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The problem

Less than 50  historical cases belonging to both categories…

The first piece of the Annama 

meteorite found in the frame 

of the FFN in spring 2014

About 100.000 meteorites in 

the today’s worldwide 

collections

2 fireballs observed 

by the Finnish 

Fireball Network 

(FFN) on March 27 

and 28

images from the 

FGI’s Metsähovi 

Research Station,

http://www.fgi.fi

About 100.000

meteors registered 

yearly by various 

Fireball Networks

http://www.fgi.fi/


Basic definitions

 A meteoroid is a solid object moving in interplanetary space, of a

size considerably smaller than an asteroid and larger than an atom

A meteor is a visible path of a meteoroid that enters the

atmosphere. Most meteors are visible in altitude range 70 to 100 km

A fireball (or bolide) is essentially bright meteor with larger

intensity

A meteorite is a part of a meteoroid or asteroid that survives its

passage through the atmosphere and impact with the ground



Moilanen J., Gritsevich M., Lyytinen E. (2021) Determination of strewn fields for meteorite falls, 
MNRAS 503(3), pp. 3337–3350, https://doi.org/10.1093/mnras/stab586

#EGU21-15687

Maria Gritsevich & Jarmo Moilanen

A composite luminous and dark flight model

allowing strewn field prediction 

https://doi.org/10.1093/mnras/stab586
https://meetingorganizer.copernicus.org/EGU21/EGU21-15687.html
https://meetingorganizer.copernicus.org/EGU21/EGU21-15687.html


Past terrestrial impacts

The largest verified impact crater on Earth (Vredefort)

~300 km

http://en.wikipedia.org/wiki/File:Vredefort_Dome_STS51I-33-56AA.jpg


Past terrestrial impacts

Different types of impact events, examples: formation of a massive single crater

(Vredefort, Barringer)

~300 km

~1,2 km

http://en.wikipedia.org/wiki/File:Vredefort_Dome_STS51I-33-56AA.jpg
http://www.wallpapergate.com/data/media/338/Barringer_Meteor_Crater_001.jpg


Past terrestrial impacts

Different types of impact events, examples: formation of a massive single crater

(Vredefort, Barringer, Lonar Lake)

~300 km

~1,2 km

~1,8 km

http://en.wikipedia.org/wiki/File:Vredefort_Dome_STS51I-33-56AA.jpg
http://www.wallpapergate.com/data/media/338/Barringer_Meteor_Crater_001.jpg


Past terrestrial impacts

Dispersion of craters and meteorites over a large area (e.g. Sikhote-Alin)

~1,2 km

http://www.wallpapergate.com/data/media/338/Barringer_Meteor_Crater_001.jpg


Past terrestrial impacts

Tunguska

~1,2 km

~1,8 km

http://www.wallpapergate.com/data/media/338/Barringer_Meteor_Crater_001.jpg
//upload.wikimedia.org/wikipedia/commons/4/4d/Tunguska_event_fallen_trees.jpg


Tunguska after 100 years…

Area over 2000 km2

http://en.wikipedia.org/wiki/File:Tunguska_epicenter.jpg


Another reason why we are interested

The three forms of extraterrestrial bodies. Meteorites (right) are remnants of the

extraterrestrial bodies (asteroids, comets, and their dusty trails, left) entering Earth’s

atmosphere and forming an event called a meteor or fireball (middle). Meteorite

(fall) recovery is exciting since it is a cheap analogue to the sample return mission.

…or:

