses of the 

meteoroids. The errors of determined photometric masses can be found in Table x. In some 

cases, analyzed multi-station meteors were observed under very low convergence angle, 

which translated into low accuracy of the determined orbital elements. These parameters 

will therefore be neglected in our results (Table x.) 

4.2. Current state of the project 

The campaign for the meteor spectra observations in Slovakia began in November 2013 and 

has since proved to be effective in gathering significant information on the physical nature 

of general meteoroid populations (Rudawska et al., 2016), as well as in the case of 

exceptional stream activities (Matlovič et al., 2016). The author of this thesis was active in 

the development of the spectra reduction method described in chapter 4.1.1. and has 

managed the spectral campaign since the beginning of 2015. Since the initiation of the 

AMOS-Spec system to the current date (November 2016), we were able to capture over 150 

bright meteor spectra, which were already reduced and measured for the relative intensities 

of the main spectral multiplets used for the classification of meteors described in chapter 

4.2.2. Initial survey of 35 spectra observed during the first year of the campaign, 

supplemented with orbital and physical characteristics for 21 multi-station observed 

meteors, was analyzed and interpreted in Rudawska et al. (2016). Recently, the outburst 



30 
 

Taurid meteor shower activity in November 2015 was also captured by the AMOS-Spec and 

AMOS systems, enabling complex study of the peculiar Taurid stream, and delivering 

interesting conclusions regarding the raising questions about the origin of the stream and its 

relation to comet 2P/Encke and other Taurid complex related near-Earth objects (NEOs) 

(Matlovič et al., 2016).         

 Results of these works, which will be briefly described in following chapters, provided 

initial insights on the issues we aim to examine thoroughly in a broad population of 

meteoroids. Each of the following chapters will outline what type of information we are able 

to obtain from the suggested measurements and the implications they provide for the 

physical nature and origin of meteoroids. As a specific example of the application of our 

research, results from a recent detailed study focused on Taurid meteoroids and their 

relation to 2P/Encke and Taurid complex associated NEOs (Matlovič et al., 2016) will be 

summarized in chapter 4.3.  

4.2.1. Meteor orbits 

Multi-station meteor observations allow us to determine precise orbital elements of 

meteoroids prior to their atmospheric entry. This way, we are able to define the dynamical 

source of these bodies, which is an essential parameter for any associations with known 

meteoroid streams and their parent bodies. In case of low perihelia orbits, it also indicates 

the thermal history, which potentially affected the structure and composition of the studied 

body.            

 The Tisserand’s parameter with respect to Jupiter can be used  to distinguish 

between the different orbit types (cometary, asteroidal) related to their source regions. It is 

defined as 

𝑇𝐽 =
𝑎𝐽

𝑎
+ 2  

𝑎

𝑎𝐽
 (1 − 𝑒2) cos 𝑖 ,                                         (3.9) 

where 𝑎𝐽  is the semi-major axis of Jupiter, and 𝑎, 𝑒, 𝑖 are the semi-major axis, eccentricity 

and inclination of the meteoroid respectively. The standard classification based on the The 

Tisserand’s parameter differentiates between asteroidal orbits (TJ > 3) originating in the 

Main asteroid belt, Jupiter-family type cometary orbits (2 < TJ < 3) originating in the Kuiper 

belt, and Halley-type cometary orbits (TJ < 2) originating in the Oort cloud. There is 

however big overlap between asteroidal and Jupiter-family type orbits at the borderline near 

TJ = 2, and the distinction between these bodies must treated carefully. Several asteroids, 

often referred to as Damoclids, have been found on Halley type orbits, and there are also 
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comets, most notably 2P/Encke, which are orbiting well inside the Main belt. Therefore, the 

orbit alone cannot be used to differantiate between asteroidal and cometary bodies 

unambiguously. The addition of spectral and physical parameters, which is the aim of our 

study, should help to resolve these uncertainties.       

 Our first survey (Rudawska et al., 2016) revealed that out of the 22 analyzed multi-

station meteoroids, 10 orginated on Halley-type orbits, 6 on Jupiter-family type orbits, and 

5 on asteroidal orbits. Moreover, we also observed one retrograde orbit with small semi-

major axis and high Tisserand’s parameter. Meteors with high inclinations and retrograde 

cometary orbits have been already observed in the past (Harvey, 1974; Spurný & 

Borovička, 1999; Borovička et al., 2005). Their orbital properties suggest a cometary origin. 

It is still unclear how these high-strength materials could end up on cometary orbits. The 

existence of such population could be related with the inhomogeneous interiors of comets 

(Borovička et al., 2005), or they could be fragments of retrograde NEAs transferred by the 

near main-belt resonances (Greenstreet et al., 2012). However, in our case, the spectral 

and physical properties of this retrograde meteoroid point towards cometary origin.  

      

4.2.2. Spectral classification 

The low resolution of video spectrographs only allows us to study limited number of spectral 

lines in meteor spectra, however, the relative intensities of the three main meteoric species 

(Na, Mg, Fe) observed in the visual spectrum can reveal the composition of  meteoroids. 

This is the basis of the spectral classification established by Borovička et al. (2005), which 

distinguishes different types of bodies based on the relative intensities of spectral multiplets 

Na I - 1 (589.2 nm), Mg I - 2 (518.2 nm), and Fe I - 15 (526.0 - 545.0 nm). The 

contributions of all recognizable lines of the Fe I - 15 multiplet were summed. These 

multiplets were chosen as they can be well measured in the typical meteor spectrum, and 

all lay in the region of high instrumental spectral sensitivity. Nevertheless, the 

measurement of these lines must be careful, because the Na multiplet overlaps with a 

sequence of N2 bands, while the wake lines of Fe can influence the intensity of Mg line. All 

these effects were accounted for in the reduction process described in chapter 2.1. 

Furthermore, as the spectral sensitivity of the AMOS-Spec is similar in this region, we are 

able to apply the same classification for our meteors. It must be noted that the classification 

of Borovička et al. (2005) was originally developed for faint meteors in the magnitude range 

+3 to -1, corresponding to meteoroid sizes 1 - 10 mm. Our system observes meteor spectra 

of -1 to -10 magnitude, corresponding to meteoroid sizes of app. few mm to tens of cm. 
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Figure 3. The spectral classification of 154 meteors observed by the AMOS-Spec system. Diagram shows the measured relative 
intensities of spectral multiplets Mg I - 2, Na I - 1, and Fe I - 15. Different material type classes are marked by different colors. 

