
IRF Scientific report 315

Doctoral Thesis

From Meteors to Space Safety:
Dynamical Models and

Radar Measurements of Space Objects

Daniel Kastinen

Main supervisor: Opponent:
Dr. Johan Kero Dr. Detlef Koschny

Assistant supervisors: Examination committee:
Prof. Em. Asta Pellinen-Wannberg Prof. Eija Tanskanen
Assoc. Prof. Mats Holmström Prof. Lassi Roininen

Assoc. Prof. Jan-Erik Wahlund

 

October 2022



IRF Scientific report 315

Doctoral Thesis

From Meteors to Space Safety:
Dynamical Models and

Radar Measurements of Space Objects

Daniel Kastinen

Main supervisor: Opponent:
Dr. Johan Kero Dr. Detlef Koschny

Assistant supervisors: Examination committee:
Prof. Em. Asta Pellinen-Wannberg Prof. Eija Tanskanen
Assoc. Prof. Mats Holmström Prof. Lassi Roininen

Assoc. Prof. Jan-Erik Wahlund

 

October 2022

from Kumlinge islands in Åland  



Kumlinge islands, Åland  

Kiruna 

A lot of space 

A lot of space 
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from Kumlinge islands in Åland  



Big picture: "Tube" 



Big picture: "Tube" 



No space even between trains 
(inspired in Japan) 
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Metro 

and 



Need good simulation to avoid collisions 



risk safe super safe 

too close distance far away 



Also Stockholm Metro is 



Kumlinge islands, Åland  

Kiruna 

Stockolm 

A lot of space 

A lot of space 

no space 



risk without 
protection 

safe super safe 

Application 
even to 
Covid-19 
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Metro 

and ? 



Kiruna 

Stockolm 

Can we 
measure 
from safe 
distance 
Kiruna 

~1
00

0 
km

 



Yes, EISCAT can 



EISCAT can measure ~cm @1000 km 



But need to examine error/probability 



More to examine error/probability 



Even more to examine error/probability 

only Daniel can imagine the trajectory… 



Anyway, result 

before pandemic 

after pandemic 

distancing 



IRF Scientific report 315

Doctoral Thesis

From Meteors to Space Safety:
Dynamical Models and

Radar Measurements of Space Objects

Daniel Kastinen

Main supervisor: Opponent:
Dr. Johan Kero Dr. Detlef Koschny

Assistant supervisors: Examination committee:
Prof. Em. Asta Pellinen-Wannberg Prof. Eija Tanskanen
Assoc. Prof. Mats Holmström Prof. Lassi Roininen

Assoc. Prof. Jan-Erik Wahlund

 

October 2022

started PhD course, April 2017 



Meteor = fire 



And, June 2017 

"Fire" at "Debris" station 



Air pollution: space safety 

"Fire" at "Debris" station 



Crow (=space object) nests there 

= air traffic safety is related 
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started PhD course, April 2017 

Fire Air 



fire increase again 

no place to live 



With EISCAT new nesting place of crow 



nest is expanding 



Let's simulate: large-size birds fly spiral 



expected bird probability 



resultant "bird-error" probability 

most "safe" spot 



Radar beam-parks of the Kosmos-1408 fragmentation

Figure 12: Simulated circular orbit distribution calculated but from detections of a distribution of non-circular orbits. The
top row depicts the estimated distribution and the bottom row depicts the input true distribution of orbits.

Figure 13: Example diameter estimation of a target with oscillating RCS, probably due to the rotation state of the object.
Illustrated is the best matching of the measured SNR curve versus the simulated SNR curve and the resulting direct
diameter calculation.

We know that the gain model is not perfect and that the assumption of constant RCS does not always hold. We can,
therefore, assume that a portion of the estimation attempts will not succeed. As such, we need to filter the results before
compiling meaningful statistics. We chose to do this based on the found minimum distance D as well as the simulated
gain at peak SNR. The limiting value of 25 dB gain was chosen based on the side-lobe at Ì2.5˝ o�-axis angle, which
is the largest side-lobe that can be considered not well characterized. If the peak SNR is located at or below this gain
value, then the object stayed exclusively in regions of the gain pattern that are not well defined and we do not want to
include it in the resulting statistics. The distance D is normalized according to the number of points in the time-series
to allow comparison of individual minimum-distances. We assume the outlying percentage of minimum-distances D
indicates a bad match compared to the typical case. All events withD > 0.06 are considered as outliers and are removed
from the results. This filtering is illustrated in Figure 14. The limits are here illustrated by the red lines cutting through
the distribution.

