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Abstract

This work has been motivated by the lack of meteor data, which hinders the determination of
the mass and composition of natural meteors. To advance the knowledge of meteors science,
the Japanese start-up ALE Co. Ltd. (standing for Astro Live Experiences) designed hundreds
of 1-cm diameter particles composed of materials representative of natural meteors, which will
be release at an altitude of 300 km by an original payload in 2023. During entry, the light
emitted by the particles will be analyzed by spectrometers and cameras on the ground to
characterize the thermal and optical properties of the materials. This paper carries out a
sensitivity analysis and aims to discuss the modeling parameters predicting full disintegration
of the particles before touching ground. This paper presents the efforts undertaken to compute
the trajectory of artificial meteors during their entry into Earth’s atmosphere. Various materials
representative of natural meteors and their thermal response were modeled. The trajectory of
artificial meteors was computed by solving the equation of motion including mass conservation.

The influence of the drag coefficient, heat transfer coefficient, and geometric parameters was
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evaluated through the statistical analysis of Grid Sampling and Monte Carlo simulations. They
were shown to have a sizeable effect on the trajectory, mass loss, latitude and altitude of demise.
The computations demonstrate full demisability of the artificial meteor above 60 km, which is

compliant with international safety regulations.

Keywords: orbit propagation; meteors; ablation; numerical integration

1. Introduction

Natural meteors science remains an active field of research as it enables the understanding of the origin of life.
Of paramount importance is the meteor brightness efficiency, which relates the observed luminosity to the rate
of variation of its kinetic energy (including velocity decrease and mass loss) and has been the subject of
significant research over the last decades (Opik, 1933; Ceplecha and Mc Crosky, 1976; Robertson et al., 1968).
Meteors bright tails are also considered by the community as natural indicators of the phenomena occurring in
the mesosphere (Plane et al., 2015), which is a layer whose properties remain unknown while affecting the upper
and lower layers. The analysis of the tail signature provides valuable information such as the surrounding
temperature, the electron concentration, and the composition of the materials. The information retrieval from
these analyses is not straightforward and requires iterative algorithms coupling complicated physico-chemical
phenomena such as emission, ionization, ablation, etc. A result of the complexity of the analysis is the significant
uncertainty lying within the brightness efficiency (Subasinghe et al., 2017; Subasinghe and Campbell-Brown,
2018). To tackle this issue and advance meteor science, ALE Co. Ltd. (which stands for Astro Live Experiences)
develops with its scientific partners a technology aiming at accurately releasing hundreds of meteors particles of
known composition, mass and velocity. The analysis of the particle signature, complemented with high-fidelity
simulations, representative ground experiments and comprehensive observation campaigns will provide
calibrated, accurate and on-demand data to the community. The paper objectives are 5-fold: i) model the reentry
mechanisms, ii) implement the governing equations into a reliable simulator, iii) compute the trajectory and mass
loss, iv) carry out a sensitivity analysis on the aerodynamic and mechanical parameters, v) conclude on the safety

of the mission, i.e ensure the meteor completely vanishes after emitting light. The chapter is organized into four
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sections. Section 2 briefly introduces the proprietary technology developed by ALE Co. Ltd. to generate artificial
meteors. Section 3 describes the governing trajectory and conservation equations as well as the physico-chemical
and numerical modeling relevant for Earth’s atmosphere entry. Section 4 describes the orbit propagation
algorithms developed throughout this research. Section 5 carries out a sensitivity analysis of the parameters
involved through a Monte Carlo analysis for a case scenario formulated by ALE Co. Ltd. and section 6 discusses

the numerical results. Finally, section 7 presents the conclusions obtained.

2. Artificial meteors

Meteor data are scarce, which hinders the accurate determination of space debris demise altitude and the
advancement of meteor sciences, specifically in the field of material ablation and emission. For instance, the
heat shield systems of (re)entry spacecraft and rockets are equipped with materials which encounter ablation
when subject to high heat fluxes. Understanding ablation in meteor sciences will thus advance the knowledge of

heat shield ablation, determine more accurately their size and purchase cost.

2. Release of the particle with our in-house patented release system

b

1. Launch

of our satellites with

most likely private

launch company

Figure 1: ALE mission principle

Determining the mass, composition and entry velocity of natural meteors from observation is complicated and

warrants iterative procedures. To tackle this issue, ALE developed a unique shooting star technology based on
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the release of hundreds of particles of known mass, composition, trajectory from a constellation of satellites.
Fig. 1 illustrates the meteor-generation principle pioneered by ALE Co. Ltd. A satellite, depicted in Fig. 2,
carrying hundreds of 1 cm diameter spherical meteor sources is launched. Upon altitude reached, the meteor
sources are emitted at a specified position, direction, and velocity and become artificial meteors because of the
friction of the atmosphere layers. The initial launch orbit of the ALE-1 satellite is an elliptical orbit with a perigee
altitude of 485 km and an apogee altitude of 492 km. Then, the satellite will decrease their orbit thanks to its
propulsion systems to position themselves under the International Space Station and release the artificial
meteors. To enable the reentry of the meteor source into the Earth's atmosphere, it is necessary to release the
meteor source in the direction opposite to the satellite's traveling direction. The release system performance was
assessed in vacuum chamber. The brightness of the meteor was also characterizing by testing the material in
plasma wind tunnels operated at representative heating conditions (Lemal et al., 2019). ALE on-demand meteor
data serve as a benchmark to assess the performances of the simulation tools, calibrate the cameras on ground
and further characterize the complicated phenomena governing meteor brightness (emission, non-equilibrium

gas chemistry, ablation, etc).

Star tracker

Payload
(Release system)

+~ Bus

Figure 2: ALE-1 satellite

3. Physico-chemical modeling

3.1. Governing equations
A common approach used in the community is to solve the equations of motion of the sphere from release from

the satellite to its full ablation during Earth’s entry. The model developed by Tokyo Metropolitan University
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(Kimura, 2018) used a fourth order Runge-Kutta algorithm to solve the equations of motion as well as the mass

loss equation as derived in Egs. (1).

d?x mu 1 Vat
= ———Xx—=C;Sp V2 & 1.
m dtz |X|3 X 2 d”2P Vatm |Vatm| ( a)
S Vel (1Lb)
dt 2 amm

