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Monte Carlo solutions to the radiative transfer equations are used to model transla-
tional and rotational multi-component seismogram envelopes in random elastic media
with deterministic background structure assuming multiple anisotropic scattering. The
synthesized multi-component seismogram envelopes are compared to various seismic
signals from local, regional and teleseismic earthquakes to estimate crustal scattering
and attenuation parameters in south-east Germany and to study the influence of the
crustal heterogeneity on the generation of the seismic coda. The results are in good
agreement with comparable studies in Europe and suggest that the preferred model of
crustal heterogeneity correctly describes the main mechanisms generating the seismic
coda of the local, regional and teleseismic events.
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Zusammenfassung

In dieser Studie werden Monte Carlo Losungen fiir die Energietransfergleichungen
genutzt, um Seismogrammeinhiillende von Translations- und Rotationsbewegungen zu
modellieren. Die Ergebnisse der Monte Carlo Simulationen werden durch einen Ver-
gleich mit 3D finiten Differenzen Simulationen verifiziert. Diese Modellierung findet
in einem elastischen Zufallsmedium mit deterministischer Hintergrundstruktur unter
Annahme multipler anisotroper Streuung statt. Die Beobachtung und Modellierung
der drei zusatzlichen Komponenten der Rotationsbodenbewegungen kann unabhéngige
Informationen iiber die Ausbreitung seismischer Wellen im Erdkorper liefern. Rota-
tionsbewegungen um die vertikale Achse in der P-Wellen Koda sind in diesem Zusam-
menhang von speziellem Interesse, da sie nur von horizontal polarisierten Scheerwellen
angeregt werden konnen. Die gemessenen Rotationsbewegungen deuten folglich auf
Konversionen von P- zu SH-Energie durch multiple Streuung an 3D-Heterogenititen
hin. Fiir die Bestimmung von Streu- und Dampfungsparametern im Siidosten Deutsch-
lands (Gréfenberg Array, Vogtland) werden synthetisch erzeugte, mehrspurige Seismo-
grammeinhiillende mit Daten lokaler und regionaler Schwarmbeben und teleseismicher
Ereignisse verglichen. In einem ersten Schritt werden frequenzabhéngige Krustenpa-
rameter fiir die Vogtlandregion mittels eines lokalen Datensatzes von nahen Schwarm-
beben bestimmt. Die Resultate mittels elastischer Energietransfertheorie werden mit
Ergebnissen aus Simulationen mittels akustischer Energietransfertheorie verglichen.
Beide Methoden liefern dhnliche Parameter und sagen einen groferen Einfluss der
intrinsichen Dampfung im Vergleich zur Streuddmpfung voraus. Aus den elastis-
chen Simulationen geht hervor, dass fiir die Beschreibung der Daten Vorwirtsstreung
angenommen werden muss, die Stirke dieser lasst sich jedoch nicht auflésen. In einem
zweiten Schritt werden die Streu- und Dampfungseigenschaften der Erdkruste im Un-
tergrund des Gréfenberg Arrays untersucht. Hierzu wird eine nicht-lineare genetische
Inversion von Seismogrammeinhiillenden regionaler Ereignisse bei hohen Frequenzen
(4-8 Hz) verwendet. Das bevorzugte Modell der Krustenheterogenitét wird durch ein
exponentielles Zufallsmedium, einer mittleren freien Transportwegldnge von ca. 420 km
und einem Qualitétsfaktor fiir S-Wellen Q% von ca. 700 beschrieben. Ein letzter Schritt
vergleicht Simulationen von teleseismischen P-Welleneinsitzen mit beobachteten Seis-
mogrammeiniillenden von tiefen Erdbeben unter der Nutzung der Parameter aus der
regionalen Inversion. Die Simulationen der teleseismischen Ereignisse mit den Para-
metern der regionalen Inversion zeigen eine gute Ubereinstimmung mit den gemesse-
nen Seismogrammeinhiillenden. Dieser Vergleich beinhaltet Ringlaserbeobachtungen
der Rotationsbewegungen um die vertikale Achse, welche aus dem angenommenen
Streumodell resultieren. Das Modell sagt voraus, dass die elastische Energie in der tele-
seismischen P-Wellen Koda im Gegensatz zur Koda lokaler oder regionaler Ereignisse
nicht gleichverteilt ist, sondern einen Uberschuss an Scheerenergie beinhaltet. Die Re-
sultate aus den Untersuchungen der lokalen, regionalen und teleseismischen Datensétze
zeigen, dass die Streuereignisse, welche die seismische Koda erklaren, hauptséchlich in
der Kruste unterhalb der seismischen Empfanger stattfinden. Streuung des Wellen-
feldes im Mantel wird fiir die Erkldrung der Daten nicht benétigt, schwache Streuung
im lithosphérischen Mantel kann jedoch nicht ausgeschlossen werden.
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Summary

In this study Monte Carlo solutions to the radiative transfer equations are used to
model translational and rotational motion seismogram envelopes in random elastic
media with deterministic background structure assuming multiple anisotropic scatter-
ing. The results of the Monte Carlo radiative transfer theory simulations are verified
by comparisons with 3D full wave field finite difference simulations. The observation
and modeling of the three additional components of rotational ground motions can
provide independent information about seismic wave propagation in the Earth’s struc-
ture. Rotational motions around the vertical axis observed in the P-wave coda are of
particular interest as they can only be excited by horizontally polarized shear waves
and therefore indicate the conversion from P- to SH-energy by multiple scattering at
3D-heterogeneities. Scattering and attenuation parameters in south-east Germany be-
neath the Grafenberg array and in the Vogtland region are estimated by comparisons
of synthesized multi-component seismogram envelopes to seismic data from local and
regional swarm earthquakes and to teleseismic events. In a first step, frequency depen-
dent scattering and attenuation parameters from a local data set are estimated for the
Vogtland region using nearby swarm earthquakes. The results from the elastic simu-
lations are compared to outcomes from acoustic radiative transfer simulations. Both
methods yield similar results and suggest that intrinsic attenuation dominates scatter-
ing attenuation. From the elastic simulations it is observable, that forward scattering
is required to explain the data. However, the amount of forward scattering strength
remains unresolvable. In a second step scattering and attenuation parameters beneath
the Gréafenberg array are estimated using a nonlinear genetic inversion of seismogram
envelopes from regional events at high frequencies (4-8 Hz). The preferred model of
crustal heterogeneity consists of a random medium described by an exponential auto-
correlation function with a transport mean free path length of ~ 420 km. The quality
factor for elastic S-wave attenuation Q% is around 700. In a final step simulations
of teleseismic P-wave arrivals, using this estimated set of scattering and attenuation
parameters, are compared to observed seismogram envelopes from deep events. Si-
mulations of teleseismic events with the parameters found from the regional inversion
show good agreement with the measured seismogram envelopes. This includes ringlaser
observations of vertical rotations in the teleseismic P-wave coda that naturally result
from the proposed model of wave scattering. The model also predicts, that the elastic
energy recorded in the teleseismic P-coda is not equipartitioned, unlike the coda of
regional events, but contains an excess of shear energy. The combined results from
the three different data sets suggest that scattering generating the seismic coda mainly
occurs in the crustal part of the lithosphere beneath the receivers. The observations
do not require scattering of high frequency waves in the mantle, but weak scattering
in the lithospheric mantle cannot be ruled out.
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1 Introduction

Back in the year 1692, the English astronomer, mathematician and physicist Edmond
Halley, best know for his computation of the orbit of Halley’s comet, put forth the
theory of the hollow earth (Halley, 1692). He suggested the Earth to be hollow on
the inside with a 500 mile thick shell forming the outside of the planet. Inside the
shell, he proposed two inner concentric shells and one innermost core with diameters
of roughly the diameters of the planets Venus, Mars and Mercury, respectively. He
presumed, that each of the shells was separated by an atmosphere and that each shell
and the innermost core all have individual magnetic poles. Furthermore all the shells
were supposed to rotate at different speeds relatively to each other. Halley’s theory
was based on the examination of the continuous movement of the magnetic inclination
lines using data from all over the world. In the cause of history many scientists picked
up on Halley’s idea and suggested various hollow Earth models, even in the present
days some advocates of this theory exist. With the deepest drilling hole in the world
at the moment only reaching a depth of around 12000 m (Exxon, 2015), it is obviously
not possible to examine the entire Earth’s interior with the naked eye, but modern
science clearly proves, that the Earth is anything but hollow on the inside. Today’s
scientific understanding of a solid Earth comes from conclusions drawn from various
methods, for example including the observation and investigation of topography and
bathymetry, measurements of the geomagnetic field, sampling of rocks brought to the
Earth’s surface by volcanic activity, from gravity field measurements or from the Earth’s
flattening. One of the most powerful approaches to derive our current understanding
of the Earth’s interior on various scales, from thousands of kilometers down to a few
meters, is seismology, the study of seismic waves.

Considering the Earth’s interior on a larger scale, it can be described as a multitude
of spherical layers. These layers can be distinguished by their chemical or physical
properties. These large-scale layers can be determined by examining travel time curves
of seismic waves (Bullen and Bolt, 1985), by surface wave dispersion analysis or investi-
gations of the Earth’s normal modes (Dziewonski and Anderson, 1981). The outermost
layer is the silicate rich and solid crust, which on average extends down to 38 km be-
neath continents and reaches depths of 7-8 km beneath the oceans (Fowler, 2005). The
crustal part of the Earth was identified in the beginning of the 20th century by Milne
(1906) and Rutherford (1907). Adjacent to the Earth’s crustal layer is the mantle,
first described by Wiechert (1897). The mantle extends down to a depth of 2900 km
and is physically and chemically different from the crust. It can be divided up into
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different zones. The first zone (40-100 km) is the lithospheric part of the mantle and
has a rigid solid behavior, together with the crust it forms the lithosphere. Beneath
the lithosphere extends the asthenosphere down to a depth of 300 km, which has a
highly plastic behavior due to its high temperatures. It is a low velocity and low vis-
cosity zone. Lithosphere and asthenosphere form the upper part of the mantle. The
border between upper mantle and lower mantle is represented by a ~ 400 km thick
transition zone (300-700 km), which includes several discontinuities at for example
410, 520 and 660 km depth. This discontinuities can be observed as strong reflectors of
seismic waves. The lower mantle extends down to 2900 km with the last 200 km (2700-
2900 km) referring to as the D"-layer. In this layer a very high temperature contrast
of ~ 1000 K from mantle to core can be observed. This D"-layer can be regarded as
the core mantle boundary. The Earth’s core can be divided into an outer core (2900
5100 km) and in an inner core (51006371 km). The existence of a core was identified
by for example Oldham (1906) and Gutenberg (1914) in the early 20th century. The
outer core is liquid (Jeffreys, 1926) and mainly consists out of an iron-nickel melt. The
inner core on the other hand is solid (Lehmann, 1936) and is mainly comprised out of
iron. In addition to this large-scale approximation of spherical layers, many medium-
scale 3D-heterogeneities can be observed. These inhomogeneities are normally larger
than the predominant seismic wavelength and can be resolved using tools like seis-
mic tomography Nolet (1987). This heterogeneities for example include continental
shields with high velocity roots (Fowler, 2005), mantle plumes (Zhao, 2001) or sub-
duction zones (Spakman et al., 1988). Additionally to the large- and medium-scale
heterogeneous structures, the Earth’s subsurface is made up out of very small-scale
3D-heterogeneities, normally smaller than the predominant seismic wavelength. These
structures cannot be resolved with classical methods like seismic tomography or the
analysis of the Earth’s normal modes and require a statistical description as a ran-
dom continuous medium concerning for example density and velocity fluctuations. To
describe these small-scale structures scattering theory can be used.

The purpose of this study is to investigate these small-scale structures and to evaluate
the contribution of the local crustal heterogeneities to the generation of scattered elastic
energy recorded in various seismic signals. Of specific interest in this context are records
of rotational ground motions that, acting as a polarization filter for shear energy, can
provide additional independent information about conversion scattering, that couples
P- and S-wave propagation. In a first part of the study, frequency dependent crustal
scattering and intrinsic attenuation parameters in the Vogtland region are estimated
using local swarm earthquakes. The results are obtained using acoustic and elastic
radiative transfer theory (RTT). This local data set will also be used to investigate
the resolution limits of the random medium parameters as well as trade-offs between
the parameters. In a next step a genetic inversion of regional swarm earthquakes from
the Vogtland region is used to describe the crustal structure beneath the Gréfenberg
array in south-east Germany in terms of its scattering and attenuation properties. In a
third step it is tested whether the medium heterogeneity, described by the parameters
found in the regional inversion, is suitable for the generation of seismogram envelopes



of teleseismic earthquakes. For this, seismogram envelopes of P- and PcP-coda from
deep teleseismic events, including rotational motions, are simulated and compared to
ringlaser recordings of the vertical rotation rate and to common translational motion
seismograms.

This thesis starts with a short introduction on the scattering of seismic waves in chap-
ter 2, followed by some general information about rotational motions in seismology
(chapter 3). Chapter 4 introduces the approach of acoustic and elastic RTT, its so-
lutions using Monte Carlo (MC) techniques and the modeling of multi-component
translational and rotational seismogram envelopes from local, regional and teleseismic
events. A validation of the RTT modeling method by comparisons to 3D finite differ-
ence (FD) simulations is described in chapter 5. Chapter 6 features the investigations
of a local data set concerning the estimation of scattering and attenuation parameters
in different frequency bands. Results from the genetic inversion of the regional data
set are presented in chapter 7. Based on the results from the regional inversion, a
comparison of rotational and translational motion seismogram envelopes to a set of
records from deep teleseismic events is given in chapter 8. Results from the different
datasets are discussed and interpreted in chapter 9.

The content from chapter 4, 7 and 8 is published in Geophysical Journal International
(Gaebler et al., 2015a). Content from chapter 6 is published in Geophysical Journal
International (Gaebler et al., 2015b).






2 Scattering of seismic waves

As this study is based on the analysis of scattered seismic waves, it starts with a short
introduction on scattered energy in the seismic coda in section 2.1. Different random
medium realizations, which represent the random small-scale heterogeneities of the
Earth’s structure, are presented in section 2.2. An overview of previous investigations
of crustal wave scattering and intrinsic attenuation is given in section 2.3.

2.1 Scattered energy in the seismic coda and
modeling methods

Since the early 1970s, the observation, modeling and interpretation of coda waves is
receiving attention in the field of seismology. According to Aki (1969) the seismic coda
can be referred to as seismic energy recorded after the passage of the primary seismic
waves (for example P- or S-waves) and can be explained with the scattering of seismic
waves at randomly distributed small-scale heterogeneities in the Earth’s subsurface
(Aki and Chouet, 1975). The development of a P-wave coda due to scattering events
at small-scale heterogeneities is illustrated in figure 2.1. The direct initial arrival of
seismic energy undergoes no scattering events and travels along the minimum-time
path from the earthquake hypocenter to the receiver (figure 2.1, left). Energy that is
scattered, arrives later in the seismogram (figure 2.1, middle and right). This scattered
energy could have been scattered at a number of individual scatterers that would lead
to the observed travel time. For single scattering events and a constant homogeneous
velocity in the medium, the possible scatterers for one single observed travel time form
an ellipsoid with the source and the receiver being the focal points of the ellipsoid. For
multiple scattering or for a medium with a heterogeneous velocity structure the travel
paths can become arbitrarily complicated.

The energy decay of the seismic coda with time depends on the investigated frequency
band and on the local properties of the subsurface. Parameters such as source me-
chanism, epicentral distance, event magnitude and source depth show minor influence
on the energy decay in the seismic coda (Trégourés et al., 2002). Therefore many
studies relate the physical properties of the subsurface to the observed local, regional
or teleseismic coda (Aki, 1969; Abubakirov and Gusev, 1990; Korn, 1997; Calvet and
Margerin, 2013).



2 Scattering of seismic waves
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Figure 2.1: Formation of a P-wave coda due to single scattering. left: First arrival of
seismic energy, following the minimum-time path from earthquake (EQ) to
receiver (STA). No scattered energy is visible at this observation time. mid-
dle: Scattered energy after the first onset arrives from an infinite number
of possible scatterers that yield the same arrival time. In a homogeneous
velocity model the locus of these scattering points forms an ellipsoidal sur-
face. right: Same as middle part, but a later arrival of seismic energy,
which results in a larger ellipsoidal surface. Figure redrawn from Stein and
Wyssession (2009).

The total attenuation Q' of the seismic energy in the direct wave is not only due to
anelastic attenuation measured by the intrinsic quality factor Q?, but is a combination
of intrinsic attenuation and amplitude decrease of the seismic wave field due to redis-
tribution of energy by scattering described by the quality factor @Q° (Aki, 1981; Dainty,
1981; Toksoz et al., 1988). The total or apparent attenuation @° is therefore given by:

1 1 1
The decay of the coda amplitude can in analogy be expressed by a quality factor Q°.
The spatial scale of the small-scale heterogeneities that interact with the wave field to
generate the scattered part of the seismic energy is below the resolution limits of clas-
sical imaging techniques such as tomography or surface wave dispersion analysis. This
prohibits a deterministic investigation of the small-scale heterogeneities. It is instead
possible to regard the heterogeneities as a continuous random medium. The medium is
often described by parameters such as fluctuation strength e and the correlation length
a. These parameters are a measure for the strength of the velocity or density variations
in the medium, respectively for the length scale of these fluctuations. Examples of dif-
ferent random medium realizations are given in section 2.2. Parameters to describe the
effect of the scattering in the Earth’s subsurface on the propagation of seismic waves
are the mean free path [° and the transport mean free path [*. The mean free path



2.1 Scattered energy in the seismic coda and modeling methods

[° is a measure of characteristic distance between two scattering events, the transport
mean free path [* can be regarded as the propagation distance required for a wave to
lose memory of its initial direction.

Several methods were proposed to model the generation of the seismic coda due to
scattering at statistically distributed heterogeneities in the subsurface (Sato et al.,
2012). One of the simplest approaches to simulate the seismic energy decay in the
coda assumes single, isotropic scattering of acoustic energy and was described by Sato
(1977). Single scattering theory assumes, that the seismic waves are scattered only
once between source and receiver. Scattering events in this theory are supposed to
be isotropic, which means there is no preferred direction of scattering of the energy.
Therefore cases of forward scattering are not included in this theory. The scattering of
S-waves is treated in the limits of the acoustical approximation. Scattering of P-waves
and conversions between S- and P-energy are not included in this theory. The acoustic
approach can for example be used for the analysis of the S-wave coda and consequently
for the estimation of medium, source and site parameters (Sens-Schonfelder and Wegler,
2006). The equipartition of seismic waves, reached after long lapse times in the seismic
coda, results in a constant ratio of S- to P-energy, that is clearly dominated by the
amount of present S-energy. This dominance of S-energy is the reason for modeling
the propagation of S-energy and neglecting the transport of P-energy. This makes
the acoustic approach useful for the investigation of coda waves and the direct S-wave
arrival. One possible method to model the propagation of seismic energy in a scattering
medium is the RTT. Details to this theory and a possible method for the solution of
the underlying equations is discussed and presented in chapter 4.

A variety of studies make use of the diffusion approximation to model the seismic coda
(Dainty et al., 1974; Aki and Chouet, 1975; Dainty, 1981). This approach is only
valid for very long lapse times. Other studies clearly show the importance of multiple
scattering of the seismic wave field at heterogeneities in the Earth’s subsurface (Wu,
1985; Wu and Aki, 1988; Abubakirov and Gusev, 1990; Hoshiba et al., 1991; Margerin
et al., 2000; Wegler and Liihr, 2001; Sens-Schénfelder et al., 2009). Abubakirov and
Gusev (1990) and Hoshiba (1995) introduced the theory for anisotropic scattering. This
approach now allows to include forward scattering processes. The modeling of elastic
energy allows to treat P- and S-energy, as well as conversions between the two modes.
Multiple elastic scattering was for example modeled by Margerin et al. (2000) using
randomly distributed spheres in an otherwise homogeneous background medium. This
theory was extended to a medium with continuous random inhomogeneities (Przybilla
et al., 2006). Sens-Schonfelder et al. (2009) describe an algorithm based on RTT
to model seismogram envelopes for multiple anisotropic scattering of elastic waves
at randomly distributed heterogeneities in a deterministic macroscopic background
structure. This method is able to model not only the coda, but also the envelopes of
the direct onsets of the primary waves.



2 Scattering of seismic waves
2.2 Random media realizations

The Earth’s subsurface is heterogeneous and can only to a certain extent be described
by classical imaging techniques such as tomography. The spatial scale of the hetero-
geneity, that interacts with the high frequency wave field to generate the scattered
part, is normally smaller than the predominant seismic wavelength, which prohibits
a deterministic investigation of the medium. Instead it is possible to regard the het-
erogeneities as a continuous random medium, where the medium properties like e.g.
seismic wave velocity v are given as

p(x) = vo(1+&(x)), (2.2)

with vy being the average background value and £(x) describing its random fluctu-
ations. The fluctuations are described by their statistical properties and are often
defined using the autocorrelation function (ACF) R. In a statistically homogeneous
isotropic medium, the ACF only depends on the absolute value of distance r = |r|
between two points. Such ACFs are mainly characterized by two parameters, the
fluctuation strength ¢ and the correlation length a. The fluctuation strength € is a
measure of amplitude of the velocity or density fluctuations around their background
value. The correlation length a gives information about the length scale of the fluctua-
tions. For numerical modeling the medium fluctuations are usually described by their
power spectral density (PSD) function P, which is the Fourier transform of the ACF.
The most commonly used random media have Gaussian, exponential or von Karman
type ACFs (Sato et al., 2012). Example realizations of the three random media types
with a correlation length a of 1 km are illustrated in figure 2.2.
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Figure 2.2: Different medium realizations. All three figures show a medium with an
autocorrelation length a of 1 km. The Gaussian medium (a) is a relatively
smooth medium with fluctuations of similar size. The exponential medium
(b) shows a moderate roughness in comparison to the Gaussian medium.
The von Karman medium (c) is even rougher than the exponential medium,
in this case the Hurst parameter v, which defines the roughness, is set to
0.1.



