
Probability of meteorite impacts in
Sweden since year 2000

Cecilia Wrige

Bachelor thesis 2015





Contents

1 Introduction 2

2 The physics of extraterrestrial bodies penetrating Earth’s
atmosphere 3
2.1 Different types of extraterrestrial bodies . . . . . . . . . . . . 3

2.1.1 Asteroids . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Comets . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 Meteoroids . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2 Light phenomena associated with an entering body . . . . . . 8
2.2.1 Apparent magnitude . . . . . . . . . . . . . . . . . . . 8

2.3 Extraterrestrial bodies entering the atmosphere . . . . . . . . 8
2.3.1 The atmosphere . . . . . . . . . . . . . . . . . . . . . . 9
2.3.2 Ablation . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.3 Sputtering . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4 Empirical size flux of meteoroids through Earth’s atmosphere . 12
2.5 Methods of detecting meteorites before impact . . . . . . . . . 13
2.6 Examples on meteorite impacts through history . . . . . . . . 14

3 Meteorite impacts 15
3.1 Orbit of an incoming meteorite . . . . . . . . . . . . . . . . . 15

3.1.1 Temperature at impact . . . . . . . . . . . . . . . . . . 15
3.2 How to estimate an impact point from observations . . . . . . 16
3.3 What an impact point looks like . . . . . . . . . . . . . . . . . 17

3.3.1 Strewn field . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.2 Craters . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Estimation of possible meteorite impacts in Sweden since
year 2000 20
4.1 Observed meteorites in Sweden since year 2000 . . . . . . . . . 21

2



5 Discussion 23
5.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Appendices 28

Appendix A Table of observations 28

3





Abstract

This Thesis investigates the number of possible meteorite impacts in Sweden
since the year 2000. Sweden did not until recently have any photographic
monitoring of incoming meteorites, thus a search through media reporting
observations from the public has been performed. A theoretical approxima-
tion, based on an established extra-terrestrial mass flux, gives the number
of 210 possible meteorite impacts for this time period. All of these could
have been fireballs, but by subtracting the daylight hours and bad weather
conditions, only 47 fireballs could have been seen during the 15 years. All
of the 210 events could also have dropped meteorites on the ground, but
when subtracting areas where it is very unlikely to recover a meteorite, like
large forest areas and lakes, the number of possible meteorites is 73. The
newspaper articles published since 2000 regarding fireball observations gives
37 plausible meteorites. The theoretical value and the number of observa-
tions are similar enough that the theoretical approximation is probable to be
correct.





Chapter 1

Introduction

In many countries including for instance Canada, Norway and Denmark there
are working camera networks with the purpose of monitoring bright light phe-
nomena in the sky, so called fireballs, to keep control on possible incoming
meteorites. These photographic observations provide good data for approx-
imating impact places of the meteorites, and hence in these countries there
is a much higher possibility of retrieving them than in regions without cam-
era monitoring. In Sweden the first camera for meteorite observations was
installed last summer (2014), and thus no extraterrestrial stones have been
recovered here in decades. Furthermore, no research has been conducted re-
garding the number of meteorites that approximately should fall in Sweden.
The aim of this Thesis is to first theoretically calculate an approximated
number of incoming meteorites per year, and then to investigate how many
observations have been made by the public since the year 2000, and compare
the two numbers.

2



Chapter 2

The physics of extraterrestrial
bodies penetrating Earth’s
atmosphere

2.1 Different types of extraterrestrial bodies

Even though the space surrounding our planet mostly consists out of vacuum,
there is still a frequent occurrence of solid bodies orbiting the Sun. The
largest bodies in our solar system are the eight planets. In addition there
exist bodies ranging in size from large, almost planet-sized, asteroids, to
micrometer sized dust particles. A short review of the most common bodies
in our solar system is given below.

