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Asteroids are small objects in the Solar System, 
also known as minor planets. 

Asteroid sizes ranges between
meters -> hundreds of kilometers.

> 1.100.000 known asteroids
(Nov, 2021)

What are Asteroids?

Near Earth Asteroids (NEA)

source: minorplanetcenter.net2007-->2008 (390.000 asteroids)

A ride with the Earth ..

Trojan asteroids

Main belt asteroids
27 000 (Nov, 2021)
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Asteroids are small objects in the Solar System, 
also known as minor planets. 

Asteroid sizes ranges between
meters -> hundreds of kilometers.

>1 100 000 known asteroids
(Nov, 2021)

Vernazza et al. 2021

credit: ESO public release



100 km
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Object’s diameter:

Asteroid:
> 1m

Meteoroid:
< 1m

Micrometeoroid:
< 30 μm

Empire State
BuildingCredit : Osiris REX

= 500 m
Bennu = 1/200 Urania
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• Meteoroid mass scale is
uncertain

• Meteoroids keep the memory of 
the early Solar System

• Meteoroids as analogues for 
Asteroids and Comets

• Meteoroid size / flux density
estimations are important for 
spacecraft shielding

Ø Make multi-sensor simultaneous
observations using the
atmosphere as a „detector’”

Bow 
shock

What happens when a meteoroid enters the atmosphere?
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What happens when a meteoroid enters the atmosphere?

Dark flight wind
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Meteor train
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Answer : 50 - 300 T

How much cosmic material enters the atmosphere every day?

0.1 – 10% 
reaches the surface



Lightcurve

Bolide (greek, bolis = projectile)
Meteor brighter than magnitude -4

The variation in luminosity indicates the
properties of the meteoroid
(e.g. fragmentation, rotation, strength)

All – sky Image

Double staDon => trajectory
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Fish-eye camera





< 100 km

< 100 km

< 100 km

Fireball Network



Colas et al. 2020

Paris

London

Vienna

Bucharest

• Track and recovery of the
objects entering the atmosphere

The                    Consortium

• First camera installed in 2015, 
at Paris Observatory

FRIPON = Fireball Recovery and
InterPlanetary Observation
Network



FRIPON = Fireball Recovery and
InterPlanetary Observation
Network

The                    Consortium

Anghel et al. (2021) 
MetSoc, # 6027

Meteorites Orbits Reconstruction by Optical Imaging (MOROI)

Current Status

• 13 stations connected to FRIPON
• meteoroid trajectory & orbit (Nedelcu et al. 2018,

RoAJ; Anghel et al. 2021, RoAJ)
• meteoroid mass (Anghel et al. 2021, MNRAS)
• meteorite strewn field (Boaca et al. 2021, RoAJ)
• night sky quality (Anghel et al. 2019, RoAJ)
• night cloud coverage (Birlan et al. 2021, RoAJ)

• Track and recovery of the
objects entering the atmosphere

• First camera installed in 2015, 
at Paris Observatory

https://www.fripon.org/ (Open-access database)

> 200 installed stations

MOROI network current status: 

https://www.fripon.org/


The                    Consortium Current Status22 December 2018 Pyrenean Fireball

> 200 installed stations

https://www.fripon.org/ (Open-access database)

https://www.fripon.org/


22 December 2018 Pyrenean Fireball

involved



22 December 2018 Pyrenean Fireball

Montsec



22 December 2018 Pyrenean Fireball

Accurate tracking of the change in velocity

Energy estimation methods:
Dynamic (Ballistic & Mass loss parameters)

theoretical (Gritsevich 2009, Jeane et al. 2019)



22 December 2018 Pyrenean Fireball

α characterizes
aerobraking efficiency

Energy estimation methods:
Dynamic (Ballistic & Mass loss parameters)

theoretical (Gritsevich 2009, Jeane et al. 2019)

⍴"= gas density at sea level
M = meteoroid mass
#$= pre-entry mass
μ = shape change coefficient

%$ = pre-entry velocity
&' = drag coefficient
&( = heat-transfer coefficient
H  = destruction enthalpy by kg

h"= the scale height
* = entry angle
S  = middle section area
S, = pre-entry middle section areaGritsevich, 2018

β characterizes the
mass loss



Energy estimation methods :
Seismic (Acoustic-Seismic Coupling)

semi-empirical (Kanamori 1977, ReVelle & Whitaker 1996)

When bolide shockwave hits the ground it turns into seismic signal

22 December 2018 Pyrenean Fireball



Energy estimation methods :
Infrasound

empirical, wave properties (ReVelle 1997, Ens et al. 2012)

When bolide shockwave is detected at infrasound stations

22 December 2018 Pyrenean Fireball

W = Source Yield (kt)
τ = period [s]

(Period at Maximum Amplitude)



22 December 2018 Pyrenean Fireball

Energy estimation methods :
Radiation (Integration of light curve) 

empirical (Ceplecha et al. 1998)

I = τ "#
"$

%&
'

τ = luminous efficiency
where: m = mass

v = velocity

Calibrated light curve

Pyrenean Fireball



22 December 2018 Pyrenean Fireball

Energy estimation methods used:
1. Dynamic (Ballistic & Mass loss parameters)

theoretical (Gritsevich 2009, Jeane et al. 2019)

2.    Seismic (Acoustic-Seismic Coupling)
semi-empirical (Kanamori 1977, ReVelle & Whitaker 1996)

3. Infrasound (Period at Maximum Amplitude)
empirical, wave properties (ReVelle 1997, Ens et al. 2012)

4.    Radiation (Integration of light curve) 
empirical ( Ceplecha et al. 1998;  Brown et al. 2002 )



Objective : Find a new relation for lower scale impacts

High energy impactsProblem: 
It is not clear how the high energy impact 
calibrations translate to lower impact scales.