Equation (1.a) describes the linear momentum equation, where x is the position vector, v ., = v — (@ X X) is
the velocity relative to a co-rotating atmosphere, with v the inertial velocity vector and w the angular velocity
vector of the Earth, m is the mass of the meteor source, Cq the drag coefficient, S the cross-section area of the
meteor, p the atmospheric density and u the Earth’s gravitational parameter. Equation (1.b) corresponds to the

mass loss equation due to ablation such that |~ =10°J.Kg™ is the ablation specific heat and Ch the heat transfer

coefficient. Note that the linear momentum equation has been simplified by assuming a uniform mass transfer
around the surface of the meteor (Davies and Park, 1982). Indeed, the rate of change of momentum turns out to

be

dimv) ﬂ_ dm

ax M Ve @)
where v, is the velocity of the material leaving the meteor with respect to the meteor. Considering a uniform
mass transfer, this velocity becomes equal to zero. From arc-jets experiments (Lemal et al., 2019) and modeling
from the literature, ablation is not spherical. While a material response modeling of the particle ablation is beyond
the scope of this work, the shape change was modeled with a cross-section area, as derived in the following
section. This code yields the trajectory, the heating rate as well as the meteor source speed decrease due to
friction (modeled by the coefficient Cy) as well as mass loss and radius decrease due to ablation (modeled by the

coefficient Cy), as displayed in Fig. 3.
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Figure 3: Meteor source (a) speed, (b) heating and (c) radius decrease during entry

3.2. Parameters

3.2.1. Cross-section area: the aerodynamic area changes as the mass decreases. Their relation is expressed by

the shape change coefficient v (Gritsevich and Koschny, 2011) as

S m ’
e
S0 mO

where Spand mo are the initial values before ablation of the cross-section area and mass respectively. The shape
change coefficient v is a parameter that characterizes the rotation of the meteor along the flight. In this study
we consider v = 0.66, that is, a meteor remaining spherical.

3.2.2. Atmospheric parameters: a body moving close to the Earth is affected by the atmospheric drag. Satellites
in Low Earth Orbit (LEO) encounter atmospheric drag from gases in the thermosphere (~80 km — 500 km), while
objects like meteors are specially affected during reentry (~120 km). This perturbing acceleration depends on
the atmospheric density pair and atmospheric temperature Tair which need to be modeled with high accuracy in
order to properly describe the constant change of the environment. For this study, the NRLMSIS-00 empirical
model of the atmosphere (Picone et al., 2002) has been selected. Note that an updated model NRLMSIS 2.0 was
recently developed (Bastida Virgili et al. 2021), which concludes that the assessment of the new NRLMSIS 2.0,
model does not seem to provide any significant improvement in comparison to its predecessor NRLMSIS-00.
The NRLMSIS-00 enables us to use a single model by covering the atmosphere from the surface to lower

exosphere (~0 km — 1000 km). The model ingests the F107 and A, indices and outputs the total mass density, the
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temperature and the oxygen number density. The greater the solar activity and geomagnetic activity are, the
larger the atmospheric density and temperature of the air are. In this case, we select Fio.7 = 150 and Ap = 4, which
corresponds to a medium activity.

3.2.3. Surface temperature: the temperature of the surface of the meteor is a parameter that is taken into account
in the atmospheric resistance, in particular in the drag coefficient. The meteors are acted upon not only by the
aerodynamic heating, but by complex processes as melting and spalling. Consequently, the surface temperature
becomes difficult to estimate. One option, which is selected in this article, is to consider it equal to the

atmospheric air at the corresponding altitude:

T.= T, ()

S air
3.2.4. Drag coefficient: it is the main parameter in the atmospheric drag, which in the case of reentry objects is
not constant, but significantly fluctuates along its trajectory. The expression considered for this parameter is

given by (Henderson, 1976):

1 1
- 2
o.9+0'3f+1.86('\"a)2 242y (TS j T
Ma Re (Ma 4”/2) Ma 4/2 Tair (Ma §/2)
C, = : ©)
1+1.86(Ma)2
Re
such that:
Ma — |Vatm| (7)

¢RgasTqir
Wair

is the Mach number with Ry = 8.3144598 J-mol * - K the molar gas constant, W,, =0.0289644 kg - mol™ the

molar mass of dry air, and ¢ =1.4 the heat capacity ratio of air.

Re = 2pgirlvatm|Rm (8)

Hair
is the Reynolds number with Ry, the radius of the meteor and szir the atmospheric viscosity given by (Sutherland

and Bass, 2004):
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with T,=273.11K , p, =6.7894-10° kg-m™-s™ and T, =110.56 K reference values for viscosity and

temperature respectively.
3.2.5. Heat transfer coefficient: it is the main parameter in the mass loss equation and it is related with the mass
reduction of the meteor. The formula used in this study is taken from (Prabhu and Saunders, 2016; Prevereaud

(Chapter 5), 2014):

2
J2 [sinz(t)+1cf; 1;22](;4) cos(t) sin(t) dt

(10)

2q
Ch = =

Pair|Vaml? b3 2
JZ [sin2 @® +IC:§M(2)2] (g—t) cos2(t) dt

Eqg. (10) provides a formal definition of C;,, although the integrands can be solved analytically, thus providing a
more convenient expression.

3.2.6. Visual magnitude: this is a proxy for the luminosity of the meteor during its atmospheric reentry. Due to
the heating produced by the atmospheric drag during the reentry, the meteor emits energy in different regimes
of the electromagnetic spectrum, including the visual range. Therefore, for the proposed experiment it is
interesting to be able to quantify the expected luminosity of the meteor during the atmospheric flight, which is
done adapting the approach presented by Dias et al. (2020). The traditional luminosity equation for a non-
decelerating body (a reasonable hypothesis, since the negligeable residence time of the fluid around the asteroid,
as compared with its orbital motion, allows for a quasi-stationary analysis of the flow) relates the meteor
luminosity | to the dissipated amount of kinetic energy, assuming the latter is translated to the meteor surface as
heat:

= v2 dm
BT

where v, represents the velocity relative to the atmosphere and 7 is the unitless luminous efficiency for the considered

bandwidth of the spectrum, which represents the amount of kinetic energy transformed into radiation in a specific
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bandwidth. For the visual bandwidth, the value 7 = 1073 can be assumed. Once the meteor luminosity is known, the

actual radiative spectral flux observed from the meteor by an observer located on ground can be estimated as:

F=1n(%")2

where d is the distance from the observer to meteor (we assume it coincides with the altitude over the Earth surface).
Note that this definition of distance is different from astronomical observations where distances are measured relative
to a fixed ground observer, where the station is placed. Right now the mission does not have any prefixed ground
station and consequently we consider the distance to the Earth's surface as the natural distance available to apply the
equation. The reader must take into account that the visual magnitude (M) defined here is related to an observer
located at the subsatellite point. Finally, the luminous magnitude observed in the visual bandwidth and measured in
magO0 units can be obtained from the following relation:

My = —2.5logyo(F) — 3.72

4. Orbit propagation

4.1. Initial conditions

A priori initial conditions for the satellite and the meteor need to be introduced to properly propagate the orbit
of the meteor. The present study is an illustrative example of the meteor’s trajectory. Consequently,
representative values for the problem are chosen for the sake of simplicity: instead of considering a sun-
synchronous orbit, a satellite with a polar circular orbit and an altitude with respect to the equator of 375 km is
considered. The meteor is shot just behind the satellite with relative velocity of 350 m s~. The release point of
the meteor is defined by the orbital position of the mothership satellite, described through its orbital inclination
(i), semi-major axis (a), eccentricity (e), longitude of the ascending node (€2), and argument of latitude (u), which
is the sum of the argument of periapsis (») and the true longitude (8). These orbital elements for the satellite’s
orbit are:

a=6753.1km, e=0, i=90° Q=137°, u=w+6=120°

The start date is 2020/01/01, 00:00:00 UTC such that the orbit is propagated until one of the following conditions

is satisfied:
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e The mass reaches a value equal or smaller than 1077 kg.

e The meteor reaches the surface of the Earth.
The initial position of the meteor coincides with that of the mothership satellite from where it is to be released,
and only the orbital velocity varies. The meteor is shot from the mothership with a relative velocity vector v
such that the meteor is released in orbit with a lower orbital velocity in order to ensure a reentry trajectory. This
relative velocity vector is defined by its magnitude v.; and the yaw (y) and pitch (¢) angles as defined by the
Tait-Bryan rotation sequence (Z-Y-X) with respect to an orbital frame defined with the X-axis along the orbital
velocity vector of the mothership satellite, the Z-axis along the nadir direction, and the Y-axis completing a
right-handed frame. With respect to this orbital frame, the release conditions of the meteor relative to the
mothership satellite are such that the meteor is ejected with a relative velocity opposing the mothership’s orbital
velocity, so the nominal release conditions of the meteor are given by:

Vpe = —350ms~L, 1y =0° ¢ =0°

where the negative sign v, indicates it is shot along the -X axis. Thus, the initial orbital velocity of the meteor
with respect to an inertial, geocentric reference frame is easily obtained as the sum of the mothership’s orbital
velocity vector and v,;, where the latter is expressed in coordinates of the already defined orbital frame, and as
a function of the yaw angle (i.e. the rotation around the nadir) and pitch angle (i.e. the rotation around the second
axis), as follows:

0 —siny cosdJ 0

cos ¢ 0 —sin¢ cosy siny 0] [Vrel
vre -
1 Lln ¢ 0 cos ¢l [ l [ ]

Furthermore, in order to account for the mass variation during the reentry, this must be included within the state
vector. The initial mass of the meteor depends on the initial radius Rmo and the initial density o, through the

following equation:
0Pmo (18)

A spherical shape is assumed with a uniform density distribution, such that Rmo=5mm and pmo=5000kgm3

4.2. Formulation
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The orbit propagation for the meteor problem has been carried out with Cowell’s method (Bate et al., 1971). It
performs the numerical integration of the perturbed equations by using Cartesian coordinates, usually referred
to an inertial frame, and characterized by six ordinary differential equations. The system is properly extended to

describe the meteor motion by including an additional equation related with the mass loss:

dx
i \'% (19.8)
dv_ _# o
= —hex—a, (19.b)
m__11l¢ Splv,|? (19.c)
dt 2L* w, h atm :

where u is the Earth’s gravitational parameter, a,, is the perturbing acceleration due to the atmospheric drag

introduced in Eq. (1.a), but in dimensionless form, namely:

1 1

2m mELC

CySp Vi, ~2m (20)

ap - Vatm| '
[x,v] is the Cartesian state vector with respect to and inertial frame, expressed in dimensionless form using the
following characteristic magnitudes to define dimensionless variables:

L. = %ol (21.8)

w. = |%. (21.b)

L3
and v, =v—(exx) is the velocity relative to a co-rotating atmosphere projected on the International Celestial

Reference Frame (ICRF) with ® the angular velocity of the Earth.

5. Design of the Monte Carlo analysis

The calculations have been carried out in a computer with a 32 core Intel® Xeon® Gold 6130 processor @ 2.10
GHz under a 64-bit Ubuntu 20.04 LTS operating system. The solution provided by Cowell is integrated with
Matlab’s built-in ode113 integrator using a tolerance of 10-2, This value is fixed for both relative and absolute
tolerance because all the equations in Cowell are dimensionless, and therefore it makes sense to fix the same
value to both tolerances. Besides, in order to assess the influence of several variables in the propagation, and
therefore in the expected requirements of the mission, a statistical analysis is performed by means of Monte

Carlo (MC) analysis. The study is first performed by leaving aside the mutual interferences or cross-coupling

) 11
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that may exist between the different variables, i.e. varying only one variable at a time, while leaving the others
frozen; this concession enables getting a clearer insight of the individual contributions of each variable of the
sensitivity analysis. Later on, coupling effects for the release parameters are accounted for by means of two- and

three-dimensional sensitivity analyses.

5.1. Nominal mission
From our numerical simulations, the nominal values chosen for the experiment ensure the full mass depletion at
an altitude of 70.7 km over the Earth ellipsoid (assuming the WGS84 model) and at a geodetic location of

(—146.7176° West, 0.8558° North) after a flight time of 15 minutes and 25 seconds.

5.2. Input variables of the experiment

The different variables involved in the definition of the mission will be classified in three different groups, since
the variables within each of these groups needs to be modeled differently in the MC runs. These three groups
are, respectively:

1) Engineering Design Parameters are those we can simply refer to as “design variables”, in the sense
that their value is a direct outcome of the experiment design, but once their value set, it is not subject to
uncertainty, since their value can be measured and quantified prior to the experiment and remains
constant thereafter, and thus these variables have known values. Within this category we consider the
initial radius (Rmo) and the initial density (omo) of the meteor. Indeed, once their nominal values are
defined, they can be measured on ground and during the experiment they are not subject to any
uncertainty that requires a statistical modeling. Therefore, from a MC analysis viewpoint, it is most
interesting to vary their value within a grid of prescribed, evenly spaced values for the sake of
performing a parametric study within the domain of definition of these variables and provide the
experiment designer with valuable insight of the consequences of varying these values.

2) Environmental and orbit-related variables. We sort within this category variables whose nominal or
expected value can be estimated a priori, but is unknown or subject to uncertainty during the actual

experiment; however, the uncertainty associated to these values is not necessarily relevant to be treated

) 12
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3)

in a statistical way, either because their uncertainty is hard to model, they can exhibit unexpected an
behavior, or because a statistical modeling is in principle not of interest. On the one side, we shall
consider variables related to the space environment modeling, specifically related to the solar activity,
such as the Fio7 factor and the geomagnetic index Ap, because these variables exhibit a relative large
uncertainty which is hard to match to a probability density function, so their values during the
experiment can only be predicted roughly (although they can be measured in nearly-real time or in post-
flight analysis); on the other side, we shall also include orbital variables such as the semi-major axis,
because even though a nominal value is set on the design of the experiment, during the experiment, the
actual value of this orbital parameter will exhibit some deviations due to the orbital perturbations. In the
case of the aforementioned three variables, from a MC analysis viewpoint it is not interesting to
approach their variations from a statistical modeling viewpoint, but instead using a grid of prescribed,
evenly spaced values, for the sake of performing a sensitivity analysis and understanding how variations
on these parameters may affect the outcome of the experiment.