2.1.1 Asteroids

In 1706 the German scientists Johann Daniel Titius and Johann Elert Bode
discovered that the distances between orbits of the planets in our solar system
approximately are described by a simple mathematical expression that was
named the Titius-Bode law [1]:

D = 0, 4 + 0, 3 × 2k (2.1)

where D is the distance between orbits, and k is a positive integer. This
discovery made it possible to foresee where planets should be located, and
it simplified the work of the astronomers. At the end of the 18th century
astronomers had searched for all planets which were predicted to exist accord-
ing to the Titius-Bode law, and it was then that an odd gap was discovered;
between Mars and Jupiter where there should have been a planet but no one
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was found. Later it was found that the entire orbit at this distance from the
sun was covered with small planet-like bodies evenly distributed. The largest
one of these ”mini-planets” was named Ceres and has a diameter of 1000 km.
These bodies at this particular orbit were given the name asteroids, and the
region they inhabit is called the asteroid belt which is located at between 2,2
and 3,3 AU from the sun (AU = Astronomical unit, the distance between
the Earth and the Sun) [3]. It is now assumed that asteroids are building
blocks created in the beginning of the solar system meant to form a planet
which for some, to this day not known, reason does not exist [3].

Figure 2.1: Asteroid 243 Ida and its moon Dactyl (Image ESA).

The asteroid belt is sparsely populated, it occupies a distance of 2.2-3.3
AU from the Sun, and even if not all asteroids orbit in the ecliptic plane,
it is an acceptable approximation for further calculations [11]. The area of
the asteroid belt is about 4.25 × 1017 km2 in two-dimensional calculations.
There are about 200 asteroids with a diameter larger than 100 km, and about
one million that have a diameter of 1 km or more [12]. If calculating for
the 200 asteroids with a diameter of 100 km and the one million asteroids of
diameter of 1 km or more, their total area (still two-dimensional calculations)
is about 9.5 × 106 km2. This means that only a fraction of one billion of
the asteroid belt is occupied. However, it is still common for the bodies to
collide, speaking in an astronomical time scale. In fig 2.1 asteroid Ida shows
many craters originating from collisions with small bodies. Collisions between
asteroids with a mean diameter of 10 km is approximated to occur once every
ten million years [13]. Collisions modify their original orbits and sometimes
they can be sent so close to their neighbouring giant planet Jupiter, that its
gravity forces them to leave the asteroid belt. Occasionally some of these
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asteroids make their way close to Earth’s orbit, they are then called Near
Earth Objects (NEO) [1]. If a NEO gets an orbit that crosses the orbit of
the Earth, there will be a risk of collision.

2.1.2 Comets

Comets are very interesting, irregularly shaped bodies orbiting the Sun in
the same way as asteroids do, but with some important differences. While
asteroids proceed in close to circular orbits within the ecliptic plane, the
comets can have highly eccentric orbits that deviate from the ecliptic plane
in large angles. Comets are believed to have been created further out in the
solar system than the planets and the asteroids, and they are composed of
different materials. When asteroids are mostly made of solid rocks, comets
are very porous and consist of ice, rock and dust. They are actually believed,
though not yet confirmed, to have brought water, and hence life, to Earth.
Comets are classified into three groups; the ones inhabiting the Oorts cloud,
the ones in the Kuiper belt and the ones in the asteroid belt (fig 2.2). Comets
in the Oorts cloud have very large orbits ranging all the way out to the borders
of the solar system at a distance that ranges up to 50 000 to 100 000 AU.
The Kuiper belt is much closer to the sun at a distance of 30-50 AU [10]. All
three classes are of the same size; from about 10 m to 20 km in diameter [3].

Figure 2.2: Illustration of Oorts cloud and the Kuiper belt (Image ESA).

When an icy comet comes close to the sun the ice in it will start to
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sublimate, meaning that the ice instantly transforms to gas, not passing the
liquid phase in between. The gas gets pushed away from the core of the
comet by the solar wind pressure, giving it the characteristic tail that follows
a comet (fig 2.3). Some comets will have orbits that never pass close enough
to the Sun to sublimate. Therefore researchers are very interested in these
comets since they have not changed since they were created together with
the solar system, and could give us clues on where we came from.

Figure 2.3: Halley’s comet showing the characteristic tail that follows a comet
(Image ESA).

