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To the memory of my physics teacher Ioannis Karagiannis

“Look again at that dot. That’s here. That’s home. That’s us. On it everyone you love,
everyone you know, everyone you ever heard of, every human being who ever was, lived out
their lives. The aggregate of our joy and suffering, thousands of confident religions, ideologies,
and economic doctrines, every hunter and forager, every hero and coward, every creator and
destroyer of civilization, every king and peasant, every young couple in love, every mother and
father, hopeful child, inventor and explorer, every teacher of morals, every corrupt politician,
every "superstar," every "supreme leader," every saint and sinner in the history of our species
lived there–on a mote of dust suspended in a sunbeam.
The Earth is a very small stage in a vast cosmic arena. Think of the rivers of blood spilled
by all those generals and emperors so that, in glory and triumph, they could become the momentary masters of a fraction of a dot. Think of the endless cruelties visited by the inhabitants
of one corner of this pixel on the scarcely distinguishable inhabitants of some other corner,
how frequent their misunderstandings, how eager they are to kill one another, how fervent their
hatreds.
Our posturings, our imagined self-importance, the delusion that we have some privileged
position in the Universe, are challenged by this point of pale light. Our planet is a lonely speck
in the great enveloping cosmic dark. In our obscurity, in all this vastness, there is no hint that
help will come from elsewhere to save us from ourselves.
The Earth is the only world known so far to harbor life. There is nowhere else, at least in the
near future, to which our species could migrate. Visit, yes. Settle, not yet. Like it or not, for the
moment the Earth is where we make our stand.
It has been said that astronomy is a humbling and character-building experience. There is
perhaps no better demonstration of the folly of human conceits than this distant image of our
tiny world. To me, it underscores our responsibility to deal more kindly with one another, and
to preserve and cherish the pale blue dot, the only home we’ve ever known."

Carl Sagan, Pale Blue Dot, 1994
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Resumé
Les évènements météoriques constituent une source d’importance fondamentale pour la sismologie planétaire, étant donné que leur localisation, et dans certains cas, leur temps d’origine
peuvent être déterminés précisément par des orbiteurs. Cette importance augmente encore dans
le cas d’une expérimentation à 1 seul sismomètre, comme dans le cas de SEIS (Seismic Experiment of Interior Structure) de la mission actuelle InSight (Interior Exploration using Seismic
Investigations, Geodesy and Heat Transport). En effet, la localisation précise permet de réaliser
une inversion directe des temps de propagation différentiels et des formes d’ondes pour la détermination de la structure interne.
Les impacts de météorites génèrent des ondes de volume et de surface lors de leur arrivée à
la surface d’une planète. Quand ils explosent dans l’atmosphère, ils produisent des ondes de
chocs qui sont converties en ondes linéaires, sismiques pour la partie solide, et acoustiques pour
la partie atmosphérique. Ce phénomène peut être modélisé par l’amplitude de l’excitation de
modes sphéroïdaux, dû aux effets de couplage entre l’atmosphère et le sol.
Ce manuscrit de thèse est consacré à l’investigation et la modélisation des ondes de Rayleigh
générées par des météores. Un rappel général des avancées en sciences planétaires est d’abord
fourni, avec un focus sur la sismologie planétaire et les études des sources sismiques atmosphériques. Ensuite, la théorie concernant les ondes de choc dans l’atmosphère et au sol est
présentée plus en détails. Dans le cas de la formation d’une onde de choc dans l’atmosphère,
l’effet de transition d’un régime de propagation non linéaire vers un régime linéaire est documenté pour le superbolide de Chelyabinsk. Pour la génération d’ondes dans la subsurface, un
impact de météorite sur la lune est passé en revue, en utilisant des codes hydrodynamiques. Une
analyse comparée de ces deux cas est réalisée de façon à présenter les processus de transition
du régime de propagation.
Une inversion de la source sismique du superbolide de Chelyabinsk est effectuée, de manière
à examiner les propriétés de la source associée dans l’atmosphère terrestre. Nous avons développé
une source multiple, composée d’une série de points source consécutifs, basé sur une trajectoire fournie. Les calculs des sismogrammes synthétiques des ondes de Rayleigh associées à
l’événement est réalisée par la sommation des modes propres du modèle de la partie solide et de
la partie atmosphérique de la planète. A travers une technique d’inversion basée sur la décomposition des valeurs singulières et la méthode du moindre carré, nous fournissons des solutions
pour la magnitude du moment. De plus, nous avons trouvé dans les données sismiques un effet
Doppler, associée à la directivité de la source. En plus, nous avons réalisé des modélisations
3-D basées sur la méthode des éléments spectraux dans le cas d’un modèle solide uniquement,
de façon à comprendre les effets des caractéristiques 3-D crustales, et surligner les différences
avec une source inversée dans le sol par rapport à une source correctement positionnée dans
l’atmosphère.
Dans le cas de Mars, la sommation des modes propres est utilisée pour fournir les formes
d’ondes associées aux impacts à la surface de la planète ou à basse altitude dans l’atmosphère
martienne. Il est montré que la contribution du mode solide sphéroïdal fondamental domine
les formes d’onde, par rapport aux deux premières harmoniques. La comparaison entre les amplitudes de sismogramme synthétiques de tailles différentes, montre que les petits impacteurs
(diamètre de 0,5 mètre à 2 mètres) peuvent être détectés par les capteurs VBB de SEIS, seulement pour les hautes fréquences des ondes de Rayleigh, même pour des distances épicentrales
très faibles. Une analyse basée sur des estimations du taux d’impacts permet aussi d’estimer
le nombre d’impacts de météorites détectables pour des projectiles de diamètre supérieur à 1
mètre, ce qui conduit à une estimation entre 6,7 et 13,4 événements détectables sur une année
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martienne, ce qui correspond à la durée nominale de la mission.
Finalement, une analyse des caractéristiques du sol pour une zone à faible vitesse peu profonde sous le site d’atterrissage d’InSight est présentée. A travers une étude faisant intervenir
des tests de géomécanique classiques, il est montré que la zone en question est susceptible
d’affecter la qualité des signaux sismiques.
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Abstract
Meteoric events constitute a source of paramount importance for Planetary Seismology, since
their locations and, in some cases, their occurence times can be accurately known from orbiters,
tracking or visual inspections. Their contribution is enhanced in the case of a seismic experiment with one seismometer, as the SEIS (Seismic Experiment of Interior Structure) of the imminent Martian mission “InSight” (Interior Exploration using Seismic Investigations, Geodesy
and Heat Transport), as the known location allows a direct inversion of differential travel times
and wave forms for structure identification.
Meteor impacts generate body and surface waves when they reach the surface of a planet.
When they explode into 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 as the amplitude of Rayleigh and other Spheroidal modes excitation, due to atmospheric/ground coupling effects.
This PhD dissertation is focusing on the investigation and modeling of the meteor generated
Rayleigh waves. A brief recall to the advance of planetary science with focus on planetary
seismology and the study of atmospheric seismic sources is presented. Thereafter, the theory
concerning the shock waves in the atmosphere and in the ground is presented in further detail.
In the case of shock wave generation in the atmosphere, the effect of transition from a highly
nonlinear propagation regime to the linear one is presented for Chelyabinsk superbolide. In the
case of the generation in the subsurface, a meteor impact on the Moon is investigated, using
hydrodynamic codes. A comparative analysis of both cases is performed in order to present the
transition processes of the propagation regime.
An inversion of the seismic source of Chelyabinsk superbolide is performed, in order to
examine the properties of the associated source in Earth’s atmosphere. We develop a line source,
made of a series of consecutive point sources, based on a provided trajectory. The calculation of
synthetic seismograms of Rayleigh waves associated to the event is performed by the summation
of normal modes of a model for the solid part and the atmosphere of the planet. Through an
inversion technique based on singular value decomposition and least square method, solutions
for the moment magnitude are provided. Moreover we found in the seismic data a Doppler
effect, associated with the directivity of the source. In addition, we perform 3D modeling based
on spectral element method in a purely solid model, to assess the effects of 3D crustal features
and highlight differences with a source inverted in the ground versus on a source correctly
positioned in the atmosphere.
In the case of Mars, normal mode summation is used in order to provide waveforms associated to impacts on the planetary surface or in low altitudes in the martian atmosphere. It is
shown that the contribution of the fundamental spheroidal solid mode is dominating the waveforms, compared to the one of the first two overtones. The comparison between the amplitudes
of synthetic seismograms of different size, show that small impactors (diameter of 0.5 to 2
meters) can be detected by the SEIS VBB seismometer of InSight mission, only in the higher
frequencies of Rayleigh waves, even for short epicentral distances. An analysis based on impact rate estimations enables to calculate the number of detectable events of meteor impacts
for projectiles with diameter greater than 1 meter and it leads to the conclusion of 6.7 to 13.4
detectable impacts during a Mars year, the nominal operational period of InSight mission.
Finally, an analysis on the ground characteristics of a shallow low velocity zone under InSight
landing site is presented. Through an investigation by classical test of geomechanics, it is shown
that this zone is supposed to affect the quality of seismic signals.
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1 Introduction
This PhD dissertation is focused on the seismic waves generated by meteoric phenomena,
meteor impacts and airbursts, on planets with atmosphere. This work is motivated by the expressed interest of future seismic missions on different planets and moons of our solar system
and more specifically by the InSight mission. On Earth, most seismic data consist of the signal
generated by the numerous earthquakes, occuring every day, mainly as a result of the movement
of the tectonic plates. However, our home planet is the only one in our Solar System characterized by active tectonics which reforms its surface, with a possibility of the existence of this
regime on other bodies, for example Jupiter’s moons, Europa and Io. It is therefore important to
develop an understanding of other seismic sources than tectonic events in order to prepare the
seismic investigation of other planets.
One of these sources, of cosmic origin and therefore existing on every planetary body, are
meteoric events, either meteor impacts, which happen when a meteoroid hits the ground of the
planet, or airburst, when the entering body explodes in the atmosphere. The waves associated
with these sources are quite complex, as nonlinear effects are occuring due to the generation
of shock waves. The contribution of this study is to provide methodological tools in order to
explain their signals recorded by instruments, in this case by seismometers.

1.1 Brief description of characteristics and origin of
meteoric events
Meteoric events are consisted of different phases, from the entry of a cosmic body into the
atmosphere of a planet, to its destruction, either by ablation or by impact with the solid surface
of the planet.
The cosmic bodies are defined as meteors while still in space. When they enter the atmosphere, these bodies or part of them, are defined as meteoroids. According to the properties of
their trajectory, luminosity and explosion altitude, different definitions of the phenomenon can
be given. A thorough review of this terminology can be found in Ceplecha et al. (1998).
When the body is larger than about 20 cm of diameter the interaction with the ambient atmosphere generates very bright luminous effects, before the body slows down or breakup due to
friction with air molecules. The velocities of these objects in the atmosphere are highly supersonic, reaching maximum values greater than 15 km.s−1 . This process is known as fireball or
bolide and when its intensity is extremely high, characterized by an unusually large meteoroid
travelling with very high velocities and accompanied by a luminosity effect of very high magnitude, it can be considered as a superbolide. Bolides and superbolides generate very strong
shock waves in the atmosphere which provoke the generation of acoustic and then Rayleigh
waves through the coupling of the atmosphere with the solid part of the planet and other seismic sources. Another associated phenomenon to the bolides is the ballistic wave, which is
referred to be associated with the generation of SH body waves (Ben-Menahem 1975) due to
the refraction and the reflection of the direct atmospheric wave in the crust.
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Figure 1.1: A comparative illustration of an explosive impact probability on Earth, Moon and
Mars. On Earth this phenomenon is quite rare, as the dense atmosphere interacts in
greater level with the meteoroid and it explodes before hitting the ground. However,
this interaction does not occur in planetary bodies without atmosphere, as Earth’s
Moon and it is less effective in planets with less dense atmosphere, like Mars, by
increasing the probability of an explosive impact on their ground.
In the case when the meteoroid hits the surface of the planet, the event is referred as an
explosive impact. This is a quite rare phenomenon for the Earth, characterized by a relatively
dense atmosphere but it can be more easily observed in planetary bodies without atmosphere,
as Earth’s Moon, or a less dense atmosphere, for example Mars. This effect is graphically
represented on the illustration of Figure 1.1.
The last and least category of meteoric phenomena concerns very small bodies, with diameter
in the range of several hundredths of a millimeter. These bodies mostly evaporate rapidly during
their entry in the atmosphere, after decelerating to small velocities of a few kilometers per
second. These phenomena are defined as meteoric dust particles.
As it is understood, according to the previous definitions, the phases which characterize the
meteoroid entry, are not apparent for every meteoric event. The only category which contains
all of them is the one of the explosive impacts. The most probable form of meteoric event by a
large body on Earth, Moon and the Moon are represented on Figure 1.1. According the review
of Ceplecha et al. (1998), 5 different phases can be identified in this process.
Initially, the meteoroid motion is still part of a larger cosmic body, which is characterized by
an orbital motion around the Sun, in the solar system. A variety of factors can provoke the
separation of the meteoroid from its parent body in order to enter in the sphere of influence of a
planet and give birth to the meteoric event.
When the cosmic body approaches the atmosphere it starts to interact with the air molecules
existing at altitudes of about 100 km to 300 km above the planetary solid surface. The interaction with the impacting molecules provokes a preheating characterized by a rapid increase of
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the temperature of the meteoroid’s surface.
After the phase of preheating, when the body enters the more dense atmospheric layers, the
interaction with it becomes more intensive. Friction and pressure forces that are exerted in the
surface of the meteoroid are the reason for different effects, relative to the size, velocity and
composition of the meteoroid. One of them is the total or partial evaporation of the object
which in the second case is followed by its fragmentation. This phase is known as ablation and
it is very frequently the last phase associated with the entry of large meteoric bodies in Earth’s
atmosphere.
In the case of survival to the ablation process, a less intense phase began, known as dark
flight. The name indicates that this phenomenon is not as easily observable as the ablation
process. During this phase the object has decelerated enough and therefore the interaction
with the ambient atmosphere provoke neither heating nor any fragmentation or evaporation.
Theoretically this phase will not be considerably important for huge events, characterized by
great velocities until their hit on the ground.
The final phase which gives the definition to the whole process in the case of its existence, is
the impact. The major associated event to the impact is the formation of a crater and the deposition of meteorites, which are meteoroid fragments on the planetary surface and subsurface.
Additionally to these phases and to the different categories of meteoric events, there are some
other phenomena that may exist during a meteor entry in the atmosphere of a planet. These are
the meteor flares, which consist a sudden increase of brightness by more than one magnitude,
due to sudden fragmentation or sudden change of physical circumstances, the meteor wakes, auroral like glows which are associated to a general increase of electron density in the ionosphere
(in altitudes of about 80 km) Srirama Rao & Lokanadham (1963).
The origin of the meteoroids, as said before is from the interplanetary space of the Solar System. However, Ceplecha et al. (1998) refer estimations of a small number of meteors, calculated
between 0.3% (McKinley 1961) and 3% (Opik 1956), with interstellar origin, identified by the
heliocentric hyperbolic orbits of these bodies.
As it concerns mainly the Earth, but with application also to other planetary bodies, mostly
of the inner Solar System, a very big proportion of meteors which enter its atmosphere are
parts of groups of objects associated to the meteor showers. Actually, a meteor shower was
the phenomenon that led to the recognition of meteoric events as phenomena of cosmic origin
and not associated only with atmospheric processes (see more in section 1.3). The definition
of a meteor shower is “the passage of Earth (or any other examined planetary body) through a
meteoroid stream which is a family of particles moving in orbits that are either similar to that
of the parent body or at least can be traced back by integration to the parent” (Ceplecha et al.
1998). In the same work, some of the major meteor showers are referred, the Quandratids, the
Lyrids, the Aquarids or Orionids, the Northern and Southern δ Aquarids or Capricornids, the
Perseids, the Northern and Southern Taurids, the Leonids, the Geminids and the Ursinds. As
it can be understood, the names of the showers indicate the constellation which defines their
origin in a relative position with Earth. The mechanism describing the motion of a meteoroid
from a meteor stream to the atmosphere starts with the ejection of the body from a comet or an
asteroid, through a catastrophic break up of the parent body.
Meteor showers are found to be associated with an increased number of meteor impacts, as it
was recorded by the Apollo network. Oberst & Nakamura (1987); Oberst & Nakamura (1987),
analyzing Apollo data, detected an extraordinary flux of large-amplitude signals in June 1975
and an another important one in January 1977. The reexamination of these events Oberst &
Nakamura (1991), indicated a number of about 28% of small and 15% of large impacts to have
a cluster origin. The flux of June 1975 is probably associated to a Taurid meteor shower whereas
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the one of January 1977 should also be associated to a meteor stream.
In addition to meteor showers, there are lonely objects that can possibly reach the atmosphere
of a planet, not associated to any meteor stream. According to Ceplecha et al. (1998) this
consists about 75% of the observable meteors on Earth, which are called sporadic meteors. An
interesting property of these bodies is the diurnal variation with which they encounter Earth’s
atmosphere, as the ratio between the morning hours and evening hours observable bodies is
about 5 to 3. Their origin can be associated with a meteor stream, from which they gradually
escaped or from the fragmentation of cometary and asteroid parent bodies.

Figure 1.2: The meteor influx per year onto the Earth in terms of cumulative number N against
the mass of the meteoroids m as provided by Ceplecha et al. (1998). It is shown that
about 100 tons of extraterrestrial material, composed by objects larger than 1 meter,
enters the Earth atmosphere per year.
In their review, containing the definitions of these phenomena, Ceplecha et al. (1998) provide
an estimation for the meteoroid influx onto the Earth, presented in Figure 1.2, which shows
that a cumulative number of about 105 kg, composed by objects larger than 1 meter, enters the
Earth atmosphere per year. In this dissertation, similar calculations for the meteor influx on
Mars (Daubar et al. 2013, 2018) are used in order to estimate the detectable meteor events by
the SEIS VBB seismometer of InSight mission, in Chapter 5.

1.2 The first understanding of meteoric events: The
Meteor Crater
The first scientific approach to the processes and characteristics of meteor impacts happened
relatively recently in human history. More precisely, it can be dated back at the discovery of a
“mysterious” crater in the middle of the Colorado plateau and a plain, desert area of Arizona
state, by the settlers of the little town then, Canyon Diablo. This discovery took place in the late
19th century and the discovered feature is worldwide known today as the “Meteor Crater”.
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Figure 1.3: Geologic map of the Meteor Crater, by Shoemaker (1987)
The Meteor Crater is a crater of a diameter of 1.2 km formed by the shock wave of a high
velocity projectile (Shoemaker 1987). Nevertheless, this was not the conclusion of the first
scientific investigations, which reflect the scientific knowledge at the time for the mechanisms
which could be the origin of such geologic feature.
The migration of settlers to the West was still important at the end of 19th century and motivated the construction of a railway linking the new territories to the East coast. A huge crater,
for a planet with plate tectonics and naturally constantly transforming surface, as the Earth,
was found in a place not far from the path of the legendary Route 66, in Arizona. In order to
understand its nature, railway officials collected samples which were sent to a notable scientist
of the time, Albert E. Foote. Foote was a professor of chemistry at Iowa Agricultural College
who became famous for his great collection of minerals. He was one of the few, at that time,
who could recognize in the iron rocks the meteorite origin. He published his findings in 1891
and this was the great beginning for the story of the discovery.
After the recognition of the meteoric origin of the samples and therefore the nature of the
Crater, by Foote, the US Geological Survey began a project in order to validate its hypothesis
and discover more elements associated with the impact processes. The chief of this project,
which began in November 1891, was the chief geologist of USGS himself, Grove Karl Gilbert.
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His aim was to detect the meteoric rock which created this huge crater and his hypothesis was
that this should be buried under the crater.
Given the fact that the recovered samples that were examined by Foote were of iron composition, Gilbert supposed that a magnetic survey should indicate the presence of this large burried
rock. However, the results of the survey did not indicate such a magnetic anomaly and therefore Gilbert assumed that the Crater was not formed by a meteor impact. His conclusion was
not irrational, as volcanic processes could be associated with the San Francisco volcanic fields,
located some tenths of km far from the Crater. In addition, Gilbert was not biased to the idea of
the volcanic origin, as several months after his investigation of the Crater he published a scientific paper arguing for the meteoric rather than volcanic origin of lunar craters. He just did not
have the knowledge of physics associated with meteoric phenomena, that was to be obtained
later in the 20th century.
However, the idea the meteoric origin of the Crater was not totally abandoned. Almost a
decade after the first investigations, Daniel Barringer, a mining engineer and businessman betted
a lot on the hypothesis that a great amount of iron minerals was buried within this site. Baringer
claimed the exclusive exploitation of the land and in 1903 he conducted a research in order to
find the great amount of iron that he supposed to be buried under the crater. Even if the findings
of this research supported the arguments of the presence of a projectile of iron composition, it
was not able to be detected and the geologic community of the time was expressing a scepticism
published in several scientific papers.
For many decades, the origin of the formation of the Crater remained unknown, until an unexpected major advance in physics, led partially by social circumstances, brought new knowledge
to the phenomena associated to huge shocks. In the decade of 1940, after the initiative of a
number of theoretical physicists and a letter written by Albert Einstein himself to President
Roosevelt, it was decided the funding of a project aiming to create a bomb based on nuclear
fission. The motivation of the decision was to obtain this technology before Nazi Germany and
assure that the camp of the Allies will not be in a very disadvantageous position compared to
their major enemy. That gave birth to the famous “Manhattan Project” and the founding of one
of the most famous scientific laboratories, the Los Alamos National Laboratory, in 1943, with
scientific chief of the project and first director of the laboratory the theoretical physicist from
University of Berkeley, California, J. Robert Oppenheimer.
The knowledge obtained for the understanding of nuclear detonations helped one of the first
planetologists, Eugene Shoemaker, to establish in a new way the forces and processes associated
to these phenomena and better understand them. Having lived part of hist life in Flagstaff,
Arizona, not too far from the site of the Crater, Shoemaker proposed a new mechanism for the
formation of crater by a projectile of very high velocity. A very important piece of evidence
was the presence of coesite and sishovite, two rare forms of silica in the Crater. These minerals
were known to be formed in nuclear detonation processes. Under this mechanism the amount
of ejecta and the distances that they can be found are very different to those estimated by the
physics of late-19th to early-20th century. Therefore, the absence of a big iron rock under the
crater was explained and the presence of minerals of meteoric composition in distances greater
than it could be explained previously, were explained together for the first time. This knowledge,
who drove to the understanding of the formation of Meteor Crater, helped to understand the
processes associated to meteoric events on other planets, either impacts that hit the ground or
airbursts that explode in the atmosphere.
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1.3 Encounter the meteor generated atmospheric
waves: The Tunguska event
Humanity has witnessed several meteoroid events through the hundreds of thousand of years
of its existence on Earth. However these phenomena were not associated to an extraterrestrial
origin but to atmospheric processes instead. The knowledge of the nature of airburst emerged
after a notable meteor storm of Leonids in the US of 1833. The spectacular nature of the
event increased the interest of astronomers to further study the meteors and their associated
phenomena.
However, the detection of the great shock waves generated by the entry and explosion of
meteoroids into Earth’s atmosphere was made possible thanks to Tunguska event, which occurred on the morning of June 30, 1908, in Siberia. The local population was shocked by the
unexpected event and the associated generated blast that distinguished the event from previous
observations of meteoroids.
The shock wave was observed and felt on the ground, creating a great damage to the forest
area. Burns on humans were also reported. It is considered that it destroyed about 2000 square
kilometers of forest and was the reason for the death of 2 persons. It is the largest historically
recorded meteoroid event, with its associated release energy to be estimated today equal to 15
Mt of TNT, which equals 1000 times the energy released by Hirosima and corresponds to a
seismic magnitude of 5.0 in the Richter magnitude scale.
However, the knowledge about meteoric events at that time was not sufficient to fully comprehend the event. It is quite interesting to refer to some of the proposed explanations for the event
that proposed the eventual existence of a piece of antimatter that annihilated on contact with
the ordinary matter (Cowan et al. 1965), a mini black hole passed through the Earth (Jackson &
Ryan 1973) or even the artificial origin by a mysterious extraterrestrial civilization.
It took decades to define the origin of the event and the first scientific investigations were
conducted under the mineralogist Leonid Kulik and the support of the Soviet government in the
decade of 1920s. Geologic expeditions continued for decades, in order to gather evidence and
propose new theories about the origin of the event. The conclusion of Kulik (1927) for a meteor
impact was accepted by the scientific community.
The importance of Tunguska event is also linked to something else which makes it historic
and unique. It was the first superbolide event to be ever recorded by seismographs. Seismology
was a quite young and emerging scientific field in the early-20th century and the event occurred
just 20 years after the remote detection of a quake by Von Rebeur-Paschwitz (1889).
Ben-Menahem (1975) provided a source model based on the recorded data of 4 seismic stations, located at Jena, Tiflis, Tashkent and Irkutsk. In his work he calculated the time of origin
of the event based on the recordings of the acoustic waves by the seismometer of Irkutsk, the
closest of the stations. The acoustic waves had a period of 100 to 225 seconds and therefore
they correspond to the acoustic normal modes above the atmospheric cutoff of 3.9 mHz (∼ 250
seconds, see more details in section 3.2). Using the group velocity associated to the modes, he
proposed a time of origin (00:14:28 UTC) which was also validated by other types of recorded
signals.
Ben-Menahem (1975) identifies three type of signals associated with the event: 1) The fundamental Rayleigh modes, which are excited mostly by the air explosion at the source and correspond to wave periods of 8 to 33 seconds and a group-velocity window at 2.72-3.52 km.sec−1 .
2) The infrasonic-coupled ground motion which is excited by atmospheric pressure waves and
has peak amplitudes at periods of 80 to 230 seconds. These waves traveled in Eastern Europe,
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Central Asia and the Middle East with group velocities of 280-330 m.sec−1. 3) The SH waves
produced by the ballistic wave at the source.
The infrasonic-coupled ground motion is shown in Figure 1.4, where the signal recorded by
the horizontal NS seismometer at Irkutsk is compared to the signal of a vertical seismometer,
generated by an atmospheric explosion in Lop-Nur, China.

Figure 1.4: The infrasonic coupled ground motion is shown in this figure. On the top, the seismogram of the horizontal NS component, recorded at Irkutsk, is shown alone. On
the bottom this seismogram is compared to a the vertical component seismogram
of an atmospheric explosion, happened in Lop-Nur, China. The arrows on the top
indicate the time of the first and last associated ground motion, which is similar to
the compared case corresponding to the explosion, after 9:04:00 UTC. After BenMenahem (1975).
In order to model the source, a known mechanism for nuclear atmospheric explosions was
used. Therefore, the source was assumed to be a vertical concentrated force or a radially expanding distribution of vertical forces. Based on this, a calculation of theoretical seismograms
was performed, in order to explain the recordings. It was found that the acoustic modes S0
and S1 can be recorded at altitudes below 20 km by a seismometer with a free period of about
20 seconds and the surface waves, associated to the vertical ground displacement, are strongly
dependent to γ (adiabatic index).
Ben-Menahem (1975) proposed a source which is a superposition of an air explosion at
a height of 8.5 km and a ballistic wave based on the time delay of Rayleigh and SH waves
recorded at Irkutsk station and associated to the explosion and the ballistic wave respectively.
He, finally, deduced that the great event was characterized by a boxcar source time function
with a source duration of 4 seconds.
The knowledge obtained based on Tunguska data, was of primary importance, in order to develop the theoretical knowledge of the mechanism of generation of acoustic and seismic waves
by meteoric events. In association with the improvement of instrumentation and the develop-
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ment of seismic networks, such phenomena were monitored and understood more frequently
afterwards.

1.4 Observations of large bolides with different
instrumental techniques
Large meteors which are associated with a bright luminous effect in the atmosphere, are known
as bolides or fireballs. During the decade of 1990 the improvement of instrumental techniques
led to the observation of a variety of such phenomena which later were observed more frequently, contributing to the advance of knowledge of their nature.
Ceplecha et al. (1998), in their review paper on meteoric phenomena, indicate that the first
recorded observation of a meteoroid by a mechanical sensor was a photograph, took by L.
Weinek in Prague, in November 1885. However, this coincidental achievement was followed by
other rare examples of meteor photography. The first system deployed in order to take pictures
of the sky, was the Harvard aerial patrol cameras project, installed in 1936. During 15 years of
operation time Harvard cameras recorded numerous meteor entries with their rotating shutters.
At that time, another network of sensors with cameras for sky observation was deployed by
the Ondrejov Observatory in Czechoslovakia in 1951 and it was operational until 1977. This
network recorded the first ever photograph of a bolide with an associated meteoroid fall. The
bright fireball was of 19 maximum absolute magnitude and the recovered meteorites were 4
fragments collected near Pribram in the western part of Czechlands. The area of their recovery
was predicted from the double station photographic records of the fireball (Ceplecha 1961).
Tagliaferri et al. (1994) presented a variety of techniques based on optical sensors located in
earth orbit and associated examples of detected superbolides. Their review is revealing the importance of such a task linked to the danger of misinterpretation of bolide events which exhibit
many of the characteristics of nuclear explosions. Most notably, they referred to the example
of Central Pacific asteroid detonation, which occurred during a war period in Middle East and
could be misinterpreted by many countries as a threat by their enemies. The methodology analyzed in their review is based in transient radiometry in visible and infrared wavelength, which
is able to extract relatively low intensity, short duration events or events with rapidly changing
signatures from a much larger but slowly varying background.
Brown et al. (1994) presented the first motion pictures of a fireball from which a meteorite has
been recovered. It concerned the entry of a bright fireball, over West Virginia, which travelled
about 700 km in a northeastern direction and a fraction of it finally was recovered in Peekskill,
NY. The recovered meteorite was a 12.4 kg ordinary chondrite. Brown et al. (1994) were able
to calculate the orbital parameters based on the provided video recordings. According to observations, the beginning of fragmentation processes is seen at a height of about 41.5 km, then the
appearance of dozen of fragments at a height of 38.6 km and a significant flare at a height of
36.2 km.
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order. By explaining the mechanism of recording the second breakup after the first one in
several stations, shown in Figure 1.5, he provided a quite important factor which contributes to
the signal generated by the bolides and makes the analysis of seismic data more complicated
than the one concerning supersonic jets.
ReVelle & Whitaker (1998) presented the detection by an infrared radiometer of a bright
bolide apparent during the night of November 17, 1998, over New Mexico, in a region about
150 km south of Los Alamos. It was a night of peak of a Leonid shower, however the visual
magnitude of the fireball, estimated in zenith between -12 and -14, was unusually high. No sonic
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boom reports were associated to the event. It is considered that this is associated to the high
altitude of the final explosion, estimated at a height of about 93.5 km above sea level (or 90 km
above Los Alamos), as probably the transition altitude (see section 2.2) was located in a certain
height above the surface. The explosion was relatively small, of about 0.1-1.14 t of TNT and
therefore the shock waves associated to the linear source found to have minor contribution to the
recorded signal. In comparison to this observation, the shock waves associated to meteoroids
of higher velocity and lower explosion altitude, is shown to have more important contribution,
as discussed in section 2.2.
Edwards et al. (2004) investigated the relationships between the bolide yield and the acoustic
amplitudes, for a population of well-observed bolide events. It was found that in comparison
with the infrasound generated by nuclear and other kinds of high explosions and the signal
obtained by bolides was consistently lower. They proposed that this is due to the increased
weak nonlinearity during the signal propagation in higher altitudes. In the same work, it is
noted that a maximum energy deposition is expected to occur between 20 and 30 km altitude
along typical bolide trajectories.
A multi-instrumental record of the meteoric event associated to the formation of a crater in
Peru, near the Bolivian border was made, on September 15, 2007. The generated infrasound
waves were detected by two IMS infrasound arrays, located in Bolivia and Paraguay and in
the mean time the seismic waves were recorded by the instruments of five seismic stations, in
distances 47 km to 125 km away from the crater (Le Pichon et al. 2008). Through an analysis
of the material found on the formed crater, which is of a diameter of about 1.5 meter on a
water saturated soil, the optical observations which provided its trajectory and an analysis of
the seismic data, Tancredi et al. (2009) were able to identify a series of parameters associated
to the whole process of meteoroid entry, as its trajectory, the crater formation and the generated
signal.
In addition to natural sources, the investigation of the waves generated by artificial events,
contributes to the understanding of the atmospheric sources and therefore to a better understanding of airbursts. The advantage of these artificial sources is that many of their properties
are known and that they do not occur unexpectedly, therefore, there is a specific preparation for
the associated data collection.

Figure 1.6: The trajectory of the Stardust capsule reentry with the indication of its altitude.
An infrasonic array of four elements was deployed in the proximity of Wendover,
Nevada, near the landing site. After ReVelle & Edwards (2007).
A case similar to the meteor entry in the atmosphere is the reentry of spacecrafts on Earth
atmosphere. In this case, the trajectory of the entering object is very well known, as well as its
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shape. One example of such an event is the reentry of the man-made space capsule, Stardust,
which reentered in the atmosphere on January 15, 2006, before performing a soft landing in
Western Utah, near the borders with Nevada. For this occasion, an infrasound array composed
by 4 elements was deployed to Wendover, Nevada, at the proximity of the landing site.

Figure 1.7: Simultaneous infrasonic (top) and seismic (bottom) recordings of the Stardust reentry, on January 15, 2016. In points 1 and 2 the shock wave is simultaneously
recorded in the air at the vicinity with the ground and as ground motion respectively. The air-coupled Rayleigh wave arrivals are indicated with point 3, whereas
their dispersion occurs after about 10 seconds and it is shown in number 4. The
presence of the Airy phase, which is the coupling of the ground motion back into
the air, is indicated at point 5. After Edwards et al. (2008).
Edwards et al. (2008) performed an analysis of the collected seismic and infrasound data. The
trajectory of stardust reentry is shown in Figure 1.6 (after ReVelle & Edwards (2007)) with the
indication of the altitude. The velocity of the capsule was smaller than those corresponding to
the superbolides (12.9 km/s) but large enough in order to generate the blast associated to objects
traveling with supersonic velocities in the atmosphere. They showed that, in a first phase,
the shock wave, which is associated to a rapidly attenuated overpressure in the atmosphere,
is directly coupled to the ground. This effect is shown by points 1 and 2 in Figure 1.7 (after
Edwards et al. (2008)), where the infrasonic and seismic observation, located at the same place,
simultaneously record the pressure wave and the associated seismic wave respectively. Then,
the air-coupled Rayleigh waves are recorded for approximately 1 minute (shown in point 3 in
the same Figure), whereas the dispersion of this waves is shown about 10 seconds after the first
arrival (point 4). The Airy phase, which is the coupling from the ground back to the air, is
recorded by the infrasonic sensor, too, and it is indicated in point 5.

1.5 Meteor generated seismic waves on Earth
Meteoroid impacts belong to a series of atmospheric seismic sources which were detected and
investigated in the era of instrumental seismology. Thorough seismic investigation of such
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sources really started in the mid-20th century, when the level of instrumentation enabled the
detection of relatively small events on Earth. However, the first detection of a meteoroid impact
by seismometers was the Tunguska event (Ben-Menahem 1975), the larger event recorded up
to today, with an estimated released energy of 12.5 Mt of TNT.
An estimation for the rate of meteoroids on Earth is given by Brown et al. (2002), who
concluded through an investigation of satellite records, that one event with associated released
energy of 5 kt of TNT should occur per year. With their mass-impact rate distribution, one
Tunguska like event is predicted to occur every 1000 years.
Supersonic jets, explosions, lightning, volcanic activity and missile or other military munition
firings (Edwards et al. 2008) contributed to the advance of the understanding of the infrasound
and the seismic waves generated by atmospheric sources.
On Earth, a planet characterized by a relatively dense atmosphere, only a fraction of the
meteors which enter its atmosphere can retain their original velocity and reach the ground with
enough energy to create craters (Bland & Artemieva 2006). Their associated signals are mostly
a result of the direct coupling (Edwards et al. 2008). Direct coupling is the mechanism whereby
seismic waves result from the local loading of the surface by the overpressure of an incident
acoustic wave. In addition, in the data of some events there can be evidence for a reverse
coupling of the seismic waves in the atmosphere, however no satisfactory atmospheric model
was found to explain the arrival.
In Figure 1.8 (after Edwards et al. (2008)) the mechanism of this coupling is illustrated.
On the left part the phase of ground motion in a fluid-solid (granitic) interface is shown in
superposition with its amplitude for an incident planar atmospheric wave of 1 Pa. On the right,
the precursory seismic wave and the Rayleigh wave associated to the coupling effect is traced in
terms of time and horizontal distance. It is notable to point the difference in relative amplitudes
and time delay.

Figure 1.8: The mechanism of coupling is illustrated in this figure. On the left are shown the amplitude and phase of ground motion at a granitic surface which consists a fluid-solid
interface in welded contact, as a result of a planar atmospheric wave of 1 Pa. i, ii and
iii, indicate the points where apparent horizontal velocities match VP , VS and VR ,
the Rayleigh wave velocity, respectively. On the right, the mechanism of coupling
of Rayleigh waves of the atmosphere is presented in comparison with the precursory
seismic waves. A notable difference is observed on the relative amplitudes and the
time delay. CS indicates the sound speed. Figure after Edwards (2009).
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Edwards et al. (2009) indicate that the coupling efficiency of the air-to-ground energy is
measured at 1.3 ± 0.8%. This happens above a cutoff frequency associated with the acoustic
response of the site, whereas the dependence on site parameters is the reason of the high uncertainty of this value. The percentage of acoustic energy deposited into the atmosphere was
also calculated by Brown et al. (2001), based on the infrasonic signals obtained by two large
bolides who entered the Earth atmosphere over the Western Pacific. According to this work,
this percentage is a minimum of about 0.1 − 1% of the total source energy for each event.

The seismoacoustic coupling of Chelyabinsk superbolide is the basis of the work presented
in Chapter 4, whereas further details on the calculations of the excited Rayleigh modes are
given in Chapter 3. The seismic signals recorded in stations located at distances up to 4000
km far from the city of Chelyabinsk, were identified by Tauzin et al. (2013), who provide
the arrivals of P, S and Rayleigh waves shown in Figure 1.9. At epicentral distances near the
source the shock wave is identified, more precisely at the station ARU, at Arti, Russia, which
is the closest with available data for that study and for the approach presented in Chapter 4. Its
signature corresponds to arrivals associated to velocities about 10 times greater than the velocity
of acoustic waves in the air (3 km/s to 0.3 km/s respectively).
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Figure 1.9: Vertical component seismograms for stations located within ±4000 km from the
city of Chelyabinsk are traces in terms of epicentral distance against the time after
the event. The seismograms are band-pass filtered between 20 and 60 seconds.
Red color associates the arrivals of Chelyabinsk, whereas blue color indicates the
signal of Tonga earthquake, occured the same day (see more details in Chapter 4
by the seismic stations. The body waves arrivals are traced by red dots whereas the
Rayleigh waves are noted between the two gray lines. The epicentral position and
event time are noted with a star. After Tauzin et al. (2013).

1.6 Planetary Seismology
20th century was a period when the humanity encountered a drastic evolution in terms of scientific progress. New domains of knowledge were chartered for the first time in the map of
the discoveries of our species and their frontiers were continuously tending to be expanded.

16

1.6 Planetary Seismology
Among others, modern seismology was a scientific domain born in the late 19th century, as it
can be defined by the milestone invention of the first seismometer with viscous damping by
E. Wiechert, in 1898, providing the maiden recordings for the entire duration of an earthquake
(Shearer 2009). Since then, the evolution of our ability to measure, understand and model the
propagation of seismic waves lead seismology to be considered as the most powerful tool to
explore the interior of the Earth and consequently other planetary and celestial bodies.
The success of a seismic experiment on another planet can be a major contribution for understanding its interior, the size, composition and physical state of its crust, mantle and core. It will
contribute to obtain constraints on fundamental questions about the formation and evolution of
the Solar System. Moreover, it will help to better understand the formation of planets which
can sustain life and provide useful information linked to the habitability of a planet.
The evolution of Earth seismology, for more than a century, contributed to discover very important features of the interior of our planet. A hundred years ago, humanity was not aware
of the composition of the interior of Earth, the depth of the discontinuities between different
phases. Even the existence of tectonic plates, which provoke phenomena that literaly shock
the population of the occurence region was not known. It turns that seismology is an excellent
tool in order to provide in detail information about the interior of a planetary body, on local,
regional or global scale. Therefore, performing a seismic experiment with a seismometer deployed on the surface of another planet is of paramount importance in order to understand an
extraterrestrial interior.

1.6.1 Brief history of extraterrestrial seismic instrument and
experiments

The adventure of Planetary Seismology begins with the seismometer developed for the Ranger 3
mission, supposed to land on the Moon (Lehner et al. 1962). It was a vertical axis seismometer,
with a free frequency of 1 Hz and its mass was 3.36 kg. The seismometer was installed in a
lunar capsule, designed for a landing in the velocity range of 130 − 160 km · h−1 . Its batteries
were supposed to assure an operational period of 30 days. Unfortunately, Ranger 3 never made
it to the Moon and this was the fate of Ranger 4 and 5. Therefore, the objective of the unmanned
deployment of a seismometer on another planetary object, was not yet accomplished.
Thereafter, another seismometer was designed for the Surveyor program (Sutton & Steinbacher 1967). The seismometer was supposed to be fixed on the lander. 5 out of 7 Surveyor
missions made succesfully the travel and landing on the Moon, but finally none of them carried
the seismometer, which was a single short-period vertical axis seismometer, of 3.8 kg mass and
a power of 0.75 W.
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Figure 1.10: Apollo 11 astronaut Buzz Aldrin with the seismic experiment. Solar panels have
deployed on the left and right and the antenna is pointed at Earth. The laser reflector is beyond the antenna and, in the distance, the TV camera is silhouetted against
the black sky. The stereo close-up camera is near the righthand edge of this detail.
Image copyright: NASA
The first successful deployment of a seismometer outside of our planet was deployed by the
astronauts of the Apollo 11 mission (Latham et al. 1970). The “great leap for humanity” was
also revolutionising seismology and opened the doors to the interior of another world. The instrument of the Passive Seismic Experiment (PSE) consisted a triaxis long-period seismometer
(LP) and one vertical short-period seismometer (SP), with resonance periods of 15 seconds and
1 seconds respectively. Its mass was 11.5 kg and it had power of 4.3-7.4 W. It recorded meteorite impacts and moonquakes with about 4 hits by meteorites per day during its lifetime of
about 21 days (Latham et al. 1970). The installation of the seismometer on the lunar surface
was performed by the first humans to have ever walked on it, Neil Armstrong and Buzz Aldrin,
on July 20, 1969.

Figure 1.11: An explanatory design of the seismometer of Seismic Passive Experiment (PSE).
Image copyright: NASA
The successful installation of the seismometer by the crew of Apollo 11 mission led to the
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inclusion of a better, nuclear powered seismic station, by the rest of Apollo missions that succesfully made it to the Moon (Apollo 12, 14, 15 and 16). This set of instruments was operational
for more than 6 years, until September 1977, when all were turned off after command from
Earth (Lognonné & Johnson 2015).
The next step was the deployment of a seismometer by an unmanned mission in another
planet. This era began with the development of the seismometer for Viking missions (Anderson
et al. 1977). Unfortunately, the original idea to deploy the seismometer on the ground was
abandoned due to its weight and the increased complexity of the operation. Therefore, the
instrument operated on the lander. In this position, the noise level of the lander and due to
wind activity was increased. Under these conditions, an SP instrument was developed, with a
natural period of 0.25 seconds and a mass of 2.2 kg. The objectives of the seismic experiment
were to characterize the seismic noise environment at the landing sites, to detect local events
and large events at teleseismic distances. The first goal was a success in some level, as a first
determination of the noise level due to wind activity was obtained, however, with the lack of
clear detection, only preliminary estimations were made for the seismic activity, which appeared
to be reasonably lower than on Earth.
The next two instuments developed in order to reach the Red Planet never made their interplanetary journey to its end. Instruments were onboard the landers of Phobos 1 and 2 (Surkov
1990), which were both lost in different phases before their landing and deployment respectively. Some years later, the long period vertical axis seismometer, which was onboard of Mars
96 mission (Lognonné et al. 1996) was lost after the failure of the propulsion system and the
Earth re-entry of the spacecraft, which plummeted in the Pacific Ocean.
More recently, the first landing of instruments able to detect seismic activity, reached the
surface comet 67P/Churyumov-Gerasimenko, more precisely accelerometers and piezoelectric
sources, situated at the feet of the Philae lander of Rosetta mission (Seidensticker et al. 2007).

1.6.2 The InSight mission and the Seismic Experiment of Internal
Structure of Mars
On May 5, 2018, at 4:05 AM, the seismometer of the Seismic Experiment of Internal Structure
(SEIS) of the InSight (Interior Exploration using Seismic Investigations, Geodesy and Heat
Transport) mission, was launched from the Vandenberg Air Force Base in California. It is
supposed to perform its landing on the Western Elysium Planitia, on Mars, on November 26 of
the same year.
InSight is a NASA Discovery mission which is supposed to be the first to perform in situ experiments to investigate the internal structure of Mars. One of the main instruments of InSight
is the SEIS instrument. It comprises two independent, 3-axis seismometers: an ultra sensitive
very broad band (VBB) and a short period (SP) seismometer. This combined architecture of
a VBB and a SP instrument was also used for previous missions, as NetLander, ExoMars and
SELENE-2. SEIS has 2500 times greater sensibility than the Viking seismometer. More precisely, Lognonné et al. (2018) indicate that the predicted RMS noise of the VBB seismometer
is estimated to be 2 · 10−11 m · s−2 at 0.2 Hz. This noise level is compared to those of Apollo
and Vicking seismometers in Figure 1.12.
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Figure 1.12: Root mean squared self-noise of the three main outputs of the SEIS instrument
(VBB VEL, VBB POS and SP VEL), in acceleration for a 1/6 of decade bandwidth, as function of the central frequency of the bandwidth. This is compared to
the Apollo and Viking resolution or LSB, as none of these instruments were able
to record their self-noise. It is shown an improvement of about 2500 at 1 Hz and
200 000 at 0.1 Hz is expected in terms of resolution, which however will likely be
limited by the environmental noise associated with the interaction of Mars atmosphere and temperature variations with the SEIS assembly. After Lognonné et al.
(2018).

The seismometers will be placed on a precision leveling structure (LVL), which will adjust
in situ any eventual tilt. It will be able to adjust the final position in eventual terrain slopes for
angles less than 16◦ in the landing site. The instrument will be isolated by a Wind and Thermal
Shield (WTS) from the atmospheric noise. VBB and SP sensors are placed in a highly evacuated
titanium sphere, which will protect the pendulums and increase the quality of obtained data. The
deployment of the instrument on Mars is illustrated in Figure 1.13 (after the website dedicated
to the instrument), where a cut-through view permits the presentation of all the parts.
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Figure 1.13: An illustration of the parts comprising the SEIS instrument by a cut-through view
of its deployment on the Martian surface. The VBB and SP sensors are situated
into a sphere of vacuum which is surrounded by a warm box. The seismometer,
installed on a 3 feet leveling system (LVL) is protected by the wind and thermal
shield. On the right part, one can observe the tether, which is mounted to the lander
and serves for the power supply of the instrument. Image copyright: seis-insight.eu
The second main instrument of the mission is HP 3 , a heat flow probe which is going to
provide data for determining the heat flux on the first meters of Martian subsurface.
The main instruments are supposed to be deployed on the Martian surface by a robotic arm
situated on a lander using the same technology with Phoenix mission, which landed successfully
on Mars about a decade before the expected InSight landing, on May 25, 2008.
The scientific goals of the mission are summed up as (Banerdt et al. 2013):
• Determine the size composition and physical state of the core
• Determine the thickness and structure of the crust
• Determine the composition and structure of the mantle
• Determine the thermal state of the interior
• Measure the rate and distribution of internal seismic activity
• Measure the rate of impacts on the surface
An in situ geophysical experiment on another planet than Earth, with the use of a seismometer, will contribute to understand geological features of the planet which do not exist
on Earth, due to the tectonic activity. Furthermore, it can provide constraints for understanding
unique martian characteristics, as the hemispherical dichotomy, which origin is still unknown
(Andrews-Hanna et al. 2008; Nimmo et al. 2008; Frey & Schultz 1988; McGill & Dimitriou
1990).
The actual knowledge for Mars interior is provided by the observation of the planet, its moment of inertia which provides evidence for its differentiation and numerous missions which
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mapped its surface and measured its gravity. The actual “areodynamic” model is the stagnant
lid, which means that the lithosphere remains immobile. However, various scenarios for the
evolution of Mars are proposed. The experiments performed by InSight can provide evidence
for the processes of the mantle, which are associated to the dynamic regime. Investigate in
further detail this dynamics regime can provide more information for the habitability of planets
(Tosi et al. 2017), in addition to plate tectonics regime, which is considered fundamental for life
on Earth.

The importance of an eventual mission success for InSight is high for the evolution of Planetary Seismology, as the efficiency of a seismic experiment performed in distance, to provide
satisfactory results in terms of knowledge for planetary interiors would eventually lead to the
development of a martian seismic network which is supposed to work with the principle as
Apollo. In addition it will contribute to the seismic exploration of other objects as the development of a new lunar seismic experiment and the exploration of Europa.