Calibrated light curve

Pyrenean Fireball

Brown et al. 2002, Nature



Meteorite recoveries with known atmospheric data
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decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Best bet :
Collect data from known impacts
with meteorite recoveries

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data

1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date
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decimeter- scale meteoroids
objects with published light curve

McCrosky et al. 1971

The search for decimeter-scale
meteoroids

Lost City Bolide

Ceplecha et al. 2005
4 meteorites = 17 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data

1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date
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decimeter- scale meteoroids
objects with published light curve

Halliday, Blackwell and Griffin, 1978

The search for decimeter-scale
meteoroids

Innisfree Bolide

Halliday et al. 1981

9 meteorites = 4,5 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data

1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date
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decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Bland et al. 2009

Bunburra Rockhole Bolide

Spurny et al. 2010

3 meteorites = 0.3 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data

1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date

decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Jesenice Bolide

Bischoff et al. 2011

Spurny et al. 2010

3 meteorites = 3,7 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data

1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date

decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Grimsby Bolide

McCausland et al. 2010

Brown et al. 2011
13 meteorites = 0,22 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data
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The search for decimeter-scale
meteoroids

Krizevci Bolide

Borovicka et al. 20151 meteorite = 0.3 kg

Cavezzo
Flensburg

Motopi Pan



Meteorite recoveries with known atmospheric data
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The search for decimeter-scale
meteoroids

Novato Bolide

Borovicka et al. 2015

6 meteorites = 0.3 kg

Jenniskens et al. 
2014

Cavezzo
Flensburg

Motopi Pan



1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date

decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Creston Bolide

Meteorite recoveries with known atmospheric data

Jenniskens et al. 
2019

6 meteorites = 0.9 kg

Cavezzo
Flensburg

Motopi Pan



1950 ________ 1965 _______ 1980 _______ 1995__ ____ _2010 _____ _ _ 2025
Impact date

decimeter- scale meteoroids
objects with published light curve

The search for decimeter-scale
meteoroids

Hamburg Bolide

Meteorite recoveries with known atmospheric data

Oberlin

Brant

Brown et al. 2019

Heck et al. 2020

26 meteorites = 1 kg

Cavezzo
Flensburg

Motopi Pan



Calibrated Light Curve

Jenniskens et al. 2019

!" = 1500'
(intensity of a 0 mag light source)

Ceplecha et al. 1998

Light curve integration

[ J ]  

1.7�10([ J ] =
0.4 tons TNT equivalent

The Creston Bolide

light curve extracted via digitization
(Anghel & Birlan 2017)

obtain the
radiated light for:

Hamburg
Ejby

Žďár nad Sázavou
Novato
Križevci
Grimsby
Jesenice

Bunburra Rockhole
Innisfree
Lost City

Next step

Fireball
radiated light

(tons TNT)



Bunburra Rockhole Lost City Creston Hamburg

JeseniceGrimsbyEjby

0.193

0.156

0.004 0.065 0.4

0. 0820.064 0.158

0.04

0.33
0.215

NovatoLightcurves obtained

via digitization

Fireball
radiated light
(tons TNT)



Calibrated bolides radiated light correspondence

+3 high energy
shower meteors



+ 3 high altitude shower meteors, with high quality multi-instrument observations:
- all-sky cameras
- radiometer
- infrasound
- seismic

Brown et al. 2007

Calibrated bolides radiated light correspondence



Calibrated bolides radiated light correspondence

Anghel et al. (2021) MNRAS
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Calibrated bolides radiated light correspondence

Anghel et al. (2021) MNRAS



Calibrated bolides radiated light correspondence

Anghel et al. (2021) MNRAS



Calibrated bolides radiated light correspondence

bolide radiation is the
most realiable method
of estimating the
source energy

Anghel et al. (2021) MNRAS

The Pyrenean Fireball



Summary
• Meteoroids are orders of magnitude more numerous than asteroids, and can be studied when interacting

with the atmosphere

• Recovering a meteorite fall allow us to build better models for studying meteoroids

• So far, the bolide radiation is the most realiable method of estimating the source energy

• Fireball networks are needed to estimate stochastic and systematic errors of atmospheric impacts

Future work:
• Understand how the bolide radiation method changes the meteoroid flux density around 1 ton TNT 

energy scale 

• combine meteor observations via radar and high-speed radiometers

• Expand the existing fireball networks



Thank you !