Sometimes a comet will have an orbit that crosses with the orbit of the
Earth. These comets have come close enough to the Sun to have sublimated
and form a long tail of dust and particles distributed over its orbit. Since
the period of the Earth to make a complete lap is one year, every year on
the same date the Earth will again encounter the same comet tail (fig 2.4).
Therefore it is possible to see so called meteor showers with many shooting
stars coming from the same point in the sky - the radiant. Two examples
of this kind of reoccurring meteor showers are the Geminids coming in the
middle of December and the Perseids in the middle of August. The parent
body of the Geminids is exceptionally the asteroid 3200 Phatheon and the
parent comet of the Perseids is 109P/Swift-Tuttle. The radiant of these
showers are in the Gemini and Perseus constellations giving the names for
the showers.
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Figure 2.4: Earth’s orbit crossing with debris left from comet, causing annu-
ally reoccurring meteor showers (Image Berkeley).

Predicting the orbit of a comet is fairly easy, they follow Kepler’s laws
of planetary motion, but predicting how bright a comet will become is very
difficult. The brightness depends on its percentage of ice, how easily sublimed
it is; sometimes the ice is hidden under layers of rock, and the perihelion point
(the point closest to the Sun). Usually comets that have not earlier passed
the central solar system tend to be brighter due to an intact layer of ice,
whereas comets that have passed multiple times already tend to be ”burned
out”. However, sometimes comets behave in the exactly opposite way. The
American comet researcher David Levy has characterized comets being like
cats; they both have a tail and they both do exactly what they feel like [3].

2.1.3 Meteoroids

Meteoroids are smaller than asteroids, but they usually consist of the same
matter. Asteroids as well as comets are parent bodies to meteoroids, since
meteoroids often are fragments of asteroids or debris distributed from the
comet tails. Their size usually ranges from about a walnut to one meter in
diameter [2].
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Meteorites

A meteoroid can just like an asteroid have an orbit that crosses the orbit of
the Earth. The meteoroid will then enter the atmosphere and be subjected
to friction, which causes most meteoroids to burn up and not reach the
ground. A large enough meteoroid can however survive the passage through
the atmosphere and reach the ground as a solid object. This rock retrieved
on Earth is called a meteorite.

2.2 Light phenomena associated with an en-

tering body

An extraterrestrial body will cause a light phenomenon that can be observed
from the ground during its descent. These phenomena vary in visibility
depending on how big of an object is initiating them. A meteor is an umbrella
term for this type of light in the sky, but it can also be categorised as a fireball
depending on its brightness and how deep into the atmosphere it penetrates
[2].

2.2.1 Apparent magnitude

The Apparent magnitude of an object is a measurement of its brightness. It
is a logarithmic scale that due to historical reasons says that the brighter the
object the lower its apparent magnitude [14].

m = −2.5 log I + C (2.2)

where m is the apparent magnitude, I is the brightness of the celestial object
and C is a constant. Most of our brightest stars have an apparent magnitude
of about 0, compared to our sun which has an apparent magnitude of -26.
For an object to be visible with the naked eye it has to have an apparent
magnitude of 6 or lower. If a meteor has reached an apparent magnitude
of -5 or brighter it is called a fireball [2]. Most meteors observed from the
ground are not fireballs.

2.3 Extraterrestrial bodies entering the at-

mosphere

When bodies enter the atmosphere they travel with velocities between 11
km/s and 70 km/s. These limits have physical explanations. The lower limit
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corresponds to the escape velocity of the Earth (11,2 km/s), if an incoming
body would have an initial speed lower than this it would still be accelerated
by the Earth’s gravitation until it reached a velocity equal to or higher than
the escape velocity. If an incoming body has relative velocity of 30 km/s,
the angle of entry will determine how hard it will hit the ground. The Earth
revolves around the Sun with a velocity of 30 km/s, so if the body has a
velocity directed in the positive direction relative Earth’s velocity the actual
impact will be at 11 km/s (lower velocity limit), and in negative direction 60
km/s. The so called solar escape velocity at Earth orbit is 42,5 km/s, and the
highest velocity that an interplanetary body can have. If such a body hits
the Earth in apex direction, the geocentric velocity will be 70 km/s, making
this the upper velocity limit for extra-terrestrial bodies.

