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Abstract 15 

This work has been motivated by the lack of meteor data, which hinders the determination of 16 

the mass and composition of natural meteors. To advance the knowledge of meteors science, 17 

the Japanese start-up ALE Co. Ltd. (standing for Astro Live Experiences) designed hundreds 18 

of 1-cm diameter particles composed of materials representative of natural meteors, which will 19 

be release at an altitude of 300 km by an original payload in 2023. During entry, the light 20 

emitted by the particles will be analyzed by spectrometers and cameras on the ground to 21 

characterize the thermal and optical properties of the materials. This paper carries out a 22 

sensitivity analysis and aims to discuss the modeling parameters predicting full disintegration 23 

of the particles before touching ground. This paper presents the efforts undertaken to compute 24 

the trajectory of artificial meteors during their entry into Earth’s atmosphere. Various materials 25 

representative of natural meteors and their thermal response were modeled. The trajectory of 26 

artificial meteors was computed by solving the equation of motion including mass conservation. 27 

The influence of the drag coefficient, heat transfer coefficient, and geometric parameters was 28 
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evaluated through the statistical analysis of Grid Sampling and Monte Carlo simulations. They 29 

were shown to have a sizeable effect on the trajectory, mass loss, latitude and altitude of demise. 30 

The computations demonstrate full demisability of the artificial meteor above 60 km, which is 31 

compliant with international safety regulations.  32 

Keywords: orbit propagation; meteors; ablation; numerical integration 33 

1.  Introduction 34 

Natural meteors science remains an active field of research as it enables the understanding of the origin of life. 35 

Of paramount importance is the meteor brightness efficiency, which relates the observed luminosity to the rate 36 

of variation of its kinetic energy (including velocity decrease and mass loss) and has been the subject of 37 

significant research over the last decades (Öpik, 1933; Ceplecha and Mc Crosky, 1976; Robertson et al., 1968). 38 

Meteors bright tails are also considered by the community as natural indicators of the phenomena occurring in 39 

the mesosphere (Plane et al., 2015), which is a layer whose properties remain unknown while affecting the upper 40 

and lower layers. The analysis of the tail signature provides valuable information such as the surrounding 41 

temperature, the electron concentration, and the composition of the materials. The information retrieval from 42 

these analyses is not straightforward and requires iterative algorithms coupling complicated physico-chemical 43 

phenomena such as emission, ionization, ablation, etc. A result of the complexity of the analysis is the significant 44 

uncertainty lying within the brightness efficiency (Subasinghe et al., 2017; Subasinghe and Campbell-Brown, 45 

2018). To tackle this issue and advance meteor science, ALE Co. Ltd. (which stands for Astro Live Experiences) 46 

develops with its scientific partners a technology aiming at accurately releasing hundreds of meteors particles of 47 

known composition, mass and velocity. The analysis of the particle signature, complemented with high-fidelity 48 

simulations, representative ground experiments and comprehensive observation campaigns will provide 49 

calibrated, accurate and on-demand data to the community. The paper objectives are 5-fold: i) model the reentry 50 

mechanisms, ii) implement the governing equations into a reliable simulator, iii) compute the trajectory and mass 51 

loss, iv) carry out a sensitivity analysis on the aerodynamic and mechanical parameters, v) conclude on the safety 52 

of the mission, i.e ensure the meteor completely vanishes after emitting light. The chapter is organized into four 53 
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sections. Section 2 briefly introduces the proprietary technology developed by ALE Co. Ltd. to generate artificial 54 

meteors. Section 3 describes the governing trajectory and conservation equations as well as the physico-chemical 55 

and numerical modeling relevant for Earth’s atmosphere entry. Section 4 describes the orbit propagation 56 

algorithms developed throughout this research. Section 5 carries out a sensitivity analysis of the parameters 57 

involved through a Monte Carlo analysis for a case scenario formulated by ALE Co. Ltd. and section 6 discusses 58 

the numerical results. Finally, section 7 presents the conclusions obtained.   59 

2.  Artificial meteors 60 

Meteor data are scarce, which hinders the accurate determination of space debris demise altitude and the 61 

advancement of meteor sciences, specifically in the field of material ablation and emission. For instance, the 62 

heat shield systems of (re)entry spacecraft and rockets are equipped with materials which encounter ablation 63 

when subject to high heat fluxes. Understanding ablation in meteor sciences will thus advance the knowledge of 64 

heat shield ablation, determine more accurately their size and purchase cost.  65 

 66 

Figure 1: ALE mission principle 67 

 68 

Determining the mass, composition and entry velocity of natural meteors from observation is complicated and 69 

warrants iterative procedures. To tackle this issue, ALE developed a unique shooting star technology based on 70 
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the release of hundreds of particles of known mass, composition, trajectory from a constellation of satellites. 71 

Fig. 1 illustrates the meteor-generation principle pioneered by ALE Co. Ltd. A satellite, depicted in Fig. 2, 72 

carrying hundreds of 1 cm diameter spherical meteor sources is launched. Upon altitude reached, the meteor 73 

sources are emitted at a specified position, direction, and velocity and become artificial meteors because of the 74 

friction of the atmosphere layers. The initial launch orbit of the ALE-1 satellite is an elliptical orbit with a perigee 75 

altitude of 485 km and an apogee altitude of 492 km. Then, the satellite will decrease their orbit thanks to its 76 

propulsion systems to position themselves under the International Space Station and release the artificial 77 

meteors. To enable the reentry of the meteor source into the Earth's atmosphere, it is necessary to release the 78 

meteor source in the direction opposite to the satellite's traveling direction. The release system performance was 79 

assessed in vacuum chamber. The brightness of the meteor was also characterizing by testing the material in 80 

plasma wind tunnels operated at representative heating conditions (Lemal et al., 2019). ALE on-demand meteor 81 

data serve as a benchmark to assess the performances of the simulation tools, calibrate the cameras on ground 82 

and further characterize the complicated phenomena governing meteor brightness (emission, non-equilibrium 83 

gas chemistry, ablation, etc). 84 

 85 

Figure 2: ALE-1 satellite 86 

 87 

3.  Physico-chemical modeling 88 

3.1. Governing equations 89 

A common approach used in the community is to solve the equations of motion of the sphere from release from 90 

the satellite to its full ablation during Earth’s entry. The model developed by Tokyo Metropolitan University 91 
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(Kimura, 2018) used a fourth order Runge-Kutta algorithm to solve the equations of motion as well as the mass 92 

loss equation as derived in Eqs. (1).  93 

𝑚
d2𝐱

dt2
= −

𝑚𝜇

|𝐱|3
𝑥 −

1

2
𝐶𝑑𝑆𝜌 𝑣atm

2  
𝐯atm

|𝐯atm|
 (1.a) 

𝐿∗
𝑑𝑚

dt
= −

1

2
𝐶ℎ𝑆𝜌|𝐯atm|3 (1.b) 