1.7 Extraterrestrial impact seismology

1.7.1 Moon

The unique available extraterrestrial seismic data, up to today, were obtained by the Apollo
seismic network. The data set, Apollo Lunar Surface Experiment Package (ALSEP), contains
data through a period of about 8 years, from the installation of the first seismometer, in 1969, to
1977.
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Figure 1.14: The Apollo seismic network. The position of every station is indicated with a
green triangle. The stations installed by Apollo 12, 14, 15 and 16 missions constitute a triangular shape, with sides about 1100 km long and one corner containing
two stations (12 and 14) whereas Apollo 15 and 16 correspond to the other two.
Red triangles indicate the positioning of Luna missions and yellow ones those of
Surveyor. After Lognonné & Johnson (2015)
The Apollo seismic network was constituted be a total of 4 stations, with their instruments
deployed in the landing sites of Apollo missions 12, 14, 15 and 16. The position of these stations
is shown in Figure 1.14. It is shown that the instruments of the referred missions formed a
triangle in lunar surface with two of them (12 and 14) located in relatively near locations (about
180 km apart) and considered one corner of this triangular shape with its sides to be about 1100
km long. Apollo mission 11 deployed a seismometer and Apollo 17 a gravimeter (Kawamura
et al. 2015) (shown in Figure 1.14) that provided some data during their operation.
Meteor impacts constituted a very useful source for the first steps of Planetary Seismology,
as about 1/5 of the detected signals by the Apollo seismic network. More precisely, according
to Lognonné & Kawamura (2015) and Lognonné et al. (2009), 1753 of a total 9442 of lunar
seismic data was identified as signals of meteor impacts. The relatively high impact detection,
given the total surface of the Moon is due to the absence of the atmosphere. Impact velocities are
high, as there are no effects associated to the loss of energy, as the ablation or the deceleration
due to the reaction with the ambient air molecules. Obviously, there are no coupling effects
between the atmospheric and solid part there.
In addition to natural meteor impact generated signals, Apollo seismometers also recorded
data of two types of artificial signals. The first concerned the impact of Saturn IVC and the
second was the one corresponding to the Lunar Module. Lognonné et al. (2009) provide the
characteristics of these events. Saturn IVC is estimated to have had an impact velocity of
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2.56 ± 0.02 km · s−1 and the generated crater rim predicted by scaling laws is estimated to have
a diameter of 30 meters. The Lunar Module crashed with a velocity of 1.68 ± 0.0 km · s−1 and
having a mass of 2320 ± 60 kg it generated a crater rim of 6.5 meters. These estimations were
confirmed by the images obtained by the Lunar Reconnaissance Orbiter (Robinson et al. 2010).

Figure 1.15: Seismograms of the Apollo data set. The top seismogram corresponds to the signal
of a natural impact, the second one to an artificial impact, whereas the rest correspond to other type of quake events. The most noticeably difference is the rise
time, which is about 10 seconds for the natural impact and not clearly observed
for the artificial one, whereas quakes are characterized by a rise time of about 5
seconds. After Lognonné & Johnson (2015)
In Figure 1.15 the seismograms obtained for a meteor impact event and an artificial impact
are compared with those corresponding to other seismic sources (Lognonné & Johnson 2015).
The main observed characteristic, compared to the seismograms of a shallow event and deep
moonquakes, is the rise time which differs in the cases of impacts. While this is approximately
5 minutes for the moonquake events, the meteor impacts shows a rise time of about 10 minutes,
whereas this value is indistinctive to be observed in the seismogram of the artificial impact. The
data associated to meteor impacts contributed mainly to the characterization of the lunar crustal
structure as their associated seismic rays turn within the crust.
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Typical velocity records of natural impacts, detected by the Apollo 12, 14, 15 and 16 stations,
are shown in Figure 1.16. The mass of the corresponding impact was estimated to about 25-35
tons assuming an impact velocity of 20 km/s (Lognonné & Kawamura 2015).
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Figure 18.3 Typical records of the large natural impact occurring on November 14, 1976, recorded
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estimated at about 25–35 tons assuming an impact velocity of 20 km/s. (The lunar globe was taken
from LROC observation by NASA (http://photojournal.jpl.nasa.gov/catalog/PIA14011) and Apollo
stations and deep moonquake nests were added by the authors.)

It is interesting today to compare the results obtained by Apollo with the predictions before
the mission. During the preparation of the Apollo 11 mission and before the installation of any
seismometer on the lunar surface, Laster & Press (1968) provided some first estimations of the
impact rate and the associated expected seismic signals. In order to provide a yearly rate for
lunar impacts. The formula described by Shoemaker (no reference, personal communication)
defines that the number of meteorites of energy E or greater is given by:
F (E) = 12.5/E

(1.1)
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Table 1.1: Prediction the number of impact generated surface waves second passage, per year,
on Moon. Table after Laster & Press (1968).
Q
Granite
Tuff
Alluvium

1000
1200
245
40

300
75
15
3

100
0
0
0

Based in this expression, Laster & Press (1968) proposed that the total number of events
which would be recorded per year is obtained by the relation:

Z

E2

N/year =
E1

12.5
25P (E, S)
dE +
2
E
E2

(1.2)

where P (E, S) is the probability of recording an event of energy E with a seismometer of
threshold sensitivity S, energy E1 is the minimum energy corresponding to a meteor that will
just produce an amplitude S if it lands on the site of the receiver, whereas E2 is the same case
of meteor energy but if it lands anywhere on the moon.
Based on this formula they provided a number for detectable impacts on 3 different surfaces
composed of granite, tuff and alluvium and for 3 different cases of Q=100, 300 and 1000. The
number of events that they supposed to detect is shown in Table 1.1. In order to obtain this
values, it was considered that a detectable event is one which will be associated with R2 waves,
a surface waves recorded on their second passage on the Moon. However, neither R1 nor R2
waves were recorded by Apollo seismometers.
Latham et al. (1970), using data from the 21 days of recordings of Apollo 11 seismometer
on Tranquility Base, among them those obtained by the artificial impact of the Lunar Module,
concluded that Laster & Press (1968) were consistent to the reality, as 4 events per day were
detected. A factor which contributed to the confirmation of their optimistic estimations was the
low ratio of noise, compared to that of Earth, and the high Q. In addition, having as reference
the generated by the Lunar Module, with known characteristics of the artificial process, they
estimated a number of 3 equally large events per year.
McGarr et al. (1969), using a methodology of extrapolation of laboratory experiments, proposed the number of detected impacts of 3 to 370, through one year of nominal operations of
the Apollo Passive Seismic Experiment. According to the observations shown in Figure 1.17
about 100 to 200 impact events were finally observed by the LP seismometer (Lognonné et al.
2009).
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Figure 1.17: Number of impacts per year, in terms of the amplitudes recorded by the vertical
component of the Apollo 12 seismometer. The results obtained by a relation associating the amplitudes with the seismic impulse of the impacts are shown in blue
dots. The same relation was applied other proposed models, by (Ivanov 2006; Ortiz et al. 2006; Brown et al. 2002) and the corresponding results are also shown in
the Figure. After Lognonné et al. (2009)
Lognonné et al. (2009), based on the signal of artificial impacts, associated the amplitudes of
natural impact data with their seismic impulse. The latter is dependent on the impactor mass, its
velocity, the incident angle and a calculated seismic amplification. This approach permitted the
construction of a model for the impact rate, in terms of associated amplitude, for the recorded
data of Apollo. The methodology was also applied to other models of impact rates (Ivanov
2006; Ortiz et al. 2006; Brown et al. 2002), in order to obtain their associated amplitudes. The
provided results for the vertical component of Apollo 12 seismometer are shown in Figure 1.17.
However, the scaling shown this Figure should be extrapolated for smaller events, as a detection
threshold, associated to a compresed-scale envelope amplitude of 0.5 mm, is observed. The part
of the curve above the amplitude threshold indicates better agreement with the models of Ivanov
(2006) and Ortiz et al. (2006).
The impact generated seismic signal, as it is a source on the surface, contains useful information for the crustal thickness. Chenet et al. (2006) used the meteor generated signals, detected by
the Apollo network, in order to provide a model of the lunar crustal thickness for 25 sites corresponding to impact epicenters far from Apollo stations. By a joint inversion of seismic, gravity
and topography data they provided a model for lunar crustal thickness, with an estimation of a
mean thickness of 40 ± 5 km.
An additional reason that makes impacts so important for planetary seismology is that their
related activity is characterized mainly only by two parameters: the geographical location and
the occurence time. Therefore, any eventual seismic investigation in the future, can be much
more effective, if in the mean time there is the possibility to monitor the impact activity which
is apparent as flashes to the satellite images (Bouley et al. 2012).
This was not the case for Apollo missions, however, radio signals provided evidence for
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these quantities (Lognonné & Johnson 2015). Later, the results for the position of the artificial
impacts, which are still visible on Moon’s surface, were confirmed by the images of Lunar
Reconnaissance Orbiter (Robinson et al. 2010).
Lognonné et al. (2009) provided an estimate of the lunar background seismic noise, which
is related to impacts and was not recorded by the Apollo seismic experiment. They performed
this task by reviewing the way that impacts generate seismic signals in order to calculate synthetic seismograms and with the application of meteoroid mass/frequency laws, they generated
a history of impacts on Moon to obtain the cumulative seismic signal generated by impacts in
a random time interval. This signal enabled the estimation of the lunar seismic background
noise. They deduce that the meteoritic background noise level is characterized by peak-to-peak
amplitudes smaller than 2 · 10−11 m · s−2 , which is at least 1000 times lower than an Earth low
noise level.
Gudkova et al. (2011) used a model of the impact seismic source with the integration of
the seismic impulse of the impact, as described by McGarr et al. (1969). The relation which
associates the impact velocity with the meteoroid mass, permitted to calculate the latter after
assumptions for the first. The investigation by the obtained function, showed spectral amplitudes are frequency dependent and therefore impacts are strong candidates in order to provide
high frequency data. Through an analysis of vertical data, sensible to spheroidal modes and
computation of the latter for frequencies up to 0.4 Hz, associated not only with surface waves
but also with body waves, a good agreement was found between the data and the obtained amplitudes of the estimated impulse momentum. Using this result which shows that the energy
of the wave packet can be associated with seismic energy in good confidence, Gudkova et al.
(2011) performed an analysis of the cutoff frequency of lunar signals.

Figure 1.18: The spectral density of about 20 meteor impacts, recorded by the vertical seismometers of Apollo network, is shown. After Gudkova et al. (2011)

This effect is shown in Figure 1.18, where the spectral density of about 20 meteoroid impacts,
recorded by the vertical seismometers of the Apollo network, is shown. The flat part indicates
the noise level which does not permit the impact signal detection in lower frequencies. This
means that in order to detect in the future the surface waves associated to impact events on the
Moon, a seismometer with 10 times greater sensibility than the Apollo one is needed.
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1.7.2 Mars
Mars case, as it concerns the meteoroid events, is an intermediate example between those of
Earth and Moon, as shown in Figure 1.1. This means that less dense atmosphere permits the
entering body to reach lower altitudes (or even the ground) for a relatively smaller mass compared to the one needed for the same process on Earth. As a result, there is a lower deceleration
and therefore higher conservation of the kinetic energy. Furthermore, less dense atmosphere
means lower level of interaction between the surface of the meteoroid and the air molecules
of the ambient atmosphere, which provokes a lower level of ablation and fragmentation of the
entering body.
Davis (1993), based on the Lunar Apollo experiment, taking into account the proximity of
Mars to the asteroid belt, but also the effects of deceleration and ablation in the martian atmosphere, which is supposed to reduce the number of detectable events to about 75% compared
with a case of a planet without atmosphere, proposed that a meteor entry flux on Mars 2.6
times of the respective on Earth. The properties of the martian atmosphere were deduced by the
couple of Viking spacecrafts which landed on Mars in 1976. The equation that he proposed,
relating the number of meteoroid entries, associated with their mass, during one Mars year, is:
log N = −0.6 log m + 5

(1.3)

where m is the meteoroid mass measured in kg.
More recently, Teanby & Wookey (2011) proposed a relation between crater diameter and
equivalent seismic moment on Mars (or any other planet) compared to conditions on Earth. The
main parameter which controls the variation of the obtained moment is gravity, as lower gravity
permits a deeper excavation by the impacts. The relationship is given by the following formula:

M (D) =

D
a

1/bd  1/d 
3/16bd
k
gM ars
c
gEarth

(1.4)

where M is the seismic moment, D the diameter of formed crater, k the fraction of the total
impact energy E converted into seismic energy ES , known as seismic efficiency, gM ars gravity
on Mars and gEarth the Earth gravity. a, b, c, and d are numbers that relate the energy with each
one of the other variables. More precisely, a and b serve in order to obtain the relation between
the crater diameter and the total released energy E, given by the equation:
D = aE

b



gM ars
gEarth

3/16
(1.5)

whereas, c and d relate the seismic energy with the seismic moment, as given by:
ES = cM d

(1.6)

Large uncertainties remain therefore prior to the InSight landing on the amplitude of impacts
signal and also on the atmospheric noise in the relatively high frequency bandwidth, were body
waves of impacts might peak (0.5-3.5 Hz).
Most of these uncertainties are related to the impact equivalent sources, even if additional
are also found in the factor of 2 to 3 difference in crater production functions. Nevertheless,
using estimates of impactor flux, seismic efficiency, and crater scaling laws, Teanby & Wookey
(2011) predict that globally detectable impacts are rare, with an estimate of ∼ 1 large event
per year. Regional decameter-scale impacts within ∼ 2000 − 3000 km of the lander are more
frequent with about 10 detectable events predicted per year (Teanby 2015). These estimates
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are consistent with those by Lognonné & Johnson (2015) using an independent approach based
on seismic impulse in the long-period limit. Nevertheless and even if a few impact can be
detected seismically and located from orbital images, the potential for constraining the crustal
structure will be much greater than for a single marsquake because the source location will
be defined – removing a major unknown. The search in orbital images for fresh impact after
seismic signals detection associated to shallow source is thus an important part of the InSight
SEIS investigation (Daubar et al. (2018), submitted to Space Science Review, InSight 2 special
issue). These estimates are for the seismic waves generated by the impact on the ground.
Stevanović et al. (2017) and Garcia et al. (2017) modeled also the possible airburst generated by the impacts during their interaction with the atmosphere, and Stevanović et al. (2017)
proposed a more optimistic view. We will see in the section 5.1.4 that we are possibly not supporting such optimism and that our estimate remains comparable to the one made by Teanby &
Wookey (2011); Teanby (2015); Lognonné & Johnson (2015).
Bass & Chambers (2001) describe a second factor, additional to the atmospheric density,
which is associated to low air pressure compared to Earth. This is the attenuation linked to the
molecular relaxation of the dominant constituent of Martian atmosphere, CO2 . They deduce
that this attenuation effect makes the transmission of information via sound waves in audible
frequencies very difficult.
Garcia et al. (2017) took into account this effect in their investigation for the propagation of
acoustic waves in Martian atmosphere. With a finite-difference modeling tool they modeled
the acoustic waves associated to surface explosions, generated by meteor impacts, for different
martian atmospheric models. They concluded that during daytime, the acoustic waves can
refract back to the surface on wind ducts at high altitude, however, during the night, a waveguide
near the surface allows the propagation of acoustic waves in low altitudes at long flat distances.
This thesis is focusing on the meteor generated seismic waves, either directly, in the case of a
meteor impact, either through the coupling between the atmosphere and the ground. However,
in order to understand the properties of the second ones, a good understanding of the propagation of acoustic waves is necessary. Therefore, the performed research on the properties of the
generated acoustic waves is highly associated to the investigation contained in this dissertation.
Seismic data from Mars are expected to be obtained soon, with the installation of the SEIS
seismometer of the InSight mission. Therefore, the estimations for the nature of seismic waves
are not yet validated by recordings. Future improvements on Martian seismology will be
strongly linked to this data set and new knowledge is supposed to obtained soon which will
contribute to a comparative analysis of atmospheric effects, between the bodies where data are
already obtained (Earth, Moon) and the intermediate case of Mars.
This is the contribution of the work contained in this PhD thesis. The mechanism of generation of shock waves is based on the implementation of theoretical knowledge obtained mainly
by observations on Earth. The methodology developed through the investigation of extraterrestrial data, from Moon, is adapted to the conditions of Mars. The combination of these two parts
is included in the results, presented mainly in Chapters 4 and 5, where a mechanism for the seismic source of Chelyabinsk superbolide and a modeling of the impact associated seismograms
on Mars are respectively presented.
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2 Description of meteor generated shock waves
Meteoric phenomena consist of the different processes occuring during the entry of cosmic
objects in the atmosphere of a planet. These objects, following a path in the Solar System, are
defined as meteoric bodies. When they approach a planet and the interaction processes with
its atmosphere begin, they are defined as meteoroids (Bronshten 1983). These processes are
characterized by the ionisation of the air, due to the interaction of air molecules of the ambient
atmosphere with the molecules of the meteoroid, which is subjected to a mass loss (ablation)
while decelerating due to the friction with the ambient atmosphere. The meteoroid, doomed to
break up in a dense atmosphere if its initial mass and velocity are relatively low. The final part
of the process is the fragmentation.
Large meteoroids, traveling with cosmic velocities can generate mechanical and acoustic
phenomena, as they generate ballistic and shock waves. Their lumination, associated to the
intense vaporisation, begins in higher altitudes and is extinguished in very low ones, whereas
they are recorded much earlier than smaller bodies.
In this Chapter, the equations which describe the meteoric phenomena and the generated
shock waves are presented. Furthermore, an implementation of the theoretical approach is
performed for the case of an atmospheric airburst on Earth. The features which characterize
the atmospheric shock waves on Earth are compared with those associated to shock waves
propagated in the lunar subsurface with an investigation on the results obtained by numerical
modeling of a lunar impact.

2.1 The fundamental equations
The fundamental equations, describing the process of meteoric entry are the deceleration equation and the mass-loss equation. They are provided by numerous studies of meteoric phenomena
(Bronshten 1983; ReVelle 1976, and others).
The meteoroid mass is noted m, υ its velocity in the atmosphere, S a mid-sectional area and
dt an elementary time. An assumption is made, defining that the lost momentum of the meteoroid M · dυ is proportional to the the momentum of the oncoming air flow. By integrating the
velocity of meteor we obtain an additional parameter, the drag coefficient, which is the portion
of momentum of oncoming flow, converted into deceleration of the body. Drag coefficient is
noted as cx or cD and the term Γ is defined as Γ = c2x . Therefore, the deceleration equation can
be written as following:
dv
= −ΓSρυ 2
(2.1)
dt
The ablation, which is the evolution of meteoroid mass through time, is provided by the
so-named mass-loss equation, given as:
m

dm
Sρυ 2
= −Λ
(2.2)
dt
2Q
Λ is the heat transfer coefficient and Q represents the latent heat of vaporisation of ablation
energy which corresponds to the needed energy to ablate a unit mass 1 .
Using the deceleration (2.1) and mass-loss (2.2) equations, the following combined solution
of the fundamental equations can be derived:
dm
Λ
=
υdυ = συdυ
m
2ΓQ
1

(2.3)

Note that the ablation energy is noted either Q (Bronshten 1983) or ξ (Ceplecha et al. 1998) in bibliography.
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where σ is the ablation parameter, defined as:

σ=

Λ
2ΓQ

(2.4)

Another useful parameter to introduce is the parameter of shape, which describes the mass
loss, in respect to the mid-sectional area for any given point of meteoroid path. If we note m
the mass at any given point and m0 the initial mass, whereas S and S0 the mid-sectional area
for any given point and the initial one respectively, the parameter of shape, µ is given by:

S
=
S0



m
m0

µ
(2.5)

The parameter of shape, the ablation parameter and the solution of fundamental equations,
can serve in order to calculate the initial velocity, υ0 , and the velocity at any given point, υ, of
the meteoroid.
Assuming that σ, Γ and Λ remain constant for a part of the meteoroid motion in the atmosphere while no fragmentation is taking place, the mass at any given point can be given by:

σ

m = m0 e 2 (υ

2 −υ 2 )
0

(2.6)

Therefore, the deceleration equation (2.1) can be given in terms of the ablation parameter, σ
and the drag coefficient, Γ, for a given point on the meteoroid trajectory by:

σ

e 2 (υ

2 −υ 2 )
0

dυ
ΓS
= − ρυdt
υ
m0

(2.7)
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Figure 2.1: The impact rate on Earth, Mars and Moon against the associated seismic impulse of
the impact events. The solid blue line corresponds to the Earth, the red dot-dashed
line to Mars, the green dotted to Moon (Poveda et al. 1999; Shoemaker et al. 1990),
the purple to natural impacts detected by Apollo 14 and the pale blue stars to the
artificial impacts of the Lunar Module and Saturn V, as well as the largest natural
impact. Different slopes of the curves, in this logarithmic scale plot, indicate the
contribution of the atmosphere and its density and composition to the number and
size of impacts in every case (see more details in text). Figure after Lognonné &
Johnson (2007).
The effect of the mass loss in the atmosphere can be illustrated if we compare the cases of
a target with atmosphere and one without. Results for these cases are provided by Lognonné
& Johnson (2007) for Earth, Mars and Moon (see explanation in Figure 1.1) and are shown in
Figure 2.1. The Figure shows the number of events per year, against the seismic impulse in N ·s.
The blue solid line correspond to the Earth case whereas the red dot-dashed to Mars. For the
Moon, the green dotted line shows the model based on distribution of impactors (Poveda et al.
1999) and the collision probability (Shoemaker et al. 1990), whereas the purple line indicates
the natural impacts recorded by Apollo 14 and the pale blue stars correspond with increasing
impulse to the Lunar Module impact, the Saturn V impact and the largest natural impact (in
superposition with the purple line) respectively.
The factors that contribute to the impact rate in a planet are discussed in Chapter 6.1 and in
addition to the effects associated to the atmosphere, the size of the planetary surface and the
proximity to the asteroid belt affect the absolute value of the events. However, in this case the
interest is to focus on the contribution of the atmosphere to the mass loss, as it is described in
the equations given above. Therefore, we focus to the slopes of the curves shown in Figure 2.1.
The first observed feature is the difference of the curves corresponding to Earth (blue solid)
and Moon (green dotted). Given that the seismic impulse can be associated with the size of the
impactor, we can see that smaller impactors are affected by the presence of the atmosphere and
do not reach the planetary surface, therefore there is a relative decrease for impactors of smaller
size and consequently the slope on Earth’s curve is of smaller angle than the Moon’s.
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The second interesting feature, for the comparative analysis between the three objects, is the
apparent change in the slope of Mars. As said before, the entry flux on Mars is higher than on
Earth, despite its smaller surface, due to the proximity to the asteroid belt. However, it is shown
that larger impactors are more efficient to hit Martian surface, with the larger values of seismic
impulse to correspond to a slope which is similar to the Moon.

Figure 2.2: The seismic impulse of impacts on Mars in the case of a planet without atmosphere
(green dots) and with atmosphere (circles) based on the impact rate provided by Ortiz et al. (2006) and a statistical analysis of Le Feuvre & Wieczorek (2008), whereas
the corresponding amplitudes are described by Lognonné et al. (2009). The red
lines indicate the frequency band into which their signal can be detected in the corresponding epicentral distance. The atmospheric contribution is more important for
smaller impactors, as shown on the left part of the figure, in small epicentral distances, whereas it decreases for larger impactors. These results are in agreement
with the observed effect for Mars in Figure 2.1. Figure after Lognonné & Johnson
(2015).

The effect of the atmospheric contribution to the detection of impacts on Mars is shown
in Figure 2.2 by Lognonné & Johnson (2015). The impact rate used is according to Ortiz
et al. (2006) with a statistical analysis of Le Feuvre & Wieczorek (2008) and the associated
amplitudes are described by Lognonné et al. (2009). Green dots correspond to the seismic
impulse of impacts detected in a kilometric distance in the case of a Mars without atmosphere,
whereas the circles are the corresponding impulses for the case of the presence of atmosphere.
Red lines indicate the frequency band into which their signal can be detected.
It is shown that for smaller impactors the atmospheric contribution to the impulse is important
and this is observed in the Figure mainly in smaller epicentral distances. This contribution is
smaller in larger impactors, an effect which is in agreement with the observed features of Figure
2.1.
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2.2 The shock waves generated by bolides and
fireballs
As referred previously, in section 2.1 the meteoroids characterized by very high, namely cosmic,
velocities and big size, are defined as bolides and fireballs. Shock and ballistic waves are
associated phenomena, generated by their entry into the atmosphere. Their velocities are many
times greater than the local ambient thermodynamic sound speed, Cs , and the generation of a
sonic boom can be described by the classical line source blast wave theory, following a concept
similar to the one corresponding to supersonic jets.
These shock waves are characterized by the generated overpressure that they generate, creating a clear pressure discontinuity in the atmosphere. This discontinuity describes the nonlinearity of the medium and consequently the propagation regime of this kind of waves is a nonlinear
regime, more precisely highly nonlinear, for the shock waves generated by the bolides. As the
waves travel into the atmosphere their overpressure decreases and they tend to reach a linear
propagation regime. These processes are discussed in detail in this section.
The bolides, entering the atmosphere with supersonic velocities, create a blast of conic shape,
characterized by an angle β which depends to the proportion of their speed compared to the
ambient sound speed. Edwards (2009) defines it after Beyer (1974) as:

sin β =

1
Cs
=
υ
M

(2.8)

where M is known as the Mach number.
As the meteoroid speed is much greater than the sound speed, the angle is very small and
the ballistic cone can be approximated by the shape of a cylinder, as shown in Figure 2.3 after
Edwards (2009). The radius of this cylinder is the distance traveled by the generated shock
wave, in a strongly nonlinear regime. This radius, noted R0 is given by various authors with
different definitions. The definition of Edwards (2009) in his review on the theory of meteor
generated infrasound is:


R0 =

E0
p

 12
' M dm =

υ
dm
Cs

(2.9)

where E0 is the energy per unit length along the cylindrical shock, p the ambient atmospheric
pressure and dm the physical diameter of the meteoroid.
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Figure 2.3: The bolides, traveling with high supersonic velocities in the atmosphere, generate a
ballistic cone, characterized by an angle β, given by equation 2.8. As the angle of
the cone tends to be very small, the conical shape can be approximated by a cylinder
of radius R0 . Figure after Edwards (2009).

In order to calculate the distance after which the shock wave is converted into a linear acoustic
wave, ReVelle (1976) introduced the concept of the wave traveling from the source, which is the
position of the meteoroid at any given point on its trajectory, towards an observation point. This
concept is presented in Figure 2.4 following ReVelle (1976). The meteor trajectory is shown
with the black line, whereas the red one represents the ray of the shock wave generated by the
meteoroid at a given point. The elevation of meteor trajectory is defined by angle θ whereas its
azimuth is noted with φ. The deviation of the shock wave ray from the heading of the meteoroid
is noted with δφ.
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Figure 2.4: The shockwave propagation from a given point on the trajectory of the meteoroid
towards an observer. The thick black line represents meteor trajectory, the red one
corresponds to the ray of the shock wave generated by the meteoroid in a given point
of its trajectory. The elevation angle of meteor trajectory is noted θ, the azimuth of
the trajectory φ and the deviation of the shock wave ray from the meteor heading
with δφ.
Taking into account the path into which the shock wave travels, represented by the ray in
red color in Figure 2.4, the total distance of observation, which means the distance between the
observer and the meteoroid, or differently said the source of the shock wave, can be defined as:
p 2
Rg + zz2
(2.10)
xtotal =
R0
where Rg is the ground range, the projection on the ground of the distance between the
meteoroid and the observer and zz the vertical range, the equivalent projection on the vertical
plane. The value of xtotal is given in units of R0 .
The distance traveled by the shock wave is noted as dtr and it is a portion of xtotal . Therefore,
the remaining distance, dr in order to reach the observation point should be:
dr = xtotal − dtr

(2.11)

The traveled distance, after which the wave starts to propagate into a weakly nonlinear
regime, is the distortion distance. This distance is noted as d0 . Therefore, as long as d0 < dr
the wave is characterized by the nonlinearity, whereas d0 > dr corresponds to the part after the
transition into the linear propagation regime.
Edwards (2009) provides a methodology for its calculations based on the equations of the
works of ReVelle (1976) and Towne (1967). The first one (ReVelle 1976) provides the definition of the dominant or fundamental frequency, f0 of the propagating ballistic shock, which is
associated to the ambient sound speed and the R0 and is given by the equation:
f0 =

38

Cs
2.81R0

(2.12)

2.3 Implementation of theory for an airburst on Earth
Therefore the initial fundamental nonlinear shock wave period is equal to τ0 = f0−1 . In the
same theoretical and experimental work (ReVelle 1976) the period, τ , of the propagated wave,
at any distance x from the source, is given by:
1

τ = 0.562 · τ0 · x 4 f or x ≥ 10

(2.13)

Another value useful for the calculation of the distortion distance is the decay rate of the
overpressure of the weakly nonlinear waves. This is given by the empirical function provided
by (Edwards 2009) and developed by Jones et al. (1968) and ReVelle (1976):

γ
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(2.14)

where ∆p is the overpressure characterizing the shock wave after a traveled distance of x ≥
0.05, p is the ambient atmospheric pressure, γ is the adiabatic index of an ideal gas, equal to
1 + f20 with f 0 to be the degrees of freedom of a molecule of the gas (for the diatomic Earth
atmosphere, γ = 1.4).
Thereafter, using the equation provided by Towne (1967), the distortion distance, d0 for a
plane sinusoidal wave, into which it will distort in its fundamental period by 10% is given by:

d0 =

Cs τ
34.3 ∆p
p

(2.15)

In addition to the distortion distance, d0 , the time needed for the shock wave to reach this
point of distortion to linearity, is an important feature for the characterization of the airburst as
seismic source. The shock wave and its associated overpressure can be considered as the source
of linear pressure waves, therefore acoustic waves in the atmosphere. The time of propagation
under the nonlinear regime is, therefore, the duration of the seismic source.

2.3 Implementation of theory for an airburst on Earth
In order to elaborate the theoretical knowledge discussed above, we use the waves generated
by a meteor in the atmosphere. We apply this to the trajectory of Chelyabinsk superbolide.
The objective is to develop the theory and to show how the shock wave propagation works.
Therefore, a general case, which is independent of the properties of the meteoroid is developed.
For this reason, all the results are presented in terms of x, which is a scaled distance by R0 as
described by equation 2.10. For Chelyabinsk superbolide, the shock waves are characterized
by a large R0 , meaning that they travel over long distances without being attenuated. However,
these waves do not propagate under a nonlinear regime below an altitude of transition as it will
be shown in the rest of this section.
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Figure 2.5: The overpressure for a meteoroid traveling with Chelyabinsk velocity is shown in
terms of distance x, a scaled distance expressed in terms of R0 which corresponds
to the radius of the generated ballistic wave. The change in the slope of the curve
in the logarithmic scale indicates the transition of propagation regime, from highly
√
nonlinear (1/x2 , in red) to weakly nonlinear (1/x in blue) and then linear (1/ x,
with the former to represent a part of the curve which should be out of the right limit
of the plot.

Our interest is to find the transition altitude of the shock waves generated by a meteor with
this velocity in Earth’s atmosphere. In order to perform this task we will take into account a
point source situated at an altitude of 25 km on the trajectory of the meteoroid (Borovička et al.
2013). Using the equation 2.10 we obtain the x, which is just the traveled velocity expressed
in terms of R0 . Thereafter, with the equations presented in section 2.2 the calculation of the
distortion distance is feasible. More precisely, the fundamental period of the shock wave is
given for a sound speed condition varying with the altitude. Thereafter, the decrease of the
shock wave period can be obtained using equation 2.13 and finally an application of equation
. This ratio is presented in terms
2.14 to the atmospheric model of Chelyabinsk gives the ratio ∆P
P
of distance (x) in Figure 2.5 where the change of the slope in the logarithmic scale indicates the
transition from the highly nonlinear to the weakly nonlinear and then linear propagation regime.

40

2.4 Propagation of shock waves in the ground

Figure 2.6: The red line indicates the remaining distance to be traveled by the wave, generated
by a meteoroid entry at an altitude of 25 km, whereas the black one represents
the distortion distance based on the variation of atmospheric conditions with the
altitude above Chelyabinsk. The superposition of those two curves is indicating the
transition altitude, which means that below this line the waves do not propagate
under the highly nonlinear regime. This altitude is calculated at about htr = 5 km
in this case.
With the ratio of overpressure to the ambient atmosphere pressure known, the transition distance can be obtained using the equation 2.15. As the terms of the equation vary with the
altitude, therefore the transition (or distortion) distance for every altitude from 25 km and below can be obtained. In order to calculate the altitude were the waves cannot propagate into the
nonlinear regime anymore, and converted to linear, the superposition of the curve of distortion
distance with the one corresponding to the remaining distance for the wave to reach the observer
at any given point in terms of altitude, should be obtained.
This task is performed and presented in Figure 2.6 where the curves of distortion distance
and remaining distance are presented in terms of x. It is shown that the nonlinear regime is
important, meaning more detectable at high altitude, as the remaining distance for the wave
generated from the source is small above the altitude of 25 km. The dashed line indicates the
altitude of the superposition of the curves of remaining and distortion distance and it means that
from this point, htr = 5 km, and below, the detected waves will be characterized by the linear
propagation regime. It is noted that the distortion distance in this altitude is about 2.5 times the
radius of the generated blast.

2.4 Propagation of shock waves in the ground
In the previous sections, the propagation of meteor generated shock waves in the atmosphere is
presented. However, a meteoroid can also reach the ground of a planet or planetary body, under
certain conditions. The possibility of such an event increases with the size of the meteoric
body, its velocity and scarity of the atmosphere. In this section, the shock waves generated
by a meteor impact, propagating into the subsurface, are presented, based on results of impact
modeling (Miljkovic et al. 2012) with the use of a hydrocode solution algorithm (Amsden et al.
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1980). iSALE is a hydrodynamic code which uses porous compaction models and is developed
specifically for impact simulations.
Numerical impact modeling is becoming a popular tool in planetary science, given the difficulty of simulating large impact processes in laboratories. They also complement observations
when such events have never been properly recorded. Hydrodynamic codes of impacts are based
on fluid mechanics, for which, the equations of conservation of momentum, mass and energy,
the equation of state and the deviatoric stress model are taken into account.
In this study, the iSALE runs were performed by Katarina Miljković, whereas I did the investigation on the obtained results. The model provided in this study is a meteor which hits
the surface of the Moon. The results of the hydrocode are established in order to correspond to
cylindrical symmetry. The cylinder corresponds to a solid volume, whose upper limit represents
the surface, with absence of atmosphere. Its lower limit is chosen in a distance large enough to
accomodate the transition of the highly nonlinear wave into the linear seismic wave. In order to
respect the local conservation of momentum, the effects of ejecta are taken into account in the
calculations.
The meteoroid hits the center of the cylindrical space and this is the location of the source.
The size of the cylinder corresponds to a lunar regolith deposit with 167.8 meters depth and
a radius of 180 meters. Therefore, the semi-cut into which the results of the hydrocode are
presented, is a rectangular area of 167.8 meters height and length of 180 meters respectively.
The regolith mass is 2.36 · 1010 kg and its volume is V = 1.7 · 107 m3 . Therefore, the deduced
bulk density is equal to ρbulk = 1388 kg · m−3 . For a regolith porosity of 37% the material
density is ρregolith = 2200 kg · m−3 .

Figure 2.7: The cylinder represents the target subsurface used on the hydrocode runs. The orange rectangle indicates the mesh where the results are represented. A cylindrical
symmetry condition is assumed. The red dot indicates the point of the impact.
The projectile has the same composition and its radius is rm = 1.8 meters. Therefore, its
volume is Vm = 24.42 m3 and its mass mm = 3.4 · 104 kg. The meteor speed is defined
υm = 12 km · s−1 .
The mesh that represents the semi-cut is divided in initially rectangular cells, whose sides are
equal to 0.2 m. The position in terms of horizontal distance, x, and depth, z, of the center of
every cell is tracked by the hydrocode. As the impact process advances, these cells are moving
and their form is changing. iSALE is expressed in the Eulerian coordinates. The hydrodynamic
code solves at each time step the horizontal and vertical instantaneous velocity of each cell as
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well as the hydrostatic pressure and displacement.

Results are presented in Figures 2.8 and 2.9. The first feature, quite easily observed, is the
creation of a quasi-circular crater in the region around the source area. The crater corresponds
to the area where pressure and displacement are both null, as all the modelled cells have been
removed.

The calculations of hydrostatic pressure, provide evidence for the presence of a quite important feature. The overpressure, basic property of the shock wave, as it is described in section 2.2
for the case of atmospheric shock waves, is apparent in the region near the source. The form of
the region characterized by this overpressure corresponds to a semi-spherical shell. Its internal
radius is the radius of the crater and the external one corresponds to the spherical shock wave
front. The semi-spherical shape of the shock wave front, provides evidence for the isotropy of
the source, studied more thoroughly in other parts of this study, for the inversion of the seismic
source of Chelyabinsk superbolide (Chapter 4).

In Figure 2.8 the variation of the pressure in the mesh is shown. It is clear that the cavity of
the crater is growing until a certain time and the shock wave front is clearly observed. These
results are characteristic of the beginning of the process of shock wave propagation, under a
highly nonlinear regime. The cavity radius is increasing without rebound, as this regime is not
characterized by elastic deformation. The first 2 snapshots, on the top, show the variation of the
hydrostatic pressure during this phase of nonlinear propagation, whereas the 2 on the bottom
correspond to a visual representation of the time of transition into a weakly nonlinear and then
linear regime. The overpressure is still apparent in the snapshot of 0.070 seconds, but the shock
wave front is not clearly defined, whereas on the last one no shock wave front is visible.

An additional feature shown in Figure 2.8 is the shock wave propagation speed, which is
∼ 1 km.s−1 . It is estimated by the evolution of the radius of the cavity, which increases in a
rate of about 5 meters every 0.005 seconds. This is still a very high velocity, compared to the
P waves on the Moon, which have typical velocity of 300m.s−1 in the first 50 to 100 meters of
the subsurface regolith.
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Figure 2.8: The variation of pressure through time. The figures represent 4 snapshots of the
pressure, for t = 0.030, t = 0.050, t = 0.070 and t = 0.090 seconds respectively. The shock wave front is clearly seen in the first 2 snapshots on the top,
whereas the transition into the linear regime of propagation is visible in the bottom
part, where the overpressure characterizing the shock wave tends to dissapear in the
snapshot corresponding to t = 0.070 seconds and it’s totally absent in the shapshot
of t = 0.090 seconds. It should be taken into account that the maximum value of
the colorscale is 106 Pa, for visibility reasons, even if there are also greater pressure values, corresponding to the white part of the top-left shapshot of t = 0.030
seconds.

In addition to the pressure generated by the propagation of the shock wave, another interesting
feature is the investigation of elasticity in the mesh. The representation of displacement through
time can show the regions which are plastically and elastically deformed. In Figure 2.9 the total
displacement of the cells are shown in 4 snapshots corresponding to the time of Figure 2.8 with
the visual representation of the pressure. The colorscale in all graphs is in logarithmic scale. It
is observed that the region near the crater is characterized by the greater values of displacement,
whereas it decreases with the distance. The region near the source is characterised by great
and constant displacement, whereas the rest, not characterized by the presence of the shock
wave part, is associated to linearity and therefore elasticity. This means that the cells are not
permanently displaced.
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Figure 2.9: The total displacement of the cells is shown in 4 different shapshots, for t = 0.030,
t = 0.050, t = 0.070 and t = 0.090 seconds. The colorscale in all graphs is in
logarithmic scale. It is observed that the region near the crater is characterized by
the greater values of displacement, whereas it decreases with the distance. However,
the most important feature, in comparison with Figure 2.8, is that the region where
the shock wave is apparent, during the first 0.070 seconds of wave propagation, is
the only one where the displacement can be observed. The rest, not characterized by
the presence of the shock wave part, is associated to linearity and therefore elasticity.
This means that the cells are not permanently displaced.

The variation of the pressure should correspond to a boxcar function, Πp (δ), where δ is the
distance from the source, but with such an amplitude that the energy in the cavity is constant..
The amplitude of the function is the pressure generated by the shock wave and its period can be
obtained by measuring the traveled distance in the shell, between the radius of the cavity, C(t)
and the radius of the crater. In Figure 2.10 this is clearly observed for the curves corresponding
to t = 0.010 to t = 0.060 seconds. This amplitude decreases proportionally with the distance
from the source and with time.
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Figure 2.10: The variation of mean true pressure in the mesh, in respect to the distance from
the source. The pressure drop corresponding to the shock wave front is visible up
to t = 0.060 seconds and it becomes almost invisible for t = 0.070 seconds. The
small values of pressure at the region near the source are due to the free surface
modeling condition.

In Figure 2.11 the mean pressure at the shock wave front is presented against distance from
the source (on the left) and time (on the right). In the logarithmic scale figure the slope changes
with the propagated distance and time until reaching a straight line which corresponds to the
linear propagation regime. These values can be obtained up to t = 0.070 seconds, because the
shock wave front and effectively the pressure drop, are not apparent after this time.
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Figure 2.11: The maximum value of the mean pressure calculated on the shock wave front in
respect to distance from the source (on the left) and time (on the right). In this
logarithmic scale figure, the change of the slope of the curve corresponds to the
transition of the propagation regime, from highly nonlinear to weakly nonlinear.
The values taken into account concern the first 0.070 seconds after the impact,
as the shock wave front is not apparent later, in order to obtain the value of the
corresponding mean pressure.

2.5 Comparative analysis of the results for the
atmosphere and subsurface
The interest of this Chapter is to understand the propagation of shock waves in the atmosphere
and the subsurface. The main feature which is discussed is the transition of the nonlinear waves
into linear ones. In order to show the nature of this transition, calculations performed for the
case of Chelyabinsk superbolide and a modeled impact on Mars.
In the end of every section, concerning these two approaches, the curves of the overpressure,
which characterizes the shock wave, is presented in respect to distance from the source. These
curves present equal characteristics, with a change of slope in logarithmic scale. Therefore,
it is a quantified approach to the attenuation of the overpressure with the distance and time
of propagation. This attenuation effect is shown in Figure 2.12, after Edwards (2009) who
presented in his review the main characteristics of shock wave forms, as described by DuMond
et al. (1946).
It is shown that the high overpressure which characterizes the wave propagation, creates an Nshaped wave, with a sharp peak amplitude. This kind of wave is referred as an "N-wave" and it
is characteristic of the near field. Then the peak amplitude attenuates, the wave period increases
and the sharp form in the peak amplitude is transformed into a more rounded, sinusoidal form.
This wave form is characteristic of the far field and the linear propagation regime. Therefore,
in our analysis we perform a simple calculation in order to identify the near and far field by the
obtained curves of overpressure.
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Figure 2.12: The wave form of the shock wave in respect to propagation time and distance.
Initially, the shock wave is characterized by the “N-wave” form, which starts to
convert gradually into a sinusoidal wave form with distance and time of propagation. The observed effects are also the amplitude attenuation and the increase of
wave period. After Edwards (2009).

In seismology, the near field and far field is expressed by the equation which gives the amplitude of the compression waves (P ) and is given here after Shearer (2009):

u(r, t) =

1
r2




f (1 − r/α) +

1
rα



∂f (t − t/α
∂τ

(2.16)

where u is the amplitude of the wave, in respect to distance r and time t of propagation and
τ is represents the delay time, given by:

τ = t − r/α

(2.17)

where r/α is the time it takes a P wave to travel the distance r from the source.
In equation 2.16 it is shown that the first term decays as 1/r2 and it is called the near-field
term, whereas the second decays as 1/r and is called the far-field term. It is important to note
that these equations concern the near and far field for linear seismic P waves, therefore they
can be applied for the case of the linear acoustic waves in the atmosphere.
These decay rates, respective to distance, permit to describe the decay for a shock wave
which is converted into a linear one, far from the source. In a region near the source, the decay
should characterize the near field, but for the case of the nonlinear wave, we can determine a
region even closer to the source, where the “N-wave” form, which is described before, exists
and therefore the decay rate should be 1/rx for x > 2.
However, this case corresponds to a spherically propagated wave. In the case of Chelyabinsk
and the approach presented in section 2.3 which is dominated by surface waves, there is a line
source and√the model is considered cylindrical. Therefore, the respective decay rate for the far
field is 1/ r, whereas 1/r corresponds to the near field and 1/r2 to the nonlinear propagation
regime.
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Figure 2.13: The overpressure with respect to distance from an atmospheric source located in
an altitude of 25 km in logarithmic scale is shown. The left part represents the
modeled lunar impact and the propagation of the shock wave in the subsurface.
The right part shows the same for the atmospheric wave generated by Chelyabinsk
superbolide. It is observed that for the lunar impact very close to the source the
nonlinear regime is identified, before the transition into the near field of the linear
wave propagation. In the case of Chelyabinsk, where the scale is more macroscopic, the near and far field of propagation of the acoustic waves is shown. Red
dashed line indicates the amplitude decay with a rate characterizing the nonlinear
waves, the blue one corresponds to the near field and the green to the far field.
This effect is shown in Figure 2.13 where the curves representing the overpressure generated
by the modeled impact on the Moon and Chelyabinsk superbolide are shown on the left and right
part respectively. We observe that in the case of the lunar impact, where the investigation is in
a region very close to the source, the amplitude decay rate which corresponds to the nonlinear
propagation regime is shown, with a value of 1/r3.5 . This nonlinear decay is represented by the
red dashed line. The same thing is shown on the left part for Chelyabinsk, with the characteristic
decay of the nonlinear waves for the cylindrical model to be 1/r2 . The near field in both cases
represented by the blue dashed line. In the case of lunar impact this corresponds to a decay rate
of 1/r2 whereas for the cylindrical Chelyabinsk model it is 1/r.
It is understood that a further development of the modeling in greater distances, would probably show the far field, whereas the ability to investigate the process very close to Chelyabinsk
source would indicate the presence of the N-shaped wave. However, the combination of these
two examples, provides the ensemble of the amplitude decay rate, from the highly nonlinear
waves very close to the source, to the near and then to the far field.
The cases presented in this Chapter, an airburst on Earth and a lunar impact, help to explain
the theory on the generation of the atmospheric and seismic waves. These cases are the basis
for the investigation performed in Chapters 4 and 5, by the modeling of the associated Rayleigh
waves, calculated with a normal mode summation technique.
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As seen in section 2.3, we expect a transition of nonlinear to linear waves at a height of about
5 km for Chelyabinsk. This means that below this height and therefore an all Earth surface,
the seismic and acoustic waves are linear whatever are the processes at high altitude. In this
Chapter we will then use linear seismology by modelling all associated processes between this
height of 5 km, the surface and Earth interior, whereas in the next Chapter 4 the goal will be to
find the associated equivalent source of the airburst.

3.1 The normal modes of the planets
In regional seismology the Earth or any planetary body is usually considered as a place with
infinite dimensions, characterized by interfaces which define a semi-space below and another
above them. Though, when an experiment of global seismology is taking place, we should
consider the Earth as a finite planet, in a 3D space, whereas all the phenomena associated with a
seismic event take place within it. This is not an abstraction, contrariwise, it’s the real paradigm
to study mechanics of the Earth as any other planetary body, as observed and instrumentally
measured, sometimes by exciting experiments. Therefore, in order to perform global seismic
modeling, the finite size of the examined planetary body should be taken into account, this
means, should be modeled.
The global motion, or better said, the global vibration of a planet, in a steady state, is represented by its free oscillations. Any motion, excited by a seismic event for example, can be
presented as a sum of these oscillations that can be computed using the normal mode theory.

3.1.1 The standing waves
The most common example of standing wave is the strings of a musical instrument. Consider
the strings of a guitar or a violin, mounted on fixed ends. When a string vibrates it does so in
a certain frequency which corresponds to the musical note that will be produced. As the string
is vibrating along a plane in our known three-dimensional space, we can imagine it vibrating
with a certain amplitude. Thus, we can consider the string as an 1D object (a line along one
axis) and the amplitude of its vibration to take different values along this axis. The amplitude
has a maximum absolute value in the middle of the distance between the described fixed ends.
This concept can describe only the simplest vibration of the string, which corresponds to the
fundamental mode and has only one maximum amplitude along the vibration.
The fundamental mode isn’t the only one to exist, neither in music nor in the motion of a
planet. More precisely, we can listen to a certain pitch by many different instruments, but we
can easily notice that the sound isn’t the same. This is, in fact, what we mostly like in music,
which would be very boring if only the pitch was produced. Thinking about the vibrations of
the strings (similar phenomena happen in wind instruments) it’s well understood that the sound
of the string of a violin is different from the sound of the guitar. This effect is associated to the
physical properties of the strings.
As it concerns the vibration itself, the sound of any different instrument’s string is the effect
of the vibrations characterized by a greater number of local maxima of their amplitude and
respectively greater number of fixed ends, whose amplitude is always zero. The points where
the amplitude is always zero are called nodes and those corresponding to the local maxima,
antinodes. The principle of the vibration between two nodes is exactly the same as described
for the case of the fundamental mode. These vibrations, are named with a term borrowed from
music, as overtones or harmonics. The frequency of the overtones is higher, whereas their
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energy smaller than the fundamental’s ones. An illustration of standing waves for a string is
given in Figure 3.1.