Their kinetic energy of these bodies is proportional to the square of their
velocity, according to the relation between kinetic energy Ek, mass m and
velocity v.

Ek =
mv2

2
(2.3)

If an incoming body has a mass of 20 kg and a velocity of 50 km/s it will
bring a kinetic energy of about 25 GJ, which is only slightly lower than the
kinetic energy released by the Hiroshima bomb. When such a body enters
the atmosphere and starts to collide with its atoms, ions and molecules, it
experiences a high friction that makes it slow down and the kinetic energy
brought by the body gets converted into heat. Due to the high initial kinetic
energy the atmospheric constituents around the body get heated to high
temperatures, around 2500 K [2]. This excessive heating makes the atoms
and molecules in the absolute surrounding of the body to become ionized. As
the body continues its way down to Earth, still at high velocity, the ionized
air molecules rapidly regain their lost electrons and the electron de-excites
by emitting a photon, responsible for the visible trail of the meteorite that
can be seen from Earth [5].

2.3.1 The atmosphere

Earth’s atmosphere consists mostly of nitrogen and oxygen, distributed in
five layers of different thickness. Closest to Earth the molecules are densely
packed (the troposphere), and in the outermost layer (the exosphere) they
are more spread out (fig 2.5). When an extraterrestrial body enters the
atmosphere it has to pass through these layers. The descent of a meteoroid
through the atmosphere will therefore differ depending on altitude, because
of this difference in density [3].
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Figure 2.5: Temperature and density profile of the atmosphere (Image IN-
TECH).

2.3.2 Ablation

As the entering body gets heated to a temperature around 2500 K, the shell
of the body starts to melt. During this heating and melting process, the shell
will start to vaporize and loses a lot of their atoms, ions and molecules from
its surface. This process is called ablation and is responsible for a great loss
of mass for the body. Due to this mass loss many entering meteoroids do not
make their way down to ground to become meteorites; they simply evaporate
in the atmosphere. Further down in the atmosphere larger meteoroids can
explode due to abrupt changes in pressure. The fragments of the meteorite
continue the fall in a multiple fall. This is a reason that large intact meteorites
seldom are found on the ground.

How much an entering body will ablate depends on the size and velocity
of the body. Higher velocity gives a higher loss of mass; high velocity bodies
can lose up to 90 percent of their initial mass on their way down to Earth
[2]. Larger bodies will penetrate deeper into the atmosphere and thus not
be subjected to enough ablation for it to make a significant contribution to
its mass loss. Smaller bodies on the other hand will be subjected to the air
resistance during a longer time period and they do not get heated enough
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to ablate. Therefore ablation is a vital factor only for meteoroids in the size
range of 10−6 to 100 m in diameter [5]. Extremely small particles will be more
affected by the collisions with atmospheric molecules than a larger body, and
hence get slowed down higher up in the atmosphere. Since the small particles
speed will have been reduced early in the entering process it will not be able
to reach as high temperatures as a larger body. As a result they do not ablate
and can make their way down to the ground intact. This type of small bodies
are called micrometeorites. Atoms from ablated meteorites tend to coagulate
to larger units in the mesosphere, and are carried by winds in the lowest layer
of the atmosphere towards the north or south pole where they are disposed.
Thus a significant amount of cosmic dust has piled up in the Arctic and
Antarctic regions.

The entry angle of the meteoroid also contributes to the ablation rate.
The ideal case is when a body is sent in under zenith angle (normal incidence
to the atmosphere), the body then has to travel the shortest possible time
through the atmosphere. If it instead comes with a smaller entry, it travels
a much longer distance in the atmosphere before it reaches the ground, and
hence is subjected to collisions with the atmosphere constituents for a longer
time.

