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Context 

The meteor impacts as seismic sources 

The Shock waves generated by meteor impacts 

The Normal Modes of the Planets 

Meteor impacts are very important seismic sources for 
planetary seismology, since their locations and, in some 
cases, their occurrence times can be accurately known 
from orbiters, tracking or optical observations. Their 
importance becomes greater in the case of a seismic 
experiment with one seismometer, as the SEIS (Seismic 
Experiment of Interior Structure) of the future Martian 
mission “InSight”, as the known location allows a direct 
inversion of differential travel times and wave forms in 
terms of structure. 

Figure 1 | © The Guardian

Meteor impacts generate body and surface seismic 
waves when they reach the surface of a planet. 
During their passage through the atmosphere, they 
generate shock waves, which are converted into 
linear, seismic waves in the solid part and acoustic 
waves in the atmosphere. This effect can be modeled 
when the amplitude of Rayleigh and other Spheroidal 
normal modes is made with the atmospheric/ground 
coupling effects.!
!
Figure 2 is representing schematically, the meteor 
impact as a seismic source. The meteoroid, 
symbolized by m, in t = 0, 1, 2, is falling on the solid 
part of the planet, penetrating its atmosphere. During 
its trajectory, the interaction of the mass, with the 
ambient atmosphere or the ground, provokes the 
generation of shock waves into the atmosphere 
(cases t = 0, 1) or the solid part (case t = 2).!
!
After a while, the overpressure that characterizes the 
shock waves, decreases and the shock wave is 
converted into an acoustic (into the atmosphere) or a 
seismic wave (into the solid part).!

Figure 2 !

Figure 3 | © Edwards, 2010!

Figure 4!The shock wave is initially a pressure strongly nonlinear wave. The 
conversion of it into the linear regime is taking place as shown in 
Figure 3 (provided by Edwards, 2010). The overpressure 
characterizing the wave is decreasing with time and distance of 
propagation.!
!
The distance of this conversion is calculated for the Chelyabinsk 
superbolide, as shown in Figure 4.!

Figure 5 ! In order to calculate the excitation of surface waves due to 
an atmospheric impact, the theoretical concept of the 
normal modes of the planets, the Earth in this case, is used.!
!
The Normal Modes are the free oscillations of a non-rotating 
spherically symmetric planet. In Figure 5 the fundamental 
spheroidal modes of the Earth are represented. The white 
arrows indicate the amplitude of the oscillation in every 
case, corresponding to the amplitudes shown in Figures 9 
and 10.!

Reconstruction of the source in progressive steps 
In order to better understand the effects 
of the atmospheric shock waves, 
generated by the meteor, the source, 
used for the calculation of synthetic 
seismograms, is progressively modeled 
from a more simple to a more complex 
one, as shown in Figure 11. In Step 1, an 
impact on the surface, at the given 
epicenter of the event is considered. 
Then, a simple atmospheric source, at 
the altitude of the last fragmentation is 
m o d e l e d . I n S t e p 3 , t h e fi r s t 
approximation of a vertical line source is 
made, as in Step 4, the real trajectory of 
the line source is modeled, in order to 
obtain more realistic results. !

Figure 11 !

A linear approach for a nonlinear source 
Due to the nonlinearity of the shock wave, a major problem is rising when 
we want to make a linear summation of the effects of point sources which 
consist the continuous source. Following the given trajectory of the 
meteor, several scenarios of the procedure were calculated. In each one 
of them the time of the explosion of every source (ti, where i is the order 
of the point source) should be at least equal or greater than the previous 
one (ti-1) plus the duration of every point source (") which remains 
constant for every scenario.!
!
This task is graphically described in Figure 12 and all possible scenarios 
for duration of the point sources, positioning of the explosions and 
magnitude of the sources are calculated and compared with the data.!

In Figure 10, the vertical amplitude of the 
fundamental spheroidal mode, with 
respect to radius and angular order, in 
the upper mantle and the atmosphere, 
for a radiative boundary condition with 
viscosity into the atmosphere, is shown. 
The modes up to l=350 used for the 
computation of seismograms.!
!
The model used is a combination of 
PREM and a local lithospheric and 
atmospheric model of Chelyabinsk. The 
real part is multiplied by 10 in the 
atmosphere, whereas,, modes are 
multiplied by #1/2.!