2.3 Previous investigations of crustal wave scattering and intrinsic attenuation

Gaussian ACFs are used to describe relatively smooth media with fluctuations of similar
size. The Gaussian ACF R,(r) and the corresponding PSD function P,(m) are given
as

Ry(r) = e /%", (2.3a)
Py(m) = &VmdaPe™ /4, (2.3b)

with m being the magnitude of the wave number vector m (m = |m|). A wide range
of random media with small-scale fluctuations is described by the von Karman ACF.
Additional to the fluctuation strength € and correlation length a, a third parameter v
is introduced, which describes the roll-off of the amplitude of fluctuations at high wave
numbers, which governs the roughness of the medium. The Hurst parameter v ranges
from 0-0.5, with smaller values of v increasing the roughness of the medium. The von
Karman ACF R, (r) and the corresponding PSD function P,;(m) are given by

Ra(r) = T (5) 5 (2). (2.40)
Rl = T s

with [' being the gamma function and K, being the modified Bessel function of second
kind and order v. In this study a random medium with exponential ACF is used, which
is a special case of the von Karman medium with moderate roughness expressed by
v = 0.5. The exponential ACF R.(r) and the corresponding PSD function P,(m) are
defined as

(2.4D)

R.(r) = 2e7"/a, (2.5a)
8rea’
Pe(m) = T+ @m?) (2.5b)

2.3 Previous investigations of crustal wave
scattering and intrinsic attenuation

Scattering and intrinsic attenuation parameters of the crust in many different regions
worldwide have been subject to numerous studies using a broad range of datasets,
models and methods. Inhomogeneities in volcanic areas can be very strong and the
mean free path length [° can reach values from as low as 0.1 up to 150 km (Abubakirov
and Gusev, 1990; Fehler et al., 1992; Wegler and Liihr, 2001). Areas with common
continental crust generally show weaker scattering than volcanic areas. This is visible
in higher values for the mean free path length [°. In Germany, Sens-Schonfelder and
Wegler (2006) used an acoustic and isotropic scattering model to estimate a mean free
path length of 690 km and an intrinsic Q-value for S-waves Q% of 679 at a frequency
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of 3 Hz. A further investigation by Sens-Schonfelder et al. (2009) in France using an
elastic, multiple anisotropic scattering approximation resulted in a transport mean free
path of 761 km and a Q%-value of 625 at a 3 Hz frequency. A study by Rothert (2000)
is of special interest here, as it covers a similar region as our investigations, the area
beneath the Grafenberg array in south-east Germany. Wave fronts from teleseismic P-
wave arrivals were analyzed to describe the heterogeneities in the Earth’s subsurface.
A random medium with velocity fluctuations € of 3-7 % and a correlation length a of
0.6-4.8 km is proposed to describe the inhomogeneities. Hock et al. (2004) found values
of 1-2 km for the correlation length a and 4-5 % for the fluctuation strength € in the
same area. Similar values for crustal wave scattering have for example been reported
by Levander and Holliger (1992) or Calvet and Margerin (2013). A comparison of
crustal intrinsic attenuation and scattering parameters from selected studies is given
in table 2.1. For a more complete review on investigations of crustal wave scattering
and intrinsic attenuation the reader is referred to Sato et al. (2012).

reference region distance fo[Hz] Q%' 1°[km] I* [km] €[%] a [km]
1] Kamchatka local 3 0.0032 150 — — —

2] Japan local 3 0.0026 150 — — —

3] Germany  teleseismic 2 — — — 3-7  0.6-4.8
4] France regional 3 0.0013 250 250 — —

[5] Germany  regional 3 0.0013 690 690 — —

6] Norway local 3 — 175 250 — —

7] France regional 3 0.0016 — 761 21 077

8] France local 6 0.0013 >80 400 3.7 0.16
[9] Germany  regional 6 0.0015 290 420 29 027

Table 2.1: Comparison of crustal attenuation and scattering parameters for different
study areas. f. is the center frequency of the investigated frequency band.
[1] Abubakirov and Gusev (1990), [2| Fehler et al. (1992), [3] Rothert (2000),
[4] Lacombe et al. (2003), [5] Sens-Schénfelder and Wegler (2006), [6] Przy-
billa et al. (2009), [7] Sens-Schonfelder et al. (2009), [8] Calvet and Margerin
(2013), [9] section 7.3 in this study.
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3 Rotational motions in seismology

This chapter covers the topic of rotational motions in seismology. It starts with some
basic information and a short introduction on rotational motions in the seismic wave
field in section 3.1, followed by a description of rotational motion sensors used in this
study in section 3.2. In section 3.3 some data examples from the Wettzell ringlaser are
presented and possible applications of the additional use of the measured rotational
motions are given. The testing and the installation of the R2 rotational motion sensor
is described in section 3.4.

3.1 Rotational motions of seismic waves

In classical seismology only the three components of translational motion (rigid body
translations) of the seismic wave field are investigated. Rigid body translations are
referred to, if all points that make up a volume, move together without a change
of shape of the volume. If during the movement the volume changes its shape, this
process is referred to as deformation. This deformation processes are not included in the
classical observation of the translational motions and require additional measurements.
To differentiate between rigid body motions and the deformation, the relative motion
of neighboring points in the volume has to be considered. Here the notation from Segall
(2010) is followed and a displacement u of a point at position x relative to an arbitrary
origin zy is investigated (see figure 3.1).

X, +dx u(x, + dx)

dx

u(x,)
Figure 3.1: Generalized displacement of a line segment dx. The point xq is displaced

by an amount u(xg). The end point of the line segment xq + dx is displaced
by u(xg + dx). Figure redrawn from Segall (2010).
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3 Rotational motions in seismology

The Taylor series expansion of the displacement u about the origin x is given as

Ou;
ui(2) = wi(wo) + oor| day o, (3.1)

with 4,5 = 1,2,3. The first term of the right hand side of equation 3.1 represents
the rigid body motions w; (), the second term represents the relative displacement in
terms of the gradient of displacement Ou;/0x;. The partial derivatives Ju,;/0x; make
up the displacement gradient tensor consisting of nine independent components:

Ouy/0xy Ouy/Oxs Ouy/Oxs3
= 8u2/8x1 8u2/3x2 8u2/3x3 . (32)
8%3/81’1 8U3/8$2 8u3/8x3

8ui
85Ej

The displacement gradient tensor in equation 3.2 can be separated into a symmetric
part, represented by the strain tensor ¢;;, and in an antisymmetric part, represented
by the rotational motion components w;;. This separation then yields:

1 (Ou; Ouy 1 (Ou; Ou,
u;(x) = w; (X + = + dr; + = ——2L ) dx;. (3.3
rigid body translations wu;(zo) —~ <4 N ~~ 4
strain tensor €;; rotations w;

Therefore a complete description of the seismic wave field, according to Aki and
Richards (2002), is given by:

e Three components of translational motions (uy, us, us3).
e Six components of strain (€11, €29, €33, €12, €13, €23)-
e Three components of rotation (wy, ws,ws).

The components of rigid body translations have routinely been measured and inves-
tigated to obtain information about the seismic wave field. The three components of
translational ground displacement (respectively ground velocity or acceleration) are
measured using classic inertial seismometers. In addition, it is possible to record the
strain deformations in the Earth’s subsurface using strain meters (Gomberg and Ag-
new, 1996), but these measurements are not as common. The third quantity, the three
components of rotational motion, on the other hand, is extremely difficult to measure,
mainly due to the low sensitivity of the rotational motion sensors. It was also assumed
that rotation amplitudes are very small, even in the vicinity of seismic faults (Bouchon
and Aki, 1982), this fact complicates the measurement of the rotational motions. To-
day there is growing evidence that rotational motion amplitudes in the near-, as well
as in the far-field, might have been underestimated. The lack of instrument sensitivity
was overcome with the development of high quality rotational motion sensors, such as
ringlaser gyroscopes. This allows to record the the rotational motions in the seismic
wave field induced by earthquakes (Igel et al., 2007) or even by ambient seismic noise,
for example oceanic microseisms (Hadziioannou et al., 2012). In this study two different
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3.2 Rotational motion sensors

rotational motion sensors are used: the high quality one-component ringlaser gyroscope
located at the geodetic Fundamentalstation in Wettzell, Germany (section 3.2) and the
portable three-component rotational motion sensor Eentec R2 (section 3.2 and 3.4).

Rotational motions can provide independent information about wave propagation in
the Earth’s subsurface. Of particular interest are rotational motions around the vertical
axis observed in the P-wave coda, as they can only be excited by horizontally polarized
shear waves and not by compressional waves. These direct observations of rotational
motions in the teleseismic P-coda were for example reported by Igel et al. (2007) and
Pham et al. (2009a). It was pointed out by Igel et al. (2007), that P- and Rayleigh-
waves at the surface can lead to tilting effects and therefore pollute the rotational
motion measurements. The tilt signal can roughly be estimated from the vertical
translational motions, but its contribution to the rotations is small in comparison to
the noise level of the rotational motion sensors, in this case the ringlaser gyroscope
(Pham et al., 2009b), and far below the detected signal. Another possible, and very
likely, explanation of the observed rotations is the conversion from P- to SH-energy at
3D-heterogeneities in the vicinity of the receiver, that means in the crustal structure
below the receivers.

3.2 Rotational motion sensors

This section introduces the rotational motion sensors used in this study, the ringlaser
gyroscope and the R2 rotational motion sensor. Additionally, a short overview of other
existing rotational motion sensors is given.

Ringlaser gyroscope

The ringlaser gyroscope (figure 3.2), located at the geodetic observatory in Wettzell in
south-east Germany, is operated by the Federal Agency for Cartography and Geodesy.
The main task of the instrument was to continuously measure the Earth’s rotation rate
with high accuracy. After discovering its potential for the use in the field of seismology,
the equipment was upgraded to satisfy the seismological data acquisition needs. The
instrument is a one-component recording device, which measures the rotation rate
around the vertical axis only. The sensor itself is installed in a 5 m deep underground
laboratory to shield it from pressure and temperature variations and to tightly couple it
to underground. The ringlaser is an active, optical interferometer with two laser beams
circulating in opposite directions around a closed cavity. As the speed of light is equal
for the two beams in both directions, the rotation of the instrument in space causes
a changing interference pattern leading to amplitude changes in the measurement cell
with a characteristic frequency. The Sagnac beat frequency ¢ f of the two light beams
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3 Rotational motions in seismology

-

Figure 3.2: Ringlaser gyroscope in Wettzell. The sensor is installed at the geodetic
observatory and measures changes in the rotation rate due to changes in
the Earth’s rotation or due to seismic waves (Wettzell, 2015). Clearly visible
are the four sides of the cavity, hosting the counter propagating laser beams,
with a length of 4 m each. This results in a sensor surface of 16 m? and a
perimeter of 16 m.

Is given as )
4A(n - Q)
AP

with A being the surface area within the ringlaser, n is the surface normal, €2 is the
rotation rate, A the wavelength of the laser and P being the perimeter of the instrument.
As an optical instrument the sensor has a flat response over the entire frequency range,
which allows simultaneous observations of the long period Earth’s rotations as well as
of rotations induced by the high frequency seismic wave field. A change in the beat
frequency ¢ f can be caused by several effects (Igel et al., 2007):

Sf = (3.4)

(1) Variations of the scaling factor 4A/(PA) will lead to changes in the beat fre-
quency ¢ f. This effect is minimized by temperature and pressure shielding of the
instrument and an extremely low expansion coefficient of the device.

(2) Variations in ¢ f can be caused by changes in the surface normal n of the ringlaser
with respect to the rotation axis of the Earth. These variations can for example
be caused by solid earth tides, ocean loading (Schreiber et al., 2009) or by diurnal
polar motions (Schreiber et al., 2004).

(3) Changes in the rotation rate Q2 itself can lead to variations in ¢ f. These variations
can be caused by changes in the Earth’s rotation rate as a consequence of mass
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3.2 Rotational motion sensors

redistribution or may also be seismically induced (earthquakes, ambient seismic
noise).

(4) Rigid body motions also influence the rotation rate in the form of tilting effects,
but as mentioned in section 3.1, these variations are negligible.

The ringlaser in Wettzell is a He-Ne laser with a wavelength A of 633 nm. The surface
arca A measures 16 m? with a perimeter of 16 m. The instrument is mounted in
a horizontal plane at ~49.15°N latitude. The resulting Sagnac frequency for these
parameters and location is 348.6 Hz. The measurement sensitivity strongly increased
after an upgrade and improvement of the sensor equipment in August 2009 (mirror
replacement) down to 107! rad/s. For more information and details on the Wettzell
ringlaser the reader is referred to Schreiber et al. (2004).

Eentec R2 rotational motion sensor

The Eentec R2 rotational motion sensor (figure 3.3) is an electrochemical transducer.
The transducer itself is contained in a channel filled with a specifically prepared elec-
trolytic solution. It is made up by four fine platinum mesh electrodes (two anodes,
two cathodes). Those electrodes are separated by thin microporous spacers (Eentec,
2015a). For a sketch of the sensor cell interior see figure 3.4.

Figure 3.3: R2 sensor housing. The sensor housing measures 158 x158x 100 mm with
a total weight of 1.5 kg, which makes it easily portable. The device can be
set up in any position and is shown here during laboratory testing at the
GFZ Potsdam, Germany.
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3 Rotational motions in seismology

The fluid motion in the channel is measured by converting the motion of the electrolyte
to an electric signal. This is achieved by using the convective diffusion of the ions in the
electrolyte solution. The current of the ions through the transducers strongly depends
on the viscosity of the fluid, which depends on temperature. Following specifications

Microporous Spacers

Housing

ANEEE

vertical velocity
profiles T, <T, Cathodes Anodes

Figure 3.4: Sketch of the R2 sensor inside. Electrochemical device with a channel filled
with a electrolytic solution. Through convective diffusion of the ions the
fluid motion is converted to an electric signal, which is proportional to the
rotation rate of the sensor. Figure from Bernauer et al. (2012).

are taken from the R2 instruction manual (Eentec, 2015b). The sensor is a three-
component device with the orthogonal axes in the directions X, Y and Z. The housing
measures 158x 158100 mm with a total weight of 1.5 kg. It covers a frequency range
from 0.03- 50 Hz with a self noise level of 0.5 urad/s RMS. The generator constant is
50 V's/rad and the operating temperature range is -15°C' to 55°C". The resolution of
the instrument is 0.5E-7 rad/s on all axes. For sensor testing, installation and a data
example see section 3.4.

Further rotational motion sensors

Only the two sensors, the ringlaser and the R2 sensor, are utilized in this study. For
completeness a brief overview of further available rotational motion sensors is given.

Eentec R1 sensor

This sensor is the predecessor of the R2 rotational motion sensor. It is based on a
similar operating technique as the R2 sensor, an electrochemical method. The main
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difference between the two instruments is the lower sensitivity of the R1 sensor in
comparison to the R2 sensor.

Rotaphone sensor (Brokesova et al., 2012; Brokesova and Malek, 2013)

This sensor operates with a mechanical technique and is based on the measurement
of differential motions between paired geophones which are attached to a rigid body
(see figure 3.5). The same differential velocity, and consequently the rotation rate,
is obtained by multiple geophone pairs simultaneously and therefore allows in-situ
calibration and cross-checking of the individual sensor pairs. The sensor is characterized
by a nearly flat frequency response between 2 and 200 Hz and a measurement sensitivity
of 107 rad/s. It was originally designed for prospecting purposes, but for example
demonstrated its potential to record earthquake induced rotation rates in the order of
107% rad/s or rotation rates from blasts with amplitudes in the order of 1077 rad/s.

LCG-Demonstrator fiber optic device

This device is manufactured by Northrop Grumman LITEF and is a first demonstrator
of a new rotational motion sensor product specifically adapted to the needs of seismol-
ogy and civil engineering. Information about this device are from Bernauer et al.
(2012). In principle the sensor is a portable fiber optic gyro with the same operating
principle as the Wettzell ringlaser. It has a lower self-noise level of 0.2 urad/s (at
0.1 Hz) in comparison to the electrochemical sensors R1 and R2. As it is an optical
instrument, it has a flat response over the entire frequency band, limitations in the
frequency range can be caused by the data acquisition system.

Further ringlaser gyroscopes

In addition to the Wettzell ringlaser, several similar optic sensors are operated at
permanent observatories, also measuring the rotation rate around the vertical axis.
This includes the ringlaser at the Pinon Flat observatory, USA (Schreiber et al., 2009),
the rotational motion sensor deployed in Christchurch, New Zealand (McLeod and
Stedman, 1998) as well as the ringlaser in Arkansas, USA (Dunn et al., 2009). A
further sensor, which in contrast measures the rotational motions around a horizontal
axis, is installed and under development at the Virgo site, Italy and is described by
Belfi et al. (2012).

3.3 Possible applications and data examples of
rotational motions

Some examples for the use of rotational motions in the field of seismology are given in
section 3.3.1. A data example from the Wettzell ringlaser is shown in section 3.3.2.
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Figure 3.5: Rotaphone rotational motion sensor. This device is a mechanical sensor
system based on the measurement of differential motions between paired
geophone pairs. The geophone pairs (four in the image) are attached to a
rigid body. The use of multiple geophone pairs allows for in situ calibration
of the geophones as well as for cross-checking between the individual pairs.
In this setup the sensor would measure the rotation rate around the vertical
axis. Figure from BrokeSova et al. (2012).

3.3.1 Possible applications of the use of rotational motions

Some possible applications arise from the use of rotational motions additionally to the
commonly used translational motions.

Strong motion seismology

In the field of strong motion seismology the horizontal components of the rigid body
translations are often contaminated by tilt. This tilting signal can directly be measured
as rotational motion around the horizontal axes. To correct for this unwanted signal,
collocated measurements of three translational and three rotational components can
be used to correct the translational motions and derive the true point motion (see for
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example van Driel et al. (2012)).

Incorporation into the seismic inverse problem

Bernauer et al. (2012) introduced a new technique to incorporate the rotational ground
motions into the seismic inverse problem. This incorporation results in an improvement
of tomographic resolution in the vicinity of seismic stations.

Wave polarization filter

Rotational motions can be used to determine the content of S-energy in the seismic wave
field, as they are only sensitive to shear waves. Further it is possible to discriminate
between SV- and SH-energy using three-component rotational motion records. While
the rotations around the vertical axis can only be excited by horizontally polarized
S-waves (SH), the rotations around the two horizontal axes can only be generated by
vertically polarized S-waves (SV).

Relationship between rotation rate and transverse acceleration

An additional application arises from a well-known relation between the rotation rate
around the vertical axis and the transverse acceleration. Under the assumption of
a horizontally polarized plane wave, the vertical rotation rate €, and the transverse
acceleration a; should at all times be in phase. From the definition of the rotation
rate 0 = 0.5V x v, with v being the ground velocity, it can easily be derived that the
relation between QZ and a; is given as a; = —2CQZ, c represents the phase velocity in
the investigated frequency band. This relation can be used to directly compute phase
velocities and source directions from point-like, collocated measurements of rotational
and translational motions. This approach was for example used by Igel et al. (2007),
Stupazzini et al. (2009), Kurrle et al. (2010) and Hadziioannou et al. (2012).

3.3.2 Rotational motion data example

Figure (figure 3.6) shows examples of seismically induced rotation rates around the
vertical axis observed with the ringlaser in Wettzell. Left side of the figure shows
a regional event, the right side shows records of a teleseismic earthquake. The top
three rows represent the three components of translational motion in up-down (TZ),
north-south (TN) and east-west (TE) direction. Bottom row shows the rotation rates
around the vertical axis (RZ). The regional earthquake occurred on August 26th 2011
in the Vogtland region with a magnitude My of 3.6. A clear increase in rotational
motion energy is visible after the passage of the direct S-wave. Amplitudes in this
distance range (~130 km) are in the order of 10 nrad/s for the rotational motions. The
teleseismic event has a moment magnitude of 6.7 and occurred in the Sea of Okhotsk
region on May 24th 2013 in a depth of 629 km. A clear increase in rotational motion
energy can be observed after the passage of the P- and PcP-phases. The origin of the
rotational motion energy is discussed in chapter 8.
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TE [nm/s] TN [nm/s] TZ [nm/s]

RZ [nrad/s]

Figure 3.6: Example for rotational motions. Top three traces show measured ground
velocities in vertical (TZ), north-south (TN) and east-west (TE) direction
for a regional (left) and a teleseismic (right) event. A bandpass filter with
center frequency of 1 Hz is applied. Bottom trace shows the observed
rotation rates around the vertical axis (RZ). Colored vertical lines indicate
Note the clear increase in rotational motion
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3.4 Testing and installation of the R2 rotational
motion sensor

In addition to the ringlaser gyroscope detailed in section 3.2, it was intended to install
and use the R2 sensor (section 3.2) in this study to particularly record rotational
motions from local and regional seismic events. Prior to the installation of the sensor
at the site WERN (Wernitzgriin) in Germany (50.287°N 12.376°E), the sensor was
subject to laboratory tests at the LMU Munich and the GFZ Potsdam for investigating

its recording properties.

The first test took place at the LMU Munich and was carried out and described by
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3.4 Testing and installation of the R2 rotational motion sensor

Bernauer et al. (2012). For the test and calibration a Lennartz step table and a tilt
bridge were used. This setup is normally used for the calibration of standard inertial
seismometers. The tests focused on the sensor generator constant as a function of
temperature and on the self-noise of the sensor. The main outcomes and conclusions
of the LMU Munich tests are summed up in the following lines:

e The generator constant of the sensor deviates up to 18 % from the nominal value
of 50 V/rad/s in a temperature range from 20° C' to 50° C.

e The self-noise amplitudes are in the order of 10~ rad/s in the 10 to 100 s period
band. This value is too high for seismic weak motion applications. For example
the sensor would not have recorded the 2011 Tohoku earthquake in Wettzell due
to its low sensitivity.

e The self noise is increasing with increasing frequency.

——

Figure 3.7: Laboratory test of the Eentec R2 rotational motion sensor. Comparison of
the rotational motion sensor R2 (right) with a Nanometric Trillium seis-
mometer (left). The seismometer is placed on a Lennartz step table, the
R2 sensor is located on a bridge with arm length of 396.5 mm. In this test
the generator constant and the phase shift for the different axes of the R2
sensor in multiple frequency bands are determined.

The second experiment was carried out at the GFZ Potsdam. A similar setup to the
one in Munich was used (figure 3.7). Different movements (steps, sinusoidal move-
ments) were simulated using a Lennartz step table with an attached tilt bridge. This
tests focused on the frequency dependence of the sensor generator constant and the
phase shift of the sensor at constant temperature. Investigations of the generator con-
stant and the phase shift were carried out in frequencies between 0.1 and 10 Hz. The
measurements were compared to the nominal values from the manufacturers manual
(Eentec, 2015b) (figure 3.8). From the tests following conclusions can be drawn:
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e The generator constant at room temperature is relatively stable throughout the
investigated frequencies for all three axes.

e The measured generator constant values deviate significantly from the nominal
values given in the user manual (Eentec, 2015b).

e Significant phase shifts of the sensor are observable for frequencies below 1 Hz.

| o—o values from manual e—e measured vaIues|
5 phase shift 55 generator constant
g of © o o oo o ©000-6f 5 50} oo 000004
o -=5F E @© L 1
el = 45 ® OO O
o —10} @ °
(7} > 401
S -15f S35l P
2 —20f o))
@ -25) |
& —30f © 257
x —35 > 20f,
—40 . - L 15
10" 10° 10
= : : : 60
o Of — 55}
$ s} B s0f
> —-10f 2450 ¢
S -15 = 40}
w —20f o 35 q
v —-25 g 30}
s —30f T 25}
> —35 > 20/
-40 15 : : :
10" 10° 10
5 55 T TG
E of e 0o 0o 0000 o = sof o oo O —0—0 ooOooof
o -5f 1 8 a5} S
m — | ~
2 -10 2 40
S -15 S 350
2 -20 o
@ -25) 2 301
X =30t © 25r
N —35 N 20
_40 1 1 1 15 1 1 1
10" 10° 10 10" 10° 10
frequency [Hz] frequency [Hz]
Figure 3.8: Measured and theoretical phase shifts (ps) and generator constants (gc)

of the R2 sensor. Phase shift (left column) and generator constant (right
column) for the three different axes X, Y and Z of the sensor (from top to
bottom row). Orange colors indicate values taken from the manufacturer
product manual (Eentec, 2015b), grey values indicate values measured in
the laboratory experiments. The phase shift of the instrument can be
reproduced quite well for the three axes in the investigated frequency bands
greater than 1 Hz. The generator constant, especially for the Z-axis, shows
strong deviations from the nominal values, but is nearly constant over the
entire investigated frequency band.