To calculate the so called pre-atmospheric mass of the meteoroid is an
important task in order to understand the ablation process. It is though a
very difficult one that many scientists have been working on and to this day
there is no general model for it. One way to calculate the mass is suggested by
Zolensky et al. [6], where the pre-atmospheric mass is estimated by measuring
the luminosity of the trail of the meteor. Depending on how bright it is, it
is possible to calculate how much energy has been converted into light. The
velocity of the falling meteoroid should be measured simultaneously [6]. This
works only if the fall of the meteoroid was recorded with cameras.

Another way suggested by Ceplecha et al. [4] of calculating the mass loss
is to describe the motion through the atmosphere as a set of three differential
equations; a drag equation, a mass loss equation and a height equation.
Solving the mass equation one could get an estimated value for how much
mass the body has lost during the descent, and hence also calculate the
pre-atmospheric mass.

dm

dt
= −ΛS

2ξ
ρv3 (2.4)

Where Λ is the thermal transfer coefficient, S is defined as the head
cross section, ξ is the energy necessary for ablation of a unit mass, ρ is the
air density, v is the velocity of the body and ρd is the bulk density of the
incoming body. Here the density of the air is taken as a constant, which is a
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simplification. Actually the density of air varies a lot in the different layers
of the atmosphere. Also, the incoming body has here been approximated
to have a spherical shape, which is a simplification as well. Furthermore,
the shape of the body will vary during the descent making it a variable
rather than a constant. This method for calculating pre-atmospheric masses
can give fairly good approximations, but due to the difficult behaviour of
a descending meteoroid in the atmosphere, it is clear why there still is no
general model that gives accurate values.

Due to this complexity of the process in which a meteoroid enters the
atmosphere, depending on many factors, it is hard to calculate an exact
value of how big a meteoroid has to be in order to survive the atmosphere
and become a meteorite. According to Ceplecha et al. [4] the size limit has
been approximated to 20 cm in diameter (with velocity of 15 km/s and inset
under zenith angle). With an approximation of a density of 2000 kg/ m3

and assumed a spherical shape, the mass limit for a meteoroid to drop a
meteorite is 8,4 kg.

2.3.3 Sputtering

Sputtering is another phenomenon that causes mass loss in the entering body.
It occurs higher up in the atmosphere and only for the bodies with the
highest velocity, in fact it is negligible for meteoroids with a velocity lower
than 30 km/s [9]. In the higher layers of the atmosphere the molecules are
not as closely packed as further down. The entering body does not get as
decelerated in these layers as it does in the lower ones, and as it collides with
the occasional molecule, the atom hitting the molecule get a high momentum
transferred, giving it enough energy to leave the body. Sputtering is not
responsible for as much mass loss as ablation is [5].

2.4 Empirical size flux of meteoroids through

Earth’s atmosphere

Through combining results and data from world-wide meteorite research, it
is possible to get a value for the flux of meteoroids into Earth. Here the data
is taken from different studies conducted using both video, photograph and
radar observations [4]. Using this data a diagram of the cumulative number
of extraterrestrial bodies reaching Earth is obtained (fig 2.5):
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Figure 2.6: Logarithm (base 10) of cumulative size flux per year of incoming
meteoroids vs the logarithm of the meteoroid mass expressed in kg

2.5 Methods of detecting meteorites before

impact

Over the years there have been various methods for trying to detect incoming
meteorites before impact. Some of the most successful are photographic
observations, visual observations, video observations and radar observations.

The oldest and most intuitive way to detect incoming bodies is the visual
way. Both amateurs and professionals use this method, simply by use of the
naked eye, or with a telescope. It is a very good way to detect and count the
rate of phenomena occurring, but due to limitations in the human capacity,
it is hard to use this method to calculate other data such as entry angle or
velocity. Photographic observations became possible at the late 19th century
[4]. Most of what we know of meteorites today is thanks to photographs taken
on fireballs. This method is more precise than only visual observations, and it
is hence easier to extract data from this method. Video observations provide
a still better method to extract data about the meteoroids velocity and angle
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of entry etc. due to the continuous recording of the objects motion [4].
Use of radar is a fairly new method for monitoring meteors. It was de-

veloped after the 2nd World War, during which the radars were invented.
A radio wave transmitted by a radar will reflect back from the falling body
sending information about it to the observer at the ground. It is the ionized
trail of the meteoroid that makes it possible for the radar signal to bounce
back. Thus it is called a trail echo. This method gives accurate data, es-
pecially the orbit of the meteoroid can be estimated. Other advantages of
this method is that it can operate even during sunlit hours, and it can detect
meteoroids below the visible limit [4].