Release conditions. Within this category we shall include all variables related to the ejection phase of
the meteor, namely the magnitude of the relative release velocity, v, and its direction, given by the
pitch and yaw angles (i, ¢). These variables have associated uncertainties, since their values depend
on either mechanical devices that cannot exactly reproduce the same ejection velocity, or the attitude of
the spacecraft, which is also subject to a certain degree of uncertainty stemming from the attitude
determination process. However, contrary to the previous two categories, it is now reasonable to model
these variables statistically, assuming these are random variables and have an appropriate probability
density function. To this end, normal distributions will be assumed for each of these three variables,
centered at their nominal value and with a standard deviation that is consistent with assuming that 99%
or the values are within prescribed intervals. As a result of treating these variables statistically, it
becomes now possible to provide a statistical treatment also to the output variables of the experiment,

as we shall see in the following section.

5.3. Output variables of the experiment

13
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In order to assess the performance of the experiment, some ‘“observables” or “output variables” of the
experiment need to be monitored for each of the numerical simulations to be carried out in the following section.
These will be the following:
= Time series for the state vector components and derived quantities, in particular the instantaneous mass
and the visual magnitude of the meteor will be monitored both, as a function of time and as a function
of the altitude. Also, the geodetic longitude, latitude and altitude will be monitored as a function of time.
= Final values of the mass and the geodetic longitude, latitude and altitude will be recorded at the end of
the experiment, either at the instant when the meteor fully depletes, or when it reaches (if it does) the
Earth’s surface.
= [fthe meteor reaches the Earth’s surface, the mass fraction that survives the reentry will be recorded.
= The minimum value of the time series for the visual magnitude during the reentry will be tracked too,
which represents the maximum luminous intensity that the meteor reaches during the experiment.
=  When Monte Carlo analyses are performed, dispersion plots and histograms will be used to display the

distributions for some of the aforementioned observables.

5.4. Grid Sampling and Monte Carlo analyses

Grid Sampling (GS) and Monte Carlo (MC) analyses will be performed in increasing order of complexity. First,
one-dimensional analyses will be performed, where only a single variable will be varied while the rest are set to
their nominal values, so the effects that varying each specific variable has upon the experiment results can be
gauged and quantified. Afterwards, several two-dimensional Grid Sampling and Monte Carlo runs will be
performed, where two are varied simultaneously, so their combined effect upon the experiment results and the
output variables can be assessed. For these multi-dimensional analyses, two approaches have been employed:
when combining two variables for which we don’t have uncertainty information, and thus an evenly spaced grid
is to be considered, a multi-dimensional GS is performed by constructing a 2D grid of sample points that stem
as combinations of the prescribed grid value for each of the variables; when combining two variables for which

we do have a statistical uncertainty model, we first combined their probability density functions to construct a
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multivariate probability density function using a Gaussian mixture model, so we can then sample as many
combinations of input variables as we need and perform a MC run.

Thus, in all cases, the procedure to set up a GS or MC run consists on defining: a) the reference solution; b) the
variable(s) to be varied and the range where their values are to be varied; and c) the number of grid points or
random samples to be taken, and whether these are to be taken from a predefined grid of evenly spaced values,

or from a univariate or multivariate random variable distribution, respectively.

6. Numerical Results

In this section the results of the different Grid Sampling (GS) and Monte Carlo (MC) runs are presented and
explained. In the following figures, the blue line represents the reference or nominal solution, the gray lines
represent each of the cases that the run has simulated either following a normal distribution or a grid of evenly
spaced values, and the dashed lines (only visible in one-dimensional runs) represent the cases associated to the
boundary values of the interval where the considered variable is varied. Histograms are used to visualize the
distributions of the most relevant output variables by using either the end value, maximum or minimum value
within the time series of each variable; in some cases, we will display histograms along with the best-fit Normal
probability density function estimated from the output variables, so the validity of Gaussian hypothesis of the
results can be tested. The final purpose of these GS and MC analyses is to assess whether the mission
requirements are satisfied (Park et al., 2021), to understand the dependence relations between input and output
variables as well as their combined effects, and to assess the effects of a release different to the nominal value
in any given input parameter. In order to keep an ordered approach, we shall investigate the effect of the input
variables following the three groups or categories previously defined in Section 5.2.

6.1. Effect of the Engineering Design Parameters

In this section we study the effects of varying two of the input variables, namely the initial radius of the meteor,
R0, and its density, p,,0. Figure 4 shows how the visual magnitude and the mass of the meteor change along
their trajectories as a function of the altitude over the Earth ellipsoid. To this end, the one-dimensional GS run
accounts for a varying initial radius of the meteor ranging from 1 mm to 10 mm, where an evenly spaced

distribution is assumed for the values of this input variable. In this figure, the light blue line in the solution
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profiles refers to the solutions stemming from the nominal conditions and parameter values; the gray lines
represents each of the simulation cases considered in the sensitivity analysis; the dashed, black line indicate the
envelope, determined by the parameter values farthest away from the nominal value; and the red dot indicates
the nominal, initial value for the considered parameter. One of the immediate consequences of varying the initial
radius is that the initial meteor mass changes accordingly, so not only the altitude for complete depletion will
vary, but there will also be cases where the meteor can actually reach the surface of the Earth before complete
ablation. Therefore, it is also interesting to study how deep into the atmosphere the meteor can survive, and what
mass fraction of the meteor makes it to the ground, as a function of the initial radius of the meteor; this is also
illustrated in Figure 4, where it can be observed that an initial radius of 6 mm ensures the meteor will reach the

surface of the Earth, and beyond that threshold radius, an increasing amount of material will survive the reentry.