 

However, we expect that the same physical conditions fitted by the thermal equilibrium 

model applied for bright photographic meteors (Borovička, 1993) as well as for fainter 

meteors (Borovička et al., 2005), can be also assumed for the population observed by our 

system. The effect of self-absorption in brighter meteor spectra was examined in individual 

cases. The instrumental pixel saturation in spectra only occurred in individual cases during 

bright flares and posed no problem for most meteors in the resolution provided by the 1000 

grooves/mm grating. Individual frames with saturated meteor spectra were excluded from 

the summation for final spectral profiles and calculation of relative line intensities.  

 The spectral classification of meteors is usually portrayed on ternary diagrams 

(Figure 3) and differentiates between standard meteoroid materials defined by the normal 

type spectra, and more distinct spectral classes, which define various material types either 

depleted or enriched in sodium and iron. While the iron content in meteor spectra hints the 
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material sturdiness and relation to asteroidal origin, the sodium abundance can be used as a 

tracer for volatile content in meteoroids, which is mainly associated with cometary origin. 

Detailed distinction between the established spectral classes of meteors can be found in 

Borovička et al. (2005).         

 In our first analysis, the spectral classification of the 35 studied meteoroids was 

dominated by normal type meteoroids, with several cases of Fe-poor bodies (Rudawska et 

al., 2016) and individual contributions of Na-poor and Na-enhanced material types. At 

present, over 150 reduced meteor spectra provide much more statistically significant 

dataset, revealing more detailed insight at the real distribution of the observed meteoroid 

materials. Ternary diagram portraying the spectral classification of 154 meteors captured 

between November 2013 and September 2016 is on Figure 3. More observed meteor 

spectra are being measured and will be used for the final analysis.     

 It still clear that majority of the observed meteoroid materials represent the normal 

type spectral class with similar ratios of Na I, Mg I, and Fe I intensities. Nevertheless, we 

also observe significant variations of Na and Fe content among the studied population of 

meteoroids. Normal type meteoroids are positioned in the middle of the ternary diagram, 

with content close to the ratios characteristic for chondritic composition. It was noted by 

Borovička et al. (2005) and later confirmed by Vojáček et al. (2015) that the majority of 

observed meteoroids, including the standard cometary particles represented e.g. by Perseid 

and Leonid meteors, fall in the ternary diagram below the so called chondritic curve, which 

represents the expected range for chondritic composition, due to the lower content of iron. 

This trend is also clearly present in our survey. Our results however also show interesting 

distinctions from the previous comparable studies of Borovička et al. (2005) or Vojáček et 

al. (2015).            

 Firstly, approximately 10% of the 97 meteor spectra examined by Borovička et al. 

(2005), and similarly in the case of Vojáček et al. (2015), represent iron meteoroids, which 

are probably related to monolithic iron meteorites found on the Earth’s surface. Our survey 

exhibited only one pure iron meteor spectrum in 154 meteoroids. Statistically, 

approximately 10% of the meteorite findings on Earth have been irons. Considering the fact 

that only the strongest interplanetary particles can survive the ablation in Earth’s 

atmosphere and no cometary materials have yet been confirmed in the form of meteorites, 

we would expect only a very small sample of the entire meteoroid population to be 

represented by monolithic iron bodies. This is more likely supported by our results, but is in 

considerable mismatch with the study of Borovička et al. (2005). As mentioned earlier, the 

meteor spectra examined by Borovička et al. (2005) are produced by meteoroids in the size 
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range of approximately 1-10 mm, while our study includes larger bodies of mm to tens of 

cm. This means that for some reason, the population of smaller meteoroids of 1-10 mm 

exhibit significantly larger ratio of iron bodies than among larger meteoroids. We plan to 

inspect and discuss this phenomenon in detail in the dissertation thesis.    

 Moreover, we do observe a group of meteoroids with enhanced iron multiplet 

intensities in their spectra, but with chondritic Na/Mg ratios. They populate the upper middle 

region in the ternary diagram, where no bodies were observed by previous surveys. 

Therefore, we plan to propose a new spectral class of Fe rich meteoroids (marked orange on 

Figure 3). This population of bodies could be related to stony-iron meteorites (pallasites and 

mesosiderites), or might include chondritic materials rich in iron grains.  

 It is also clear from Figure 3, that we observe subtle enhancement of Na intensity 

over Mg in the majority of spectra in our sample. The densest area in the classification is 

shifted to the right from the center of the ternary diagram, with Na/Mg > 1. This is in 

contrast with the survey of Borovička et al. (2005), where the majority of particles were 

shifted slightly to the left of the diagram, with relative multiplet intensity ratios of Na/Mg < 

1. It would be assumed that this effect is also related to the different size distribution of 

studied samples. It was pointed out that the Na/Mg line intensity ratio varies widely in 

cometary meteoroids (e.g. Borovička et al., 2005; Rudawska et al., 2016), and is observed 

as a function of meteor velocity. Sodium is characterized by low ionization potential, and the 

Na line is of low excitation (2.1 eV) compared to the Mg line (5.1 eV) (Borovička et al., 

2005). Consequently, we expect Na line intensity to be dominant at lowest velocities 

(temperatures) and lower at highest velocities (temperatures). This effect is only observed 

for meteor velocities below 40 km/s and increases for velocities below 20 km/s. Bright 

fireballs caused by more massive meteoroids can reach very high temperatures, at which 

both Na and Mg become fully ionized. This would however favor smaller particles observed 

by Borovička et al. (2005) to be slightly more enhanced in Na compared to our population. 

We plan to provide discussion on this topic by expanding our research and supplementing 

the spectral characteristics of studied meteoroids with orbital and physical properties.   