Equation (1.a) describes the linear momentum equation, where 𝐱 is the position vector, 𝐯atm = 𝐯 − (𝛚 × 𝐱) is 94 

the velocity relative to a co-rotating atmosphere, with 𝐯 the inertial velocity vector and 𝛚 the angular velocity 95 

vector of the Earth, m is the mass of the meteor source, Cd the drag coefficient, S the cross-section area of the 96 

meteor, ρ the atmospheric density and  the Earth’s gravitational parameter. Equation (1.b) corresponds to the 97 

mass loss equation due to ablation such that * 6 110 J KgL    is the ablation specific heat and Ch the heat transfer 98 

coefficient. Note that the linear momentum equation has been simplified by assuming a uniform mass transfer 99 

around the surface of the meteor (Davies and Park, 1982). Indeed, the rate of change of momentum turns out to 100 

be 101 

d(𝑚 𝐯)

dt
= 𝑚

d𝐯

dt
− 𝛎𝑙

d𝑚

dt
                                                                        (2) 102 

where 𝛎𝑙 is the velocity of the material leaving the meteor with respect to the meteor. Considering a uniform 103 

mass transfer, this velocity becomes equal to zero. From arc-jets experiments (Lemal et al., 2019) and modeling 104 

from the literature, ablation is not spherical. While a material response modeling of the particle ablation is beyond 105 

the scope of this work, the shape change was modeled with a cross-section area, as derived in the following 106 

section. This code yields the trajectory, the heating rate as well as the meteor source speed decrease due to 107 

friction (modeled by the coefficient Cd) as well as mass loss and radius decrease due to ablation (modeled by the 108 

coefficient Ch), as displayed in Fig. 3.  109 
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(a) (b) (c) 

Figure 3: Meteor source (a) speed, (b) heating and (c) radius decrease during entry 110 

 111 

3.2. Parameters 112 

3.2.1. Cross-section area: the aerodynamic area changes as the mass decreases. Their relation is expressed by 113 

the shape change coefficient  (Gritsevich and Koschny, 2011) as 114 

                                  

0 0

S m

S m


 

  
 

                                                                               (3) 115 

where S0 and m0 are the initial values before ablation of the cross-section area and mass respectively. The shape 116 

change coefficient is a parameter that characterizes the rotation of the meteor along the flight. In this study 117 

we consider = 0.66, that is, a meteor remaining spherical. 118 

3.2.2. Atmospheric parameters: a body moving close to the Earth is affected by the atmospheric drag. Satellites 119 

in Low Earth Orbit (LEO) encounter atmospheric drag from gases in the thermosphere (~80 km – 500 km), while 120 

objects like meteors are specially affected during reentry (~120 km). This perturbing acceleration depends on 121 

the atmospheric density air and atmospheric temperature Tair which need to be modeled with high accuracy in 122 

order to properly describe the constant change of the environment. For this study, the NRLMSIS-00 empirical 123 

model of the atmosphere (Picone et al., 2002) has been selected. Note that an updated model NRLMSIS 2.0 was 124 

recently developed (Bastida Virgili et al. 2021), which concludes that the assessment of the new NRLMSIS 2.0, 125 

model does not seem to provide any significant improvement in comparison to its predecessor NRLMSIS-00. 126 

The NRLMSIS-00 enables us to use a single model by covering the atmosphere from the surface to lower 127 

exosphere (~0 km – 1000 km). The model ingests the F10.7 and Ap indices and outputs the total mass density, the 128 
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temperature and the oxygen number density. The greater the solar activity and geomagnetic activity are, the 129 

larger the atmospheric density and temperature of the air are. In this case, we select F10.7 = 150 and Ap = 4, which 130 

corresponds to a medium activity. 131 

3.2.3. Surface temperature: the temperature of the surface of the meteor is a parameter that is taken into account 132 

in the atmospheric resistance, in particular in the drag coefficient. The meteors are acted upon not only by the 133 

aerodynamic heating, but by complex processes as melting and spalling. Consequently, the surface temperature 134 

becomes difficult to estimate. One option, which is selected in this article, is to consider it equal to the 135 

atmospheric air at the corresponding altitude: 136 

s airT T                                                                                      (4) 137 

3.2.4. Drag coefficient: it is the main parameter in the atmospheric drag, which in the case of reentry objects is 138 

not constant, but significantly fluctuates along its trajectory. The expression considered for this parameter is 139 

given by (Henderson, 1976): 140 
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         (6) 141 

such that: 142 

𝑀𝑎 =
|𝐯atm|

√
𝜁𝑅𝑔𝑎𝑠𝑇𝑎𝑖𝑟

𝑊𝑎𝑖𝑟

                                                                           (7) 143 

is the Mach number with 1 18.3144598 J mol KgasR      the molar gas constant, 10.0289644 kg molairW    the 144 

molar mass of dry air, and 1.4   the heat capacity ratio of air. 145 

𝑅𝑒 =
2𝜌𝑎𝑖𝑟|𝐯atm|𝑅𝑚

𝜇𝑎𝑖𝑟
                                                                         (8) 146 

is the Reynolds number with Rm the radius of the meteor and air the atmospheric viscosity given by (Sutherland 147 

and Bass, 2004): 148 
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                                                            (9) 149 

with 
0 273.11 KT  ,  

5 1 16.7894 10  kg mref s        and 110.56 KrefT   reference values for viscosity and 150 

temperature respectively. 151 

3.2.5. Heat transfer coefficient: it is the main parameter in the mass loss equation and it is related with the mass 152 

reduction of the meteor. The formula used in this study is taken from (Prabhu and Saunders, 2016; Prevereaud 153 

(Chapter 5), 2014): 154 

𝐶ℎ =
2𝑞

𝜌𝑎𝑖𝑟|𝐯atm|3

∫ [𝑠𝑖𝑛2(𝑡)+
𝑐𝑜𝑠2(𝑡)

1+𝜁𝑀𝑎2](
𝜋

2
−𝑡) 𝑐𝑜𝑠(𝑡) 𝑠𝑖𝑛(𝑡) 𝑑𝑡

𝜋
2

0

√∫ [𝑠𝑖𝑛2(𝑡)+
𝑐𝑜𝑠2(𝑡)

1+𝜁𝑀𝑎2](
𝜋

2
−𝑡) 𝑐𝑜𝑠2(𝑡) 𝑑𝑡

𝜋
2

0
 

                               (10) 155 

 156 

Eq. (10) provides a formal definition of 𝐶ℎ, although the integrands can be solved analytically, thus providing a 157 

more convenient expression. 158 

3.2.6. Visual magnitude: this is a proxy for the luminosity of the meteor during its atmospheric reentry. Due to 159 

the heating produced by the atmospheric drag during the reentry, the meteor emits energy in different regimes 160 

of the electromagnetic spectrum, including the visual range. Therefore, for the proposed experiment it is 161 

interesting to be able to quantify the expected luminosity of the meteor during the atmospheric flight, which is 162 

done adapting the approach presented by Dias et al. (2020). The traditional luminosity equation for a non-163 

decelerating body (a reasonable hypothesis, since the negligeable residence time of the fluid around the asteroid, 164 

as compared with its orbital motion, allows for a quasi-stationary analysis of the flow) relates the meteor 165 

luminosity I to the dissipated amount of kinetic energy, assuming the latter is translated to the meteor surface as 166 

heat: 167 

𝐼 = 𝜏 
𝑣∞

2

2
 
d𝑚

d𝑡
 168 

where 𝑣∞ represents the velocity relative to the atmosphere and 𝜏 is the unitless luminous efficiency for the considered 169 

bandwidth of the spectrum, which represents the amount of kinetic energy transformed into radiation in a specific 170 
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bandwidth. For the visual bandwidth, the value 𝜏 = 10−3 can be assumed. Once the meteor luminosity is known, the 171 

actual radiative spectral flux observed from the meteor by an observer located on ground can be estimated as: 172 