Figure 3.1: Illustration of the standing waves. The black curve indicate the maximum amplitude
for the oscillations of fundamental and harmonics, whereas the red dots represent
the nodes in every case. Black dots correspond to the fixed ends.

The planetary normal modes
In order to describe the motion of a planet as the summation of vibrations, we can consider it
as an object composed by many strings. The fundamental difference between the strings and
the planet is their dimensions. The musical string can be defined as an abstract object of only
one dimension, which means that the amplitude of the vibration should vary only along an axis,
whereas a planetary body is a three-dimensional object.
Spheroidal and toroidal modes
The vibration of a planet is happening in two different kinds of displacement, a spheroidal
and a toroidal one. Therefore, we can distinguish the sensitivity of modes to different kind of
waves, as spheroidal modes are sensitive to compression and shear waves, as well as density
variations, and toroidal modes are exclusively sensitive to shear waves and do not generate
density variations.
Normal modes nomenclature
The normal modes are characterized by three numbers, indicating the radial order (n), the angular order (l) and the azimuthal order (m), which can take 2l + 1 values. These elements are
explained in the following section, where the spheroidal modes are described in detail. The
expression of any mode of the planet, is given below, in 3.1 and 3.2 for spheroidal and toroidal
modes respectively.
m
n Sl

f or the spheroidal modes

(3.1)
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m
n Tl

f or the toroidal modes

(3.2)

The spheroidal normal modes
In this PhD thesis and more precisely in the works presented in Chapters 4 and 5, the investigation which combines inversion of data and modeling, is performed by using Rayleigh waves
data and respectively model it for the case of Earth and Mars. As shown in Table 3.1, these surface waves are associated to the spheroidal modes. Therefore, a brief explanation of the surface
and radial patterns of these modes is following.

Surface patterns
Let’s consider a planet. The imaginary surface, defining a sphere which includes the whole
planet (solid part and atmosphere) should be at the upper limit of its atmosphere. As a spherical surface can only be described in a three dimensional space, therefore, in contrast with the
unidimensional strings of musical instruments, the approach and description of the vibration in
the fundamental modes and the overtones, should be 3D and respect the spherical symmetry.
If we think of a vibrating spherical surface, only in the fundamental mode, the only thing we
have to respect is to eliminate any kind of nodes along it. Such a spherical surface will vibrate
altogether, that means having the same amplitude in every point, from a certain maximum to
a certain minimum. In the case of the harmonics, the number of nodes corresponds to lines
equal to zero on the planetary surface. The number of crossings of these lines along a latitude
corresponds to l, whereas the number of crossings along the equator to m.

Figure 3.2: The surface patterns of the spheroidal modes of the Earth are shown. The fundamental, 2nd overtone (or football mode) and 3rd overtone are illustrated. The angular
order, l, corresponds to the planes where the amplitude of the oscillation is always
zero.

It should be noted that spheroidal modes cannot be computed for l = 1, as in this case, the
corresponding vibration corresponds to the displacement of the center of the mass of the planet.
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Radial patterns
In the case of a planet the fixed end is considered to be in the center of it and the free end at
the top of the atmosphere. The vibration of these items can also be described as the summation
of normal modes. The first, fundamental one, should be a vibration with an amplitude of a
maximum absolute value in one point. In this case we can represent the value of the motion
of air molecules on the vertical axis in respect to a horizontal axis corresponding to an origin
position along the vertical axis for the planet, or the lead pipe in the case of a wind instrument.

Figure 3.3: Illustration of the radial patterns of the normal modes of the Earth. As described in
the case of standing waves, the number of modes corresponds to every passage of
the mode from the vertical axis. One can observe that fundamental mode describes
better the motion near the surface, whereas the overtones correspond to the motion
in greater depths.
The overtones, as seen in the example of strings and the vibration of the surface patterns, or
the motion of the spherical harmonics, should be characterized be the presence of several nodes
and antinodes. Therefore, the first harmonic oscillation will have 1 node and 2 antinodes, the
second 2 and 3 respectively, with the nth to have n nodes and n+1 antinodes. The number of the
nodes, is indicated in the representation of every mode as an n and as it is shown it corresponds
to the order of the overtone, or harmonic. Figure 3.3 is presenting the radial patterns for the
fundamental mode and 3 first overtones.

3.1.2 The seismic waves as effect of normal modes
With the description of the modal decomposition of the planetary hum, or vibration, characterized by eigenfrequencies in section 3.1.1 we can understand the components of this movement,
or free oscillations. As said in the preamble of this chapter this movement in an equilibrium
state (hum) is recorded by seismometers and so it corresponds to a standing propagation of
seismic waves through the planet and along its discontinuities. The correspondence of every
component to a particular kind of seismic waves, can describe in one hand the contribution of
these waves to the global motion and on the other hand, the modes that should be modeled in
order to model any particular kind of waveform.
As shown in Table 3.1 the spheroidal and toroidal modes of the planet can represent the
displacement corresponding to different types of body and surface waves. Spheroidal modes
correspond to the displacement associated with the propagation of the P compressional waves,
as well as the one associated to the SV waves, shear waves with vertical polarization. As it
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Normal Modes
Body Waves
Surface Waves

Spheroidal
P & SV
Rayleigh

Toroidal
SH
Love

Table 3.1: The normal modes of a planet and their corresponding surface and body waves

concerns the surface waves, which are trapped in the crust, these modes correspond to Rayleigh
waves, whose amplitude is perpendicular to the surface of the planet. On the other hand, toroidal
modes are associated to horizontally polarized shear body waves, so named SH, whereas they
can represent the propagation of the surface waves whose displacement is parallel to the surface
of the planet, the Love waves.

3.2 Theoretical background and normal mode
calculations
We consider Earth or another planet with atmosphere as the ensemble of the solid and atmospheric part. On the top of its atmosphere we assume that all the pressure forces are set to zero,
defining it as a free surface. The Rayleigh modes, which correspond to the spheroidal solid
normal modes of the earth, are the fundamental branch of surface waves.
In order to compute the displacement of the Rayleigh modes, we should obtain the fundamental eigen-solutions of the linearized elastodynamics equation. In this case, we consider a
non-rotating planet and the equation according to Lognonné et al. (2016) in a general Eulerian
form and in the frequency domain as:
1
~ − ~u · ∇T~0 ) − div(ρ~u)~g − ρ∇Φ
~ E1 )
ω 2~u = − (∇ · (Telastic
ρ

(3.3)

where ω is the angular frequency, ~u is the displacement vector, ∇ the spatial derivative oper~ the stress departure from equilibrium. ~g is the gravity
ator, ρ the unperturbed density and Telastic
and ΦE the mass redistribution potential where the equilibrium stress T0 is given by:
∇ · T~0 + ρ~g = 0

(3.4)

Equation 3.3 applies either to liquid, solid or gaseous part of the planet with atmosphere.
However, in solid parts, in order to obtain the elastic stress, Telastic , a symmetric stiffness tensor
is used, which gives:
ij
Telastic
(r, t) = C ijkl Dk ut (r, t)

(3.5)

Dk is the derivative operator along direction k (Lognonné & Clévédé 2002). In the liquid and
gaseous, fluid parts, in the case of adiabatic perturbations we have:
C ijkl = κg ij g kl

(3.6)

where κ is the adiabatic bulk modulus and g ij is the metric tensor, equivalent to Kronecker
symbol in Cartesian coordinates (δ), which means that g ij is equal to 1 only if i = j and 0 if
not. In addition, the solutions of equation 3.3 must also fit all continuity relations associated
with the continuity of stress and displacement on all the discontinuities between solid parts and
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of stress and vertical displacement on all discontinuities between solid and fluid parts or fluid
parts (coupling effects).

The displacement of normal modes, u, with the associated normal frequency, ω are the solution of these equations which also fit the boundary conditions of the upper free surface. The
former is a free surface condition.

The displacement and frequency for the case of a free boundary condition on the top of
the atmosphere can be obtained by the freely available software, MINEOS (https: geodynamics.org/cig/software/mineos , Master et al. (2014)), even if it was not originally made for this
purpose. Free surface condition is however not physically correct for considering wave propagation in the whole atmosphere. Wave reaching the top of the atmosphere do not reflect but
leak away.

Lamb (1908) demonstrated that a stratified and isothermal atmosphere is characterized by
a cut off frequency which depends on the speed of sound and gradient of density. Acoustic
waves with frequencies below the cut off frequency are evanescent. This concept has been
confirmed since and so we do not need to connect the boundary conditions for the modes at
these frequencies.

For frequencies above the cut off frequency, the free boundary has to be replaced with a
radiative boundary condition, following Unno et al. (1989) and Watada (1995). This task is
performed with the assumption of a local dependence of the modes at the top of the atmosphere,
rλ where r is the planetary radius.

As shown by Lognonné et al. (1998), each eigen-frequency, ω determines two values for λ,
associated to the modes with upward and downward propagating energy respectively. In the case
of an airburst, the downward propatation should be considered in order to model the coupling.
In the same work Lognonné et al. (1998) propose that the eigen-frequencies and associated
eigen-modes can then be solved with a variational method which uses a basis of test functions,
found by mapping the normal modes with free surface towards functions verifying explicitly
the radiative boundary condition. Other techniques for computation of normal modes, based on
propagators, have been developed by Kobayashi (2017) and Watada & Kanamori (2010).
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Figure 3.4: The dispersion diagram for the eigen-frequencies calculated for the case of a free
boundary condition on the top of the atmosphere is shown and a local model adapted
to Chelyabinsk. The calculated frequencies serve for the mapping of the functions
verifying the radiative boundary conditions. These are represented as the branches
of Rayleigh modes. The branch corresponding to the fundamental Rayleigh mode
0 S0 is shown in red, whereas those corresponding to the first 4 overtones (1 S0 , 2 S0 ,
3 S0 and 4 S0 ) are shown with blue color. The fundamental mode and the calculated overtones are computed for a frequency range of 0 to more than 0.06 Hz. The
branches that do not correspond to Rayleigh modes represent the acoustic modes.
The corresponding angular order, l is shown on the abscissa of the dispersion diagram.

In Figure 3.4 typical results in terms of normal modes frequencies for a model which is a combination of PREM (Dziewonski & Anderson 1981), a local lithospheric model for Chelyabinsk
Myers et al. (2010) and the empirical atmospheric model MSISE (Picone et al. 2002) are shown.
These frequencies are calculated for a free boundary condition and served for mapping the functions verifying the radiative boundary condition. The acoustic cutoff is shown for frequencies
a little higher than 0.002 Hz. The acoustic modes above this cutoff are not trapped with a radiating surface and will have a low quality coefficient, Q, whereas those below the cutoff are
trapped by the atmospheric structure. These Rayleigh modes serve to the calculation of the
synthetic seismograms for the inversion of the seismic source discussed in Chapter 4.
In these calculations, viscosity and other attenuation effects are taken into account. The
typical frequency domain of the Rayleigh waves associated to atmospheric perturbations is
from 1 to 50 mHz (Lognonné et al. 2016). In this range, viscous dissipation is expected to
be important in altitudes above 100 km (Pitteway & Hines 1963) compared to elastic effects
that decrease accordingly to the bulk modulus and density wich decreases exponentially with
altitude. The viscous stress tensor can be expressed by the following equation:
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Tij0 = iωµvis (

2
∂ui ∂uj
+
− δij (∇ · u))
∂xj
∂xi
3

(3.7)

where ui is the ith component of displacement and µ the dynamic velocity, a second order
frequency dependent term, that can be introduced in the variational process, as described by
Artru et al. (2001).
Effects as molecular relaxation and heat transfer can be incorporated in the expression of
the bulk modulus which then is not only imaginary by also frequency dependent. This is of
particular importance in the cases of Mars and Venus because of the presence of the triatomic
CO2 .
In this Chapter, the represented modes and associated calculation results, concern the Rayleigh
normal modes calculated for Chelyabinsk and for the work described in Chapter 4. Therefore,
the adapted model has no ocean on the top of the solid part. However, normal modes computed
for such models can be found in Lognonné & Clévédé (2002). In both cases (presence of ocean
or not) the main perturbations for the spheroidal normal modes are found in the amplitude of
normal modes rather than in the frequency or quality factor.

Figure 3.5: Relative fraction of the energy of the Rayleigh normal modes and first spheroidal
normal modes in the atmosphere. The curve corresponding to the fundamental mode
is shown in red whereas the one of the first overtone in blue. The three resonances have frequencies closest to the fundamental (3.70 mHz), first (4.30 mHz),
and second (5.0 mHz) acoustic overtones and correspond to the crossing of the
Rayleigh dispersion branch with these acoustic branches. The wider resonances
of the first overtone are a result of the decreasing quality factor, Q, of the acoustic
branch. The Rayleigh modes are those corresponding to the continental model beneath Chelyabinsk, with the MSISE atmosphere model at the local time and location
of the meteoroid explosion.
In Figure 3.5 the energy fraction of Rayleigh modes in the atmosphere is shown. We can observe 3 resonances corresponding to the fundamental, first and second acoustic overtones, with
respective frequencies of 3.70 mHz, 4.30 mHz and 5.03 mHz. These modes are the most sensitive to the atmospheric coupling and 0.01% to 0.02% of their energy is in the atmosphere, at the
resonance frequencies. We also observe that the first resonance is wider than the fundamental
one and the second wider than the first.
For such frequencies and angular orders (corresponding to the bottom left part of the dispersion diagram in Figure 3.4) the corresponding acoustic first and second overtones are indeed less
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efficiently trapped in the stratospheric wave guide and have decreasing quality factors: slightly
more than 100 for the fundamental acoustic but only about 20 and 5 for the first and second
acoustic harmonics as shown by Lognonné et al. (1998) who also provide the amplitudes of the
acoustic modes with the altitude. The harmonics escape the stratospheric wave guide through a
tunneling effect and then lose progressively their energy by upward radiation (Francis 1973).
However, Rayleigh waves, characterized by much larger horizontal phase velocity are much
less trapped. Their upward propagative character is shown in Figure 3.6 for all the Rayleigh
waves above the atmospheric cutoff frequency of 3.70 mHz.

Figure 3.6: Real part of the fundamental mode with angular order up to 100. The amplitudes
√
shown are multiplied by ρ, where ρ is the density and by 100 in the atmosphere.
Note that modes with angular orders lower than l = 29 have a frequency lower
than the atmo- spheric cutoff and have an exponen- tially decreasing amplitude with
altitude. Modes with angular orders above l = 29 have contrary oscillating amplitudes in the atmosphere. The resonances shown in Figure 3.5 appear with larger
amplitudes in the stratosphere. Included in Lognonné et al. (2016).
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Figure 3.7: Imaginary part of the vertical amplitude of the solid spheroidal fundamental normal
modes in the upper mantle and atmosphere. Modes are shown up to angular order
√
of l = 100. The amplitudes shown are multiplied by ρ, where ρ is the density and
multiplied by 10 in the solid part. Note the much larger amplitude of the normal
modes in the atmosphere as compared to the solid part. Amplitudes of the normal
modes in the atmosphere are in quadrature with respect to their real parts, indicating
the upward outgoing energy associated to the leaky characters of the normal modes.
Included in Lognonné et al. (2016).
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Figure 3.8: Real part of the vertical amplitude of the solid spheroidal first overtone normal
modes in the upper mantle and atmosphere. Modes are shown up to an angular
√
order of l = 100. The amplitudes shown are multiplied by ρ, where ρ is the density and multiplied by 100 in the atmosphere. The same features as the fundamental
are found for the exponentially decay with altitude below the atmospheric cutoff and
the oscillating character above, as well as the resonances for frequencies indicated
in Figure 3.5. Included in Lognonné et al. (2016).
Figures 3.6, 3.7 and 3.8 show the normal mode amplitudes versus depth or altitude. Below
the atmospheric cutoff frequency the atmospheric part of the mode is shown to be trapped and
decreasing exponentially with altitude. At higher frequencies, the energy propagates upward.
This effect leads to beating amplitudes with real part and the imaginary part in quadrature
(Lognonné et al. 2016).
Figure 3.6 shows the real part and Figure 3.7 the imaginary part of the vertical component
of the fundamental Rayleigh mode. On Figure 3.6 we observe the large amplitude at the resonances of 3.68 mHz and 4.40 mHz (l = 29 and l = 37 respectively), corresponding to the
resonance of the Rayleigh modes when the dispersion branch cuts the fundamental and first
overtone of the acoustic mode.

3.3 Normal modes on Mars
It is already said in section 1.7.2 that Bass & Chambers (2001) identified molecular relaxation
as a factor of attenuation of Rayleigh waves on Martian atmosphere. In comparison with Earth,
where this is neglected, molecular relaxation on Mars is the most important source of attenuation, much more than the atmospheric density.
In order to understand the concept of molecular relaxation it should be noticed that, in addition to the three degrees of translational freedom of gas molecules, there are also two additional
degrees of freedom, associated with the rotation and vibration (Kinsler et al. 1999).
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This attenuation affects strongly the propagation of waves in audible frequencies on Mars.
According to Williams (2001) an important factor which controls it is the speed of compression
and rarefaction of the wave, therefore the frequency of atmospheric pressure waves. If it is
fast compared to the relaxation time, little energy will have the time to be converted into the
rotation and vibration of the molecules. In the opposite case, if the frequency is low the gas will
be able to maintain a constant state of thermal equilibrium. Therefore, an intermediate range of
frequencies is affected.
The absorption due to the vibrational and rotational relaxation on Mars is given shown in
Figure 3.9 (after Bass & Chambers (2001)) in terms of frequency. The bold line indicates the
sound speed and therefore corresponds to different heights in the atmosphere. These results
are provided for a temperature of T = 300 K. It is observed that the vibrational relaxation
is characterized by a much larger absorption factor, compared to those of the classical thermal
absorption and the rotational relaxation.

Figure 3.9: The absorption in martian atmosphere is represented as a synthesis of the classical
thermal absorption, the vibrational absorption and the rotational one versus the frequencies. The bold line indicates the sound speed for a temperature of T = 300 K.
After Bass & Chambers (2001).

In Figure 3.10 the attenuation is shown as the composition of the effects due to viscosity
(in red) and the vibrational relaxation (in green). Rotational attenuation is shown in blue and it
remains much less than the other. On the left part the colored curves represent the attenuation in
terms of frequency at different altitudes of 0, 10, 20 and 30 km, from the thinest to the thickest
respectively. On the right part the same curves indicate the absorption with a threshold which
describes the limit frequency that can be generated in this altitude.
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Figure 3.10: The absorption (in units 1/km) is shown in respect to frequencies. Red color indicates the absorption due to viscosity, blue the rotational relaxation and red the
vibrational relaxation. After Lognonné et al., 2015, personal communication.

For the calculations of impact modeling on Mars, presented in Chapter 5, we used the MARS
AR model (Okal & Anderson 1978) and an atmospheric model Spiga et al. (2010) with provided
information for the viscosity and the relaxation of CO2 in Martian atmosphere.

Low atmospheric density and the attenuation of CO2 contribute to a huge attenuation of
Rayleigh waves, which vanish in low altitudes in the Martian atmosphere. However, the computation of normal modes amplitude in martian atmosphere showed also the importance of
viscosity.
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Figure 3.11: Comparison of the amplitude of the extension of Rayleigh mode in martian atmosphere for the case of a free boundary (in black) and radiative boundary (in red)
condition at the top of the atmosphere. The radiative boundary inhibits the downwards propagated energy and this has an important effect to the amplitude of the
mode. After Lognonné et al., 2015, personal communication.
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Figure 3.12: Comparison of the amplitude of the extension of Rayleigh mode in martian atmosphere for the case of a radiative boundary at the top of the atmosphere (in black)
and the same thing with the viscosity effects (in red). In the altitude of about 100
km the viscosity increases with a very high rate compared to the mode wavelength,
resulting a very rapid attenuation of its amplitude. After Lognonné et al., 2015,
personal communication.
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Figure 3.13: Comparison of the amplitude of the extension of Rayleigh mode in martian atmosphere for the case of a radiative boundary at the top of the atmosphere with
viscosity (in black) and the same thing with molecular relaxation (in red). Even
in non-audible frequencies, where the contribution of molecular relaxation to the
attenuation is more imporant (see text for more details), it is observed a contribution to the attenuation, increasing with the height, up to the altitude where due to
viscosity effects mode loses almost all of its energy. After Lognonné et al., 2015,
personal communication.
In Figures 3.11, 3.12 and 3.13 this effect is visible for the extension of the fundamental mode
with l = 300 in the martian atmosphere.
In Figure 3.11, the amplitude of the extension of Rayleigh mode in the martian atmosphere is
shown in black for a free boundary condition and in red for a radiative boundary. The radiative
boundary inhibits the downward flow of energy from the top and its effects is observed in the
much smaller amplitudes, compared to those obtained for the free boundary condition.
In Figure 3.12, the same thing is shown in black for the radiative boundary condition and in
red with the viscosity added in the model. Equally on the right, the radiant boundary condition
with viscosity is shown in black and the addition of molecular relaxation is shown in red. the
angular order is l = 200 and it corresponds to a period of τ = 30 seconds. Strong attenuation
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effects are observed. The height where this attenuation occurs is at about 100 to 120 km. These
effects are associated with the kinematic viscosity, ν. The latter is given as a ratio of the dynamic
viscosity, µ, over the density, ρ:
µ
(3.8)
ρ
It can be understood that ν increases as µ increases and ρ decreases. In this case, this attenuation is associated to the rapid increase of ν due to the rapid decrease of density. This effect
is strongly shown on Mars, in an altitude of about 100 km. The period of the presented mode,
corresponding to l = 200 of the fundamental branch, is τ = 30 seconds, whereas the associated
velocity in this height of martian atmosphere about 200 m/s, therefore the wavelength is about
6 km. The height scale of Mars is about 11 km, which means that in this height and in just 2
wavelengths, the viscosity effect increases by a factor of 3. The result of this effect is a very
rapid attenuation of the amplitude.
In Figure 3.13, the molecular relaxation of CO2 is added to the model and the results, shown
in red, and the amplitudes of the mode in this condition are compared with those discussed above
where only the radiative boundary condition and the viscosity are adjusted to the atmospheric
model (shown in black). It is observed that there is a contribution of the molecular relaxation
to the amplitude of the mode, however, as these calculations concern frequencies much lower
than the audible range, it has a minor contribution to the amplitude decrease.
In the next Chapter we will compute synthetic seismograms as a summation of normal modes.
A seismic source corresponds to a particular excitation of the normal modes, which in a steady
state correspond to the hum of the planet. Normal mode summation is used in order to calculate
synthetic seismograms of Chelyabinsk (Chapter 4) and a modeled impact on Mars (Chapter 5).
ν=
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4 Seismic source inversion of Chelyabinsk superbolide

4.1 Introduction
On February 15, 2013, a meteor entered the atmosphere of the Earth, approximately above the
Russian city of Chelyabinsk. The time of its entry was about 09:20:00 local time (03:20:00
UTC) (Borovička et al. 2013). The phenomenon was well observed by the local population, as
the celestial body created a tail of light and a sonic boom (Shuvalov et al. 2017). The entry was
characterized by an important damage on the infrastructure, evidence of the presence of strong
shock waves. The trajectory was recorded by numerous cameras on the ground and this kind of
amateur data was provided on the worldwide web (see Zuluaga et al. (2013)).
It was also the largest seismic event associated to a meteoroid entry, ever recorded, only
after the Tunguska event, which happened near the homonymous city of Siberia in 1908 (BenMenahem 1975). The Tunguska event was recorded by at least four seismic stations (BenMenahem 1975), whereas Chelyabinsk event occurred in an era when our home planet is well
covered by a worldwide seismological network. Therefore, the available data for a thorough
investigation of the generation and propagation of the seismic waves, associated to the event,
raised the interest for further analysis of the characteristics of such a seismic source.
The orbit, trajectory and ablation process of the asteroid of Chelyabinsk was determined by
Borovička et al. (2013). Brown et al. (2013) estimated the total amount of energy released
by the meteoroid entry into the atmosphere. In the present work, the trajectory provided of
Borovička et al. (2013) is used in order to model the continuous source in the atmosphere and
the estimations of Brown et al. (2013) should be validated by the results of the inversion of the
seismic source.
In addition to video recordings of the blast created by the meteoroid (Zuluaga et al. 2013),
other kind of datasets provided evidence for the characteristics of the shock wave generated
during the event. More precisely, de Groot-Hedlin & Hedlin (2014), performed an infrasound
detection of the meteoroid using the USArray data in distances from 4000 to 6000 km and
analyzed the properties of infrasonic waves associated to the event. Previously, Le Pichon et al.
(2013) detected the event using data provided by the CTBTO infrasound sensors at distances up
to approximately 8500 km.
Tauzin et al. (2013) performed an inversion of a purely seismic source. Their source point
can be interpreted as the point on the solid surface mostly affected by the sonic boom. Heimann
et al. (2013), inverted a source by full waveform fitting, assuming the source time function
for an atmospheric explosion and finding out the best fitting epicenter for this source. In the
present work, we seek to invert seismic record to retrieve the moving source generated by the
shock waves of Chelyabinsk. The source is modeled as a continuously moving explosion in
the atmosphere. The inversion is made without any assumption of duration of the seismic
source but constrained from a model of released energy along the meteoroid trajectory based
on physical parameter of the atmosphere that day. We also use a model to estimate the duration
and width where shock waves dominate, in order to constrain our inversion with large enough
time resolution so that it can be performed as a linear inversion.

4.1.1 The physical approach
We consider the meteoroid as a continuous seismic source into the atmosphere, following a
known trajectory. In previous works, investigating the same event, an immobile source was
used for the modeling, either situated on the ground (Tauzin et al. 2013) or in the atmosphere
(Heimann et al. 2013). In those works, the duration of this point source was assumed in order
to provide the moment magnitude of the event. In this work, we use the approach of a contin-
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uous source, consisted by consecutive explosions, in different altitudes and therefore different
atmospheric conditions, whereas no assumptions are made for the duration of the source.
The meteoroid entry into the Earth’s atmosphere generates a shock wave which is the result
of the overpressure due to the force exerted by the meteoroid onto the ambient atmosphere
(Edwards 2009). The generated pressure, which characterizes the shock wave and its value
depend on the meteoroid speed but also on the ambient atmospheric pressure and the time
and distance traveled by the wave. Formulas describing the propagation of shock waves are
developed in works focusing on the infrasound generated by airbursts (see a review in Edwards
(2009)).
In this work, we examine the seismic Rayleigh waves recorded at distances far from the
atmospheric near field, in stations situated on the ground. These waves are the result of the
coupling effect between the atmosphere and the solid part of the planet of the generated shock
waves. The generation and propagation of waves generated by a meteoroid and the coupling
between the atmosphere and solid earth are shown schematically in Figure 4.1. In this figure,
m0 , m1 and m2 correspond to the position of the meteoroid in t = 0, t = 1 and t = 2,
respectively. When the meteor enters the atmosphere it travels with a supersonic velocity. As
happens with supersonic jets, the travel of the object at such high speeds creates a ballistic cone
of an angle β, which is related to its speed. Shock waves are generated by this continuous source
and then they propagate in a highly nonlinear regime before being converted to linear acoustic
waves in the atmosphere, after a certain distance of propagation. In Figure 4.1, shock, nonlinear
wavefronts, are represented with continuous lines, whereas the linear ones are shown by dashed
lines. In the case of an impact or near ground explosion, the shock waves are propagated into
the solid part, before being converted into linear seismic waves. The shock and acoustic waves
generated in the atmosphere, are the source of surface waves, generated by the coupling effects
between the atmosphere and the solid part.
Seismic data from stations located at long distances (hundreds of kilometers) from the event,
cannot provide recordings corresponding to the nonlinear propagation of the generated waves
in the atmosphere or the solid part. However, the seismic data are the result of all the seismic
waves, generated by sources situated along and during the meteoroid travel in the atmosphere.
Therefore, an inversion of the waveforms which are the result of these effects, should take into
account the strength of the explosion in the whole entry process.
We design a model to do this. We consider the continuous explosion as the summation of
several point explosions along the trajectory. Initially, we consider every explosion as isotropic,
therefore, the wavefront of the shock waves shown in Figure 4.1 can be described as spherical.
Every explosion is characterized by a moment tensor whose diagonal components are equal,
M11 = M22 = M33 and the moment tensor value is given by:
Mij = −M0 · δij

(4.1)

Where M0 is the seismic moment and δij Kronecker’s delta, equal to 1 for i = j and to 0 if
i 6= j.
For a meteoroid of a given size and a constant speed into the atmosphere, the moment tensor
corresponds to the seismic energy released and it should not be considered constant along the
trajectory. The released energy in a given point is given by the expression:
E =p·V

(4.2)

where E stands for the Energy, p the pressure applied to the ambient atmosphere of volume
V . The volume is characterized by a cylinder V = Smeteor · H, whose base, Smeteor , is the
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Figure 4.1: Schematic model of a spherical meteoroid entering the atmosphere. The meteoroid
is following a trajectory in the atmosphere before hitting the ground. The indices
0, 1, 2 correspond to the position of the meteoroid in time, t = 0, t = 1 and t = 2
respectively. Shock waves, characterized by a nonlinear propagation regime are
shown in continuous lines, whereas linear acoustic or seismic waves are represented
by dashed lines.
cross-section of the meteoroid and its height H the remaining distance to the ground along its
trajectory, as shown in Figure 4.2.
Pressure is proportional to the dynamic pressure of the entry of the meteor which is given by
the expression:
1
2
q = ρatm · υmeteor
2

(4.3)

It must be noted here that in equation 4.3, with such high velocities the effects of gravity may
be neglected.
Therefore, from the expressions 4.2 and 4.3, as the pressure, p, is proportional to the dynamic
pressure q we can deduce that the same applies to the energy, E, which also depends to the
volume V . Therefore, we can deduce the relative rate of the released energy from q.
Seismic moment is a portion of the total amount of released energy of the explosion. According to Lognonné et al. (1994) it can be expressed for an atmospheric source as:
M0 = (γ − 1) · E
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Figure 4.2: The cylinder along the meteoroid trajectory represents the volume onto which the
dynamic pressure of the projectile is applied. S represents the cross section of the
meteoroid, whereas H indicates the remaining distance to the ground.
where γ is the adiabatic index of an ideal gas, equal to 1 + f2 with f to be the degrees of
freedom of a molecule of an ideal gas. Earth’s atmosphere, composed mainly by diatomic
nitrogen and oxygen, is considered as a diatomic gas and thus the degrees of freedom are f = 5
and therefore γ = 1.4. Therefore, the proportion of the seismic moment to the total amount of
released energy for a meteoroid in Earth’s atmosphere should be considered as:
M0 = 0.4 · E

(4.5)

With the application of the trajectory presented in Table 4.1, the obtained results for the
moment are shown in Figure 4.3. In the top-left part, the density of the atmosphere above the
region of Chelyabinsk is shown.
In the top-right, we represent the meteoroid speed calculated from the trajectory presented in
Table 4.1. The instant velocity given at any time (ti ) is calculated as:

υ(ti ) =

x(ti )−x(ti−1 )
ti −(ti−1 )

+
2

x(ti+1 )−x(ti )
ti+1 −(ti )

(4.6)

The position x is calculated in 3D Cartesian coordinates, given the altitude, latitude and
longitude of the meteoroid.
In the bottom-left, the time evolution of the meteoroid altitude is presented. The effect at
the last second, with the decrease of the altitude appearing to have a lower rate, is linked to the
deceleration observed in the Figure of meteoroid speed.
It is observed that there is a sharp deceleration after 03:20:33.5 UTC (in our resolution of 0.5
seconds). This effect has a direct impact on the moment, which is presented in the bottom-right
part. The largest absolute value of the moment is considered equal to 1 at 03:20:33.5 UTC and
all the other values are represented as fractions of it. It is clearly observed that the main part of
the energy is released during the last 3 seconds of meteoroid’s motion in the atmosphere. More
precisely, only the explosions after 03:20:30 UTC should relase more than 5% of the energy
released at the peak point. However, as demonstrated later, the amplitude of the normal modes
for sources at higher altitude is greater too. This means that the contribution of a point source
in high altitude to the calculated seismogram is greater than the relative value of its moment
tensor compared to those of the point sources in lower parts of the atmosphere.
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Table 4.1: The trajectory of Chelyabinsk superbolide using explosions every 0.5 sec, based on
the interpolation of the trajectory provided by Borovička et al. (2013). Indicated time
is in seconds after 03:20:00 UTC, February 15, 2013.
Latitude (◦ )
54.4519
54.4693
54.4871
54.5049
54.5227
54.5405
54.5583
54.5760
54.5939
54.6116
54.6295
54.6473
54.6650
54.6816
54.6982
54.7148
54.7315
54.7481
54.7647
54.7813
54.7973
54.8133
54.8293
54.8444
54.8588
54.8730
54.8870
54.8968
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Longitude (◦ )
64.4963
64.3612
64.2265
64.0918
63.9572
63.8226
63.6879
63.5533
63.4186
63.2839
63.1492
63.0145
62.8798
62.7429
62.6062
62.4694
62.3325
62.1957
62.0589
61.9219
61.7840
61.6461
61.5082
61.3731
61.2407
61.1131
60.9880
60.8979

Altitude (km)
95.46
92.45
89.48
86.51
83.55
80.59
77.62
74.66
71.69
68.72
65.75
62.78
59.83
56.97
54.10
51.24
48.37
45.50
42.64
39.77
36.97
34.16
31.35
28.62
25.96
23.40
20.90
19.10

Time*
21.00
21.50
22.00
22.50
23.00
23.50
24.00
24.50
25.00
25.50
26.00
26.50
27.00
27.50
28.00
28.50
29.00
29.50
30.00
30.50
31.00
31.50
32.00
32.50
33.00
33.50
34.00
34.50
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Figure 4.3: The atmospheric density in Chelyabinsk, the meteoroid speed, its altitude and the
relative moment are shown in the top-left, top-right, bottom-left and bottom-right
figures respectively. The atmospheric density is obtained by the NRLMSISE-00
model, used for the calculation of synthetic seismograms, whereas its altitude is
provided by the interpolation of the trajectory calculated by Borovička et al. (2013).
Meteoroid speed is calculated by differentiation of the trajectory (see details in text).
The results presented here are used to constrain the evolution of the seismic moment
during the bolide entry used in the seismic inversion.

4.1.2 A linear approach for a nonlinear source
We seek to model the bolide as a succession of seismic sources that can be linearly summed.
However, shock waves are not linear, so we need to define our individual source in a way to
avoid to include a shock waves description. In the following we show that this corresponds to
some temporal limitations. According to Edwards (2009) the radius of the blast generated by
the meteoroid can be calculated by the following equation:
R0 = M · dm =

υmeteor
dm
Cs

(4.7)

where dm is the diameter of the meteoroid, which is estimated at about 20 meters for Chelyabinsk
1
, where β is the angle of the Mach cone, given by
and M is the quantity corresponding to sinβ
the expression:
sinβ =

Cs
υmeteor

(4.8)

Applying an average sound speed of 300 m.s−1 , an average υmeteor = 18.33 km.s−1 , derived
by the known trajectory (Borovička et al. 2013) and presented in the top-right part of Figure
4.3, and the meteoroid diameter in our calculations we find an R0 = 1255 m. In the work of
Edwards (2009), which is a review of previous works on shock waves generated by meteoroids,
it is noted that the shock wave is converted into a weakly nonlinear wave after several R0
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distances. According to ReVelle (1974), this weakly nonlinear regime exists for a variable
amount of time.
In order to choose the temporal resolution for our study, we had to obey to this rule and model
explosions that will happen in distances more than several R0 apart. Therefore, we calculated
the time needed by the meteoroid, in order to traverse this distance. This time should be 0.066
seconds and therefore we should multiply this several times in order to obtain a satisfactory
condition for our temporal resolution. In 0.5 seconds, the meteoroid is already more than 7R0
far from the previous explosion and this is the reason that we used this temporal resolution
to our analysis. We should note that in the final part of the continuous explosion, where the
meteoroid speed is decreasing, R0 decreases as well and the temporal resolution provides results
for sources situated more R0 distances apart.

4.1.3 Data selection
In order to investigate the source properties we perform an inversion of the Rayleigh waves
generated by the event. The data were provided by the Global Seismographic Network (GSN).
Each recording consists of a 2-hour data series of the day of the event (February 15, 2013), from
02:50:00 UTC to 04:50:00 UTC, which means from 30 minutes prior to 90 minutes after the
event.
Raw data from 134 stations were examined with the objective to find the best quality of
Rayleigh waveforms. This strategy was chosen because our aim was not only to characterize
the seismic event, but use data which permit to thoroughly investigate the signature of an atmospheric continuous source. Therefore, any kind of waves of any other origin should be avoided,
as well as the noise in a relatively large Rayleigh waves frequency band. The recordings were
filtered for frequencies between 0.015 Hz and 0.050 Hz after correction of instrument’s response.
The first step was the selection of data, which contain Rayleigh waves generated by Chelyabinsk
meteoroid, at epicentral distances up to 40 degrees. For doing so, the 3 channels of the recordings, 2 horizontal (N and E) and one vertical (Z), were rotated horizontally, in order to obtain
the radial (R) and transverse (T) component of the seismogram. This rotation helps to identify
the Rayleigh waves generated by Chelyabinsk meteoroid, as they should be apparent only in
the vertical and radial components of the seismograms and not in the transverse ones. We performed this rotation in displacement, velocity and acceleration waveforms, in order to increase
the certainty of the selection, but also to investigate all of them with an inversion technique.
In the meantime, we made sure to include in our selections, recordings from stations with azimuth all around the epicenter, in order to secure adequate azimuthal coverage, capable to reveal
eventual directivity.
Data selection was done after tracing the seismograms in relative distances from an “epicenter”, which was assumed, for the needs of this step only, as the projection on the ground of the
position of meteoroid at 03:20:32 UTC, according to the trajectory provided by Borovička et al.
(2013). The selection of this position was made after observing the evolution of the meteoroid
speed in the atmosphere. It corresponds to the point where a rapid deceleration is starting.
It is important to note that the trajectory provided and shown in Table 4.1 is based on the
observations made by Borovička et al. (2013) but it is interpolated in order to obtain the meteoroid position for every 0.5 seconds. Based on this interpolated trajectory, we calculated the
meteoroid speed in every position. The time resolution could be even greater, but the reason for
this time step serves the strategy of the source modeling discussed in detail in section 4.1.2.
The filtered data, for the selected stations, all located at epicentral distances up to 40◦ are
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Figure 4.4: The rotated and filtered (0.015 Hz - 0.050 Hz) data of the selected stations. The
seismograms of the displacement are projected in an order of epicentral distance.
The amplitudes are multiplied by a factor of 2 · 109 .
shown in Figure 4.4. The amplitudes of the waves are all equally normalized for the three
channels and for all the stations. It is shown that the transverse component recordings are
much less important as it concerns the waveforms, which should correspond to Chelyabinsk
meteoroid, whereas they are well observed in both radial and vertical component. The relative
absence of any transverse signal in the travel-time curve associated to Chelyabinsk is a criterion
to include the recordings of a station in our selection, as the chosen frequency band allows only
the waveforms of Rayleigh waves to appear, which, if associated to Chelyabinsk event, should
be characterized by the presence only of the radial component in these rotated seismograms.
The events of magnitude M ≥ 4 until the end of these time series (i.e. 04:50:00 UTC), of
February 15, 2013, according to the International Seismological Center (International Seismological Centre 2013), are presented in Table 4.2. The catalog is dominated by events in the South
Pacific Ocean, most precisely at Kermadec and Tonga trenches and the most important event
prior to the Chelyabinsk superbolide, is the earthquake of M = 5.8 in Tonga (also highlighted
in Table 4.2).
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Table 4.2: The seismic events of M ≥ 4.0 from 00:00:00 to 04:50:00 UTC, February 15, 2013,
according to the International Seismological Centre (2013). Positive values represent
North and East latitude and longitude respectively, whereas negative correspond to
South and West.
Time (UTC)

Latitude (◦ )

Longitude (◦ )

Depth (km)

M

Region

00:24:42.10
00:53:39.37
02:28:48.64
02:43:37.55
02:44:35.75
02:51:28.04
03:02:22.76
03:06:00.70
03:21:20.80

-11.4679
-10.8049
-22.8549
34.7022
-23.7839
-19.7439
-19.8605
16.1060
-31.5930

165.5266
164.9543
170.1281
73.0360
-177.2334
-179.3703
-174.3665
-98.1620
-69.6590

24.0
10.0
25.0
21.0
0.0
700.0
74.7
2.8
112.7

4.0
4.1
4.2
4.0
4.2
4.3
5.8
4.0
4.0

Santa Cruz, Solomon Islands
Santa Cruz, Solomon Islands
New Caledonia
NE Pakistan
South Pacific Ocean
Fiji
Tonga
Oaxaca, Mexico
San Juan Province, Argentina

03:22:08.30

54.4841

62.2259

0.0

4.2

Chelyabinsk Oblast, Russia

03:23:32.07
03:46:21.00
04:26:49.75

-10.7484
-10.8425
-30.3418

165.2987
165.7472
-177.4974

31.0
10.0
33.0

4.3
4.0
4.5

Santa Cruz, Solomon Islands
Santa Cruz, Solomon Islands
Kermadec, New Zealand

In a second step, the waveforms of Rayleigh waves generated by Tonga earthquake should be
identified, in order to verify that the selection we have performed is done correctly, providing
for further investigation only the signature of Chelyabinsk. This task is also performed and presented in previously (Tauzin et al. 2013). The procedure for the identification of the waveforms
associated to Tonga earthquake was identical to this applied to Chelyabinsk and described in
this section. In total, we selected 10 among 134 stations, with 30 of them located at epicentral
distances smaller than 40◦ .

4.1.4 Calculations of synthetic seismograms with normal mode
summation
We calculate synthetic seismograms with the method of normal modes summation (Lognonné
et al. 1998) for every selected station as explained in section 4.1.3. The normal modes are
computed for a 1D symmetrical model describing the solid Earth and the atmosphere. The solid
part is the combination of PREM (Dziewonski & Anderson 1981), a local lithospheric model for
Chelyabinsk (Myers et al. 2010) and the empirical atmospheric model NRLMSISE-00 (Picone
et al. 2002). We consider a non rotating Earth with spherical symmetry.
The synthetic seismograms are the summation of the fundamental spheroidal mode branches,
for angular moments l = 1 to 800 which correspond to frequencies of 3 · 10−4 Hz to 0.067 Hz.
The contribution of the overtones is negligible as it concerns the surface waves (see more details
in section 5.1.2).
Synthetics were calculated for the horizontal and vertical direction of every station (N, E, Z)
and for every component of the moment tensor separately. The objective of this step was to
investigate the contribution of every component on the waveforms of Rayleigh waves.
In Figure 4.5 the synthetic seismograms for every diagonal component of the moment tensor,
are shown, calculated for AAK station, situated in Ala Archa, Kyrgyzstan, at a distance of
1555 km far from the “epicenter” of Chelyabinsk event. The moment tensor used for these
calculations is M0 = 1014 N · m (which, in the case of an isotropic source, it corresponds to a
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Figure 4.5: The computed seismograms for the diagonal components M11 , M22 , M33 and an
isotropic source where M11 = M22 = M33 for station AAK situated 1555 km
far from the final explosion of the modeled source for Chelyabinsk. The diagonal
components M11 and M22 have a minor contribution to the amplitude, less than 1%
of the amplitude of Rayleigh waves calculated for M33 component.
moment magnitude of MW = 4.1) and it concerns a point source occurring at 03:20:33.5 UTC,
which is the time of the maximum energy released in the modeling of the continuous source,
as shown in Figure 4.3 and described in section 4.1.1. The synthetic seismograms used for the
source inversion (shown in Figure 4.6), are the sum of every seismogram of every point source
which constitutes the line source.
We found out that the diagonal components M11 and M22 have a minor contribution to the
amplitude, less than 1% of the amplitude of Rayleigh waves calculated for M33 component.
Given that we used an isotropic source, where M11 = M22 = M33 , knowing that the contribution of M33 -seismogram is dominating this result helps to understand that the inversion is
taking into account mostly the waveform provided by this component and the other two may
vary but in an inconsiderable scale. The top-left and top-right seismograms are the synthetics
calculated for M11 and M22 , respectively. Their displacement peak amplitude is a bit less than
2 · 10−9 m. In the mean time, the bottom-left seismograms correspond to the calculated synthetic seismogram for the M33 component and its peak amplitude is about 5 · 10−7 m, whereas
the same peak amplitude applies to the synthetic seismogram of displacement calculated for
an isotropic source where M11 = M22 = M33 = 1014 N · m. Similar results are found for
every one of the selected stations. Amplitudes depend linearly on the value of M0 and we will
therefore determine this value by a linear inversion, which is described in section 4.1.5.
In a second step the seismograms were rotated in order to obtain the radial (R) and transverse
(T) component in a procedure equal to this performed for the data. The horizontal (E and N),
rotated (R and T) and vertical (Z) component, for point sources occurring every 0.5 seconds,
from 03:20:21.0 UTC to 03:20:34.5 UTC, were then summed in order to obtain the seismogram
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corresponding to the line source for every station.

Figure 4.6: The rotated synthetic seismograms, calculated for every one of the selected stations,
for a line source of M0 = 4.49·1014 N ·m (MW = 4.1). In the graphs the two rotated
horizontal (radial, R, and transverse, T) components and the vertical component (Z)
are shown. Seismograms are filtered for a frequency band of 0.015 Hz to 0.050 Hz.
The amplitudes are multiplied by a factor of 2 · 109 for every station.
In Figure 4.6 the synthetic seismograms for the radial (R), transverse (T) and vertical (Z)
component for every station, generated by a line source of moment M0 = 4.49 · 1014 N · m
(MW = 4.1) are shown. It is clearly seen that the Rayleigh waves are well modeled, as the
associated waveforms don’t appear in the transverse component. Seismograms are filtered for a
band frequency of 0.015 Hz to 0.050 Hz. The amplitudes are multiplied by a factor of 2 · 109 , in
an equal way as it is already done for the recordings in Figure 4.4. Therefore, as the amplitudes
are greater in this modeling, compared to the data, there is a first evidence that the real source
should be characterized by a smaller moment than the one used for this modeling.
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4.1.5 Inversion of the seismic source
As discussed in previous section 4.1.4, the diagonal components of the moment tensor for
i = 1, 2 obtain much smaller amplitudes, with a contribution less than 1% to the synthetic
seismogram obtained for the diagonal component M33 . Therefore, a full waveform inversion
for a non-isotropic source, even if it can provide an almost perfect fit between data and synthetics, should be avoided, as there is little sensitivity to the non-radial components of the moment
tensor. Therefore, we chose to only invert the radial component of the moment tensor, as performed in other studies (Heimann et al. 2013) for a single point source.
We perform the inversion in the horizontal (E, N) and vertical (Z) components of the seismogram, in order to obtain the best fit to the synthetic seismograms presented in section 4.1.4 with
the recordings. This procedure is done for filtered seismograms between 0.015 Hz and 0.050
Hz.
The inversion of the full waveform for the Rayleigh waves is based on the singular value
decomposition method (Rakoto et al. 2018) and its concept is given by the equation 4.9, which
gives the value of the moment tensor for the best fit between the data used and the synthetic
seismograms:
Z t2
∂
(ssynt (t) − sobs (t))2 dt] = 0
(4.9)
[
∂Mratio t1
where Mratio is the result of the inversion, expressed as a ratio of the Mreal corresponding to
the best fit of the recordings and the Msynt used for the synthetics input.
Mratio =

Mreal
⇒ Mreal = Msynt · Mratio
Msynt

(4.10)

t1 and t2 represent the initial and last time of the selected time series, corresponding to the
Rayleigh waveform. ssynt is the part of the synthetic seismogram between t1 and t2 and sobs the
data for the same time period. This part of the time series is shown in red in Figure 4.7.
In order to perform the inversion for multiple stations, we build a unique artificial signal for
both sobs and ssynt by placing the Rayleigh waveforms one after the other.