2.6 Examples on meteorite impacts through

history

Through the history of the Earth, large enough meteoroids have survived the
journey through the atmosphere, leading to meteorite impacts. One of the
biggest, and also most famous, in modern days is the impact in Tunguska
Siberia in 1908. It is believed that the body exploded just above the surface
of the ground, sending a shock wave twice around Earth [8].

There are also records on meteorite impacts dating further back in history.
In 1492 a meteorite fell down in Alsace, leaving a 150 kg stone and a crater.
It was at that time believed to be sent from God, and was preserved in the
town church, where a 56 kg fragment of it still is on public display [1].

Today there are a total of around 200 known craters in the world, 14 of
them in Scandinavia [8]. Oceans cover a large portion of Earth’s surface, and
many meteorites are believed to have crashed there.
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Chapter 3

Meteorite impacts

3.1 Orbit of an incoming meteorite

The same factors that affected the meteoroid on its way through the atmo-
sphere continue to affect the path as it has already penetrated the atmo-
sphere. Around 15 km altitude, the initial cosmic speed of the meteorite has
usually been reduced to zero [2], and from here it falls with free fall. Some-
times a meteoroid can have a significantly larger than usual cosmic speed,
around 50 km /s [2] and then it may still have some of its cosmic speed even
after being slowed down by the atmosphere, hence the velocity plays a role
in how the meteorite will descend to Earth. In the case where the meteorite
has some remaining initial velocity, the angle under which it is incoming to
Earth will determine the orbit.

3.1.1 Temperature at impact

It is a common believe that meteorites landing on Earth would be very hot.
This is however not the case; as most meteorites gets so slowed down in
the journey through the atmosphere, they will not have reached velocities
large enough to heat the air surrounding them, and hence not get heated
themselves. Also, at the heights where it does get heated to the point that
it ablates, the ablation process makes the hottest parts, the outermost shell,
of the meteorite evaporate. Because of this evaporation of the meteorite
shell there is no time for this hot shell to conduct heat into the core of the
meteorite. Furthermore, the atmosphere itself is very cold (227 K at 15 km
height [2]) which helps to cool down the meteorite on its final approach to
Earth.

As the meteoroid cools down on the way towards the ground, the melted
shell of the body will become solid. This gives the meteorite a character-
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istic black fusion crust. This crust on the surface helps to distinguishes an
extraterrestrial stone from a normal terrestrial one, and is one way of iden-
tifying a meteorite (fig 3.1).

Figure 3.1: The characteristic fusion crust of a meteorite (Image Meteorite
Recon).

3.2 How to estimate an impact point from

observations

It is hard to calculate where a meteorite will hit the ground only from visual
observations. Even with more advanced observation methods there is still
some uncertainty. To accurately calculate an impact point one would want
to know the incoming angle of the meteorite, and how far away it is. In
Canada there has since the 70’s been a camera network monitoring incoming
meteorites. From their rigorous data set a connection between the duration
of the luminosity and the zenith distance of the radiant have been found [17]
The radiant is the point from where the meteorite appear to have its origin,
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and the zenith distance of the radiant is hence the angle between the radiant
and a zenith angle.

logD = 1.24 − 0.84cosZR (3.1)

Where D is the duration time and ZR is the angle between the radiant and
zenith. If this distance can be estimated the impact point can be approxi-
mated.