After the laboratory tests, the sensor was installed at the station WERN collocated to
a three-component seismometer as part of the Saxonian seismic network (SX). Contin-
uous data from the sensor was available, although no earthquake or other events (for

22



3.4 Testing and installation of the R2 rotational motion sensor

T T T T T T T T T T

. TZ | . RZ ]

L RE |

|

-10 -5 0 5 10 15 20
time [s] time [s]

Figure 3.9: Local event in the Vogtland region recorded at station WERN. Records
of a regional earthquake (2013-01-01 18:20:12 UTC) that occurred in the
Vogtland region with a magnitude M, of 2.2. It was recorded at the station
WERN (Wernitzgriin). Event depth was 9.8 km, epicentral distance to the
receiver was less than 10 km. Left three traces (black) show the trans-
lational velocity records in vertical (TZ), north-south (TN) and east-west
(TE) direction. Right three traces represent the rotational motion rates
around the three axes (RZ, RN, RE). No event is visible in the rotational
motion records due to the low sensitivity of the rotational motion sensor.

example quarry blasts) were recorded during the testing period. For a data example
see figure 3.9.

From the figure it is clear, that it was not possible to record rotational motions even
from very close earthquakes of magnitudes up to 3. This is due to the lack of mea-
surement sensitivity of the R2 sensor. Therefore, for this study, only the high quality
ringlaser in Wettzell will be used. Sensitivity of portable rotational motion sensors has
to be improved to make the sensors usable in weak motion seismology applications,
however sensor sensitivity may be sufficient for strong motion engineering purposes.
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4 Radiative transfer approach to
translational and rotational
motions

MC solutions to the elastic radiative transfer equations (RTE) are used to simulate
multi-component seismogram envelopes of translational and rotational motions. Multi-
ple anisotropic scattering following the Born approximation in a heterogeneous medium
with deterministic macroscopic background structure is assumed. Additionally, to es-
timate crustal attenuation parameters in a local framework, acoustic RTT is used in
section 6.

At first an introduction to RT'T in seismology in general is given in section 4.1. Acoustic
RTT is introduced in section 4.2, details about the elastic radiative transfer approach
are presented in section 4.3. Solutions to the elastic RTEs using MC techniques are
discussed in section 4.4. A brief description and the key features of the simulation algo-
rithm are given in section 4.5. In section 4.6 the simulation of multi-component trans-
lational and rotational seismogram envelopes using elastic RTT is explained, followed
by the simulation procedure for modeling seismic wave arrivals from local, regional and
teleseismic events in section 4.7.

4.1 Radiative transfer theory in seismology

A suitable and one of the most common methods to describe the propagation of seismic
energy in a scattering medium is the RTT. The RTEs have first been introduced by
Chandrasekhar (1960) in the context of atmospheric sciences to describe the propaga-
tion of light through a turbulent atmosphere and were only later introduced to the field
of seismology. The central quantity of the RTT is the specific intensity I(n,r,t). It de-
scribes the angularly resolved energy flux from a radiating surface located at position r
into an unit solid angle around direction n at time ¢. Phenomenologically the transport
problem can be regarded as a conservation of energy as illustrated in figure 4.1.

In the acoustic case the change of intensity along an infinitesimal path element ds is
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C
B
ES l( % RS
[ - {

- | n

A

Figure 4.1: Conservation of energy in the RTT. Energy flux from an emitting surface
(ES) into a receiving surface (RS) around a direction n. Flux reduction by
scattering in other directions (A) and by dissipation (B). Flux increase by
scattering from other directions into direction n (C) and from additional
sources (D) along the path. Figure redrawn from Sens-Schonfelder et al.

(2009).
given by:
gl(n,r, t)=—(go+b)I(n,r,t) + / g’ n)I(n',r t)dQ,,. (4.1)
s 4m

The incident direction is described by the unit vector n, all other directions are indi-
cated by n’. Scattering of energy away from direction n is described by the parameter
go, the scattering from all other directions n’ into direction n is given by g(n’,n). The
parameter b describes the absorption of energy (intrinsic attenuation). A reduction
of intensity can therefore be achieved by scattering of energy away from direction n
and by dissipation or absorption. A flux increase can result from scattering from other
directions n’ into direction n or from additional sources along the path. The specific
intensity [ is related to the local, angularly-resolved energy density a(n,r):

1
a(n,x) = —I(n,r). (4.2)
v
Here v denotes the velocity of the particle/ray. In this study it is assumed, that the

specific intensity I depends on time and also on frequency. This assumption is true,

26



4.2 Acoustic radiative transfer theory

due to the fact, that energy transport in seismology is always a non-stationary problem
and the random medium is static. This fact leads to a conservation of frequency along
the ray (Sens-Schonfelder et al., 2009).

As mentioned in section 2.1 first and simplest approaches assume single, isotropic scat-
tering of acoustic energy, while more sophisticated models describe multiple anisotropic
scattering of elastic energy. The approach used here is based on the assumption of mul-
tiple anisotropic scattering of elastic waves at randomly distributed small-scale hetero-
geneities in a deterministic macroscopic structure and is based on an algorithm detailed
by Sens-Schonfelder et al. (2009). The algorithm is extended here to model multi-
component seismogram envelopes of translational and rotational motions for sources
with different epicentral distances (local, regional and teleseismic).

4.2 Acoustic radiative transfer theory

In addition to elastic RTT, the method of acoustic energy transfer is used in the
framework of the local data set investigations in chapter 6 to estimate crustal intrinsic
and scattering attenuation parameters. This approach to model the energy density is
similar to the one described by Sens-Schonfelder and Wegler (2006). In this method
only the acoustic transport of energy is modeled, that indicates only the propagation
of seismic shear energy in considered in the model. The radiative transfer of P-energy
and consequently conversions from P- to S-energy and vice versa are not included in
this approach. In the approach, multiple scattering is considered under the assumption
of isotropic scattering, meaning that there is no preferred direction of scattering at the
medium heterogeneities. In the simulations the energy propagation is modeled in a half
space medium with an isotropic shear wave source. To be able to model the energy
transfer in half space, first the energy transfer in full space has to be considered. This
is given by the energy density Green’s function in full space G¢(r,t) detailed by Sato
et al. (2012):

Gy(r,1) :F(r,t)—i—vogo/_Zdt’///dr’F(r—r/,t—t’)Gf(r’,t’). (4.3)

The function F'(x,t) is defined as the Green’s function of the coherent wave energy and
is given as:
1

4rvgr?

F(r,t)

H(t)d (t - i) e~v0g0t. (4.4)

Vo

vp indicates the average S-wave velocity, go is the total scattering coefficient. H is the
Heaviside function and r indicates the distance from source to receiver. In the modeling
an analytic approximation to equation 4.3, given by Paasschens (1997), is used. This
approximation is derived from comparisons of solutions of the Boltzmann equation in
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4 Radiative transfer approach to translational and rotational motions

a 2D and 4D isotropic scattering media and yields in full space

e_govot €T (1 - r2/</08t2))1/8
) ~ O (t——
Gyl t) = s ( ) " (oot /(3g0)) 2

r2 \ %4 r
X e—govotM <90U0t <1 ~ 5.5 2) > H (t — —) ,
vyt Vg

where the function M(z) ~ e¢"/1 + 2.026/z. According to Sens-Schonfelder and We-
gler (2006) the deviation of equation 4.5 from the exact solution given in equation 4.3
is below 5 %. Larger perturbations only occur in the tail of the direct S-wave. For
purposes of this study this deviations are acceptable as only the average value in a time
window around the direct wave is used. The energy in this time window mainly con-
sists of unscattered energy. This energy content is described correctly in equation 4.5.
In the simulations a half space model is used including the free surface condition. As
equation 4.5 is valid for a full space medium, a correction for the free surface is neces-
sary. At the free surface the vertical and horizontal component mean square envelopes
show different amplification rates in comparison to the envelopes simulated in a full
space medium. According to a study by Emoto et al. (2010) a factor of four is a
good approximation for the amplification rates of both the vertical and the horizontal
components. Furthermore corrections for the source energy W as well as for the site
response at the receiver R have to be applied to the Green’s function G(r,t). Intrinsic
attenuation is accounted for by multiplication with a time dependent factor of the form
e~ b is the attenuation coefficient defined as

(4.5)

b=2nf/Q", (4.6)

with f being frequency, Q' is the intrinsic quality factor. The final modeled energy
density E(r,t) is given by:

E(r,t) = AW RG(r,t)e . (4.7)

The main drawback of the acoustic simulations is, that it is only possible to model
the propagation of S-wave energy, therefore not considering P-energy transport. Fur-
thermore, due to the assumption of isotropic scattering, forward scattering cannot be
included and modeled in the simulations.

4.3 Elastic radiative transfer equations

Since the 1960s the theory of radiative transfer developed without any rigorous con-
nection to the physics of seismic waves and was solely based on the energy balance
consideration (figure 4.1). The contributions by Weaver (1990) and Turner and Weaver
(1994), as well as the linking of local angularly-resolved energy density and the wave
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4.3 Elastic radiative transfer equations

equations, lead to the derivation of the RTEs from the elastic wave equation for waves
in a random medium (Ryzhik et al., 1996). These transfer equations not only include
the description of S-energy propagation, but also contain the propagation of P-energy
and the coupling between these two modes through conversion processes (for example
scattering events or reflections at interfaces). The elastic transport equations are a sys-
tem of two coupled integro-differential equations for the P- and S-intensities. For the
S-intensity this is represented by a 2 x 2 coherence matrix. The coherence matrix I for
the two possible S-wave polarizations is defined according to Apresyan and Kravtsov

(1996) b
Y j:[ Lo zﬂz ,{<A9Az> (Ag A7) (4.8)
Iog  Igg (Ap45) (ApA7) |7 |

with 6 and ¢ referring to unit vectors in the directions of the angles 6 and ¢ in a
spherical coordinate system and ¢’ being a proportionality coefficient. The angles and
the coordinate system are illustrated in figure 4.2. Ay and Ay are the components of

0
¢

incoming particle
S polarization

v
polarizations

SH

z X

Y

\J

Figure 4.2: Tllustration of relevant angles and directions. Red arrow represents the
propagation direction of the particle, with 6 (blue) being the particle di-
rection measured from upwards to downwards and ¢ (orange) being the
particle direction measured from north to east. Black line indicates the
polarization of the S-particle. The polarization angle i) (purple) is mea-
sured between the polarization direction and the vertical plane. Green lines
represent the polarization directions Pp, Pgy and Pgpy.

the S-wave polarization amplitudes. The complex conjugate amplitudes of a S-wave
propagating in directions 6 and ¢ are given as Aj and Aj. A proportionality factor ¢
is introduced to account for the local elastic medium properties. The coefficient c is
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4 Radiative transfer approach to translational and rotational motions

defined as
cc 00 O O
0 cg 0 0 O
c=|10 0 ¢ 0 0 [, (4.9)
0 0 0 ¢ O
0 0 0 0 ¢

with ¢ = pw2vp/2 and ¢y 5 = pw205/2. Here p describes the local density and w
is the angular frequency of the wave field. v, and v, are the P- and S-wave speed,
respectively. The polarization can also be described by a Stokes vector S of elastic
waves, that additionally to the two S-intensities contains the P-intensity (Turner and
Weaver, 1994; Margerin et al., 2000). This vector contains a full description of the
polarization state of seismic waves and is defined as

Ip Ip (A7)
Iy > (| 40]*)
S=|1I; | = L =c| (4P |, (4.10)
U Loo + Ing 2R(AyA%)
v i(Lsg — Ipo) 23(Ag A2)

with 17 I} and [ f denoting the intensities for the P-wave and the two polarizations
of the S-waves, respectively. The parameters U and V' can be expressed through the
phase difference § between the two different S-wave polarizations measured along the
directions # and ¢. U and V' are given as:

U = 2¢4(ApAgcosd), (4.11a)
V = 2c5(ApApsind). (4.11Db)

According to Sens-Schonfelder et al. (2009) the treatment of the polarizations in equa-
tion 4.10 can be restricted to linearly polarized waves due the character of a point shear
dislocation and the structure of the scattering coefficients. A point shear dislocation
source emits linearly polarized waves, the phase shift for the two different S-wave po-
larizations is therefore zero. Scattering events do also not cause a shift in phase. Under
the assumption of linearly polarized waves, the V-component of the Stokes vector is
zero (equation 4.11b). According to Apresyan and Kravtsov (1996) the U component
of a polarized wave field can be expressed by

U5+ 152 = (1] =I5+ U + V2. (4.12)

Setting V = 0 in equation 4.12, U is simply defined in dependence of I; and Ig. Due to
the approximation of purely polarized waves, the transport equations for Ip, I; and I (f
can be written as a system of three coupled scalar equations (Apresyan and Kravtsov,
1996; Sens-Schonfelder et al., 2009). These equations describe a multi-mode system
directly following a local energy conservation principle. The transport equations for I”
(equation 4.13a), I§ (equation 4.13b) and I] (equation 4.13c) are consequently given
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In equations 4.13a to 4.13¢, Q% and QY% denote the intrinsic quality factor for P- and
S-waves. © represents the scattering angle between incoming and outgoing direction
n’ and n. Subscripts [ and r distinguish between the two possible polarizations of the
S-waves with respect to the scattering plane. r represents a polarization perpendicular
to the scattering plane and [ indicates a polarization parallel to the plane. The angle
between polarization direction of the incident wave and the scattering plane (spanned
by n and n’) is given as W. The differential solid angle is expressed through d2,,
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4 Radiative transfer approach to translational and rotational motions

w denotes the angular frequency of the wave field. ¢” and gf (i,j =P or S) are the
scattering and total scattering coefficients following the Born approximation. These
coefficients describe the scattering of energy in a heterogeneous medium. A derivation
of these coefficients from the elastic wave equation in random elastic media is given by
Sato et al. (2012). The scattering coefficients are determined using a random medium
with continuous velocity and density variations with respect to a background model
(Up,0, Us,0, po). The assumption of proportional P- and S-wave speeds (Sato et al., 2012),
as well as a linear relation between density and velocity (Birch, 1961) is used for the
determination of the scattering coefficients. Due to these assumptions, the number of
independent fluctuations of density and velocity is reduced to one spatially stationary
random variable £(x) (Przybilla and Korn, 2008), given by

§(x) = Ovp _ Ovs _ 100 (4.14)

)
Up,0 Us,0 vV po

with v ranging between 0.78 and 0.8 in standard lithosphere (Sato et al., 2012). The
properties of the random medium are defined by an autocorrelation function R

R(x) = ({(x +x)§(x)) (4.15)
and the variance is given as:
¢ = R(0) = (£(x)*). (4.16)

The Fourier Transform of the autocorrelation function R at a certain wavenumber m
yields the power spectrum of the medium P(m) given as:

P(m) = / / / R(x)e~™dx. (4.17)

For choices of different ACFs R and the corresponding PSD functions see section 2.2.
The complete direction dependent Born scattering coefficients in spherical coordinates
(0, ®) are given by Sato et al. (2012):

kA 2%k o)
PPO) = = |XPP(O)P | —sin| — 4.1
977(0) = 1= X7 (0) (% n(2)) (4.18a)
1k k
PS — —'s PS vs 1 2 4.1
7750 = ZEIXPHO)P (/1455 - 20 o). (4.150)
gSP(@ D) =~ k—§|XSP(@ )| P E\/l—i-vz—%y cos(O©) (4.18c¢)
) 047T ) Yo 0 0 ) .
kA e
9°(0,0) = ﬁ|XlSS(@, )| P (ka sin <§)> : (4.18d)
kA e
935(0,0) = 4—8|X§S(@, ®)|P (ka sin <§)> : (4.18e¢)
T
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4.3 Elastic radiative transfer equations

The angle between the initial direction and the direction after scattering is given by
©. & defines the angle between the polarization direction of the particle and the
scattering plane. This scattering plane is spanned by the incident particle direction
and the direction after the scattering event. The superscripts (P or S) give information
about the type of scattering, a superscript of PS for example indicates the conversion
scattering from P- to S-energy, a superscript of PP indicates scattering of P-energy
without mode conversion. Scattering from P- to S-energy always creates polarizations
in the scattering plane. k, represents the S-wavenumber. Differences in the scattering
pattern due to different medium heterogeneities are described through the PSD function
P. For an isotropic elastic medium, according to Sato et al. (2012), the basic scattering
patterns X are given as:

XPPe) = % |:V (—1 + cos(©) + %sinQ(@)) -2+ %sin%@)} : (4.19a)
XP5(0) = —sin(6) [V (1 - %cos(@)) - %cos(@)} | (4.19b)
P L sin(O) cos v{l-— 2 oS _ 4 oS c
XP(0,0) = @) cos() v (1- 2 o)) - Leos@)] . (1130
X75(0,®) = cos(®) [v (cos(© — cos(20))) — 2cos(20)], (4.19d)
X59(0,®) = sin(®) [v (cos(©) — 1) + 2cos(0)] . (4.19¢)

If a scattering event occurs, the probability distribution of the propagation directions
after scattering is given by the scattering coefficients (equations 4.18). The total scat-
tering coefficients géj are given as the integral over the scattering coefficients g% over
the solid angle with 7,5 = P or S. The total scattering coefficients géj are defined
according to (Sato et al., 2012):

1 g
J=— 7dS). 4.2
W= P (4.20)

The conversion mean free path [¥ is defined as the inverse of géj and represents the
average distance a particle of type i has to travel until it is scattered into mode j. The
total mean free path [° of a particle with mode i is given by:

I = (Z gj;j) 7 . (4.21)
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4 Radiative transfer approach to translational and rotational motions

4.4 Monte Carlo solutions to the transfer equations

Only in some special cases exact analytical solutions to the RTEs can be found, for
example in the case of scalar waves or in the case of acoustic, isotropic scattering in
full space (Zeng et al., 1991; Paasschens, 1997). For more complex scattering processes
(for example anisotropic scattering following the Born approximation), elastic energy
transport or complicated model structures (for example including a free surface or in-
terfaces) it is difficult or not even possible to find analytical solutions to the RTEs for
the modeling of seismic energy propagation. Instead the solutions are often based on
numerical techniques, for example MC methods. In the field of seismology two different
types of MC approaches are mainly used to solve the transport equations. The first
one was introduced by Hoshiba et al. (1991) and can be referred to as a probability
summation method. In this approach the seismic energy propagation is modeled by
a number of particles propagating through the medium. At every single scattering
event the probability for each single particle is calculated, that it is scattered towards
a receiver in the medium. This probability is dependent on the scattering properties
of the medium and the scattering angle towards the receiver. To account for intrinsic
attenuation and the geometrical spreading of the energy, this probability is corrected
by multiplication with a correction factor. The resulting probability is therefore the
amount of energy at a receiver at the theoretically predicted arrival time of the par-
ticle. A benefit of this method is, that the energy density can be measured at point
like receivers in media with weak symmetry. Every scattering event, if the scattering
direction is towards the receiver, contributes to the local energy density at a receiver.
A second method based on MC techniques was introduced by Gusev and Abubakirov
(1987) and might be called a particle counting method. This method was for example
used in algorithms by Margerin et al. (2000), Yoshimoto (2000), Przybilla and Korn
(2008) or Sens-Schonfelder et al. (2009). In this method the central quantity of the
RTEs, the specific intensity I, is modeled by the number density of particles N. To
estimate the local particle density, the particles are counted in finite volumes around
the receivers in consecutive time segments. Therefore snapshots of the energy density
are stored in a 4D-array consisting of three spatial and one temporal dimension. In
contrast to the method described by Hoshiba et al. (1991) this method has its advan-
tages when the symmetry in the model setup is high, for example if the exploitation of
a cylindrical or spherical symmetry is possible. This not only includes the symmetry
of the medium but also includes the symmetry of the source radiation pattern. For
sources with a realistic shear radiation pattern the symmetry is therefore weaker than
for example for an isotropic source. In summary the algorithm used in this work is
based on the particle counting method used by Gusev and Abubakirov (1987) and
Yoshimoto (2000) and is briefly described in the following section 4.5.
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4.5 Description of the simulation algorithm
4.5 Description of the simulation algorithm

Only a brief description of the simulation algorithm is given here, for more details
the reader is referred to Sens-Schonfelder et al. (2009). To simulate the seismogram
envelopes the MC method by Gusev and Abubakirov (1987) is followed. The counting
of the particles is similar to the method described by Yoshimoto (2000). A description
of the key features of the algorithm is given in the following lines:

Coordinate system

The propagation, as well as the recording of the particles takes place in a Cartesian co-
ordinate system (figure 4.2). The z-axis denotes the depth of the model and increases in
downwards direction. The x-axis describes the north-component, the y-axis represents
the east-component. The position of the particle (x, y, z) and the particle velocity (v,,
vy, v,) are described within this coordinate system. The propagation direction, as well
as the scattering process directions, are described by the polar and azimuthal angles
0 and ¢. The relation between the Cartesian and the spherical coordinate system is
illustrated in figure 4.2.

Particle description
The particles in the simulation run are fully described by following parameters:

(1) Mode of the particle (P, S) .

)
(2) Coordinates in space and time (z, y, z, t).
(3) Velocity of the particle (vy, vy, v,).

)

(4) Stokes vector S ([I”, I, I3, U, V]) (equation 4.10).
(5) Polarization angle 9 (figure 4.2).

Additionally to these parameters, the direction of the particle velocity is stored in
spherical coordinates (v, vy). Auxiliary to the Stokes vector S the polarization angle
1 is kept stored throughout the simulation run. It describes the angle between the
polarized axis of a linearly polarized S-particle and the vertical plane that includes the
ray path. This redundantly stored information is used to speed up the simulations.