4.1.6 Inversion results
In a first step we perform an inversion separately for every station and for every component
(N, E, Z). Then, we apply the same inversion by increasing progressively the number of used
stations, in order to observe the contribution of every waveform to the result of a unique source
which provides the seismograms with the best fit with the entire dataset. The first step can provide useful information about the geographical distribution of our results, whereas the second
one shows the contribution of every station to the unique source for every component provided
in the end.
Inversion of the source for every station separately
As referred in section 4.1.5, the inversion technique was applied to the displacement, velocity
and acceleration seismograms of horizontal (N, E) and vertical (Z) components of every station
separately.
The inversion was not performed in the whole time series of the seismograms, but it was
limited to the Rayleigh waveform provided by the synthetic seismograms. In Figure 4.7, the
synthetic seismograms of the vertical component of displacement are shown in black, whereas
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Figure 4.7: The synthetic seismograms for the displacement of the vertical (Z) component are
shown in black, whereas red color represents the part of the seismograms used for
the inversion.
red color represents their part used for the inversion. It is important to note that this selection in
the vertical component, which provides larger amplitudes than the horizontal ones, contributed
to identifying the Rayleigh waveforms in the horizontal components characterized by a smaller
signal to noise ratio.
In Figure 4.8 the results obtained for the displacement at AAK station are shown. The recordings are shown in black, whereas the red line corresponds to the synthetic seismogram, after the
inversion, equivalent to ssynt ·Mratio (see section 4.1.5). The best fit for N horizontal component
suggests a seismic magnitude of 3.54, using the Hanks-Kanamori magnitude scale (Hanks &
Kanamori 1979), whereas the E component has the best fit for a magnitude of 3.53 and the Z,
vertical one, for 3.46.
The results of the magnitude that satisfies the vertical component of the acceleration seismogram, for every station, are shown on a map in Figure 4.9. The trajectory of the meteoroid is
shown in red color and it has a direction from ESE towards the WNW. The magnitudes for the
best fit of the acceleration vertical component are situated in the location of every station.
All the results for the moment magnitude obtained by the separate inversion of the seismograms of every component of every one of the selected stations are shown in Table 4.3. We
observe that the same geographical trend found for the vertical component of the acceleration
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Figure 4.8: The synthetic seismograms calculated after the performed inversion for the displacement seismogram of AAK station, in horizontal (E and N) and vertical (Z) components. The data are shown in black and the synthetic seismograms in red. Both data
and synthetics are filtered in a frequency band from 0.015 Hz to 0.050 Hz.
holds for every component of displacement, velocity or acceleration. The moment magnitude
provided by the inversion technique is greater for the horizontal components. This effect is
associated with the smaller signal to noise ratio compared with the one corresponding to the
vertical component. Therefore, the results of the vertical component can be considered of better
quality. Nevertheless, the ability to model the horizontal components, with provided sources
which do not differ largely from the horizontal ones in terms of Rayleigh waves amplitudes,
is an element showing that the modeling and inversion technique are able to provide adequate
results even for recordings with smaller signal to noise ratio.
It is observed that the obtained values for the moment magnitude appear to be slightly greater
in the west side of the source, compared to those obtained for the stations located at the east.
This observation is shown also in Figure 4.10, where the provided magnitudes for the stations
located at the west side of the source are shown in red and those of the east side in blue color.
Taking into account that the source is moving from ESE to WNW, this effects could be associated to the directivity of the source and a Doppler effect.
Stations located on the west side of the source, are approached by the moving source and
therefore their recordings should be characterized by relatively smaller amplitudes, as the attenuation is most important for higher frequency waves. Therefore, the synthetic seismograms,
which don’t take into account the Doppler effect, should provide larger amplitudes compared to
the data on the west side and the inversion results provide smaller magnitudes.
In the mean time, as the stations at the east side “see” the source traveling away from them,
they should record data characterized by smaller frequencies and therefore smaller attenuation.
Consequently, the recordings on the east side should be of greater amplitude (compared to the
west side), whereas the calculated synthetics, should be smaller compared to the recorded data.
Therefore, the inversion for these stations should provide greater magnitudes.
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Figure 4.9: The magnitude for every source providing the best fit between the acceleration vertical seismogram of every station and the respective synthetic seismogram calculated
by normal modes summation.
In order to verify the presence of such an effect we calculate the spectra of the vertical component of displacement, as shown in Figure 4.11. The spectra for the stations located at the
west side of the source are shown in red, whereas those for the stations at the east side in blue.
Given that the meteoroid is moving mostly towards the West, the west side seismograms should
be identified by higher frequencies. This effect is clearly seen in the curve corresponding to the
closest station, ARU, which is the red curve of higher amplitude density and has a peak at frequencies greater than 0.4 Hz. The rest set of red curves is characterized by a smaller amplitude
density, compared to the blue curves, corresponding to the stations at the East. The dotted lines
represent the mean value of the maximum amplitude density for the stations at the West and
East, in red and blue respectively. It is shown that this is slightly greater for the stations at the
west side and it can be an evidence of the presence of the described Doppler effect associated
to the directivity of the source.
The slight difference of the amplitude density between the data of the stations at the east and
west side of the source cannot describe alone the difference at the inversion results. Therefore,
the presence of this directivity at the synthetics should explain them. In order to find out if this
hypothesis is true, we calculated synthetic seismograms for seismic stations located at equal
epicentral distances (10◦ ) on the east and the west side of the source, in azimuths from 80◦ to
100◦ and 260◦ to 280◦ respectively.
The amplitude density of these seismograms is shown in Figure 4.12. Seismograms for stations located at the East are shown in blue, whereas those for stations located at the West are
shown in red color. It is observed that the stations that “see” the source moving away (those
located at the East) provide synthetics with a greater amplitude density in lower frequencies,
compared to those that “see” the source approaching. Furthermore, the maximum amplitude
density is observed at the higher frequencies (between 0.06 and 0.07 Hz) of the synthetics calculated for stations at the west side of the source. These observations firstly validate more
clearly the Doppler effect, which is slightly observed in the case of data, which are character-
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Table 4.3: Moment magnitude provided by the inversion of Rayleigh waves for every component of every station.
Station
ARU
BRVK
AAK
MAKZ
LVZ
GNI
KIEV
NIL
KEV
TLY

Displacement
N
E
Z
3.54 3.53 3.46
3.56 3.66 3.59
3.70 3.78 3.62
3.80 3.88 3.73
3.64 3.72 3.63
3.53 3.67 3.56
3.37 3.51 3.40
3.71 3.95 3.61
3.65 3.69 3.58
3.78 3.66 3.66

Velocity
N
E
3.38 3.42
3.42 3.52
3.59 3.62
3.63 3.74
3.35 3.48
3.54 3.69
3.35 3.38
3.61 3.89
3.32 3.44
3.72 3.63

Z
3.26
3.42
3.45
3.55
3.38
3.44
3.23
3.49
3.33
3.59

Acceleration
N
E
3.52 3.54
3.65 3.75
3.82 3.88
3.87 4.01
3.55 3.69
3.78 3.89
3.59 3.64
3.82 4.12
3.63 3.68
4.03 3.93

Z
3.39
3.64
3.68
3.75
3.57
3.62
3.46
3.69
3.55
3.89

ized by a distribution of epicentral distances and therefore the effect cannot be so clear, as other
factors (for example the local lithospheric structure) contribute to the recorded signal. Secondly,
they explain the lower values for the seismic moment, provided by the inversion on the west
side data, as the higher amplitude in synthetics satisfies a smaller seismic source, through the
comparison with real data.
Inversion of a unique source by simultaneous inversion of seismograms from
all stations
After the investigation of the inversion results, performed separately for every component of
the seismograms of every station, we performed a simultaneous inversion, in order to provide
a unique source, which satisfies the recordings of every station at once. This task was done
progressively, in order to observe the contribution of every seismogram from each station to the
obtained result. This means that starting from the source provided for the closest station to the
source (ARU), we continued by obtaining the source that provides the best fit to the recordings
of the couple of closest stations and so on, up to a source inversion for all the selected stations.
The applied technique was to provide data series that consist an ensemble of the seismograms
from all the stations. In Figure 4.13, the vertical component of the displacement, velocity and
acceleration seismograms of every station is shown. Black color represents the recordings,
whereas red corresponds to the synthetics, ssynt of the equation 4.9, which represents the inversion technique. The station that provides every part of the data series is noted above the
corresponding Rayleigh waveform.
The obtained results of this technique, provided the source in terms of magnitude moment
presented in Table 4.4. It is observed that the magnitude obtained by the inversion of horizontal
components is greater, for the reason that is discussed previously in 4.1.6, although, the results
of every component don’t appear to differ largely. In the vertical component, the obtained results
for displacement and acceleration are in good agreement, whereas the velocity seismograms
provide a smaller magnitude.
These results, for the vertical component of the displacement seismogram of the ensemble
of the stations, are shown in Figure 4.14. We can observe that the unique source, provided by
the inversion technique and corresponding to a moment tensor whose diagonal components are
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Figure 4.10: The magnitudes provided by the inversion technique for the set of selected stations
is shown for the vertical component of acceleration seismogram. The red dots
indicate magnitudes for the stations situated at the west side of the source, whereas
the blue dots indicate the respective magnitudes for stations at the east side. Dashed
lines are adjusted polynomials of 2nd degree to the results. We notice that the
provided magnitudes for stations at the east side are greater than those for the west
side. This effect is an evidence of a Doppler effect associated with the directivity
of the source (see details in text). The increase rate of the magnitudes with distance
corresponds to a minor dispersion apparent on the recordings.
Table 4.4: Moment magnitude provided by the inversion of Rayleigh waves for every component and for a unique source providing the best fit to the recordings of the ensemble
of the selected stations.
Seismogram
N
E
Z

Displacement Velocity
MW = 3.64
MW = 3.47
MW = 3.68
MW = 3.52
MW = 3.57
MW = 3.36

Acceleration
MW = 3.62
MW = 3.70
MW = 3.52

M0 = 1.25 · 1014 to 4.04 · 1014 N.m, provide results that agree well with the waveforms and the
amplitudes of the Rayleigh waves, recorded by the instruments of the selected stations.

4.2 Synthetic seismograms calculation with spectral
element method
In order to assess the potential role of effect of the 3D structure on the previous results, we
performed the calculation of synthetic seismograms for an 1D spherical model and a model
containing the lateral variations of crustal and upper mantle structure (3D model), with the use
of a spectral element method software, SPECFEM Globe (Komatitsch & Tromp 2002a,b). The
simulations were performed for one chunk of Earth covering an area of 6000 km by 3500 km
centered around 55◦ E and 57.5◦ N. The resolution of the modeling was 7.5 seconds with a
number of elements of 640 along the NS side of the model, 384 along the WE side and 423
radially. The crust was represented using 4 elements. With this resolution, the maximum size
of an element edge is 32km.
The model of internal structure for the unidimensional case is PREM (Dziewonski & Anderson 1981), whereas in the case of the 3D model a combination of a model of internal structure,
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Figure 4.11: The spectra for the stations located at the west side of the source are shown in red,
whereas those for the stations at the east side in blue. A smaller amplitude density
characterizes the set of red curves, compared to the blue ones. The dotted lines
represent the mean value of the maximum amplitude density for the stations at the
West and East, in red and blue respectively. It is shown that this is slightly greater
for the stations at the west side and it corresponds to a clear presence of a Doppler
effect associated to the directivity of the source.
s362iso (Bassin et al. 2000) and higher resolution European model EUCrust7.0 (Tesauro et al.
2008) was used, including topography, ocean, attenuation, gravity and rotation effects.
Seismograms are computed for a single point that is excited by a Heaviside function. The
single point is situated near the surface as an approximation of the seismic source provoked by
the Chelyabinsk bolide (54.5939◦ N, 63.4186◦ E), for a depth 100 m into the solid model. The
event time is 03:20:36, which corresponds to the occurence time of an eventual impact, after
the trajectory used in this work. The seismic moment is purely diagonal and each component is
1.0 · 1016 N.m. The use of a larger moment for the source located on the ground is associated to
the effect on the amplitude of waves generated by sources on the ground compared to those in
the atmosphere. This effect is referred in section 4.1.4 and discussed in detail in section 5.1.2,
for the comparison of the amplitudes generated by sources on the ground and located in the
atmosphere. Waveforms of both data and synthetics are filtered between 10 and 50 seconds. 10
seconds is the minimum period sustained by the modeling with SPECFEM3D. The flat response
of the instruments was chosen to be 50 seconds.
We show a comparison of the computed synthetics for the 1D model and the 3D model with
recorded data for the 9 stations on Figure 4.16. The overall fit between data and synthetics is
shown in Figure 4.16 where the data are shown in black, the synthetic seismograms calculated
for the 1D model in red on the left part and those calculated for the 3D model in blue on the
right part.
The fit for the whole period band is greatly better for the 3D model than for the 1D model.
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Figure 4.12: The amplitude density of synthetic seismograms for stations at an epicentral distance of 10◦ at the East (blue) and West (red) side of the source. It is observed
that synthetics at the East are characterized by higher amplitude density in lower
frequencies, whereas the maximum amplitude density is obtained for the higher
frequencies of the West side synthetics. This effect validates the slight difference
observed in data and explains the moment magnitude difference, obtained by the
inversion technique.
The cross-correlation coefficient computed between synthetics and recorded waveforms reaches
values of 30% for the 1D model whereas this number clearly improves for the 3D model, ranging between 60% and 90%. We deduce that some of the variability of waveform observed in
the data is explained by the 3D 3362iso model complemented by Eucrust 7.0. The result is
confirmed at the time delay between data and synthetics.
Another comparison between the results of these two modeling techniques was performed
for the time delay of the synthetic seismograms, compared to the data. In order to perform
the inversion of the synthetic seismograms calculated with the normal modes summation we
performed a time shift. This means that we minimized the time difference between the arrivals
on the data-series and the computed ones on the synthetics. This time delay is shown in Table
4.6 and it is compared with the time shift for the synthetic seismograms calculated with spectral
element method, for an 1D and 3D crustal model.

4.3 Comparison of results of normal modes summation
with an atmospheric line source and spectral
element method with a source on the ground
In this Chapter, two different methodologies are used in order to model Chelyabinsk seismic
source. In the first one, synthetic seismograms were computed by normal modes summation
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Figure 4.13: The combined dataseries corresponding to the vertical component of the selected
part of signal of the recordings and synthetic seismograms from every station, used
for the inversion of a unique source.

(NMS), for a planetary model containing the solid part and the atmosphere and for a line source
in the atmosphere. In the second, the seismograms were calculated by a spectral element method
software (SEM), for a source located on the ground. The spectral element method was used for
the computation of synthetic seismograms in two different models of solid Earth, an 1D model
(PREM) in spherical symmetry and a 3D model (362iso and EUCrust7.0) containing the lateral
variations of the crust.
A comparison between these three experiments (normal modes summation, spectral element
method with 1D model and spectral element method with 3D model) is useful in order to show
the contribution of each approach. Therefore, in a first step, we compare the correlation coefficient of the obtained results. However, a main difference between the two approaches is the use
of the source inversion technique in the first and not in the second. Therefore, in order to compare their results, we compute the correlation coefficients for the waveforms after an amplitude
correction, made separately for every station.
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Figure 4.14: The results of the inversion performed to the ensemble of the stations are shown
in terms of synthetic seismograms for the vertical component of displacement,
in red color. Black color represents the data for the vertical component of the
displacement seismogram, for each one of the stations, indicated in the right axis.
Data and synthetics are filtered between 0.015 Hz and 0.050 Hz.
We use the Pearson correlation coefficient, r, which is given by:

Pt2
d
−
d
(si − s)
i
i=t1
r = qP
qP

2
t2
t2
2
i=t1 di − d
i=t1 (si − s)

(4.11)

where d and s are the data and synthetic samples, i every element of the dataseries, t1 and t2
the time window into which the correlation is applied (explained in Section 4.1.6) and d and s
the mean values of the data and synthetic seismograms respectively.
We perform this analysis after filtering all the seismograms, data and synthetics, in a frequency range between 0.015 and 0.050 Hz. The examined seismograms are those for the 9
stations for which we calculated synthetic seismograms with both methodologies. The results
obtained are shown in Table 4.6. In the same table, the time delay, τds of the synthetics, compared to the data, for the results shown in Figures 4.13 and 4.15, is shown.
The first observation concerns the time delay. We note an important difference between
the results provided by normal modes summation and those obtained by the spectral element
method. More precisely, the average of the absolute value of time delay for the synthetics
of NMS is 41.16 seconds, whereas the same number is 131.49 seconds and 102.18 seconds,
for SEM 1D and SEM 3D respectively. This effect may be associated to the wave ray in the
atmosphere, which differs for the coupled Rayleigh wave, used in the case of NMS and for
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Figure 4.15: Waveforms between 10 and 50s of the vertical component of displacement seismograms. Recorded data are in black, computed synthetics in color. The gray
curves indicate arrival times with move-out speed between 4.5 and 2.3 km.s−1 ,
corresponding as a first approximation to the time-window of arrival of Rayleigh
waves. On the left part, the synthetics computed with 1D model are shown in red,
whereas the synthetics computed with the 3D model (crustal structure and attenuation included) are shown in blue on the right part.
the seismic waves generated on the ground, computed with SEM. This reveals the importance
of understanding of the atmospheric coupling mechanism, which is integrated in the case of
normal modes summation but needs to be developed in the case of an eventual combination
of two methodologies, one for computing the generated atmospheric waves and one for the
seismic waves generated on the solid part, which in this case is the SPECFEM software (see
more details for this in Chapter 7).
The second observation concerns the correlation coefficient. It depends on the waveforms,
whereas the time delay is associated to the arrival time. In some stations the value of r is really
high for the case of SEM 3D, which is associated to the fact that the lateral variations of the
crust are taken into account. However, this is not the case in all stations. Lower correlation
coefficients, which mostly concern stations which are not located near the source, may indicate
the same thing discussed above, the importance of coupling effects for the Rayleigh waves.
Nevertheless, in most stations the value of r is relatively high for the case of NMS 1D and
the average of all the results indicate a similar value to that for SEM 3D. More precisely, the
average is 69.86% for NMS 1D, 16.22% for SEM 1D and 68.97% for SEM 3D. Therefore, it is
shown that the modeling of the source in the atmosphere can provide waveforms with a good fit
to the recordings, even for the case of an 1D model (NMS 1D). However, we should note that
the inversion technique, used in order to obtain the magnitude of the source, the same for all
stations as described in section 4.1.6, is expected to provide waveforms with a better fit.
This comparison shows the importance of the modeling of the atmospheric source and the
contribution of the coupling mechanism to the generated Rayleigh waves. This process is discussed in the first 3 Chapters and an attempt of the modeling of a line source is more efficient
if it takes it into account. This is an advantage of the normal mode summation technique, because it permits the computation of synthetic seismograms with the summation of the extended
Rayleigh modes in the atmosphere. However, it is not the only approach which can model these
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Figure 4.16: The seismograms of Figure 4.15, filtered in a frequency range of 0.015-0.050 Hz
are shown. Synthetics for 1D model are shown in red on the left and for a 3D
model in blue on the right and data in black. These seismograms are used in
order to compare with the ones calculated through the Normal Modes Summation
technique in terms of correlation with the real data.

effects and in addition, a technique which can provide seismograms for the generated waves by
the coupling and the direct atmospheric waves, is expected to provide higher precision in the
modeling.

In order to investigate the contribution of the direct atmospheric waves and the Rayleigh
waves, we developed an modeling approach for the first ones, as the second are modeled in the
NMS 1D case. We used a 3D model without atmosphere, the same one used in SEM3D case
and we considered a direct atmospheric wave which generates the seismic waves on the ground.

We consider a point source on the atmosphere in the altitude of 30 km and we take the
position of Chelyabinsk superbolide at this height, as provided by Borovička et al. (2013).
Then, we make an assumption and we model a different source for each station which is 30 km
closer to the station, compared to the epicenter of the atmospheric source, as shown in Figure
4.17.
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Table 4.5: Correlation coefficients between the synthetic seismograms and data, for 9 stations
and for each methodology used. * NMS = Normal modes summation. ** SEM =
Spectral Element Method
SEM 1D
SEM 3D
Station NMS 1D
r
τds (s) r
τds (s) r
τds (s)
ARU
74.65% 21.2
8.00% 168.2
94.51% 237.3
3.35% 83.3
96.32% 134.0
BRVK 85.14% 27.7
AAK
92.88% 26.5
19.31% 135.5
93.38% 93.25
20.42% 172.75 72.74% 108.3
MAKZ 89.09% 27.7
LVZ
86.88% 29.8
25.95% 78.10
12.97% 13.45
23.08% 108.7 18.58% 165.25 13.24% 45.60
GNI
40.47% 12.9
14.12% 99.35
96.51% 3.25
KIEV
KEV
84.82% 72.9
34.07% -56.5
12.74% 13.85
52.70% 60
2.16% 224.5
66.42% 161.70
TLY

Figure 4.17: The approach for the modeling of a seismic source on the ground as effect of the
direct air wave. The seismic source is located at a distance 30 km closer to the
station than the epicenter of the assumed atmospheric source which corresponds to
the position of Chelyabinsk superbolide at a height of 30 km, according Borovička
et al. (2013). In the top right part the view from the top is shown, where the straight
line corresponds to the bottom line of the cut in the main part of the figure.

This approach is not applied to the two closest stations, with epicentral distances less than
1000 km. The calculated synthetic seismograms are shown in Figure 4.18 in blue, over the data
of each station which are shown in black.
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Table 4.6: Correlation coefficients between the synthetic seismograms and data, for 7 stations
with the use of the spectral element method, a 3D model for solid Earth and differenc
epicenter in each case.
Station SEM 3D II
r
τds (s)
AAK
68% 26.5
MAKZ 61% 27.7
LVZ
51% 29.8
GNI
72% 108.7
KIEV
72% 12.9
KEV
79% 72.9
TLY
33% 60

Figure 4.18: The synthetic seismograms calculated with spectral element method and a 3D
model of solid Earth for 7 stations, located at epicentral distances more than 1000
km from the source. The epicenter for every seismogram is 30 km closer to the
station compared to the epicenter of the assumed atmospheric source at a height of
30 km. Data are shown in black and the synthetic seismograms in blue color.
We calculated the timeshift and the correlation coefficient as it is done for the other cases,
described above. The obtained results show that we cannot take into account only the direct
wave, as the correlation coefficients are generally comparable with those obtained for the SEM
3D case and lower than those obtained for the NMS 1D case, where the Rayleigh coupling is
modeled. These results, contribute to the confirmation of the expressed hypothesis, that for the
best modeling of atmospheric sources, a methodology which explains the Rayleigh coupling is
necessary. In order to do this, a source in the atmosphere is necessary as well. Therefore, for a
further investigation of the shock waves generated in the atmosphere and the secondary seismic
sources in the ground with the combination of two softwares, as described in Chapter 7, we
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should model the air-coupled Rayleigh waves with the direct shock waves.

4.4 Discussion
With a source modeling based on the calculation of synthetic seismograms by normal modes
summation (Lognonné et al. 1998) and the development of a purely linear physical approach, we
are able to model the Rayleigh waves generated by a meteor which enters the Earth atmosphere.
The results of our approach are in coherence, with those provided in previous works, concerning
the released energy (Brown et al. 2013) and the properties of the seismic event (Tauzin et al.
2013).
We performed a step forward in the source modeling, compared to previous works with an
inversion of the moment tensor, by providing a line source located in the atmosphere, with an
approach of consecutive explosions. We present a linear far field approach for the modeling of
a source that generates nonlinear waves in the near field.
Compared to previous works that modeled a point source with normal modes summation
(Heimann et al. 2013) for the same event, we provide a more complex and realistic location of
the source and perform our investigation in a broader frequency domain. We perform the inversion of the vertical component of Rayleigh waves, in the displacement seismograms recorded
by the stations of GSN for Chelyabinsk meteoroid, as Tauzin et al. (2013) and Heimann et al.
(2013), and, in addition, we extend our investigation to the horizontal components and the velocity and acceleration seismograms in order to validate our results and look further into the
seismic signature of such a source.
The ensemble of our findings, for inversions performed to all components of all seismograms
of all the selected stations, appears to be in coherence, with the moment magnitude provided
by all our experiments to be between M w = 3.54 to 4.03 (Table 4.3), whereas the inversions
applied to the ensemble of the stations provide results between M w = 3.45 to 3.70 (Table 4.4).
We do not make any assumption for the duration of every source, as this is contained in the final
result of the provided moment.
Any deviation of the Rayleigh waveforms between the recordings and the synthetic seismograms, which is not important compared to their amplitude, can be expected when seismograms
calculated for an 1D spherically symmetric model of the Earth are compared to real data. This is
evidence that a method of source inversion of linear atmospheric sources based on the modeling
of the Rayleigh waves by normal modes summation can be used as the basis for an inversion
of the crustal structure, mainly in local scale but even in larger distances in the case of a great
event. In order to test this assumption, we calculated the synthetic seismograms for Chelyabinsk
meteoroid using a spectral element method software. The results of this test showed a better
correlation of waveforms calculated for a 3D model including crustal structure and attenuation
compared to the 1D one.
In addition, an eventual inversion based also in the contribution of the atmospheric waves,
by the respective computation and summation of the acoustic normal modes, can contribute to
our further understanding for the processes occurring in the atmosphere during airburst events.
In order to perform this task, the availability of data from stations in short epicentral distances
(< 1◦ ) is necessary.
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5.1 Introduction
Seismology is considered today one of the best tools to investigate planetary interiors. Meteoroid impacts constitute a very important seismic source, since their locations and, in some
cases, their occurrence times can be accurately known from orbiters, tracking or optical observations. Their contribution is enhanced in the case of a seismic experiment SEIS (Seismic
Experiment of Interior Structure) on board the next Martian mission“InSight” (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) (Banerdt et al. 2013), as the
known location allows a direct inversion of differential travel times and wave forms for structure
identification. For InSight, the impact locations might be detected by the CTX camera (Malin
et al. 2007) of the Mars Reconnaissance Orbiter.
In the first part of this work, we performed an inversion of a seismic source, corresponding
to the entry of a meteor in the atmosphere of the Earth. As indicated in the latter section 4.4,
the modeling of atmospheric sources with normal modes summation can be a useful tool for the
investigation of the crustal, or even more, the lithospheric structure. The provided results for a
known source on Earth, in coherence with the already known properties of the examined event,
allow the application of the same method of modeling of seismic sources associated to meteor
entries in planetary atmospheres, in another planet.
In this case, we perform a calculation of synthetic seismograms by normal modes summation
on Mars, aiming to provide evidence about their detectability by the SEIS instrument and discuss the properties of the Rayleigh waves generated by them in the extraterrestrial environment,
where InSight data are supposed to be the first seismic recordings.

5.1.1 Normal modes computation
We performed the computation of solid spheroidal normal modes for a whole planet (solid part
and atmosphere). The solid part is the AR model of Mars interior (Okal & Anderson 1978),
an 1D model that we assume in spherical symmetry. An atmospheric model of Mars, LMD
(Spiga et al. 2010), containing information about the viscosity of the Martian atmosphere and
the relaxation of CO2 into it, is adjusted on the model of the solid internal structure.
We computed the spheroidal solid modes for a whole planet by applying a radiant boundary
on the top of the atmosphere, the relaxation of CO2 into it, and the viscosity effects, for angular
orders up to l = 1200 and frequencies up to 0.16 Hz. The calculated amplitudes for the vertical
component of the fundamental mode in the atmospheric part of the provided model appear to
be much larger than the same for the overtones, whereas the energy fraction in the atmosphere
is about 10 times larger for the fundamental mode, compared to this for the overtones. This is
a first indication that the fundamental mode should be dominant in any synthetic seismogram
calculated for an atmospheric source.
This effect is shown in Figure 5.1 where the real part of the radial component of the fundamental solid spheroidal mode, in the atmosphere of Mars, is shown on the left, whereas the
respective component of its first overtone is shown on the right. We note that the amplitudes
provided for the fundamental mode are about 3.35 times greater than the respective for the
overtone.

5.1.2 Synthetic seismograms calculation
In order to examine the synthetic seismograms of an airburst in the Martian atmosphere and an
impact, which occurs on Mars, we modeled two different events, with common characteristic
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Figure 5.1: The amplitudes of the vertical component of the real part of spheroidal solid modes
in the atmosphere of Mars. On the left the amplitudes of the fundamental mode
are shown, whereas on the right, those of the 1st overtone. A radiant boundary
condition is applied on the top of the atmospheric model, whereas the relaxation
of CO2 and the viscosity in the Martian atmosphere are applied. The amplitudes
corresponding to the fundamental mode appear to be two times larger than those of
the 1st overtone.
the absolute value of the seismic moment. This value is estimated for a meteoroid impact
corresponding to a 2-m diameter rocky impactor, as described in Section 5.1.2. Afterwards, the
same absolute value of the seismic moment was used for an airburst at an altitude of 7 km, in
order to compare the seismograms of equivalent sources, which, however, do not correspond to
similar impactors.
Point source on the ground
We performed a first test of a source on the ground. The properties of the source are based
on the theory of Holsapple (2003, 2007, 2015, 2017, 2018) and calculations were made in the
provided platform.
As shown in Table 5.1 we consider a 2-m diameter rocky impactor moving at 10 km.s−1
through the Martian atmosphere. The impactor’s mass is calculated as a result of its density
and size and the released energy is considered to be 6.28 · 1011 J. Given the expression 4.4, the
seismic moment in the triatomic Martian atmosphere should be M0 = 0.29 · E. Therefore we
obtain a seismic moment equal to M0 = 1.8 · 1011 N.m.
We used this isotropic point source, situated on the ground, for the calculation of synthetic
seismograms at epicentral distances for every 5◦ (296.4 km on Mars), from 5◦ to 45◦ . The amplitudes of the Rayleigh modes summation, for frequencies up to 0.16 Hz, at an epicentral distance
of 5◦ are shown in Figure 5.2. The presented synthetic seismogram is the pure summation of
normal modes, without the application of any filter. Therefore, the frequency domain contains
frequencies from 0.001 Hz to 0.16 Hz, the highest frequency of computed normal modes.
The seismogram calculated for the fundamental mode is shown in red, whereas the blue
color indicates the seismogram calculated by the summation of the fundamental mode and its
two overtones. In the bottom part the residual between these two seismograms is shown. We
can notice that the contribution of the overtones is barely observed as it corresponds to ampli-
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tudes close to the noise level and therefore its contribution to the Rayleigh waveform is minor.
Therefore, the fundamental mode dominates the seismogram, a condition that applies also to
the case of Chelyabinsk meteoroid and is referred to in section 4.1.4.
This effect can be explained, as the fundamental mode describes better the displacement near
the surface, whereas the overtones correspond to displacement in greater depths. The frequency
domain of our investigation concerns the Rayleigh waves and therefore a more important contribution of the overtones is possible to be observed in higher frequencies.
Point source in the atmosphere
After the calculation of synthetic seismograms for a ground explosion, we investigated the
waveforms provided by the same technique, for the Rayleigh waves generated by sources in the
atmosphere. More precisely, we used a point source at a low altitude in the Martian atmosphere,
for an equivalent value of the moment tensor.
It is important to note that equal moment tensor in different altitudes in the atmosphere indicates a meteoroid of different size. Therefore, in this case, the provided synthetic seismograms
for a point source in the atmosphere concern another meteoroid, bigger than this examined in
the previous section 5.1.2. The approach to model the explosions of the same meteoroid in
different altitudes is used in the source inversion performed for Chelyabinsk and is described in
detail in section 4.1.1.
Miljković et al. (2016) showed that a meteoroid of 2 m diameter, of either cometary or carbonaceous composition, traveling with the speed of 10 km.s−1 in the Martian atmosphere, will
first burst at an altitude of about 7 km. Therefore, we place the described source in this altitude,
in order to perform the calculation of the synthetic seismograms in a similar way as it is done
for the source on the ground.
The synthetic seismograms for this source are shown in Figure 5.3. The right part of the
Figure is a zoom in the Rayleigh waveform of the data series on the left part. We observe that
the amplitude of Rayleigh waves for a source of MW = 1.36, is larger than the one obtained for
a source on the ground (Figure 5.2), whereas the arrival time is earlier. The residual between
the summation of the fundamental mode and the seismogram with the addition of its two first
overtones indicates that for atmospheric sources the harmonics have an, equal to the impact
case, minor contribution to the amplitudes of the Rayleigh waves, generated by the coupling
between the solid and atmospheric part of the planet.

5.1.3 Detectability of the meteor impact events
As referred in the introduction of this section 5, part of our aim to perform the modeling of
Rayleigh waves generated by meteoroid impacts on Mars is to provide evidence for their detectability by the SEIS VBB seismometer of InSight mission. In our modeling of the source on
the ground and the Martian atmosphere, we assume a 2-m impactor. However, in the period of
2 terrestrial years, while the operations of InSight on Mars will take place, impacts of such size
are considered to be very rare.
Although the model by Miljković et al. (2016) is simplified, and in reality it does not mean
that only one airburst would occur during the atmospheric passage, here we also consider
smaller impactors, that are also more frequent and more likely to occur during the lifetime
of the InSight mission. It is also convenient that even a simplified model by Miljković et al.
(2016) indicates that smaller size impactors are more probable to hit the Martian ground without any mass loss, if other conditions, as their speed, permit so. Similarly to the 2-m impactor,
we calculate the scaling relationship (Holsapple (2003, 2007, 2015, 2017, 2018)) for 1-m and
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Table 5.1: Scaling of the seismic moment (in N · m) for different sizes of meteoroids reaching
Martian ground, based on Holsapple (2003, 2007, 2015, 2017, 2018). The model
considers the velocity of the impactor υ = 10 km · s−1 and its density ρ = 3000 kg ·
m−3 . The target is a regolith surface, with a density of ρtarget = 1500 kg · m−3 , a
friction angle φ = 40◦ and porosity ν = 0.4. The Martian gravity is g = 3.71 m · s−2 .
Impactor Diameter (m)
Crater Diameter (m)
Crater Depth (m)
Mass (kg)
Energy (J, T eq. TNT)
Moment (N.m)
Scaling

2
33.74
9.20
12600
6.28 · 1011 (150)
1.8 · 1011 (MW = 1.36)
1

1
17.78
4.85
1570
7.85 · 1010 (18.76)
2.24 · 1010 (MW = 0.76)
0.124

0.5
9.20
2.51
196
9
9.82 · 10 (2.35)
2.8 · 109 (MW = 0.16)
0.016

0.5-m impactors (5.1). In these calculations we consider a target consisted of regolith with a
mass density ρ = 1500 kg · m−3 . In this study, this scaling applies to a small range of impactor
sizes. For all of them we consider an associated boxcar source time function, with a duration of
τ = 1 sec. Larger impacts may provide larger source durations, however this investigation is
not the objective of the present work.
We also compute the released energy for these impacts hitting the ground. We are able
to deduce the seismic moment of these impacts resulting to ground explosions by using the
equation 4.4. The ratio of the seismic moment in each case, in comparison with the seismic
moment of the impactor of a diameter of 2 meters, shown in the last row of Table 5.1, is going
to be used in order to perform a scaling to the amplitudes calculated in sections 5.1.2 and 5.1.2.
In order to obtain these values, we consider a rocky impactor, with a density of ρimpactor =
3300 kg · m−3 , hitting vertically, with a velocity of υ = 10 m · s−1 a surface of regolith,
characterized by a density of ρtarget = 1500 kg · m−3 , a friction angle φ = 40◦ and porosity
ν = 0.4 whereas the Martian gravity is g = 3.71 m · s−1 .
In Figure 5.4, the spectra of the seismograms presented in sections 5.1.2 and 5.1.2 are presented in black color. The red continuous line and the blue line represent the spectra for smaller
impacts (1 m and 0.5 on the ground respectively) obtained by the scaling of the seismic moment. The dashed red line indicates the SEIS VBB requirement of the InSight mission. We
can deduce that only a fraction of the provided amplitudes of Rayleigh waves is supposed to be
detected in this frequency domain, even in small epicentral distances (5◦ ). More precisely, the
impacts of diameter equal to 0.5 meter, that explode on the Martian ground, will be detectable
only in higher frequencies of the Rayleigh waves. Therefore, we deduce that the investigation
of this kind of events, should be focused on the highest frequencies of Rayleigh waves, in the
order of 0.2 Hz, in order to detect their seismic signature.
In order to estimate the maximum epicentral distance of detectability of a 1-meter diameter
meteoroid, we use the following equation 5.1 which describes the attenuation of the Rayleigh
waves:
s
◦

S (∆) = S (5 ) ·



sin (5◦ )
ω tR
· exp −
sin (∆)
2Q

(5.1)

where S(5◦ ) is the amplitude density of the signal at an epicentral distance of 5◦ (the distance
of the spectra presented in Figure 5.4), ∆ the epicentral distance along the same azimuth, ω the
angular frequency, given by ω = 2πf and in this case f = 0.16 Hz, tR the propagation time of
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Table 5.2: Maxima distances where the signal of an 1 meter diameter impact can be recorded
by SEIS VBB seismometer, of InSight mission on Mars.
Q
250
500
1000

max(∆) for
S(∆) ≥ 10−9 m.−2 .Hz −1/2
33.5◦ (1986.2 km)
57◦ (3379.5 km)
109◦ (6462.5 km)

max(∆) for
S(∆) ≥ 2 · 10−9 m.−2 .Hz −1/2
21.5◦ (1274.7 km)
33.5◦ (1986.2 km)
50.5◦ (2994.1 km)

the waves, given by tR = υ∆g with υg to be the velocity of Rayleigh waves, considering that in
these frequencies there are no dispersion effects and finally Q is the anelastic attenuation factor.
In Figure 5.5 the results of these calculations are shown for Q = 250, 500, 1000, in black,
blue and red color respectively. The noise level during a Martian day is indicated by the
red dotted line. In order to record the signal of a meteor impact, it should be greater than
10−9 m.s−2 .Hz −1/2 . Therefore, we calculate the epicentral distances where such an amplitude
can be recorded. In the mean time, we perform the same calculation for a more satisfactory
signal, greater than 2 · 10−9 m.s−2 .Hz −1/2 . The results for the maxima distances where these
signals can be recorded are shown in Table 5.2.

5.1.4 Estimation of the number of detectable impacts during 1
Martian year
The number of detectable impacts, for crater diameters varying between 1 to 100 meters is
summarized using various models by Daubar et al. (2018). In Table 5.1 we show that the crater
diameter for an impactor of 1 meter diameter on Mars should be 17.7 meters. According to
Daubar et al. (2018), the minimum number of events which generate craters of this size or
larger during one Earth year is n = 15.7 using the current impact rate measure by Daubar et al.
(2013), whereas the most optimistic estimation is for n = 31.4.
In order to estimate the number of detectable events we calculate the number of impacts
which should occur in an area corresponding to the epicentral distances indicated in Table 5.2.
The curves represent the estimations for Q = 250 in black, Q = 500 in blue and Q = 1000
in red color respectively. The dashed lines correspond to the estimations for the lower rate of
impacts (Daubar et al. 2018) whereas the continuous lines to the higher one. The number of
detectable events is corresponding to those characterized by an amplitude density greater than
10−9 m.−2 .Hz −1/2 for high frequency Rayleigh waves, f = 0.16Hz.
The numerical values of these results are also presented in Table 5.3 where the estimated
number of the detectable impacts of a diameter of 1 meter, for Q = 250, 500, 1000, for one
Earth year and one Mars year (period of InSight operations) according to the lower and higher
impact rate estimated by Daubar et al. (2018), is shown. The calculations concern the detectability during daytime and the estimated numbers can be twice greater for night conditions, where
the amplitude of the noise is much smaller.
These estimations appear to be less optimistic than those presented by Teanby (2015), where
there are predicted 0.1 to 30 impacts per Earth year, for craters in the 2 to 40 meters diameter
range, with a minimum amplitude density of 10−8 m.−2 .Hz −1/2 .
Compared to the estimations for the number of detectable impacts by Daubar et al. (2018),
based on the propagation of body waves in the solid part of the planet, in the present work
the atmospheric part is integrated and the estimations are based on the propagation of surface
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Table 5.3: The number of detectable meteor impacts of d = 1 meter for one Earth year and one
Mars year, for Q = 250, 500, 1000, based on the impact rate estimations by Daubar
et al. (2018).
Q
250
500
1000

1 Earth year
Lower impact rate Higher impact rate
1.3031
2.6062
3.5749
7.1498
10.4060
20.8120

1 Mars year
Lower impact rate Higher impact rate
2.4509
4.9017
6.7237
13.4473
19.5716
39.1432

waves.
As it concerns the airbursts, our estimated number of detectable events, even in short epicentral distances is much smaller than the one estimated by Stevanović et al. (2017), who predict
∼ 20 − 100 detectable airbursts by InSight seismometer. Our analysis for a similar moment
tensor in the altitude of 7 km in the Martian atmosphere, shows that the obtained signal should
be higher by an order of ∼ 10% (see Figure 5.4). However, the number of events able to provide this signal is much less. Following the physical approach performed for Chelyabinsk and
presented in section 4.1.1 we can deduce that a larger meteoroid is needed in order to generate
an explosion of M0 = 2.24 · 1010 in this altitude.

103

5 Modeling of Rayleigh waves generated by a meteor impact on Mars

Figure 5.2: The synthetic seismogram calculated for a source located on the ground, of MW =
1.36, in a station located at an epicentral distance of 5◦ . The right part is a zoom
in the waveform shown on the left part. The synthetic seismogram calculated by
summation of the fundamental mode is shown in red, whereas the one calculated by
summation of the fundamental mode and the first two harmonics is shown in blue.
On the bottom part, the residual between the red and blue seismograms is presented.
We can deduce that harmonics have a minor contribution to the calculated synthetic
seismograms.
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Figure 5.3: The synthetic seismogram calculated for a point source in an altitude of 7 km in the
Martian atmosphere, of MW = 1.36, in a station located at an epicentral distance of
5◦ . The right part is a zoom in the waveform shown on the left part. The synthetic
seismogram calculated by summation of the fundamental mode is shown in red,
whereas the one calculated by summation of the fundamental mode and the first two
harmonics is shown in blue. As observed also in Figure 5.2 the overtones appear to
have a minor contribution to the Rayleigh waveform.
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Figure 5.4: The spectra of the seismograms calculated for point sources situated on the ground
(on the left) and in an altitude of 7 km (on the right), for a station located in an
epicentral distance of 5◦ . The black line shows the spectra of the seismograms for
a seismic moment M0 = 1.8 · 1011 N · m, corresponding to an meteor impact for
a meteoroid of a diameter of 2 m on the ground, whereas the continuous red line
and the blue line show the amplitude density of synthetic seismograms obtained by
scaling and corresponding to ground explosions of impactors of a diameter of 1 and
0.5 m respectively. We should underline that these spectra do not concern the same
impactor. In order to obtain the same moment from an explosion on the ground and
at an altitude in the atmosphere of a planet, the impactor exploded in the atmosphere
should be much larger than the one which hits the ground.
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Figure 5.5: The estimation of the amplitude density of the Rayleigh waves generated by an
impact of 1 meter diameter, in epicentral distances from 5◦ is shown in black for
Q = 250, blue for Q = 500 and red color for Q = 1000. The red dotted line
indicates the noise level during a day on Mars, equal to 10−9 m.s−2 .Hz −1/2 .
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Figure 5.6: The estimation of the number of detectable impacts during 1 Martian year (period
of InSight operations on Mars = 1.8808 years on Earth). The curves corresponding
to Q = 250 are shown in black, Q = 500 in blue and Q = 1000 in red. The dashed
lines correspond to a lower impact rate, whereas the continuous ones to a higher
one.
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6.1 Meteor impacts as seismic source for Seismic
Experiment of Internal Structure (SEIS)

Meteor impacts are supposed to be one of the sources of the seismic signals that are going to
be detected by the Seismic Experiment of Internal Structure (SEIS) (Lognonné et al. 2018) of
InSight mission (Banerdt et al. 2013). In Chapter 5 an estimation of the cumulative numbers
of detectable events during the nominal operation period of the mission is performed based on
calculated seismograms of Rayleigh waves generated by an impact or an airburst at an altitude
of 7 km. However, meteor impacts are supposed to generate also body waves of much higher
frequency, compared to that of Rayleigh waves, following the concept presented in section 2.4
in this dissertation.

The actual knowledge for the properties of Mars subsurface structure is based on a combination of orbital and in situ observations. More precisely, the InSight landing site, in western
Elysium Planitia, is characterised by the presence of Hesperian basaltic lava plains, 200 m thick,
underlain by sediments and possibly interbedded by ash and sedimentary deposits (Golombek
et al. 2017).

Daubar et al. (2018), where I contributed as InSight science team member and with the discussion on the importance of the shallow layer in the modeling of the seismogram amplitude,
present a complete review on the perspectives of impact seismology on Mars. It is discussed
that the presence of such a surface layer, will affect the signal of high frequencies (0.5 to 5 Hz),
corresponding to the impact generated body waves. More precisely, the presence of a surface
layer of fragmented loose regolith will both amplify and trap the seismic waves and the relatively high porosity of the regolith will affect the seismic efficiency. For this reason, a thorough
understanding of the material properties at the landing site is important for the interpretation of
any received signals.

We illustrate this by computing very high frequency Rayleigh modes. We computed the amplitudes of fundamental Rayleigh mode for an angular order of l = 2000, 3000, 4000 and 5000.
Their associated obtained periods are τ2000 = 4.08 sec, τ3000 = 2.87 sec, τ4000 = 2.28 sec and
τ5000 = 1.95 sec. The modes were computed for a planetary model combining the solid part and
the atmosphere. The model used for the solid part is the EH45TcoldCrust1 (Panning et al. 2017),
whereas the atmosphere corresponds to the LMD model, described by Lognonné et al. (2016),
which contains the viscosity and the molecular relaxation of CO2 in martian atmosphere.
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Figure 6.1: Amplitude of the fundamental Rayleigh mode 0 S2000 , 0 S3000 , 0 S4000 and 0 S5000 , with
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altitude of the source is 100 meters than for the same but buried at 80 meters depth.

6.2 Mechanical properties of Martian Regolith
Simulants
Both the atmosphere and the ground properties of the subsurface are important. We therefore
present here experimental results on the expected Mars Regolith seismic velocities which were
finalized through collaboration with Pierre Delage, at the beginning of the thesis by a publication in the InSight 1st special issue in Space Science Reviews (Delage et al. 2017).
In order to understand the mechanical properties of the material in the shallow subsurface, we
performed a series of tests in three regolith simulants. The performed tests provided evidence
for the shearing properties of sand at large strains and it was found a significant change in
plastic volume, due to interaction of the grains for loose sand and dilation for a dense one.
Another set of tests enabled the calculation of the seismic velocities in pressures corresponding
to the shallow region of the martian subsurface. These tests with the ensemble of associated
conclusions are included in the paper of Delage et al. (2017).

6.2.1 The Martian Simulant Soils
Three different martian simulant soils were selected in order to perform the investigation of their
mechanical properties. The selection was based on the parameters of the martian surface, which
is known today mostly by the images provided by HiRISE (High Resolution Imaging Science
Experiment, McEwen et al. (2007)), CTX (Context Camera) (Malin et al. 2007) and CRISM
(Compact Reconnaissance Imaging Spectometer for Mars) (Murchie et al. 2007) images from
the Mars Reconnaissance Orbiter (MRO), the radar and thermophysical properties of the surface
materials, including albedo, thermal inertia and radar reflectivity (Golombek et al. 2008).
The main properties of various Martian surface materials taken from a synthesis provided by
Golombek et al. (2008) are given in Table 6.1. It is shown that sand deposits comparable to
that expected at the InSight landing site, have a bulk density estimated between 1000 and 1300
kg · m−3 , grain sizes between 0.06 and 0.2 mm, a low cohesion between 0 and 1 kPa and an
angle of internal friction of about 30◦ .
MSS-D (Mars Simulant Soil - D) is a fine grained mix made of 50% artificially ground olivine
powder and 50% quartz. It is composed of silt and clay sized particles, that are finer than sand
and overlap the size of dust on Mars.
The Mojave simulant is composed of Mojave Mars Simulant (MMS), a widely used Mars
simulant, which is crushed Miocene basalt from the Mojave Desert in Southeast California
(Peters et al. 2008), alluvial sedimentary and igneous grains from the local area of Jet Propulsion
Laboratory and basaltic pumice.
Eifelsand simulant is a mix comprising pumice grains from the Eifel Mountains in Western Germany, a site with Tertiary and Quaternary volcanic activity, and crushed basalt grains.
Grains larger than 2 mm are basalt pumice from the natural Eifelsand, with a small density and
angular shape.
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Table 6.1: Characteristics of some Martian surface materials after Golombek et al. (2008). Data
derived from Moore et al. (1987, 1999), Moore & Jakosky (1989), Christensen &
Moore (1992), Arvidson et al. (2004a,b), Christensen et al. (2003), Herkenhoff et al.
(2004a,b), Fergason et al. (2006)
Bulk density Grain size Cohesion
Friction angle Thermal inertia
Surface material (M g · m−3 ) (mm)
(kPa)
(◦ )
(Jm−2 K −1 s−1/2 )
Drift
1-1.3
0.001-0.01 0-3
15-21
40-125
Sand
1.1-1.3
0.06-0.2
0-1
30
60-200
Crusty to
cloddy sand
1.1-1.6
0.005-0.5 0-4
30-40
200-326
Blocky,
indurated soil
1.2-2
0.005-3
3-11
25-33
368-410
Dense float
rock, volcanic
2.6-2.8
2-2000
1000-10000 40-60
>1200-2500
Clastic rock,
Columbia Hills 2
620-1100
Sulfate rock,
Meridiani
<2
> 400-1100

Figure 6.2: Presentation of the regolith simulant soils. The grains larger than 2 mm are separated
as they were not used in bender element tests, which provided the velocities of
seismic waves on the soils. MSS-D is a fine grained mix of artificially ground
olivine powder and quartz. Mojave is composed by alluvial sedimentary and igneous
grains and basaltic pumice from Mojave Desert, Californa. Eifelsand composition
is of crushed basalt grains and volcanic pumice grains from the Eifel Mountains in
Western Germany.
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The simulants are presented in Figure 6.2 where the grains of a diameter larger than 2 mm
are separated, as they were not used in bender element tests, which provided the velocities of
seismic waves for these soils.
A sieve analysis, using a mechanical shaker, was performed in order to distinguish the different size of grains composing the tested soils. The grain size distribution obtained by the analysis
is shown in Figure 6.3, blue color corresponds to the size distribution curve of MSS-D, red the
respective for Mojave and green for Eifelsand. The dots represent the fraction of every soil, in
terms of mass, who passed through every sieve of different opening, on the mechanical shaker.