3.3 What an impact point looks like

3.3.1 Strewn field

If an incoming body explodes in the atmosphere due to the pressure gradients,
several fragments of the nitial body can fall together. This is called a multiple
fall. Depending on their kinetic energy they will fall slightly different, the
larger pieces carry larger momentum with them, and they usually fall at an
angle of 30 degrees compared to zenith, and smaller about 20 degrees. When
they reach the ground, their impact places are distributed in an elliptical area
called the strewn field (sometimes the distribution ellipse)(fig 3.2). Smaller
pieces are found on the end of the ellipse that is in the negative velocity
direction, and larger in the positive direction. The major axis of the ellipse
is directed in the same direction as the velocity of the incoming meteorite
swarm [2].
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Figure 3.2: Formation of the strewn field (Image Meteorites Collection).

3.3.2 Craters

Large meteorites that do not explode in the atmosphere will form a crater
when they reach the ground. These have a pre-atmospheric diameter of 100
m or more [1]. The kinetic energy of an incoming meteorite transforms into
mechanical energy upon impact with the ground. The massive pressure then
exerted on the ground forms a shock wave, and as the material shaken by
this wave cannot move in the ground, nothing keeps it from moving upward,
and a crater is formed (fig 3.3). For a long time it was a mystery why all
craters have a circular shape. This would imply that all meteorites came from
zenith, but we know in fact that almost every incoming meteorite comes with
an oblique angle. Both Earth and the pressure front have spherical shapes,
and an intersection between two spheres will always be circular.

18



Figure 3.3: The Barringer meteorite crater in Arizona (Image NASA).
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Chapter 4

Estimation of possible
meteorite impacts in Sweden
since year 2000

From the empirical size flux of incoming meteorites (fig 2.5) and the size
limit for a meteoroid to survive the atmosphere and become a meteorite (8,4
kg), an approximation of how many meteorites should fall on the surface
of the Earth per year can be obtained. For the entire Earth the number is
around 16 000 and calculated for the surface of Sweden the number is 14 per
year. Thus in Sweden in the years 2000-2014 there should have fallen 210
meteorites.

It is not likely that all of the meteorites assumed to fall within Swedish
territory could have been observed from the ground with only the naked eye.
The apparent magnitude of a meteor depends on its absolute magnitude
(the intrinsic brightness of the meteorite), the distance between the observer
and the meteorite, the angle of the meteorite compared to zenith and the
composition of the atmosphere at the height of the meteorite fall [16]. Only
fireballs of apparent magnitude -6 or higher will be possible to observe at
whatever distances and angles, a meteor of magnitude 6 will be very hard
to observe even at the best conditions [16]. In addition is it only possible
to observe these kind of light phenomena during darkness. Sweden is dark
approximately 50 % of the year so only half of these fireballs should be
possible to observe. It also has to be a clear sky without clouds to see a
fireball event. Sweden has an average of 200 cloudy days per year (with
some regional deviations) [15], When taking into account both sunlit hours
and cloudy days the number of possible observations during these 15 years of
interest becomes 47. Therefore it is likely that not all of these 210 meteorites
would have been observed as they fell in Sweden, and the number of actual
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observations should be lower than the theoretical one.
Also the number of meteorites possible to retrieve is lower than 210. That

number is estimated for the entire area of Sweden. To be more accurate it
would be suitable to subtract the area which is covered by water; it is highly
unlikely that anyone would find a meteorite there. When calculating the
number of meteorites on dry land in Sweden 200-2014 the estimated number
becomes 189. A very large part of Sweden is covered in forests, and it is
very hard to actually find a meteorite in these areas, and since they are not
inhabited not many people are there to look for them. Therefore it would
be preferable also to subtract areas covered with large forests. When sub-
tracting both water and large forest areas the estimated number of incoming
meteorites since 2000 is 73, which gives a total of 4,8 per year.

4.1 Observed meteorites in Sweden since year

2000

For this section of the work a Swedish database (Mediearkivet) was used
where it was possible to retrieve all articles published in any newspaper in
the entire Sweden during the time period of interest. The list of events is
given in Appendix A.

The scanning through all newspaper articles published regarding mete-
orite impacts or strange light phenomena in the sky gave 37 possible obser-
vations (fig 4.1).

Most observations are made in the winter, regardless of what year it was.
The distribution of observations per month is given in fig 4.2:
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Figure 4.1: Number of fireball or luminous meteor observations in Sweden
per year since 2000.