Particle emission and propagation

At the start of the simulation run the particles are emitted from a source following
a defined radiation pattern. This for example includes an isotropic radiation pattern
with no preferred direction of particle emission (figure 4.5) or an unidirectional source
(figure 4.7). The ratio between emitted S-energy Wy and P-energy Wp is equal to the
ratio of emitted S- and P-particles and is obtained from a model of a point-like shear
dislocation. The ratio Ws/Wp for a shear dislocation according to Sato et al. (2012)
is given as

”S 3 5
- = 4.22
Wp 2’7 ) ( )
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(a) scattering events

V4

777
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(b) ray theory

(c) ray theory -+ scattering

Figure 4.3: Energy propagation in different models. Source is represented by a red
star, horizontal white line indicates an interface. Reddish colors represent
regions with high seismic energy density, blueish colors represent areas with
a low energy density. (a) Particles are emitted unidirectional in a heteroge-
neous full space model. The scattering of the particles is clearly visible. (b)
Particles are emitted unidirectional towards the free surface in a homoge-
neous layer over half space model. Particles do not undergo any scattering
and are propagating solely according to ray theory. (c¢) Same as (b) but in
a heterogeneous layer over half space model.

with ~ being the ratio of P- and S-wave velocity at the source. After the particles
are emitted from the source, their propagation through the medium is determined by
scattering events at medium heterogeneities and movement according to ray theory
(figure 4.3b). These scattering events (figure 4.3a) at medium heterogeneities follow
the Born approximation and include mode conversions and a possible change of prop-

36



4.5 Description of the simulation algorithm

agation direction. Particles are scattered into new modes and directions with a certain
probability (Sens-Schonfelder et al., 2009), which is dependent on the total scatter-
ing coefficients (equations 4.18a to 4.18e). Propagation without scattering includes
the interaction with interfaces (reflections, transmissions and mode conversions) or ray
bending for propagation in regions with vertical velocity gradients. The propagation
in a scattering medium with deterministic structures is shown in figure 4.3c.

Intrinsic attenuation

In the simulations two wave modes are present, P and S. Each of these modes has dif-
ferent attenuation parameters, therefore the loss of energy due to intrinsic attenuation
has to be accounted for during the simulation runs. Particles continuously lose energy
(I, I®) over time as they propagate through the medium. The frequency dependent
attenuation of P- and S-energy is proportional to the exponential decay rate of seismic
wave ampliutde with distance r and is given as:

—2nrf

Ep(r, f) = e, (4.23a)
—2nrf

Es(r, f) =e"% . (4.23b)

Here Q% and Q) denote the intrinsic quality factor for P- and S-waves, respectively. r
represents the distance to the source.

Recording of energy

To estimate the local particle density, particles are counted in finite, 3D rectangular
volumes around the receivers in consecutive time segments. This is achieved by adding
the energy of the particle to the corresponding receiver volume for all directions. There-
fore snapshots of the energy density are stored in a 4D-array consisting of three spatial
and one temporal dimension.

Implementation and performance

The overall structure of the MC algorithm detailed above is implemented in the C-
programming language. The particle propagation loop can easily be split up and can
be parallelized on clusters of arbitrary size. The speed of the simulations strongly
depends on the random medium structure, the number of particles, the number of
available cores as well as on the simulation time length. Some of the processing steps
after the simulation run are performed in the Python-programming language.

Test of the implementation

The algorithm has been tested to fulfill following criteria according to Sens-Schonfelder
et al. (2009):

(1) Energy conservation by invariance of the number of particles in the simulation.
(2) Equipartition of P- and S-energy.

(3) Verification of the simulation method by comparison with 3D FD simulations
(chapter 5).
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4.6 Modeling of multi-component seismogram
envelopes

The algorithm models the propagation of particles (wave packets). The particles, if
averaged over a large number of them, represent the properties of the seismic wave
field. It is straightforward to compute the seismogram envelopes of P- and S-energy
in the RTT simulations. Only the mode, velocity and location of the particle, as well
as the time step in the simulation are required for the synthesis of the envelopes of P-
and S-energy. All these parameters are available for each particle at each time step
during the simulations without any further calculations or transformations. The sim-
ulation of translational and rotational multi-component seismogram envelopes on the
other hand, requires numerous transformations that depend on the particle propaga-
tion direction and on the particle polarization state. These transformations allow to
simulate envelopes of translational motions in arbitrary directions as well as rotational
motions around arbitrary axes. The first step is the rotation of the Stokes vector S
(equation 4.10) from the system with variable polarization angle ¢ (figure 4.2) into the
standard system of SV and SH polarizations (S = (Ip, Isv, [sy)) using the following
equation according to Ishimaru (1978) or Margerin et al. (2000):

1 1 0
S = ISI:/ 0 cos?() ( ';P ) : (4.24)
Isy 0 sin®(v) s

The relations of intensity to the mean squared particle velocities (|1]?), i.e. the mean
squared envelopes, for the different polarizations are, according to Margerin et al.
(2000), given as

2Rs 1
pl?) = =T 4.25
([up|?) o oplP (4.25a)
2Rs 1
o ]?) = ———1 4.25b
(|sv]®) PRTRAE ( )
) 2Rs 1
(lasul?) = ——1Isu, (4.25¢)
p Us

with p being the density and vp and vg representing P- and S-wave group velocities,
respectively. The term R describes a site effect, that accounts for local density pertur-
bations and velocity variations, s represents the source strength. The term 2Rs/p will
further be identified as C'. Here u is assumed to be filtered in a narrow frequency band.
Angle brackets indicate a time average over a few periods. The vectorial components
of the velocities depend on the propagation direction of the wave packet. The propa-
gation direction is given as d(6, ¢), with 6 being the particle direction measured from
upwards to downwards and ¢ being the azimuth of the particle propagation measured
from north to east, as illustrated in figure 4.2. From this propagation direction the
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4.6 Modeling of multi-component seismogram envelopes

particle polarization directions P for P-, SV- and SH-waves are defined as:

Pp sin(f) cos(¢)  sin(f)sin(¢p)  — cos(h)
P=| Pgv | = | —cos(f)cos(¢p) —cos(f)sin(¢) —sin(d) | . (4.26)
Psu — sin(¢) cos(¢) 0

The direction of the coordinate system in which the simulations are recorded, can be
defined as a matrix E containing the unit vectors and is given by:

Ey Ers Eng
E=| Ex E»n Ex |. (4.27)
E31 E32 E33

This coordinate system can for example represent a standard XYZ-coordinate system,
where E is the identity matrix (section 4.7.2) or a ray based LQT-coordinate system
(section 4.7.1). The latter system depends on the source and receiver position and cor-
responds to the P-SV-SH axes of a direct wave illustrated in figure 4.2. The projections
IT of the polarizations P onto the unit vector matrix E are therefore defined as:

I, Iy I
II = EP = II5; Ilge H23 . (428)
I3, 1I3p II33

Applying equation 4.28 to the intensity vector S described in equation 4.24, the mean
square velocity envelopes (]1;]?) (equations 4.25a to 4.25¢) for the different directions
1 = 1,2, 3 of the defined coordinate system is obtained. Thus the translational motion
envelopes are given as:

. 1 1 1
(lin|?) = C(—T03 Ip + —IT3, Isy + —I35Isp), (4.29a)
vp [ Vg
. 1 1 1
(lua)?) = C(—T03,Ip + —TI3, Isy + —II35Isp), (4.29b)
vp Vs Vs
. 1 1 1
(lug|?y = C(—T12, Ip + —T12,Igy + —TT2,Isp). (4.29¢)
vp (s Vg

To derive envelopes of rotational motions around the coordinate system axis, the
general relation between the particle velocity u and the rotation rate €2, is considered,
which is defined as:

_ Q1 1 Oatig — O3y
a=1| 0 | =2 oy —0as |. (4.30)
Q. O1tiy — oty

For a locally plane wave with unit amplitude || = 1 the wave is defined as:

i = Te! @) (4.31)
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4 Radiative transfer approach to translational and rotational motions

Figure 4.4: Multi-component RTT simulations. This figure illustrates the energy prop-
agation for energy propagation for the three components of translational
motion (TL, TQ, TT) and for the three components of rotational motion
(RL, RQ, RT). Recording of the components takes place in a ray-based
LQT system. The L-component represents the direct path from source to
receiver, the Q-component represents the direction perpendicular to the
radial component in the vertical plane and the T-component is defined as
the direction perpendicular to the L and ) direction. A purely compres-
sional source is placed in the upper part of the model, which represents
the strongly heterogeneous crust. The mantle is represented by the bottom
part of the model. Snapshots for different times are shown.

The partial derivatives 9, (I = 1,2, 3) are given by
Oyt = tiome’ ) (—iky) = — ik, (4.32)

where m = 1,2,3 and k; is the I-th component of the wave vector, i.e. the projection
of the propagation direction onto the I-th component of the recording coordinates,
multiplied with w/v,. Here k is parallel to the P-polarization Pp. The mean square
rotation rate (|€2|2) can now be obtained from the translational motion equations 4.29a
to 4.29¢ using (4.30). As an example the equations for the mean squared rotation rates
around the first axis of a general recording system from the intensities of P-, SV- and
SH-waves are given as:
S 1w 21
<|Ql7P| > =C EU_(kQPP’?) - l{?3Pp’2) U—]p, (433&)

p p
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. lw 2

(.sv|?) =C {ﬁv—(kzpsv,a - kapsv,z)} U_ISV’ (4.33Db)
. lw 2

(I5u”) =C l§v_(k2PSH’3 — kSPSH,2):| —Isy. (4.33¢)

Note, that a P-wave does not excite rotations because of its longitudinal polarization
(k || Pp). Assuming a phase relation between the SV- and SH-polarizations, the total
mean square rotation rate around the three axes (i = 1,2,3) can be derived from the
summed contribution of the different polarizations. For XYZ-coordinates, where E is
diagonal, the rotation rate around the vertical axis is therefore given as:

Q%) = }l%o (sin®(0)Isw) - (4.34)

S

Figure 4.4 shows example simulations for the three translational motions (equations 4.29a-
4.29¢) and for the three rotational motions in a ray based LQT coordiante system. A
purely compressional, isotropic source is placed in the strongly scattering crustal part
of the model. The bottom part of the model represents the weakly scattering mantle.

4.7 Simulation of local, regional and teleseismic
events

In the following sections the modeling approaches are described to simulate the multi-
component seismogram envelopes for shallow local and regional events (section 4.7.1)
as well as for wave arrivals from deep teleseismic events (section 4.7.2).

4.7.1 Simulation of local and regional events

For the simulation of shallow local (chapter 6) and regional (chapter 7) events the
translational and rotational seismogram envelopes are modeled in a ray based coordi-
nate system (LQT-system). The choice of the LQT recording system is convenient as
it can exploit the cylindrical symmetry of the problem. It allows to stack data from
stations at different azimuth but similar distance, thus saving computational time in
the MC-RTT simulations due to the computation of stacked envelopes. The recording
system is dependent on the position of the source as well as on the location of the
receiver element in the medium. The L-component therefore represents the direct path
from source to receiver, the Q-component represents the direction perpendicular to
the radial component in the vertical plane and the T-component is perpendicular to
the L and Q directions. The unit vector matrix E;gr for the LQT-coordinate system
according to equation 4.27 is therefore identical to the matrix describing the P-, SV-
and SH-polarizations (equation 4.26). In the simulation an isotropic point source with
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4 Radiative transfer approach to translational and rotational motions
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Figure 4.5: Energy propagation from a regional, shallow earthquake. An isotropic
source (red circle) with a fixed P- to S- energy ratio is placed in the strongly
scattering crust overlaying the transparent mantle (no scattering in the
lithospheric mantle). Slices show snapshots of P-energy (left column) and
S-energy (right column) for different times. Time is measured in seconds
after the first arrival of energy at the surface. The development of guided
S-energy (Lg-waves) is clearly visible. To increase the contrast for illustra-
tion purposes the ratio of emitted P- and S-energy at the source is set to
0.2.

a fixed P to S energy ratio (see for example Sato et al. (2012) or Shearer (1999)) of
~ 0.05 is modeled. To illustrate the energy propagation, cross-sections through the
seismic wave field in the vertical plane for different depths are simulated. An example
of the simulation output is shown in figure 4.5. The simulations of local and regional
events with a hypocenter in the crust show strong reverberation of seismic energy in the
crust. A striking feature is the formation of guided S-waves. It is clearly visible, that
the seismic coda following the direct S-wave arrival is mainly composed of scattered
S-energy, which is homogeneously distributed in space. Scattered P-energy only plays
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4.7 Simulation of local, regional and teleseismic events

a minor role in the generation of the seismic coda after the S-wave arrival.

4.7.2 Simulation of teleseismic events

Simulations using a directed source

To compute seismogram envelopes for teleseismic arrivals, not the full path from the
distant source to the receiver is modeled, but rather the excitation by a plane, incoming
wavefront is simulated. In the realistic setup this wavefront can be seen as a multitude
of directed, parallel incoming particles and is illustrated for the vertical and tilted
incidence in figures 4.6a and 4.6¢c. The green lines in figures 4.6a and 4.6¢ indicate

natural setup

[e]
_

vertical incidence

tilted incidence

Figure 4.6: Modeling of a plane wavefront with a strongly scattering crust overlaying
a transparent mantle. Left column illustrates a plane wavefront (green) in
the realistic setup for vertical (a) and tilted incidence (c). The plane wave
can be seen as a multitude of parallel incoming particles. In the model
setup (b) and (d), the plane wave is modeled by one single incoming wave
segment, its energy is recorded along the whole surface. Arrow colors in
the left and right column indicate identical travel paths. For the tilted case
of the model setup a time correction has to be applied for receivers apart
from the central receiver. This time correction is indicated by colors inside
the receivers in the tilted model setup. Blueish triangles indicate a positive
time delay, reddish triangles indicate a negative delay.

the plane wavefronts. In the simulations such a wave can be excited by many different
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4 Radiative transfer approach to translational and rotational motions

unidirectional particle sources that fire with an offset dependent time delay if the
incident angle is oblique. This time delay is indicated by the blueish ticks (positive

P energy S energy

20s
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40s

50s

200 150 100
distance [km] distance [km]

low high

energy

Figure 4.7: Energy propagation for a teleseismic event. A vertically directed purely
compressional source (red arrow) is placed in the transparent mantle, un-
derlying a strongly scattering crust. Slices show snapshots of P energy (left
column) and S energy (right column) for different times. Time is measured
in seconds after the first arrival of energy at the surface. Even though the
energy is emitted only vertically from the source, the emergence of guided
S-wave energy is clearly visible.

time delay) and the reddish ticks (negative time delay) along the rays in figure 4.6c.
The resulting seismogram at one specific receiver in the realistic setup is the sum of
the traces generated by all individual single directed sources measured at the receiver
(figure 4.6¢). In contrast to this natural setup with a plane wave generated by multiple
sources, the model setup in the simulations makes use of the translational symmetry
of the setup and only consists of one directional source. The seismogram for one
receiver (central receiver in the model setup, figures 4.6b and 4.6d) is then given as the
integral over all seismograms recorded at the surface receivers. Due to the translational
invariance of the medium, the path from each unidirectional source to the receiver can
also be found in the model setup. Identical travel paths are indicated by same colors.
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4.7 Simulation of local, regional and teleseismic events

The source delay for a tilted incidence translates into a delay of the records indicated
by the color of the triangles in figure 4.6d. The simulations for teleseismic arrivals are
carried out in a standard Cartesian XYZ-coordinate system. The unit vector matrix
E in equation 4.27 is therefore defined as:

EXYZ = (435)

o O =
o = O
_ o O

An example of the simulation for a vertically incident teleseismic P-wave is shown in
figure 4.7. In this simulation a single vertically upward directed, purely compressional
source in a homogeneous mantle is used. Even though initially the energy propa-
gates only vertically, the development of horizontally propagating P- and S-energy
wave trains is clearly visible after a short duration. This can be explained solely with
scattering of seismic energy in the crustal part of the lithosphere. Similar to the ex-
citation by a crustal source (figure 4.5) the seismic energy predominantly propagates
as a guided S-wave even though the source is a pure P-source. To infer a seismogram
envelope from figure 4.7 that shows the energy distribution in the model setup with a
single source only, one needs to integrate over the surface of each time slice. This inte-
gration is required to transform from a model with one source and multiple receivers
(figures 4.7b and 4.7d) to the natural setup with a plane wavefront represented by
multiple sources and one single receiver (figures 4.6a and 4.6¢). An example of the
resulting seismogram envelopes is shown in figure 8.4.

Synthesis of the teleseismic seismogram envelopes

To synthesize the teleseismic seismogram envelopes a model is used consisting of a
heterogeneous layer representing the crust over a half space representing the mantle.
As scattering in the mantle is very weak in general (Sato et al., 2012), the mantle is
chosen to be transparent, meaning no scattering of seismic energy occurs in the man-
tle. A purely compressional source is placed in the transparent mantle, excluding any
source side scattering from the simulations. The energy is radiated in a single direc-
tion upwards with an angle 65, which results in the predicted angle at the surface 6,.
The incidence angle 6; is calculated from the IASPEI91 model (Kennett and Engdahl,
1991) from the depth of the event and the epicentral distance. An illustration of the
relevant angles is presented in figure 4.8 From the angle ; and the P-wave velocities
in the crust and mantle, vp, and vp,,, the source radiation angle ¢, in the mantle can
be calculated according to Snell’s law:

6, = arcsin (& sin 91) . (4.36)

Upm
To obtain the final seismogram envelopes an integration over all receivers at the surface
has to be applied. For a tilted incidence at the surface, a travel time correction is
required for the seismogram envelopes recorded at the surface receivers. This correction
is illustrated in figures 4.6¢c and d. A travel time shortening is required for rays that
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Figure 4.8: Teleseismic model. Illustration of relevant angles and the travel time cor-
rection. Red star represents the directed compressional source. x, denotes
a receiver with a travel time acceleration, x4 a receiver with a travel time
delay. z¢ denotes the central receiver. Angles 6; and 6y represent the
incidence angle and the source radiation angle, respectively.

travel a longer distance in the mantle (blue lines), on the other hand travel times have
to be delayed for rays that have shorter travel times in the mantle (red lines). This time
correction depends on the seismic P-wave speed in the mantle and on the incidence
angle 0y, when the ray hits the interface between mantle and crust. Only the travel
time in the mantle has to be corrected. Travel paths in the crust have equal length and
therefore do not require a travel time correction. In figure 4.8 the travel time correction
is illustrated for one receiver which requires a negative travel time delay and for one
receiver which requires a positive travel time correction. From the angle 6; and 65 the
location of the central receiver xy can be calculated, this receiver does not require a
travel time correction. The time correction for the remaining receivers (x, and x,)
now depends on the receiver position at the surface with respect to the central receiver
xg. For all points at the surface the travel time correction is calculated according to

following equation
in(6
b = (2 — ) 0002) (437)

Up

with ¢, being the travel time correction for the envelopes, xy being the point at the
surface for which the correction yields zero, x is the location of the receiver in x-
direction and v, is the P-wave speed in the mantle. The angle 6, indicates the source
radiation angle. An example of the travel time correction is shown in figure 4.9. Top row
shows the correction for the total translational motion energy (Z+N-+E), middle row
for the horizontal components (N+E) and bottom row for the vertical energy (Z). The
uncorrected envelopes for the envelopes recorded at receivers at the surface are shown
in the left column. z; is located at around 2500 km in x-direction. Applying the travel
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4.7 Simulation of local, regional and teleseismic events

time correction according to equation 4.37 for all receivers at the surface yields the
corrected seismogram envelopes (figure 4.9, middle column). It can clearly be observed
that envelopes with a travel time delay are shifted back in time (0-2500 km) and
envelopes with a travel time acceleration are shifted to earlier times (2500-5000 km).
The envelopes shown in the right column of figure 4.9 are the result of the integral of
all envelopes over the entire surface and represent the teleseismic envelopes.
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Figure 4.9: Travel time correction for the translational motions. Top row shows the
total translational motion energy. Horizontal and vertical translational en-
ergy is shown in middle and bottom row, respectively. Left column shows
the uncorrected envelopes recorded at the surface receivers, middle column
shows the corrected envelopes. The right column shows the resulting enve-
lope, when integrating over the entire surface. Greenish colors indicate low
seismic energy, reddish colors indicate high seismic energy.
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5 Validation of the simulation
method

The simulation of the multi-component seismogram envelopes of translational and rota-
tional ground motions using RTT is validated by comparisons with 3D FD-simulations.
Section 5.1 describes the FD algorithm and the implementation of the rotational mo-
tions. The model setup for the comparison of FD and RTT simulations is described
in section 5.2, the required data processing steps are given in section 5.3. Results of
the comparison are presented, discussed and compared to results from another study
in section 5.4.

5.1 Finite difference algorithm and implementation
of the rotational motions

For many subsurface configurations, for example models including heterogeneity, inter-
faces or a free surface, it is not possible to find exact analytical solutions to the elastic
wave equation to validate the results of the RTT simulations. Therefore the MC-RT'T
simulations are compared to an approach also based on numerical techniques. The theo-
retical waveforms of vector waves are computed using a FD technique implemented and
described by Bohlen (2002). The software is named FDMPI (Finite Difference Message
Passing Interface) and is based on an approach described by Virieux (1986) and Levan-
der (1988). The utilized FD algorithm (Bohlen et al., 2010) is based on a staggered
grid approach (figure 5.1) for particle velocities and stresses in space and time and
employs higher order FD operators for the spatial and temporal dimensions. Seismic
wave effects, such as dispersion or intrinsic attenuation, are considered by modeling an
elastic, respectively viscoelastic, wave propagation through the medium. The software
is implemented in the C-programming language and is based on a decomposition of
the modeling domain. Therefore the software works only in MPI environments and
consequently can be run on PC clusters or massive parallel supercomputers. The FD
simulations for the comparison to the RTT simulations were executed on the super-
computer JUROPA (Jiilich Research on Petaflop Architectures) located at the Jiilich
supercomputing center. The software FDMPI offers manifold opportunities to model
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Figure 5.1: Geometry of the staggered FD grid. This grid uses 4 processors in x-

direction and 2 in z-direction. The number of processors in y-direction in
unspecified. At the surface either a free surface condition or an absorbing
boundary condition can be applied. NX, NY and NZ indicate the number
of gridpoints in the three directions. XSRC, YSRC and ZSRC specify
the source location. XREC, YREC and ZREC indicate receiver positions.
Figure redrawn from Bohlen et al. (2010).

the propagation of the seismic waves in various complex 3D Earth structures. Key
features of the FDMPI program are:

Various possible implementations of the seismic source, including different source
wavelets (Ricker, Fuchs-Miiller, sin3, self-defined), different source types (P, S)
and the option to define the source radiation direction.

Output of the particle velocity in the X, Y and Z direction, total rotation, total
divergence and of the pressure field.

Incorporation of the free surface condition.
Modeling of intrinsic absorption of seismic energy.