Figure 6.3: The grain size distribution curves obtained after a sieve analysis with the use of a
mechanical shaker.
The obtained curves indicate comparable size distribution for the fraction of grains smaller
than 2 mm of Mojave and Eifelsand with slight greater percentage of more fine particles for
Mojave. The curve corresponding to the distribution of MSS-D grains is clearly bimodal, indicating the composition of two different materials, 50% artificially ground olivine powder and
50% quartz. The quartz sand fraction corresponds to the part of curve for grains larger than
0.1 mm, whereas finest grains correspond to the olivine powder. Another characteristic is the
clearly smaller size of MSS-D grains, compared to those of Mojave and Eifelsand.
In order to obtain the solid densities of the individual particles for every soil, a pycnomètre
was used and the following values were obtained:
• MSS-D : ρS = 2.70 M g · m−3
• Mojave : ρS = 2.79 M g · m−3
• Eifelsand : ρS = 2.51 M g · m−3
As referred previously, in the description of the macroscopic analysis, Eifelsand density is
smaller compared to that of MSS-D and Mojave simulants. However, the density of the basaltic
pumice consisting the Eifelsand is significantly smaller than that of basalt grains, which was
measured ρS = 2.8 M g · m−3 .
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6.2.2 The experimental devices
Mechanical tests were performed on the simulant soils, in standard soil mechanic devices. The
shear stress was measured in a direct shear test box (Figure 6.4). The used box has a square
surface with every side of 6 cm and 2 cm height. The specimens were put into the box by
pouring 3 successive layers of 20 mm height. The top surface of each layer was carefully
regulated in order to obtain a plane of constant height before pouring the following layer. The
device exerts a horizontal force on the top part of the specimen, whereas the vertical force is
regulated by a system of levers and weights.

Figure 6.4: The principle of shear test box is shown on the left and the used device on the right.
The compression curves were obtained by an oedometric test. The used device contained a
cylindrical box for the specimen shown in Figure 6.5, of diameter 70 mm and height 26 mm.
Specimen top surface was carefully regulated in order to preserve the initial mass density of the
soil in normal pressure conditions.

Figure 6.5: The specimen used for the oedometric test in order to obtain the compression curves
of the simulant soils. The surface of the specimen is carefully regulated with a ruler
in order to preserve the natural initial mass density of the simulant soil.

115

6 Identification of shallow subsurface material properties for InSight landing site
The seismic velocities were measured by using bender elements, which are made up of piezoelectric ceramic plates, working in frequency between 1 and 100 kHz. Bender elements are able
to generate and receive both compression (p) and shear (s) waves once inserted in top and bottom of granular specimens. The principle of the device and the deployment of the test is shown
in Figure 6.6. On the top left part of the figure (a) the principle of bender element test is shown.
The soil sample is placed in an elastic thin gasket which gives to it a cylindrical shape. The
bender elements are then placed at the top and bottom of the cylindrical soil and a signal is
emited on the piezoelectric ceramic plates placed on the two edges of the specimen. The bender
elements are shown in the top right part (b), before the installation of the ceramic plates and
the soil sample. In the bottom left part (c), the elastic gasket shaping the soil and protecting it
from any moisture during the test is shown. On the top right part (d) is shown the device during
the test. The space in the cylinder and around the specimen is filled by water, in order to apply
a tridimensional hydrostatic pressure and therefore obtain the seismic velocities for different
depths of a planetary subsurface.

Figure 6.6: The principle of the device of bender element test and the phases of preparation and
deployment of the test which performed in order to measure the seismic velocities
of the simulant soils.
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6.2.3 The experimental results

Compression curves

The compression curves were obtained by the test with the one-dimensional oedometer for the
three regolith simulant. The results are presented in terms of change of the void ratio e with
respect to the variation in vertical stress, σv . The void ratio is the ratio between the volume
of voids, Vv , over the volume of the solid phase Vs . The compression curve shows how the
compressibility, represented by the slope of the curve, is decreasing with increased stress and
plastic densification, which means the difficulty to compress a denser assembly of strains.
The test was performed in three phases for two different initial values of the void ratio. Each
phase was a cycle of loading and unloading. In the first phase a vertical stress of 50 kPa was
applied and then back to 0 kPa, with no application of vertical stress. The second phase was the
same load cycle with a maximum pressure of 100 kPa and the third with the application of a
maximum stress of about 300 kPa. The value of the void ratio was measured in a several values
of vertical stress (0, 5, 10, 25, 50, 100, 200 and 300 kPa) in order to obtain the compression
curves.

Figure 6.7: The compression curve of MSS-D simulant obtained by the unidimensional oedometric test. We observe that the slopes of the elastic response above 50 kPa are
fairly linear and equal, whereas a slight curvature of the elastic response is observed
between 0 and 25 kPa.
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Figure 6.8: The compression curve of Mojave simulant obtained by the unidimensional oedometric test. The observed responses are similar to those obtained for MSS-D, however ther is significantly less compression in the range of 0 to 50 kPa, indicatinf
lower compressibility.

Figure 6.9: The compression curve of Eifelsand simulant obtained by the unidimensional oedometric test. The curve shows a comparable compressibility with the one obtained
for Mojave simulant.
The compression curve for MSS-D is shown in Figure 6.7. The initial values of void ratio of
each test was e = 0.7 (S4, S5 and S6 in Figure 6.7) and e = 0.8 (S1, S2 and S3 in Figure 6.7)
respectively corresponding to a porosity of n = 44.4% and n = 42.1%. The porosity is given as
the ratio of the volume of voids over the total volume, which is the sum of the volume of voids
and volume of solid phase (n = Vv /V and V = Vv + Vs ). The initial densities of the specimen
were ρ = 1.59 M g.m−3 and ρ = 1.5 M g.m−3 respectively. The responses to the first two load
cycles (50 to 0 to 50 kPa and 100 to 0 to 100 kPa) are fairly reversible with elastic strains much
smaller than the previously mobilized plastic strains. We observe that the slopes of the elastic
response above 50 kPa are fairly linear and equal. A slight curvature of the elastic response is
observed between 0 and 25 kPa.
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Figure 6.8 shows the compression curve for Mojave simulant. The initial void ratios are
e = 0.683 and e = 0.764, corresponding to porosities of n = 40.5% and n = 43.3% and
densities of ρ = 1.60 M g.m−3 and ρ = 1.53 M g.m−3 respectively. The observed responses
are similar to those obtained for MSS-D, however there is significantly less compression in the
range of 0 to 50 kPa, indicating lower compressibility.
The compression curve of Eifelsand is shown in Figure 6.9. In this case the initial void ratios
are significantly larger, with the measured values to be e = 1.19 and e = 1.07. The curve shows
a comparable compressibility with the one obtained for Mojave simulant.

Figure 6.10: The variation of the density of the 3 tested simulant soils against the applied vertical stress. MSS-D and Mojave density variation is close, whereas this of Eifelsand
is characterized by a smaller density of the solid grains. MSS-D is more compressible compared to Mojave and Eifelsand.

In Figure 6.10 the variation of density against the applied vertical stress of the oedometric
test is shown for the 3 specimens of the tested set. We can observe that the density variation of
Mojave is close to this of MSS-D, an observation which is in coherence with the fact that they
have very close density of solids, ρs , and similar porosity, n. However, the curve corresponding
to the density variation of Eifelsand is apparent in smaller values, as the solid grains of the
simulant have a smaller density, observed macroscopically and measured with the pycnometer.
In addition, it is observed, by the slope of the curves, that the artificial mix of MSS-D is more
compressible than Mojave and Eifelsand, which are characterized by comparable compressibility.
Compression test results provide an indication on the regolith density profile with respect
to depth under the hypothesis of having the corresponding density at surface (1.5 M g.m−3 ).
The 1.5 M g.m−3 value is however close to the maximum regolith surface density provided in
Table 6.1 by Golombek et al. (2008). Also, the 1.5 M g.m−3 value was obtained under Earth’s
gravity and a smaller value could be expected under Mars gravity. A smaller density at surface
should then correspond to a larger compressibility and a larger increase in density with depth,
as exhibited here by the MSS-D specimen.
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Figure 6.11: The elasto-plastic response of Mojave soil is shown in this plot for two tests containing 3 cycles of loading and unloading. The data show a good repeatability.
Red lines note on the absissa the depths of martian subsurgace corresponding to
the vertical stress.

The elastoplastic response of Mojave simulant can be observed in Figure 6.11, where the
density variation of the specimen on which the described load cycles of the oedometric test
are applied, is shown against the applied vertical stress. The data show a good repeatability
between the first and second test. However one can observe that the maximum plastic strain
obtained during the first compression, between 0 and 50 kPa, corresponding to plastic larger
grains. There is a particular interest at the point corresponding to the applied vertical stress of
80 kPa as at this point the vacuum application for the bender element test is performed. At this
point, the initial density of 1.49 M g.m−3 reaches a value of 1.532 M g.m−3 .

Shear test results
The direct shear box data obtained for the ensemble of the tested set is shown in Figure 6.12.
On the top part, the variation of tangential stress, t in kPa, is shown against the relatice horizontal displacement, δl in mm, between the top and bottom half of the box where the specimen is
placed. On the top of the box, a vertical force was applied using a system of levers and weights.
Therefore, the vertical pressure applied to the specimen could be obtained, in order to perform
the test for several pressure conditions. The curves shown in Figure 6.12 correspond to vertical
pressure of 29, 58, 116 and 231 kPa and are shown in blue, red, green and purple color respectively. The compression of the specimen by the application of the horizontal stress provokes a
variation of the height of the specimen and therefore its volume. This height variation is presented against the horizontal displacement in the middle of Figure 6.12. Finally, in the bottom
part of the Figure, the shear stress, τ , is plotted against the shear strain, σ 0 , in order to obtain
the friction angle characterizing each simulant soil.
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Figure 6.12: The data obtained by the shear stress test are shown. On the top, the shear stress
curves indicate the variation of shear stress against the relative horizontal displacement of the bottom and top half of the box with the specimen. On the middle,
the variation of height of the specimen is shown against the relative horizontal displacement. On the bottom, the shear stress is plotted against the shear strain in
order to obtain the friction angles for each tested soil.

The shape of the shear stress curve for Mojave and Eifelsand is typical of moderately loose
sands, as there is no marked peak at maximum shear stress but the stress stabilises progressively
with the increase of loading. In MSS-D there is no stabilisation and there is a permanent increase on stress, particularly at stresses of 116 and 231 kPa. This is an effect associated to the
higher compressibility of this soil, shown in Figure 6.10.
In the middle part of Figure 6.10 we can note the transition between the compressing and
dilating phase, which is apparent for Mojave and Eifelsand but not for MSS-D. For the first
two, this transition occurs after the first 2 mm of relative horizontal displacement. For the
more compressible MSS-D, progressive increase in shear stress is proportional to progressive
decrease in volume, as the soil gets stronger by increased density.
The friction angles are shown in the bottom of Figure 6.12. The obtained values are φ = 35◦
for MSS-D, φ = 38◦ for Mojave and φ = 42◦ for Eifelsand. All the results concern an initial
density of 1.57 M g.m−3 for every soil, obtained by compounding the specimen in the square
box of the shear test device. The significantly higher friction angle of Eifelsand at same density
is probably due to higher grain angularity, in particular because of the shape of the largest
pumice grains. It is also notable that MSS-D, although having 50% of angular crushed olivine,
exhibits the smallest angle, probably due to the roundness of the quartz sand grains.
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Seismic velocities

Figure 6.13: The seismic velocities of compression (Vp ) and shear (Vs ) waves obtained by the
bender element test for the three simulant soils. In coherence with the other tests,
MSS-D is characterized by different velocites compared to Mojave and Eifelsand
soils.
In Figure 6.13 the velocities of compression (Vp ) and shear (Vs ) waves for the 3 regolith simulant soils, obtained by the bender element test, are shown. A series of tests following various
stress paths, comparable to those performed in order to obtain the elasto-plastic response was
performed. The loading and unloading process followed the following path in terms of applied
tridimensional stress:
25 kP a → 50 kP a → 100 kP a → 25 kP a → 50 kP a → 100 kP a → 200 kP a →
25 kP a → 50 kP a → 100 kP a → 200 kP a → 300 kP a → 300 kP a
The isotropic applied stress seems to have no effect associated with plasticity, as the results
obtained after compression or dilatation do not differ. We remind that this was not the case of
the unidimentional applied stress, shown by the compression curves in Figures 6.7, 6.8 and 6.9.
The increase in velocity is more sensitive to the increase in inter-granular forces resulting from
the increase of confining stress than to the increase of density.
We note a nonlinear increase in compression wave velocity with the applied stress from
∼ 250 m·s−1 at low stress of 25 kPa, corresponding to a depth of 5 meters in martian subsurface,
to ∼ 600 m · s−1 under 500 kPa. As expected, shear waves velocities are smaller than the
compression waves, however they are characterized by comparable trends, providing a reliable
estimation of pressure variation with depth.

6.2.4 Discussion on the calculated seismic velocities
From the obtained results of the tests, the seismic velocities do not seem to be very sensible to
the sand density, as the obtained results for Mojave and Eifelsand soils, characterized by different solid densities seem to provide comparable velocities for compression and shear waves.
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However, it is observed that the seismic velocities should mainly depend on the confining stress
along a shallow zone of 10 meters below martian surface, which corresponds to a pressure of
∼ 60 kPa. The velocities of MSS-D in low pressures are comparable, despite the significant difference in grain size distribution, which apparently contributes to the results obtained in higher
pressures corresponding to depths greater than 20 meters in the martian subsurface.
The variation of the compression wave velocities against to the one of shear waves is comparable for all the tested soils and an average and reliable estimation of the Poisson ratio can be
obtained by equation 6.1, for a value of ν = 0.22.
r
2(1 − ν)
Vp
=
(6.1)
Vs
1 − 2ν
The variation of seismic velocities with the confining stress (σc ) is defined by an empirical
law given by Santamarina et al. (2001):
σ00 β
)
(6.2)
1 kP a
in which α and β are experimentally determined. α is the velocity of the medium subjected
to 1 kPa confinement. Santamarina et al. (2001) precise that the density of the packing increases
with the stiffness of the particles and the value of α increases with the decrease of β exponent.
For the values obtained by the tests of this work, the best fit is obtained for a beta = 0.3 which
corresponds to the higher suggested values for sands by theoretical values of β for Hertzian
contacts.
The calculation of Young modulus based on the seismic velocities is given in equation 6.3:
V = α(

3 − l42
)
(6.3)
l2 − 1
For the tested soils, Young modulus is estimated at E = 51.2 M P a for a density of ρ =
1.533 M g · m−3 and E = 43.5 M P a for a density of ρ = 1.3 M g · m−3 .
Based on these results and extrapolation of the conditions for the InSight landing zone was
feasible. In order to predict a possible ground model, we assumed a 10% fraction of ricks,
which corresponds to the upper bound of the requirement made on the landing site selection
constraints (Golombek et al. 2017). The velocities of the ground were computing by assuming
that the ground is a mixture of rocks and soil and using the martian gravity gM ars = 3.711 m·s−2
for pressure increase. For the fraction of rocks, the used velocities and density were Vp =
5000 m · s−1 , Vs = 2800 m · s−1 and ρ = 2.7 M g · m−3 respectively. With these values we got
a model characterized by low velocities, Vp = 265 − 420 m · s−1 andVs = 150 − 270 m · s−1 for
the upper 15 meters of the subsurface. Therefore, this shallow zone of low velocities beneath
the landing site of InSight, is suspected to affect the recorded seismic signals and therefore, its
characteristics should taken into account for the correct interpretation of the obtained data.
E = ρVp2 · (
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7
Conclusion

The content of this PhD dissertation, with the implementation of theory around the meteoric
phenomena and the developed studies of inversion and modeling of seismic sources on Earth
and Mars respectively, provide a methodological approach and the results of it, for several
properties of these seismic sources. The approach is focused on providing results based on
the Rayleigh waves and therefore the theory describing the Rayleigh modes excitation. However, the accomplished work raises new questions, motivation for further investigation by direct
coupling with acoustic waves. Moreover, the comparison with the results of other works, gives
reason to develop techniques in order to better understand the parameters that differentiate every
approach.
Meteor generated infrasound The infrasound generated by meteor impacts is not the
main focus of this study, however the implementation of the theory in section 2.3 shows that
very interesting results can be obtained if the seismic investigation, with the integration of a
technique of computing synthetic seismograms for a planet with atmosphere, is combined with
the developed infrasound theory. More precisely, the computation of acoustic normal modes can
provide much larger detail for the signal generated by the linear source, used in the approach
of Chapter 4. Such a combination can be of major importance in order to determine interesting
features of airbursts, as the ratio of the contribution of the ballistic wave and the final explosion to the resulted signal, for several properties of the meteoroid and the ambient atmosphere.
Furthermore, there is a particular interest into associating the atmospheric generated infrasound
and the coupling waves with the waves generated by the impact itself. Studies on the infrasonic
signature of the events (e.g. Le Pichon et al. (2008), ReVelle & Whitaker (1998)) raise the importance of understanding the origin of the waves for these complex sources, which in general
are associated with at least two different mechanisms of wave generation in the atmosphere and
one more in the solid part, in addition to the coupling effects.
Meteor generated shock waves on the ground In the part of investigation of the nature
of shock waves generated by meteor impacts on the ground of a planet, with the use of the results
from the runs of a hydrocode for impact modeling (Miljkovic et al. 2012) we are able to identify
the presence and early stages of propagation of the shock wave. However, further development
of this work can provide useful information concerning the transition of the generated waves
into linear seismic waves in the solid part of the planet. In addition, further investigation for a
set of impactors of different size for a broader time after the shock, can provide evidence for
the determination of interesting properties, as the adiabatic incompressibility, of an importance
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7 Conclusion
discussed in section 2.4. The results of such an approach can be very useful in order to explain
phenomena that are very difficult to detect with seismometers on Earth, as meteor impacts are
very rare on our planet, but of major importance for the seismic investigation of other planetary
bodies with no atmosphere or a less dense atmosphere than the Earth one, where this kind of
events are more frequent.
The case of Earth: Chelyabinsk airburst The inversion of the seismic source of Chelyabinsk
airburst was performed based on the calculation of synthetic Rayleigh waves by normal modes
summation (Lognonné et al. 1998).
In past works, the moment tensor inversion was performed for Chelyabinsk meteor for point
sources on the ground Tauzin et al. (2013) or in the atmosphere (Heimann et al. 2013). In this
work the developed approach concerns a line atmospheric source, constituted by consecutive
explosions (point sources) in the atmosphere. This approach obeys to limitations in terms of
temporal resolution, in order to make the linear summation appropriate to describe the nonlinear effects associated to the supersonic speeds of a meteor entry in the atmosphere. The
reconstruction of the source are based in the published properties of its trajectory (Borovička
et al. 2013). Every explosion in the atmosphere is considered an isotropic moment tensor, nevertheless, the radial component dominates the provided seismograms, as the contribution of
both the other diagonal components of the moment tensor appears to be smaller than 1% to the
provided waveforms.
Synthetic seismograms are calculated in a broad band of Rayleigh wave frequencies, from
0.015 Hz up to 0.050 Hz, for a set of 10 stations, which were selected after research for the best
quality of available data, in terms of Rayleigh waveforms.
In order to find the source which satisfies the best fit between the synthetic seismograms
and the recordings, an inversion technique based on the singular value decomposition (Rakoto
et al. 2018) is used. The inversion technique is applied separately for each seismogram for
the horizontal and vertical components of displacement, velocity and acceleration, provided
for every station, and in a second step to timeseries created stitching together the Rayleigh
waveforms modeled or recorded for the whole set of selected stations.
The moment magnitude obtained by the inversion of Chelyabinsk Rayleigh waves varies
between MW = 3.45 to MW = 3.70, which is in agreement with previous works computing the
total amount of the released energy (Brown et al. 2013).
This approach is based in a relatively simple assumption for the evolution of the moment
magnitude as a result of pressure forces into the atmosphere and with the direct association of
the seismic energy with the total energy due to these forces. The limitations of the linearity
which characterizes the calculated synthetic seismograms are discussed.
However, in order to better understand the nature of the line source and develop this kind of
approaches, the combination of a technique which solves the unlinear atmospheric part can be
developped. A number of questions remain unanswered concerning the processes happening
during the meteoroid ablation and generation of shock waves. A number of computational
tools which can provide the ground signature of supersonic events is known. The ability to
model the nonlinear source in the atmosphere can be combined with techniques of synthetic
seismograms calculations for the solid part, either based on normal mode summation, or finitedifference modeling, in order to obtain results for a case which will comprise less assumptions
and will be more realistic according to the present knowledge on airburst sound generation
mechanism. Such a task, may be the solution for the source which should be used in the case of
spectral element method modeling (see section 4.2) where the sonic signature of the supersonic
travel of meteor can serve as a moving source on the interface between the solid earth and the
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atmosphere, which is a free interface for the case of a planetary model without integration of
the atmospheric part.
The project of direct air wave modeling and the generation of secondary sources on the
ground, which should be combined with a modeling of the Rayleigh air coupled waves (details in section 4.3), was launched in collaboration with the Geophysics Team of Los Alamos
National Laboratory. However, there are still some important features which should be understood in order to provide the first results such as the exact source time function for a supersonic
spherical moving object in the air. A source inversion technique based on seismograms using
this methodology, can be complementary to that presented in Chapter 4, as the nonlinear effects
can be better modeled in this case but not the air coupled Rayleigh waves, which are shown to
be the most important part of the signal. The application of both methodologies can be made for
several natural and artificial events, in order to improve the description of the associated processes with our approach. Infrasound and seismic waves inversion can be considered together as
infrasound and seismic data recorded on broadband seismograms in the same frequency range.
Impact modeling on Mars Thereafter, we apply the same modeling technique of normal
modes summation in order to obtain Rayleigh waveforms for meteor impacts occurring on the
martian ground or at the lower altitudes of the atmosphere. We observe the dominance of the
fundamental solid mode on the provided waveforms, compared with the contribution of its two
overtones. By performing a scaling on the spectra of the Rayleigh amplitudes we deduce that
small impactors, in the diameter range of 0.5 to 2 m, can be detectable in short epicentral
distances only in the high frequency domain of Rayleigh waves (up to 0.2 Hz).
Finally we perform an analysis based on the impact rate estimated by Daubar et al. (2018)
in order to provide an estimation for the number of detectable impacts, for craters of 18 meters
of diameter (corresponding to meteors of 1 meter diameter). We find the epicentral distances
up to which these events can be detected by the SEIS VBB seismometer of InSight mission.
Thereafter, we calculate the number of events expected to be detected in a period of 1 martian
year, for Q = 250, 500, 1000. During one Mars year of InSight operations, we expect 6.7 to
13.4 detectable impacts (Q = 500).
This work of comparative analysis of Rayleigh waves on Earth and Mars provides evidence
that seismic modeling by normal modes summation, on the basis of a known 1D model for
the solid part and the atmosphere, in spherical symmetry, can be a useful tool for planetary
seismology. On Earth, our methodology is found efficient to identify the characteristics of a
seismic source and provide satisfactory results for complex sources in high frequencies of the
Rayleigh waves (up to 0.05 Hz). This knowledge can be used in order to model similar events
in different atmospheric conditions and deduce the properties of the crustal structure of a planet,
mostly in local scale and more rare in larger regions, depending to the size of the impact.
The link between this part and the inversion of Chelyabinsk seismic source is almost obvious.
Martian models for the solid part and the atmosphere can be used in order to apply the approach
of the line source in these conditions. A comparative analysis can provide evidence about the
contribution of atmospheric signal into a complex event of an airburst which ends as a meteor
impact. However, further investigation is needed in order to associate the altitude of meteor
fragmentation or explosion in the case of Martian atmosphere. Such an investigation is not
necessary in the context of the eventual seismic investigation by SEIS seismometer, a meteor
event of known trajectory and properties of the meteoroid occurs. In this case, the source
approach used for Chelyabinsk can be directly applied in order to model the source and obtain
information in this case not for the nature of the source, but for the crustal structure by the
inversion of Rayleigh waves.
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7 Conclusion
Investigation of a shallow low velocity zone on InSight landing site In the present
work a study of the characteristics of martian simulant soils, which correspond to the composition of the shallow part of Martian subsurface is performed. This research is presented a paper
published for the first InSight special issure of Space Science Reviews Delage et al. (2017).
The obtained results of laboratory experiments provide evidence for the presence of a shallow
low velocity zone at the landing site of InSight. Through the calculation of high frequency
spheroidal normal modes, the sensitivity of the amplitudes of Rayleigh waves and therefore the
recorded signal is confirmed (Daubar et al. 2018), therefore this finding is of high importance
in order to perform a correct interpretation of the recorded signals. However, for the moment
these results are obtained through the investigation of terrestrial soils, which are approximations of the martian ones and of course tests were performed in Earth conditions. Therefore, the
validation of this results should be obtained by data, during the InSight operations on Mars.
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Abstract Meteor impacts and/or meteor events generate body and surface seismic waves
on the surface of a planet. When meteoroids burst in the atmosphere, they generate shock
waves that subsequently convert into acoustic waves in the atmosphere and seismic waves
in the ground. This effect can be modeled as the amplitude of Rayleigh and other Spheroidal
modes excitation, due to atmospheric/ground coupling effects.
First, an inversion of the seismic source of Chelyabinsk superbolide is performed. We
develop an approach in order to model a line source in the atmosphere, corresponding to the
consecutive generation of shock waves by the interaction with the atmosphere. The model is
based on the known trajectory. We calculate the synthetic seismograms of Rayleigh waves
associated with the event by the summation of normal modes of a model of the solid part
and the atmosphere of the planet. Through an inversion technique based on singular value
decomposition, we perform a full Rayleigh wave inversion and we provide solutions for the
moment magnitude.
SEIS will likely detect seismic waves generated by impacts and the later might be further located by remote sensing differential processing. In the case of Mars, we use the
same method to obtain waveforms associated with impacts on the planetary surface or in
low altitudes in the Martian atmosphere. We show that the contribution of the fundamental
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spheroidal solid mode is dominating the waveforms, compared to that of the first two overtones. We perform an amplitude comparison and we show that small impactors (diameter
of 0.5 to 2 m), can be detected by the SEIS VBB seismometer of InSight mission, even in
short epicentral distances, in the higher frequencies of the Rayleigh waves. We perform an
analysis based on impact rate estimations and we calculate the number of detectable events
of 1 meter diameter meteor impacts to be 6.7 to 13.4 per 1 Martian year for a Q = 500.
Keywords Seismology · Atmosphere · Mars · Rayleigh waves · Meteor impacts · Normal
modes · Airbursts

1 Inversion of the Seismic Source for the Chelyabinsk Airburst
1.1 Introduction
On February 15, 2013, a meteor entered the atmosphere of the Earth, approximately above
the Russian city of Chelyabinsk. The time of its entry was about 09:20:00 local time
(03:20:00 UTC) (Borovička et al. 2013). The phenomenon was well observed by the local population, as the celestial body created a tail of light and a sonic boom (Shuvalov et al.
2017). The entry was characterized by an important damage on the infrastructure, evidence
of the presence of strong shock waves. The trajectory was recorded by numerous cameras on
the ground and this kind of amateur data was provided on the worldwide web (see Zuluaga
et al. 2013).
It was also the largest seismic event associated to a meteoroid entry, ever recorded, only
after the Tunguska event, which happened near the homonymous city of Siberia in 1908
(Ben-Menahem 1975). The Tunguska event was recorded by at least four seismic stations
(Ben-Menahem 1975), whereas Chelyabinsk event occurred in an era when our home planet
is well covered by a worldwide seismological network. Therefore, the available data for a
thorough investigation of the generation and propagation of the seismic waves, associated
to the event, raised the interest for further analysis of the characteristics of such a seismic
source.
The orbit, trajectory and ablation process of the asteroid of Chelyabinsk was determined
by Borovička et al. (2013). Brown et al. (2013) estimated the total amount of energy released
by the meteoroid entry into the atmosphere. In the present work, the trajectory provided of
Borovička et al. (2013) is used in order to model the continuous source in the atmosphere
and the estimations of Brown et al. (2013) should be validated by the results of the inversion
of the seismic source.
In addition to video recordings of the blast created by the meteoroid (Zuluaga et al.
2013), other kind of datasets provided evidence for the characteristics of the shock wave
generated during the event. More precisely, de Groot-Hedlin and Hedlin (2014), performed
an infrasound detection of the meteoroid using the USArray data in distances from 4000 to
6000 km and analyzed the properties of infrasonic waves associated to the event. Previously,
Le Pichon et al. (2013) detected the event using data provided by the CTBTO infrasound
sensors at distances up to approximately 8500 km.
Tauzin et al. (2013) performed an inversion of a purely seismic source. Their source
point can be interpreted as the point on the solid surface mostly affected by the sonic boom.
Heimann et al. (2013), inverted a source by full waveform fitting, assuming the source
time function for an atmospheric explosion and finding out the best fitting epicenter for
this source. In the present work, we seek to invert seismic record to retrieve the moving
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source generated by the shock waves of Chelyabinsk. The source is modeled as a continuously moving explosion in the atmosphere. The inversion is made without any assumption
of duration of the seismic source but constrained from a model of released energy along the
meteoroid trajectory based on physical parameter of the atmosphere that day.

1.2 The Physical Approach
We consider the meteoroid as a continuous seismic source into the atmosphere, following a
known trajectory. In previous works, investigating the same event, an immobile source was
used for the modeling, either situated on the ground (Tauzin et al. 2013) or in the atmosphere
(Heimann et al. 2013). In those works, the duration of this point source was assumed in
order to provide the moment magnitude of the event. In this work, we use the approach of a
continuous source, consisted by consecutive explosions, in different altitudes and therefore
different atmospheric conditions, whereas no assumptions are made for the duration of the
source.
The meteoroid entry into the Earth’s atmosphere generates a shock wave which is the
result of the overpressure due to the force exerted by the meteoroid onto the ambient atmosphere (Edwards 2009). The generated pressure, which characterizes the shock wave and its
value depend on the meteoroid speed but also on the ambient atmospheric pressure and the
time and distance traveled by the wave. Formulas describing the propagation of shock waves
are developed in works focusing on the infrasound generated by airbursts (see a review in
Edwards 2009).
In this work, we examine the seismic Rayleigh waves recorded at distances far from the
atmospheric near field, in stations situated on the ground. These waves are the result of the
coupling effect between the atmosphere and the solid part of the planet of the generated
shock waves. The generation and propagation of waves generated by a meteoroid and the
coupling between the atmosphere and solid earth are shown schematically in Fig. 1. In this
figure, m0 , m1 and m2 correspond to the position of the meteoroid in t = 0, t = 1 and
t = 2, respectively. When the meteor enters the atmosphere it travels with a supersonic
velocity. As happens with supersonic jets, the travel of the object at such high speeds creates
a ballistic cone of an angle β, which is related to its speed. Shock waves are generated by
this continuous source and then they propagate in a highly nonlinear regime before being
converted to linear acoustic waves in the atmosphere, after a certain distance of propagation.
In Fig. 1, shock, nonlinear wavefronts, are represented with continuous lines, whereas the
linear ones are shown by dashed lines. In the case of an impact or near ground explosion, the
shock waves are propagated into the solid part, before being converted into linear seismic
waves. The shock and acoustic waves generated in the atmosphere, are the source of surface
waves, generated by the coupling effects between the atmosphere and the solid part.
Seismic data from stations located at long distances (hundreds of kilometers) from the
event, cannot provide recordings corresponding to the nonlinear propagation of the generated waves in the atmosphere or the solid part. However, the seismic data are the result
of all the seismic waves, generated by sources situated along and during the meteoroid
travel in the atmosphere. Therefore, an inversion of the waveforms which are the result
of these effects, should take into account the strength of the explosion in the whole entry
process.
We design a model to do this. We consider the continuous explosion as the summation
of several point explosions along the trajectory. Initially, we consider every explosion as
isotropic, therefore, the wavefront of the shock waves shown in Fig. 1 can be described as
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Fig. 1 Schematic model of a spherical meteoroid entering the atmosphere. The meteoroid is following a
trajectory in the atmosphere before hitting the ground. The indices 0, 1, 2 correspond to the position of the
meteoroid in time, t = 0, t = 1 and t = 2 respectively. Shock waves, characterized by a nonlinear propagation
regime are shown in continuous lines, whereas linear acoustic or seismic waves are represented by dashed
lines

spherical. Every explosion is characterized by a moment tensor whose diagonal components
are equal, M11 = M22 = M33 and the moment tensor value is given by:
Mij = −M0 · δij

(1)

where M0 is the seismic moment and δij Kronecker’s delta, equal to 1 for i = j and to 0 if
i = j .
For a meteoroid of a given size and a constant speed into the atmosphere, the moment
tensor corresponds to the seismic energy released and it should not be considered constant
along the trajectory. The released energy in a given point is given by the expression:
E =p·V

(2)

where E stands for the Energy, p the pressure applied to the ambient atmosphere of volume V . The volume is characterized by a cylinder V = Smeteor · H , whose base, Smeteor , is
the cross-section of the meteoroid and its height H the remaining distance to the ground
along its trajectory, as shown in Fig. 2.
Pressure is proportional to the dynamic pressure of the entry of the meteor which is given
by the expression:
1
2
q = ρatm · υmeteor
2

(3)
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Fig. 2 The cylinder along the meteoroid trajectory represents the volume onto which the dynamic pressure
of the projectile is applied. S represents the cross section of the meteoroid, whereas H indicates the remaining
distance to the ground

It must be noted here that in Eq. (3), with such high velocities the effects of gravity may
be neglected.
Therefore, from the expressions (2) and (3), as the pressure, p, is proportional to the dynamic pressure q we can deduce that the same applies to the energy, E, which also depends
to the volume V . Therefore, we can deduce the relative rate of the released energy from q.
Seismic moment is a portion of the total amount of released energy of the explosion.
According to Lognonné et al. (1994) it can be expressed for an atmospheric source as:
M0 = (γ − 1) · E

(4)

where γ is the adiabatic index of an ideal gas, equal to 1 + f2 with f to be the degrees of
freedom of a molecule of an ideal gas. Earth’s atmosphere, composed mainly by diatomic
nitrogen and oxygen, is considered as a diatomic gas and thus the degrees of freedom are
f = 5 and therefore γ = 1.4. Therefore, the proportion of the seismic moment to the total
amount of released energy for a meteoroid in Earth’s atmosphere should be considered as:
M0 = 0.4 · E

(5)

With the application of the trajectory presented in Table 1, the obtained results for the
moment are shown in Fig. 3. In the top-left part, the density of the atmosphere above the
region of Chelyabinsk is shown.
In the top-right, we represent the meteoroid speed calculated from the trajectory presented in Table 1. The instant velocity given at any time (ti ) is calculated as:
υ(ti ) =

x(ti )−x(ti−1 )
ti −(ti−1 )

+
2

x(ti+1 )−x(ti )
ti+1 −(ti )

(6)

The position x is calculated in 3D Cartesian coordinates, given the altitude, latitude and
longitude of the meteoroid.
In the bottom-left, the time evolution of the meteoroid altitude is presented. The effect at
the last second, with the decrease of the altitude appearing to have a lower rate, is linked to
the deceleration observed in the Figure of meteoroid speed.
It is observed that there is a sharp deceleration after 03:20:33.5 UTC (in our resolution
of 0.5 seconds). This effect has a direct impact on the moment, which is presented in the
bottom-right part. The largest absolute value of the moment is considered equal to 1 at
03:20:33.5 UTC and all the other values are represented as fractions of it. It is clearly observed that the main part of the energy is released during the last 3 seconds of meteoroid’s
motion in the atmosphere. More precisely, only the explosions after 03:20:30 UTC should
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Table 1 The trajectory of
Chelyabinsk superbolide using
explosions every 0.5 sec, based
on the interpolation of the
trajectory provided by Borovička
et al. (2013). Indicated time is in
seconds after 03:20:00 UTC,
February 15, 2013

F. Karakostas et al.
Latitude (◦ )

Longitude (◦ )

Altitude (km)

Time*

54.4519

64.4963

95.46

21.00

54.4693

64.3612

92.45

21.50

54.4871

64.2265

89.48

22.00

54.5049

64.0918

86.51

22.50

54.5227

63.9572

83.55

23.00

54.5405

63.8226

80.59

23.50

54.5583

63.6879

77.62

24.00

54.5760

63.5533

74.66

24.50

54.5939

63.4186

71.69

25.00

54.6116

63.2839

68.72

25.50

54.6295

63.1492

65.75

26.00

54.6473

63.0145

62.78

26.50

54.6650

62.8798

59.83

27.00

54.6816

62.7429

56.97

27.50

54.6982

62.6062

54.10

28.00

54.7148

62.4694

51.24

28.50

54.7315

62.3325

48.37

29.00

54.7481

62.1957

45.50

29.50

54.7647

62.0589

42.64

30.00

54.7813

61.9219

39.77

30.50

54.7973

61.7840

36.97

31.00

54.8133

61.6461

34.16

31.50

54.8293

61.5082

31.35

32.00

54.8444

61.3731

28.62

32.50

54.8588

61.2407

25.96

33.00

54.8730

61.1131

23.40

33.50

54.8870

60.9880

20.90

34.00

54.8968

60.8979

19.10

34.50

release more than 5% of the energy released at the peak point. However, as demonstrated
later, the amplitude of the normal modes for sources at higher altitude is greater too. This
means that the contribution of a point source in high altitude to the calculated seismogram
is greater than the relative value of its moment tensor compared to those of the point sources
in lower parts of the atmosphere.

1.3 A Linear Approach for a Nonlinear Source
We seek to model the bolide as a succession of seismic sources that can be linearly summed.
However, shock waves are not linear, so we need to define our individual source in a way to
avoid to include a shock waves description. In the following we show that this corresponds
to some temporal limitations. According to Edwards (2009) the radius of the blast generated
by the meteoroid can be calculated by the following equation:
R 0 = M · dm =

υmeteor
dm
Cs

(7)
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Fig. 3 The atmospheric density in Chelyabinsk, the meteoroid speed, its altitude and the relative moment are
shown in the top-left, top-right, bottom-left and bottom-right figures respectively. The atmospheric density is
obtained by the NRLMSISE-00 model, used for the calculation of synthetic seismograms, whereas its altitude
is provided by the interpolation of the trajectory calculated by Borovička et al. (2013). Meteoroid speed
is calculated by differentiation of the trajectory (see details in text). The results presented here are used to
constrain the evolution of the seismic moment during the bolide entry used in the seismic inversion

where dm is the diameter of the meteoroid, which is estimated at about 20 meters for
Chelyabinsk and M is the quantity corresponding to sin1 β , where β is the angle of the Mach
cone, given by the expression:
sin β =

Cs
υmeteor

(8)

Applying an average sound speed of 300 m s−1 , an average υmeteor = 18.33 km s−1 , derived by the known trajectory (Borovička et al. 2013) and presented in the top-right part
of Fig. 3, and the meteoroid diameter in our calculations we find an R0 = 1255 m. In the
work of Edwards (2009), which is a review of previous works on shock waves generated by
meteoroids, it is noted that the shock wave is converted into a weakly nonlinear wave after
several R0 distances. According to ReVelle (1974), this weakly nonlinear regime exists for
a variable amount of time.
In order to choose the temporal resolution for our study, we had to obey to this rule and
model explosions that will happen in distances more than several R0 apart. Therefore, we
calculated the time needed by the meteoroid, in order to traverse this distance. This time
should be 0.066 seconds and therefore we should multiply this several times in order to
obtain a satisfactory condition for our temporal resolution. In 0.5 seconds, the meteoroid
is already more than 7R0 far from the previous explosion and this is the reason that we
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used this temporal resolution to our analysis. We should note that in the final part of the
continuous explosion, where the meteoroid speed is decreasing, R0 decreases as well and
the temporal resolution provides results for sources situated more R0 distances apart.

1.4 Data Selection
In order to investigate the source properties we perform an inversion of the Rayleigh waves
generated by the event. The data were provided by the Global Seismographic Network
(GSN). Each recording consists of a 2-hour data series of the day of the event (February
15, 2013), from 02:50:00 UTC to 04:50:00 UTC, which means from 30 minutes prior to 90
minutes after the event.
Raw data from 134 stations were examined with the objective to find the best quality of
Rayleigh waveforms. This strategy was chosen because our aim was not only to characterize
the seismic event, but use data which permit to thoroughly investigate the signature of an
atmospheric continuous source. Therefore, any kind of waves of any other origin should
be avoided, as well as the noise in a relatively large Rayleigh waves frequency band. The
recordings were filtered for frequencies between 0.015 Hz and 0.050 Hz after correction of
instrument’s response.
The first step was the selection of data, which contain Rayleigh waves generated by
Chelyabinsk meteoroid, at epicentral distances up to 40 degrees. For doing so, the 3 channels of the recordings, 2 horizontal (N and E) and one vertical (Z), were rotated horizontally,
in order to obtain the radial (R) and transverse (T) component of the seismogram. This rotation helps to identify the Rayleigh waves generated by Chelyabinsk meteoroid, as they
should be apparent only in the vertical and radial components of the seismograms and not
in the transverse ones. We performed this rotation in displacement, velocity and acceleration waveforms, in order to increase the certainty of the selection, but also to investigate
all of them with an inversion technique. In the meantime, we made sure to include in our
selections, recordings from stations with azimuth all around the epicenter, in order to secure
adequate azimuthal coverage, capable to reveal eventual directivity.
Data selection was done after tracing the seismograms in relative distances from an
“epicenter”, which was assumed, for the needs of this step only, as the projection on the
ground of the position of meteoroid at 03:20:32 UTC, according to the trajectory provided
by Borovička et al. (2013). The selection of this position was made after observing the evolution of the meteoroid speed in the atmosphere. It corresponds to the point where a rapid
deceleration is starting.
It is important to note that the trajectory provided and shown in Table 1 is based on
the observations made by Borovička et al. (2013) but it is interpolated in order to obtain the
meteoroid position for every 0.5 seconds. Based on this interpolated trajectory, we calculated
the meteoroid speed in every position. The time resolution could be even greater, but the
reason for this time step serves the strategy of the source modeling discussed in detail in
Sect. 1.3.
The filtered data, for the selected stations, all located at epicentral distances up to 40◦
are shown in Fig. 4. The amplitudes of the waves are all equally normalized for the three
channels and for all the stations. It is shown that the transverse component recordings are
much less important as it concerns the waveforms, which should correspond to Chelyabinsk
meteoroid, whereas they are well observed in both radial and vertical component. The relative absence of any transverse signal in the travel-time curve associated to Chelyabinsk is a
criterion to include the recordings of a station in our selection, as the chosen frequency band
allows only the waveforms of Rayleigh waves to appear, which, if associated to Chelyabinsk
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Fig. 4 The rotated and filtered (0.015 Hz–0.050 Hz) data of the selected stations. The seismograms of the
displacement are projected in an order of epicentral distance. The amplitudes are multiplied by a factor of
2 × 109

event, should be characterized by the presence only of the radial component in these rotated
seismograms.
The events of magnitude M ≥ 4 until the end of these time series (i.e. 04:50:00 UTC),
of February 15, 2013, according to the International Seismological Center (International
Seismological Centre 2013), are presented in Table 2. The catalog is dominated by events
in the South Pacific Ocean, most precisely at Kermadec and Tonga trenches and the most
important event prior to the Chelyabinsk superbolide, is the earthquake of M = 5.8 in Tonga
(also highlighted in Table 2).
In a second step, the waveforms of Rayleigh waves generated by Tonga earthquake
should be identified, in order to verify that the selection we have performed is done correctly, providing for further investigation only the signature of Chelyabinsk. This task is
also performed and presented in previously (Tauzin et al. 2013). The procedure for the identification of the waveforms associated to Tonga earthquake was identical to this applied to
Chelyabinsk and described in this section. In total, we selected 10 among 134 stations, with
30 of them located at epicentral distances smaller than 40◦ .
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Table 2 The seismic events of M ≥ 4.0 from 00:00:00 to 04:50:00 UTC, February 15, 2013, according to
the International Seismological Centre (2013). Positive values represent North and East latitude and longitude
respectively, whereas negative correspond to South and West
Time (UTC)

Latitude (◦ )

Longitude (◦ )

00:24:42.10

−11.4679

165.5266

00:53:39.37

−10.8049

02:28:48.64

−22.8549

Depth (km)

M

Region

24.0

4.0

Santa Cruz, Solomon Islands

164.9543

10.0

4.1

Santa Cruz, Solomon Islands

170.1281

25.0

4.2

New Caledonia

02:43:37.55

34.7022

73.0360

21.0

4.0

NE Pakistan

02:44:35.75

−23.7839

−177.2334

0.0

4.2

South Pacific Ocean

02:51:28.04

−19.7439

−179.3703

700.0

4.3

Fiji

03:02:22.76

−19.8605

−174.3665

74.7

5.8

Tonga

03:06:00.70

16.1060

−98.1620

2.8

4.0

Oaxaca, Mexico

03:21:20.80

−31.5930

−69.6590

112.7

4.0

San Juan Province, Argentina

03:22:08.30

54.4841

62.2259

0.0

4.2

Chelyabinsk Oblast, Russia

03:23:32.07

−10.7484

165.2987

31.0

4.3

Santa Cruz, Solomon Islands

03:46:21.00

−10.8425

165.7472

10.0

4.0

Santa Cruz, Solomon Islands

04:26:49.75

−30.3418

−177.4974

33.0

4.5

Kermadec, New Zealand

1.5 Calculations of Synthetic Seismograms with Normal Mode Summation
We calculate synthetic seismograms with the method of normal modes summation
(Lognonné et al. 1998) for every selected station as explained in Sect. 1.4. The normal
modes are computed for a 1D symmetrical model describing the solid Earth and the atmosphere. The solid part is the combination of PREM (Dziewonski and Anderson 1981),
a local lithospheric model for Chelyabinsk (Myers et al. 2010) and the empirical atmospheric model NRLMSISE-00 (Picone et al. 2002). We consider a non rotating Earth with
spherical symmetry.
The synthetic seismograms are the summation of the fundamental spheroidal mode
branches, for angular moments l = 1 to 800 which correspond to frequencies of 3 × 10−4 Hz
to 0.067 Hz. The contribution of the overtones is negligible as it concerns the surface waves
(see more details in Sect. 2.2).
Synthetics were calculated for the horizontal and vertical direction of every station
(N, E, Z) and for every component of the moment tensor separately. The objective of this
step was to investigate the contribution of every component on the waveforms of Rayleigh
waves.
In Fig. 5 the synthetic seismograms for every diagonal component of the moment tensor,
are shown, calculated for AAK station, situated in Ala Archa, Kyrgyzstan, at a distance of
1555 km far from the “epicenter” of Chelyabinsk event. The moment tensor used for these
calculations is M0 = 1014 N m (which, in the case of an isotropic source, it corresponds to
a moment magnitude of MW = 4.1) and it concerns a point source occurring at 03:20:33.5
UTC, which is the time of the maximum energy released in the modeling of the continuous
source, as shown in Fig. 3 and described in Sect. 1.2. The synthetic seismograms used for the
source inversion (shown in Fig. 6), are the sum of every seismogram of every point source
which constitutes the line source.
We found out that the diagonal components M11 and M22 have a minor contribution to
the amplitude, less than 1% of the amplitude of Rayleigh waves calculated for M33 component. Given that we used an isotropic source, where M11 = M22 = M33 , knowing that the
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Fig. 5 The computed seismograms for the diagonal components M11 , M22 , M33 and an isotropic source
where M11 = M22 = M33 for station AAK situated 1555 km far from the final explosion of the modeled
source for Chelyabinsk. The diagonal components M11 and M22 have a minor contribution to the amplitude,
less than 1% of the amplitude of Rayleigh waves calculated for M33 component

contribution of M33 -seismogram is dominating this result helps to understand that the inversion is taking into account mostly the waveform provided by this component and the other
two may vary but in an inconsiderable scale. The top-left and top-right seismograms are
the synthetics calculated for M11 and M22 , respectively. Their displacement peak amplitude
is a bit less than 2 × 10−9 m. In the mean time, the bottom-left seismograms correspond
to the calculated synthetic seismogram for the M33 component and its peak amplitude is
about 5 × 10−7 m, whereas the same peak amplitude applies to the synthetic seismogram
of displacement calculated for an isotropic source where M11 = M22 = M33 = 1014 N m.
Similar results are found for every one of the selected stations. Amplitudes depend linearly
on the value of M0 and we will therefore determine this value by a linear inversion, which
is described in Sect. 1.6.
In a second step the seismograms were rotated in order to obtain the radial (R) and
transverse (T) component in a procedure equal to this performed for the data. The horizontal
(E and N), rotated (R and T) and vertical (Z) component, for point sources occurring every
0.5 seconds, from 03:20:21.0 UTC to 03:20:34.5 UTC, were then summed in order to obtain
the seismogram corresponding to the line source for every station.
In Fig. 6 the synthetic seismograms for the radial (R), transverse (T) and vertical (Z)
component for every station, generated by a line source of moment M0 = 4.49 × 1014 N m
(MW = 4.1) are shown. It is clearly seen that the Rayleigh waves are well modeled, as the
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Fig. 6 The rotated synthetic seismograms, calculated for every one of the selected stations, for a line source
of M0 = 4.49 × 1014 N m (MW = 4.1). In the graphs the two rotated horizontal (radial, R, and transverse, T)
components and the vertical component (Z) are shown. Seismograms are filtered for a frequency band of
0.015 Hz to 0.050 Hz. The amplitudes are multiplied by a factor of 2 × 109 for every station

associated waveforms don’t appear in the transverse component. Seismograms are filtered
for a band frequency of 0.015 Hz to 0.050 Hz. The amplitudes are multiplied by a factor
of 2 × 109 , in an equal way as it is already done for the recordings in Fig. 4. Therefore, as
the amplitudes are greater in this modeling, compared to the data, there is a first evidence
that the real source should be characterized by a smaller moment than the one used for this
modeling.