 The Na line intensity is certainly one of the most interesting features in meteor 

spectra revealing the thermal history of meteoroids. The presence of sodium in meteor 

spectra can be used as a tracer of volatile phases associated with cometary origin. During 

the formation of the solar system, volatile elements were depleted from the inner 

protoplanetary disk due to intense solar radiation (Despois, 1992). We expect higher Na 

abundance in unprocessed bodies such as comets. Borovička et al. (2005) pointed out three 

populations of Na-free meteoroids: iron bodies on asteroidal orbits; meteoroids with small 
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perihelia (q ≤ 0.2 AU), where Na was lost by thermal desorption; and Na-free meteoroids 

on Halley type orbits, where Na loss was possibly caused by irradiation of cometary surfaces 

by cosmic rays in the Oort cloud. The depletion in Na for small meteoroids is observed as a 

function of the time exposure to solar radiation, which predicts that asteroidal particles will 

be Na-poor materials (Trigo-Rodríguez & Llorca, 2007). Furthermore, meteoroids with high 

surface-area/volume ratios are expected to suffer higher depletion of Na and other volatiles 

through solar radiation (Trigo-Rodríguez & Llorca, 2007). This effect could also be partially 

influenced by the fact that the measurement of line intensity in fainter spectra (typical for 

smaller particles) is a subject of higher uncertainty, while the line intensity of very bright 

spectra can be affected by self-absorption. 

4.2.3. Physical properties 

The primary focus of the research performed in this section will be placed on the material 

strength of meteoroids, which not only tells us about the potential of meteoroids and 

particular meteoroid streams in producing meteorites, but can also be used to help 

differentiate between asteroidal and cometary nature of studied bodies. The parameters 

noted in section 3 will be measured and used to characterize the physical properties of all 

multi-station meteors for which we observed spectra. We currently evaluate the possibility 

of expanding our measurements by applying fragmentation models and determining bulk 

densities of meteoroids. By comparing the bulk density and mineralogical density of a 

measured meteoroid, we are furthermore able to assess its porosity.     

 Our preliminary analysis (Rudawska et al., 2016) already revealed some tendencies 

in the relation between orbital and physical characteristics of studied meteoroids. It appears 

that while bodies on cometary Halley-type orbits show large diversity of the observed 

material strengths, meteoroids with Tisserand’s parameter suggesting asteroidal source are 

typically characterized with higher strength. More detailed study on the physical properties 

of meteoroids including first measurements of mineralogical densities and dynamical 

pressures was performed in our detailed analysis of Taurid meteoroids summarized in 

section 4.3. We are currently initiating measurements of the physical properties in a wider 

dataset of over 150 meteoroids, which will provide new conclusions for the dissertation 

thesis. 
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4.3. Special case: Taurid meteoroids 

4.3.1. Introduction 

The Taurid meteoroid stream is a massive stream of particles produced by the comet 

2P/Encke, which can be observed in October and November as a series of meteor showers 

rich in bright fireballs. Several near-Earth objects have been linked with the stream and 

recently the orbits of two carbonaceous meteorites were traced to the center of the stream, 

raising interesting questions about the origin of the meteoroid complex and the composition 

of 2P/Encke. Our aim is to investigate the nature and diversity of Taurid meteoroids by 

studying their spectral, orbital and physical properties determined from video meteor 

observations. In our analysis (Matlovič et al., 2016), we reviewed 33 Taurid meteor spectra 

captured during an outburst in November 2015 by stations in Slovakia and Chile, including 

14 multi-station observations for which the orbital elements, material strength parameters, 

dynamic pressures and mineralogical densities were determined. Our interest was focused 

on finding traces for asteroidal and carbonaceous meteoroids, which would suggest that 

Taurid stream may be produced by multiple parent bodies.      

 Although comet 2P/Encke is generally considered as the parent object of the Taurids 

(Whipple, 1940), various small near-Earth objects (NEOs) and recently even two 

instrumentally observed carbonaceous meteorite falls have been linked with the orbit of the 

stream (Haack et al., 2011). 2P/Encke is a short-period comet moving on an orbit 

dynamically decoupled from Jupiter with an orbital period of 3.3 years. The peculiar orbit of 

the 2P/Encke raises interesting questions relating its origin and the origin of the Taurid 

complex. Today, the most supported hypothesis states that comet 2P/Encke and several 

other bodies including the large number of meteoroids were formed by a fragmentation of 

an earlier giant comet. The theory was first suggested by Whipple (1940), and later 

elaborated by Asher et al. (1993) who argued that the Taurid meteoroid streams, 2P/Encke, 

and the associated Apollo asteroids were formed by major comet fragmentation 20 to 30 ky 

ago. Napier (2010) suggested that debris of this fragmentation event could have caused the 

Palaeolithic extinctions followed by the return to ice age conditions.    

 The broad structure of the Taurid complex was studied by several authors with over 

100 of NEO candidates associated with the Taurid complex. Porbučan et al. (2006) identified 

15 different sub-streams of the complex and by applying stricter criteria for generic 

relations found associations with 9 NEOs. The presence of these bodies in the Taurid 

complex implies the possibility that a part of the Taurid meteoroid population might be 
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produced as the decay or impact products of the associated asteroids. The connection to 

carbonaceous chondrites represented by Maribo and Sutter’s Mill meteorites also needs to 

be further investigated. We expect significantly different spectral and structural properties 

of such bodies in comparison to cometary meteoroids originating in 2P/Encke. So far, the 

efforts of finding common origin between the largest Taurid complex bodies gave rather 

skeptical results. Popescu et al. (2014) studied the spectral properties of the largest 

asteroids associated with the Taurid complex, but found no evidence supporting a common 

cometary origin. Similarly, the spectroscopic and photometric measurements of Tubiana et 

al. (2015) found no apparent link between comet 2P/Encke, the Taurid complex NEOs, and 

the Maribo and Sutter’s Mill meteorites.       

 The Taurid meteor shower occasionally exhibits enhanced activity due to a swarm of 

meteoroids being ejected by the 7:2 resonance with Jupiter (Asher, 1991). The outburst of 

meteors observed in 2015 was anticipated following the model of Asher & Izumi (1998), 

which previously predicted enhanced activities of Taurids in 1998, 2005 and 2008. Some 

features of the Taurid meteor shower activity suggest that the Taurid swarm exist only in 

the southern branch (Southern Taurids) and not in the northern branch (Shiba, 2016). 