𝐹 = 𝐼 𝜋 (
𝑟𝑚

𝑑
)

2

 173 

where 𝑑 is the distance from the observer to meteor (we assume it coincides with the altitude over the Earth surface).  174 

Note that this definition of distance is different from astronomical observations where distances are measured relative 175 

to a fixed ground observer, where the station is placed. Right now the mission does not have any prefixed ground 176 

station and consequently we consider the distance to the Earth's surface as the natural distance available to apply the 177 

equation. The reader must take into account that the visual magnitude (Mv) defined here is related to an observer 178 

located at the subsatellite point. Finally, the luminous magnitude observed in the visual bandwidth and measured in 179 

mag0 units can be obtained from the following relation: 180 

𝑀V = −2.5 log10(𝐹) − 3.72 181 

 182 

4.  Orbit propagation 183 

4.1. Initial conditions 184 

A priori initial conditions for the satellite and the meteor need to be introduced to properly propagate the orbit 185 

of the meteor. The present study is an illustrative example of the meteor’s trajectory. Consequently, 186 

representative values for the problem are chosen for the sake of simplicity: instead of considering a sun-187 

synchronous orbit, a satellite with a polar circular orbit and an altitude with respect to the equator of 375 km is 188 

considered. The meteor is shot just behind the satellite with relative velocity of 350 m s−1. The release point of 189 

the meteor is defined by the orbital position of the mothership satellite, described through its orbital inclination 190 

(i), semi-major axis (a), eccentricity (e), longitude of the ascending node (), and argument of latitude (u), which 191 

is the sum of the argument of periapsis () and the true longitude (). These orbital elements for the satellite’s 192 

orbit are: 193 

𝑎 = 6753.1 km,  𝑒 = 0,  𝑖 = 90°,  Ω = 137°, 𝑢 = 𝜔 + 𝜃 = 120°. 194 

The start date is 2020/01/01, 00:00:00 UTC such that the orbit is propagated until one of the following conditions 195 

is satisfied: 196 
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 The mass reaches a value equal or smaller than 10-7 kg.  197 

 The meteor reaches the surface of the Earth. 198 

The initial position of the meteor coincides with that of the mothership satellite from where it is to be released, 199 

and only the orbital velocity varies. The meteor is shot from the mothership with a relative velocity vector 𝐯rel 200 

such that the meteor is released in orbit with a lower orbital velocity in order to ensure a reentry trajectory. This 201 

relative velocity vector is defined by its magnitude 𝑣rel and the yaw (𝜓) and pitch (𝜙) angles as defined by the 202 

Tait-Bryan rotation sequence (Z-Y-X) with respect to an orbital frame defined with the X-axis along the orbital 203 

velocity vector of the mothership satellite, the Z-axis along the nadir direction, and the Y-axis completing a 204 

right-handed frame. With respect to this orbital frame, the release conditions of the meteor relative to the 205 

mothership satellite are such that the meteor is ejected with a relative velocity opposing the mothership’s orbital 206 

velocity, so the nominal release conditions of the meteor are given by: 207 

𝑣rel = −350 m s−1,  𝜓 = 0°,   𝜙 = 0° 208 

where the negative sign 𝑣rel indicates it is shot along the -X axis. Thus, the initial orbital velocity of the meteor 209 

with respect to an inertial, geocentric reference frame is easily obtained as the sum of the mothership’s orbital 210 

velocity vector and 𝐯rel, where the latter is expressed in coordinates of the already defined orbital frame, and as 211 

a function of the yaw angle (i.e. the rotation around the nadir) and pitch angle (i.e. the rotation around the second 212 

axis), as follows: 213 

𝐯rel = [
cos 𝜙 0 −sin 𝜙

0 1 0
sin 𝜙 0   cos 𝜙

] · [
  cos 𝜓 sin 𝜓 0
−sin 𝜓 cos 𝜓 0

0 0 1
] · [

𝑣rel

0
0

]. 214 

Furthermore, in order to account for the mass variation during the reentry, this must be included within the state 215 

vector. The initial mass of the meteor depends on the initial radius Rm0 and the initial density 0m  through the 216 

following equation: 217 

3

0 0 0

4

3
m mm R                                                                  (18) 218 

A spherical shape is assumed with a uniform density distribution, such that Rm0=5mm and m0=5000kgm-3 219 

4.2. Formulation 220 
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The orbit propagation for the meteor problem has been carried out with Cowell’s method (Bate et al., 1971). It 221 

performs the numerical integration of the perturbed equations by using Cartesian coordinates, usually referred 222 

to an inertial frame, and characterized by six ordinary differential equations. The system is properly extended to 223 

describe the meteor motion by including an additional equation related with the mass loss: 224 

                                                                             
d𝐱

d𝑡
= 𝐯                                                                                       (19.a) 225 

                                                                 
d𝐯

d𝑡
= −

𝜇

|𝐱|3
𝐱 − 𝐚𝑝                                                                             (19.b) 226 

                                                          
d𝑚

dt
= −

1

2𝐿∗

1

𝜔𝑐
𝐶ℎ𝑆𝜌|𝐯atm|3                                                                      (19.c) 227 

where 𝜇 is the Earth’s gravitational parameter, 𝐚𝑝 is the perturbing acceleration due to the atmospheric drag 228 

introduced in Eq. (1.a), but in dimensionless form, namely: 229 

𝐚𝑝 = −
1

2m

1

𝜔𝑐
2𝐿𝑐

𝐶𝑑𝑆𝜌 𝑣atm
2 𝐯atm

|𝐯atm|
 ,                                                             (20) 230 

[𝐱, 𝐯] is the Cartesian state vector with respect to and inertial frame, expressed in dimensionless form using the 231 

following characteristic magnitudes to define dimensionless variables: 232 

                                                                         𝐿𝑐 = |𝐱0|                                                                                   (21.a) 233 

                                                                         𝜔𝑐 = √
𝜇

𝐿𝑐
3 .                                                                                 (21.b) 234 

and    
atm

v v ω x  is the velocity relative to a co-rotating atmosphere projected on the  International Celestial 235 