1.6 Inversion of the Seismic Source
As discussed in previous Sect. 1.5, the diagonal components of the moment tensor for
i = 1, 2 obtain much smaller amplitudes, with a contribution less than 1% to the synthetic
seismogram obtained for the diagonal component M33 . Therefore, a full waveform inversion for a non-isotropic source, even if it can provide an almost perfect fit between data and
synthetics, should be avoided, as there is little sensitivity to the non-radial components of
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the moment tensor. Therefore, we chose to only invert the radial component of the moment
tensor, as performed in other studies (Heimann et al. 2013) for a single point source.
We perform the inversion in the horizontal (E, N) and vertical (Z) components of the
seismogram, in order to obtain the best fit to the synthetic seismograms presented in Sect. 1.5
with the recordings. This procedure is done for filtered seismograms between 0.015 Hz and
0.050 Hz.
The inversion of the full waveform for the Rayleigh waves is based on the singular value
decomposition method (Rakoto et al. 2018) and its concept is given by Eq. (9), which gives
the value of the moment tensor for the best fit between the data used and the synthetic
seismograms:

 t2
2

∂
(9)
ssynt (t) − sobs (t) dt = 0
∂Mratio t1
where Mratio is the result of the inversion, expressed as a ratio of the Mreal corresponding
to the best fit of the recordings and the Msynt used for the synthetics input.
Mratio =

Mreal
⇒ Mreal = Msynt · Mratio
Msynt

(10)

t1 and t2 represent the initial and last time of the selected time series, corresponding to the
Rayleigh waveform. ssynt is the part of the synthetic seismogram between t1 and t2 and sobs
the data for the same time period. This part of the time series is shown in red in Fig. 7.
In order to perform the inversion for multiple stations, we build a unique artificial signal
for both sobs and ssynt by placing the Rayleigh waveforms one after the other.

1.7 Inversion Results
In a first step we perform an inversion separately for every station and for every component (N, E, Z). Then, we apply the same inversion by increasing progressively the number
of used stations, in order to observe the contribution of every waveform to the result of a
unique source which provides the seismograms with the best fit with the entire dataset. The
first step can provide useful information about the geographical distribution of our results,
whereas the second one shows the contribution of every station to the unique source for
every component provided in the end.

1.7.1 Inversion of the Source for Every Station Separately
As referred in Sect. 1.6, the inversion technique was applied to the displacement, velocity
and acceleration seismograms of horizontal (N, E) and vertical (Z) components of every
station separately.
The inversion was not performed in the whole time series of the seismograms, but it was
limited to the Rayleigh waveform provided by the synthetic seismograms. In Fig. 7, the synthetic seismograms of the vertical component of displacement are shown in black, whereas
red color represents their part used for the inversion. It is important to note that this selection
in the vertical component, which provides larger amplitudes than the horizontal ones, contributed to identifying the Rayleigh waveforms in the horizontal components characterized
by a smaller signal to noise ratio.
In Fig. 8 the results obtained for the displacement at AAK station are shown. The recordings are shown in black, whereas the red line corresponds to the synthetic seismogram, after
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Fig. 7 The synthetic seismograms for the displacement of the vertical (Z) component are shown in black,
whereas red color represents the part of the seismograms used for the inversion

the inversion, equivalent to ssynt · Mratio (see Sect. 1.6). The best fit for N horizontal component suggests a seismic magnitude of 3.54, using the Hanks-Kanamori magnitude scale
(Hanks and Kanamori 1979), whereas the E component has the best fit for a magnitude of
3.53 and the Z, vertical one, for 3.46.
The results of the magnitude that satisfies the vertical component of the acceleration
seismogram, for every station, are shown on a map in Fig. 9. The trajectory of the meteoroid
is shown in red color and it has a direction from ESE towards the WNW. The magnitudes
for the best fit of the acceleration vertical component are situated in the location of every
station.
All the results for the moment magnitude obtained by the separate inversion of the seismograms of every component of every one of the selected stations are shown in Table 3.
We observe that the same geographical trend found for the vertical component of the acceleration holds for every component of displacement, velocity or acceleration. The moment
magnitude provided by the inversion technique is greater for the horizontal components.
This effect is associated with the smaller signal to noise ratio compared with the one corresponding to the vertical component. Therefore, the results of the vertical component can
be considered of better quality. Nevertheless, the ability to model the horizontal components, with provided sources which do not differ largely from the horizontal ones in terms
of Rayleigh waves amplitudes, is an element showing that the modeling and inversion tech-
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Fig. 8 The synthetic seismograms calculated after the performed inversion for the displacement seismogram
of AAK station, in horizontal (E and N) and vertical (Z) components. The data are shown in black and the
synthetic seismograms in red. Both data and synthetics are filtered in a frequency band from 0.015 Hz to
0.050 Hz

Fig. 9 The magnitude for every source providing the best fit between the acceleration vertical seismogram
of every station and the respective synthetic seismogram calculated by normal modes summation
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Table 3 Moment magnitude
provided by the inversion of
Rayleigh waves for every
component of every station

F. Karakostas et al.
Station

Displacement

Velocity

Acceleration

N

E

Z

N

E

Z

N

E

Z

ARU

3.54

3.53

3.46

3.38

3.42

3.26

3.52

3.54

3.39

BRVK

3.56

3.66

3.59

3.42

3.52

3.42

3.65

3.75

3.64

AAK

3.70

3.78

3.62

3.59

3.62

3.45

3.82

3.88

3.68

MAKZ

3.80

3.88

3.73

3.63

3.74

3.55

3.87

4.01

3.75

LVZ

3.64

3.72

3.63

3.35

3.48

3.38

3.55

3.69

3.57

GNI

3.53

3.67

3.56

3.54

3.69

3.44

3.78

3.89

3.62

KIEV

3.37

3.51

3.40

3.35

3.38

3.23

3.59

3.64

3.46

NIL

3.71

3.95

3.61

3.61

3.89

3.49

3.82

4.12

3.69

KEV

3.65

3.69

3.58

3.32

3.44

3.33

3.63

3.68

3.55

TLY

3.78

3.66

3.66

3.72

3.63

3.59

4.03

3.93

3.89

Fig. 10 The magnitudes provided by the inversion technique for the set of selected stations is shown for the
vertical component of acceleration seismogram. The red dots indicate magnitudes for the stations situated
at the west side of the source, whereas the blue dots indicate the respective magnitudes for stations at the
east side. Dashed lines are adjusted polynomials of 2nd degree to the results. We notice that the provided
magnitudes for stations at the east side are greater than those for the west side. This effect is an evidence
of a Doppler effect associated with the directivity of the source (see details in text). The increase rate of the
magnitudes with distance corresponds to a minor dispersion apparent on the recordings

nique are able to provide adequate results even for recordings with smaller signal to noise
ratio.
It is observed that the obtained values for the moment magnitude appear to be slightly
greater in the west side of the source, compared to those obtained for the stations located at
the east. This observation is shown also in Fig. 10, where the provided magnitudes for the
stations located at the west side of the source are shown in red and those of the east side in
blue color. Taking into account that the source is moving from ESE to WNW, this effects
could be associated to the directivity of the source and a Doppler effect.
Stations located on the west side of the source, are approached by the moving source and
therefore their recordings should be characterized by relatively smaller amplitudes, as the
attenuation is most important for higher frequency waves. Therefore, the synthetic seismograms, which don’t take into account the Doppler effect, should provide larger amplitudes
compared to the data on the west side and the inversion results provide smaller magnitudes.
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Fig. 11 The spectra for the
stations located at the west side
of the source are shown in red,
whereas those for the stations at
the east side in blue. A smaller
amplitude density characterizes
the set of red curves, compared to
the blue ones. The dotted lines
represent the mean value of the
maximum amplitude density for
the stations at the West and East,
in red and blue respectively. It is
shown that this is slightly greater
for the stations at the west side
and it corresponds to a clear
presence of a Doppler effect
associated to the directivity of the
source

In the mean time, as the stations at the east side “see” the source traveling away from
them, they should record data characterized by smaller frequencies and therefore smaller
attenuation. Consequently, the recordings on the east side should be of greater amplitude
(compared to the west side), whereas the calculated synthetics, should be smaller compared
to the recorded data. Therefore, the inversion for these stations should provide greater magnitudes.
In order to verify the presence of such an effect we calculate the spectra of the vertical
component of displacement, as shown in Fig. 11. The spectra for the stations located at
the west side of the source are shown in red, whereas those for the stations at the east
side in blue. Given that the meteoroid is moving mostly towards the West, the west side
seismograms should be identified by higher frequencies. This effect is clearly seen in the
curve corresponding to the closest station, ARU, which is the red curve of higher amplitude
density and has a peak at frequencies greater than 0.4 Hz. The rest set of red curves is
characterized by a smaller amplitude density, compared to the blue curves, corresponding to
the stations at the East. The dotted lines represent the mean value of the maximum amplitude
density for the stations at the West and East, in red and blue respectively. It is shown that this
is slightly greater for the stations at the west side and it can be an evidence of the presence
of the described Doppler effect associated to the directivity of the source.
The slight difference of the amplitude density between the data of the stations at the east
and west side of the source cannot describe alone the difference at the inversion results.
Therefore, the presence of this directivity at the synthetics should explain them. In order to
find out if this hypothesis is true, we calculated synthetic seismograms for seismic stations
located at equal epicentral distances (10◦ ) on the east and the west side of the source, in
azimuths from 80◦ to 100◦ and 260◦ to 280◦ respectively.
The amplitude density of these seismograms is shown in Fig. 12. Seismograms for stations located at the East are shown in blue, whereas those for stations located at the West are
shown in red color. It is observed that the stations that “see” the source moving away (those
located at the East) provide synthetics with a greater amplitude density in lower frequencies,
compared to those that “see” the source approaching. Furthermore, the maximum amplitude
density is observed at the higher frequencies (between 0.06 and 0.07 Hz) of the synthetics
calculated for stations at the west side of the source. These observations firstly validate more
clearly the Doppler effect, which is slightly observed in the case of data, which are charac-
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Fig. 12 The amplitude density
of synthetic seismograms for
stations at an epicentral distance
of 10◦ at the East (blue) and West
(red) side of the source. It is
observed that synthetics at the
East are characterized by higher
amplitude density in lower
frequencies, whereas the
maximum amplitude density is
obtained for the higher
frequencies of the West side
synthetics. This effect validates
the slight difference observed in
data and explains the moment
magnitude difference, obtained
by the inversion technique

terized by a distribution of epicentral distances and therefore the effect cannot be so clear, as
other factors (for example the local lithospheric structure) contribute to the recorded signal.
Secondly, they explain the lower values for the seismic moment, provided by the inversion
on the west side data, as the higher amplitude in synthetics satisfies a smaller seismic source,
through the comparison with real data.

1.7.2 Inversion of a Unique Source by Simultaneous Inversion of Seismograms from
All Stations
After the investigation of the inversion results, performed separately for every component
of the seismograms of every station, we performed a simultaneous inversion, in order to
provide a unique source, which satisfies the recordings of every station at once. This task
was done progressively, in order to observe the contribution of every seismogram from each
station to the obtained result. This means that starting from the source provided for the
closest station to the source (ARU), we continued by obtaining the source that provides the
best fit to the recordings of the couple of closest stations and so on, up to a source inversion
for all the selected stations.
The applied technique was to provide data series that consist an ensemble of the seismograms from all the stations. In Fig. 13, the vertical component of the displacement, velocity and acceleration seismograms of every station is shown. Black color represents the
recordings, whereas red corresponds to the synthetics, ssynt of Eq. (9), which represents the
inversion technique. The station that provides every part of the data series is noted above the
corresponding Rayleigh waveform.
The obtained results of this technique, provided the source in terms of magnitude moment
presented in Table 4. It is observed that the magnitude obtained by the inversion of horizontal
components is greater, for the reason that is discussed previously in Sect. 1.7.1, although,
the results of every component don’t appear to differ largely. In the vertical component,
the obtained results for displacement and acceleration are in good agreement, whereas the
velocity seismograms provide a smaller magnitude.
These results, for the vertical component of the displacement seismogram of the ensemble of the stations, are shown in Fig. 14. We can observe that the unique source, provided by
the inversion technique and corresponding to a moment tensor whose diagonal components
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Fig. 13 The combined dataseries corresponding to the vertical component of the selected part of signal of
the recordings and synthetic seismograms from every station, used for the inversion of a unique source
Table 4 Moment magnitude
provided by the inversion of
Rayleigh waves for every
component and for a unique
source providing the best fit to
the recordings of the ensemble of
the selected stations

Seismogram

Displacement

Velocity

Acceleration

N

MW = 3.64

MW = 3.47

MW = 3.62

E

MW = 3.68

MW = 3.52

MW = 3.70

Z

MW = 3.57

MW = 3.36

MW = 3.52

are M0 = 1.25 × 1014 to 4.04 × 1014 N m, provide results that agree well with the waveforms and the amplitudes of the Rayleigh waves, recorded by the instruments of the selected
stations.

1.8 Synthetic Seismograms Calculation with Spectral Element Method
In order to assess the potential role of effect of the 3D structure on the previous results,
we performed the calculation of synthetic seismograms for an 1D spherical model and a
model containing the lateral variations of crustal and upper mantle structure (3D model),
with the use of a spectral element method software, SPECFEM Globe (Komatitsch and
Tromp 2002a,b). The simulations were performed for one chunk of Earth covering an area
of 6000 km by 3500 km centered around 55◦ E and 57.5◦ N. The resolution of the modeling
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Fig. 14 The results of the inversion performed to the ensemble of the stations are shown in terms of synthetic
seismograms for the vertical component of displacement, in red color. Black color represents the data for the
vertical component of the displacement seismogram, for each one of the stations, indicated in the right axis.
Data and synthetics are filtered between 0.015 Hz and 0.050 Hz

was 7.5 seconds with a number of elements of 640 along the NS side of the model, 384
along the WE side and 423 radially. The crust was represented using 4 elements. With this
resolution, the maximum size of an element edge is 32 km.
The model of internal structure for the unidimensional case is PREM (Dziewonski and
Anderson 1981), whereas in the case of the 3D model a combination of a model of internal
structure, s362iso (Bassin et al. 2000) and higher resolution European model EUCrust7.0
(Tesauro et al. 2008) was used, including topography, ocean, attenuation, gravity and rotation effects.
Seismograms are computed for a single point that is excited by a Heaviside function. The
single point is situated near the surface as an approximation of the seismic source provoked
by the Chelyabinsk bolide (54.5939◦ N, 63.4186◦ E), for a depth 100 m into the solid model.
The event time is 03:20:36, which corresponds to the occurrence time of an eventual impact,
after the trajectory used in this work. The seismic moment is purely diagonal and each
component is 1.0 × 1016 N m. The use of a larger moment for the source located on the
ground is associated to the effect on the amplitude of waves generated by sources on the
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Fig. 15 Waveforms between 10 and 50s of the vertical component of displacement seismograms. Recorded
data are in black, computed synthetics in color. The gray curves indicate arrival times with move-out speed
between 4.5 and 2.3 km s−1 , corresponding as a first approximation to the time-window of arrival of Rayleigh
waves. On the left part, the synthetics computed with 1D model are shown in red, whereas the synthetics
computed with the 3D model (crustal structure and attenuation included) are shown in blue on the right part

ground compared to those in the atmosphere. This effect is referred in Sect. 1.5 and discussed
in detail in Sect. 2.2, for the comparison of the amplitudes generated by sources on the
ground and located in the atmosphere. Waveforms of both data and synthetics are filtered
between 10 and 50 seconds. 10 seconds is the minimum period sustained by the modeling
with SPECFEM3D. The flat response of the instruments was chosen to be 50 seconds.
We show a comparison of the computed synthetics for the 1D model and the 3D model
with recorded data for the 9 stations on Fig. 15. The overall fit between data and synthetics
is shown in Fig. 15 where the data are shown in black, the synthetic seismograms calculated
for the 1D model in red on the left part and those calculated for the 3D model in blue on the
right part.
The fit for the whole period band is greatly better for the 3D model than for the 1D
model. The cross-correlation coefficient computed between synthetics and recorded waveforms reaches values of 30% for the 1D model whereas this number clearly improves for the
3D model, ranging between 60% and 90%. We deduce that some of the variability of waveform observed in the data is explained by the 3D 3362iso model complemented by Eucrust
7.0. The result is confirmed at the time delay between data and synthetics.
Another comparison between the results of these two modeling techniques was performed for the time delay of the synthetic seismograms, compared to the data. In order
to perform the inversion of the synthetic seismograms calculated with the normal modes
summation we performed a time shift. This means that we minimized the time difference
between the arrivals on the data-series and the computed ones on the synthetics. This time
delay is shown in Table 5 and it is compared with the time shift for the synthetic seismograms calculated with spectral element method, for an 1D and 3D crustal model.

1.9 Discussion
With a source modeling based on the calculation of synthetic seismograms by normal modes
summation (Lognonné et al. 1998) and the development of a purely linear physical approach,
we are able to model the Rayleigh waves generated by a meteor which enters the Earth
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Table 5 Time delay between the
synthetic seismograms and data,
for 9 stations and for each
methodology used. * NMS =
Normal modes summation.
** SEM = Spectral Element
Method

F. Karakostas et al.
Station

NMS 1D

SEM 1D

SEM 3D

ARU

21.2 s

168.2 s

237.3 s

BRVK

27.7 s

83.3 s

134.0 s

AAK

26.5 s

135.5 s

93.25 s

MAKZ

27.7 s

172.75 s

108.3 s

LVZ

29.8 s

78.10 s

13.45 s

GNI

108.7 s

165.25 s

45.60 s

KIEV

12.9 s

99.35 s

3.25 s

KEV

72.9 s

−56.5 s

13.85 s

TLY

60 s

224.5 s

161.70 s

atmosphere. The results of our approach are in coherence, with those provided in previous
works, concerning the released energy (Brown et al. 2013) and the properties of the seismic
event (Tauzin et al. 2013).
We performed a step forward in the source modeling, compared to previous works with
an inversion of the moment tensor, by providing a line source located in the atmosphere,
with an approach of consecutive explosions. We present a linear far field approach for the
modeling of a source that generates nonlinear waves in the near field.
Compared to previous works that modeled a point source with normal modes summation
(Heimann et al. 2013) for the same event, we provide a more complex and realistic location
of the source and perform our investigation in a broader frequency domain. We perform the
inversion of the vertical component of Rayleigh waves, in the displacement seismograms
recorded by the stations of GSN for Chelyabinsk meteoroid, as Tauzin et al. (2013) and
Heimann et al. (2013), and, in addition, we extend our investigation to the horizontal components and the velocity and acceleration seismograms in order to validate our results and
look further into the seismic signature of such a source.
The ensemble of our findings, for inversions performed to all components of all seismograms of all the selected stations, appears to be in coherence, with the moment magnitude
provided by all our experiments to be between Mw = 3.54 to 4.03 (Table 3), whereas the
inversions applied to the ensemble of the stations provide results between Mw = 3.45 to
3.70 (Table 4). We do not make any assumption for the duration of every source, as this is
contained in the final result of the provided moment.
Any deviation of the Rayleigh waveforms between the recordings and the synthetic seismograms, which is not important compared to their amplitude, can be expected when seismograms calculated for an 1D spherically symmetric model of the Earth are compared to
real data. This is evidence that a method of source inversion of linear atmospheric sources
based on the modeling of the Rayleigh waves by normal modes summation can be used as
the basis for an inversion of the crustal structure, mainly in local scale but even in larger
distances in the case of a great event. In order to test this assumption, we calculated the synthetic seismograms for Chelyabinsk meteoroid using a spectral element method software.
The results of this test showed a better correlation of waveforms calculated for a 3D model
including crustal structure and attenuation compared to the 1D one.
In addition, an eventual inversion based also in the contribution of the atmospheric waves,
by the respective computation and summation of the acoustic normal modes, can contribute
to our further understanding for the processes occurring in the atmosphere during airburst
events. In order to perform this task, the availability of data from stations in short epicentral
distances (< 1◦ ) is necessary.

Inversion and Modeling of Meteor Rayleigh Waves on Earth and Mars

Page 23 of 33

127

2 Modeling of the Rayleigh Waves Generated by a Meteor Impact on
Mars
Seismology is considered today one of the best tools to investigate planetary interiors. Meteoroid impacts constitute a very important seismic source, since their locations and, in some
cases, their occurrence times can be accurately known from orbiters, tracking or optical observations. Their contribution is enhanced in the case of a seismic experiment SEIS (Seismic
Experiment of Interior Structure) on board the next Martian mission “InSight” (Interior Exploration using Seismic Investigations, Geodesy and Heat Transport) (Banerdt et al. 2013),
as the known location allows a direct inversion of differential travel times and wave forms
for structure identification. For InSight, the impact locations might be detected by the CTX
camera (Malin et al. 2007) of the Mars Reconnaissance Orbiter.
In the first part of this work, we performed an inversion of a seismic source, corresponding to the entry of a meteor in the atmosphere of the Earth. As indicated in the latter Sect. 1.9,
the modeling of atmospheric sources with normal modes summation can be a useful tool for
the investigation of the crustal, or even more, the lithospheric structure. The provided results for a known source on Earth, in coherence with the already known properties of the
examined event, allow the application of the same method of modeling of seismic sources
associated to meteor entries in planetary atmospheres, in another planet.
In this case, we perform a calculation of synthetic seismograms by normal modes summation on Mars, aiming to provide evidence about their detectability by the SEIS instrument
and discuss the properties of the Rayleigh waves generated by them in the extraterrestrial
environment, where InSight data are supposed to be the first seismic recordings.

2.1 Normal Modes Computation
We performed the computation of solid spheroidal normal modes for a whole planet (solid
part and atmosphere). The solid part is the AR model of Mars interior (Okal and Anderson 1978), an 1D model that we assume in spherical symmetry. An atmospheric model of
Mars, LMD (Spiga et al. 2010), containing information about the viscosity of the Martian
atmosphere and the relaxation of CO2 into it, is adjusted on the model of the solid internal
structure.
We computed the spheroidal solid modes for a whole planet by applying a radiant boundary on the top of the atmosphere, the relaxation of CO2 into it, and the viscosity effects, for
angular orders up to l = 1200 and frequencies up to 0.16 Hz. The calculated amplitudes
for the vertical component of the fundamental mode in the atmospheric part of the provided
model appear to be much larger than the same for the overtones, whereas the energy fraction
in the atmosphere is about 10 times larger for the fundamental mode, compared to this for
the overtones. This is a first indication that the fundamental mode should be dominant in
any synthetic seismogram calculated for an atmospheric source.
This effect is shown in Fig. 16 where the real part of the radial component of the fundamental solid spheroidal mode, in the atmosphere of Mars, is shown on the left, whereas the
respective component of its first overtone is shown on the right. We note that the amplitudes
provided for the fundamental mode are about 3.35 times greater than the respective for the
overtone.

2.2 Synthetic Seismograms Calculation
In order to examine the synthetic seismograms of an airburst in the Martian atmosphere and
an impact, which occurs on Mars, we modeled two different events, with common characteristic the absolute value of the seismic moment. This value is estimated for a meteoroid
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Fig. 16 The amplitudes of the vertical component of the real part of spheroidal solid modes in the atmosphere
of Mars. On the left the amplitudes of the fundamental mode are shown, whereas on the right, those of the
1st overtone. A radiant boundary condition is applied on the top of the atmospheric model, whereas the
relaxation of CO2 and the viscosity in the Martian atmosphere are applied. The amplitudes corresponding to
the fundamental mode appear to be two times larger than those of the 1st overtone
Table 6 Scaling of the seismic moment (in N · m) for different sizes of meteoroids reaching Martian ground,
based on Holsapple (2003, 2007, 2015, 2017, 2018). The model considers the velocity of the impactor υ =
10 km s−1 and its density ρ = 3000 kg m−3 . The target is a regolith surface, with a density of ρtarget =
1500 kg m−3 , a friction angle φ = 40◦ and porosity ν = 0.4. The Martian gravity is g = 3.71 m s−2
Impactor Diameter (m)

2

1

0.5

Crater Diameter (m)

33.74

17.78

9.20

Crater Depth (m)

9.20

4.85

2.51

Mass (kg)

12600

1570

196

Energy (J, T eq. TNT)

6.28 × 1011 (150)

7.85 × 1010 (18.76)

9.82 × 109 (2.35)

Moment (N m)

1.8 × 1011 (MW = 1.36)
1

2.24 × 1010 (MW = 0.76)
0.124

2.8 × 109 (MW = 0.16)
0.016

Scaling

impact corresponding to a 2-m diameter rocky impactor, as described in Sect. 2.2.1. Afterwards, the same absolute value of the seismic moment was used for an airburst at an altitude
of 7 km, in order to compare the seismograms of equivalent sources, which, however, do not
correspond to similar impactors.

2.2.1 Point Source on the Ground
We performed a first test of a source on the ground. The properties of the source are based
on the theory of Holsapple (2003, 2007, 2015, 2017, 2018) and calculations were made in
the provided platform.
As shown in Table 6 we consider a 2-m diameter rocky impactor moving at 10 km s−1
through the Martian atmosphere. The impactor’s mass is calculated as a result of its density
and size and the released energy is considered to be 6.28 × 1011 J. Given the expression (4),
the seismic moment in the triatomic Martian atmosphere should be M0 = 0.29 · E. Therefore
we obtain a seismic moment equal to M0 = 1.8 × 1011 N m.
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Fig. 17 The synthetic seismogram calculated for a source located on the ground, of MW = 1.36, in a station
located at an epicentral distance of 5◦ . The right part is a zoom in the waveform shown on the left part.
The synthetic seismogram calculated by summation of the fundamental mode is shown in red, whereas the
one calculated by summation of the fundamental mode and the first two harmonics is shown in blue. On the
bottom part, the residual between the red and blue seismograms is presented. We can deduce that harmonics
have a minor contribution to the calculated synthetic seismograms

We used this isotropic point source, situated on the ground, for the calculation of synthetic seismograms at epicentral distances for every 5◦ (296.4 km on Mars), from 5◦ to 45◦ .
The amplitudes of the Rayleigh modes summation, for frequencies up to 0.16 Hz, at an epicentral distance of 5◦ are shown in Fig. 17. The presented synthetic seismogram is the pure
summation of normal modes, without the application of any filter. Therefore, the frequency
domain contains frequencies from 0.001 Hz to 0.16 Hz, the highest frequency of computed
normal modes.
The seismogram calculated for the fundamental mode is shown in red, whereas the blue
color indicates the seismogram calculated by the summation of the fundamental mode and
its two overtones. In the bottom part the residual between these two seismograms is shown.
We can notice that the contribution of the overtones is barely observed as it corresponds to
amplitudes close to the noise level and therefore its contribution to the Rayleigh waveform is
minor. Therefore, the fundamental mode dominates the seismogram, a condition that applies
also to the case of Chelyabinsk meteoroid and is referred to in Sect. 1.5.
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This effect can be explained, as the fundamental mode describes better the displacement
near the surface, whereas the overtones correspond to displacement in greater depths. The
frequency domain of our investigation concerns the Rayleigh waves and therefore a more
important contribution of the overtones is possible to be observed in higher frequencies.

2.2.2 Point Source in the Atmosphere
After the calculation of synthetic seismograms for a ground explosion, we investigated the
waveforms provided by the same technique, for the Rayleigh waves generated by sources
in the atmosphere. More precisely, we used a point source at a low altitude in the Martian
atmosphere, for an equivalent value of the moment tensor.
It is important to note that equal moment tensor in different altitudes in the atmosphere
indicates a meteoroid of different size. Therefore, in this case, the provided synthetic seismograms for a point source in the atmosphere concern another meteoroid, bigger than this
examined in the previous Sect. 2.2.1. The approach to model the explosions of the same
meteoroid in different altitudes is used in the source inversion performed for Chelyabinsk
and is described in detail in Sect. 1.2.
Miljković et al. (2016) showed that a meteoroid of 2 m diameter, of either cometary or
carbonaceous composition, traveling with the speed of 10 km s−1 in the Martian atmosphere,
will first burst at an altitude of about 7 km. Therefore, we place the described source in this
altitude, in order to perform the calculation of the synthetic seismograms in a similar way
as it is done for the source on the ground.
The synthetic seismograms for this source are shown in Fig. 18. The right part of the
Figure is a zoom in the Rayleigh waveform of the data series on the left part. We observe that
the amplitude of Rayleigh waves for a source of MW = 1.36, is larger than the one obtained
for a source on the ground (Fig. 17), whereas the arrival time is earlier. The residual between
the summation of the fundamental mode and the seismogram with the addition of its two
first overtones indicates that for atmospheric sources the harmonics have an, equal to the
impact case, minor contribution to the amplitudes of the Rayleigh waves, generated by the
coupling between the solid and atmospheric part of the planet.

2.3 Detectability of the Meteor Impact Events
As referred in the introduction of this Sect. 2, part of our aim to perform the modeling of
Rayleigh waves generated by meteoroid impacts on Mars is to provide evidence for their
detectability by the SEIS VBB seismometer of InSight mission. In our modeling of the
source on the ground and the Martian atmosphere, we assume a 2-m impactor. However,
in the period of 2 terrestrial years, while the operations of InSight on Mars will take place,
impacts of such size are considered to be very rare.
Although the model by Miljković et al. (2016) is simplified, and in reality it does
not mean that only one airburst would occur during the atmospheric passage, here we
also consider smaller impactors, that are also more frequent and more likely to occur
during the lifetime of the InSight mission. It is also convenient that even a simplified
model by Miljković et al. (2016) indicates that smaller size impactors are more probable to hit the Martian ground without any mass loss, if other conditions, as their speed,
permit so. Similarly to the 2-m impactor, we calculate the scaling relationship (Holsapple
2003, 2007, 2015, 2017, 2018) for 1-m and 0.5-m impactors (6). In these calculations we
consider a target consisted of regolith with a mass density ρ = 1500 kg m−3 . In this study,
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Fig. 18 The synthetic seismogram calculated for a point source in an altitude of 7 km in the Martian atmosphere, of MW = 1.36, in a station located at an epicentral distance of 5◦ . The right part is a zoom in the
waveform shown on the left part. The synthetic seismogram calculated by summation of the fundamental
mode is shown in red, whereas the one calculated by summation of the fundamental mode and the first two
harmonics is shown in blue. As observed also in Fig. 17 the overtones appear to have a minor contribution to
the Rayleigh waveform

this scaling applies to a small range of impactor sizes. For all of them we consider an associated boxcar source time function, with a duration of τ = 1 sec. Larger impacts may
provide larger source durations, however this investigation is not the objective of the present
work.
We also compute the released energy for these impacts hitting the ground. We are able to
deduce the seismic moment of these impacts resulting to ground explosions by using Eq. (4).
The ratio of the seismic moment in each case, in comparison with the seismic moment of the
impactor of a diameter of 2 meters, shown in the last row of Table 6, is going to be used in
order to perform a scaling to the amplitudes calculated in Sects. 2.2.1 and 2.2.2. In order to
obtain these values, we consider a rocky impactor, with a density of ρimpactor = 3300 kg m−3 ,
hitting vertically, with a velocity of υ = 10 m s−1 a surface of regolith, characterized by a
density of ρtarget = 1500 kg m−3 , a friction angle φ = 40◦ and porosity ν = 0.4 whereas the
Martian gravity is g = 3.71 m s−1 .
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Fig. 19 The spectra of the seismograms calculated for point sources situated on the ground (on the left) and
in an altitude of 7 km (on the right), for a station located in an epicentral distance of 5◦ . The black line shows
the spectra of the seismograms for a seismic moment M0 = 1.8 × 1011 N m, corresponding to an meteor
impact for a meteoroid of a diameter of 2 m on the ground, whereas the continuous red line and the blue
line show the amplitude density of synthetic seismograms obtained by scaling and corresponding to ground
explosions of impactors of a diameter of 1 and 0.5 m respectively. We should underline that these spectra do
not concern the same impactor. In order to obtain the same moment from an explosion on the ground and
at an altitude in the atmosphere of a planet, the impactor exploded in the atmosphere should be much larger
than the one which hits the ground

In Fig. 19, the spectra of the seismograms presented in Sects. 2.2.1 and 2.2.2 are presented in black color. The red continuous line and the blue line represent the spectra for
smaller impacts (1 m and 0.5 on the ground respectively) obtained by the scaling of the
seismic moment. The dashed red line indicates the SEIS VBB requirement of the InSight
mission. We can deduce that only a fraction of the provided amplitudes of Rayleigh waves
is supposed to be detected in this frequency domain, even in small epicentral distances (5◦ ).
More precisely, the impacts of diameter equal to 0.5 meter, that explode on the Martian
ground, will be detectable only in higher frequencies of the Rayleigh waves. Therefore, we
deduce that the investigation of this kind of events, should be focused on the highest frequencies of Rayleigh waves, in the order of 0.2 Hz, in order to detect their seismic signature.
In order to estimate the maximum epicentral distance of detectability of a 1-meter diameter meteoroid, we use the following equation (11) which describes the attenuation of the
Rayleigh waves:


 ◦
ω tR
sin(5◦ )
· exp −
(11)
S( ) = S 5 ·
sin( )
2Q
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Fig. 20 The estimation of the
amplitude density of the
Rayleigh waves generated by an
impact of 1 meter diameter, in
epicentral distances from 5◦ is
shown in black for Q = 250, blue
for Q = 500 and red color for
Q = 1000. The red dotted line
indicates the noise level during a
day on Mars, equal to
10−9 m s−2 Hz−1/2

Table 7 Maxima distances
where the signal of an 1 meter
diameter impact can be recorded
by SEIS VBB seismometer, of
InSight mission on Mars

Q

max( ) for
max( ) for
S( ) ≥ 10−9 m s−2 Hz−1/2 S( ) ≥ 2 × 10−9 m s−2 Hz−1/2

250

33.5◦ (1986.2 km)

21.5◦ (1274.7 km)

500

57◦ (3379.5 km)

33.5◦ (1986.2 km)

1000

109◦ (6462.5 km)

50.5◦ (2994.1 km)

where S(5◦ ) is the amplitude density of the signal at an epicentral distance of 5◦ (the distance
of the spectra presented in Fig. 19), the epicentral distance along the same azimuth, ω the
angular frequency, given by ω = 2πf and in this case f = 0.16 Hz, tR the propagation time
of the waves, given by tR = υg with υg to be the velocity of Rayleigh waves, considering that
in these frequencies there are no dispersion effects and finally Q is the anelastic attenuation
factor.
In Fig. 20 the results of these calculations are shown for Q = 250, 500, 1000, in black,
blue and red color respectively. The noise level during a Martian day is indicated by the
red dotted line. In order to record the signal of a meteor impact, it should be greater than
10−9 m s−2 Hz−1/2 . Therefore, we calculate the epicentral distances where such an amplitude
can be recorded. In the mean time, we perform the same calculation for a more satisfactory
signal, greater than 2 × 10−9 m s−2 Hz−1/2 . The results for the maxima distances where these
signals can be recorded are shown in Table 7.

2.4 Estimation of the Number of Detectable Impacts During 1 Martian Year
The number of detectable impacts, for crater diameters varying between 1 to 100 meters is
summarized using various models by Daubar et al. (2018). In Table 6 we show that the crater
diameter for an impactor of 1 meter diameter on Mars should be 17.7 meters. According to
Daubar et al. (2018), the minimum number of events which generate craters of this size or
larger during one Earth year is n = 15.7 using the current impact rate measure by Daubar
et al. (2013), whereas the most optimistic estimation is for n = 31.4.
In order to estimate the number of detectable events we calculate the number of impacts
which should occur in an area corresponding to the epicentral distances indicated in Table 7.
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Fig. 21 The estimation of the
number of detectable impacts
during 1 Martian year (period of
InSight operations on Mars =
1.8808 years on Earth). The
curves corresponding to Q = 250
are shown in black, Q = 500 in
blue and Q = 1000 in red. The
dashed lines correspond to a
lower impact rate, whereas the
continuous ones to a higher one

Table 8 The number of detectable meteor impacts of d = 1 meter for one Earth year and one Mars year, for
Q = 250, 500, 1000, based on the impact rate estimations by Daubar et al. (2018)
Q

1 Earth year
Lower impact rate

1 Mars year
Higher impact rate

Lower impact rate

Higher impact rate

250

1.3031

2.6062

2.4509

4.9017

500

3.5749

7.1498

6.7237

13.4473

1000

10.4060

20.8120

19.5716

39.1432

The curves in Fig. 21 represent the estimations for Q = 250 in black, Q = 500 in blue and
Q = 1000 in red color respectively. The dashed lines correspond to the estimations for the
lower rate of impacts (Daubar et al. 2018) whereas the continuous lines to the higher one.
The number of detectable events is corresponding to those characterized by an amplitude
density greater than 10−9 m s−2 Hz−1/2 for high frequency Rayleigh waves, f = 0.16 Hz.
The numerical values of these results are also presented in Table 8 where the estimated
number of the detectable impacts of a diameter of 1 meter, for Q = 250, 500, 1000, for
one Earth year and one Mars year (period of InSight operations) according to the lower and
higher impact rate estimated by Daubar et al. (2018), is shown. The calculations concern
the detectability during daytime and the estimated numbers can be twice greater for night
conditions, where the amplitude of the noise is much smaller.
These estimations appear to be less optimistic than those presented by Teanby (2015),
where there are predicted 0.1 to 30 impacts per Earth year, for craters in the 2 to 40 meters
diameter range, with a minimum amplitude density of 10−8 m s−2 Hz−1/2 .
Compared to the estimations for the number of detectable impacts by Daubar et al.
(2018), based on the propagation of body waves in the solid part of the planet, in the present
work the atmospheric part is integrated and the estimations are based on the propagation of
surface waves.
As it concerns the airbursts, our estimated number of detectable events, even in short
epicentral distances is much smaller than the one estimated by Stevanović et al. (2017), who
predict ∼ 20–100 detectable airbursts by InSight seismometer. Our analysis for a similar
moment tensor in the altitude of 7 km in the Martian atmosphere, shows that the obtained
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signal should be higher by an order of ∼ 10% (see Fig. 19). However, the number of events
able to provide this signal is much less. Following the physical approach performed for
Chelyabinsk and presented in Sect. 1.2 we can deduce that a larger meteoroid is needed in
order to generate an explosion of M0 = 2.24 × 1010 N m in this altitude.

3 Conclusion
We perform a comparative analysis of meteoroid impact events on the Earth and Mars
with the source inversion of an airburst on Earth (Chelyabinsk) and the modeling of
Rayleigh waves generated by ground and atmospheric explosions on Mars. The calculation
of Rayleigh waves is done by normal modes summation (Lognonné et al. 1998).
In past works, the moment tensor inversion was performed for Chelyabinsk meteoroid,
for point sources on the ground (Tauzin et al. 2013) or in the atmosphere (Heimann et al.
2013). In this work we develop an approach for a line atmospheric source, constituted by
consecutive explosions (point sources) in the atmosphere. This approach obeys to limitations in terms of temporal resolution, in order to avoid the linear summation of nonlinear
effects associated to the supersonic speeds of a meteor entry in the atmosphere. The reconstruction of the source is based in the published properties of its trajectory (Borovička et al.
2013). Every explosion in the atmosphere is considered an isotropic moment tensor, nevertheless, the radial component dominates the provided seismograms, as the contribution of
both the other diagonal components of the moment tensor appears to be smaller than 1% to
the provided waveforms.
We calculate synthetic seismograms in a broad band of Rayleigh wave frequencies, from
0.015 Hz up to 0.050 Hz, for a set of 10 stations, which were selected after research for the
best quality of available data, in terms of Rayleigh waveforms.
In order to find the source which satisfies the best fit between the synthetic seismograms
and the recordings, we use an inversion technique based on the singular value decomposition
(Rakoto et al. 2018). The inversion technique is applied separately in every seismogram for
the horizontal and vertical components of displacement, velocity and acceleration, provided
for every station, and in a second step to artificial time series consisting a composition of
the Rayleigh waveforms modeled or recorded for the whole set of selected stations.
The moment magnitude obtained by the inversion of Chelyabinsk Rayleigh waves varies
between MW = 3.45 to MW = 3.70, which is in agreement with previous works computing
the total amount of the released energy (Brown et al. 2013).
Thereafter, we apply the same modeling technique of normal modes summation in order
to obtain Rayleigh waveforms for meteor impacts occurring on the Martian ground or the
lower altitudes of the atmosphere. We observe the dominance of the fundamental solid mode
on the provided waveforms, compared with the contribution of its two overtones. By performing a scaling on the spectra of the Rayleigh amplitudes we deduce that small impactors,
in the diameter range of 0.5 to 2 m, can be detectable in short epicentral distances only in
the high frequency domain of Rayleigh waves (up to 0.2 Hz).
Finally we perform an analysis based on the impact rate estimated by Daubar et al. (2018)
in order to provide an estimation for the number of detectable impacts, for craters 17.78
meters of diameter (corresponding to meteoroids of 1 meter diameter). We find the epicentral
distances up to which these events can be detected by the SEIS VBB seismometer of InSight
mission. Thereafter, we calculate the number of events expected to be detected in a period
of 1 Martian year, for Q = 250, 500, 1000. During one Mars year of InSight operations,
we expect 6.7 to 13.4 detectable impacts (Q = 500).
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This work of comparative analysis of Rayleigh waves on Earth and Mars provides evidence that seismic modeling by normal modes summation, on the basis of a known 1D
model for the solid part and the atmosphere, in spherical symmetry, can be a useful tool
for planetary seismology. On Earth, our methodology is found efficient to identify the characteristics of a seismic source and provide satisfactory results for complex sources in high
frequencies of the Rayleigh waves (up to 0.05 Hz). This knowledge can be used in order to
model similar events in different atmospheric conditions and deduce the properties of the
crustal structure of a planet, mostly in local scale and rarer in larger regions, depending to
the size of the impact.
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Acoustic coupling between solid Earth and atmosphere has been observed since the 1960s, first
from ground-based seismic, pressure, and ionospheric sensors and since 20 years with various satellite measurements, including with global positioning system (GPS) satellites. This coupling leads to
the excitation of the Rayleigh surface waves by local atmospheric sources such as large natural
explosions from volcanoes, meteor atmospheric air-bursts, or artificial explosions. It contributes
also in the continuous excitation of Rayleigh waves and associated normal modes by atmospheric
winds and pressure fluctuations. The same coupling allows the observation of Rayleigh waves in
the thermosphere most of the time through ionospheric monitoring with Doppler sounders or GPS.
The authors review briefly in this paper observations made on Earth and describe the general frame
of the theory enabling the computation of Rayleigh waves for models of telluric planets with atmosphere. The authors then focus on Mars and Venus and give in both cases the atmospheric properties of the Rayleigh normal modes and associated surface waves compared to Earth. The authors
then conclude on the observation perspectives especially for Rayleigh waves excited by atmospheric sources on Mars and for remote ionospheric observations of Rayleigh waves excited by
C 2016 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4960788]
quakes on Venus. V
[AGP]

Pages: 1447–1468

I. INTRODUCTION

Rayleigh surface waves correspond to the largest amplitudes recorded on long period seismograms. They propagate
in the vicinity of the Earth surface with maximum amplitude
at a depth of about one-third of their wavelength. Like all
seismic waves, they can be either represented as wave solutions of the gravity-elastodynamic equation, fitting the surface boundary condition, or as seismic rays bouncing the
surface several times along their propagation; see Aki and
Richards (1980). Even if most of the seismology textbooks
ignore the atmosphere and consider that all the wave energy
is reflected at the Earth free surface, Rayleigh surface waves
generate therefore vertical oscillations of the Earth surface
acting like a piston on the surrounding atmosphere and transfer a small fraction of their energy to the atmosphere.
The dynamic ground coupling between the interior of
the Earth and the atmosphere is however quite simple. It is
only related to the continuity on both sides of the Earth’s
surface of the pressure and vertical displacement. As a
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consequence, all surface vertical displacement and pressure
changes induced by atmospheric gravity and acoustic waves
will generate seismic waves inside the solid Earth and/or tsunamis or acoustic waves in the ocean while on the other side,
all seismic waves (for the solid part) or tsunami and acoustic
waves (for the ocean) exciting the atmosphere with surface
pressure changes or vertical surface displacements will lead
to atmospheric gravity or acoustic waves. Several observations have illustrated this coupling mechanism since the
development of seismology by the end of the 19th century.
The first one consists in the observation of seismic signals associated to strong atmospheric sources. Among the
first were the records performed at Irkutsk, in Russia, following the atmospheric explosion of a meteor or comet in
Siberia on June 30, 1908 (Ben-Menahem, 1975). Similar signals were also recorded following the major nuclear explosions performed by the United States and the Soviet Union
in the atmosphere, between 1945 and their limited interdiction in 1963. Apart many reports and studies concerning
atmospheric waves, see the early papers of Yamamoto
(1956, 1957), Hunt et al. (1960), Press and Harkrider (1962),
Donn and Ewing (1962a,b), and Harkrider (1964) for more
specific Rayleigh wave observations. Very recently, seismic
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signals were recorded following a large meteor atmospheric
explosion over Chelyabinsk and are illustrated by Tauzin
et al. (2013) among others. See Edward (2008) and Edwards
et al. (2008) for general reviews on the seismic detection of
meteors.
Other powerful atmospheric sources are the volcano
explosions, and the most famous observations remain those
following the Pinatubo eruption in 1991. By stacking 12
IDA stations during 12 h, Z€urn and Widmer (1996) have
shown that the signals recorded following the Pinatubo eruption showed selective excitation of Rayleigh surface waves
around frequencies of 3.7 mHz, 4.44 mHz for the two main
peaks and 5.2, 6.1, and 7.2 mHz, where mHz denotes 0.001
Hz. Many papers were published on the explanation of these
unusual signals. Some have proposed a feedback regime
between the atmosphere and the volcano (Widmer and Z€
urn,
1992; Z€urn and Widmer, 1996). Others proposed the excitation of two atmospheric waves corresponding to gravity and
acoustic waves, respectively (Kanamori and Mori, 1992;
Kanamori et al., 1994). Lognonn!e et al. (1998), Lognonn!e
(2009), and Watada and Kanamori (2010) finally demonstrated that these signals can be explained through the resonance of the Rayleigh waves with the atmospheric
tropospheric and mesospheric wave guide, resulting in a
large Rayleigh wave atmospheric sensitivity at the observed
selective frequencies.
The discovery of the continuous excitation of normal
modes (Suda et al., 1998; Kobayashi and Nishida, 1998a,b;
Tanimoto et al., 1998) has originally suggested a second
example of coupling between the solid Earth and its atmosphere (Nishida and Kobayashi, 1999; Tanimoto and Um,
1999; Fukao et al., 2002). The first interpretations proposed
that the excitation is produced by the turbulences of the
Earth’s atmospheric boundary layer. The seasonal variations
of the continuous excitation (Nishida et al., 2000) were also
supporting an atmospheric origin and a simplified theory
was proposed by Tanimoto (1999). The most recent studies
show however that the major part of the source of continuous
excitation is located over the oceans (Tanimoto, 2005; Rhie
and Romanowicz, 2004, 2006) and that infragravity waves
over the continental shelves are much more efficient seismic
sources for this process (Webb, 2007). The excitation by
atmospheric sources remains however significant below
5 mHz (Nishida, 2013) and its signature is strongly supported by the larger excitation of the Rayleigh modes at 3.7
and 4.4 mHz known to have a relative energy 5 times larger
than the other modes in the atmosphere (Lognonn!e et al.,
1998). This larger excitation cannot be explained by pressure
sources at the bottom of the ocean (Nishida, 2014).
The third example of coupling is related to ionospheric
perturbations after earthquakes, for which many observations
were reported in the 1960s after large quakes in Alaska or
Japan (Yuen et al., 1969; Weaver et al., 1970; Leonard and
Barnes, 1965; Davis and Baker, 1965). Two propagating
paths can be considered. The first is mostly an acoustic
atmospheric propagation of signals excited locally by the
seismic source and propagating therefore mostly in the atmosphere up to a few thousand kilometers (Astafyeva et al.,
2009). The second on which we focus here is associated to
1448
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seismic propagating waves finishing their path by an upward
propagation in the atmosphere. Such signals can either be
observed near a seismic source or at teleseismic distances.
Only the seismic waves with frequencies larger than the
acoustic cutoff frequency of about 3.7 mHz can however
propagate upward and can reach the ionosphere, while those
below the acoustic cutoff are damped rapidly with altitude.
Due to the conservation of the momentum flux, these waves
have their amplitude growing with altitude as the inverse of
the square root of the density, before being affected by viscous and other attenuation processes and vanishing. Signals
have been widely observed either through Doppler sounders
or global positioning system (GPS) signals. For Doppler
observations, Artru et al. (2001) have shown that the ground
amplitude might be amplified by a factor of 50 000 when it
reaches an altitude of 200 km. Typically, the detection
threshold for atmospheric perturbations is about 10 m/s at
200 km (which generated, for example, a Doppler effect on
the order of 3 ! 10"8). Such signal can therefore be detected
for ground velocities down to about 0.2 mm/s, which allows
to detect the surface waves of very large quakes at very large
distances: 9000 km for Tohoku recorded with a Doppler
sounder in Czech republic by Chum et al. (2012) and more
than 14 000 km for a quake in New Ireland recorded in
France by Artru et al. (2004). New generation high frequency (HF) sounders are now able to monitor such signals
for quakes larger than 6.5 in moment magnitude (Artru
et al., 2004) and signals have also been observed by overthe-horizon systems, including for the R2 Rayleigh wave of
the Ms ¼ 8.6 Sumatra Earthquake in 2005, which reached
France after about 30 000 km of distance (Occhipinti et al.,
2010). On both systems, Rayleigh wave signatures have furthermore been observed up to 20 s periods (Bourdillon et al.,
2014; Occhipinti, 2015).
GPS observations started with the pioneering work of
Calais and Minster (1995). They have now reached maturity
through the development of dense permanent high-rate GPS
networks, enabling multiple observations and even wavefront imaging. See, among others, Ducic et al. (2003) and
Rolland et al. (2011a). Last but not least, the very large
Rayleigh waves generated by the Tohoku-Oki Mw ¼ 9:1
earthquake of March, 2011 were of course observed not only
by GPS (Maruyama et al., 2012; Rolland et al., 2011a) but
also through their drag effect on the GOCE satellite, the latter orbiting at about 225 km of altitude (Garcia et al., 2013).
The main goal of this paper is to present atmospheric
Rayleigh waves in a comparative approach between Earth,
Mars, and Venus and to discuss the perspective of atmospheric coupling of Rayleigh waves on other planets than
Earth. We therefore first recall the theory able to take into
account these coupling effects by an explicit calculation of
the normal modes of the solid part of any planet model with
a realistic atmospheric model, following the theory developed by Lognonn!e et al. (1998). This is first done for Earth
and then for Mars and Venus, in the latter case taking into
account the specific attenuation processes in the atmosphere
of these planets associated to their CO2 atmosphere. We then
show several applications of this theory for the modeling of
observed signals on Earth, or predicted signals on Mars and
! et al.
Lognonne

the Moon: the first one, for Earth is the analysis of the
Pinatubo eruption and of the recent Chelyabinsk explosion,
which can be foreseen as examples of excitation of the solid
Earth with sources in the atmosphere. The second is for
Venus with the prediction of the amplitude of surface waves
in the ionosphere. We conclude by a discussion on the perspective to detect from Venus orbit these signals for future
orbital missions and to detect on Mars Rayleigh waves generated by atmospheric sources.
II. NORMAL MODE THEORY: BRIEF DESCRIPTION