http://www.google.com/imgres?imgurl=http://www.thunderbolts.info/tpod/2006/image06/060227comet.jpg&imgrefurl=http://www.thunderbolts.info/tpod/2006/arch06/060906cometscience.htm&usg=__1f5FSzebQwxAC8Vo4dGqxZaCVQE=&h=519&w=648&sz=108&hl=fi&start=1&zoom=1&tbnid=kYq5NmgoZcokXM:&tbnh=110&tbnw=137&ei=3SBnTv2SEsTIsgaM0vyMCw&prev=/search%3Fq%3Dcomet%26um%3D1%26hl%3Dfi%26sa%3DN%26rls%3Dcom.microsoft:fi%26tbm%3Disch&um=1&itbs=1
http://www.google.com/imgres?imgurl=http://www.examiner.com/images/blog/EXID11224/images/MeteorFireball.png&imgrefurl=http://www.examiner.com/weather-in-baltimore/leonid-meteor-shower-video-fireball-lights-up-the-sky-over-utah&usg=__58k9DzDb5stmtS-QvTxlOofZgw8=&h=262&w=400&sz=148&hl=fi&start=176&zoom=1&tbnid=G0YOfL1WupQT-M:&tbnh=81&tbnw=124&ei=CSNnToj5GsvCswa4iP3UCg&prev=/images%3Fq%3Dmeteor%26start%3D168%26hl%3Dfi%26sa%3DN%26rls%3Dcom.microsoft:fi%26tbm%3Disch&itbs=1
http://www.google.com/imgres?imgurl=http://grin.hq.nasa.gov/IMAGES/LARGE/GPN-2000-001129.jpg&imgrefurl=http://grin.hq.nasa.gov/BROWSE/apollo15_1.html&usg=__nC0gEZhJHeOPcG0R6Q4CtlHR10Q=&h=3026&w=3000&sz=5436&hl=fi&start=20&zoom=1&tbnid=msX7spMdogdRbM:&tbnh=150&tbnw=149&ei=N0JnTtCBPMnAtAaY9PjuCg&prev=/images%3Fq%3DApollo%2B15%26hl%3Dfi%26sa%3DX%26rls%3Dcom.microsoft:fi%26tbm%3Disch&itbs=1
http://www.google.com/imgres?imgurl=http://2.bp.blogspot.com/_IoU3bEFUwWc/TFMziMuweiI/AAAAAAAAJ4Y/xZlAOAfZD_w/s1600/Genesis%2BRock.jpg&imgrefurl=http://philosophyofscienceportal.blogspot.com/2010/07/genesis-rock.html&usg=__nkGPnMJbCdQUceh3ObdU9pTfesM=&h=436&w=595&sz=37&hl=fi&start=14&zoom=1&tbnid=fNzlQ2lQWamoZM:&tbnh=99&tbnw=135&ei=IkNnTsePFtDKsga3gemECw&prev=/search%3Fq%3DGenesis%2BRock%2BApollo%2B15%26um%3D1%26hl%3Dfi%26sa%3DN%26rls%3Dcom.microsoft:fi%26tbm%3Disch&um=1&itbs=1


Classical double-station program

allow us to calculate:

 meteor height 

 length along trajectory

 meteor intensity

 spectrum 

first attempts:

 Harvard Meteor Project

 Ondrejov Observatory in Czechoslovakia

first success:
 bright fireball photographed on April 7, 1959: four meteorites were found 

near Příbram in Czechoslovakia in the area predicted from the double-
station photographic data (Ceplecha, 1961)



g g gg 



The recovered  meteorite



Groundbased observations

The information on meteor body entry into the atmosphere contains detailed

dynamic and photometric observational data. The important input parameters

are: the fireball brightness I (t), its height h (t) and its velocity V (t)



The Finnish Fireball Network
The Finnish Fireball Network (FFN) was

established in 2002 as a result of growing

interest to continuous meteor and fireball

monitoring using dedicated equipment

initiated by Ilkka Yrjölä in 1998. In the

current state the network consists of the 24

active stations with permanent instrumental

setup and monitors a surface over Finland and

neighbouring areas of about 400.000 km2.

Most of the active stations are run by amateur

astronomers. A majority of interesting events

are reduced the following days after the

registration and the atmospheric trajectories

corresponding to the visual path of fireballs

are reproduced using the fb_entry program

(Lyytinen and Gritsevich, 2013 & 2016).

Selected cases are studied more thoroughly

including mass computation, dark flight

simulations, and pre-impact orbit estimate.



Murmansk / Kola fireball, FN20140419

© Ursa, Taivaanvahti observation database.

© Asko  Aikkila, Ursa Fireball Network

• The fireball was very bright and was 

witnessed in Russia, Finland, and Norway

• Finnish Fireball Network imaged the fireball 

from Kuusamo, Mikkeli and Muhos sites

• Dash-board video made in Snezhnogorsk



Kola fireball, April 19, 2014

© Ursa, Taivaanvahti observation database.

© Asko  Aikkila, Ursa Fireball Network



Kola fireball, April 19, 2014

© Ursa, Taivaanvahti observation database.