Reference Frame (ICRF) with ω  the angular velocity of the Earth. 236 

5. Design of the Monte Carlo analysis 237 

The calculations have been carried out in a computer with a 32 core Intel® Xeon® Gold 6130 processor @ 2.10 238 

GHz under a 64-bit Ubuntu 20.04 LTS operating system. The solution provided by Cowell is integrated with 239 

Matlab’s built-in ode113 integrator using a tolerance of 10-13. This value is fixed for both relative and absolute 240 

tolerance because all the equations in Cowell are dimensionless, and therefore it makes sense to fix the same 241 

value to both tolerances. Besides, in order to assess the influence of several variables in the propagation, and 242 

therefore in the expected requirements of the mission, a statistical analysis is performed by means of Monte 243 

Carlo (MC) analysis. The study is first performed by leaving aside the mutual interferences or cross-coupling 244 
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that may exist between the different variables, i.e. varying only one variable at a time, while leaving the others 245 

frozen; this concession enables getting a clearer insight of the individual contributions of each variable of the 246 

sensitivity analysis. Later on, coupling effects for the release parameters are accounted for by means of two- and 247 

three-dimensional sensitivity analyses. 248 

 249 

5.1. Nominal mission 250 

From our numerical simulations, the nominal values chosen for the experiment ensure the full mass depletion at 251 

an altitude of 70.7 km over the Earth ellipsoid (assuming the WGS84 model) and at a geodetic location of 252 

(−146.7176° West, 0.8558° North) after a flight time of 15 minutes and 25 seconds. 253 

 254 

5.2. Input variables of the experiment 255 

The different variables involved in the definition of the mission will be classified in three different groups, since 256 

the variables within each of these groups needs to be modeled differently in the MC runs. These three groups 257 

are, respectively: 258 

1) Engineering Design Parameters are those we can simply refer to as “design variables”, in the sense 259 

that their value is a direct outcome of the experiment design, but once their value set, it is not subject to 260 

uncertainty, since their value can be measured and quantified prior to the experiment and remains 261 

constant thereafter, and thus these variables have known values. Within this category we consider the 262 

initial radius (Rm0) and the initial density (m0) of the meteor. Indeed, once their nominal values are 263 

defined, they can be measured on ground and during the experiment they are not subject to any 264 

uncertainty that requires a statistical modeling. Therefore, from a MC analysis viewpoint, it is most 265 

interesting to vary their value within a grid of prescribed, evenly spaced values for the sake of 266 

performing a parametric study within the domain of definition of these variables and provide the 267 

experiment designer with valuable insight of the consequences of varying these values. 268 

2) Environmental and orbit-related variables. We sort within this category variables whose nominal or 269 

expected value can be estimated a priori, but is unknown or subject to uncertainty during the actual 270 

experiment; however, the uncertainty associated to these values is not necessarily relevant to be treated 271 
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in a statistical way, either because their uncertainty is hard to model, they can exhibit unexpected an 272 

behavior, or because a statistical modeling is in principle not of interest. On the one side, we shall 273 

consider variables related to the space environment modeling, specifically related to the solar activity, 274 

such as the F10.7 factor and the geomagnetic index Ap, because these variables exhibit a relative large 275 

uncertainty which is hard to match to a probability density function, so their values during the 276 

experiment can only be predicted roughly (although they can be measured in nearly-real time or in post-277 

flight analysis); on the other side, we shall also include orbital variables such as the semi-major axis, 278 

because even though a nominal value is set on the design of the experiment, during the experiment, the 279 

actual value of this orbital parameter will exhibit some deviations due to the orbital perturbations. In the 280 

case of the aforementioned three variables, from a MC analysis viewpoint it is not interesting to 281 

approach their variations from a statistical modeling viewpoint, but instead using a grid of prescribed, 282 

evenly spaced values, for the sake of performing a sensitivity analysis and understanding how variations 283 

on these parameters may affect the outcome of the experiment. 284 

3) Release conditions. Within this category we shall include all variables related to the ejection phase of 285 

the meteor, namely the magnitude of the relative release velocity, 𝑣rel, and its direction, given by the 286 

pitch and yaw angles (𝜓, 𝜙). These variables have associated uncertainties, since their values depend 287 

on either mechanical devices that cannot exactly reproduce the same ejection velocity, or the attitude of 288 

the spacecraft, which is also subject to a certain degree of uncertainty stemming from the attitude 289 

determination process. However, contrary to the previous two categories, it is now reasonable to model 290 

these variables statistically, assuming these are random variables and have an appropriate probability 291 

density function. To this end, normal distributions will be assumed for each of these three variables, 292 

centered at their nominal value and with a standard deviation that is consistent with assuming that 99% 293 

or the values are within prescribed intervals. As a result of treating these variables statistically, it 294 

becomes now possible to provide a statistical treatment also to the output variables of the experiment, 295 

as we shall see in the following section. 296 

 297 

5.3. Output variables of the experiment 298 
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In order to assess the performance of the experiment, some “observables” or “output variables” of the 299 

experiment need to be monitored for each of the numerical simulations to be carried out in the following section. 300 

These will be the following: 301 

 Time series for the state vector components and derived quantities, in particular the instantaneous mass 302 

and the visual magnitude of the meteor will be monitored both, as a function of time and as a function 303 

of the altitude. Also, the geodetic longitude, latitude and altitude will be monitored as a function of time. 304 

 Final values of the mass and the geodetic longitude, latitude and altitude will be recorded at the end of 305 

the experiment, either at the instant when the meteor fully depletes, or when it reaches (if it does) the 306 

Earth’s surface. 307 

 If the meteor reaches the Earth’s surface, the mass fraction that survives the reentry will be recorded. 308 

 The minimum value of the time series for the visual magnitude during the reentry will be tracked too, 309 

which represents the maximum luminous intensity that the meteor reaches during the experiment. 310 

 When Monte Carlo analyses are performed, dispersion plots and histograms will be used to display the 311 

distributions for some of the aforementioned observables. 312 

 313 

5.4. Grid Sampling and Monte Carlo analyses 314 

Grid Sampling (GS) and Monte Carlo (MC) analyses will be performed in increasing order of complexity. First, 315 

one-dimensional analyses will be performed, where only a single variable will be varied while the rest are set to 316 

their nominal values, so the effects that varying each specific variable has upon the experiment results can be 317 

gauged and quantified. Afterwards, several two-dimensional Grid Sampling and Monte Carlo runs will be 318 

performed, where two are varied simultaneously, so their combined effect upon the experiment results and the 319 

output variables can be assessed. For these multi-dimensional analyses, two approaches have been employed: 320 

when combining two variables for which we don’t have uncertainty information, and thus an evenly spaced grid 321 

is to be considered, a multi-dimensional GS is performed by constructing a 2D grid of sample points that stem 322 

as combinations of the prescribed grid value for each of the variables; when combining two variables for which 323 

we do have a statistical uncertainty model, we first combined their probability density functions to construct a 324 
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multivariate probability density function using a Gaussian mixture model, so we can then sample as many 325 

combinations of input variables as we need and perform a MC run. 326 

Thus, in all cases, the procedure to set up a GS or MC run consists on defining: a) the reference solution; b) the 327 

variable(s) to be varied and the range where their values are to be varied; and c) the number of grid points or 328 

random samples to be taken, and whether these are to be taken from a predefined grid of evenly spaced values, 329 

or from a univariate or multivariate random variable distribution, respectively. 330 