The synthetic seismograms were calculated 
by summation of the computed normal 
modes for a whole planet with atmosphere.! Figure 10 !

Calculation of the normal modes 

Moment tensor inversion 

Comparison with seismic data 

The moment tensor is provided using the following methodology of inverse problem:!
!
Considering the synthetic seismogram as: !
!
where mk is the moment tensor with k=1,…,3 and sk the synthetic seismogram calculated for only one component of mk. A 
moment tensor that verifies the following relationship is needed:!
!
!
where Sobs is the data, t1 the initial time and t2 the time of the provided data.!

In Figure 13 the synthetic seismograms (red) 
calculated for the best fitting source to the 
recordings (black) of the examined stations is 
shown for the case of a point source into the 
atmosphere. As the point source is an 
approximation and not the real one, the trajectory 
and the relative location have an important 
contribution to the recorded forms of Rayleigh 
waves. Nevertheless, this approximation can 
provide useful knowledge for the focal 
mechanism, providing a relatively important 
vertical and radial component with a minor 
contribution of the tangential one.!
!
For the calculation of the synthetic seismograms, 
the following properties for the source are used:!
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M0 : Seismic Moment, Mw : Moment Magnitude, !
" : duration of the source!
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Data 
The methodology developed in this work is 
applied for the example of Chelyabinsk 
superbolide (Figure 6), one of the best 
recorded terrestrial meteor impacts.!
!
In this work the data obtained by the Global 
Seismographic Network is used and more 
specifically the Rayleigh waves’ arrivals in 8 
stations (Figure 8), located as shown in 
Figure 7. The selection of the stations was 
made in order to have the best quality of 
data, to compare with our results.!

Figure 6 !

Figure 7 !

Earth: The superbolide of Chelyabinsk 

The Planetary Model 

1st approach: Inversion of synthetic seismograms by normal modes summation 

Figure 9 !

BASIC CONCEPTS 

Mars: Modeling atmospheric airbursts 

Figure 12 !

Figure 13 !
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2nd approach: using nonlinear software 
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Figure 8 !

NASA’s InSight mission, carrying the SEIS seismometer, 
will be the first which hopefully will provide seismic data 
from another planet of our solar system.!
!
The acquisition of Martian seismic data and the knowledge 
of the properties of a potential seismic source by a meteor 
impact, will become a powerful tool in the construction of a 
model of the planet’s interior. At the same time, it will be 
ably to verify the provided model of this work, using 
preliminary knowledge of the Martian atmosphere and solid 
part.!

Figure 14 | © NASA, JPL!

Collect data from Mars :     .  
InSight mission 

Calculation of  
Martian Normal Modes 

Martian Synthetic Seismograms Comparative 
analysis 

Impact Detection on Mars 
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Figure 22 !

Table 1!
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Figure 17 !

In this study, meteor impacts 
are modeled as seismic 
sources in a comparative 
analysis for the cases of Earth 
and Mars"&As shown in Figure 
17, different properties of the 
atmospheres of planetary 
bodies enable or disable the 
meteor bodies to reach the 
surface. Thus, the process of 
generation of shock waves will 
be different in every case and 
the seismic source will be 
d i f ferent ly modeled and 
inverted. !
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Figure 18 ! Figure 20 ! Figure 21 !Figure 19 !

Figure 14 !

Computation of seismograms with SPECFEM3D 

Normal modes for a theoretical model of Mars, with an 1-D structure in spherical 
symmetry for the solid part and the atmosphere, are computed and their 
frequencies are plotted in Figure 18. The solid (Rayleigh) modes’ frequency is 
increasing with the angular order, whereas the frequency of acoustic modes 
increase slowly with the angular order. In red color the fundamental Rayleigh 
mode is indicated, used for the calculation of synthetic seismograms, in this 
case for frequencies up to 70 mHz ("=14.2 sec). The blue color indicates the 
branches of the harmonics 1 to 5, whose contribution to the amplitude of the 
calculated Rayleigh waves is about the 10% of the dominating fundamental 
mode.!
!
In Figure 19, the amplitude of the real part of the vertical component of the 
fundamental mode in the atmosphere of Mars is shown, as calculated taking 
into account the atmospheric viscosity, the relaxation of CO2 and applying a 
condition of radiant boundary in the top of the atmosphere. These amplitudes 
are multiplied by #1/2.!