Possibility to model different media (homogeneous, heterogeneous, layered, free
surface)

Different boundary conditions (absorbing boundaries, perfectly matched layer
boundary condition, periodic boundary conditions)

To compare the multi-component seismogram envelopes from the MC-RTT simulations,
the FDMPI software was extended not only to model the total rotational motions, but
also to model the individual rotation rates around the different coordinate system axes.
The rotational motions are incorporated into the code according to equation 4.30 and

50



5.2 Simulation setup

considering the gradients of the particle velocities (v,, vy, v,) in the directions of the
different coordinate system axes. This yields the three components of rotation rates w
around the axes X, Y and Z:

Wy = 0.5(0yv, — 0,vy), (5.1a)
Wy = 0.5(0,v, — 0,v,), (5.1b)
W, = 0.5(0vy — Oyvy). (5.1c)

The configuration was tested for different model setups (homogeneous full space, ho-
mogeneous half space with free surface) and different source types (isotropic and purely
compressional source, pure shear source with different radiation patterns). Test simu-
lations indicate, that rotation rate amplitudes are correctly modeled for the different
components based on comparisons with analytical results. Furthermore the free surface
condition is tested and can explain the rotational motions, generated through conver-
sion processes at the surface, observable for a purely compressional source. Therefore
the FD code can be used for the validation of the RTT simulations of translational and
rotational motion seismogram envelopes.

5.2 Simulation setup

The comparison of the FD and MC-RT'T simulations is similar to the comparisons de-
scribed in a study by Przybilla and Korn (2008). For the FD simulations a model of size
76X T76x76 km is used with an absorbing boundary condition at the edges of the model
to avoid reflections of seismic energy. The width of the absorbing frame at the borders
of the modeling domain is 5 km. In each direction of the model 760 grid points are
placed, the distance in between the grid points is 0.1 km. The total simulation length
is 20 s, with time steps of 0.005 s. The choice of the temporal and spatial discretiza-
tion ensures numerical stability of the simulations and minimizes simulation artifacts
in the data. Average P- and S-wave velocity v, and v, of the medium are 6.0 km/s
and 3.46 km/s, respectively. Random density and velocity fluctuations are added to
the model in form of an exponential ACF (equation 2.5a), this ACF is described by a
fluctuation strength € of 10 % and a correlation length a of 1 km.

Density and velocity fluctuations are correlated, the correlation factor v in equa-
tion 4.14 is chosen to be 0.8 (Sato et al., 2012). Intrinsic attenuation in the FD and
MC-RTT simulations is not considered and set to zero. A source is placed in the cen-
ter of the FD model domain. A purely compressional source is used with an isotropic
radiation pattern. As source function in the FD simulations a Fuchs-Miiller wavelet is
used (Bohlen, 2002) with a dominant center frequency of 6 Hz. The seismic energy of
the translational and rotational motions is recorded at receivers placed on spheres at
distances of 10, 20 and 30 km from the source. In total approximately 2700 receivers
are used, ~ 200 on the 10 km sphere, ~ 500 on the 20 km sphere and ~ 2000 on the
30 km sphere.
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Figure 5.2: Receiver setup in the FD simulations. (a) 2D-representation of the expo-
nential random medium, which is described by density and velocity fluctu-
ations € of 10 per cent and a correlation length a of 1 km. The receivers
are placed on spheres of radius 10, 20 and 30 km. (b) 3D-representation

of the receiver setup. Receivers are placed on spheres of radius 10, 20 and
30 km. The source is indicated in red color.

To account for different realizations of the medium, the simulations are computed for
ten different random media. This then yields a number of ~ 27000 receivers used in
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the comparisons. A cross section through the medium with the receiver spheres is illus-
trated in figure 5.2a, a 3D-representation of the receiver setup is shown in figure 5.2b.
Figures 5.3a and 5.3b show example translational and rotational motion traces from
the FD simulations at 30 km distance. The traces are rotated from the XYZ recording
system into the ray-based LQT system. In some cases energy is observable prior to
theoretical arrival time of the direct P-wave (first orange line). This indicates energy
traveling faster than the average background velocity. Rotational motions can already
be observed in the coda of the direct P-wave, therefore indicating the scattering from
P- to S-energy, as rotational motions are sensitive to shear energy only.
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Figure 5.3: Example traces of translational and rotational motions in the FD simu-
lations. (a) Translations in the LQT directions recorded at a distance of
30 km from the source. Due to the fact that a compressional source is used,
most of the P-energy is observable in the radial (L) component. (b) Rota-
tions around the LQT directions. Rotational motion energy can already be
observed in the direct P-wave coda, indicating scattering processes from P-
to S-energy. Orange lines indicate theoretical arrival time of the direct P-
and S-wave traveling with v, and v, respectively.

5.3 Data processing

To compare the FD simulations to the MC-RTT simulations, a number of processing
steps are necessary, which are different for both methods. The processing steps are
described as following:
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FD simulations

First a bandpass filter around a center frequency f. is applied. In this case a second
order Butterworth bandpass filter around 6 Hz is applied to each individual trace of
the translational and rotational motion components in the three distance ranges in the
XYZ system. To be able to exploit the symmetry of the system for stacking of the
traces, each trace is rotated from the original XYZ recording system into the ray-based
LQT system. The L-component represents the radial direction, Q and T indicate the
transverse directions. In a next step Hilbert envelopes are computed from each single
rotated trace. In the final step, to obtain smooth envelopes, the Hilbert envelopes for
each component (L, Q, T) and distance range (10, 20, 30 km) from the ten simulations
are stacked and the mean envelopes are computed.

MC-RTT simulations

In the case of the MC-RTT simulations a rotation of the seismogram envelopes is not
required, as the simulations are already recorded in the desired LQT system (compare
section 4.7.1). Also the computation of the Hilbert envelopes is not necessary, as the
MC-RTT simulations compute seismic energy, which is comparable to the envelopes
of the squared velocities or rotation rates. Consequently the first step is to stack the
envelopes for the individual receivers in the three distance ranges and compute mean
envelopes for the six components and the three distances. The average envelopes are
then convolved with the squared source time function wavelet from the FD simulations,
to account for the finite length of the source-time function used in the FD simulations.
Furthermore an effect, referred to as the wandering effect, is applied to the envelopes.
This effect accounts for wave front distortions and travel time fluctuations due to the
propagation of the seismic waves in a heterogeneous medium. The wandering effect
yields a pulse broadening of the envelopes. This broadening is required, because in
the MC-RTT simulations, unlike in the FD simulations, seismic energy in the form
of particles propagates exactly with the average background velocities of the medium.
The wandering effect is given as (Przybilla and Korn, 2008; Sato et al., 2012)

W(r,t) = \/;Swexp ((—go—;)(t - 50))2 (5.2)

and serves as a filter that is convolved with the MC-RTT envelopes. r indicates the
propagation distance, vy the average background velocity and A represents the longi-
tudinal integral of the ACF, in this case 2¢2a for the exponential case.

The resulting final envelopes from the FD and MC-RT'T simulations are presented in
section 5.4.
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5.4 Results of the method comparison

The comparisons of the FD and MC-RT'T envelopes are similar to the ones published
by Przybilla and Korn (2008). In figure 5.4, a comparison is shown from the latter
study of translational motion envelopes calculated using FD and RTT simulations for
a medium with moderate to strong forward scattering (ak = 3.14 and ak = 9.42). k
denotes the wave number. Their simulations (figure 5.4) are carried out in a random
medium with an exponential ACF. The central frequency of the simulations is 3 Hz,
fluctuation strength e is 10 % and the correlation length of the medium is 1 km and
3 km, respectively. The figure shows the RMS (root mean square) envelopes for the
total (L+Q-+T), radial (L) and one of the two transverse components (Q or T') for the
10, 20 and 30 km distance ranges. The authors find a reasonable agreement between
the RTT and the FD simulations, especially in the amplitude and the shape of the
direct P-wave arrival, as well as in the later seismic coda. For both cases of forward
scattering (ak = 3.14 and ak = 9.42) they describe a slightly faster decay in the coda of
the FD simulations, which is attributed to the loss of seismic energy at the edges of the
model due to the absorbing boundary conditions. The most significant discrepancies
are observed in the total and transverse component, where a clear second arrival of
energy (direct S-wave) can be observed at ~ 3, 6 and 9 s for the 10, 20 and 30 km
distance ranges, respectively. This second peak is much smaller in amplitude in the
RTT simulations and is attributed to a near-source effect. It is explained as an effect of
medium heterogeneity, which produces an apparent S-wave radiation in all directions
which is not explained in the RTT with Born scattering coefficients. In the transverse
component for moderate forward scattering (ak = 3.14) the observed P-wave peak is
much larger in amplitude in the RTT simulations in comparison to the FD simulations.
This difference in amplitude diminishes with increasing distance and is explained by
Przybilla and Korn (2008) with a deficiency in the Born scattering coefficients of the
RTT.

The comparisons in this study are carried out in the forward scattering regime (ak
~ 6.28) in a random medium with an exponential ACF. Fluctuation strength e is set
to 10 %, the correlation length of the medium a is 1 km. Center source frequency is
chosen to be 6 Hz. The energy envelopes are computed for the total (L+Q+T), radial
(L) and transverse (Q or T) components for distances of 10, 20 and 30 km. In the
comparisons not only the translational components are investigated, but in addition
the rotational motions from the RTT and FD simulations are compared. The results
of the comparisons are shown in figure 5.5. Looking at the translational motions
(figure 5.5, left), and taking into account the convolution of the RTT simulations with
the source time function and the wandering effect (equation 5.2), it can be observed
that the amplitude and also the shape of the direct P-wave arrival in the RTT and FD
simulations show very good agreement in the total, radial and transverse components.
Also the decay of the seismic coda in the translations is simulated correctly. A slightly
faster decay in the coda of the FD translations can be observed, as already described
in Przybilla and Korn (2008). This effect is attributed to the choice of the absorbing
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5 Validation of the simulation method

boundary conditions at the edges of the model domain. As seismic energy is absorbed
at the model boundaries, it is not backscattered from scatterers outside the model
domain and is therefore not modeled and included in the FD simulations. This effect
does not occur in the MC-RTT simulations, as the propagation of seismic energy does
not stop at the edges of the recording domain, backscattering is possible in the MC-RT'T
simulations. This explains the slightly higher coda level in the MC-RTT simulations.
A second peak of energy in the translations can be observed especially in the transverse
and total component at around 3, 6 and 9 s, corresponding to the distances of 10, 20
and 30 km. This peak is not as distinct in the radial components, due to the fact that
mainly P-energy is observed in this component. The amplitude of this second peak of
energy is slightly higher in the RTT simulations compared to the FD simulations, which
is different from the observations made by Przybilla and Korn (2008). They explain
the lack of energy in the RTT simulations with a near-source effect of the medium
and the additional generation of shear energy at medium heterogeneity. This effect is
avoided in this study by using multiple realizations of the medium to obtain the final
envelopes. Therefore effects of the near-source heterogeneities are averaged out.

The most striking feature in the rotational motion envelopes (figure 5.5, right) is the
absence of a sharp P-wave pulse in all components, which is easily explained by the
fact, that rotational motions are sensitive to shear energy only. The overall shape
of the seismogram envelopes until the onset of secondary energy peak (3, 6 and 9 s)
agrees fairly well between both simulation methods with some amplitude differences
observable. The amplitude differences are clearest in the radial component of the rota-
tional motions and increase with increasing distance. Here it is noted, that logarithmic
differences appear to increase for decreasing amplitudes, which might be linked to the
limited precision of the FD simulations. The rotations are computed from the differen-
ces of neighboring points on the the staggered grid. For small amplitudes, as for the
rotations around the radial direction, this might introduce a significant bias. In general
the amplitudes in the MC-RT'T simulations are higher than in the FD simulations. This
is comparable to the results from the translational motions and can be explained with
deficiencies in the simulation methods and in the Born scattering approximation. The
coda decay agrees well, with the FD coda decaying faster, due to the aforementioned
reasons.

In general it is concluded, that the rotational motions can be modeled with similar
accuracy as the translational motions. The MC-RTT approach can therefore be used
to model the multi-component seismogram envelopes of the high frequency seismic
wave field.
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Comparison of translational motion envelopes from RTT and FD simula-
tions. RTT and FD RMS envelopes in a random medium with exponential
ACF, fluctuation strength € is 10 per cent, correlation length a is 1 km (left
column) and 3 km (right column). Center frequency in the simulations
is 3 Hz. Top row shows total energy (L+Q+T), middle row shows radial
energy (L) and bottom row shows transverse energy (Q). Dashed lines in-
dicate RT'T envelopes, solid lines indicate FD simulations. Green, red and
blue color represent different distances (10, 20, 30 km). Figure redrawn
from Przybilla and Korn (2008).
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and FD simulations.

RTT and FD intensities in a random medium with

exponential ACF, fluctuation strength e is 10 %, correlation length a is
1 km. Center frequency in the simulations is 6 Hz (ak ~ 6.28). Left col-
umn shows the translational motions, right column gives the rotational
motions. The top row shows the total energy (L+Q-+T), middle row rep-
resents the radial component (L) and the bottom row shows the combined
transverse components (Q-+T). Dashed lines indicate RTT envelopes, solid
lines indicate FD simulations. Blue, green and orange color represent the
different distances of 10, 20 and 30 km.



6 Intrinsic and scattering
attenuation on a local scale In
the Vogtland

In the local data application the Vogtland region is investigated in terms of frequency
dependent crustal scattering and intrinsic attenuation parameters. The parameters are
estimated by comparing synthetic envelopes from acoustic and elastic RT'T with seismic
data from local swarm earthquakes. In the acoustic case a simple half space model with
isotropic scattering is used, while in the elastic simulations a more complex setup with
a layer over half space model under the assumption of multiple anisotropic scattering
is used. The study area, the earthquake sources as well as the seismic receivers are
introduced in section 6.1. The forward simulations, using the elastic and acoustic RTT
method, and the processing of the data to generate the reference seismogram envelopes
are described in section 6.2. The results of the comparison and additional outcomes
are presented in section 6.3.

6.1 Study area and data

In the local data set investigations the focus lies on the crustal structure beneath the
Vogtland region, situated at the border of the Czech Republic and Germany. The study
area is illustrated in figure 6.1. The Vogtland region is attributed to the western part
of the Bohemian Massif, one of the largest areas of exposed basement rocks in central
Europe. The main tectonic structures in this area are the Eger-Rift-system (Prodehl
et al., 2006) and the Regensburg-Leipzig-Rostock-Zone with the Cheb basin in the
center. Numerous faults of various striking directions can be found in the area, with
the most prominent being the Marianské Lazné fault (Fischer et al., 2013). The study
area is of high interest as it is one of the few intra-continental regions in Europe, that
exhibits present activity of geodynamical processes. Hints for these processes include
the natural degassing of COy from great depths, that is visible in the form of CO,
rich mineral waters, or in the existence of wet and dry mofettes in the Vogtland region
(Weinlich et al., 2003; Geissler et al., 2005). Another hint to the geodynamic processes
is the present seismic activity in the Vogtland region. This activity mainly occurs in the
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6 Intrinsic and scattering attenuation on a local scale in the Vogtland

form of earthquake swarms with magnitudes no greater than 5 (My). The most recent
swarms occurred in January 1997, August to December 2000, October to November
2008, October 2010, August to September 2011 and in August 2014. The earthquake-
swarms have been subject to numerous studies (Heinicke et al., 2009; Vavrycuk, 2011).
However, the underlying triggering mechanism of the earthquakes is still under debate.
For more information about the study area, the swarm-earthquakes and the possible
triggering mechanisms, the reader is referred to the excellent review paper by Fischer
et al. (2013).
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Figure 6.1: Study area in the local data application. The map shows the Vogtland
region at the border of the Czech Republic and Germany in Europe. Col-
ored triangles indicate the used seismic stations of the Thuringian seismic
network (TSN, red), the Saxonian seismic network (SX, green) and from
the Czech WEBNET network (WEBNET, blue). The investigated local
earthquakes are indicated by yellow stars. Grey background shading rep-
resents topography. For additional details on earthquakes and stations see
also tables 6.1 and 6.2.
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6.2 Methods, data processing and misfit calculation

As reference data for the inversion process for crustal scattering and attenuation pa-
rameters 14 earthquakes of the October 2010 swarm are used. Magnitudes (M) of
the earthquakes are in the range from 3.1 to 4.2, event depths vary between 10 and
12 km. Earthquake locations, event depths, magnitudes and source times were esti-
mated by the German Seismological Central Observatory (SZO). For an illustration of
the epicenter locations see figure 6.1, event details are given in table 6.1. The events
are recorded at 17 three-component seismic broadband stations, seven operated by the
the Saxonian seismic network (SX), nine by the Czech WEBNET network (WEBNET)
(Horalek et al., 2000) and one operated by the Thuringian seismic network (TSN). A
list of stations is given in table 6.2, station locations for the different networks are
illustrated in figure 6.1.

number date time coordinates depth magnitude region

01 2008-10-10 00:39:44 50.215°N 12.445°E 11 km 3.6 (ML)  Vogtland
02 2008-10-10 03:22:04 50.216°N 12.443°E 12 km 3.9 (ML)  Vogtland
03 2008-10-10 04:22:16 50.221°N 12.446°E 12 km 3.1 (ML)  VogtlanD
04 2008-10-10 07:32:01 50.216°N 12.451°E 11 km 3.3 (ML)  Vogtland
05 2008-10-10 08:08:45 50.213°N 12.449°E 11 km 4.2 (ML)  Vogtland
06 2008-10-10 11:18:41 50.217°N 12.450°E 11 km 3.5 (ML)  Vogtland
07 2008-10-10 19:08:31 50.219°N 12.443°E 11 km 3.3 (ML)  Vogtland
08 2008-10-12 07:44:15 50.207°N 12.451°E 11 km 3.9 (ML)  Vogtland
09 2008-10-14 04:01:35 50.215°N 12.444°FE 12 km 3.2 (ML)  Vogtland
10 2008-10-14 19:00:32 50.211°N 12.453°E 12 km 4.0 (ML)  Vogtland
11 2008-10-21 02:14:01 50.221°N 12.448°E 11 km 3.4 (ML)  Vogtland
12 2008-10-28 08:30:10 50.209°N 12.451°E 11 km 4.1 (ML)  Vogtland
13 2008-10-28 10:07:00 50.210°N 12.444°E 10 km 3.1 (ML)  Vogtland
14 2008-10-28 14:51:52  50.221°N 12.449°E 11 km 3.1 (ML)  Vogtland

Table 6.1: List of earthquakes used in the local data application.

This choice of stations and earthquakes results in epicentral distances from 10 km up
to around 40 km. Accordingly travel times range from 2 s for P-waves to 14 s for
S-waves. P- and S-wave arrivals were manually picked. From these travel times a very
local average velocity model for this region was calculated with vp = 5.12 km/s and
vs = 3.12 km/s. The estimated seismic velocities are used in the computation of the
synthetic seismogram envelopes.

6.2 Methods, data processing and misfit calculation

The crustal scattering and attenuation parameters in the Vogtland region are estimated
using two different approaches, each based on the theory of radiative transfer of seismic
energy. The first approach is based on the assumption of multiple anisotropic scattering
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6 Intrinsic and scattering attenuation on a local scale in the Vogtland

network station coordinantes elevation location

SX ROHR  50.234°N 12.317°E  629m Rohrbach, Germany

SX WERN 50.287°N 12.376°E  672m Wernitzgriin, Germany

SX GUNZ 50.364°N 12.332°E  669m Gunzen, Germany

SX MULD 50.412°N 12.404°E  678m Muldenberg, Germany

SX TANN  50.415°N 12.461°E  836m Tannbergsthal, Germany

SX TRIB  50.352°N 12.137°E  510m Obertriebel, Germany

SX WERD 50.448°N 12.307°E  589m Werda, Germany

CZ NKC 50.233°N 12.448°E  564m Novy Kostel, Czech Republic
CZ VAC 50.235°N 12.377°E  530m Vackov, Czech Republic

CZ LBC 50.266°N 12.412°E  638m Luby, Czech Republic

CZ STC 50.259°N 12.520°E  666m Studenec, Czech Republic
CZ SKC 50.170°N 12.361°E  455m Skalna, Czech Republic

CZ KAC 50.144°N 12.517°E  524m Kacetov, Czech Republic

CZ POC 50.320°N 12.427°E  790m Pocatky, Czech Republic

CZ KRC 50.332°N 12.530°E  760m Kraslice, Czech Republic

CZ ZHC 50.071°N 12.309°E  631m Zelena Hora, Czech Republic

TSN PLN 50.485°N 12.157°E  432m Plauen, Germany

Table 6.2: List of stations used in the local data application.

of elastic energy at randomly distributed small scale heterogeneities and is described in
section 4.7.1. This approach will also be used in chapter 7 in the inversion of the regional
swarm earthquakes. The second approach assumes multiple isotropic scattering of
acoustic seismic energy and is detailed in section 4.2. In both methods synthetic
envelopes are compared to reference seismogram envelopes created from the individual
local swarm earthquakes recorded at different stations in different frequency bands.

In the first approach of elastic radiative transfer the forward simulations are calcu-
lated using the simulation approach for local and regional earthquakes described in
section 4.7.1. Multi-component translational motion seismogram envelopes are calcu-
lated in the LQT coordinate system and compared to the reference envelopes. For the
modeling a domain with lateral dimensions of 100 x 100 km is used with a source placed
in the center of the model in depth of around 11 km, which is the average depth of the
used swarm-earthquakes (table 6.1). The source has an isotropic radiation pattern with
a fixed ratio of P- to S-energy of ~ 0.05 (Shearer and Earle, 2008). The dimensions of
the recording domain and the placement of the source allow the simulation of envelopes
in epicentral distances up to 50 km. In the simulations a layer over half space model is
assumed, with the layer representing the crust with a thickness of 30 km (Zeis et al.,
1990). The mantle is represented by the half space. This setup is similar to the regional
investigations described in chapter 7. The crustal scattering and attenuation parame-
ters are estimated in different frequency bands and for each individual earthquake. A
grid search method is used to find the best fitting parameters in each frequency band.
For predefined sets of crustal parameters of intrinsic attenuation Q% (Q%), fluctuation
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6.2 Methods, data processing and misfit calculation

strength e and correlation length a the forward simulations are calculated. The para-
meters are chosen to uniformly sample a parameter space of realistic crustal scattering
and attenuation values. Crustal density and velocity fluctuations e vary in the range
from 0.1 to 10 per cent, the correlation length a is chosen to be equally sampled be-
tween 0.1 to 10 km. The random medium is described by an exponential ACF. The
intrinsic attenuation for S-waves QY% varies between 100 and 1500. Assuming a fixed

4, /QY% ratio of 2.25 (Shearer, 1999), this then corresponds to P-wave quality factors

*, in the range from 225 to 3375. The scattering and attenuation parameters in the
mantle are set to be equal to the crustal values in the predefined parameter sets. To
ensure reflections at the interface between crust and mantle, wave speeds in the mantle
are set to be higher than in the crust. The influence of scattering and attenuation
in the mantle on the propagation of seismic waves in a local frame is very weak and
therefore justifies the used mantle parameters. For each of the individual earthquakes
in the different frequency bands, the precomputed forward simulations can now be used
to find the best fitting set of crustal parameters to describe the reference data.