 331 

6. Numerical Results 332 

In this section the results of the different Grid Sampling (GS) and Monte Carlo (MC) runs are presented and 333 

explained. In the following figures, the blue line represents the reference or nominal solution, the gray lines 334 

represent each of the cases that the run has simulated either following a normal distribution or a grid of evenly 335 

spaced values, and the dashed lines (only visible in one-dimensional runs) represent the cases associated to the 336 

boundary values of the interval where the considered variable is varied. Histograms are used to visualize the 337 

distributions of the most relevant output variables by using either the end value, maximum or minimum value 338 

within the time series of each variable; in some cases, we will display histograms along with the best-fit Normal 339 

probability density function estimated from the output variables, so the validity of Gaussian hypothesis of the 340 

results can be tested. The final purpose of these GS and MC analyses is to assess whether the mission 341 

requirements are satisfied (Park et al., 2021), to understand the dependence relations between input and output 342 

variables as well as their combined effects, and to assess the effects of a release different to the nominal value 343 

in any given input parameter. In order to keep an ordered approach, we shall investigate the effect of the input 344 

variables following the three groups or categories previously defined in Section 5.2. 345 

6.1. Effect of the Engineering Design Parameters 346 

In this section we study the effects of varying two of the input variables, namely the initial radius of the meteor, 347 

𝑅𝑚0, and its density, 𝜌𝒎𝟎. Figure 4 shows how the visual magnitude and the mass of the meteor change along 348 

their trajectories as a function of the altitude over the Earth ellipsoid. To this end, the one-dimensional GS run 349 

accounts for a varying initial radius of the meteor ranging from 1 mm to 10 mm, where an evenly spaced 350 

distribution is assumed for the values of this input variable. In this figure, the light blue line in the solution 351 
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profiles refers to the solutions stemming from the nominal conditions and parameter values; the gray lines 352 

represents each of the simulation cases considered in the sensitivity analysis; the dashed, black line indicate the 353 

envelope, determined by the parameter values farthest away from the nominal value; and the red dot indicates 354 

the nominal, initial value for the considered parameter. One of the immediate consequences of varying the initial 355 

radius is that the initial meteor mass changes accordingly, so not only the altitude for complete depletion will 356 

vary, but there will also be cases where the meteor can actually reach the surface of the Earth before complete 357 

ablation. Therefore, it is also interesting to study how deep into the atmosphere the meteor can survive, and what 358 

mass fraction of the meteor makes it to the ground, as a function of the initial radius of the meteor; this is also 359 

illustrated in Figure 4, where it can be observed that an initial radius of 6 mm ensures the meteor will reach the 360 

surface of the Earth, and beyond that threshold radius, an increasing amount of material will survive the reentry. 361 

 362 

Another interesting aspect to observe is the brightness of the meteor during the reentry. The brightness, measured 363 

in mag0 units, is also displayed in Figure 4, where a smaller value of the visual magnitude indicates a higher 364 

luminous intensity in the visual wavelength. Thus, it can be observed that the atmospheric entry conditions are 365 

such that the brightness peaks at about 80 to 120 km, depending on the initial radius. In particular, a higher 366 

meteor temperature (i.e. a higher velocity and higher atmospheric density) and a larger surface area will yield a 367 

more intense luminous emission. Consequently, the larger the meteor is, the deeper into the atmosphere that its 368 

luminous peak will occur, and the further away it will traverse along its orbit before either depletion or ground 369 

impact. In this regard, another interesting proxy to analyze is the geodetic distance that the meteor’s final position 370 

(either at depletion altitude or on ground) will cover when projected onto the surface of the Earth’s ellipsoid (i.e. 371 

the traversed groundtrack), depending on the initial size of the meteor. For the particular values considered in 372 

this MC run, the final depletion/impact covers a groundtrack distance spanning up to 442 km in the along-track 373 

direction, from (−146.4° West, 5.381° North) to (−146.8° West, −1.359° South). 374 

 375 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

Figure 4: Results of the 1D Grid Sampling varying the variable 𝑹𝒎𝟎. 376 
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Ultimately, the initial radius of the meteor affects its initial mass, and so does the meteor’s density, 𝜌𝒎𝟎, which 377 

can be varied by choosing an alternative material for the meteor. Thus, varying the meteor’s density has 378 

qualitatively the same effects on the experiments output variables, and therefore we opt to omit any additional 379 

figures for the sake of concision. For the density we chose to vary its values within the range of 1,000 to 10,000 380 

km m-3 using an evenly spaced distribution, which would yield a final depletion/impact groundtrack distance 381 

covering up to 277 km in the along-track direction, from (−146.6° West, 3.497° North)  to 382 

(−146.8° West, −0.8073° South). 383 

 384 

  

(a) (b) 

  

(c) (d) 

Figure 5: Results of the 2D Grid Sampling varying simultaneously the variables 𝑹𝒎𝟎 and 𝝆𝒎𝟎. 385 
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However, increasing the density augments the actual mass of the meteor while maintaining its surface area 386 

constant, as opposed to varying the initial radius, which yields changes in both, the mass and size of the meteor. 387 

Therefore, by conveniently varying both, 𝑅𝒎𝟎 and 𝜌𝒎𝟎, it should be possible for the experiment designer to 388 

achieve any desired combination of initial mass and surface area of the meteor so that either the depletion altitude 389 

or the mass fraction at ground impact can be chosen at will; alternatively, it is also possible to design the 390 

maximum luminous intensity that the meteor reaches, as well as the geodetic altitude at which it occurs. 391 

Therefore, it is interesting to analyze the combined effects of varying these two design parameters 392 

simultaneously by means of a two-dimensional GS where both variables are varied so they take combinations of 393 

the aforementioned values. This is illustrated in Figure 5, where the variations of the visual magnitude and actual 394 

mass of the meteor as a function of time exhibit qualitatively the same behavior as in Figure 4, only that now the 395 

dispersion of the results is larger, because the considered combinations of the input values cover a wider range 396 

of initial masses, ranging from the smallest and most lightweight meteor of 0.042 g (radius of 1 mm and density 397 

of 1,000 kg m-3) and up to the largest and heaviest meteor of 41.88 g (radius of 10 mm and density of 10,000 kg 398 

m-3). While the smallest meteor within this GS fully depletes at an altitude of 249 km, the largest meteor reaches 399 

the Earth’s surface with a remnant mass of 3.93 g. For the considered input values, the dispersion in the final 400 

depletion/impact point spans across a distance of 1,629 km in the along-track direction, from 401 