 The two main branches of the Taurid complex, the Northern and the Southern 

Taurids are well observed meteor showers with established orbital parameters, which clearly 

trace them to comet 2P/Encke. Only few Taurid meteor spectra have been observed before 

the outburst of 2015. Borovička et al. (2005) analyzed six Taurid emission spectra observed 

by low-resolution video spectrograph, identifying three Na-enhanced meteoroids, while 

another three Taurids have been classified as normal type. Using the same spectrograph, 

Vojáček et al. (2015) observed three more normal type Taurids including one meteoroid 

with lower iron content. The determined spectral characteristics of normal to enhanced 

sodium content and lower iron content would suggest cometary parent body. Asteroidal 

meteoroids are expected to be depleted in volatile sodium by the processes of space 

weathering (e.g. Borovička et al., 2005; Trigo-Rodríguez & Llorca, 2007). Determined 

spectral properties give us valuable input into the studies of the origin of meteoroids; 

however, for doubtless differentiation between cometary and asteroidal particles, precise 

orbital and ideally physical characteristics must be obtained.    

 Besides the two major Taurid meteor showers, there are several smaller meteor 

streams associated with the Taurid complex. Most notably, this includes the Piscids, 

Arietids, chi Orionids, and the daytime showers of beta Taurids and zeta Perseids, 

encountered by the Earth in June and July. The beta Taurids and zeta Perseids have been 

shown to be the daytime twin branches to the Southern and the Northern Taurids 
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Figure 2. Heliocentric orbits of 14 multi-station Taurid meteors based on orbital elements given in 

Table 1. Portrayed 4 Northern Taurid orbits (black), 10 Southern Taurids (grey), complemented with 
the orbit of Earth and Jupiter, and the direction towards the vernal equinox. 

respectively. The possibility of Taurid sub-streams being produced by a different parent 

object was discussed by Babadzhanov (2001), who found shower associations to each of the 

Taurid complex asteroids and interpreted them as the evidence for the cometary origin of 

these asteroids. Recently, Olech et al. (2016) found very close resemblance between the 

orbits of two 2015 Southern Taurid fireballs and the orbits of 2005 UR and 2005 TF50 

asteroids. Precise observations of Taurid fireballs observed during the 2015 outburst were 

examined by Spurný et al. (2016), who emphasized the orbital resemblance of the 2015 

Taurids to the orbits of asteroids 2015 TX24 and 2005 UR. They argue that the outburst 

may have been caused by Taurid filaments associated with these asteroids.   

 All of the previous associations between different sub-streams of the Taurids and the 

Taurid complex asteroids were based on the orbital similarities. Certainly, studying the 

spectral and physical properties of the Taurid meteoroids could extend our understanding of 

the origin and evolution of the Taurid complex meteoroid streams. 

4.3.2. Orbital classification 

The orbital properties of the 14 Taurid meteoroids observed by multiple stations are in Table 

1. The Tisserand’s parameter places our sample of meteoroids on the borderline between 

asteroidal orbits (TJ > 3) and Jupiter-family type cometary orbits (2 < TJ < 3), as would be 

expected for a stream originating in the short-period comet 2P/Encke (TJ = 3.026). We  
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Table 1. Orbital properties of the multi-station Taurid meteor spectra observed during the outburst in 
November 2015. Each Taurid is designated with meteor number, meteor ID based on the observational 

date, shower assignment, geocentric velocity (vg), semi-major axis (a), perihelion distance (q), 
eccentricity (e), inclination (i), argument of perihelion (ω), longitude of the ascending node (Ω), 
Tisserand's parameter with respect to Jupiter (TJ), and corresponding orbit type based on TJ. Meteor 
no. 7 was omitted due to high uncertainty of the determined orbital elements, caused by the low 
convergence angle between the two observational stations. Meteor no. 15, and meteors no. 17 - 33 
captured in Chile were only observed by one station, orbital properties are not available. 

 

identified four Jupiter-family type cometary orbits and ten asteroidal orbits among the 

studied meteoroids.           

 For further information about the orbital origin of our sample, we focused on using 

the Southworth-Hawkins DSH orbital similarity criterion (Southworth & Hawkins, 1963) to 

look for associations of individual meteoroids with different filaments of the broad Taurid 

stream. Ten of the studied meteoroids were assigned to the southern branch of the stream, 

while four were identified as the Northern Taurids. Corresponding DSH values with respect to 

the assigned Taurid filaments (defined by orbital elements from Porubč an et al., 2006) are 

given in Table 1. Moreover, we also examined the orbital similarity between the studied 

meteoroids and the Taurid complex associated NEOs. Applying similarity threshold value of 

DSH ≤ 0.10, we found possible relation to 10 asteroids: 2005 UR (associated with 

meteoroids no. 1, 4), 2015 TX24 (no. 1, 3, 4, 6, 8, 9), 2003 UV11 (no. 3, 6, 8, 9, 11, 13), 

2007 UL12 (no. 3, 8, 9, 11, 13, 14), 2010 TU149 (no. 2, 6, 8, 10), 2003 WP21 (no. 14), 

No. Meteor Shower vg a e i q ω Ω TJ  

1 M20151102_020949 STA 28.74 1.87 0.831 5.51 0.316 120.19 39.10 3.45 AST 

2 M20151102_024553 NTA 27.62 2.04 0.821 3.32 0.365 293.69 219.16 3.27 AST 

3 M20151103_212219 STA 27.98 1.89 0.820 4.74 0.340 117.32 40.90 3.45 AST 

4 M20151103_212454 STA 29.27 1.90 0.839 6.59 0.305 121.13 40.90 3.40 AST 

5 M20151105_205304 NTA 30.12 2.35 0.866 1.80 0.314 298.08 222.95 2.89 JUP 

6 M20151105_215813 STA 28.98 2.39 0.852 4.33 0.354 113.45 42.92 2.89 JUP 

7 M20151105_220109 STA 34.97         

8 M20151105_220251 STA 28.34 2.17 0.836 3.72 0.356 114.04 42.92 3.11 AST 

9 M20151105_231200 STA 27.94 2.02 0.824 4.86 0.356 114.78 42.98 3.28 AST 

10 M20151105_235959 STA 26.59 2.55 0.828 0.82 0.438 103.60 42.92 2.83 JUP 

11 M20151108_234416 STA 27.27 2.09 0.816 5.46 0.385 111.17 46.01 3.22 AST 

12 M20151109_041942 NTA 29.30 2.21 0.851 1.01 0.330 296.74 226.32 3.04 AST 

13 M20151111_220940 STA 27.71 2.45 0.837 5.12 0.400 108.00 48.96 2.88 JUP 

14 M20151116_193459 STA 25.51 2.08 0.788 4.87 0.441 104.98 53.88 3.28 AST 

15 M20151117_002556           

16 M20151123_012004 NTA 26.06 2.08 0.797 2.96 0.422 286.88 240.24 3.27 AST 
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2010 VN139 (no. 14), 2004 TG10 (no. 5, 12), 2012 UR158 (no. 5, 12), and 2014 NK52 (no. 