The second method used is also based on the theory of radiative transfer, but only mod-
els the transfer of acoustic energy under the assumption of multiple isotropic scattering.
The approach to model the energy density is presented in section 4.2 and is similar to
the one described by Sens-Schonfelder and Wegler (2006). Acoustic indicates in this
case, that only the propagation of seismic shear energy is considered in our model, the
radiative transfer of P-energy and consequently conversions from P- to S-energy and
vice versa are not included in this approach. The possibility of multiple scattering is
considered, that means seismic energy can be scattered more than once from the source
to the receiver. Furthermore those scattering events are isotropic, meaning that there
is no preferred direction of scattering at the medium heterogeneities. In the simulations
energy propagation is modeled in a half space medium with an isotropic shear wave
source placed in a depth of ~ 11 km, the average depth of the swarm earthquakes. An
inversion process is used to estimate the crustal scattering and attenuation parameters
in terms of the transport mean free path length [* and the mean free absorption path
[;. In the case of acoustic radiative transfer [* is given as

1
r=— 6.1
9o (6.1)

and [; is defined as y
' = 3 (6.2)

here vy denotes the S-wave velocity and gq the total scattering coefficient. In contrast
to the computationally very expensive elastic simulations, an individual inversion for
the crustal parameters for each individual earthquake in different frequency bands is
feasible. The main drawback of the acoustic simulations is, that it is only possible to
model the propagation of S-wave energy, therefore not considering P-energy transport.
Furthermore, due to the assumption of isotropic scattering, forward scattering cannot
be included and modeled in the simulations.
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6 Intrinsic and scattering attenuation on a local scale in the Vogtland

The elastic and acoustic RTT simulations are compared to reference envelopes R. These
are generated by processing three-component seismic data from the stations listed in
table 6.2. In a first step data is corrected for the instrument sensitivity to obtain
absolute velocity seismograms in m/s. Furthermore data was demeaned and detrended
prior to filtering. For comparison with the synthetic data the seismograms are filtered
using a 2-corner Butterworth filter with zero shift in four frequency bands: 2—4, 4-8,
816 and 16-32 Hz. This results in center frequencies of 3, 6, 12 and 24 Hz. After
filtering, seismogram envelopes are computed using the Hilbert transformation. Noise
is removed from the traces by subtracting the average level of noise in a 2 s time window
prior to the arrival of the first direct wave. In the acoustic case the three component
envelopes are stacked to obtain total energy envelopes. For comparisons with the
elastic simulations the traces are rotated from the classical ZNE-system into the ray-
based LQT-coordinate system prior to the computation of the Hilbert envelopes. After
stacking, respectively rotation, the envelopes are smoothed with a 0.5 s window to
mimic an ensemble average for different realizations of the medium. The final step of
the processing includes a correction for site effects at the stations (site amplification
factor correction) using the coda normalization method after Aki (1980).

The fit of the simulations is evaluated in terms of its misfit to the reference envelopes.
Misfits between the RTT forward simulations denoted with S and the reference en-
velopes R obtained from the swarm earthquakes are calculated as the sample-wise
logarithmic L1-norm given by

M=% |log(R[i.j]) — log(S[i, ]I (6.3)

i=0 j=0

with n being the number of reference traces depending on the number of stations and on
the number of recorded components. m is the number of samples in each trace. Using
logarithmic differences ensures that high-amplitude direct waves and lower-amplitude
coda values, have a similar weight in the misfit calculation. Furthermore the misfit
calculation using the L1-norm is less sensitive to fluctuations in the forward simulations
or the reference traces.

Comparisons of elastic and acoustic synthetic envelopes and the estimated parameters
in the different frequency bands are presented in the following section.

6.3 Results of the comparison

In section 6.3.1 the results of the estimation of crustal scattering and attenuation
parameters are presented. Investigations of parameter trade offs and limits in the
resolution possibilities of the parameters are discussed in section 6.3.2.
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6.3.1 Seperation of intrinsic and scattering attenuation

In the elastic approach intrinsic attenuation is estimated in terms of the quality factor
for S-waves @)%, while in the acoustic approach the intrinsic attenuation is expressed
through the absorption coefficient b (equation 4.6). To compare the results of both
methods intrinsic attenuation will further be presented as the absorption path length
for S-waves l% defined as:
i Us 5@y
lg = b~ onf (6.4)
The scattering strength will further be expressed through the transport mean free path
for S-waves [, which can be regarded as the propagation distance required for a wave
to lose memory of its initial direction. In the elastic case the scattering properties
are represented by the density and velocity fluctuations € and the correlation length
a. The parameters € and a are linked to the transport mean free path [§ via the total
scattering coefficients ¢;; and the Fourier spectra P of the ACF R of the medium (Sato
et al., 2012). The elastic transport mean free path for S-waves [% is given as (Przybilla
et al., 2009):
P _ 9ps + 9pp — gpp + 95p _ (6.5)
* (9hs + 9bp — 9Bp)(98p + 9%s — 95s) — 9Ps9Ep

The terms gi[j) are defined as:

1
g,g- = — fgij(ﬁ, @) cos OdS. (6.6)

4
In the acoustic simulations the total scattering gq is estimated, which is related to the
transport mean free path through equation 6.1.

The crustal scattering and attenuation parameters are estimated by comparisons of
elastic and acoustic synthetic RTT envelopes to reference data envelopes as described
in section 6.2. An example of the envelopes for one individual earthquake from the
elastic and acoustic approach, that best describe the reference envelopes is shown
in figure 6.2. The reference envelopes in figure 6.2 are created from earthquake 10
(table 6.1) in the frequency band from 4-8 Hz (f. = 6 Hz). Recordings from five
exemplary stations (LBC, ROHR, KRC, TANN and PLN) and the simulations for
the corresponding distance ranges are shown. For both the elastic and the acoustic
approach, the decay of the seismic coda following the S-wave arrival can be modeled
with a high precision for lapse times up to 50 s. The onset of the direct guided S-wave
in the crust can be modeled with good agreement in terms of amplitude of the envelope
as well as in terms of the shape of the pulse using the elastic RT'T approach. On the
other hand the direct P-wave onset in the elastic simulations is more difficult to model.
These discrepancies can to a large extent be explained by the isotropic source radiation
pattern used in the simulations, which does not represent the true source radiation.
Due to the use of individual earthquakes instead of stacked earthquakes (chapter 7),
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6 Intrinsic and scattering attenuation on a local scale in the Vogtland

the influence of the source radiation pattern is even stronger. Another reason for the
rather poor simulation of the P-wave onset might be a deviation of the true unknown
Q% / Q% ratio to the theoretical value of 2.25, which is assumed in the simulations. In the
acoustic simulations the pulse broadening of the S-wave onset due to reverberations
in the crustal layer and velocity fluctuations is not included in the modeling. The
ballistic S-waves are only represented by a delta peak in the simulations. To account
for these systematic differences in the shape of the direct S-envelope an average value
around this peak is calculated to describe the total energy content of the S-wave onset.
Comparisons of the average S-peak energies from data and acoustic simulations in
general show a good agreement (figure 6.2).
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Figure 6.2: Comparison of local reference data with elastic and acoustic simulations.
This example shows seismic data from earthquake number 10 (see figure 6.1
and table 6.1) recorded at the stations LBC, ROHR, KRC, TANN and PLN
(see figure 6.1 and table 6.2). Data is filtered in the 4-8 Hz frequency band
(f. = 6 Hz). Thin gray lines represent reference envelopes, green lines rep-
resent the smoothed reference envelopes. Columns 1 to 3 show envelopes for
the three components (L, Q and T) modeled with elastic radiative transfer
theory (blue line). Column 4 contains the total energy envelopes computed
with acoustic radiative transfer theory (red line). The mean amplitude of
the direct S-wave energy for reference and acoustic simulations is repre-
sented by the green dot and the red cross, respectively.

66



6.3 Results of the comparison

For each individual earthquake in the four different frequency bands the crustal scat-
tering and attenuation parameters are now determined from fitting the envelopes of
elastic and acoustic RTT simulations to the reference envelopes. The resulting param-
eters are presented in figure 6.3, the average values for the scattering and attenuation
parameters are given in table 6.3 for the different frequency bands.
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Figure 6.3: Attenuation and scattering parameters from elastic and acoustic radiative
transfer theory for the four investigated frequency bands. Left side (a)
shows the absorption path length for S-waves [%, right side (b) shows the
transport mean free path of S-waves [§. Blue color indicates results com-
puted from elastic theory, red color represents acoustic theory. Symbols in
the background indicate the results for each individual earthquake, large
symbols represent the logarithmic mean. In addition to the transport mean
free path, the mean free path for S-waves estimated from elastic theory lg,e
is shown in the right side in golden color (see section 6.3.2 for a discussion
of this parameter). Subscripts e and a denote elastic and acoustic radiative
transfer theory, respectively.

The elastic method yields values from 41 km in the 6 Hz band down to values of 32 km
in the 24 Hz band for the absorption path length [%. In the acoustic case values for
% vary from 34 km (24 Hz) up to 45 km (6 Hz). Considering the fluctuations of the
estimates from the different earthquake, the results obtained from the both methods
for the intrinsic attenuation are in good agreement. Deviations of the individual values
to the average values are slightly higher in the acoustic approach than in the elastic
method (table 6.3).

In the elastic case the transport mean free path of S-waves (% reaches values from up
to 90 km in the 3 Hz frequency band to values of as low as 50 km in the 24 Hz band.
These values transfer to scattering attenuation factors for S-waves Q2. of 543 (3 Hz)
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6 Intrinsic and scattering attenuation on a local scale in the Vogtland

up to 2417 (24 Hz). The scattering attenuation factor for S-waves Q¥ is defined as:

s 2 fl%
ST T

(6.7)

The acoustic approximation predicts transport mean free paths for S-waves [ of 100 km
in the 6 Hz frequency band down to values of 47 km in the 24 Hz band. Corresponding
scattering attenuation quality factors Q¥ range from 610 (3 Hz) up to 2272 (24 Hz).
As for the intrinsic attenuation, the scattering attenuation parameters estimated from
the two different methods agree fairly well. Also here the acoustic results show larger
scatter than the elastic results. It can be concluded, that intrisic attenuation is domi-
nant in the investigated frequency bands and in the chosen epicentral distances of up
to 40 km.

I flom] (Q1) Iz ] (Q2)
frequency [Hz| | elastic acoustic elastic acoustic
3 38 (230) 36 (217) | 90 (543) 101 (610)
6 A1 (496) 45 (546) | 66 (797) 110 (1329)
12 38 (919) 41 (992) | 66 (1595) 82 (1982)
24 32 (1538) 34 (1639) | 50 (2417) 47 (2272)

Table 6.3: Crustal scattering and attenuation parameters in the Vogtland region. Mean
free absorption path for S-waves is denoted as lj, the scattering transport
mean free path is given as [§. Quality factors for intrinsic attenuation and
scattering Q% and Q% are given in round brackets.

From the estimated values of the transport mean free path in the different frequency
bands information about the ACF describing the random medium can be obtained.
Assuming a von Karman type of medium, the Hurst parameter v, which describes
the roughness of the medium (equation 2.4a) can be estimated according to following
equation (Przybilla and Korn, 2008):

o= f>" (6.8)

Equation 6.8 yields v = 0.38 from the elastic results and a value of v = 0.35 from
the acoustic results. In the elastic simulations an exponential ACF of the medium is
assumed, which is a special case of the von Karman type medium with v = 0.5. The
estimated values from both methods are close to the value of 0.5 of an exponential
ACF type medium and therefore justify our assumption of this type of medium in
chapters 6, 7 and 8. Figure 6.4 shows the frequency dependence of the transport mean
free path for S-waves for both methods with the weighted least square fit resulting in
following equations:

f —0.24

Iy, ~ 107 (H—Z) (6.9)
f —0.30

I, ~ 178 (E) (6.10)
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Figure 6.4: Hurst parameter estimation from the transport mean free path. Transport
mean free path estimates from elastic (top) and acoustic (bottom) simula-
tions for the four investigated frequency bands. Green dashed lines indicate
the weighted least square fit to obtain the Hurst parameter v, describing

the roughness of the medium (equations 6.9 and 6.10). Subscripts e and a
denote elastic and acoustic radiative transfer theory, respectively.

6.3.2 Parameter trade-offs and resolution limits

Additionally to the seperation of of scattering and intrinsic attenuation, the data set is
used to investigate the parameter trade off between fluctuation strength and correlation
length, as well as obtain information about the resolution limits of the mean free path
of S-waves [%. The mean free path is a measure of the characteristic distance between
two scattering events.

It is shown, that it is not possible to individually resolve the parameters ¢ and a.
Only the parameter of the transport mean free path, which results from a combination
of these two parameters as a trade-off, can be estimated. This trade-off was already
described in earlier studies, see for example (Przybilla et al., 2009). In this study the
trade-off is demonstrated by comparisons of elastic RT'T simulations with a reference
dataset, which was already used in section 6.3.1. Additional elastic simulations are
computed for different correlation lengths a and fluctuation strengths e. The parameter
a is uniformly spaced between 0 and 2 km, ¢ is in the range from 0 to 10 %. Intrinsic
attenuation is kept constant at a value of Q% = 600 to be able to only investigate
the effect of scattering attenuation. The center frequency is 6 Hz, which results in a
absorption path length I% of ~ 50 km. For all the different sets of parameters, the
forward simualtions are computed according to section 4.7.1. Reference envelopes are
created from earthquake 10 in the 4-8 Hz frequency band and the misfits to the forward
simulations are calculated according to equation 6.3. The resulting misfit surface for
the parameter sets is shown in figure 6.5.
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Figure 6.5: Resolution limits of correlation length a and fluctuation strength e. This
figure shows the misfit value for different pairs of correlation length a and
fluctuation strength e. Light crosses represent elastic RTT simualtions with
different sets of a and e. Intrinsic attenuation I} is constant for all simu-
lations, center frequency is 6 Hz. The simulation with the lowest misfit is
represented by the blue star, grey dots represent simulations with similar
misfits. Dashed white line indicates aps=1. Yellow, orange and red lines
represent isoline of the tmfp for 110, 90 and 70 km, respectively.

A number of simulations with misfits comparable to the best simulation can be ob-
served, those simulations are marked with grey dots. In the elastic simulations some
weak fluctuations, especially in the coda window, can be observed. This fluctuations
are caused by the limited number of particles used in the simulations and can cause
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6.3 Results of the comparison

statistical variations that influence the resulting misfit (see section 7.1.2). The simula-
tions all have different pairs of correlation lengths and fluctuation strengths, but share
a similar value for the transport mean free path length. This is illustrated in figure 6.5,
where additionally to the color coded misfit, the transport mean free path is illustrated
as colored isolines. The best fitting models align along similar values of [§ ranging
between 70 -110 km. The total energy traces (L+Q+T) of these simulations, as well
as the total energy reference envelope from station KRC for event 10 in the 4-8 Hz
band is shown in figure 6.6. The main differences in the traces of the simulations with
similar transport mean free paths can be observed in the coda following the S-wave.
These differences are accounted for by fluctuations in the individual simulations due
to the limited number of particles used. The direct onsets of the P- and S-wave show
only small differences and are nearly equal for simulations with similar transport mean
free paths. From figure 6.6 it can be concluded, that forward scattering is required to
describe the reference data. All simulations with low misfit values have an ak, value
of greater than 1, which implies forward scattering. Higher misfits are visible for all
simulations with akg values below 1, which would imply isotropic scattering. Even
though forward scattering is required, the strength of the forward scattering, described
by the value of akg, cannot be determined.

total energy (elastic)
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—— simulations
— bpest simulation
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Figure 6.6: Total energy envelopes of smoothed reference data (green line) and best
fitting elastic simulation (blue) for earthquake 10 at station KRC in the
4-8 Hz frequency band. Thin grey lines represent the simulations, that can
equally well describe the reference envelopes (figure 6.5)

From the elastic and acoustic simulations information about the resolution possibilities
and limits of the mean free path (% can be obtained. In figure 6.3 the estimated values

71



6 Intrinsic and scattering attenuation on a local scale in the Vogtland

of 1% from the elastic simulations are presented additionally to the transport mean
free path. The deviations of [ are in the range from far below 1 km up to 40 km
and therefore show much higher uncertainty than (g. This fact is also supported by
figure 6.7, which shows the misfit values of the simulations already shown in figure 6.5,
but for the different values of transport mean free path and mean free path. Note,
that it is possible to estimate the transport mean free path with a high accuracy and
to narrow it down to a range between 70-110 km. The mean free path on the other
hand, cannot be estimated reliably as the values from the simulations with low misfits
range from a few hundred meters up to over 40 km.

>1.20
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Figure 6.7: Similar to figure 6.5, but for the different pairs of transport mean free
path and mean free path. Light crosses represent elastic RT'T simulations.
The simulation with the lowest misfit is represented by the blue star, grey
dots represent simulations with similar misfits. Dashed white line indicates
arps = 1. Simulations above the white line have a value of ak, greater than
1 and therefore are in the isotropic scattering regime.
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7 Inversion of regional envelopes
for attenuation and scattering
parameters

In this application swarm earthquakes from the Vogtland region (eastern Germany)
are recorded on a regional scale and inverted for scattering and attenuation parame-
ters of the random medium representing the crustal material beneath the Gréfenberg
array in south-east Germany. Reference seismogram envelopes of different epicentral
distances are used and compared to forward simulations using elastic MC-RTT (sec-
tion 4.7.1). The estimated parameters are then used in section 8 to model translational
and rotational motion seismogram envelopes for teleseismic arrivals and compare them
to records from deep teleseismic events recorded in the Grafenberg array area. The
genetic inversion algorithm, that estimates the best fitting parameters is detailed and
tested in section 7.1. The inversion setup, including the used data, starting parameters
for the inversion and the creation of the reference seismogram envelopes is described
in section 7.2. The results of the inversion of the the regional earthquakes are further
presented in section 7.3.

7.1 Genetic inversion approach

This section details the genetic algorithm used for the inversion (section 7.1.1) and
presents a test of the algorithm using synthetic seismogram envelopes in section 7.1.2.

7.1.1 Basic information

In the inversion process of the regional data a genetic approach is used, for example
described by Goldberg (1989). According to Mitchell (1996) the most basic form of
a genetic inversion algorithm features three different operations: selection, crossover
and mutation, which in the field of seismology can be explained as following. The
selection operator selects a set of parameters describing a random medium, which in
the next step will be subject to the crossover or mutation operation. The fitter the
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7 Inversion of regional envelopes for attenuation and scattering parameters

set of parameters is, i.e. the better the parameters describe the data, the greater the
chance that it is selected in the next iteration. In this study fit sets of parameters result
in small misfit values (compare equation 6.3) and therefore give a good approximation
of the reference data. The crossover operation exchanges single parameters of two fit
parameter sets and mimics the process of biological recombination. The operation of
mutation randomly changes single parameters in a parameter set. An overview of the
inversion approach is shown in figure 7.1.

[initial generation of nl random starting models]@

y
[generation of synthetic data from starting models]@

[misfit evaluation of starting models]@

v

N
new population with n2 models
generated through: )

—>[ random models
—>[mutation of models ]
—>[recombination of models

y
[generation of synthetic data from new models]@

—

B

[misfit evaluation of new models ]@

v

[maximum number n3 of simulations reached]@

OR misfit criterium fulfilled

v v
—@ |YE9I ;[END inversion]

Figure 7.1: Flowchart of the genetic inversion algorithm.

The inversion approach starts off with a first population of models consisting of n1
random starting models (1). These starting models are generated by random alterna-
tion of starting values within a certain range. The starting values for the individual
parameters (for example fluctuation strength or correlation length of the medium) are
set to reasonable values obtained from the literature. For these ni1 starting models,
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7.1 Genetic inversion approach

the forward simulations are calculated using MC-RT'T simulations (2) and are com-
pared to reference traces (3) (for example a synthetic data set or real data reference
seismogram envelopes). The evaluation of the starting models (1-3) is the first cycle in
the inversion process. In each of the following iteration cycles a new population of n2
models is created (4). This is achieved by the generation of completely new random
models similar to the starting models (4a). Random models are created throughout
the inversion process in each iteration cycle to enforce sampling of the entire model
parameter space. Furthermore in each iteration cycle new models are created via the
mutation of individual parameters from parameter sets that yield a good fit (4b) in
the evaluation of the misfit. Mutation ensures the creation of models in the vicinity
of minima in the misfit function. Recombination (4c) describes the process of com-
bining individual parameters from fit models to obtain new models which are located
close to other good models in the parameter space. Recombination also ensures the
dense sampling space in the vicinity of good models. Forward models are calculated
from the new model population (5) and evaluated in terms of their fitness (6). The
generation of new model populations is repeated (8a) until a maximum number n3 of
models is investigated (7). This criteria ends the inversion process (8b). Alternatively
the inversion process can be terminated earlier, when one set of parameters results in
a misfit value falling below a predefined threshold value (7). This also stops the inver-
sion process (8b). The inversion process is implemented in the Python programming
language.

7.1.2 Synthetic test of the inversion algorithm and statistical
variations

The genetic inversion algorithm was subject to testing using a synthetic data set on a
regional distance scale. The synthetic reference seismogram envelopes were computed
using MC-RT'T simulations in accordance to section 4.7.1 for distances of 60, 100 and
140 km and for the three components of translations in the LQT system. Reference
traces are shown in figure 7.2. The reference model consists of a layer over half space,
the top layer represents the crustal part, the half space represents the mantle. Crust
and mantle are separated by a boundary in a depth of 30 km. Velocities of P- and
S-waves vp and vg in the crust are set to 6.0 km/s and 3.46 km /s, respectively . In the
mantle the velocities are 7.6 km/s and 4.4 km/s, respectively. The random medium
representing the crust and mantle has an exponential ACF. Fluctuation strength in the
crust €...5¢ 18 b per cent, in the mantle the fluctuation strength €,,4n1. is set to 2 per
cent. Correlation length a.ruse and apenge are 4 km and 2 km, respectively. Intrinsic
attenuation of S-waves Q% in the crust is set to 600 with a fixed Q% to QY ratio of
2.25 (Shearer, 1999). The intrinsic P-wave attenuation @)% in the mantle is set to 1070,
with Q% in the mantle being 475. An isotropic source with an energy ratio of radiated
P- and S-energy of ~ 0.05 (Shearer and Earle, 2008) is used. The source is placed in
the crustal part of the model in a hypocenter depth of 10 km. The simulations are
carried out at a frequency of 2 Hz. In the inversion process fluctuation strength of
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7 Inversion of regional envelopes for attenuation and scattering parameters

both crust and mantle are estimated, as well as the intrinsic attenuation of the crustal
part of the model. The remaining parameters, intrinsic attenuation of the mantle and
correlation length of crust and mantle, are set to the true values, mentioned above. As
starting values for the inversion 2 % is chosen for the crustal velocity fluctuations, 7 per
cent for the fluctuations in the mantle and an intrinsic attenuation value for S-waves
of 2222. More than 2000 models were created in the inversion run with different sets
of parameters (€rust, €mantle, @5(Q’p) crust). The best fitting model has a fluctuation
strength of 5 per cent in the crust, an intrinsic attenuation value for S-waves Q% in
the crust of 584 and a fluctuation strength of 2.8 per cent in the mantle. The best
model is shown in figure 7.2 in comparison with the reference simulations. Misfits
between the simulations and the synthetic reference envelopes are calculated according
to equation 6.3.
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Figure 7.2: Synthetic inversion test: reference vs. best fitting envelopes. Shown are
the reference envelopes of the inversion process (green) and the envelopes
resulting from the model with the smallest misfit (black). Distances are
60, 100 and 140 km (left to right column) for the different components of
translational motions in the LQT system (top to bottom row).