(−145.4° West, 23.03° North) to (−146.9° West, −2.264° South). 402 

 403 

6.2. Effect of the Environmental and Orbit-related Variables 404 

In this section we shall study the consequences of varying three different input variables: on the one side, two 405 

variables related to the solar activity, namely the F10.7 solar flux and the geomagnetic index Ap, which directly 406 

affect the atmospheric density; on the other side, one variable related to the mothership’s orbit (and therefore the 407 

release position of the meteor), in particular its semi-major axis, a. 408 

The solar activity is of paramount importance for any orbit propagation that accounts for the drag perturbation, 409 

and in particular an orbital reentry. The two key parameters that model the solar activity are the F10.7 solar flux 410 

and the geomagnetic index Ap. We shall first look into the former by means of a one-dimensional GS assuming 411 

a range of evenly spaced values for the solar flux ranging from 60 to 240, so they correlate with a minimum and 412 
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maximum solar activity, respectively. Figure 6 displays the visual magnitude and the mass of the meteor change 413 

during the reentry trajectory as a function of the altitude. As opposed to the results of Section 6.1, varying the 414 

solar activity has in practice a negligible effect upon the depletion altitude or its geodetic position; indeed, in all 415 

the considered cases the meteor fully depletes within an altitude range of barely 250 m regardless of the solar 416 

activity, and the maximum groundtrack covered by the final depletion point spans only across 1.69 km in the 417 

along-track direction, from (−146.7° West, 0.8675° North) to (−146.7° West, 0.841° North). Thus, the only 418 

meaningful effect of the solar activity seems to be in the rate of change of the mass during reentry. A higher 419 

solar activity rises the atmospheric density and temperature at the upper layers of the atmosphere, which in turn 420 

raises the ablation rate at higher altitudes and raises the luminous intensity of the meteor through the upper 421 

atmosphere; however, neither the full-depletion altitude/position, or the altitude and intensity where the visual 422 

magnitude peak occurs, exhibit any meaningful variations and they remain in practice quite invariant. 423 

 424 

  

(a) (b) 

Figure 6: Results of the 1D Grid Sampling varying the F10.7 solar flux. 425 

 426 

The geomagnetic index was also varied in a one-dimensional GS with evenly spaced values ranging from 1 to 427 

40, which correlate with a low and high geomagnetic activity, respectively. Their impact upon the observed 428 

output variables was similar to that observed in Figure 6, only that the magnitude of the variations were far less 429 

pronounced to the point that they were barely noticeable in the plots, so we chose to omit these figures. Hence, 430 
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the combined effect of simultaneously varying the F10.7 solar flux and geomagnetic index Ap is dominated by 431 

the value of the solar flux, and thus results look like those of Figure 6. Consequently, we arrive at the conclusion 432 

that the solar activity does not affect the experiment results in any meaningful way, as the altitude of full 433 

depletion exhibits only marginal variations, as shown in Figure 7. 434 

  

(a) (b) 

Figure 7: Results of the 2D Grid Sampling varying both, the F10.7 solar flux and Ap. 435 

 436 

The other variable to be analyzed in this section is the mothership’s orbit at the time of releasing the meteor, in 437 

particular its semi-major axis, a. Even though a nominal orbit will be defined for the mothership, it is important 438 

to be aware that the orbital perturbations can impose short terms variations upon its value, so at the time of 439 

release the actual orbital altitude of the meteor may be slightly different form the intended value, and thus it is 440 

important to gauge how this may affect the experiment results. To this end, we shall perform a one-dimensional 441 

Grid Sampling assuming an evenly spaced set of semi-major axis values ranging 10 km above and below the 442 

nominal value. 443 

The main effects of varying the semi-major axis of the mothership are twofold: on the one side, the meteor is 444 

released at a slightly lower altitude; consequently, since the mothership is at a lower orbit (thus a lower period) 445 

it is released with a slightly larger initial geocentric orbital velocity. The combination of these two aspects has a 446 

series of consequences that are illustrated in Figure 8. Interestingly enough, the altitude of full-depletion does 447 

not vary significantly, yet meteors released at a lower altitude reach the Earth’s atmosphere earlier and therefore 448 
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have shorter flight times, whereas meteors released at higher altitudes have longer flight times. Interestingly, for 449 

the considered small variations, the release altitude and the flight time correlate nearly linearly, and consequently 450 

so does the subsatellite position where the full depletion occurs, as evidenced by the uniform spacing of the 451 

geodetic positions where the complete ablation occurs.  Additionally, when the visual magnitude and actual mass 452 

are plotted as a function of the altitude, they all overlap to the point that, on the plot, they become visually 453 

indistinguishable from one another, so these magnitudes must be plotted as a function of time instead; it is like 454 

this that one can observe that meteors released at a higher altitude have longer flight times mainly because they 455 

reach the upper layers of the atmosphere later, and thus the ablation is delayed compared to meteors released 456 

from a lower altitude. This effect also delays (for meteors released at higher altitude) the moment where the 457 

minimum visual magnitude (maximum luminous intensity) is achieved, although it does not change its peak 458 

value. 459 

 460 

  

(a) (b) 
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(c) (d) 

Figure 8: Results of the 1D Grid Sampling varying mothership’s semi-major axis, a. 461 

 462 

6.3. Effect of the Release Conditions 463 

In this section the consequences of varying the meteor’s release velocity will be analyzed. In particular, the 464 

impact of the following three input variables will be analyzed: the magnitude of the relative release velocity, 465 

𝑣rel, and the yaw (𝜓) and pitch (𝜙) angles, which provide the direction in which the meteor is ejected from the 466 

mothership. These three variables have associated uncertainties which are most conveniently modeled under a 467 

statistical approach; thus, these variables will be treated as random variables with associated probability density 468 

functions modeled as normal distributions centered at the nominal values, and with a standard deviation that is 469 

compliant with a desired interval width for the values that these variables can take with a given confidence level. 470 

Thus, we shall define the following probability density functions: 471 

𝑣rel = N(𝜇 = −0.35 km s−1, 𝜎2 = 0.00406977 km2 s−2) 472 

𝜓 = N(𝜇 = 0°, 𝜎2 = 1.16279 deg2) 473 

𝜙 = N(𝜇 = 0°, 𝜎2 = 1.16279 deg2) 474 

The values of the standard deviations are chosen so that, for a large number of samples, 99% of the 𝑣rel samples 475 

fall within its nominal value ±3%, and so that for the yaw and pitch angles, 99% of the samples fall within an 476 

interval of ±3°, which is thought to be consistent with the expected accuracy with which the mothership can 477 
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determine its own attitude state. These values are compatible with the capabilities of the release system, as 478 

described in (Kamachi et al., 2018). 479 

Figure 9 represents the results of a one-dimensional MC run for the 𝑣rel variable based on 1,000 random samples. 480 