5, 12, 16). Compared orbital elements of the associated NEOs were taken from the Asteroid 

Orbital Elements Database currated by Ted Bowell and Bruce Koehn. The most associations 

in the southern branch of our sample was found with asteroids 2015 TX24, 2003 UV11, and 

2007 UL12. Meteoroids from the northern branch showed most markable similarities with 

asteroid 2014 NK 52. These results support the measurements of Spurný et al. (2016), who 

suggested that the 2015 outburst may have been caused by Taurid filaments associated 

with asteroids 2015 TX24 and 2005 UR. Two of the southern Taurid meteoroids (no. 1 and 

no. 4) originated on orbits closely resembling the orbit of asteroid 2005 UR (DSH = 0.06 and 

0.07). The orbital similarity of 2005 UR with two bright Southern Taurid fireballs observed 

over Poland was also noted by Olech et al. (2016). The obtained orbital similarities with 

aforementioned asteroids are however still rather indefinite and could also be, given the 

broad structure of the Taurid complex, only incidental. In our work, we focused on using the 

spectral and physical properties of Taurid meteoroids to look for features suggesting generic 

associations with asteroidal origin. 

4.3.3. Spectral properties 

The spectral classification of Taurid meteoroids observed in Slovakia and Chile is on Figure 

4. The majority (24) of Taurid meteoroids represent normal type spectral class with similar 

ratios of Na I, Mg I, and Fe I intensities. However, we observe apparent variations in Fe and 

Na content among the meteoroids in our sample. Particularly, the studied spectra revealed 

large dispersion of iron content in individual cases, ranging from Fe-poor bodies to almost 

chondritic Fe/Mg ratios (Figure 5). As mentioned earlier, the majority of observed normal 

type meteoroids fall in the ternary diagram below the so called chondritic curve, which 

represents the expected range for chondritic composition, due to the lower content of iron. 

This is also the case for our sample of Taurid meteoroids, though two of the measured 

spectra showed quite significant Fe intensities (meteoroids no. 5 and 19). Furthermore, we 

also identified 8 Taurids depleted in iron, representing Fe-poor class, and two Na-enhanced 

Taurid meteoroids (no. 13 and 16). As can be clearly seen in Figure 4, all of the Taurids are 

positioned right from the center of the ternary diagram, exposing slight Na line intensity 

enhancement over Mg in all of the studied meteoroids. This supports the results of 

Borovička et al. (2005), who found Na-enhancement in three of the 6 observed Taurid 

spectra.           

 Even though all of our Taurid spectra have shown unambiguous sodium content, the 

effect of Na depletion as a function of perihelion distance is clearly observed (Figure 6). 
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Figure 4. The spectral classification of 33 Taurid meteors observed in Slovakia and Chile in 
November 2015. Diagram shows the measured relative intensities of multiplets Mg I - 2, Na I - 1, 

and Fe I - 15. Meteoroids are marked with numbers ordered according to the observational date. 
Meteors 1 - 16 were observed in Slovakia, while meteors 17 - 33 were captured in lower spectral 

resolution in Chile. 

Furthermore, Figure 6 also suggests that the Na enhancement was preferred in smaller 

Taurid meteoroids. Meteoroids with high surface-area/volume ratios are expected to suffer 

higher depletion of Na and other volatiles through solar radiation (Trigo-Rodríguez & Llorca, 

2007). This effect could also be partially influenced by the fact that the measurement of line 

intensity in fainter spectra (typical for smaller particles) is a subject of higher uncertainty, 

while the line intensity of very bright spectra can be affected by self-absorption. However, 

we argue that the dominant effect causing the Na enhancement in smaller Taurids is related 

to the low ionization potential of sodium and consequent dependence of Na/Mg line intensity 

ratio on meteor speeds below 40 km/s, as described in section 4.2.2. Typical Taurid 

velocities of approximately 28 km/s would slightly favor Na intensity over Mg, particularly 

for fainter meteors. Brighter Taurid fireballs caused by more massive meteoroids will reach 

very high temperatures, at which both Na and Mg become fully ionized, as observed in 

Figure 6.           

 Moreover, also the intensities of atmospheric emission lines of O I and N I, as well as 

the N2 bands increase with the meteor velocity. As a result of the moderate velocities of the  
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Figure 5. Spectral profiles of Taurids no. 5, 7, and 11. The spectra show similar features with 
significant variations of the Fe I - 15 intensity from the highest (upper picture) to the lowest (lower 

picture). Displayed spectral profiles are not corrected for the spectral sensitivity of the system. 
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Figure 6. The dependence of the Na/Mg line intensity ratio on perihelion distance. The varying sizes 
of the marks display photometric masses of individual meteoroids in logarithmic scale. 

Taurid meteors, the atmospheric emission lines were clearly present in the spectra (Figure 

5), but did not achieve high intensities, allowing us to readily subtract them from the 

spectral profiles before determining the intensities of the main meteoroid multiplets. 

 The brightest Taurid in our sample was observed on November 5 at 23:21:00 UT. 

This fireball (marked no. 9 in Figure 4) of estimated -8.4 absolute magnitude exhibited 

bright flare, which enabled us to capture two orders of its spectrum. The 1st order and the 

2nd order spectral profiles are on Figure 7. While the 1st order spectrum unveils more 

detailed features with emission lines of the high-temperature spectral component, the 

saturation in several frames caused by the flare restricts us from analyzing the relative 

intensities of the main spectral multiplets throughout the entire meteor flight. For this 

reason, we used the higher dispersion 2nd order spectrum to determine the spectral 

classification of this Taurid. Clearly, the relative intensities of Mg I - 2, Na I - 1, and Fe I - 

15 differ in the two spectral profiles. We can observe the lines of Fe I - 15 blending into the 

Mg I - I radiation and increasing its intensity. This demonstrates the uncertainty of 

determining relative intensities in bright spectra of meteor flares.    