Table 7.1 gives an overview of the true, starting and estimated values from the inversion.
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7.1 Genetic inversion approach

Qfg (CTUSt) €crust [%] €mantle [%]

true 600 5.0 2.0
starting 5000 2.0 7.0
estimated 584 5.0 2.8

Table 7.1: Starting, true and estimated values in the synthetic inversion.

In figure 7.2 a very good agreement between the reference seismogram envelopes and
the envelopes calculated from the best fitting model can be observed from the first
onset of the direct P-wave until the late seismic coda. Fluctuations in the coda of
the envelopes can be observed and will be subject of investigation at the end of this
section. From table 7.1 it can be observed, that the crustal scattering and attenuation
parameters are inverted nearly perfectly, while the scattering parameter in the mantle
is harder to resolve. This is due to the fact that scattering in the mantle does not
contribute strongly to the simulated envelopes due to the small influence of the mantle
on wave propagation on a regional scale. This fact can also be observed in figures 7.3a
and 7.3b. The figures show the misfit surfaces for two pairs of free parameters: Q%
VErsus €qpyst aNd €mantle VEISUS €ppyst-

mantle_e
°
S

0.03 0.05 0.06 0.05 0.06

0.04
crust_e

0.04
crust_e
(a> Qéa VS €crust (b) €mantle VS €crust

Figure 7.3: Misfit surfaces for two different parameter pairs. (a) Misfit surface for
Q% versus €uqst- (b) Misfit surface for €panie versus €qqs. Blue colors
indicate small misfit values and therefore fit models, red colors represent
models with high misfit values. White indicate the best model found in
the inversion, dashed black lines represent the true parameters. Each small
circle represents one set of parameters. White lines indicate models, that
can explain the reference data equally well. Black dots indicate individual
forward simulations.

It is clearly visible from figure 7.3a that the crustal parameters ¢ and Q% (QY%) can
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7 Inversion of regional envelopes for attenuation and scattering parameters

be estimated quite well and that there is a distinct minimum in the misfit function.
The mantle parameter (figure 7.3b) € is harder to resolve and no distinct minimum
in the misfit function can be observed. This suggests a weak influence of the mantle
scattering properties on the regional wave propagation and on the outcomes of the
MC-RTT simulations. From the synthetic test it can be concluded, that the inversion
algorithm is implemented correctly and can be used in a real data application.

Looking at the coda in figure 7.2 some strong fluctuations can be observed in the
simulations. The fluctuations result from the limited number of particles used in the
MC-RTT simulations due to computational reasons. Together with the geometrical
spreading, the lack of particles causes statistical variations which have to be considered
in the evaluation of the model fitness. Fluctuations get stronger for longer lapse times
and larger distances. Figure 7.4 shows a comparison of a reference simulation with ten
simulations with identical model parameters. For the reference simulation ten times
more particles are used in the computation of the envelopes.
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Figure 7.4: Statistical fluctuations in the MC-RTT simulations results. Reference simu-
lation (blueish) with ten simulations with identical model parameters (thin
black) are shown. Especially in the coda, fluctuations can be observed, that
have to be considered in the misfit calculation. Distances are 60, 100 and
140 km (left to right column) for the different components of translational
motions in the LQT system (top to bottom row).
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Clear fluctuations are visible especially in the coda of the seismogram envelopes. A
computation of the misfits between the ten simulations and the reference simulation is
shown in figure 7.5. The fact, that misfits already exist for models with identical model
parameters, shows the existence of a forward modeling error that has to be considered
in the interpretation of the best model in the simulations. Models that have misfits
in a certain confidence interval also have to be considered as the best possible model,
even if the misfit is higher. This models are encircled in figures 7.3a and 7.3b with
white lines.
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Figure 7.5: Forward modeling error in the MC-RTT simulations. This figure shows
the misfit values between a reference simulation and ten other simulations
with identical model parameters. These misfits indicate a forward modeling
error, that has to be accounted for in the interpretation of the best model.

7.2 Inversion setup

This section describes the study area and gives information about the sources and
receivers used in the inversion of regional seismogram envelopes in section 7.2.1. The
parameter setup and the generation of the reference seismogram envelopes for the
inversion is presented in section 7.2.2.

7.2.1 Study area and data

The region of interest in the regional application is in the south-eastern part of Ger-
many close to the border of the Czech Republic, in particular the subsurface beneath
the Gréfenberg array (figure 7.6). The stations of the Grifenberg array (GR) are de-
ployed at remote sites on a plateau of the Frankonian Jura. This formation is made
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of comparatively homogeneous Upper Jurassic Limestone and is overlain by a sedi-
mentary wedge of varying thicknesses between 400 and 1150 m (Kriiger, 1994). The
lithospheric basement of this formation belongs to the Variscian Belt (Franke, 1989).
A crustal thickness of about 30 km is estimated by Zeis et al. (1990) for the Gréfen-
berg area with a total lithospheric thickness between 80-100 km (Mueller and Panza,
1986). The station in Wettzell (WET) in the eastern part of the study area is directly
deployed on bedrock gneisses (Kliigel et al., 2001).

51°N
s50°N [
49°N ==
2 A station (regional)
* earthquakes
0 50 iguia_
10°E 11°E 12°E 13°E 14°E

Figure 7.6: Study area in the regional data investigations. The map shows the south-
eastern part of Germany. Stations used in the inversion of the regional
earthquakes are shown in green triangles. Swarm-earthquakes in the Vogt-
land area are given as yellow stars. Grey shading indicates topography.

To create the reference seismogram envelopes for different epicentral distances, swarm
earthquakes of moderate magnitude in the Vogtland region are used. Eight earthquakes
with magnitudes My between 3.0 and 4.0, that occurred during the swarm activity in
August 2011, are used. The events have a hypocenter depth between 4 and 9 km.
The distribution of the earthquakes is shown in figure 7.6, more details about the
earthquakes are given in table 7.2.

The earthquakes are recorded at seven stations of the Grafenberg array and additionally
at the station Wettzell (WET). The GR stations are part of the Seismological Central
Observatory (SZO) operated by the Federal Institute for Geosciences and Resources
(BGR). The station WET is part of the German Regional Seismic Network (GRSN)
and is operated by the geodetic observatory in Wettzell. This station is included in
the inversion process, as in chapter 8 the vertical rotation rate observed at that station
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region UTC-time mag lon [°] lat [°] d |[km]
Vogtland 2011-08-28-06-45-08 3.0  12.47 50.25 4
Vogtland 2011-08-26-15-27-24 3.1 1241 50.24 6
Vogtland 2011-08-26-06-54-05 3.6 1242 50.23 5
Vogtland 2011-08-26-06-15-45 3.3  12.41 50.23 6
Vogtland 2011-08-26-00-35-02 3.2  12.43 50.23 4
Vogtland 2011-08-26-00-15-34 3.4 1239 50.25 5
Vogtland 2011-08-25-23-33-21 4.0 1245 50.20 9
Vogtland 2011-08-25-23-05-41 3.6 1244 50.26 5

Table 7.2: Swarm earthquakes used in the regional inversion. lon indicates longitude,
lat indicates latitude and d represents depth. The magnitude of the event
is given by mayg.

will be subject to further investigations. All stations are equipped with broadband,
three component STS-2 seismometers. Station distribution is shown in figure 7.6, more
details about the stations are presented in table 7.3.

network station lon [°| lat [°] seismometer

GR GRA3 11.32 49.76 STS-2
GR GRA2 11.36 49.66 STS-2
GR GRA4 1144 49.57 STS-2
GR GRB4 11.56 49.47 STS-2
GR GRB2 11.67 49.27 STS-2
GR WET 1288 49.14 STS-2
GR GRB5 11.67 49.11 STS-2
GR GRC4 11.53 49.09 STS-2
GR GRC3 11.59 49.89 STS-2

Table 7.3: Stations used in the regional inversion. lon indicates longitude and lat in-
dicates latitude.

7.2.2 Parameters for the inversion and reference envelopes

The forward simulations of the synthetic data in the inversion process are calculated us-
ing the MC-RTT approach for local and regional earthquakes described in section 4.7.1.
To simulate translational LQT snapshots of the wave field the seismic energy is recorded
in the LQT system in a domain with lateral size of 400 x 400 km. Note, that there are
no boundary effects in the simulations, as for example absorbing boundary conditions
used in the FD simulations in chapter 5. The particle propagation is modeled through-
out the full time interval irrespective of the particle location. In the vertical direction
a 30 km thick crust overlaying a half space representing the mantle is modeled. The
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random velocity and density fluctuations are described by an exponetial ACF of the
random medium. Velocities of P- and S-waves in the crust are set to 5.6 km/s and
3.31 km/s, in the mantle the velocities are 7.7 km/s and 4.5 km/s. The source is
placed in the center of the model at a depth of 5.5 km, which is the mean depth of
the swarm-earthquakes used here (table 7.2). The lateral dimensions and the place-
ment of the source allow to compute azimuthally stacked cross sections in the distance
range from 0 to 200 km. A source with an isotropic radiation pattern is chosen as
the reference envelopes are created from averaging over different earthquakes that will
equilibrate the source radiation pattern. A center frequency for the source of 6 Hz is
chosen. The energy ratio between radiated P-and S-energy is fixed at ~0.05 (Shearer
and Earle, 2008). In principal there are eight free parameters in the inversion: fluctu-
ation strength €, correlation length a, the intrinsic quality factor Q% for S-waves and
Q% for P-waves in the crust, and in the mantle respectively. In the actual inversion
process the number of free parameters is limited, as it is computationally not feasible
to invert for all eight parameters. Parameters in the mantle are fixed to fluctuation
strength € = 0.5 %, correlation length a = 4 km and Q% = 475 (Q% = 1070) according
to Sens-Schonfelder et al. (2009). It is inverted for the crustal parameters of fluctuation
strength €, the correlation length a, as well as for the intrinsic attenuation values for
P- and S-waves Q% and QY%. Here it is not inverted for Q% and QY% separately, but
for Q% with a fixed ratio of Q% to Q% of 2.25 (Shearer, 1999). This leaves three free
parameters. As crustal starting values € = 0.5 %, a = 2 km and Q% = 600 are chosen.
(Q% = 1350) (Sens-Schénfelder et al., 2009; Dziewonski and Anderson, 1981).

Reference seismogram envelopes are calculated for the events given in table 7.2 recorded
at the stations detailed in table 7.3. The computation of the reference seismogram
envelopes involves processing of individual records, the estimation of correction factors
for site amplification and event size and finally the stacking of records from different
events. For the processing of individual records the following steps are performed:

1. Demeaning of the traces.
Instrument response removal.

Bandpass filtering (4-8 Hz).

- W N

Distance correction (stretching).
Subtraction of noise level.
Rotation from ZNE into the LQT system.

Calculation of Hilbert envelopes.

© N @

Smoothing of the envelopes.

The correction of the instrument response is done to enable broadband comparison of
absolute amplitudes of translational and rotational measurements. A distance correc-
tions for each station-earthquake pair is necessary, as different earthquakes with slightly
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variable epicentral distances (less than 5 %) are stacked to obtain smooth reference seis-
mogram envelopes. The stretching aligns phases of equal slowness (¢ = t(1+(ro—7)/7),
with ¢ being lapse time, ¢’ is corrected lapse time, r is epicentral distance and rq is the
average epicentral distance of events used for stacking). After these processing steps,
site amplification factors for the stations and energies of the events are computed
with the coda normalization method (CNM) according to Aki (1980) to correct the
smoothed Hilbert envelopes. One set of parameters for station corrections and source
energies (nine stations and eight events) is obtained from a large number of observa-
tions from nine stations and eight events, which transfers to a total of 72 observations.
This ensures that even though magnitudes of the events are different they get similar
weight in the stacking and maintain consistent relative amplitudes in different epicen-
tral distances. After this correction the seismogram envelopes are stacked to obtain
the reference envelopes for the inversion. Reference envelopes R in the LQT system
for different epicentral distances represented by the average distance of the different
stations to the center of the earthquakes are generated. The closest distance is ~95 km,
the greatest epicentral distance investigated is ~163 km.

The calculation of the misfits between real data reference envelopes and the MC-RTT
forward simulations is according to equation 6.3.

7.3 Results of the inversion

Here the results of the genetic inversion (section 7.2) for crustal scattering and at-
tenuation parameters from the regional swarm-earthquakes are presented. During the
inversion process more than 2000 simulations for different sets of parameters (€qpyst,
Aerust, @ (QY) of the crust) were calculated using the MC-RTT simulations and com-
pared to the reference seismogram envelopes. The simulations cover a model space of
roughly 0.1 < € < 20 per cent, 100 < Q% < 5000 and 0.01 < a < 10 km. The resulting
misfit values for the different pairs of parameters (a — €, Q% — €, Q% — a) are shown in

figure 7.7.

The best model, that is the model with the lowest misfit value between reference
envelopes and simulations has following crustal scattering and attenuation parame-
ters for a continuous random medium with an exponential ACF: fluctuation strength
e= 2.9 per cent, correlation length a = 0.27 km and intrinsic S-wave quality factor

% = 667 (Q = 1500). The values of a and € result in a transport mean free path of
~ 420 km. In figure 7.7 a number of simulations located around the best simulation
with misfit values that do not significantly differ from the model with the minimum
misfit can be observed. Especially in the parts of the coda of the direct P- and S-waves
some weak fluctuations can be observed in the simulations. Due to these statistical
variations (section 7.1.2) the resulting misfit for simulations with identical parameters
can differ by ~1.5 %. These differences are a measure of the uncertainties of our simu-
lations. If taking into account these uncertainties of the misfit values, parameters, that
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7 Inversion of regional envelopes for attenuation and scattering parameters

(b)

Figure 7.7: Misfit values for different pairs of free parameters in the inversion process.
(a) Correlation length a against fluctuation strength e. (b) Intrinsic quality
factor @ against fluctuation strength e. (c) Intrinsic quality factor Q%
against correlation length a. Darker colors of the symbols indicate a low
misfit value (good model), brighter colors represent a (bad) model with a
high misfit value. Misfits are illustrated in a logarithmic scale to increase
the contrast for visualization. Misfits are scaled to the simulation with the
lowest misfit value (red star). Note the clear area of simulations with low
misfit values around the best model. Green ellipses indicates models with
misfit similar to the best model (difference ~ 1.5%).

can explain the data equally well, are in the range 2.5 per cent < e < 3.5 per cent,
0.1 km < a < 0.4 km and 580 < Q% < 750. These ranges are approximately repre-
sented by the green ellipsoids in figure 7.7. In figure 7.8 the comparison of the best
model with the reference seismogram envelopes is shown. All stations in the inversion
process are shown. Station WET is highlighted in orange as it will further be used for
modeling of teleseismic arrivals including rotational motions around the vertical axis
(chapter 8).

Some differences can be noticed between the simulations and the reference envelopes,
especially for the direct P- and S-wave arrivals and the P-coda. These differences can
to a large extent be explained by the isotropic source radiation used in the modeling or
by a Q%/QY% ratio that may be different from the theoretical value assumed here. An
influence of the radiation pattern is plausible because as it is averaged over different
earthquakes while constructing the reference envelopes, but apparently the similarity of
the source processes (Fischer et al., 2013) hinders an efficient averaging of the radiation
pattern during stacking. In contrast, the coda of the S-wave can be modeled well.
The suggested crustal scattering and attenuation parameters are in good agreement
with the results of other studies for non-volcanic areas. Especially the comparison to
studies by Sens-Schonfelder and Wegler (2006), Sens-Schonfelder et al. (2009), Calvet
and Margerin (2013) and Rothert (2000) is of interest, as they investigate scattering
and attenuation parameters in similar regions. For a comparison of the estimated
attenuation and scattering parameters see table 2.1 and section 2.3.
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7.3 Results of the inversion

| data Wettzell — stack — modell

Figure 7.8: Comparison of reference seismogram and simulated envelopes. Best sim-
ulations from the regional inversion are shown in red, reference traces are
shown in black or orange in the case of WET. This station will further be
used in chapter 8 for the modeling and comparison of rotational envelopes
from teleseismic events. Rows represent different stations with different epi-
central distances increasing from top to bottom, columns show the different
components in the ray based LQT coordinate system. Grey lines indicate
traces for the individual earthquakes. Units are given in nm?/s? (intensity)
and scaled to the coda average at around 80s. The central frequency of the
MC-RTT simulations is 6 Hz, the earthquake data is filtered in a frequency
band from 4-8 Hz.
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8 Simulation of teleseismic records
of P- and PcP-coda envelopes

In chapter 7 crustal scattering and intrinsic attenuation parameters were estimated
using an established technique of inverting translational motion envelopes from re-
gional, shallow swarm earthquakes. This estimated set of parameters is now used
to model translational and rotational motion seismogram envelopes for teleseismic ar-
rivals and to investigate the crustal influence on different seismic scales. The computed
envelopes are compared to translational and rotational motion records from deep tele-
seismic events. The attention is focused the station WET, located at the Fundamental-
station in Wettzell, as this station offers recordings of the three translational motions
as well as high-quality measurements of the rotation rate around the vertical axis per-
formed by the ringlaser. The investigated teleseismic events and the stations used for
the recording are presented in section 8.1. Some information about the performance
of the ringlaser rotational motion sensor are given in section 8.2. The comparison of
simulated and observed seismogram envelopes is given in section 8.3.

8.1 Study area and observations

As this chapter compares translational and rotational motion seismogram envelopes
from records of the teleseismic P-coda with simulations based on the inversion results
from the regional events in chapter 7, this data application consequently covers the same
study area, the subsurface beneath the Grifenberg array in south-east Germany. An
overview over the study area, including the station distribution is shown in figure 8.1.

In this application teleseismic events are used instead of the regional earthquakes to
investigate the influence of crustal scattering on the teleseismic coda. Four deep tele-
seismic events in the distance range between 70.8° to 73.3° are used, one event from
E-Russia-N-China and three events from the Sea of Okhotsk region. The deep events
in this distance range have the advantage, that the crustal structure beneath the re-
ceivers is excited by an almost plane wave. As the depth phase pP, that is scattered
in the crust at the source side, is excluded, it can be assumed that interaction of the
waves with Earth’s structure is weak in terms of scattering on the way from the source
to the model domain beneath the receiver. Thus the signal that enters the crust at
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8 Simulation of teleseismic records of P- and PcP-coda envelopes
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Figure 8.1: Study area in the teleseismic data application. The map shows the south-
eastern part of Germany. Stations used in the comparison of teleseismic
events to simulations of the teleseismic P-coda are shown in green triangles.
Orange circle indicates the ringlaser instrument in Wettzell, the device used
to record the rotational motions around the vertical axis. Grey shading
indicates topography.

the receiver site is close to the source time function of the earthquake and is not yet
influenced strongly by scattering. In the selected epicentral distances the first arriving
phases are P and PcP, which have similar traveltimes (617-648 s) and also show a sim-
ilar incidence angle at the receiver of 14° to 18°. The traveltimes and incident angles
for P- and PcP-waves are calculated using the IASPEI91 model introduced by Kennett
and Engdahl (1991). An overview over the used earthquakes is given in table 8.1.

The earthquakes are recorded at multiple stations of the Gréfenberg array, the Saxonian
Seismic Network (SX) and of the German Regional Seismic Network (GRSN). The
station WET is of particular interest as, additionally to a classical three-component
seismometer, it houses the ringlaser device, that records the rotational ground motions
around the vertical axis. An overview of the used stations is given in table 8.2, the
station distribution is shown in figure 8.1.

Figure 8.2 shows the seismic records of the four deep teleseismic events (table 8.1)
recorded at the station Wettzell. The three components of translational motion in
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8.2 Ringlaser performance

event id region M, A[°] d[km] origin time UTC tpep — tp [s]
event A E-Russia,NE-China 6.3 73.3 549 2013-04-05-13:00:01 12
event B Sea of Okhotsk 8.3 70.8 605 2013-05-24-05:44:48 16
event C  Sea of Okhotsk 6.7 727 629 2013-05-24-14:56:31 13
event D Sea of Okhotsk 6.7 722 573 2013-10-01-03:38:22 14

Table 8.1: Deep teleseismic events used in this study, with M, being moment magni-
tude, A the epicentral distance from station WET. tp.p — tp is the arrival
time of the PcP wave after the P-wave onset time. d indicates hypocenter
depth.

network station lon [°] lat [°] equipment

GR GRA3 11.32 49.76 STS-2
GR GRA2 11.36 49.66 STS-2
GR GRA4 1144 49.57 STS-2
GR GRB4 11.56 4947 STS-2
GR GRB2 11.67 49.27 STS-2
GR WET 1288 49.14 STS-2
GR GRB5 11.67 49.11 STS-2
GR GRC4 11.53 49.09 STS-2
GR GRC3 11.59 49.89 STS-2
GR BRG 13.94 50.87 STS-2
GR UBBA 10.00 50.82 STS-2
GR GRC1 11.52 50.00 STS-2
GR GRB1 11.65 49.39 STS-2
GR GRB3 11.80 49.34 STS-2
GR MOX  11.62 50.65 STS-2
SX TANN 1246 50.42 STS-2

Table 8.2: Stations used in the teleseismic application. lon indicates longitude and lat
indicates latitude.

vertical (TZ), north-south (TN) and east-west (TE) direction are shown, as well as the
rotation rate around the vertical axis. A clear increase in rotational motion energy can
be observed in the coda after the P- and PcP-arrival.