Figure 23 !

Using an isotropic source (moment tensor) mij=1012 N.m 
(i=j=1,2,3) the synthetic seismograms for atmospheric 
sources in different altitudes in the Martian atmosphere 
are calculated. In Figure 20, a seismogram, 
corresponding to the signal received by a station 
located about 32o far from an atmospheric explosion 
occurring in an altitude of 30 km, is shown. The 
seismogram isn’t filtered, but calculated for frequencies 
up to 70 mHz as this is the limit indicated in the 
dispersion diagram for the basis of calculated mode 
frequencies.!
!
The spectrum of this seismogram is shown in Figure 21. 
In lower frequencies (around 10 mHz) the peaks 
corresponding to the normal modes are visible.!

The spectrum of the computed seismogram is 
used in order to perform a scaling (shown in 
Table 1, see Holsapple K.) to the size of potential 
events in Mars during the operation of the 
InSight SEIS (seismometer). With the amplitude 
density requirements having a lower limit at 10-9 
m/s2/Hz1/2, as shown by the spectra in Figure 22, 
it’s necessary to perform computations for higher 
frequencies, with smallest events (impactor with 
0.5 m diameter) being detectable in the shortest 
band of frequencies of the Rayleigh waves 
(about "=5 sec). !

The same problem is approached by a second 
approach, using two software who allow to apply 
the nonlinear properties of the shock waves 
generated in the atmosphere by meteor impacts. !
!
As shown in Figure 14, the propagation of the 
shock wave into the atmosphere and its signature 
in the ground is calculated by the PC-BOOM 
software (see references). The results of this 
calculation can be validated by the data recorded 
by the infrasound detectors distributed all over the 
planet, as infrasound waves are characterized by 
their small attenuation. This software needs as!

input the trajectory of the meteor and the properties of the atmosphere (chemical composition, density, temperature, 
humidity, wind), in order to provide the far-field signature of the sonic boom, which is associated to the duration of the 
source.!
!
Afterwards, this ground signature can be used as a source located on the ground and the associated seismic signal can 
be calculated by a finite element solver for full wave form of seismic waves in 3D Earth models, SPECFEM3D. The results 
of these calculations, in a similar way with the 1st approach, can be validated by the recorded data of seismic stations.!
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Figure 16 !

The synthetic seismograms, for an explosion 
located in the epicenter of Chelyabinsk and 
on the ground (see Step 1 of Figure 11), are 
shown in Figure 16. These seismograms 
w e r e c a l c u l a t e d w i t h t h e u s e o f 
“SPECFEM3D Globe” software (see Tromp 
et al., 2008).!
!
The source is an isotropic explosion defined 
by a moment tensor as mij=1023 dyn.cm 
(i=j=1,2,3).!
!
In red color are shown the synthetic 
seismograms calculated for a planet in 
spherical symmetry, using the P.R.E.M. 
model. In black, the seismograms for a 3D 
model, are shown.!
!
The synthetics computed with the 3D mantle 
model display$ more complexity on the 
waveform filtered at 20s than the 1D model 
f o r t h e r e c o r d i n g s t a t i o n s . T h i s 
complexity$ will have to be taken into 
account$to fit the data (shown on Figure 13).!
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O%)(+U%*2+V)Q%T1(0+In this approach the source is modeled as a blast wave into the atmosphere. 
The PCBoom code is able to provide solution for the far-field when the user 
defines the near field of the source time function. In the case of a simple 3D 
detonation into the atmosphere, this source time function should ressemble 
to the Friedlander waveform (shown in Figure 15), the simplest waveform for 
a blast wave, as the source doesn’t have a complicated shape.!
!
The far-field solution, which corresponds to the signature of this sonic boom 
on the ground, is a secondary source, generating seismic waves. This 
secondary source, serves as the source used in “SPECFEM3D Globe” 
software, used for the calculation of synthetic seismograms.!

Figure 15 !