Figure 4.2: Number of fireball or luminous meteor observations per month,
regardless of year.
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Chapter 5

Discussion

The number of actual fireball or luminous meteor observations is lower than
what would have been expected theoretically, but high enough to make the
conclusion that the estimated number of incoming meteorites per year might
be fairly correct. It is not easy to know how many of the observed phenomena
that actually where meteorites and not just meteors from debris or meteoroids
burning up in the atmosphere. None of the observations has led to finding a
stone confirmed to be a meteorite.

When scanning through all the reports on observations it became clear
that all of them were made from cities or at least villages. Therefore, as were
calculated for in theoretical estimations, meteorites falling over uninhabited
regions are hardly seen and hence neither found. Even when a meteorite fall
is observed it is very hard to calculate where the impact place should be. In
order to do that one would like to have at least photographs of the falling
meteorite, but in Sweden there has not been such camera networks as there
are in other countries. The duration of the fall is often short and from visual
observations it is hard to approximate even how far away the meteorite is,
not to mention to estimate the angle and velocity.

More observations were made when people were aware and observant of
light phenomena in the sky. In February 2013 one of the largest meteorites in
modern time hit the Siberian city Chelyabinsk and many people were hurt,
which became world news. After this event fireball observations in Sweden
had a sharp peak, probably because people looked more frequently towards
the sky and had their mind set to looking for meteorites (fig 4.1). Also
in December 2012 a small peak in observations was recorded associated to
superstition and the old Inca prophecy that the world would come to an
end 21st of December 2012. Many of the observations later turned out to
have been air planes that reflected sunlight. This shows that the mind set
of people can make a big difference in how many falling meteorites will be
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observed.
During the investigated time period 2000-2014 the months with the high-

est frequency of observations are November and January (fig 4.2). There
are annual meteor showers in both January and November due to annually
returning comets, but such meteor showers occur almost once every month
evenly distributed over the year, so this is probably not the reason for the
high number of observations. It could rather be due to how dark it is in Swe-
den during these months, and hence light phenomena in the sky will become
easier to observe. This would however be contradicted by the fact that ob-
servation numbers were low in December, but this could also be explained by
December being a typical ”indoor month” in Sweden. The Lucia celebration
and Christmas preparations attract many people indoors to miss December’s
annually reoccurring meteor showers. In for instance January on the other
hand a lot of people exert outdoor activities, making it more probable for
light phenomena to be detected.

In order to get more accurate data, and have a chance of retrieving falling
meteorites, Sweden should continue to build up a camera network for this
purpose similar to the ones in Norway or Canada. Visual observations made
by the public is a good help in knowing if a phenomenon has occurred, but it
is hard to make any conclusion on how luminous the fireball or meteor was,
whether it could drop a meteorite or where the impact place is expected to
be located.

5.1 Conclusions

This study of possible meteorite impacts in Sweden since year 2000 gave a
theoretical number of 210 impacts. This was calculated for the size limit
of 20 cm in diameter for a meteoroid to survive the passage through the
atmosphere. After subtracting the percentage of these 15 years where the
weather and darkness conditions prevented fireball detection, the number of
observable fireball events became 47. To calculate the number of meteorites
on the ground that would be possible to have recovered, lake and large forest
areas were subtracted. The number of possible meteorites which could be
found on the ground was then 73. The newspapers 37 possible fireballs were
reported during the same period. These number shows that the empirical flux
in Fig 2.5 and the size limit for bodies dropping meteorites also corresponds
to the observations in Sweden.

Meteorite research is a field that still needs a lot of work. It is still unclear
how many mechanisms of meteorites descending through the atmosphere
work, and it is clear that a crucial factor for this research is to retrieve good
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data. If Sweden wants to have any chance in taking part in this research,
camera networks covering the hole country should be installed to monitor
meteorites. It is clear that visual observations made by the public is far from
enough for estimating impact locations, which is seen from the fact that no
meteorites have been recovered during this time period.
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Appendix A

Table of observations
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