The remaining statistics in terms of estimated diameter as well as estimated o�-axis angle are illustrated in Figures
15 and 16 respectively. We can here see from Figure 16 that most detections are made inside the main lobe but a
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Figure 1. The left-hand side illustrates a uniform sampling of a phase space and its accompanying voronoi diagram. In this example, we assume that each
red cross (sample point) is assigned a weight equal to the integration of the voronoi cell over a density function. We applied 20 steps of a semi-implicit Euler
method to propagate the pendulums forward in time, resulting in the illustration to the right. The movement is illustrated by the shaded black lines, all the cell
borders (area) move and deform as well. The green circle indicates our integration area. In this case, sampling is sufficient and deformation is minimal so a
simple summation of the point weights is a good approximation of the true integral.

Hour-Rate (ZHR) within a certain mass interval, i.e. the amount of
meteoroids that are expected to enter the atmosphere per hour at that
specific location on the Earth. The ZHR is the most commonly used
measure to compare meteor observations (Jenniskens 1994). Meteor
count rates observed at different locations on the Earth are converted
to ZHR by compensating for the zenith distance of the direction of
relative motion (Jenniskens 2006). It is therefore desirable to have
ZHR as a standard output of any simulation. The mass dependence
here is important since different observation methods has different
sensitivity functions for mass (e.g. Plane 2012, fig. 2).

3.5 Combining estimators

Using the expected number of particles derived in equation (24) one
can compute any expected quantity of particle parameters. One such
quantity that is of interest in contemporary meteoroid simulation
research is the total mass delivered to a region aY by meteoroids,
MaY . Explicitly, this is calculated by

MaY =
Nay∑

i=1

mi. (25)

However, we cannot calculate a sum that contains NaY elements
since we assumed this number to be so large that generating that
many samples would be impossible. Therefore, we need to replace
the sum with an expected value expression,

MaY = Nay

1
Nay

Nay∑

i=1

mi ≈ NayE
[
m̂·x : x ∼ faX

]
, (26)

where m̂ is the standard orthonormal basis vector that describes
the mass variable m. Setting g(x) = m̂·x = m in equation (19) and
inserting the expression into equation (26) gives

MaY = NayE
[

f (x)
π(x)

m : x ∼ πaX

]
. (27)

The expression in equation (27) can be calculated using only
samples from the localized sampling distribution πaY , in terms of
explicit samples this is

MaY =
(

Ntot
1
n

na∑

i=1

f (xi)
π(xi)

)(
1
n

na∑

i=1

f (xi)
π(xi)

mi

)
. (28)

As the central limit theorem applies to both estimated terms in
equation (27), the estimator is distributed according to a product of
two dependent normally distributed variables and the standard error
can be calculated accordingly. This procedure can be repeated with
any function or variable of interest.

3.6 Post-simulation

A major advantage of all methods presented in this section is that
they can be performed on the output of propagated samples. The
propagation is the time consuming component of the simulation. To
be able to apply different models on the output rather than the input,
removes the time-consuming component from any method that
attempts to modify the model. Once the samples x i, yi are generated,
any model f can be applied. The power of applying models on
output rather than input was shown in Vaubaillon et al. (2005a)
where scaling of weights allowed fitting unknown parameters of the
model to observations. It also allows a simulation to be analysed
continuously and only terminate sampling when errors are within
acceptable bounds. When comparing two competing models f1 and
f2, doing the corresponding calculations post-simulation on the same
set of samples removes the possibility that random variations of the
sample sets produced differences in output rather than the models
themselves.

4 IN VA R I A N T M E A S U R E S

In Kastinen & Kero (2017), an invariant measure on the output
probability distribution was used instead of an importance sampling
method, such as the one covered in Section 3. In that work, a
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crow does not follow Hamiltonian 

Conclusion:  