Seismology is most of the time assuming that the surface of the Earth or planets with atmosphere is a free surface
where the pressure forces are set to zero. This assumption is
therefore used most of the time in the computation of the
Rayleigh modes, which are the normal modes corresponding
to the fundamental branch of surface waves. The latter is
done by finding the fundamental eigen-solutions of the linearized elastodynamic equation, which in the non-rotating
case can be written in a general Eulerian form and in the frequency domain as
1
x2 u ¼ AðuÞ ¼ " ðr & ðTelastic " u & rT0 Þ
q
!
"divðquÞg " qrUE1 ;

(1)

r & T0 þ qg ¼ 0 :

(2)

where x is the angular frequency, u is the displacement vector, r is the spatial derivative operator, q is the unperturbed
density, and Telastic is the stress departure from equilibrium.
g is the gravity and UE1 is the mass redistribution potential
and where the equilibrium stress T0 is the solution of

Relation (1) defines the gravito-elastic operator AðuÞ. This relation applies to either the liquid, solid part of the planet or the
gaseous part of its atmosphere. The only difference is found in
the constitutive relation of the elastic stress Telastic . In the solid
parts, a symmetric stiffness tensor is generally used, which gives
Tijelastic ðr; tÞ ¼ Cijkl Dk ul ðr; tÞ :

(3)

In the fluid parts (either liquid or gaseous) and for adiabatic
perturbations, we have Cijkl ¼ jgij gkl , where j is the adiabatic bulk modulus and gij is the metric tensor, equivalent to
the Kronecker symbol in Cartesian coordinates (gij is non
zero and equal to 1 for i ¼ j only). In addition, solutions of
the equation must also fit all continuity relations related to
the continuity of stress and displacement on all solid/solid
discontinuities, and of stress and vertical displacement on all
solid/fluid or fluid/fluid discontinuities.
Normal modes u with associated normal frequency x
are the solution of these equations which in addition fit the
upper boundary condition. For an upper liquid/solid interface, these lead to continuity of the vertical displacement
and of the radial component of the stress, the latter vanishing
at a free surface. See Takeuchi and Sa€ıto (1972) and
Woodhouse and Dahlen (1978) for more details on the
J. Acoust. Soc. Am. 140 (2), August 2016

background, and Lognonn!e et al. (1998) and Lognonn!e and
Cl!ev!ed!e (2002) for specific details in the whole Earth case,
i.e., with a solid and atmospheric part.
Resolution of these equations with Earth models with
atmosphere having on their top a free surface can be done
with the freely available MINEOS software (Master et al.,
2014), even if the latter software was originally not made for
that purpose. Figure 1 shows typical results in terms of normal mode’s frequencies for the PREM model (Dziewonski
and Anderson, 1981) and a typical Earth atmosphere model,
here the MSISE atmospheric model (Picone al., 2002). While
this approach solves correctly the continuity of vertical displacement and pressure at the Earth’s surface, it is however
far to be satisfactory due to the upper top free surface boundary condition and produces an artificial trapping of the waves
between the Earth’s surface and the top of the atmosphere.
The atmosphere is indeed such that no specific boundary
can be defined, due to the exponential decay of the density.
In addition vertically propagating waves or normal modes
with frequency above the atmospheric acoustic cutoff are not
reflected when propagating upward at high altitude and loose
at these height their energy due to viscosity and other attenuation or non-linear effects. Above the acoustic cutoff, nonvertical acoustic waves can nevertheless be reflected in the
stratosphere or thermosphere, especially when interacting
with wind, leading to long distance propagating infrasounds.
In order to take into account these effects, it is first necessary to use a radiative boundary condition instead of the
usual free surface boundary condition. Following Unno et al.
(1989) and Watada (1995), this is made by assuming a local
dependence of the modes at the top of the atmosphere as rk,
where r is the planetary radius. As shown by Lognonn!e et al.
(1998), each eigenfrequency x determines two values for k,
respectively, associated to modes with upward and downward propagating energy. As proposed by Lognonn!e et al.
(1998), the eigen-frequencies and associated eigen-modes
can then be solved with a variational method which uses a
basis of test functions, found by mapping the normal modes
with free surface toward functions verifying explicitly the
radiative boundary condition. Other techniques for the computation of the normal modes, based on propagators, have
also been developed (Kobayashi, 2007; Watada and
Kanamori, 2010).
Due to the decreasing density (and associated bulk modulus), it is also necessary to take, at higher altitude, above
100 km, viscous and possibly other attenuation effects. The
typical frequency domain of the Rayleigh waves associated
to atmospheric perturbations is from 1 to 50 mHz. In this
range, viscous dissipation is expected to be important above
100 km height (Pitteway and Hines, 1963). The viscous
stress tensor can be expressed by
"
#
@ui @uj 2
0
þ
" dij ðr & uÞ :
(4)
Tij ¼ ixl vis
@xj @xi 3
Here, ui is the ith component of displacement and l the
dynamic viscosity. This is a second order, frequencydependent term that can be introduced in the variational process described, as described by Artru et al. (2001). Other
! et al.
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FIG. 1. Earth normal mode frequencies obtained for the Normal modes of Earth with PREM and the MSISE atmospheric model. These eigenfrequencies, computed with an atmosphere of 400 km of altitude with a free surface at the top of the atmosphere correspond to the basis of test functions used for the computation of normal modes with attenuation and radiation boundary condition (Lognonn!e et al., 1998). Although the top boundary limit is not realistic, the
frequencies of the trapped atmospheric normal modes are relatively well estimated, especially for the fundamental and first overtone of the acoustic and gravity
modes and for the Lamb modes trapped on the Earth’s solid/atmosphere surface. It also shows the different types of modes in a complex Earth or telluric
planet: spheroidal modes, including the Rayleigh fundamental branch, atmospheric acoustic and gravity modes and for Earth, and tsunami gravity modes for
3 km depth ocean. The resonances of the Rayleigh waves are typically found at the frequencies corresponding to the fundamental and two first overtones. See
another example in Lognonn!e & Cl!ev!ed!e (2002) with a different atmospheric model.

effects, such as molecular relaxation and heat transfer can be
incorporated in the expression of the bulk modulus which
then is not only imaginary but also frequency dependent.
This will be particularly important for Mars and Venus.
Figures 2–5 show the results of Rayleigh normal modes
computation for the Earth. These modes will be used later
for computing seismograms recorded for the Chelyabinsk
atmospheric meteor. Models with an ocean, such as those
obtained from the PREM model, can be found in Lognonn!e
and Cl!ev!ed!e (2001). In both cases, the main perturbations,
for the spheroidal normal modes are found in the amplitude

of normal modes rather than in the frequency or quality factor (whose perturbations are very small). Two regimes for
the fundamental spheroidal modes are found: below the
atmospheric cutoff, of about 3.70 mHz, the modes are
trapped near the surface with an exponential decay of their
amplitude with altitude. Above this frequency, modes propagate upwards.
Figure 2 shows the fraction of the energy of Rayleigh
modes in the atmosphere. We have three resonances corresponding to those of the Rayleigh modes with the frequencies
closes from the fundamental (3.70 mHz), first (4.30 mHz), and

FIG. 2. Relative fraction of the energy
of the Rayleigh normal modes and first
spheroidal normal modes in the atmosphere. The three resonances have frequencies closest from the fundamental
(3.70 mHz), first (4.30 mHz), and second
(5.0 mHz) acoustic overtones and correspond to the crossing of the Rayleigh dispersion branch with these acoustic
branches. The Rayleigh modes are those
corresponding to the continental model
beneath Chelyabinsk, with the MSISE
atmosphere model at the local time and
location of the meteor explosion.
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FIG. 3. Real part of the vertical amplitude of the solid spheroidal fundamental normal modes in the upper mantle
and atmosphere. Modes are up to angular order 100. The amplitudes shown
pﬃﬃﬃ
are multiplied by q , where q is the
density and multiplied by 100 in the
atmosphere. Note that modes with
angular orders lower than ‘ ¼ 29 have
a frequency lower than the atmospheric cutoff and have an exponentially decreasing amplitude with
altitude. Modes with angular orders
above ‘ ¼ 29 have contrary oscillating
amplitudes in the atmosphere. The resonances shown in Fig. 2 appear with
larger amplitudes in the stratosphere.

second (5.03 mHz) acoustic overtones. These modes are
the most sensitive to the atmospheric coupling and have
0.1%–0.2% of their energy in the atmosphere. The exact
frequency and shape of the resonance depends on the atmospheric model. Note also that the first resonance is wider
than the fundamental one and the second wider than the
first one. For such frequencies and angular orders, the corresponding acoustic first and second overtones are indeed
less efficiently trapped in the stratospheric wave guide (see
Fig. 10) and have decreasing quality factors: slightly more
than 100 for the fundamental acoustic but only about 20
and 5 for the first and second acoustic harmonics, as shown
by Lognonn!e et al. (1998) who also provides the amplitudes of these acoustic modes with altitude. The harmonics
indeed escape this waveguide through a tunneling effect
and then loose progressively their energy by upward radiation (Francis, 1973). Rayleigh waves due to their much
larger horizontal phase velocity are obviously much less
trapped. Their upward propagative character is found in
Fig. 4 for all Rayleigh waves above the atmospheric cutoff
of 3.70 mHz which are all characterized by real and
imaginary amplitudes in quadrature above the stratosphere. We finally show the fraction of the energy in the
atmosphere for the first spheroidal overtone. It also has
resonances at the same frequencies, but the coupling with
the atmosphere is weaker, with 5 times less energy in the
atmosphere.
J. Acoust. Soc. Am. 140 (2), August 2016

The other figures show the normal mode amplitudes, as a
function of depth or altitude. Below the atmospheric cutoff frequency (about 3.68–3.70 mHz as the exact frequency depends
on the atmospheric model and therefore on the local time, latitude, and season), the atmospheric part of the mode is trapped
and decreases exponentially with altitude. At higher frequencies
in contrary, the energy propagates upward. This leads to beating
amplitudes, with the real part and the imaginary part in quadrature. Figure 2 provides the real part and Fig. 4 the imaginary
part. Note on Fig. 3, showing the horizontal amplitude of the
Rayleigh modes, the large amplitude at the 3.68 mHz resonance
and at 4.40 mHz, corresponding to the resonance of the
Rayleigh modes when the dispersion branch cuts the fundamental acoustic and first overtone. For more details see Lognonn!e
et al. (1998) and Watada and Kanamori (2010). Figure 5 shows
comparable results for the first overtone of the spheroidal
modes. All modes can be computed with this approach. But the
higher order overtones show a much weaker coupling with the
atmosphere as compared to the Rayleigh waves.
III. SEISMIC SOURCES AND SEISMOGRAMS: THEORY

As shown in Sec. II, normal modes can be computed for a
complete Earth or planet model. The normal mode summation
techniques can then be also applied for the computation of
seismograms, wherever is the source (i.e., in the atmosphere or
in the solid Earth) and wherever is the observation (i.e., on
! et al.
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FIG. 4. Imaginary part of the vertical
amplitude of the solid spheroidal fundamental normal modes in the upper
mantle and atmosphere. Modes are up
to angular order ‘ ¼ 100. The amplipﬃﬃﬃ
tudes shown are multiplied by q ,
where q is the density and multiplied
by 10 in the solid part. Note the much
larger amplitude of the Normal modes
in the atmosphere as compared to the
solid part. Amplitudes of the normal
modes in the atmosphere are in quadrature with respect to their real parts,
indicating the upward outgoing energy
associated to the leaky characters of
the normal modes.

the solid surface with a seismometer or from the atmosphere
or ionosphere with remote techniques).
For a source in the solid Earth, it can as usual be
expressed with a Moment tensor and we refer to Lognonn!e
and Cl!ev!ed!e (2001) for the complete expression. For a source
in the atmosphere, Lognonn!e et al. (1994) have shown that

the generalization of the concept of stress glut can be done.
We recall here the demonstration. Let us consider the nonlinear equation of momentum conservation, written in the
form
_ ¼ "rptrue " r & ðq u_ uÞ
_ þ qg ;
@t ðq uÞ

(5)

FIG. 5. Real part of the vertical amplitude of the solid spheroidal first overtone normal modes in the upper mantle
and atmosphere. Modes up to angular
order ‘ ¼ 100. The amplitudes shown
pﬃﬃﬃ
are multiplied by q , where q is the
density and multiplied by 100 in the
atmosphere. The same features as the
fundamental are found for the exponentially decay with altitude below the
atmospheric cutoff and the oscillating
character above, as well as the resonances for frequencies indicated in
Fig. 2.
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where q is the density, u is the displacement with respect to
the equilibrium position, u_ ¼ @t u is the velocity, ptrue is the
pressure, and where g is the gravity, given by the additional
equation
r & g ¼ "4pGq:

(6)

This expression is the one valid in the atmosphere. On the
other hand, let us take the equation governing linearized
seismology with self-gravitation
_ ¼ "rpHooke þ f;
@t ðq uÞ

(7)

where the atmospheric force is f, the model of Hooke pressure is defined as pHooke ¼ "jr & u, and where j ¼ cp is the
bulk modulus of the fluid. The difference between the two
equations allows us to express the excitation force, which is
given by
f ¼ "r & P;

(8)

where the momentum flux-glut tensor P is the difference
between the model momentum tensor, based upon Hooke’s
law and the true incremental momentum tensor. Here P is
given by
Pij ¼ ðptrue " pHooke Þdij þ q u_ i u_ j ;

(9)

where dij is the Kronecker symbol. The normal mode summation techniques (Lognonn!e, 1991) can now be used. Note that
the theory must take into account anelasticity, both related to
the attenuation in the solid Earth and to the energy escape
related to the radiative boundary condition. We finally obtain
" ðt
#
X
1
0
<e
dt0 Mk ðt0 Þeir k ðt"t Þ uk ðrs Þ ;
uðt; rs Þ ¼
ir k 0
k>0
(10)

where rs is the receiver/station location, index k denotes a
given mode with quantum numbers ‘, m, n, r k, and uk are the
normal frequency and normal mode, respectively, associated
to the index k and where the source term Mk ðt0 Þ is given by
the source integrated over the whole source volume and is
expressed by
ð
(11)
Mk ðtÞ ¼ dV Pij ðtÞri vjk ;
where vk is the dual normal mode. Depending on the integration volume, this expression can be used either for global
scale atmospheric sources, such as those related to the continuous excitation of normal modes or for local, explosive
sources, as illustrated by Lognonn!e et al. (1994) for the
Shoemaker-Levy 9 impact on Jupiter.
IV. SEISMIC SOURCES AND SEISMOGRAMS:
APPLICATION ON EARTH

No data have yet been collected for telluric planets other
than Earth. Before providing the perspectives for Mars and
Venus, we will therefore illustrate the theory described
J. Acoust. Soc. Am. 140 (2), August 2016

above with two examples, respectively, associated to ground
observations of atmospheric sources and to atmospheric/ionospheric observations of quakes.
A. Atmospheric seismic source and ground
observations

The importance of the atmospheric properties of
Rayleigh waves excitation by atmospheric processes was
mostly illustrated with the analysis of the Pinatubo seismic
data, as this eruption was strong enough to excite the lowest
frequency normal modes, below 5 mHz. As noted by Z€
urn
and Widmer (1996), large low-frequency seismic signals
were indeed detected by the World-wide Seismic Network
after the eruption of the Pinatubo volcano, on June 15, 1991.
The spectrum of these signals was characterized by 2 peaks,
at 3.68 and 4.44 mHz. Figure 6 shows these signals at several
of the Global Network (Geoscope and Iris) in both time and
frequency domains. The resonance frequencies correspond
to the trapped waves in the atmospheric waveguide, i.e., the
two first horizontal branches of acoustic modes appearing on
Fig. 1 and generating the large Rayleigh wave coupling resonance with atmosphere seen in Fig. 2. This selective excitation of a few Rayleigh normal modes close from
atmospheric resonances is the key signature of an atmospheric source compared to internal ones, such as quake or
explosion at depth, which excite all the Rayleigh normal
modes up to the source cutoff frequency.
The sensitivity of the Rayleigh waves to the atmospheric
coupling must be integrated for such atmospheric explosion
in the attempt to inverse the seismic source. As shown by
Lognonn!e (2009), reasonable and simple source amplitudes
are found only for a source at 24–28 km of altitude, with
most of the energy released at the time of the individual
explosions and release of seismic moment are found near the
reported date of the individual eruptions. These eruptions are
associated to yields of about 4000 MT sec, corresponding to
explosion releasing about 20 MT during blast times of about
200–500 s, which corresponds to the order of magnitude of
the Pinatubo eruption, which released about 200 MT of
energy in several explosions. In contrary, a complex mechanism at the source level is requested when the Rayleigh
wave atmospheric coupling is not taken into account, as the
source mimics then the specific excitation coefficients of the
Rayleigh waves associated to resonances in the atmospheric
structure.
Meteor disruption and their associated airburst are other
possible atmospheric sources of Rayleigh waves, but are
generally, due to their smaller energy, not exciting strongly
the resonant normal modes. We illustrate here the results
with the more recent Chelyabinsk event. On February 15,
2013, at 09:20:26 local time (UTCþ6) a meteorite exploded
in the atmosphere above the urban region of Chelyabinsk,
Russia. With a surface wave magnitude of Ms ¼ 3.7, calculated by the amplitude of Rayleigh wave displacement on
the vertical component (Tauzin et al., 2013), Chelyabinsk
was the most important meteor event of the modern seismology era after the 1908 Tunguska event. However, given the
quantity of available recordings at the stations of the Global
! et al.
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FIG. 6. Left, 1–8 mHz bandpassed data recorded after the Pinatubo eruption by several stations of the global network. Note two small quakes recorded on the
data and originating from other sources as the Pinatubo region (an Ms ¼ 6.1 quake from Causasus and a Ms ¼ 6.3 quake from South Sandwich Islands, occurring, respectively, at 0059TU and 0113TU). Right, 12 h spectrum of the corresponding data, showing the 2 peaks of resonance.

Seismographic Network, as well as optical observations,
the Chelyabinsk event offers unique data for modeling the
signals with the air-coupled Rayleigh waves described
above, which was not accounted for by Tauzin et al.
(2013).
When a meteor enters the atmosphere of a planet, two
kinds of shock waves are generated. The first is due to the
friction of the impactor with the ambient atmosphere and
generate a supersonic cylindrical blast, with the shape of a
Mach cone of an angle of about 1( . The second is a spherical
shock wave, generated by the fragmentation of the meteor,
when the friction between the ambient atmosphere and the
impactor is larger than the cohesive forces of the body. See
more in ReVelle (1974). Therefore, a meteor can be modeled
as a line atmospheric source followed by an explosion. The
reconstruction of this mechanism will provide very important constraints on the strength of these seismic sources and
serves as an important tool for calibrating these processes
for planetary seismology and the estimation of the seismic
source associated with airburst associated to Martian or
Venusian impacts.
In order to understand the characteristics of Chelyabinsk
atmospheric source, we used therefore the same methodology as above, but limited the moment release at a given altitude, assuming furthermore a constant value during a release
time s. Authors’s future work will generalize this approach
with an additional line source, where we will consider a
sequence of point sources in the atmosphere, along the trajectory of Chelyabinsk super-bolide, provided, for example, by Borovička et al. (2013).
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Like for Pinatubo, seismograms were again computed
through a normal mode summation technique, but that time
with a model corresponding to the a priori interior and atmospheric structure of the Chelyabinsk region. Normal modes
were therefore calculated for a model of a complete Earth
consisted by: (a) PREM (Dziewonski and Anderson, 1981)
for Core and Lower Mantle, (b) a local Chelyabinsk model,
provided by RSTT (Myers et al., 2010) for upper mantle and
crust, and (c) an atmospheric local Chelyabinsk model from
the NRLMSISE-00 model with the corresponding location,
local time, and Sun index F10.7.
Figure 7 illustrates the results on the inversion for a set
of seismic stations located relatively close from the event.
The obtained Moment is such that M ! s ¼ 3 ! 1016 Nms
for an altitude of 17.5 km., which correspond to Moment
magnitude given by Mw ¼ 5 " 2=3 ! log10 ðsÞ. Further analysis will allow to constrain both the duration of the blast and
the complexity of the atmospheric source, in a way comparable to the source function history shown for the Pinatubo
eruption. The fit between observation and synthetic data for
such a simple source is however already very satisfactory,
and provides a second example of the validity of the aircoupled Rayleigh waves.
B. Quake seismic source and ionospheric Rayleigh
waves observations

If our two first examples were on the excitation of
Rayleigh waves by atmospheric sources, we illustrate here the
detection, in the atmosphere, of Rayleigh waves generated by
! et al.
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FIG. 7. (Color online) Observation and fit of the Rayleigh waves generated by the atmospheric source of the Chelyabinsk meteor. The obtained Moment is
such that M ! s ¼ 3 ! 1016 Nms for an altitude of 17.5 km, which correspond to a Moment magnitude given by Mw ¼ 5 " 2=3 ! log10 ðsÞ. Inversion of the
moment has been done following the method used by Lognonn!e (2009) for the Pinatubo eruption.

quakes. Figure 8 illustrates several observations made at different altitudes, from ground up to the ionosphere, at 300 km
of altitude. As discussed in Sec. I, the vertical neutral wind
generated by the Rayleigh wave is amplified as a function of
altitude, and the largest amplitudes are therefore found in the
ionosphere.
Before the maximum of ionization and at height from
150 to 200 km, Doppler sounders provide very precise measurements of the vertical ionospheric velocity and are therefore instruments enabling broad frequency measurements, as
illustrated by Artru et al. (2004) and Chum et al. (2012). The
typical threshold for observation varies between Moment
magnitude 6.5 to 7, and larger quakes provide high quality
data, as illustrated by Maruyama et al. (2012) in ionograms
recorded after earthquakes with seismic magnitude of 8.0 or
greater and after the 2011 Tohoku-Oki earthquake, in particular, Maruyama and Shinagawa (2014).
But Doppler sounders remain complex systems and GPS
systems have completely changed our view by providing
access to very dense measurement systems, enabling the measurement of the Rayleigh waves in the range of 250 to 350 km
of altitude. To correct the delay introduced by the ionosphere,
GPS satellites use two frequencies (1.2 and 1.5 GHz). The
derived ionospheric correction term is proportional to the
amount of electrons on the GPS satellite to GPS receiver ray
path, namely, the total electron content (TEC). See Lognonn!e
et al. (2006) for a general description of the techniques and
Occhipinti et al. (2013) and Ochipinti (2015) for recent
reviews of TEC observations. Taking advantage of the dense
GPS permanent network in California, Ducic et al. (2003)
have monitored the first two-dimensional images of
J. Acoust. Soc. Am. 140 (2), August 2016

ionospheric perturbations related to the Rayleigh waves generated by an earthquake. The ionospheric fluctuations were
observed about 10 min after the arrival, on the ground, of teleseismic Rayleigh surface waves generated by the 2002
Mw ¼ 7.9 Denali earthquake (Alaska). This corresponds to
the time needed by the atmospheric pressure wave forced by
the piston-like effect of the ground vertical vibrations to propagate at sound speed up to the ionospheric sounding height, at
about 300 km of altitude. As GPS satellites provide TEC
measurements down to 10( of elevation, this experiment introduced a novel technique for mapping the Rayleigh waves
group velocity above the ocean, offshore California. A threedimensional image was even developed by Garcia et al.
(2005), enabling the imaging of the Rayleigh waves between
200 and 500 km of altitude. A more recent example was following the Mw ¼ 7.9 Gorkha earthquake in Nepal in 2015.
Reddy and Seemala (2015) have performed measurements of
Rayleigh wave local group velocities from their ionospheric
counterparts over different places of the Indian subcontinent
and have shown that these measurements are coherent with
the values estimated by seismic tomography. These two
examples show that the ionospheric observations of Rayleigh
waves cannot only be used to detect waves and therefore
quakes, but can also be used for measuring the speed of these
waves and therefore providing structural information on the
upper mantle of the planet. This of course will be of particular
interest if applied to other planets than Earth.
If the phase or group velocity of the Rayleigh waves
detection in the ionosphere is the same as those detected by
seismometers at the surface, the amplitude of these ionospheric
signals does depend on the atmospheric and ionospheric
! et al.
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FIG. 8. (Color online) (a) Summary of atmospheric/ionospheric observations of seismic waves made at different altitudes and with different tools, from ground
up to about 300 km of altitude. Pressure and seismometer observations made in Mongolia, for an Mw ¼ 7.7 quake in India from the CEA monitoring station.
The seismometer signal is shown in displacement, with 20 s Rayleigh surface waves peak amplitude of about 2 mm in amplitude, leading to pressure fluctuations of about 0.20 Pa. (b) Doppler sounder signals of the Chichi Taiwan earthquake, Mw ¼ 7.6, recorded in France at altitude ranging from 165 to 185 km.
These signals correspond to maximum vertical oscillations of the ionosphere of about 4 m/s. Adapted from Artru et al. (2004). (c) Drag observation generated
by the Rayleigh waves of the Tohoku, 2011, Mw ¼ 9 earthquake recorded at the altitude of the GOCE satellite. The amplitudes are about 15% of relative neutral density of the atmosphere. Adapted from Garcia et al. (2013). (d) Observed Slant TEC time series at far field of the Wenchuan earthquake (Mw ¼ 7.9).
The GPS GEONET stations are located in Japan, about 1500–2000 km east from the epicenter. The time series are filtered between 4 and 10 mHz, and the epicentral distance is indicated at the left of the figure. The 0.5 TEC amplitude corresponds to 1%–2% of the typical daily variation of the TEC and are associated
to ionospheric velocity amplitudes of about 30 m/s of peak amplitude at 300 km altitude, generating local electron density variations of a few 1010 e=m3 .
Adapted from Rolland et al. (2011b). In (b), (c), and (d), data are compared to synthetics computed through normal modes, the latter being, respectively, in
black color for (c) and red for (b) and (d).

structure. Rolland et al. (2011b) have developed the solid
Earth-atmosphere coupling scheme described and have added
the ionospheric coupling and therefore the transfer of momentum from neutral atmospheric Rayleigh waves into electron
density perturbations. This theory allows the reconstruction of
the TEC fluctuations induced by Rayleigh waves. The coupling effects between the neutral and ionized atmosphere can
then be modeled accurately by taking into account the a priori
ionosphere structure and local geomagnetic field. The complete coupling appears to depend significantly on the local
time and location, due to the conjugate effects of the atmosphere and ionosphere variabilities and on the magnetic field.
Figure 9 shows the dependence of the coupling strength
between Earth and atmosphere for the first resonant spheroidal
modes on variable environmental parameters such as local
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time, season, latitude, and solar flux. We remark that the solar
heating increases the coupling efficiency. More details on
these observations, as well as on the observations of Rayleigh
waves by TEC for other quakes can be found in Astafyeva
and Heki (2009), Astafyeva et al. (2009), and Rolland et al.
(2011b), among others.
V. MARS AND VENUS

Very few publications have been done on the strength of
acoustic coupling between the Mars or Venus interior with
their atmosphere. Kobayashi and Nishida (1998a,b) made
the first estimation of the amplitude of the Mars and Venus
continuous oscillations through a parametric comparison
between Earth, Mars, and Venus. Garcia et al. (2005) made
! et al.
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FIG. 9. (Color online) Variability of the Earths solid/atmosphere coupling as a function of local time, season (day of year), latitude, and solar flux F10.7. The
part of the energy injected in the atmosphere is shown for the first resonating modes 0 S28 ; 0 S29 ; 0 S37 , and 1 S18 . Each vertical line corresponds to the reference
model computed at the time and location of the 2003 Tokachi-Oki earthquake derived from the NRLMSISE-00 model. See more in Rolland et al. (2011b).

the first estimations on Venus for body wave amplitudes
above the epicenter of quakes, while Lognonn!e (2005) and
Lognonn!e and Johnson (2007) made those of remotely
detected surface waves without considering attenuation
processes.
We will extend below these precursor papers by a more
careful modeling of the Rayleigh normal modes, accounting
previously neglected attenuation effects and will precise the
perspectives for future observations, with a special focus on
the Venus remote detection in the ionosphere. We will also
discuss in Sec. VI the perspective to detect, on Mars,
Rayleigh waves excited by air-busts.
Although the physics of coupling remains the same, several major differences are found between Earth and Mars
and Venus. Obviously, the first are the surface pressure and
density, and therefore the acoustic jump between solid and
atmosphere. With a density of about 2 ! 10"2 kg=m3 , Mars
will have a much weaker, by a factor of 1/50 coupling than
Earth while Venus, with its density of about 70 kg/m3 will
have on the opposite a much larger coupling, by a factor of
about 50 as compared to the Earth.
The second difference will be related to the atmospheric
trapping of the modes and the associated frequency cutoff: the
two planets do not have the Earth tropospheric-mesospheric
acoustic channel. Consequently and in the absence of wind, the
acoustic infrasounds are only trapped by the exponential decay
of the atmospheric density. This effect is shown in Fig. 10, for
J. Acoust. Soc. Am. 140 (2), August 2016

the first 175 km of altitude for Earth, Venus, and Mars. The
Earth atmospheric model is based on MSISE-00 (Picone et al.,
2002), the Mars model on Mars Climate Database atmospheric
models (Forget et al., 1999), and the Venus model on Venus
GRAM
model
(https://software.nasa.gov/software/MFS32314-1). For all three models, local time, seasonal, and latitudinal variations are expected. Wind of course will be important
for the propagation of Mars and Venus infrasound over large
distances as they can generate an acoustic waveguide not existing for a non-windy atmosphere. See, for the Earth,
Mutschlechner and Whitaker (2009) for a review and Brissaud
et al. (2016) for a recent modeling example. The wind effect is
however much less important for the atmospheric part of
Rayleigh waves, as they generate an almost vertical acoustic
propagation in the atmosphere due to their very large horizontal phase velocity (’3 km s"1). Wind is therefore neglected in
this analysis, including in the above described confrontation
with Earth data.
The last major difference will be associated to the CO2
nature of the atmosphere, with differences in the acoustic
velocities but more important in the attenuation processes.
As this feature is unique for Mars and Venus compared to
the Earth, we first describe it more in detail in Sec. V A.
A. Attenuation on Mars and Venus

As already described by Bass and Chamber (2001) and
Williams (2001), molecular relaxation for Mars and Venus
! et al.
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FIG. 10. (Color online) Comparison of the models used for Earth, Mars, and Venus. All solid models are based in some way of PREM, for better comparisons
of the impact of atmosphere. Note the lack of an atmospheric low velocity zone as compared to Earth for both Mars and Venus, where the velocity mainly
decreases with altitude. Rayleigh normal modes have their maximum sensitivity at one-third of their wavelength and will therefore have on Mars lower velocities than on Earth and Venus, mainly due to the reduced increase of pressure (and therefore seismic velocities) with depth.

FIG. 11. Top left, attenuation factor per cycle and bottom left attenuation factor per kilometer for the Martian surface. The LMD Martian atmospheric model
is used, providing a pressure of 8 mbar and temperature of 189 K at the surface. On the left panel, the attenuation factors are shown for the viscosity and conduction only (dotted line), the rotational relaxation only (dotted-dashed line), for the vibration only (thin continuous line), and for all attenuation (thick continuous line). On the right are the attenuation factors depicted for altitudes of 0, 10, 20, and 30 km with increasing line thickness.
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is the largest source of attenuation for infrasounds contrary
to Earth where this attenuation source is neglected.
Molecular relaxation can be modeled in normal modes
and acoustic propagation processes by complex and frequency dependent heat capacity coefficients, which generates complex and frequency dependent bulk modulus or a
complex adiabatic index. The complex bulk modulus must
then be used in the resolution of the normal mode Eq. (3) for
the expression of the stress tensor or need to be used as such
in the acoustic equations. As normal modes are computed in
the frequency domain, these sources of attenuation are however straightforward.
The quantification of the attenuation effect however can
be more easily understood with the attenuation factor k,
which expresses the exponential decay of a plane wave in a
homogeneous media, written as
uðs; tÞ ¼ u0 e"ks eixðt"s=cÞ ;

(12)

where c is the sound velocity, s and t are the propagation distance and time, respectively, and u0 is the initial amplitude. The
inverse of k is therefore the distance for which the amplitude of
the wave decreases by e and its kinetic energy flux decreases
by 1/e2 ¼ 0.135, about 1 order of magnitude. This attenuation
factor is shown for the Martian condition in Fig. 11.

This attenuation is catastrophic on Mars in the audible
bandwidth and for frequencies larger than a few tens of
hertz, leading to a very large attenuation after a few kilometers of propagation as already noted by Bass and
Chambers (2001) and Williams (2001). At long periods however, and especially in the range of Rayleigh waves (below
0.1 Hz), this attenuation is still relatively weak, with attenuation factors smaller or much smaller than 0.01 km"1, which
practically means small effects in the first 100 km of altitude
on Mars and obviously much less on Venus for larger pressure and therefore density. Typically, we can expect therefore small effects from the atmospheric source to the ground
in excitation processes or from the wave front to the ionosphere for observation. Our modeling approach is nevertheless fully accounting for the viscosity and molecular
relaxation, and results for Mars and Venus are shown below.
B. Atmospheric coupling of Rayleigh modes and
surface waves on Mars

We modeled Mars Rayleigh normal modes by using
the MARS AR model (Okal and Anderson, 1978) an internal Mars model based on PREM. The atmospheric model
used is derived from the LMD model. Both interior and
atmospheric models are shown in Fig. 10 and the atmosphere
was extended up to 200 km of altitude. Extension to a larger

FIG. 12. Effect of the viscosity and of the molecular relaxation on the Martian Rayleigh normal mode with angular order 500, corresponding to periods of
13.7 s and therefore of regional surface waves. The two top figures are those providing the vertical displacement normalized with the density, while the two
bottoms are for the horizontal density normalized displacement. Density normalization is made by multiplying the amplitude by qðrÞ as for Fig. 3 which corrects the increase with altitude with respect to the scale height. The slight amplitude with radius above the Mars solid surface (for radius larger than 3383 km)
is related to the decrease of the sound speed with altitude, as seen in Fig. 10. The left figures compare in gray the amplitudes without viscosity to those, in
black, with viscosity. In both cases, the modes are computed with radiation boundary condition. Viscosity effects remain small until about 100 km of altitude
in the atmosphere (3483 km radius) and lead to almost complete absorption of the waves in less than 20 km above these threshold heights.
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altitude has been also made, and no significant differences
on the mode amplitudes have been found in comparison.
Due to both the low surface density and CO2 attenuation
effects, Mars is the telluric planet where Rayleigh waves have
their atmospheric amplitude vanishing at the smallest altitude,
almost in the range of 150–200 km altitude, depending on the
frequency. These attenuation effects are shown in Fig. 12 for
a Rayleigh mode with angular order ‘ ¼ 500 corresponding to
a period of 13.7 s. Note that in all these figures, the amplitude
is scaled by the square root of the density. We note an almost
complete attenuation of the mode at 120 km of altitude and
significant effects of the molecular relaxation at altitudes of
about 25 km, leading to about 20% amplitude reduction at
100 km altitude. The extension of the mode amplitude up to
about 100 km seems nevertheless surprising as compared to
Earth, as we start to see on Earth attenuation effects at about
the same altitude, but much less severe above. In fact, and as
a consequence of the larger scale height of Mars (about
11 km) than on Earth (8.5 km), the density ratio between
Earth and Mars at 115 km altitude is only a factor of 4 and is
therefore much smaller than on ground, where it is about 15
times larger. On Earth, however, amplitudes remains significant above 120 km, especially due to both the increase of the
scale height in the thermosphere and to the larger sound speed
which leads to a much less catastrophic attenuation above
100 km of altitude as the one observed on Mars and illustrated
in Fig. 12. We see especially that this attenuation is comparable for all modes, including those with a frequency just above
the acoustic cutoff.

An interesting feature, shown in Fig. 13 and found only
on Mars, seems to be related to the large attenuation for altitudes larger than 100 km. Even if the molecular relaxation is
large at the surface compared to viscosity, this is not the case
anymore at these altitudes. As the density is decreasing with
a height scale of about 8 km at 100 km, an increase by 10 of
the viscosity occurs in about 20 km. For waves in the range
of a few megahertz, such viscosity increase is made on a
small fraction of the wavelength (with a sound speed of
200 m/s, 2 mHz waves will have a 100 km wavelength).
Consequently, the large increase of viscous stresses may act
as a reflecting boundary in the normal mode Eqs. (1)–(4).
The Mars atmosphere is such that the atmospheric cutoff
frequency (about 2.2 mHz) is very close from those of waves
with a wavelength of 100 km. This can be seen in Fig. 14, for the
first oscillatory mode in the atmosphere with ‘ ¼ 10 and which
shows one full wavelength before hitting the high dynamic viscous zone above 100 km altitude. Both this oscillatory mode and
the mode just below the atmospheric cutoff (‘ ¼ 9) are therefore
in a resonance configuration with respect to the waveguide
delimited by the interior-atmosphere boundary and the 100 km
altitude transition to large dynamic viscosity. By examining
the imaginary part of these modes, we furthermore see that
the mode ‘ ¼ 9 is a non-propagating mode with a small
imaginary part below 100 km while mode ‘ ¼ 10 has an
onset of propagation with its imaginary part half away from
quadrature, the latter being achieved for the mode with ‘ ¼
11 which is therefore fully propagating upward. This resonance effect can be also seen when comparing the Rayleigh

FIG. 13. (Color online) Right: Comparison of the vertical and horizontal amplitudes of the Rayleigh mode at resonance, corresponding to 0S9, with about
2.14 mHz. Two are without any attenuation and with radiation boundary (cyan curve) and with viscosity and radiation boundary condition (green). The two others
are with relaxation and viscosity but with different boundary conditions: free surface boundary for the red curve and radiation boundary for the dotted black curve.
The vertical axis is the planetary radius, with surface at 3383 km. Left: distribution of the relative atmospheric energy of the normal modes, as a function of frequency in the atmosphere, with the same color codes. Note that the two curves with relaxation almost superimpose on the left and have a small difference on the
right, as most of the normal modes amplitude is canceled by the relaxation processes before reaching the boundary.
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FIG. 14. Amplitudes of the vertical
displacement of Rayleigh normal
modes on Mars from ‘ ¼ 0 to ‘ ¼ 100,
corresponding therefore to a frequency
up to about 20 mHz. Note the first
large resonance, for ‘ ¼ 9. As for Fig.
3, modes amplitude are multiplied by
pﬃﬃﬃ
q.

modes for models with different boundary conditions and
with or without viscosity and relaxation. Although being
model dependent and specific to the model used, we retrieve
indeed these large resonances in amplitude when viscosity
and molecular relaxation are added to the model. The resonance for these two modes generates also an increase of the
amplitude, which is larger than the effect of attenuation significant only above 100 km of altitude. Further studies will
be requested to confirm this counter-intuitive resonance
effect and to check if the neglected terms in the wave equation are not affecting its strength.
C. Atmospheric coupling of Rayleigh modes and
surface waves on Venus

Due to the much larger density of the atmosphere, Venus
atmospheric coupling is exacerbated as compared to Earth.
Venus appears to be the Planet where seismic waves cannot
only lead to large atmospheric signals, as on Earth, but where
in return the atmosphere is significantly affecting the propagation properties of surface waves in the solid planet.
We modeled Rayleigh normal modes and acoustic normal modes by using an internal Venus model based on
PREM, assuming the same velocities and density profile as
on Earth, as a function of pressure. The atmospheric model
used was the Venus-GRAM model. Both interior and atmospheric models are shown in Fig. 10 and the atmosphere was
extended up to 250 km of altitude.
J. Acoust. Soc. Am. 140 (2), August 2016

Contrary to the previous modeling shown in Lognonn!e and
Johnson (2007), Rayleigh normal modes have been computed
by adding to these models the viscosity and molecular relaxation
computed from the atmospheric pressure and temperature of the
Venus-GRAM model with expression of Bass and Chambers
(2001). This assumes pure CO2 and is described at the beginning
of Sec. V. Acoustic modes have also been computed to better
understand and illustrate acoustic resonances.
As for the Earth, we retrieve indeed large peaks of resonances, for the Rayleigh modes located at the crossing of the
Rayleigh branch with fundamental and overtones acoustic
branches (Fig. 15). Only the fundamental and the first two
overtones, with frequencies smaller than about 4.5 mHz, are
trapped in the atmosphere and have Q larger than 100 for the
second overtone and 1000 for the fundamental and first overtone. Only these three resonances are therefore associated to
large atmospheric amplitudes for the Rayleigh waves at frequencies of about 3.1, 4.15, and 4.7 mHz, the latter being of
course model dependent, with likely significant variations
with local time and latitude. These three Rayleigh modes
have almost equi-partition of the energy in the atmosphere,
with 40%–47% of the energy in the atmosphere. An interesting feature is found in the quality factor of the fundamental
and first resonances, at 3.1 and 4.15 mHz. In both cases, as
shown in Fig. 15, the quality factors of the normal modes
increase, from about 210 to 325 for the 3.1 mHz resonance
and from 170 to 280 for the 4.15 mHz one, indicating that the
! et al.
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FIG. 15. Top left are the dispersion curves of fundamental Rayleigh modes (black line), together with acoustic branches (light gray) and other spheroidal solid
part normal modes (dark gray). Top right shows the quality factor of both the Rayleigh modes (black line) and the acoustic modes (light gray circles). Note the
large quality factor of the fundamental and first overtone, with values larger than 104 for the fundamental and 103 for the first overtone. Smaller values are
found for the acoustic modes closest from the crossing with the spheroidal branch, indicating significant coupling with the solid part, especially the crust,
where shear quality factors are about 600. The second and especially the third acoustic overtones are not trapped anymore and have their Q decreasing strongly
from about 100 for the second to 10 or less for the third. The two bottom curves are providing the energy of the normal modes in both the solid part (bottom
left) and in the atmosphere (bottom right). The bottom right shows large resonances, with almost equi-partition of the energy of the resonance modes between
the atmosphere and the solid part.

propagation in the atmosphere of the Rayleigh normal
modes is less attenuated than in the solid part of the planet.
The quality factors used here for the solid part were those
of PREM, with about 600 in the crust and ranging from 80
to about 150 in the upper mantle. At 4.7 mHz, we observe
the inverse feature, with a smaller Q at the resonance, indicating this time that the lack of trapping in the atmosphere
is providing a source of attenuation larger than those in the
solid planet.
At larger frequencies, a weaker and last resonance is
found at 5.20 mHz with about 6% of energy in the atmosphere.
When comparing the amplitude of this resonance amplitude
with the one modeled previously by Lognonn!e and Johnson
(2007) without attenuation processes, we note a smaller amplitude, as a consequence of the atmospheric attenuation which
reduces the energy fraction of the mode in the atmosphere and
keep it closer from the continuum value, which range between
2.5% and 3.5% and is found for larger frequencies. The normal
modes are shown in Figs. 16 and 17 for the real and imaginary
part of the vertical amplitudes of the Rayleigh Normal modes.
We retrieve the same feature as for Earth and Mars, but without that time amplification in the atmosphere and with the four
resonances discussed above. Together with the horizontal
amplitudes, these amplitudes can be used to compute seismograms, which will be performed in Sec. V D.
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D. Observation perspectives on Venus

Today, atmospheric observations of seismic waves are
done routinely on Earth, originating from the impulsive forcing above the rupture area or for surface waves at remote distances. See Lognonn!e (2009), Occhipinti et al. (2013), and
Occhipinti (2015) for reviews. The most common observation
techniques are GPS or Doppler as described in Sec. IV B, but
red 630 nm airglow observations have been recently performed also for tsunami waves following the large, Ms ¼ 9
Tohoku earthquake in 2011 (Makela et al., 2011; Occhipinti
et al., 2011). But so far, no airglow observations of Rayleigh
waves on Earth have been made, mainly due to the shorter
period of the latter as compared to tsunamis, incompatible
with the large exposure time of the airglow observations.
For Venus, only modeling have been made sofar unfortunately. Garcia et al. (2005) have estimated the amplitudes
of temperature variations above quakes, simulating the
Venus equivalent of the thermospheric heating observation
made on Earth (e.g. Kelley et al., 1985). Lognonn!e and
Johnson (2007) have made a first estimation at teleseismic
distances for the vertical velocities, providing a first threshold value for detection by infrared imaging and Doppler
techniques, respectively. We focus here on the potential of
airglow measurements.
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Lognonne

FIG. 16. Real part of the vertical amplitude of the solid spheroidal normal
modes in the upper mantle and atmosphere. Fundamental modes for Venus.
Same normalization as for Fig. 3.

1. Airglow estimation: Theoretical expression

Among the different airglows observed on Venus, the
O2 airglow at 1.27 lm, first detected by Connes et al.
(1979), is among the strongest one and is larger than the

visible airglows by 2 orders of magnitude. It is known as the
best tracer of transport of atomic oxygen (Krasnopolsky, 2011)
and can therefore be targeted as a candidate for detecting the
flux of atomic oxygen carried by seismic waves. Moreover,

FIG. 17. Imaginary part of the vertical
amplitude of the solid spheroidal normal
modes in the upper mantle and atmosphere. Fundamental modes for Venus.
Same normalization as for Fig. 3.
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and in contrary to other nightglow [such as Herzberg I&II and
Chamberlain (Krasnopolsky, 2011)], the 4460 s radiative lifetime of the 1270 lm nightglow is large and much larger than
the period of the seismic waves, enabling a priori a nice window for the detection of time variations associated to the
Rayleigh waves in the bandwidth 10–100 s.
Following the airglow theory described by G!erard et al.
(2013) and Krasnopolsky (2011), let us consider a recombination process with a third body M
OþOþM !