The main effects of varying the relative release velocity, and thus the initial orbital velocity of the meteor, are 481 

similar to those observed in Figure 8 for varying the mothership’s semi-major axis, in the sense that a lower 482 

relative release speed (hence, a larger initial orbital velocity) slightly increases the flight time by delaying the 483 

atmospheric reentry, and thus allowing the meteor to cover more groundtrack before its full depletion. The main 484 

difference resides in that here the release occurs always at the same orbital position, and only the orbital velocity 485 

is varied. Note that for the considered uncertainty model, variations in 𝑣rel do not yield an unexpected reentry; 486 

indeed, for all the considered cases the meteor fully depleted within a range of geocentric altitudes spanning 1.48 487 

km, and the flight times diverted from one another by no more than 38 seconds, while the peaks of the visual 488 

magnitude remained of the same intensity. The maximum groundtrack covered by the final depletion point spans 489 

across 173 km in the along-track direction, from (−146.6° West, 2.084° North)  to 490 

(−146.8° West, −0.6055° South). 491 

 492 

  

(a) (b) 
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(c) (d) 

Figure 9: Results of the 1D Monte Carlo analysis varying relative release velocity, 𝐯𝐫𝐞𝐥. 493 

 494 

Interestingly enough, small variations of the release velocity also yield a nearly linear relation with the flight 495 

time, and therefore the full-depletion position in the along-track direction. This means that the flight time and 496 

the geodetic longitude, latitude and altitude are all mutually correlated with the initial release velocity; 497 

consequently, the assumed normal distribution for 𝑣rel  should translate into normal distributions for the 498 

aforementioned output variables too. This is illustrated in Figure 10, where best fit normal distributions have 499 

been overlaid on top of the histograms showing the occurrences of the geodetic longitude, latitude and altitude. 500 

It can be observed that for all these variables the normal distributions exhibit a good fit with the observed values. 501 

In particular, the final geodetic longitude at the instant of full depletion can be modeled by a normal distribution 502 

N(𝜇 = −146.7171°, 𝜎2 = 0.022699 deg2), for the latitude we get N(𝜇 = 0.86472°, 𝜎2 = 0.39207 deg2) and 503 

for the altitude N(𝜇 = 71.6997 km, 𝜎2 = 0.20162 km2). Note that the fit of the altitude distribution in Figure 504 

10c can be improved assuming a bi-modal distribution instead, to better capture the higher altitude cases. 505 

 506 
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(a) (b) (c) 

Figure 10: Results of the 1D Monte Carlo analysis varying relative release velocity, 𝒗𝐫𝐞𝐥. Histograms. 507 

 508 

A one-dimensional MC run with 1,000 samples varying the pitch angle, 𝜙, yields qualitatively the same behavior 509 

as in Figure 9, as varying the in-plane orientation of the relative release velocity vector, 𝐯rel, is equally equivalent 510 

to a change in the initial geocentric orbital velocity of the meteor, and thus we shall not include additional figures. 511 

For all the considered cases the meteor still fully depleted within a range of geocentric altitudes spanning 464 m 512 

while the flight times diverted from one another by a maximum of 62 seconds and the peaks of the visual 513 

magnitude remained of the same intensity. The maximum groundtrack covered by the final depletion point spans 514 

across 252 km in the along-track direction, from (−146.6° West, 2.797° North)  to 515 

(−146.8° West, −1.108° South). Attending at the histograms of Figure 11 we observe that the distributions of 516 

the geodetic longitude and latitude still follow a normal distribution, in this case N(𝜇 = −146.7194°, 𝜎2 =517 

0.03755 deg2)  and N(𝜇 = 0.82784°, 𝜎2 = 0.57397 deg2)  respectively, but the altitude now no longer 518 

resembles a normal distribution, but it seems to obey instead a bi-modal distribution. 519 

 520 
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(a) (b) (c) 

Figure 11: Results of the 1D Monte Carlo analysis varying release pitch angle, 𝝓. Histograms. 521 

 522 

A one-dimensional MC run with 1,000 samples varying the yaw angle, 𝜓, however, yields a different structure 523 

of the output variables compared to the previous two cases. The effect of the yaw angle if that of providing the 524 

initial orbital velocity of the meteor with an off-plane component, which directly affects both, the geodesic 525 

longitude and latitude of the meteor’s full depletion point providing it a symmetrical structure with respect to 526 

the orbital plane, as can be observed in Figure 12. Note that the net effect of this off-plane velocity component 527 

is comparatively much smaller than in-plane variations in terms of modifying the orbital geometry; consequently, 528 

note that the variations upon output variables such as the geodesic longitude, latitude, altitude, mass variation 529 

and visual magnitude, are so subtle that they are barely noticeable in a plot unless we zoom in, so in practice 530 

they can be considered independent from the yaw angle for the considered range of values. In fact, in all cases 531 

the meteors fully depleted within a range of altitudes spanning 45 m, the flight times diverted from one another 532 

by no more than 1.5 seconds and the peaks of the visual magnitude remained of the same intensity. On the 533 

contrary, the final geodetic position at full depletion can exhibit a comparatively wider dispersion on the ground 534 

map, of up to 36 km in longitude (0.3235°) and 10.46 km in latitude (0.09396°). Attending at the histograms, 535 

only the longitude at final depletion exhibits a normal distribution (with parameters 𝜇 = −146.7196° and 𝜎2 =536 

 0.047592 deg2) due to its symmetry with respect to the orbital plane. 537 

 538 

   

(a) (b) (c) 

Figure 12: Results of the 1D Monte Carlo analysis varying release yaw angle, 𝝍. 539 
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 540 

For the input variables that determine the release conditions of the meteor, it is extremely interesting to perform 541 

two-dimensional MC runs to study the combined effect that these variables have upon the observables or output 542 

variables of the experiment. Since the release velocity and pitch angle have similar effects and can only produce 543 

a dispersion of the final depletion time in the along-track direction, it is most interesting to analyze their 544 

combinations with the yaw angle, since the latter is the only of these three variable capable of providing a 545 

noticeable dispersion in the across-track direction. To this end, a bivariate normal distribution was constructed 546 

based on pairs of the same 𝜇 and 𝜎2 values previously used when individually analyzing these variables, from 547 

which 5,000 samples were used for the MC run. 548 

 549 

  

(a) (b) 

Figure 13: Results of the 2D Monte Carlo analysis simultaneously varying the pitch (𝝓) and yaw (𝝍) angles. 550 