 Generally, the spectral characteristics of the measured Taurid spectra, which are 

defined by mostly normal-type composition with Fe content below the chondritic values and 

increased Na content in most meteors point towards the cometary origin of all of the studied 

Taurid meteoroids. Nevertheless, we observe large variations of Fe and notable Na 

dispersion in Taurid spectra, suggesting Taurids are very heterogeneous population of 
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meteoroids. This is not unexpected for a stream of such remarkable spatial dispersion. In 

addition to the original heterogeneity of the parent body of the stream, the diverse thermal 

evolution in different parts of the stream would result in the observed compositional  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Brightest Taurid meteor (no. 9) in our sample of estimated -8.4 magnitude captured on 
November 5 at 23:21:00 UT, and the spectral profiles of the first order spectrum (upper picture) and 

second order spectrum (lower picture) showing different relative intensities of the Mg I - I, Na I - 2, 
and Fe - 15. multiplets. 
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variations. We did not find any spectral features, which would clearly indicate asteroidal 

origin in any of the meteoroids in our sample, though the relative intensities Na I, Mg I, and 

Fe I in several meteoroids were not too distant from the values expected for chondritic 

bodies. For more information, we focused on using the multi-station observations of 14 

Taurid meteors to determine the physical characteristics of the studied meteoroids. 

4.3.4. Physical properties of Taurid meteoroids 

As mentioned in section 4.2.3, our primary focus in the research of the physical properties 

of Taurid meteoroids is related to assessing the possibility for meteorite production of the 

stream, and potentially indicating additional asteroidal source of the meteoroids in the 

stream, which should exhibit significantly larger material strengths compared to cometary 

bodies.           

 Firstly, we focused on determining Taurid meteoroid masses using the method 

described in section 3.1. The activity of the Taurid meteor shower is characteristically rich in 

bright fireballs indicating larger particles than what we observe in most cometary showers 

(Wetherill, 1974). It was suggested that Taurids contain very large meteoroids at least in 

the hundreds of kilograms range, which is more than an order of magnitude larger than 

Figure 8. Classification of meteoroid material strength based on parameters KB and PE compared to the 
orbital classification of meteoroids based on Tisserand’s parameter. Taurid meteoroids (filled marks) are 

compared to diverse population of 22 meteoroids taken from Rudawska et al. (2016). Blue square 
marks represent meteoroids on Halley-type cometary orbits, yellow round marks are Jupiter-family 
cometary orbits, and black diamonds are asteroidal orbits. The varying sizes of the marks display 
photometric masses of individual meteoroids in logarithmic scale. 
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other showers (Brown et al., 2013; Ceplecha et al., 1998). Our sample included Taurid 

meteors ranging from -1.3 to -8.4 magnitude, only confirming these characteristics. The 

resulting masses of the meteoroids in our sample range from 1 to 600 grams (Table 3). 

 We clearly observe a large scatter of material strengths among Taurid meteoroids in 

our sample (Table 3). Following the KB classification (Figure 8), the majority of our Taurids 

fall into the C group characteristic for standard cometary bodies, with only two meteoroids 

appearing to be more fragile (D group) and two meteoroids of slightly higher strength (B 

group). These values are what we would expect from cometary bodies originating in 

2P/Encke. Nevertheless, we see significantly higher dispersion of Taurid material strengths 

in the PE classification (Figure 8). Here, only three meteoroids have PE values characteristic 

for cometary bodies, while the majority is defined as group II, similar to carbonaceous 

bodies, and four Taurids even exposed end-height strengths typical for rocky asteroidal 

bodies (group I). Similarly, Brown et al. (2013) found that most Taurids appear to be type 

II or type III fireballs. Great variations of material strength in Taurid meteoroids including 

very strong objects among fireballs were previously indicated by Borovička (2006). It seems 

that while the beginning heights of Taurids are typically cometary, the end heights are 

usually lower and more dispersed (Figure 9). Ceplecha (1988) noted that parent bodies of 

group II and group A meteoroids are perhaps partly asteroids and partly comets (Wetherill 

& Revelle, 1981). However, the discovered Taurid features more likely suggest 

heterogeneous structure of its meteoroids, which are of cometary nature but contain solid, 

possibly carbonaceous inclusions. The diversity of material types observed on Taurid orbits 

could be explained by the inhomogeneous interior of the parent comet (2P/Encke or earlier 

larger body). The existence of solid inclusions, which relate to CI and CM carbonaceous 

chondrites has also been indicated in a small population of Perseid meteoroids with high 

mineralogical densities (Babadzhanov & Kokhirova, 2009), and confirmed in the material of 

Leonid meteoroids (Borovička, 2006). The low strength of meteoroid no. 5, which exhibited 

the highest content of iron in our sample, also suggests the presence of iron-rich solid 

inclusions. There is no clear evidence supporting asteroidal origin in any of the Taurid 

meteoroids, nevertheless, the connection to carbonaceous chondrites remains unrefuted. 

Furthermore, the diversity of material strengths among Taurids could also relate to the 

thermal history of these meteoroids. Particles more enriched in sodium likely suffered 

weaker exposure to solar radiation, which could also cause structural disruption, resulting in 

apparently higher material strengths. This is supported by the two Na-enhanced meteoroids 

in our sample, which were both identified as group I meteoroids (Table 3). The dependence 

of material strength parameter KB on sodium content (Figure 10) is apparent in the 
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majority of the sample, but was not manifested in a branch of four meteoroids, suggesting 

this effect has only partial influence on the observed material strength. The overall physical 

properties displayed in Table 3 indicate four meteoroids of group I, also characterized with 

higher mineralogical densities, as the best possible candidates for non-cometary origin, 

however, the asteroidal source cannot be confirmed in any of the studied meteoroids. 

 Furthermore, using the procedure described in section 3.3, we determined high 

spread of mineralogical densities in our sample of Taurids ranging from as low as 1.3 g.cm-3 

Figure 10. The dependence of the Na/Mg line intensity ratio on material strength parameter KB. The 

varying sizes of the marks display photometric masses of individual meteoroids in logarithmic scale. 