Oi2

þ M;

(13)

where M is either CO2 or O, and i denotes the excitation state
of oxygen (namely, a1 D for the Infra-Red (IR) atmospheric
system). The local number density of exited oxygen is given
by the following equations:
& '
&& ' '
@ Oi2
(14)
¼ P " L " r & Oi2 v ;
@t
P ¼ !i K½O*2 ½M*;
"
#
& ' 1
i
i ½ *
½
*
þ
k
þ kCO
CO
O
;
L ¼ Oi2
2
O
2
si

(15)
(16)

where [M] is the total number density, [O] and [CO2] the
local numbers densities of O and CO2; !i is the net yield of
the i state of O2, si is the radiative lifetime of the i state, and
i
and kOi are the
K is total rate coefficient of processes. kCO
2
quenching coefficients of the i state by CO2 and O, respectively. The volume emission rate (VER) is given by
VER ¼ Ai ½Oi2 * :

(17)

In the steady state with no transport, P ¼ L and we get the
classical VER production rate expression
Ai

2

VER ¼ !i K ½O* ½M*

1
i
½CO2 * þ kOi ½O*
þ kCO
2
si

:

(18)

In the case of atmospheric perturbation by seismic waves,
we will rewrite the local number of densities by adding a
perturbation associated to this wave, as follows:
½Oi2 * ¼ ½Oi2 *eq þ d½Oi2 *;
½O2 * ¼ ½O2 *eq þ d½O2 *;
½O* ¼ ½O*eq þ d½O*;

(19)

where the index eq denotes the concentration at equilibrium,
while those with d are the perturbation generated by the
waves. All non-excited or neutral species have their density
verifying the conservation equation, and for a perturbation
with an angular frequency of x, we therefore have to first
order the conservation equation
@ ½ M*
þ r & ð½ M*vÞ ¼ 0;
@t
which can be rewritten, for normal modes, as
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(20)

d½ M* ¼ "

r & ð½ M*vÞ
;
ix

(21)

where x is the normal mode frequency. The set of equations
providing the local number density of excited oxygen,
always to first order and for comparable perturbation gives
ixd½Oi2 * ¼ dP " dL " r & ð½Oi2 *vÞ;

(22)

dP
d½O* d½ M*
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þ
½ M*
½O*
P
& '
i
& ' kCO
d½CO2 * þ kOi d½O*
dL d Oi2
2
¼ & i ' þ Oi2
:
1
L
O2
i
i ½ *
½
*
þ
k
þ kCO
CO
O
2
O
2
si

(23)

This can be used to compute the linear perturbation of any airglow and requests the chemical compositions. For the particular
IR atmospheric system nightglow, the quenching coefficients
have values of about 10"20 cm3 s"1 and 2 ! 10"16 cm3 s"1 ,
while the local number densities are 1015 cm"3 and 1011 cm"3 ,
respectively, and 1=s ¼ 2 ! 10"4 s"1 . We can therefore
assume, for a simplified expression of the VER perturbation,
i
½CO2 * þ kOi ½O* ¼ 1=si and divide then
that ð1=si Þ þ kCO
2
expression (25) by P ¼ L ’ si ½Oi2 *. We then get
& '
&& ' '
d Oi2
r & Oi2 v
d½O* d½ M*
& i'
ð1 þ si xÞ & i ' ’ 2
þ
" si
;
½O*
½ M*
O2
O2
!
1
r & ½½O*v* r & ½½ M*v*
2
þ
’"
½O*
½ M*
ix
&& i ' '
r & O2 v
& i'
"si
;
(24)
O2

which can be further simplified for 10–100 s surface waves,
as ð1=xÞ + si . This finally gives a simple estimation of the
VER associated to wave perturbations
& '
&& ' '
Ai si
d½VER* ¼ Ai d Oi2 ¼ "
r & Oi2 v
1 þ si x
si
¼"
r:½½VER*v*:
1 þ si x

(25)

The perturbation of VER appears therefore to be the transported VER by the wind generated by the Rayleigh waves
multiplied by a low pass filter with time constant si.
2. Airglow estimation: Modeling for quakes

Based on the observed O2 VER fluxes observed with
VIRTIS (G!erard et al., 2013), we performed the modeling
of the signal associated to a 6.5 Venus Quake. Simulation
has been done by a full modeling of the Rayleigh seismic
waves for a Venus-GRAM atmospheric model taking into
account all dissipation effects, including molecular relaxation,
as described in Sec. V A. With that respect, we have computed the time variations of the VER generated by Rayleigh
waves from Eq. (25). The vertical profile of the VER used in
! et al.
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FIG. 18. (Color online) Simulation of the
VER generated by an Ms ¼ 6.5 quake, at
several epicentral distances, assuming 9 s
of integration. Seismograms are low pass
filtered at 0.04 Hz. Amplitudes have a
SNR larger than 2 for the 1600 Rayleigh
detection threshold (threshold dashed
line) up to 60( of epicentral distance by
an increment of 15( . Each airglow synthetic emission rate is shifted by 30 (D15), where D is the epicentral distance.
Solid part is PREM for the upper mantle
(as a function of pressure) and crust with
Qs ¼ 600, but with the Venus radius and
a Venus core fitting the Venus mass.
Atmospheric model is Venus Gram.

Eq. (25) is the one proposed by Krasnopolsky (2011). It corresponds to the O2 nightglow at 1.27 lm with quenching by
CO2 and CO [Profile (2) of Fig. 3 from Krasnopolsky (2011)].
We refer the reader to this paper for more details on the different terms, compositions, and parameters enabling the computation of this VER profile. The Rayleigh wave generated
atmospheric winds are obtained from the Venus Rayleigh normal modes summation and are computed for all altitudes. The
VER perturbation has then been vertically integrated in order
to observe the full emission of the atmospheric column of the
atmospheric area expected to be observed and is expressed in
Rayleigh. Normal modes frequencies allows to compute
exactly Eq. (25) for each individual Normal mode contribution, but as the time constant s is much larger than the periods
of the most energetic normal modes, the low pass filter can
practically be assumed to be a perfect integrator and the perturbation can then be obtained directly from the atmospheric
displacement of the atmosphere computed by the normal
modes summation.
These simulations provide the atmospheric emission
potentially observed from a satellite in Medium Venus Orbit
(e.g., relatively far from the planet and at several 10 000 km).
This demonstrates that a magnitude 6.5 (with strike, dip, and
rake all equal 45( and depth of 30 km) can be observed by
existing infrared remote sensing instruments. One possibility
might be the instrument onboard VERITAS, a Discovery proposal selected recently by NASA for STEP1 (Smrekar et al.,
2014), if of course the latter has a dedicated airglow filter at
1.27 lm. Signals up to 60( of epicentral distance with a signalto-noise ratio (SNR) greater than 2 at the pixel level, large
enough for all further processing necessary for the measurement of the phase or group velocity of the seismic waves can
be expected, as seen in Fig. 18.
VI. DISCUSSION AND CONCLUSION

In the last 15 yrs, observations and modeling of Rayleigh
surface waves in the Earth atmosphere have reached maturity.
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Comparable observations of course remain to be done on
other planets, but we can however expect this to be the case in
the next decade. On Mars, the NASA InSight mission will
indeed deploy by 2018 a seismometer and an infrasonic pressure sensor, enabling the monitoring of air-coupled seismic
waves. Much remains to be done for fully estimating their
amplitude, but we can likely consider that Rayleigh waves
generated by the airburst from impacts might be detected, as
rates estimated to about five seismic events per year
(Lognonn!e and Kawamura, 2015). This will be developed furthermore in future works.
The deployment of a long duration geophysical station
on Venus will however be much more challenging, due to
both the high pressure and temperature at the surface. But as
shown in Sec. V, the remote detection of seismic waves
through airglow observation might be envisaged from orbit.
Some estimates of the Venus activity were done for the past
Venus Internal Structure Mission NASA Discovery proposal
(Stofan et al., 1993). The range of seismicity is pretty wide,
depending on the source of strain accumulation and on the
thickness assumed for the seismogenic layer. By assuming a
layer thickness of 30 km, based on heat flow estimates and a
strain rate of 10"19 s"1 , an activity of 25 quakes per year
with moment magnitude larger than 6 and 125 quakes per
year with moment larger than 5 was proposed. This will be
enough to achieve the detection of a few quakes per year up
to 60( of epicentral distance for remote sensing instrument
with a 1600 Rayleigh threshold, and much more if future
instruments can be developed with a smaller detection
threshold.
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Abstract In support of the InSight mission in which two instruments (the SEIS seismometer and the HP3 heat flow probe) will interact directly with the regolith on the surface of
Mars, a series of mechanical tests were conducted on three different regolith simulants to
better understand the observations of the physical and mechanical parameters that will be
derived from InSight. The mechanical data obtained were also compared to data on terrestrial sands. The density of the regolith strongly influences its mechanical properties, as determined from the data on terrestrial sands. The elastoplastic compression volume changes
were investigated through oedometer tests that also provided estimates of possible changes
in density with depth. The results of direct shear tests provided values of friction angles
that were compared with that of a terrestrial sand, and an extrapolation to lower density
provided a friction angle compatible with that estimated from previous observations on the
surface of Mars. The importance of the contracting/dilating shear volume changes of sands
on the dynamic penetration of the mole was determined, with penetration facilitated by the
∼ 1.3 Mg/m3 density estimated at the landing site. Seismic velocities, measured by means
of piezoelectric bender elements in triaxial specimens submitted to various isotropic confining stresses, show the importance of the confining stress, with lesser influence of density
changes under compression. A power law relation of velocity as a function of confining
stress with an exponent of 0.3 was identified from the tests, allowing an estimate of the surface seismic velocity of 150 m/s. The effect on the seismic velocity of a 10% proportion of
rock in the regolith was also studied. These data will be compared with in situ data measured
by InSight after landing.
Keywords Mars · InSight mission · Regolith simulants · Density · Mechanical properties ·
Seismic velocity · Elastic response
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1 Introduction
The InSight mission (Interior Exploration using Seismic Investigations, Geodesy and Heat
Transport, Banerdt et al. 2013) is devoted to better understand the interior structure of
Mars by using, among other instruments, a seismometer (SEIS, Lognonné et al. 2015;
Lognonné and Pike 2015) provided by the French Space Agency (CNES), a heat flow probe
to determine the temperature gradient at the surface (HP3 , Spohn et al. 2012) provided by
the German Space Agency (DLR) and precision tracking. Both instruments will be placed
on the Mars surface by the Instrument Deployment Arm (IDA) of the spacecraft. Landing is planned in November 2018. The temperature gradient will be measured by a series
of thermometers in the first 5 meters of the surface by a tether attached to a mole that
will be dynamically penetrated into the surface layer. Both instruments will interact with
a 3–17 m thick regolith at the landing site, produced by impact comminution and eolian
activity (Golombek et al. 2016).
To better understand the interactions between these instruments and the regolith, an investigation of the mechanical properties of three regolith simulants was conducted. Although
very common in terrestrial geotechnics, dynamic penetration in sands is quite a complex
phenomenon involving the shearing properties of sand at large strains, with significant importance of shear induced plastic volume changes through either contraction (for loose sand)
or dilation (for dense sand). For the seismometer, the estimation of the elastic properties at
the surface on which the device will be placed is another important factor, together with that
of the seismic velocities in the regolith for understanding the interior of Mars (see Kedar
et al. 2017).
The main parameter affecting the mechanical properties of sand is density, that in turn
depends on characteristics including the grain size distribution and the shape and angularity
of the grains. As a consequence, the estimation of possible density values at the surface
on which the SEIS seismometer will be placed and the 5 meters penetrated by the mole of
the HP3 device is an important issue that will be addressed here, based on both existing
observations of the properties of the Martian regolith, and on laboratory measurements of
the mechanical properties of three different Mars regolith simulants.

2 Background
Many studies and detailed descriptions of the physical properties of the surface materials
of Mars have been provided by the interaction of arm scoops and rover wheels from the
successful landers (Viking Landers 1 and 2, Phoenix lander) and rovers (Sojourner rover
of Mars Pathfinder—MPF, Spirit and Opportunity rovers of Mars Exploration Rovers—
MERs, and Curiosity—Mars Science Laboratory). Remote sensing observations from orbiters, including NASA’s Viking Orbiters, Mars Global Surveyor, Mars Odyssey, and Mars
Reconnaissance Orbiter (MRO) and ESA’s Mars Express (MEx) have also contributed to
understanding the physical properties of surface materials. A synthesis of the observations of the physical properties of Martian surface materials is provided by Christensen
and Moore (1992), Herkenhoff et al. (2008) and Golombek et al. (2008). Various Mars
regolith simulants have also been tested in Earth laboratories (e.g. Alshibli et al. 2004;
Seiferlin et al. 2008; Peters et al. 2008; Vrettos 2012; Becker and Vrettos 2016).
The regolith on Mars results from impact gardening and other geological processes that
have affected the surficial layer. Unlike lunar regolith, the Mars surface layer is also modified by aeolian processes that sort by grain size and produces rounded grains (McGlynn
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Table 1 Characteristics of some Martian surface materials (Golombek et al. 2008, Chap. 20)
Surface material

Bulk density Grain size
(mm)
(Mg/m3 )

Cohesion
(kPa)

Friction angle Thermal inertia
(°)
(J m−2 K−1 s−1/2 )

Drift

1–1.3

0.001–0.01 0–3

15–21

40–125

Sand

1.1–1.3

0.06–0.2

0–1

30

60–200

Crusty to cloddy sand

1.1–1.6

0.005–0.5

0–4

30–40

200–326

Blocky, indurated soil

1.2–2

0.05–3

3–11

25–33

368–410

Dense float rock, volcanic

2.6–2.8

2–2000

1000–10000 40–60

> 1200–2500

Clastic rock, Columbia Hills 2

620–1100

Sulfate rock, Meridiani

> 400–1100

<2

Data derived from Moore et al. (1987, 1999), Moore and Jakosky (1989), Christensen and Moore (1992),
Arvidson et al. (2004a, 2004b), Christensen et al. (2004a, 2004b), Herkenhoff et al. (2004a, 2004b), Fergason
et al. (2006a) and Chap. 20 from Bell.

et al. 2011; Goetz et al. 2010). Golombek et al. (2008, 2016) have summarized the physical
properties of the regolith on Mars using observations of remote sensing data, comparisons
to previous in-situ observations and observations of the InSight landing site.
The main properties of various Martian surface materials taken from a synthesis provided
by Golombek et al. (2008) are given in Table 1. Sand deposits comparable to that expected
at the InSight landing site, have a bulk density estimated between 1000 and 1300 kg/m3 ,
grain sizes between 0.06 and 0.2 mm, a low cohesion between 0 and 1 kPa and an angle of
internal friction around 30°. The table also provides estimates of the thermal inertia of these
materials (Piqueux and Christensen 2011), defined as I = (kρc)1/2 , where k is the thermal
conductivity, ρ is the bulk density of the surface material, and c is the specific heat. The
thermal inertia represents the resistance to a change in temperature of the upper 2–30 cm of
the surface. Fine particles change temperature quickly and so have a lower thermal inertia, as
observed for the very fine drift material (between 40 and 125 J m−2 K−1 s1/2 ). Higher thermal
inertia surfaces correspond to larger particles, with values between 60 and 200 J m−2 K−1 s1/2
for sand and higher values for coarser materials. Note that cementation of grains increases
the thermal inertia, providing an indication of possible cohesion, which must be less than a
few kPa.
More detailed examination of the surface properties at the InSight landing site (Golombek
et al. 2016) indicates a moderately low thermal inertia close to 180 J m−2 K−1 s1/2 , which
corresponds to cohesionless fine sand 0.170 micron in diameter. Observations of rocky
ejecta craters, exposed nearby scarps, and regolith production from the impact cratering
record indicates a fine-grained regolith 3–17 m thick, overlying a coarse breccia that grades
into jointed bedrock (Fig. 1). Mapping of surface terrains in high-resolution images of the
landing site and surrounding areas shows these terrains are dominantly formed by impact
and aeolian processes.
To complement the data of Table 1, a series of tests was carried out to investigate the
mechanical properties of three different Mars regolith simulants with respect to the interactions between the InSight devices and the surface of Mars. Besides standard soil mechanics
tests investigating the compressibility and the shear properties of the simulants, the measurements of seismic velocities were also conducted in link with the requirements related to
the SEIS seismometer.
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Fig. 1 HiRISE image
(25 cm/pixel) showing ∼ 10 m
thick, fine grained regolith on top
of coarse breccia overlying
strong, jointed bedrock
(Golombek et al. 2013, 2016)

3 Materials and Methods
3.1 Materials
The choice of the simulants was driven by the desire to reasonably bound the range of
parameters expected on Mars as described in Golombek et al. (2008), Herkenhoff et al.
(2008) and Golombek et al. (2016) and in Sect. 2, more particularly in terms of density
requirements, grain size distribution and friction angles (see Table 1). Three simulants were
tested: the Mojave simulant, provided by JPL and the Eifelsand and MSS-D (Mars Soil
Simulant-D) simulants, both provided by DLR.
The simulants can be observed in the photos of Fig. 2, in which the fraction smaller than
2 mm has been separated from coarser grains. The Mojave simulant is a mixture of material
used for testing mobility in the Jet Propulsion Laboratory’s Mars Yard. It is composed of
Mojave Mars Simulant (MMS), a widely used Mars simulant, which is crushed Miocene
basalt from the Mojave Desert in Southeast California (Peters et al. 2008), alluvial sedimentary and igneous grains from the local area, and basaltic pumice that can be observed in the
coarse fraction in Fig. 2. The Eifelsand simulant is a mix comprising pumice grains from the
Eifel Mountains in Western Germany (a site with Tertiary and Quaternary volcanic activity)
and crushed basalt grains. The grains larger than 2 mm observed in Fig. 2 are basalt pumice
from the natural Eifelsand, with a small density and angular shapes. MSS-D is a fine grained
mix made of 50% artificially ground olivine powder and 50% quartz. It is composed of silt
and clay sized particles, that are finer than sand, and overlap the size of dust on Mars. As
shown Fig. 2, both Mojave and Eifelsand simulants contain some particles too large to be
tested in standard soil mechanics devices. Both simulants were sieved and only the fraction
smaller than 2 mm was used to prepare the cylindrical triaxial specimens, the oedometer and
the shear box specimens tested in this work.
The grain size distribution curves of the three simulants are presented in Fig. 3. They
were obtained by sieving for Mojave and Eifelsand simulants and by both sieving and sedimentometry for MSS-D. The curves indicate that the fraction smaller than 2 mm in both
Mojave and Eifelsand simulants are somewhat comparable (from fine sand to sand), with
however a greater percentage of smaller particles in the Mojave simulant. The grain size
distribution curve of Mojave is continuous, whereas the mix between smaller crushed basalt
grains and larger volcanic pumice grains is perhaps detectable in Eifelsand at the inflection
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Fig. 2 Regolith simulants tested

Fig. 3 Grain size distribution of the Martian simulants

P. Delage et al.

Fig. 4 Optical microscope observation, MSS-D: (a) quartz grain (around 150 × 100 µm) with aggregated
crushed olivine particles; (b) crushed olivine particles
Fig. 5 Optical microscope
observation, Mojave simulant
(fraction < 2 mm)

point at 500 µm. The grain size distribution of MSS-D is clearly bi-modal, with clear evidence of both the 50% sand fraction (larger than 100 µm) and the 50% fraction of crushed
olivine (smaller than 100 µm). The grain size is significantly smaller in MSS-D, in the silt
range. It includes dust-size particles that fall from suspension in the Mars atmosphere and
coat the surface at the landing site, but are not expected to form much of the soil beneath.
Further information on the simulants is now provided from optical microscope observations of their fine fraction (< 2 mm). The photos of Fig. 4 were taken on MSS-D. Figure 4a
shows a rounded quartz grain (280 µm long and between 100 and 150 µm large) close to
an aggregation of much finer and angular particles of crushed olivine. Figure 4b shows in
more detail the angular shape of the crushed olivine particles. The largest ones have diameters around 50 µm and the others are around 20 µm or even less (particles as small as 2 µm
have been detected at higher magnitude), in good agreement with the grain size distribution
curve.
The < 2 mm fraction of Mojave is shown in Fig. 5. One clearly distinguishes the crushed
sub-angular basalt grains, with diameters of hundreds of micrometers, from the grains of
natural origin that comprise some clear quartz grains, and some salmon pink grains, likely

Mechanical Properties of Martian Regolith Simulants

Fig. 6 Optical microscope observation, Eifelsand simulant (fraction < 2 mm): (a) smallest crushed basalt
grains; (b) largest pumice grains

to be potassium feldspar. Small green grains are likely olivine from the basalt. Olivine inclusions are also observed in the basalt grain in the center of the photo.
The smallest grains (< 600 µm) of the Eifelsand simulant are observed in Fig. 6a and the
largest ones (larger than 1 mm) in Fig. 6b. The grains in Fig. 6a are crushed dark basalt grains
quite similar to that observed in the Mojave simulant, with some green olivine minerals that
are either embedded in the basalt grains or separated by grinding. Conversely, the larger
grains of Fig. 6b are pumice grains from the volcanic natural Eifelsand, with irregular and
angular forms.
The solid densities of the individual particles ρs were determined by using a pycnometer
and the following values were obtained:
– MSS-D: ρs = 2.70 Mg/m3
– Mojave sand: ρs = 2.79 Mg/m3
– Eifelsand: ρs = 2.51 Mg/m3

As expected from macroscopic observation, the density of the Eifelsand simulant
(2.51 Mg/m3 ) is smaller than that of both MSS-D and Mojave simulants, that are typical
of most terrestrial minerals (including silica and calcite). The average density of the mix of
crushed basalt grains and volcanic pumice grains constituting the Eifelsand simulant is significantly smaller than the density of basalt grains (2.8 Mg/m3 ), because of the low density
of the pumice grains.

3.2 Experimental Devices
Some mechanical tests were carried out in standard soil mechanics devices, including a direct shear box (6 cm side square box, 2 cm height) and a oedometer (diameter 70 mm, height
26 mm). Seismic velocity measurements were conducted in cylindrical specimens (50 mm
diameter and 100 mm height) submitted to various isotropic confining stresses within a triaxial cell.
When testing any granular material, special attention was paid to the density of the granular assembly, a paramount parameter that governs the overall response of granular materials,
both in volumetric and shear aspects. Specimens were made up by carefully pouring the
grains in the devices used (oedometer ring, shear box, cylinder for the triaxial sample) in an
attempt to make homogeneous and regular specimens. Only one layer was used to fill the
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Fig. 7 Measurement of compression and shear seismic waves by means of bender elements

oedometer ring whereas the shear box specimen was made by pouring 3 successive layers
of 20 mm height. The top surface of each layer was carefully regulated to obtain a plane of a
constant height before pouring the following layer. The final density obtained was calculated
from the specimen volume and mass.
The seismic velocities were measured by using bender elements, made up of piezoelectric
ceramic plates working in frequency between 1 and 100 kHz. Bender elements are able to
generate and receive both shear and compression waves once inserted in top and bottom of
granular specimens. Figure 7 shows the principle of the measurement (a), with a photo of the
bender elements inserted in the top and bottom caps (b), with the specimen mounted with
both caps (c) and placed in the triaxial cell to apply isotropic stress once the cell is filled
with water and water put under pressure (d). The size of the specimen (50 mm diameter and
100 mm height) was chosen larger than that of standard triaxial specimens (38 mm diameter
and 76 mm height) so as to improve the precision of the measurements with a larger wave
propagation distance along the axis of the specimen. Specimens were kept dry during the
tests, conducted with a maximum applied confining pressure of 500 kPa.
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Fig. 8 Compression curves of the MSS-D simulant regolith

4 Experimental Results
4.1 Compression Curves
The one-dimensional oedometer compression curves of the three regoliths tested are presented in terms of changes in void ratio e with respect to changes in vertical stress σv . The
void ratio is defined as the ratio between the volume of voids Vv with respect of the volume
of the solid phase Vs (e = Vv /Vs ).
Figure 8 presents the oedometer compression curves of MSS-D. Two tests were run on
samples poured in the oedometer ring at two initial void ratios e = 0.7 and 0.8 that correspond to porosities n (n = Vv /V where V is the total volume, with V = Vv + Vs ) of 44.4 and
42.1% and to densities of 1.59 and 1.5 Mg/m3 , respectively. Some stress cycles were carried out to make the distinction between elastic (reversible) strains and plastic (irreversible)
strains, starting from vertical stresses of 50 and 100 kPa.
The compression curve shows how the compressibility, represented by the slope of the
curve, is decreasing with increased stress and plastic densification (a denser assembly of
grains is more difficult to compress). Significant plastic compression strain is mobilized
between 0 and 50 kPa. The responses to the load cycles (50–0–50 kPa and 100–0–100 kPa)
are fairly reversible with elastic strains much smaller than the previously mobilised plastic
strains. The slopes of the elastic response above 50 kPa are fairly linear and equal. A slight
curvature of the elastic response is observed between 0 and 25 kPa.
The same data are given for Mojave simulant in Fig. 9 for two tests conducted with
initial void ratios of 0.683 and 0.764 corresponding to porosities of 40.5 and 43.3% and
densities of 1.60 and 1.53 Mg/m3 respectively. Responses are comparable to that obtained
on MSS-D with however significant less compression in the range 0–50 kPa, indicating
lower compressibility.
Figure 10 provides the compression curves of Eifelsand simulant at two initial void ratios
of 1.19 and 1.07 respectively. Void ratios are here significantly larger.
Figure 11 presents in a linear plot the changes in density with respect to the applied
vertical stress. One observes that the initial density of Mojave simulant and MSS-D are
close (given that they have same solid density, they have same porosity). The smaller initial
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Fig. 9 Compression curves of the Mojave regolith stimulant

Fig. 10 Compression curves of the Eifelsand regolith stimulant

density of the Eifelsand sample is related to the smaller density of the solid grains. The
curves also show that both Eifel and Mojave sands have comparable compressibility.
In an infinite horizontal half space under Mars gravity (taken equal to 3.71 m/s2 ), a density of 1.5 Mg/m3 (close to the initial density of Mojave and MSS-D) corresponds to a unit
weight of 5.57 kN/m3 and the weight of a 1 m thick layer exerts a vertical stress of 5.9 kPa.
The 0–50 kPa stress range hence corresponds to vertical stresses between surface and 8.5 m
deep to be compared to the 5 m maximum depth of the HP3 mole penetration. Compression
test results hence provide an indication on the regolith density profile with respect to depth
under the hypothesis of having the corresponding density at surface (1.5 Mg/m3 ). Note that
the technique of gently pouring the sand into the oedometer ring is known to provide rather
loose specimens. The 1.5 Mg/m3 value is however close to the maximum regolith surface
density provided in Table 1 by Golombek et al. (2008). Also, the 1.5 Mg/m3 value was
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Fig. 11 Compression curves of the three regolith stimulants tested

Fig. 12 Elasto-plastic response of Mojave sand

obtained under the Earth’s gravity and a smaller value could be expected under the Mars
gravity. A smaller density at surface should then correspond to a larger compressibility and
a larger increase in density with depth, as exhibited here by the MSS-D specimen.
The elasto-plastic compression response of Mojave simulant was further investigated in
the oedometer by carrying out two similar tests in which stress cycle were successively
applied as follows: 0–50–0 kPa followed by 0–100–0 kPa and then 0–300–0 kPa. The data
obtained (Fig. 12) show good repeatability between test 1 and test 2. The difference between
plastic larger strains, upon the first stress application at levels never supported before by the
grain assembly (resulting in significant modification of the assembly), compared to smaller
elastic strains, when stress cycling at values smaller than the maximum stress previously
applied (no significant reorganisation of grain assembly), is clear, with maximum plastic
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strain obtained during the first compression between 0 and 50 kPa. The elastic rebound and
loading curves are reasonably comparable with the slopes of the various cycles reasonably
parallel, as typically observed in sands and other soils.
Starting from the initial density of 1.49 Mg/m3 of the poured specimen, the point at
80 kPa with a density of 1.532 Mg/m3 is of particular interest since it corresponds to the
application of vacuum that will be performed when making the triaxial sample, as described
further on.

4.2 Shear Test Results
The direct shear box data obtained on Mojave and Eifelsand simulants at a density of
1.57 Mg/m3 are presented together in Fig. 13 in terms of changes of tangential stress τ
(kPa) and volume (from the changes in height of the specimen $h, mm) with respect to the
relative displacement between the two half-boxes (mm). On each sample, tests have been
duplicated with satisfactory reproducibility between the repeated tests. The curves of the
tests carried out under vertical loads of 29, 58, 116 and 231 kPa are presented.
The shape of the shear stress curve is typical of moderately loose sands with no marked
peak at maximum shear stress but an increase in shear stress with displacement leading
to progressive stabilisation. The maximum stresses reached in both case are comparable,
although a little higher for Eifelsand. In Mojave simulant, the volume change indicates a
contraction increasing with stress, typical of loose sands. The transition between contracting and dilating behaviour occurs in all cases after 2 mm. The contracting behaviour is less
marked in Eifelsand with a transition from contraction to dilation occurring at smaller displacement (0.6 mm) under 29 kPa. Note however that the maximum contraction observed
under 231 kPa is higher than previously and corresponds to 0.6 mm. The shape of the volume change curves is more regular compared to Mojave simulant where volume changes
were apparently affected by some friction effects in the LVDT monitoring changes in height
during shear.
Figure 14 shows same data for MSS-D in which no stabilization is observed in shear
stress, but a constant increase in shear, particularly at stresses of 116 and 231 kPa. This occurs with constant contracting trend, not very sensitive to stress, with a maximum of 0.6 mm
under the highest stress. This contracting response is linked to the larger compressibility observed in Fig. 11. The progressive increase in shear stress is linked to the constant volume
decrease observed on the sample that gets stronger by increased density.
The corresponding friction angles at the density of 1.57 Mg/m3 are given in Fig. 15, with
the highest value of 42° obtained for Eifelsand compared to 38° for Mojave and 35.5° for
MSS-D. The significantly higher friction angle of Eifelsand at same density is probably due
to higher grain angularity, in particular because of the shape of the pumice largest grains.
Note however that in spite of having 50% of angular crushed olivine, MSS-D exhibits the
smallest angle of 35.5°, probably thanks to the rounded shape of the 50% sand grains.
Compared to the data of Table 1, the values of friction angle are larger, in relation with the
larger dry density obtained in this work by pouring (1.57 Mg/m3 compared to a maximum
value of 1.3 Mg/m3 given in Table 1). As will be commented later, smaller friction angles
are expected at lower density.

4.3 Seismic Velocities
Figure 16 shows the changes in velocities with respect to the isotropic confinement stress
both in terms of compression (a) and shear (b) waves for Mojave sand. These data come

Fig. 13 Shear tests results, Mojave and Eifelsand
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Fig. 14 Shear tests results,
MSS-D

Fig. 15 Friction angles

from various measurements carried out in two tests along various stress paths comparable to
that followed to investigate the elasto-plastic response of Mojave simulant in Fig. 12. A first
series of measurements was carried out under stresses of 25, 50 and 100 kPa, mobilising the
elasto-plastic strains observed in Fig. 12 along a monotonic loading path. The sample was
afterwards elastically unloaded at 25 kPa and loaded again under 50, 100, with subsequent
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Fig. 16 Changes in seismic velocity with respect to isotropic confining stress, Mojave sand: (a) Vp ; (b) Vs

plastic compression up to 200 kPa. Finally, an elastic unloading/reloading stage at 25, 50,
100 and 200 kPa was followed by an elasto-plastic compression at 300 and 500 kPa. The
corresponding depths of interest (10, 20 and 30 m) are also indicated in the graph. Note that,
compared to the oedometer tests in which the vertical stress was imposed (with a lateral
stress response resulting from the no radial strain condition, a condition typical of oedometer), the stresses applied here are isotropic.
Interestingly, there is no effect of stress cycles and hence of the nature either plastic
(first stress application) or elastic response along the compression strain (see Fig. 12) on
the values of the seismic velocities. The increase in velocity is more sensitive to the increase in inter-granular forces resulting from the increase of confining stress than to the
increase in density. The data of a given test along the three successive stress paths are in
good agreement. There is also good agreement between the two tests carried out on two
different specimens (except at high stress for Vp ).
One can see that there is a non-linear increase in compression wave velocity with the
applied stress from approximately 250 m/s at low stress (25 kPa corresponding to a depth
of 5 m) to around 600 m/s under 500 kPa. As expected, shear waves are smaller than compression waves with comparable trends, providing a reliable estimation of the changes in
velocity with depth.
Similar trends are observed for MSS-D and Eifelsand. The comparison of the data from
the three simulants shown in Fig. 17 confirm their comparable responses in velocity with
respect to changes in applied stress, with larger values and stronger increase observed on
the MSS-D specimen, of a different nature (crushed powder). The two fractions smaller
than 2 mm of the Mojave and Eifelsand simulants, both in the grain size range of sand,
provide comparable results in terms of changes in seismic velocity with confining stress.

5 Discussion
The data obtained are now discussed with respect to the data provided by Golombek et al.
(2008, 2016) and presented in Table 1. In terms of grain size distribution (Fig. 3), the particles of the MSS-D powder are larger than the “Drift” and smaller than “Sand bedforms”,
whereas Mojave and Eifelsand simulant (most particles between 0.1 and 1 mm) are included
in the range of the “Blocky, Indurated Soil”.
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Fig. 17 Comparison of seismic velocities on the three specimens
Fig. 18 Effect of the
geometrical assembly of spheres
of same diameter on the density

Beside the grain size distribution, density strongly affects the mechanical properties of
sands, with larger friction angles in denser sands, that exhibit expansion under shear due
to the disentangling of the particle assembly. Looser sands have lower friction angles with
contraction during shear, due to tangling.

5.1 Possible Density Values
Some further considerations concerning possible density values for regolith at the surface
of Mars can be drawn from geometrical considerations, that have been summarised in Santamarina et al. (2001). A simple illustration providing first order estimates can be obtained
by considering an assembly of spherical particles of the same diameter in the densest possible arrangement (called tetrahedral) as shown in Fig. 18a, with a minimum void ratio
emin = 0.351 corresponding to a maximum density of 2 Mg/m3 (a rather high density for
granular soils). Conversely, the loosest possible assembly (simple cubic) is depicted in
Fig. 18b, with a maximum void ratio emax = 0.908 and a minimum density of 1.42 Mg/m3 .
The situation of natural sand is of course more complex with significant effects of both
the grain size distribution (non-uniform grain size distribution can provide denser assemblies, with smaller grains inserted in the voids between larger ones) and the real grain shape
(irregular angular grains may provide looser assemblies than regular rounded ones). This is
illustrated by the data of Table 2 (Bolton 1986) that provides the minimum and maximum
void ratios (emin and emax , respectively, obtained by following normalised procedures) and
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Table 2 Typical void ratios and densities of terrestrial sand (after Bolton 1986)
Sand name

D60

D10

emin

ρmax (Mg/m3 )

emax

ρmin (Mg/m3 )

Brasted river

0.29

0.12

0.47

1.84

0.79

1.51

Mersey river

0.2

0.1

0.49

1.81

0.82

1.48

Monterey N°20

0.3

0.15

0.57

1.72

0.78

1.52

Monterey N°0

0.5

0.3

0.57

1.72

0.86

1.45

Ham river

0.25

0.16

0.59

1.70

0.92

1.41

Leighton Buzzard 14/25

0.85

0.65

0.49

1.81

0.79

1.51

Welland river

0.14

0.1

0.62

1.67

0.94

1.39

Chattahoochee river

0.47

0.21

0.61

1.68

1.10

1.29

Mol

0.21

0.14

0.56

1.73

0.89

1.43

Berlin

0.25

0.11

0.46

1.85

0.75

1.54

Guinea marine

0.41

0.16

0.52

1.78

0.9

1.42

Portland river

0.36

0.23

0.63

1.66

1.1

1.29

Glacial outwash sand

0.9

0.15

0.41

1.91

0.84

1.47

Karlshrue medium sand

0.38

0.2

0.54

1.75

0.82

1.48

Sacramento river

0.22

0.15

0.61

1.68

1.03

1.33

Ottawa sand

0.76

0.65

0.49

1.81

0.8

1.50

densities that characterize a series of terrestrial sands defined by their diameters D60 (60%
of the grains have diameter smaller than D60 ) and D10 (10% of the grains have diameter
smaller than D10 ). One can see that the loosest sands (Welland river and Chattahoochee
river) have smallest densities equal to 1.39 and 1.29 Mg/m3 , respectively. Note that river
sands are known to be rather rounded due to transportation in water, in contrast to sand on
Mars that is rounded in saltation (McGlynn et al. 2011). For the same grain size distribution,
less rounded grains would result in slightly higher density.
The largest density is obtained with the glacial outwash sand (1.91 Mg/m3 ). Note that
both the minimum and maximum density values are not too far from that obtained from simple geometrical considerations on ideal granular assemblies of spheres in Fig. 18. In terms of
grain size distribution, one can observe that sands with average diameter of 0.2 mm (Brasted
river, Monterey N°20, Ham river and Berlin) have minimum densities comprised between
1.41 (Ham river) and around 1.52 Mg/m3 (Brasted river, Monterey N°20, and Berlin). These
density values are of the same order of magnitude as that adopted in the tests carried out in
this work. Another important factor influencing the morphology of granular assemblies is
gravity, and it is likely that the smaller gravity on Mars (3.711 m/s2 ) should result in looser
assemblies of grains of same shape and size distribution compared to the gravity on Earth
(9.807 m/s2 ). Both effects of smaller roundness and gravity are compatible with the fact that
the 1.3 Mg/m3 value provided in Table 1 is smaller the 1.41–1.52 Mg/m3 density values
estimated from terrestrial sands.

5.2 Possible Values of the Friction Angle
The changes in friction angle with respect to density obtained from triaxial tests on the
Sacramento river sand (Lee and Seed 1967) are presented in Table 3, confirming the important effect of density on the friction angle, with an increase in friction angle with density
from 34° in loose state to 41° in dense state.
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Table 3 Change in friction
angle with respect to density,
Sacramento river sand (after Lee
and Seed 1967, in Holtz and
Kovacs 1981)

State

Void ratio e

Density (Mg/m3 )

Friction angle

Loose

0.87

1.44

34°

Moderately loose

0.78

1.52

37°

Moderately dense

0.71

1.58

39°

Dense

0.61

1.68

41°

Fig. 19 Changes in friction angle with respect to density: Sacramento river sand (Lee and Seed 1967) and
the tested regoliths

These data are compared to that of the regolith simulants studied in this work in Fig. 19.
This comparison between friction angle from triaxial tests (Sacramento river) and direct
shear box (Regolith simulants) is somewhat approximate, but it is deemed to provide reasonably good trend in terms of orders of magnitude. The friction angles obtained at a density
of 1.57 Mg/m3 (Fig. 15) are equal to 35° for MSS-D, 38° for Mojave and 42° for Eifelsand.
There is good agreement between the data of Mojave simulant with that of the Sacramento
river sand at 1.57 Mg/m3 .
Based on the shape of the curve, it seems reasonable to consider that angles around
28–30° correspond to a density of 1.3 Mg/m3 , confirming the value given in Table 1.

5.3 Dynamic Penetration
The response of the regolith to the dynamic penetration of the mole of the HP3 device is
an important issue, investigated by running full size penetration tests in the JPL and DLR
facilities. Dynamic penetration in sands is complex, involving dynamic sand/mole interactions, large axisymmetric strains and the contracting-dilating shear behavior of the sand (see
Figs. 13 and 14). Dense sands will expand under shear around the cone, resulting in an increase in normal stresses along the mole, whereas the contraction of loose sands will result
in a release in normal stresses, making penetration easier.
In spite of the availability of advanced constitutive elastoplastic models of sands that
correctly model the shear volume changes with respect to sand density, there is still a need
to progress in the numerical modelling of dynamic penetration, due to the difficulty of using
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large strains calculations and to correctly account for dynamic effects. Modelling correctly
dynamic penetration would allow to back analyze the penetration of the mole in the landing
site, providing useful parameters to characterize the first 5 m layer of the regolith penetrated
by the mole.
The procedure used to make the sand column in which the full-scale penetration tests
are run and the resulting density profile are quite important. It is likely that tests run under
Earth’s gravity will result in higher density profile compared to tests under Mars’ gravity. Smaller densities (around 1.3 Mg/m3 ) would result in a contracting response, tending
to make penetration easier. The response to penetration that will be monitored during the
penetration of the mole will hence provide a valuable response that could be compared to
penetration tests that would be run at various densities on Earth, in an attempt to get the
same response. Ideally, some information about the change in density with depth could then
be obtained.

5.4 Seismic Velocities
An important conclusion drawn from the data of Fig. 17 is that the seismic velocities are
not too sensitive with respect to the sand density within the range involved during the test,
that can be estimated for Mojave simulant from the compression test of Fig. 11. Seismic
velocities should mainly depend on the confining stress along the 10 meters depth estimated
at the landing site (density increases for Mojave simulant from 1.488 to 1.523 Mg/m3 ). It
is also interesting to see that, in spite of their differences, Eifelsand and Mojave simulants
exhibit comparable changes in seismic velocity with the confining stress. Also, there is a
convergence with the velocities in MSS-D at low stress, in spite of significant difference in
the grain size distribution.
The changes in compression wave with respect to shear wave are presented in Fig. 20.
The three simulants exhibit comparable curves, and an average and reliable estimation of
the Poisson ratio can be made by using Eq. (1), providing a value ν = 0.22.
!
2(1 − ν)
Vp
(1)
=
Vs
1 − 2ν
The changes in seismic velocities with respect to the confining stress (σc ) is defined by an
empirical law (see Santamarina et al. 2001), as follows:
" ′ #β
σ0
V =α
(2)
1 kPa

in which α and β are experimentally determined. α is the velocity of the medium subjected
to 1 kPa confinement. As recalled by Santamarina et al. (2001), the stiffer the particles and
the denser the packing, the higher the value of α and the lower the β exponent. Theoretical
values of β are 1/6 for Hertzian contacts between elastic spherical spheres, 1/4 for cone to
plane contacts (typical of rough or angular particles) and 1/4 for spherical particles with
yield. Values between 0.12 and 0.28 are reported for sands.
As seen in Fig. 21, the best fitting with the data of this work was obtained with an exponent β equal to 0.3. As seen in the figure, this fitting provides an estimate of the compressional wave velocity at the surface (zero stress) at around 150 m/s.
The calculation of the Young modulus based on the seismic velocities is given below:
"
#
3 − l42
2
(3)
E = ρVp ∗ 2
l −1
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Fig. 20 Changes in Vp with
respect to Vs for the three
simulants tested

Fig. 21 Fitting the changes in
seismic velocity with a power
law, Mojave sand

Based on the value estimated from Fig. 21 at the surface, the value of the Young modulus is estimated at 51.2 MPa for a density of 1.533 Mg/m3 and 43.5 MPa for a density of
1.3 Mg/m3 .
Extrapolation to the InSight landing site subsurface On Mars, the seismic and density
of the near subsurface will in fact result from a mixture of rocks and soils, the later with
seismic and density properties comparable to those of the simulants investigated in this
study. In order to predict a possible ground model, one assumed 10% fraction of rocks,
which corresponds to the upper bound of the requirement made on the landing site selection
constraints (Golombek et al. 2016). Velocities of the ground were computed by assuming
the ground as a mixture of rocks and soil and gravity of 3.711 m/s2 for pressure increase.
The ground seismic parameters were computed with the three different theories of Haskin-
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Table 4 InSight Reference
ground model for the upper
layers dependence, for a bedrock
deeper than 80 m

Depth

Density (Mg/m3 )

Vs

Vp

1–2 m

1.665

150 m/s

265 m/s

2–10 m

1.690

190 m/s

330 m/s

10–20 m

1.710

270 m/s

420 m/s

20–30 m

1.730

300 m/s

500 m/s

30–80 m

1.750

350 m/s

600 m/s

Fig. 22 Soil velocity as a function of depth, together with the estimation of the velocities for three different
mixture theories. A 10% rocks composition is assumed. Magenta curves are the seismic velocities of Apollo
sites A12, A14, A15, A16 when corrected with the gravity differences (i.e. shown at a Martian depth providing
the same pressure as the lunar depth)

Shtrikman-Walpole, Reuss (lower bound) or Kuster and Tokzos, all described in Mavko
et al. (2009). Rocks velocities and density are taken as 5000 m/s, 2800 m/s and 2.7 Mg/m3 ,
respectively.
The model selected from these three different scenarios is provided in Table 4 and Fig. 22.
This model has been used as reference for the Experiment Requirement Document (ERD).
We get low velocities (265–420 m/s for Vp , 150–270 m/s for Vs ) for the upper 15 meters.
These velocities are significantly larger than those of the lunar regolith, also represented in
the figure (Horvath et al. 1980) but are nevertheless low enough to favor significant wind
induced deformations (Lognonné and Mosser 1993, Murdoch et al. 2016a, 2016b). These
might be at long period the primary source of noise for the seismometer, as described in
these papers.
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6 Concluding Remarks
A series of mechanical tests were carried out on various Mars regolith simulants (MSS-D,
Eifelsand and Mojave simulants) to help estimate the mechanical properties of the regolith at
the landing site of the forthcoming InSight mission, in complement of previous estimations
carried out from satellite observations and from local observations during previous missions.
This investigation concerns the elastic interaction between the feet of the SEIS seismometer
and the regolith, so as to further inform the noise model of the seismometer (Mimoun et al.
2016), including noise due to the wind (Murdoch et al. 2016a, 2016b). The estimation of the
velocity of the seismic waves at the surface layer is another important issue.
The mechanical characteristics of the first 5 meters of regolith will govern the dynamic
penetration of the mole of the HP3 device, that will be strongly affected by the density
profile. Particular attention was hence devoted to the effects of density, given that standard
techniques to get loose sand specimens in experiments under Earth’s gravity probably overestimate densities. The densities obtained in this work are 1.4–1.5 Mg/m3 , larger than the
1.3 Mg/m3 density estimated at the surface of the landing site. At this density, direct shear
box tests results and their comparison with data from terrestrial sands provided a value
of friction angle around 30°, that will possibly increase if there is an increase in density
in the first 5 m of the regolith layer. An estimation of this density gradient was provided
by oedometer compression tests. In loose conditions, the penetration of the HP3 mole will
mobilize contracting shear volume changes that should make the penetration easy, thanks to
the resulting stress release around the penetrating mole. The monitoring of the penetration
along the 5 m will certainly provide very useful information on the mechanical properties
of the layer. Note however that the numerical modelling of dynamic penetration remains a
difficult challenge and that the back analysis of the mole penetration will not be too easy.
The seismic velocities of the three regoliths simulants and their changes with respect to
the confining stress applied were measured by using ceramic piezoelectric bender elements
in triaxial specimens submitted to various stress paths. The data showed that the seismic
velocities mainly depended on the (isotropic) stress applied, with no significant effect of the
elasto-plastic strains induced by the applied stress path. Good compatibility was observed
between the three regoliths, providing good confidence in the data obtained, with a compression wave velocity estimated at 150 m/s at the surface and a power law of the stress
with an exponent of 0.3. With a 10% mixture with rocks, compression wave velocities were
estimated at 265 m/s in the 0–2 m depth range and at 330 m/s in the 2–10 m range.
These mechanical parameters will be compared to the data obtained from the InSight
mission, so as to better characterise the properties of the materials at the surface of the
landing site.
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Stevanović, J., Teanby, N. A., Wookey, J., et al. 2017, Space Science Reviews, 211, 525
Surkov, Y. A. 1990, Exploration of terrestrial planets from spacecraft: instrumentation, investigation, interpretation.
Sutton, G. H. & Steinbacher, R. 1967, Journal of Geophysical Research, 72, 841
Tagliaferri, E., Spalding, R., Jacobs, C., Worden, S. P., & Erlich, A. 1994, in Hazards Due to
Comets and Asteroids, ed. T. Gehrels, M. S. Matthews, & A. M. Schumann, 199
Tancredi, G., Ishitsuka, J., Schultz, P. H., et al. 2009, Meteoritics & Planetary Science, 44, 1967
Tauzin, B., Debayle, E., Quantin, C., & Coltic, N. 2013, Geophysical Research Letters, 40, 1
Teanby, N. 2015, Icarus, 256, 49
Teanby, N. & Wookey, J. 2011, Physics of the Earth and Planetary Interiors, 186, 70
Tesauro, M., Kaban, M. K., & Cloetingh, S. A. P. L. 2008, Geophysical Research Letters, 35
Tosi, N., Godolt, M., Stracke, B., et al. 2017, Astronomy & Astrophysics, 605, A71
Towne, D. H. 1967, Wave Phenomena (Addison-Wesley, Reading, MA)
Unno, W., Osaki, Y., Ando, H., Saito, H., & Shibayashi, H. 1989, Non-radial Oscillations of
Stars (Tokyo University Press, Japan)
Von Rebeur-Paschwitz, E. 1889, Nature, 40, 294
Watada, S. 1995, PhD thesis, California Institute of Technology
Watada, S. & Kanamori, H. 2010, Journal of Geophysical Research: Solid Earth, 115
Williams, J.-P. 2001, Journal of Geophysical Research: Planets, 106, 5033
Williams, J.-P., Pathare, A. V., & Aharonson, O. 2014, Icarus, 235, 23
Zuluaga, J., Ferrin, I., & Geens, S. 2013, arXiv:1303.1796

220

Bibliography

221