 551 

Results illustrated in Figure 13 for the combined effect of simultaneously varying the pitch and yaw angles. The 552 

left plot represents the dispersion of the on-ground projection of the final positions of the meteor at time of full-553 

depletion or ground impact, along with the “minimum volume enclosing ellipse”, which represents the “ground 554 

error ellipse”, in dotted, black line. The remaining ellipses represent contour lines of the best-fit Gaussian 555 

mixture distribution model representing the occurrences for the final longitude and latitude at full-depletion or 556 

ground impact; these levels correspond to non-normalized values [1, 2, 3, 4, 5, 6], respectively, 1 corresponding 557 
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to the outermost contour level, and 6 to the innermost. The red circle indicates the depletion point of the nominal 558 

meteor trajectory, while the black asterisk pinpoints the geometric center of the enclosing ellipse. For the 559 

combined variations of the pitch and yaw angles, all cases still lead to a full atmospheric ablation within altitudes 560 

spanning 493 m (ranging from 71.60 to 72.083 km) and flight times spanning from 14.94 to 15.98 minutes (i.e., 561 

no more than 62.5 seconds in difference), and the error ellipse has semi-major axis of 238.086 km (2.1388°) and 562 

a semi-minor axis of 2.1388 km (0.16818°). Thus, the distributions of the geodetic longitude and latitude follow 563 

normal distributions N(𝜇 = −146.7185°, 𝜎2 = 0.055579 deg2)  and N(𝜇 = 0.85258°, 𝜎2 = 0.52952 deg2) 564 

respectively, whereas the altitude exhibits a bi-modal distribution as in Figure 11, as they are dominated by 565 

variations in the pitch angle. For the combined variations of 𝑣rel and 𝜓 the outcome would have been similar, 566 

both qualitatively and quantitatively, thus showing that the experiment is robust against the expected 567 

uncertainties in the release conditions, so we decided not to include additional figures for the sake of concision. 568 

 569 

Finally, we have considered an interesting addition to include a hypothetical situation where the experiment goes 570 

widely off the nominal values. To create such a scenario, we intentionally increased the uncertainty of the 571 

variable 𝑣rel from ±3% of its nominal value to ±35%, in order to assess the potential consequences. In such a 572 

hypothetical situation, the dispersion of the final meteor positions would increase substantially (thus enlarging 573 

the enclosing ellipse on the ground map), to the point where some of the meteor samples would even survive the 574 

reentry and reach the ground, as shown in Figure 14. However, even then, the probability of the meteor reaching 575 

the Earth surface would be as low as 1.2% based on this MC run, and from all the samples considered the largest 576 

mass fraction reaching the Earth was of 1.4 mg only, thus guaranteeing the safety of the experiment with the 577 

proposed nominal values. The enclosing ellipse on the ground map would have a semi-major axis of about 578 

5,149.42 km (46.258°), covering a range in geodetic latitude from 15.66° North to −59.723° South, so there 579 

would be meteors with a flight time spanning twice as long (up to 30 min.) 580 

 581 
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(a) (b) 

  

(c) (d) 

Figure 14: Results of the 2D Monte Carlo analysis simultaneously varying 𝒗𝐫𝐞𝐥 and 𝝍 off nominal in a 582 

hypothetical worst case scenario. 583 

 584 

6.4. Sensitivity analysis 585 

Finally, the quantitative effects of variations upon the nominal values of the mission parameters, and how these 586 

produce changes in the observables of the experiment, can be highlighted by means of a classical sensitivity 587 

analysis plot, as the one shown in Figure 15, which showcases the relationship between variations in the input 588 

variables of the experiment, and the resulting variations in the output variables. The subplots of Figure 15 589 

illustrate how prescribed variations on the input variables yield changes in four observables of the experiment, 590 

namely: the geographic longitude, latitude and altitude of the meteor at the time of full-depletion, and the peak 591 

value of the visual magnitude during the experiment. The purpose of these sensitivity plots is to allow for the 592 
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relative quantification of the experiment outcomes under comparable deviations in each of the input variables or 593 

parameters, thus to highlight the relative importance of each input variable towards the success of the experiment, 594 

and therefore to point out how sensitive the experiment is, in quantitative terms, to potential deviations from the 595 

nominal values of these input variables. To this end, variations of ±1% have been considered for the input 596 

variables 𝑅𝑚0, 𝜌𝑚0 and 𝑣rel, as well as for the initial orbital altitude of 375 km; for the F10.7 solar flux, more 597 

realistic variations of 10% were considered; for the geomagnetic index, 𝐴𝑝, variations of ±1 were considered, 598 

since by definition this index can only take integer values; for the angular release variable, pitch and yaw, 599 

variations of ±1° were considered, since their nominal values are zero. Positive variations to input variables are 600 

indicated by blue bars in Figure 15, whereas negative variations are indicated by red bars, which allows to 601 

visualize also whether an increase/decrease in an input variable correlates with an increase or a decrease in a 602 

certain output variables. As already concluded in previous sections, these results confirm that the experiment 603 

results are significantly more sensitive to the values of the engineering design variables and the release 604 

conditions, whereas orbital altitude (alternatively, the semi-major axis) has a comparatively lower impact, and 605 

the environmental variables, namely the F10.7 solar flux and geomagnetic index, have a comparatively little 606 

impact in the experiment outcomes; the latter is fortunate, since the actual values of these environmental 607 

variables during the experiment are hard to estimate with precision beforehand. Regarding the design variables, 608 

𝑅𝑚0 and 𝜌𝑚0, although they can have a significant impact on the experiment, deviation in these variables are 609 

also easy to minimize, since they can be achieved with great accuracy. Therefore, it is the release variables that 610 

are most sensitive in practice, since their actual values during the experiment are subject to operational errors, 611 

as well as to uncertainties in the attitude determination of the spacecraft. 612 
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(a) (b) 

  

(c) (d) 

Figure 15: Sensitivity analysis of experiment observables with respect to variations in the input variables. 613 

 614 

7. Conclusions 615 

7.1. Achievements 616 

This paper presents the recent efforts to improve the characterization of the meteors’ trajectory and safe ablation. 617 

The dynamics during the atmospheric entry are challenging to simulate because the model presents a large 618 

amount of uncertainties. Consequently, the meteor trajectory was assessed through a statistical analysis of the 619 

parameters involved in the physical modeling by considering Cowell’s special perturbation method. The results 620 

confirm that the largest influence in the trajectory of the artificial meteor comes from the engineering design 621 
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parameters and the ejection parameters. They can not only change the final position of the meteor but also the 622 

final state and consequently the corresponding altitude of full depletion. The engineering design parameters have 623 

the advantage that they can be chosen a priori with very good accuracy and, therefore, the problem can be avoided 624 

by selecting appropriate values for the mission. Special attention has to be given to the ejection parameters 625 

because they are the only ones which present uncertainties coming from different sources, like the attitude 626 

measurement and determination. However, the environmental parameters are not as relevant to the trajectory, 627 

which becomes a positive aspect taking into account that the exact value of these parameters cannot be 628 

determined a priori. Accordingly, we can conclude from our analysis that small deviations from the nominal 629 

values are still compliant with the requirements of the mission (Park et al., 2021). 630 

7.2. Future work 631 

In this paper the physical model has only considered the mass ablation.  Ongoing academic works include, but 632 

are not limited to: obtain more realistic physical and dynamical equations by exploring the effects of additional 633 

mechanisms like the melting and evaporation of the material (Briani et al., 2013); modeling of ablation within 634 

metals, ceramics, meteors and ALE materials; coupling of material ablation with flow aerodynamics; 635 

computation of the spectral properties of ALE materials. In a future work, the analysis will also be refined by 636 

including a comprehensive modeling of the particle shape deformation and its effect on the aerodynamic 637 

coefficients and trajectory. 638 
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