8.2 Ringlaser performance

Before modelling its data the ringlaser is investigated in terms of its performance,
that is its frequency response. The optical measurement principle of the ringlaser
results in a flat response over the entire frequency range. The acquired data, however
is the product of the instrument and the data acquisition system. To investigate the
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Figure 8.2: Records of the deep teleseismic events. Top three rows show the transla-
tional velocities in the vertical (TZ), north-south (TN) and east-west (TE)
direction recorded at the station Wettzell. Bottom row shows the rotation
rate measured around the vertical axis (RZ). Rows indicate the four deep
events. Data is filtered in a narrow bandpass around 1 Hz. Vertical blue
lines indicates the theoretical arrival of the P-phase, the theoretical onset
of the PcP-phase is indicated by the vertical orange line.

frequency response of the entire rotational motion recording system, the power spectral
density (PSD) of the rotation data is compared to the PSDs of the three translational
components. The PSD functions are calculated using data from the S-wave coda of
a regional event. This comparison is shown in figure 8.3. To compare the PSDs of
translational and rotational motions, the amplitudes of the PSDs have to be scaled.
PSDs of the ground velocity are multiplied by the angular frequency to obtain the
acceleration spectrum and rotation rate data are scaled with two times the local S-
wave phase velocity prior the computation of the PSD. For plane horizontally polarized
shear waves the accelerations and scaled vertical rotation rates should have similar
amplitudes (equations 4.30 and 4.32). A relatively stable PSD can be observed for the
translational components over the entire frequency range (see figure 8.3), representing
the source spectrum of the event. Up to around 1 Hz the scaled translational amplitudes
and the rotation rates agree well. On the other hand a clear drop can be noticed in
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8.3 Modeling and comparison of the teleseismic P- and PcP-coda

the PSD of the rotational components for frequencies above 1 Hz. This sudden drop
in the PSD is explained by limitations of the data acquisition system of the ringlaser
data. For that reason, the frequency band around 1 Hz is used for the comparison of
rotational and translational motion envelopes from the station WET.
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Figure 8.3: Power spectral density of the three translational motion components and
the rotation around the vertical axis (RZ) for the S-wave coda of a regional
event. Translational components are shown in gray colors, the rotational
component is shown in orange. A clear drop in the PSD is noticed for the
rotational component at around 1 Hz, whereas the translational component
PSDs are stable over the entire frequency range. TZ indicates motion in
the vertical direction, TN in north-south direction and TE indicates motion
in the east-west axis.

8.3 Modeling and comparison of the teleseismic P-
and PcP-coda

The simulations of the teleseismic events are based on the modeling approach described
in section 4.7.2. To synthesize the seismogram envelopes a model as the one introduced
in chapter 7 is used, consisting of a heterogeneous layer with a thickness of 30 km
representing the crustal part of the model domain over a half space representing the
transparent mantle. The scattering and attenuation parameters in the crust are chosen
according to the results obtained in chapter 7. Fluctuation strength is 2.9 per cent,
correlation length a is 0.27 km and the intrinsic quality factor for S-waves Q% is 667
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8 Simulation of teleseismic records of P- and PcP-coda envelopes

(QF=1500). This choice of € and a results in transport mean free path length of
~420 km. The source is placed below the crust inside the transparent mantle. The
energy is radiated in an unidirectional direction upwards with an angle 65, which results
in the predicted incidence angle at the surface 6, (equation 4.36). The arrival of P-
and PcP-energy is simulated in two steps. First the arrival of P-energy with the
corresponding theoretical incidence angle is simulated. In a second step the arrival
of PcP is simulated using the incidence angle for PcP-energy and taking into account
the reflection coefficient for reflected P-energy at the core-mantle boundary. In the
algorithm a source is modeled, in which all energy is emitted at the same time. The
resulting envelopes for P- and PcP-arrivals are then convolved with the mean square
envelope of the source time function of the earthquake to account for the finite source
duration. Source time functions are extracted from the SCARDEC method described in
Vallée et al. (2011) and Vallée (2013). Envelopes of PcP-energy are shifted according
to the difference in PcP- and P-traveltime (see table 8.1). The resulting traces are
added to obtain the envelope representing P- and PcP-energy.

A comparison between the simulated arrivals and the recordings for the three transla-
tional motions and the rotation rate around the vertical axis are shown in figure 8.4.
The figure shows the envelopes recorded at all the stations (figure 8.1, table 8.1) as
gray lines and their average in black. As the distance is small between the stations in
comparison to the epicentral distance the records are very similar allowing for averag-
ing. Station WET is highlighted in orange as it corresponds to the envelopes of the
rotation rate. Modeled translational (top three rows) and vertical rotational (bottom
row) envelopes are plotted in red. To compare simulations and data, the envelopes are
scaled to the average coda amplitude in a late time window. Note that only the aver-
age coda amplitude in a late time window of the total translational envelope is used to
scale all three translational envelopes as well as the vertical rotational envelopes with a
single scaling factor. This is possible due to the assumption of plane wave propagation
and the corresponding scaling described in equations 4.30 and 4.32. The first thing to
note in figure 8.4 is the complexity in the data. The different durations of the direct
P-pulse is well accounted for by convolution with the source time functions plotted in
green in figure 8.4.The coda decay of the translational motion envelopes is fairly well
modeled for all events. The rotation rate envelopes show much larger fluctuations as
thetranslational reference envelopes for two reasons. First, no averaging over differ-
ent stations could be performed as there is only one instrument of this type available.
Second the noise level of the ringlaser is high compared to the noise level of classical
seismometers. So the main characteristics of the rotation data are the absence of a
direct pulse at the arrival time of the P-wave and a decay similar to the translational
envelopes. As shown in the bottom row of figure 8.4 these main characteristics of the
data are modeled well by the synthetic envelopes. Additionally note, that the absolute
amplitude levels of the simulated translations and rotations agree with the observations
and there no independent parameter is required for scaling the rotational amplitudes.
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[7 data Wettzell —— stack = model — stf A P A PcP]

event A event B event C event D

T total [nm?/s?]

T

LALLM ERLL e aaLL el

T horizontal [nm? /s?]

T vertical [nm? /s?]

RAALLBRELLL B e e

10°

st

1071

LANELELLL e L e

10~2

R vertical [nrad?/s?

PRTIT EET
PRTIT EET

I A I A I
0 50 100 0 50 100 0 50 100 0 50 100

time [s] time [s] time [s] time [s]

Figure 8.4: Comparison of simulations and data for teleseismic arrivals. Results of the
simulations are shown in red, black lines represent a stack of all available
stations (see figure 8.1). The gray lines in the background represent traces
for each single station. The station WET is highlighted in orange color.
Top row shows total translations, the second row gives the horizontal trans-
lations and the vertical translations are shown in the third row. Columns
represent the different earthquakes given in table 8.1. Rotational motions
around the vertical axis are shown in the bottom row. As only for station
WET rotational motion records are available, only one recorded trace can
be compared to the simulations. Source time functions used for the con-
volution with the simulated traces are indicated in green in the same time
scale as the data. The time scale is chosen such that P-wave arrival is a
time zero. Units are given in nm?/s* or nrad?®/s* (intensity) and scaled to
a coda average. Theoretical arrivals of P- and PcP-energy are marked with
red and blue triangles, respectively. In the investigated time window only
the arrival of P- and PcP-energy is theoretically expected.
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O Discussion

In the local data investigation in chapter 6 crustal scattering and attenuation para-
meters are estimated using elastic and acoustic RTT. As the acoustic approach only
simulates S-wave propagation, the focus is on the analysis of the transport mean free
path for S-waves [% and on the intrinsic attenuation of S-waves, expressed through
the absorption path length of S-waves l%. Both methods yield very similar results
for the scattering and attenuation parameters, with smaller errors estimated in the
elastic approach. Both, the elastic and the acoustic theory, yield a similar frequency
dependence of the parameters and are able to describe the first onset of the direct
S-wave as well as the following S-wave coda with a high precision. The estimated
parameters in the different frequency band are comparable to the results from other
studies, but are estimated to be situated in the stronger scattering and attenuation
regime. The transport mean free path of S-waves [% is comparable to a study by
Przybilla et al. (2009), who used a local data set in Norway to estimate values of ~ 80—
170 km for frequencies in the range of 2-10 Hz. A local study by Fielitz and Wegler
(2015) estimates absorption path lengths for S-waves between 36-43 km for frequencies
between 6-24 Hz at the Continental Deep Drilling site in Germany. Investigations of
regional data sets in general, for example Sens-Schonfelder and Wegler (2006), Sens-
Schonfelder et al. (2009) or chapter 7 estimate higher values for the transport mean free
path and the intrinsic quality factor for S-waves, which indicates weaker attenuation
and weaker scattering properties. This can be explained by the different penetration
depths of the seismic waves for different investigated distance ranges. In the case of
regional data sets the direct waves, as well as the scattered energy, sense much deeper
regions of the crust in comparison to waves recorded in a local distance range (Calvet
and Margerin, 2013). Scattering and attenuation parameters are depth dependent
and therefore can explain the slightly higher values estimated in the local data set in
comparison to the regional data set (chapter 7), even if the two investigated areas in
this study are in close proximity. From the elastic simulations the conclusion can be
drawn that it is not possible to estimate the scattering parameters correlation length
a and the velocity fluctuation strength e separately, but only the transport mean free
path of [*, which results from a combination the two parameters a and e. This fact can
be used to narrow down the parameter space that has to be investigated in inversion or
grid search processes. Instead of considering two free scattering parameters (a and €),
only the parameter € is sampled in the parameter finding process. Due to the fact that
forward scattering is necessary to explain the data (ak > 1), the parameter a can be
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fixed in the individual frequency bands, so that ak > 1. Therefore, only considering
€ as a free parameter will lead to different values for the transport mean free path and
will suffice to give a correct description of the scattering parameters of the medium.

The results from the local data set using acoustic and elastic RT'T yield fairly similar
parameters for the S-wave scattering and attenuation parameters. This indicates that
for a simple setup with a half space, isotropic scattering and only modeling S-wave
propagation, the acoustic approach may suffice to obtain basic parameters about the
scattering properties of the medium. This is especially attractive, as analytic solutions
to this approach exist, which can be computed very efficiently and deliver results
with only minor computational costs. For more complex models however, numerical
solutions to the elastic RTEs have to be utilized. This methods includes the possibility
of modeling the propagation of P- and S-energy, as well as conversions between those
two modes. The modeling of the two modes of energy allows investigations of the ratio
of QF/Q?. Furthermore the more realistic assumption of forward scattering can be
implemented in the modeling.

In the regional application in chapter 7 an inversion of regional three-component seis-
mogram envelopes at different epicentral distances is used to infer parameters of the
crustal heterogeneities in south-east Germany beneath the Gréfenberg array. The re-
sulting values 2.5 % < ¢ < 3.5 %, 0.1 km < a < 0.4 km and 580 < Q7 < 750
for the fluctuation strength, the correlation length of the random medium with an
exponential ACF and the S-wave quality factor are in fair agreement with comparable
studies in Europe. Sens-Schonfelder and Wegler (2006) revealed an intrinsic quality
factor Q¥ of 769 in Germany at 3 Hz using events at regional distances. Another study
by Sens-Schonfelder et al. (2009) in the Pyrenees (France) describes the attenuation of
S-waves with a value Q7 of 625. These results in France were confirmed by Calvet and
Margerin (2013), who found an intrinsic quality factor for S-waves Q7 of ~ 800 for a
frequency of 3 Hz. In the regional application the correlation length of the exponential
type fluctuations of a = 0.25 km together with a fluctuation strength e = 2.9 % leads to
a transport mean free path of S-waves of I3 = 420 km at 6 Hz. This value is supported
by Calvet and Margerin (2013) who found /& ~ 400 km for their preferred model at
6 Hz. Sens-Schonfelder et al. (2009) obtained a transport mean free path of 761 km
at 3 Hz which is also comparable to the results of this study. Rothert (2000) inferred
similar correlation lengths and fluctuations of velocity in the crust from the analysis of
teleseismic events at the Grafenberg array. The agreement with results of Calvet and
Margerin (2013) is remarkable as these authors inverted the lapse time dependence of
the coda attenuation Q¢ with a model of multiple anisotropic acoustic scattering in an
infinite half space. In contrast, the model used in this study features elastic scattering
in a layer over half space structure. This correspondence confirms the importance of
S-wave scattering in the crust and supports the decision to ignore scattering in the
mantle in section 8. In addition, the more realistic modeling approach in this study
allows to simulate full seismogram envelopes, including P-wave energy and the early
coda. Comparison of the envelopes in figure 7.8, however, indicates that detailed mod-
eling of the early coda requires the incorporation of the source radiation pattern even
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in the present case where an averaging over different events is performed.

In the teleseismic analysis in chapter 8 the modeling domain is separated into a scat-
tering crust and a transparent mantle. This setup allows to model the excitation of the
domain by sources outside the scattering medium, in a simplified way focusing on scat-
tering in the crust at the receiver side. This possibility is used to model the envelopes
of the teleseismic P- and PcP-coda including rotational motions around the vertical
axis. As the same study area is investigated as in the regional application (chapter 7),
the parameters estimated from the inversion of regional seismogram envelopes are used
to model the first 100 s after the arrival of the direct P-wave. This 100 s time window
contains the direct P-phase, the direct PcP-phase and the coda of the P/PcP-phase.
The observations are restricted to this time interval to exclude the depth phase pP,
which arrives ~ 120 s after the direct P-wave for the chosen distance and depth range.
The reason for excluding pP is its dependence on the structure on the source side of
the path. As the pP-phase penetrates the crust on the source side twice, its shape is
not only influenced by the source time function of the event, but the shape of the coda
is also strongly dependent on the crustal heterogeneities above the source. Modeling
of the source side would therefore require a detailed knowledge about the crustal pa-
rameters in the source region. A further argument of excluding the pP-phase, is the
dependence of the P/pP amplitude ratios on the radiation pattern of the source.

The modeling results show a reasonable agreement with the observed seismogram en-
velopes for translational motions as well as for rotation rate around the vertical axis
(figure 8.4). The focus lies on the comparison of the peak of the direct arrival as well
as on the decay of the coda of the translational and rotational motion envelopes. An
additional observable is the relative amplitude of the translational and rotational data.
The different width of the direct P-pulse is well accounted for by the convolution with
the source time function of the respective events. Also the coda decay of the transla-
tional motion envelopes is fairly well modeled for the investigated events. Especially in
comparison to the decay of the regional envelopes that extends over almost 3 orders of
magnitude during 80 s, the slow decay of the teleseismic coda is matched well by the
model. Absolute amplitudes of the direct pulse show different misfit for the horizontal
and vertical motion. In our case the horizontal motions are overestimated. This is
attributed to the effect of the shallow velocity structure that is not properly accounted
for in our model and causes steeper incidence in reality. The vertical rotational motion
envelopes show larger fluctuations than the translational envelopes. This is related to
the lack of averaging, as only one rotational sensor can be used, and to a higher noise
level in the rotational motion data. The main characteristics of the data is again well
reproduced by the model. In contrast to the translational motion envelopes, the rota-
tional data do not show a direct pulse due to the insensitivity of the rotation data to
compressional energy. The decay is the same for rotational and translational data and
is well reproduced by the model. Also the absolute amplitude of the rotational coda
envelope is well predicted by the model. This observation confirms findings of earlier
studies, that the local structure and heterogeneity at the receiver side is sufficient to
generate the long lasting coda of teleseismic arrivals. The presented model consistently
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Figure 9.1: Temporal evolution of the equipartition ratio for S- and P-energy. Top row
shows P- and S-energy for a regional simulation at en epicentral distance of
100 km (left, compare figure 7.8) and for the teleseismic case (right, compare
figure 8.4). Bottom row gives the ratio of S- and P-energy. Dashed black
line represents the theoretical equipartition value of ~ 10.7 for our model.

describes the coda of regional events at variable distances and the coda of teleseismic
P- and PcP-wave arrivals including data of rotational motions around the vertical axis.
Especially the fit of the rotational motion envelopes, that is qualitatively modeled here
for the first time, provides confidence in the correct modeling of the main mechanism
that generates the coda of local, regional and teleseismic events.

Assuming that the preferred model provides a realistic description of the scattering
processes allows to investigate properties of the scattered wave field beyond the ob-
servables that can directly be compared to measurements using MC-RTT simulations.
The energy partitioning between P- and S-energy in the wave field is such an observable
that is difficult to measure (Shapiro et al., 2000; Hennino et al., 2001; Margerin et al.,
2009) in the field but can easily be calculated from simulations (Margerin et al., 2000).
According to Ryzhik et al. (1996) the theoretical value for the S- to P-energy ratio for
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Figure 9.2: Spatial evolution of the equipartition ratio for S- and P-energy. Top row
shows a temporal, space dependent snapshot of P- and S-energy of an
regional (left) and teleseismic event (right) for 50 s lapse time. Traces are
according to the snapshots shown in figure 4.5 and 4.7. Bottom row gives
the ratio of S- and P-energy. Dashed black line represents the theoretical
equipartition value of ~ 10.7.

long lapse times tends to stabilize in infinite space at
3
== =2 (9.1)

with Fg and Ep being S- and P-energy, v, and vg are P- and S-wave speeds respectively.
This is the value that is expected to be found in the simulations performed here, as the
interference effect at the surface, that leads to a locally different value at the surface
(Margerin et al., 2009), is not included in our model. The velocity structure in our
model results, applying equation 9.1, in an equipartition ratio of ~ 10.7. In figure 9.1
the temporal evolution of energy partitioning is shown for the regional (chapter 7) and
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teleseismic (chapter 8) simulations.

For the regional case a fast stabilization of the partition ratio at the expected value
of 10.7 can be observed only a short time after the passage of the direct S-wave. This
behavior is similar to simulations shown by Margerin et al. (2000). In contrast the
simulations for the excitation by teleseismic waves converge to a S- to P-energy ratio of
about 30, this is an indication that the equipartition regime is not reached even after
400 s. A ratio of 30 for Fs/Ep indicates a three fold excess of S-energy compared to
equipartition, which is surprising as the teleseismic wave field, modeled in this study,
is excited by a purely compressional P-wave.

The explanation for this observation is the excitation by the plane wave impinging on
the crust. To illustrate this the spatial distribution of deformation energy at 50 s lapse
time is shown in figure 9.2. In the case of the regional simulation (figure 4.5, 50 s) we
observe the expected behavior with a S- to P-energy ratio below the equipartition value
between the P- and S-wave fronts and above equipartition directly behind the S-wave
train. Around the source location and some distance behind the S-wave front the ratio
converges towards equipartition. The illustration of the spatial energy distribution for
the teleseismic excitation is related to figure 4.6. The teleseismic plane wave excitation
corresponds to an areal distribution of upward directed P-sources. Figure 9.2 (right)
shows the energy distribution for one of these directed sources at 50 s lapse time
(compare figusre 4.7, 50 s). Even though this source emits pure P-energy, the figure
shows that a S-wave is generated by scattering close to the source that propagates
as a guided wave as seen in figure 4.6. The energy partitioning is similar to the
isotropic source inside the crust in the regional simulations and converges towards
the equipartition ratio of 10.7 behind the S-wave. The integral effect of the areal
distribution of such individual sources, that simulate the plane wave excitation, causes
a superposition of sources at different distances. As seen in figure 4.7 the strongest
contribution in this source integral comes from sources in the distance corresponding to
the propagation distance of the guided S-waves. These sources introduce an excess in
S-wave energy which leads to an increased S- to P-energy ratio above the theoretically
expected equipartition value.
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In this work a method to model multi-component seismogram envelopes of translational
and rotational motions in a deterministic, macroscopic background structure with spa-
tially dependent density and velocity fluctuations is introduced. This approach is based
on Monte Carlo solutions to the RTEs assuming multiple, anisotropic scattering events
described by the Born approximation. This method allows the modeling of events in
the local, regional and teleseismic distance range. This methodology is introduced to
also model the envelopes of rotational motion sensor measurements.

The results of the MC-RTT simulations are verified by comparisons with 3D full wave
field FD simulations. Six-component seismogram envelopes from the two different
approaches are computed and show a good agreement for the translational motions
as well as for the rotational motion energy. It is concluded, that the elastic radiative
transfer approach is a suitable method to model translational and rotational motion
seismogram envelopes of the high frequency seismic wave field from the initial onset
of the direct P-wave to the late parts of the S-wave coda in continuous elastic random
media.

Results of the local investigation of the Vogtland region using a local data set show
slightly stronger scattering and higher attenuation values in comparison to similar
study areas, in particular to the Grafenberg array area, which is in close proximity.
These higher values can be explained with the depth dependence of scattering and at-
tenuation. Seismic waves recorded on a local or a regional scale sense different depths
of the crustal structure due to their varying penetration depth and therefore can result
in different scattering and attenuation values. Results from the acoustic and elastic ra-
diative transfer simulations show nearly identical values for the S-wave scattering and
attenuation. For the investigation of S-wave propagation and scattering, the simple
isotropic acoustic approach may suffice. However, for the modeling of coupled P- and
S-energy propagation, conversions between those modes, multiple anisotropic scatter-
ing and complex background models, the numerical elastic radiative transfer theory
approach is essential.

Crustal scattering and attenuation parameters from the Gréfenberg array area in south-
east Germany were obtained using an inversion of regional swarm earthquake envelopes.
Results agree with the outcomes from comparable studies covering the European region.
Scattering in the mantle is not required for the modeling of the seismogram envelopes,
but weak scattering in the lithospheric mantle cannot be ruled out.
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10 Conclusions

In the teleseismic data example P- and PcP-phase arrivals are simulated, using the set
of crustal scattering and attenuation parameters obtained from the regional inversion.
The simulation results are compared to translational and rotational motion records
from deep teleseismic events and show a reasonable agreement to the observations.
The observed and simulated rotations around the vertical axis indicate the scattering
from P- to SH-energy in the vicinity of the receiver and therefore strengthens the
argument of multiple scattering at 3D-heterogeneities. The scaling of the rotations
with respect to the translational motions described in equations 4.30 and 4.32 shows,
that S-waves can locally be treated as plane waves and that the level of observed
rotational energy in the teleseismic P-coda is a natural consequence of the scattering
processes that generate the coda of the conventional translational motions.

Observations of seismic energy equipartition in the regional coda show a rapid stabi-
lization around the theoretically expected value, while in the teleseismic P/PcP-coda
the energy partitioning strongly favors S-energy due to the spatially extended source
mechanism of the incident plane wave. This conclusion is drawn from simulations
and has to be further investigated using real data from teleseismic events for example
applying seismic array techniques.

To improve the estimation of scattering and intrinsic attenuation and to further de-
termine the influence of crust and mantle, simultaneous investigations of data from
different epicentral distance ranges are proposed. The observation and modeling of the
rotational motion components provides additional and independent information about
scattering and propagation of the high frequency seismic wave field in the Earth’s struc-
ture and is a valuable additional observable to the classical translational components.
However only a few rotational motion sensors are currently available, that can reliably
and with high quality record the rotational motions excited by seismic waves. This
underlines the necessity of developing high-quality instruments able to continuously
observe and record the rotational motion components of the seismic wave field.
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