Another interesting aspect to observe is the brightness of the meteor during the reentry. The brightness, measured
in magO units, is also displayed in Figure 4, where a smaller value of the visual magnitude indicates a higher
luminous intensity in the visual wavelength. Thus, it can be observed that the atmospheric entry conditions are
such that the brightness peaks at about 80 to 120 km, depending on the initial radius. In particular, a higher
meteor temperature (i.e. a higher velocity and higher atmospheric density) and a larger surface area will yield a
more intense luminous emission. Consequently, the larger the meteor is, the deeper into the atmosphere that its
luminous peak will occur, and the further away it will traverse along its orbit before either depletion or ground
impact. In this regard, another interesting proxy to analyze is the geodetic distance that the meteor’s final position
(either at depletion altitude or on ground) will cover when projected onto the surface of the Earth’s ellipsoid (i.e.
the traversed groundtrack), depending on the initial size of the meteor. For the particular values considered in
this MC run, the final depletion/impact covers a groundtrack distance spanning up to 442 km in the along-track

direction, from (—146.4° West, 5.381° North) to (—146.8° West, —1.359° South).
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Figure 4: Results of the 1D Grid Sampling varying the variable R,,,.
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Ultimately, the initial radius of the meteor affects its initial mass, and so does the meteor’s density, p,,g, Which
can be varied by choosing an alternative material for the meteor. Thus, varying the meteor’s density has
qualitatively the same effects on the experiments output variables, and therefore we opt to omit any additional
figures for the sake of concision. For the density we chose to vary its values within the range of 1,000 to 10,000
km m= using an evenly spaced distribution, which would yield a final depletion/impact groundtrack distance
covering up to 277 km in the along-track direction, from (—146.6°West, 3.497° North) to

(—146.8° West, —0.8073° South).
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Figure 5: Results of the 2D Grid Sampling varying simultaneously the variables R,,,o and p0-
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However, increasing the density augments the actual mass of the meteor while maintaining its surface area
constant, as opposed to varying the initial radius, which yields changes in both, the mass and size of the meteor.
Therefore, by conveniently varying both, R,,,o and p,,e, it should be possible for the experiment designer to
achieve any desired combination of initial mass and surface area of the meteor so that either the depletion altitude
or the mass fraction at ground impact can be chosen at will; alternatively, it is also possible to design the
maximum luminous intensity that the meteor reaches, as well as the geodetic altitude at which it occurs.
Therefore, it is interesting to analyze the combined effects of varying these two design parameters
simultaneously by means of a two-dimensional GS where both variables are varied so they take combinations of
the aforementioned values. This is illustrated in Figure 5, where the variations of the visual magnitude and actual
mass of the meteor as a function of time exhibit qualitatively the same behavior as in Figure 4, only that now the
dispersion of the results is larger, because the considered combinations of the input values cover a wider range
of initial masses, ranging from the smallest and most lightweight meteor of 0.042 g (radius of 1 mm and density
of 1,000 kg m) and up to the largest and heaviest meteor of 41.88 g (radius of 10 mm and density of 10,000 kg
m-3). While the smallest meteor within this GS fully depletes at an altitude of 249 km, the largest meteor reaches
the Earth’s surface with a remnant mass of 3.93 g. For the considered input values, the dispersion in the final
depletion/impact point spans across a distance of 1,629 km in the along-track direction, from

(—145.4° West, 23.03° North) to (—146.9° West, —2.264° South).

6.2. Effect of the Environmental and Orbit-related Variables

In this section we shall study the consequences of varying three different input variables: on the one side, two
variables related to the solar activity, namely the F1o7 solar flux and the geomagnetic index Ap, which directly
affect the atmospheric density; on the other side, one variable related to the mothership’s orbit (and therefore the
release position of the meteor), in particular its semi-major axis, a.

The solar activity is of paramount importance for any orbit propagation that accounts for the drag perturbation,
and in particular an orbital reentry. The two key parameters that model the solar activity are the Fio.7 solar flux
and the geomagnetic index Ap. We shall first look into the former by means of a one-dimensional GS assuming

a range of evenly spaced values for the solar flux ranging from 60 to 240, so they correlate with a minimum and
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maximum solar activity, respectively. Figure 6 displays the visual magnitude and the mass of the meteor change
during the reentry trajectory as a function of the altitude. As opposed to the results of Section 6.1, varying the
solar activity has in practice a negligible effect upon the depletion altitude or its geodetic position; indeed, in all
the considered cases the meteor fully depletes within an altitude range of barely 250 m regardless of the solar
activity, and the maximum groundtrack covered by the final depletion point spans only across 1.69 km in the
along-track direction, from (—146.7° West, 0.8675° North) to (—146.7° West, 0.841° North). Thus, the only
meaningful effect of the solar activity seems to be in the rate of change of the mass during reentry. A higher
solar activity rises the atmospheric density and temperature at the upper layers of the atmosphere, which in turn
raises the ablation rate at higher altitudes and raises the luminous intensity of the meteor through the upper
atmosphere; however, neither the full-depletion altitude/position, or the altitude and intensity where the visual

magnitude peak occurs, exhibit any meaningful variations and they remain in practice quite invariant.
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Figure 6: Results of the 1D Grid Sampling varying the Fio.7 solar flux.

The geomagnetic index was also varied in a one-dimensional GS with evenly spaced values ranging from 1 to
40, which correlate with a low and high geomagnetic activity, respectively. Their impact upon the observed
output variables was similar to that observed in Figure 6, only that the magnitude of the variations were far less

pronounced to the point that they were barely noticeable in the plots, so we chose to omit these figures. Hence,
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the combined effect of simultaneously varying the Fio.7 solar flux and geomagnetic index Ap is dominated by
the value of the solar flux, and thus results look like those of Figure 6. Consequently, we arrive at the conclusion
that the solar activity does not affect the experiment results in any meaningful way, as the altitude of full

depletion exhibits only marginal variations, as shown in Figure 7.
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Figure 7: Results of the 2D Grid Sampling varying both, the F1o.7 solar flux and Ap.

The other variable to be analyzed in this section is the mothership’s orbit at the time of releasing the meteor, in
particular its semi-major axis, a. Even though a nominal orbit will be defined for the mothership, it is important
to be aware that the orbital perturbations can impose short terms variations upon its value, so at the time of
release the actual orbital altitude of the meteor may be slightly different form the intended value, and thus it is
important to gauge how this may affect the experiment results. To this end, we shall perform a one-dimensional
Grid Sampling assuming an evenly spaced set of semi-major axis values ranging 10 km above and below the
nominal value.

The main effects of varying the semi-major axis of the mothership are twofold: on the one side, the meteor is
released at a slightly lower altitude; consequently, since the mothership is at a lower orbit (thus a lower period)
it is released with a slightly larger initial geocentric orbital velocity. The combination of these two aspects has a
series of consequences that are illustrated in Figure 8. Interestingly enough, the altitude of full-depletion does

not vary significantly, yet meteors released at a lower altitude reach the Earth’s atmosphere earlier and therefore
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have shorter flight times, whereas meteors released at higher altitudes have longer flight times. Interestingly, for
the considered small variations, the release altitude and the flight time correlate nearly linearly, and consequently
so does the subsatellite position where the full depletion occurs, as evidenced by the uniform spacing of the
geodetic positions where the complete ablation occurs. Additionally, when the visual magnitude and actual mass
are plotted as a function of the altitude, they all overlap to the point that, on the plot, they become visually
indistinguishable from one another, so these magnitudes must be plotted as a function of time instead; it is like
this that one can observe that meteors released at a higher altitude have longer flight times mainly because they
reach the upper layers of the atmosphere later, and thus the ablation is delayed compared to meteors released
from a lower altitude. This effect also delays (for meteors released at higher altitude) the moment where the

minimum visual magnitude (maximum luminous intensity) is achieved, although it does not change its peak

value.
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Figure 8: Results of the 1D Grid Sampling varying mothership’s semi-major axis, a.