Figure 9. Comparison of the beginning and terminal heights of meteors. Taurid meteoroids (filled 

marks) are compared to diverse population of 22 meteoroids taken from Rudawska et al. (2016). The 
marking of meteoroids is the same as in Figure 8. 
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to more expected values of approximately 2.5 g.cm-3 (Table 4). While over half of the 

meteoroids are positioned at the upper limit of this scale, we also observe a non-negligible 

population of low density Taurids. It should be taken into account that the applied technique 

is highly dependent on the observed beginning height of meteors (Figure 11). Figure 11 

reveals that the two most massive meteoroids in our sample are the ones with the lowest 

mineralogical density. Koten et al. (2004) shown that the beginning heights are functions of 

meteoroid mass and that this dependence can exhibit different behavior for different meteor 

showers. The works of Benyukh (1974) and Babadzhanov & Kokhirova (2008) provided 

mineralogical densities for a sample of photographic Taurids with the mean value of 2.7 ± 

0.2 g.cm-3. While the heterogeneity of the Taurid stream could provide such observed 

material variations, the results could also be affected by the slightly higher sensitivity of 

AMOS system, and the differences in the applied atmospheric model. Nevertheless, we 

identified compact population of Taurids positioned close to the modus of the mineralogical 

density values in our sample at around 2.5 g.cm-3. Meteoroids with higher mineralogical 

density expectedly also show higher values of material strength parameters KB and PE. 

Whereas the relation between mineralogical density and KB is particularly apparent due to 

the common dependence on meteor beginning height, the PE - density functionality is more 

complex but still evident.         

 Applying simple technique based on Eq. 3.5, we were also able to estimate the 

effective fragmentation strengths of Taurid meteoroids based on the dynamic pressure 

exerted to cause their break-up. Taurid fireballs were previously observed to break-up 

under 0.05 - 0.18 MPa (Konovalova, 2003). The inferred dynamic pressures of our sample 

of Taurid meteoroids ranges from 0.02 - 0.10 MPa (Table 4), with the average 

fragmentation strength of 0.05 MPa placed on the lower limit of the results of Konovalova 

(2003). Expectedly, meteoroids of higher mineralogical density fragmented under higher 

pressures than the low-density bodies. We also observe correlation between the 

fragmentation strength and parameters KB and PE. The determined low fragmentation 

pressures are characteristic for fragile cometary bodies. Tensile strengths of average small 

shower meteoroids were examined by Trigo-Rodríguez et al. (2006), who found that next to 

Geminids, the Taurids contained the strongest shower meteoroids, with bulk densities in 

some fireballs comparable  to the Tagish Lake meteorite (Hildebrand et al., 2006). In a 

survey of instrumentally observed meteorite falls, Popova et al. (2011) found that these 

bodies show very low bulk strengths of 0.1 to 1 MPa on first breakup. The lower limits of 

this range are characteristic for the weakest observed meteorite falls - carbonaceous  
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Table 2. Physical properties of the studied multi-station Taurid meteoroids. Each Taurid is designated 
with meteor number, absolute magnitude (Mag), beginning height (HB), terminal height (HE), Na/Mg 
intensity ratio, Fe/Mg intensity ratio, spectral class, material strength parameters (KB, PE) and 
corresponding material type, dynamic pressure (p) and mineralogical density (𝛿𝑚). The uncertainties 

of photometric masses are in the given order of magnitude. Meteor IDs are the same as in Table 1. 

chondrites Tagish Lake, Maribo and Sutter’s Mill (Borovička et al., 2015). The inferred 

dynamic pressures causing fragmentation of studied Taurids are in the upper limits 

comparable to these values, further inducing speculations about the carbonaceous content 

No. Mag M

p 

(g) 

HB (km) HE (km) Na/Mg Fe/Mg Class KB  PE  p(MPa) 𝛿𝑚 (g cm-3 ) 

1 -4.7 16 103.95 70.10 1.74 0.65 Fe-poor 6.76 C1 -5.32 IIIA - 1.94 

2 -4.5 22 99.17 52.68 1.59 1.18 normal 7.11 B -4.36 I - 2.50 

3 -5.1 21 99.10 69.26 1.30 0.77 normal 7.05 C1 -5.35 IIIA 0.063 2.43 

4 -6 57 99.69 60.65 1.17 1.05 normal 7.05 C1 -4.98 II 0.099 2.44 

5 -8.1 45

6 

108.79 56.58 1.23 1.73 normal 6.34 D -5.13 II 0.034 1.32 

6 -2.1 1 99.29 72.16 2.61 1.70 normal 7.09 C1 -5.00 II - 2.48 

7 -5.6 23 - - 1.48 1.15 normal - - - - - -  

8 -1.8 1 99.15 73.44 1.73 0.72 normal 7.07 C1 -5.04 II - 2.47 

9 -8.4 59

7 

105.98 60.45 1.59 1.10 normal 6.53 D -5.51 IIIA 0.024 

 

1.58 

10 -1.9 1 99.31 68.50 2.39 0.61 Fe-poor 7.04 C1 -4.90 II - 2.41 

11 -5 25 104.87 63.74 1.49 0.61 Fe-poor 6.61 C1 -5.14 II 0.018 1.70 

12 -5.5 54 104.35 68.10 1.57 0.80 normal 6.74 C1 -5.17 II 0.027 1.93 

13 -1.3 1 103.03 62.76 2.90 0.60 Na-enhanced 6.74 C1 -4.46 I - 1.92 

14 -3.9 17 99.75 54.48 2.12 0.64 Fe-poor 6.93 C1 -4.42 I 0.054 

 

2.23 

16 -2.9 4 98.08 57.04 2.44 0.39 Na-enhanced 7.15 B -4.49 I 0.081 

 

2.54 

Figure 11. The dependence between the mineralogical density and beginning height of Taurid 
meteoroids. The varying sizes of the marks display photometric masses of individual meteoroids in 

logarithmic scale. 



50 
 

in Taurid meteoroids. The three instrumentally observed carbonaceous meteorite falls have 

shown several common characteristics. All objects were initially very large in size and 

showed features indicating very fragile structure (early fragmentation, high end heights). 

The very similar orbits of Maribo and Sutter’s Mill suggest common and relatively recent 

origin (Jenniskens et al., 2012). The entry velocities of these meteorite falls come close to 

28 km/s, which is also the average speed of Taurid meteors, and very close to the cut-off 

suggested by modeling for meteorite production. While the Taurids remain the most 

promising major meteor shower candidate for meteorite recovery, the low strengths of its 

meteoroids, though in the upper limits comparable to the carbonaceous chondrites, would 

require significant initial mass of the impacting body. 