© Asko  Aikkila, Ursa Fireball Network



Kola fireball, April 19, 2014

© Ursa, Taivaanvahti observation database.

© Asko  Aikkila, Ursa Fireball Network



Trigo-Rodríguez et al. 2015



Visualization of the fireball

Illustration by Mikko Suominen / “Tähdet ja Avaruus” 



Impact siteNumerical simulations

Color code of simulated fragments: blue are <0.3 kg, green 0.3 - 1 kg, yellow 1 - 3 kg, orange 3 - 10 kg, red >10 kg 

North 



May 29, first meteorite!5 days meteorite expedition

May, 29 first meteorite recovered 

120.35 g



Annama meteorite

• Analysis done at the 

Czech Geological Survey 

& University of Helsinki 

• H5 ordinary chondrite

• S2 shock level

• W0 weathering degree

• Bulk density 3,5 g/cm3

• Grain density 3,8 g/cm3

• Porosity 5 %

X



Some historical events 

№ Event 
Original mass, 

t 

Collected meteorites,  

kg 
  

1 
Canyon Diablo meteorite 

(Barringer Crater) 
> 106 > 30103 0.1  0.1 

2 Tunguska 0.2106 - 0.3 30 

3 Sikhote Alin 200 > 28103 1.2 0.15 

4 Neuschwanstein 0.5 6.2 3.9 2.5 

5 Benešov 0.2 0.01 7.3 1.8 

6 Innisfree 0.18 4.58 8.3 1.7 

7 Lost City 0.17 17.2 11.1 1.2 

 



The key dimensionless parameters used

 characterizes the aerobraking efficiency, since it is 

proportional  to the ratio of the mass of the atmospheric column 

along the trajectory, which has the cross section Sе, to the body’s 

pre-atmospheric mass

 is proportional to the ratio of the fraction of the kinetic energy of 

the unit body’s mass to the effective destruction enthalpy
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μ characterizes the possible role of the meteoroid rotation in the 

course of the flight (Gritsevich, Koschny, 2011; Bouquet et al. 2014)



The key dimensionless parameters used

 is proportional to the ratio of the fraction of the kinetic energy 

of the unit body’s mass to the effective destruction enthalpy
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μ characterizes the possible role of the meteoroid rotation in the 

course of the flight (Gritsevich & Koschny 2011; Bouquet et al. 2014)



Same events on the plane (lnα, lnβ)
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(1) Crater Barringer 

(2) Tunguska 

(3) Sikhote Alin 

(4) Neuschwanstein 

(5) Benešov 

(6) Innisfree 

(7) Lost City 

 

~1,2 km

http://upload.wikimedia.org/wikipedia/commons/c/cf/Meteor.jpg


Same events on the plane (lnα, lnβ)
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(1) Crater Barringer 

(2) Tunguska 

(3) Sikhote Alin 

(4) Neuschwanstein 

(5) Benešov 

(6) Innisfree 

(7) Lost City 

 

~1,2 km

0 < α < 1, 0 < β < 1

α >1, β > 10 < α < 1, β > 1

α > 1, 0 < β < 1

http://upload.wikimedia.org/wikipedia/commons/c/cf/Meteor.jpg


Meteorite / crater production criteria
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http://upload.wikimedia.org/wikipedia/commons/c/cf/Meteor.jpg


Meteorite / crater production criteria
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http://upload.wikimedia.org/wikipedia/commons/c/cf/Meteor.jpg


Using the criteria for the large datasets



Conclusions

α, β => consequences of an impact:

» Meteorites

» Craters

» Airburst

=> success cases include meteorite recoveries:

» Annama

» Ozerki

=> applicable to big data

Several versions of the described algorithm were implemented and 
are available upon request (including C++, Python, Excel) 



Thank you!

Further reading:

http://www.springer.com/us/book/9783319461786#aboutBook

AAS Journal Author Series: https://www.youtube.com/watch?v=Wx186QB5ZVE

https://www.researchgate.net/profile/Maria_Gritsevich/publications

https://twitter.com/GritsevichMaria

http://www.springer.com/us/book/9783319461786#aboutBook
https://www.youtube.com/watch?v=Wx186QB5ZVE
https://www.researchgate.net/profile/Maria_Gritsevich/publications
https://twitter.com/GritsevichMaria
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