6.3. Effect of the Release Conditions
In this section the consequences of varying the meteor’s release velocity will be analyzed. In particular, the
impact of the following three input variables will be analyzed: the magnitude of the relative release velocity,
vrel, and the yaw () and pitch (¢) angles, which provide the direction in which the meteor is ejected from the
mothership. These three variables have associated uncertainties which are most conveniently modeled under a
statistical approach; thus, these variables will be treated as random variables with associated probability density
functions modeled as normal distributions centered at the nominal values, and with a standard deviation that is
compliant with a desired interval width for the values that these variables can take with a given confidence level.
Thus, we shall define the following probability density functions:
Vel = N(u = —0.35kms™1,02 = 0.00406977 km? s~2)

Y =N(u=0°02 = 1.16279 deg?)

¢ = N(u=0°02 =1.16279 deg?)
The values of the standard deviations are chosen so that, for a large number of samples, 99% of the v,.; samples
fall within its nominal value +3%, and so that for the yaw and pitch angles, 99% of the samples fall within an

interval of +3°, which is thought to be consistent with the expected accuracy with which the mothership can
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determine its own attitude state. These values are compatible with the capabilities of the release system, as
described in (Kamachi et al., 2018).

Figure 9 represents the results of a one-dimensional MC run for the v, variable based on 1,000 random samples.
The main effects of varying the relative release velocity, and thus the initial orbital velocity of the meteor, are
similar to those observed in Figure 8 for varying the mothership’s semi-major axis, in the sense that a lower
relative release speed (hence, a larger initial orbital velocity) slightly increases the flight time by delaying the
atmospheric reentry, and thus allowing the meteor to cover more groundtrack before its full depletion. The main
difference resides in that here the release occurs always at the same orbital position, and only the orbital velocity
is varied. Note that for the considered uncertainty model, variations in v..; do not yield an unexpected reentry;
indeed, for all the considered cases the meteor fully depleted within a range of geocentric altitudes spanning 1.48
km, and the flight times diverted from one another by no more than 38 seconds, while the peaks of the visual
magnitude remained of the same intensity. The maximum groundtrack covered by the final depletion point spans
across 173 km in the along-track direction, from (—146.6°West, 2.084° North) to

(—146.8° West, —0.6055° South).
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Figure 9: Results of the 1D Monte Carlo analysis varying relative release velocity, V.

Interestingly enough, small variations of the release velocity also yield a nearly linear relation with the flight
time, and therefore the full-depletion position in the along-track direction. This means that the flight time and
the geodetic longitude, latitude and altitude are all mutually correlated with the initial release velocity;
consequently, the assumed normal distribution for v, should translate into normal distributions for the
aforementioned output variables too. This is illustrated in Figure 10, where best fit normal distributions have
been overlaid on top of the histograms showing the occurrences of the geodetic longitude, latitude and altitude.
It can be observed that for all these variables the normal distributions exhibit a good fit with the observed values.
In particular, the final geodetic longitude at the instant of full depletion can be modeled by a normal distribution
N(u = —146.7171°,0% = 0.022699 deg?), for the latitude we get N(u = 0.86472°,¢6% = 0.39207 deg?) and
for the altitude N(u = 71.6997 km, 02 = 0.20162 km?). Note that the fit of the altitude distribution in Figure

10c can be improved assuming a bi-modal distribution instead, to better capture the higher altitude cases.
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Figure 10: Results of the 1D Monte Carlo analysis varying relative release velocity, v,. Histograms.

A one-dimensional MC run with 1,000 samples varying the pitch angle, ¢, yields qualitatively the same behavior
as in Figure 9, as varying the in-plane orientation of the relative release velocity vector, v, is equally equivalent
to a change in the initial geocentric orbital velocity of the meteor, and thus we shall not include additional figures.
For all the considered cases the meteor still fully depleted within a range of geocentric altitudes spanning 464 m
while the flight times diverted from one another by a maximum of 62 seconds and the peaks of the visual
magnitude remained of the same intensity. The maximum groundtrack covered by the final depletion point spans
across 252 km in the along-track direction, from (—146.6°West,2.797° North) to
(—146.8° West, —1.108° South). Attending at the histograms of Figure 11 we observe that the distributions of
the geodetic longitude and latitude still follow a normal distribution, in this case N(u = —146.7194°,¢6% =
0.03755 deg?) and N(u = 0.82784°,6% = 0.57397 deg?) respectively, but the altitude now no longer

resembles a normal distribution, but it seems to obey instead a bi-modal distribution.
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Figure 11: Results of the 1D Monte Carlo analysis varying release pitch angle, ¢». Histograms.

A one-dimensional MC run with 1,000 samples varying the yaw angle, ¥, however, yields a different structure
of the output variables compared to the previous two cases. The effect of the yaw angle if that of providing the
initial orbital velocity of the meteor with an off-plane component, which directly affects both, the geodesic
longitude and latitude of the meteor’s full depletion point providing it a symmetrical structure with respect to
the orbital plane, as can be observed in Figure 12. Note that the net effect of this off-plane velocity component
is comparatively much smaller than in-plane variations in terms of modifying the orbital geometry; consequently,
note that the variations upon output variables such as the geodesic longitude, latitude, altitude, mass variation
and visual magnitude, are so subtle that they are barely noticeable in a plot unless we zoom in, so in practice
they can be considered independent from the yaw angle for the considered range of values. In fact, in all cases
the meteors fully depleted within a range of altitudes spanning 45 m, the flight times diverted from one another
by no more than 1.5 seconds and the peaks of the visual magnitude remained of the same intensity. On the
contrary, the final geodetic position at full depletion can exhibit a comparatively wider dispersion on the ground
map, of up to 36 km in longitude (0.3235°) and 10.46 km in latitude (0.09396°). Attending at the histograms,
only the longitude at final depletion exhibits a normal distribution (with parameters u = —146.7196° and 6% =

0.047592 deg?) due to its symmetry with respect to the orbital plane.
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Figure 12: Results of the 1D Monte Carlo analysis varying release yaw angle, 1.
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For the input variables that determine the release conditions of the meteor, it is extremely interesting to perform
two-dimensional MC runs to study the combined effect that these variables have upon the observables or output
variables of the experiment. Since the release velocity and pitch angle have similar effects and can only produce
a dispersion of the final depletion time in the along-track direction, it is most interesting to analyze their
combinations with the yaw angle, since the latter is the only of these three variable capable of providing a
noticeable dispersion in the across-track direction. To this end, a bivariate normal distribution was constructed
based on pairs of the same u and a2 values previously used when individually analyzing these variables, from

which 5,000 samples were used for the MC run.
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Figure 13: Results of the 2D Monte Carlo analysis simultaneously varying the pitch (¢) and yaw () angles.