4.3.5. Conclusions 

We presented an analysis of spectral and physical properties of Taurid meteoroids observed 

during the outburst in November 2015. In a sample of 14 multi-station Taurid meteors with 

spectra, we identified 10 Southern Taurids and 4 meteors belonging to the Northern Taurids 

shower. The Tisserand's parameter defined the orbital origin of the sample on the borderline 

between asteroidal orbits (10 meteors) and Jupiter-family type cometary orbits (4 meteors), 

as would be expected for a stream originating in the short-period comet 2P/Encke. 

Furthermore, we used a simple method based on the Southworth-Hawkins DSH orbital 

similarity criterion to look for associations with related Taurid complex NEOs. We found 

possible association to 10 asteroids satisfying the similarity threshold value of DSH ≤ 0.10. 

The most meteor associations in the southern branch of our sample was found with 

asteroids 2015 TX24, 2003 UV11, and 2007 UL12. Meteoroids from the northern branch 

showed most markable similarities with asteroid 2014 NK52. However, we argue that based 

on the determined spectral and physical properties of Taurid meteoroids, these associations 

may be purely incidental.           

 The spectral analysis revealed large dispersion of iron content in Taurid meteoroids, 

ranging from Fe-poor bodies to meteoroids with almost chondritic Fe/Mg ratios. Na content 

also varied slightly and was found to be a function of the meteoroid perihelion distance, 

assigning Na loss to space weathering processes, particularly the thermal desorption. It was 

also found that the Na enrichment is preferred in smaller particles. Nevertheless, the 

increased Na line intensity over Mg was found in all of the studied spectra, indicating 

significant volatile content in Taurid meteoroids. The overall spectral classification of Taurid 

meteors observed in Slovakia and Chile showed corresponding results dominated by 

normal-type spectral classes and several cases of Fe-poor and Na-enhanced meteoroids. 
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Besides the almost chondritic content of iron in few of the studied cases, there are no 

spectral features clearly suggesting asteroidal origin in any of the analyzed meteoroids. The 

increased Fe line radiation in individual Taurid spectra (e.g. meteoroid no. 5) is possibly 

produced by iron-rich inclusions, which is supported by the low material strengths of these 

meteoroids.           

 Overall, the determined material strengths showed typically cometary characteristics 

in the KB classification, dominated by C group meteoroids, and much more dispersed values 

in the PE classification, in which the majority of Taurid meteoroids fall in the group II, 

characteristic for carbonaceous bodies. The discovered features suggest that Taurids are 

heterogeneous population of meteoroids, which are cometary in nature but contain solid, 

possibly carbonaceous inclusions. The diversity of the observed material may be caused by 

the reprocessing of meteoroid surfaces, but possibly also reflects the authentic 

inhomogeneity of 2P/Encke or earlier parent comet of the stream. Four meteoroids of group 

I characterized with higher mineralogical densities were identified as the best possible 

candidates for non-cometary origin, however, the asteroidal source cannot be confirmed in 

any of the meteoroids in our sample. Moreover, we also found high dispersion of 

mineralogical densities among the Taurid meteoroids. Obtained very low densities in 

individual cases were probably influenced by the high beginning heights of these meteors, 

which relate to the sensitivity of the observational system. Nevertheless, the largest 

population was identified with mineralogical densities around 2.5 g cm-3, which is 

comparable to the mean values of 2.7 g.cm-3 determined by Benyukh (1974) and 

Babadzhanov & Kokhirova (2009). Mechanical strength of several Taurids, which exhibited 

bright flares, was also estimated from the dynamic pressure causing their fragmentation. It 

was found that studied meteoroids started fragmenting under low pressures of 0.02 - 0.10 

MPa.  These values are in upper limits comparable to the first breakup strengths of 

instrumentally observed carbonaceous meteorite falls, further supporting the presence of 

carbonaceous inclusions in Taurid meteoroids. 

4.4. Prospects and goals 

The specified preliminary results of our research show great potential for determining 

broader conclusions on the structure, diversity, and origin of small interplanetary bodies. 

This potential is already demonstrated by two publications (Rudawska et al., 2016; Matlovič 

et al., 2016), on which we aim to follow up with works focused on another special shower 

cases, such as the Taurids, and primarily with wider survey on the relation between orbital, 

spectral, and physical characteristics of meteoroids. In the ongoing work, we were able to 
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reduce and measure over 150 meteor spectra, which will be in following months 

supplemented with orbital data and measurements on the material strengths and densities 

of the original meteoroids. The gathered large set of data will be then examined and 

interpreted for further clues on the nature and origin of these bodies.    

 We aim to investigate the outlined differences in found populations of iron 

meteoroids in our survey of larger meteoroids (few mm - tens of cm) compared to the work 

of Borovička et al. (2005) (smaller particles of 1 - 10 mm), as well as the shift towards the 

Na line intensity enhancement in the broad spectral classification. We will propose a new 

spectral class of Fe rich meteoroids, and discuss their possible connection to stony-iron 

meteorites. Furthermore, we aim to examine the observed specific cases of long trail, low-

velocity meteors with Na-rich spectra. Found expect as well as unusual emission spectral 

lines in individual meteors will be listed and discussed with respect to relevant line 

identification compilations. Relating the study of the physical properties of meteoroids, we 

are currently evaluating the possibility of applying fragmentation models and expanding our 

analysis by measuring bulk densities and dynamic masses of meteoroids. Moreover, we will 

debate based on the determined material strength variations the potential of individual 

meteoroid streams in producing meteorite falls, and the possibility of cometary meteorite 

production, which was recently suggested in relation to the Taurid stream (Brown et al., 

2013). One of our main goals of our future work will be placed on using the determined 

spectral and physical properties in combination with orbital data to distinguish between the 

cometary and asteroidal meteoroids, and study the existence of asteroidal meteoroid 

streams (e.g. Porubčan et al., 2004; Borovička et al., 2015). In a more comprehensive 

application, our results could be used to trace and identify parent objects of studied 

meteoroid streams, which would enable to obtain valuable information on the structure of 

asteroids and comets. These kinds of information are not only useful for indirect studies of 

asteroids and comets, which are usually difficult to examine by direct observations, but also 

provide knowledge applicable in the studies of the formation of the solar system.  
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