Results illustrated in Figure 13 for the combined effect of simultaneously varying the pitch and yaw angles. The
left plot represents the dispersion of the on-ground projection of the final positions of the meteor at time of full-
depletion or ground impact, along with the “minimum volume enclosing ellipse”, which represents the “ground
error ellipse”, in dotted, black line. The remaining ellipses represent contour lines of the best-fit Gaussian
mixture distribution model representing the occurrences for the final longitude and latitude at full-depletion or

ground impact; these levels correspond to non-normalized values [1, 2, 3, 4, 5, 6], respectively, 1 corresponding
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to the outermost contour level, and 6 to the innermost. The red circle indicates the depletion point of the nominal
meteor trajectory, while the black asterisk pinpoints the geometric center of the enclosing ellipse. For the
combined variations of the pitch and yaw angles, all cases still lead to a full atmospheric ablation within altitudes
spanning 493 m (ranging from 71.60 to 72.083 km) and flight times spanning from 14.94 to 15.98 minutes (i.e.,
no more than 62.5 seconds in difference), and the error ellipse has semi-major axis of 238.086 km (2.1388°) and
a semi-minor axis of 2.1388 km (0.16818°). Thus, the distributions of the geodetic longitude and latitude follow
normal distributions N(u = —146.7185°,6% = 0.055579 deg?) and N(u = 0.85258° 62 = 0.52952 deg?)
respectively, whereas the altitude exhibits a bi-modal distribution as in Figure 11, as they are dominated by
variations in the pitch angle. For the combined variations of v, and ¥ the outcome would have been similar,
both qualitatively and quantitatively, thus showing that the experiment is robust against the expected

uncertainties in the release conditions, so we decided not to include additional figures for the sake of concision.

Finally, we have considered an interesting addition to include a hypothetical situation where the experiment goes
widely off the nominal values. To create such a scenario, we intentionally increased the uncertainty of the
variable v.q; from +3% of its nominal value to +35%, in order to assess the potential consequences. In such a
hypothetical situation, the dispersion of the final meteor positions would increase substantially (thus enlarging
the enclosing ellipse on the ground map), to the point where some of the meteor samples would even survive the
reentry and reach the ground, as shown in Figure 14. However, even then, the probability of the meteor reaching
the Earth surface would be as low as 1.2% based on this MC run, and from all the samples considered the largest
mass fraction reaching the Earth was of 1.4 mg only, thus guaranteeing the safety of the experiment with the
proposed nominal values. The enclosing ellipse on the ground map would have a semi-major axis of about
5,149.42 km (46.258°), covering a range in geodetic latitude from 15.66° North to —59.723° South, so there

would be meteors with a flight time spanning twice as long (up to 30 min.)
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Figure 14: Results of the 2D Monte Carlo analysis simultaneously varying v,.; and ¥ off nominal in a
hypothetical worst case scenario.

6.4. Sensitivity analysis

Finally, the quantitative effects of variations upon the nominal values of the mission parameters, and how these
produce changes in the observables of the experiment, can be highlighted by means of a classical sensitivity
analysis plot, as the one shown in Figure 15, which showcases the relationship between variations in the input
variables of the experiment, and the resulting variations in the output variables. The subplots of Figure 15
illustrate how prescribed variations on the input variables yield changes in four observables of the experiment,
namely: the geographic longitude, latitude and altitude of the meteor at the time of full-depletion, and the peak

value of the visual magnitude during the experiment. The purpose of these sensitivity plots is to allow for the
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relative quantification of the experiment outcomes under comparable deviations in each of the input variables or
parameters, thus to highlight the relative importance of each input variable towards the success of the experiment,
and therefore to point out how sensitive the experiment is, in quantitative terms, to potential deviations from the
nominal values of these input variables. To this end, variations of +1% have been considered for the input
variables R,,o, pmo and v.q;, as well as for the initial orbital altitude of 375 km,; for the F10.7 solar flux, more
realistic variations of 10% were considered; for the geomagnetic index, A4, variations of +1 were considered,
since by definition this index can only take integer values; for the angular release variable, pitch and yaw,
variations of +1° were considered, since their nominal values are zero. Positive variations to input variables are
indicated by blue bars in Figure 15, whereas negative variations are indicated by red bars, which allows to
visualize also whether an increase/decrease in an input variable correlates with an increase or a decrease in a
certain output variables. As already concluded in previous sections, these results confirm that the experiment
results are significantly more sensitive to the values of the engineering design variables and the release
conditions, whereas orbital altitude (alternatively, the semi-major axis) has a comparatively lower impact, and
the environmental variables, namely the F10.7 solar flux and geomagnetic index, have a comparatively little
impact in the experiment outcomes; the latter is fortunate, since the actual values of these environmental
variables during the experiment are hard to estimate with precision beforehand. Regarding the design variables,
R0 and p,,0, although they can have a significant impact on the experiment, deviation in these variables are
also easy to minimize, since they can be achieved with great accuracy. Therefore, it is the release variables that
are most sensitive in practice, since their actual values during the experiment are subject to operational errors,

as well as to uncertainties in the attitude determination of the spacecraft.
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Figure 15: Sensitivity analysis of experiment observables with respect to variations in the input variables.

7. Conclusions

7.1. Achievements

This paper presents the recent efforts to improve the characterization of the meteors’ trajectory and safe ablation.
The dynamics during the atmospheric entry are challenging to simulate because the model presents a large
amount of uncertainties. Consequently, the meteor trajectory was assessed through a statistical analysis of the
parameters involved in the physical modeling by considering Cowell’s special perturbation method. The results

confirm that the largest influence in the trajectory of the artificial meteor comes from the engineering design
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parameters and the ejection parameters. They can not only change the final position of the meteor but also the
final state and consequently the corresponding altitude of full depletion. The engineering design parameters have
the advantage that they can be chosen a priori with very good accuracy and, therefore, the problem can be avoided
by selecting appropriate values for the mission. Special attention has to be given to the ejection parameters
because they are the only ones which present uncertainties coming from different sources, like the attitude
measurement and determination. However, the environmental parameters are not as relevant to the trajectory,
which becomes a positive aspect taking into account that the exact value of these parameters cannot be
determined a priori. Accordingly, we can conclude from our analysis that small deviations from the nominal

values are still compliant with the requirements of the mission (Park et al., 2021).

7.2. Future work

In this paper the physical model has only considered the mass ablation. Ongoing academic works include, but
are not limited to: obtain more realistic physical and dynamical equations by exploring the effects of additional
mechanisms like the melting and evaporation of the material (Briani et al., 2013); modeling of ablation within
metals, ceramics, meteors and ALE materials; coupling of material ablation with flow aerodynamics;
computation of the spectral properties of ALE materials. In a future work, the analysis will also be refined by
including a comprehensive modeling of the particle shape deformation and its effect on the aerodynamic

coefficients and trajectory.

Acknowledgments

This research was supported and funded by the research grants PID2020-112576GB-C21 and P1D2020-
112576GB-C22 (MINECO/AEI/FEDER, UE). This work has also been developed thanks to the funding of
““XVII Convocatoria de Ayudas del Consejo Social para la Formacion y la Internacionalizacién de Doctorandos
para el Curso 2018-2019”’ provided by Consejo Social, Technical University of Madrid. Authors also wish to
thank Maria Gritsevich (National Lands Survey of Finland), Joe Zender (ESA-ESTEC), Shingo Matsuyama
(JAXA) and Shinsuke Abe (Nihon University) for their insights in meteor ablation modeling and observation.

Conflicts of interest/Competing interests

On behalf of all authors, the corresponding author states that there is no conflict of interest.

: 33



650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

References

Bate, R.R., et al.: Fundamentals of astrodynamics. Dover Publications, New York (1971)

Batista Virgili, B., et al.: The impact of the new NRLMSIS 2.0 on re-entry predictions. Proc. 8th European
Conference on Space Debris (virtual), Darmstadt, Germany, 20-23 April 2021, published by the ESA Space

Debris Office, Ed. T. Flohrer, S. Lemmens & F. Schmitz.

Briani, G., et al.: Simulations of micrometeoroid interactions with the Earth atmosphere. A&A, Vol. 552, No.

Ab53 (2013). https://doi.org/10.1051/0004-6361/201219658

Ceplecha, Z., Mc Crosky, R.E.: Fireball end heights: A diagnostic for the structure of meteoric material. Journal
of Geophysical Research: Solid Earth and Planets, Vol. 81, No. 35, pp. 6257-6275 (1976).

https://doi.org/10.1029/JB081i035p06257

Davies, C. B., Park, C.: Trajectories of solid particles spalled from a carbonaceous heat shield. In: AIAA 20%

Aerospace Sciences Meeting (1982). https://doi.org/10.2514/6.1982-200

Dias, B, Scoggins, J.B., Magin, T.E.: Luminosity calculation of meteor reentry based on detailed flow
simulations in the continuum regime. Astronomy & Astrophisics, Vol. 635, A184, pp. 1-18 (2020).

https://doi.org/10.1051/0004-6361/202037498

Gritsevich, M., Koschny, D.: Constraining the luminous efficiency of meteors. Icarus, Elsevier, Vol. 212, No. 2,

pp. 877-884 (2011). https://doi.org/10.1016/].icarus.2011.01.033

Henderson, C.B.: Drag coefficients of spheres in continuum and rarefied flows. In: AIAA Journal, VVol. 14, No.

6, pp. 707-708 (1976). https://doi.org/10.2514/3.61409

Kamachi, K., et al.: Solutions for ALE mission success and risk mitigation, 36th IADC meeting, Tsukuba, Japan,

June 6-9, 2018.


https://doi.org/10.1051/0004-6361/201219658
https://doi.org/10.1029/JB081i035p06257
https://doi.org/10.2514/6.1982-200
https://doi.org/10.1051/0004-6361/202037498
https://doi.org/10.1016/j.icarus.2011.01.033
https://doi.org/10.1016/j.icarus.2011.01.033

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

Kimura, N.: Sensitivity Analysis on Aerodynamic and Thermal Parameters for Trajectory and Brightness of

Acrtificial Meteors. M. Sc thesis, Tokyo Metropolitan University (2018) (in Japanese).

Lemal, A., et al.: Ground characterization of artificial meteors and ablation, 32nd International Symposium on
Space Technology and Science & 9th Nano-satellite Symposium, AOSSA and Happiring, Fukui, Japan, June

15-21, 2019.

Opik, E.: Atomic collisions and radiation of meteors. C. Mattusen Inc (1933)

Park, S.H., et al.: Re-entry analysis of critical components and materials for design-for-demise techniques, Vol.

68, No. 1, pp. 1-24 (2021). https://doi.org/10.1016/j.asr.2021.03.019

Picone, J.M,, et al.. NRLMSISE-00 empirical model of the atmosphere: Statistical comparisons and scientific

issues. Journal of Geophysical Research, Vol. 107, No. A12 (2002). https://doi.org/10.1029/2002JA009430

Plane, J.M.C., et al.: The Mesosphere and Metals: Chemistry and Changes. Chemical Reviews, Vol. 115, No.

10, pp. 4497-4541 (2015). https://doi.org/10.1021/cr500501m

Prabhu, D., Saunders, D.: Thermophysics issues relevant to high-speed Earth entry of large asteroids. In: AIAA

SciTech. (2016)

Prevereaud, Y.: Contribution a la modelisation de la rentree atmospherique des debris spatiaux (Chapter 5). PhD

thesis, Institute Superieur de I’ Aeronautique et de I’Espace, I’Universite de Toulouse (2014).

Robertson, J.B., et al.: Photometry of an Iron Artificial Meteor Reentering at 11 Kilometers Per Second.

Technical note D-4312, NASA, Washington, US (1968)

Subasinghe, D., et al.: Luminous efficiency estimates of meteors -1. Uncertainty analysis. Planetary and Space

Science, Vol. 143, pp. 71-77 (2017). https://doi.org/10.1016/].pss.2016.12.009



https://doi.org/10.1016/j.asr.2021.03.019
https://doi.org/10.1016/j.icarus.2011.01.033
https://doi.org/10.1029/2002JA009430

692

693

694

695

696

Subasinghe, D., Campbell-Brown, M.D.: Luminous Efficiency Estimates of Meteors. Il. Application to
Canadian Automated Meteor Observatory Meteor Events. The Astronomical Journal, Vol. 155, No. 2, pp. 1-13

(2018). https://doi.org/10.3847/1538-3881/aaa3e0

Sutherland, L.C., Bass, H.E.: Atmospheric absorption in the atmosphere up to 160 km. In: The Journal of the

Acoustical Society of America, Vol. 115, No. 3 (2004). https://doi.org/10.1121/1.1631937



https://doi.org/10.1121/1.1631937

