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Abstract 
 

The thesis deals with the analysis of surface waves and measuring their phase velocity dispersion 
curves using an array approach. The investigated area - the wider Vienna Basin, lies in the Alpine-
Carpathian-Pannonian junction in central Europe. Data collected from the AlpArray project was 
used for conducting the study. The AlpArray Seismic Network was a dense broadband network 
which allowed for the study of deep structures using surface wave analysis. 

An array approach was used for determining the phase velocity dispersion curves of Rayleigh 
wave fundamental mode. The technique is a combination of the classical two-station method and 
beamforming. Correlation of the waveforms, as in the two-station method, is used to determine 
the propagation time of the fundamental mode between pairs of stations in a chosen subarray. By 
applying a linear regression to the measurements, the absolute value and direction of the 
slowness vector is obtained. For each subarray, all measured phase velocity dispersion curves 
are merged. Merged dispersion curves, each corresponding to individual subarray, are then 
inverted for depth. As a result, 1D shear-velocity model is obtained for each subarray. A 
compilation of these 1D models provides a quasi 3D model of the upper mantle beneath the 
studied area. This allows to distinguish the different tectonic units in the region of the wider Vienna 
Basin. The results are discussed and compared to previous studies carried in the area. 

 



Abstrakt 
 

Práca sa zaoberá analýzou povrchových vĺn a meraním disperzných kriviek ich fázových rýchlostí 
používajúc array prístup. Skúmané územie – Viedenská kotlina s priľahlým okolím, leží na Alpsko-
Karpatsko-Panónskom pomedzí v strednej Európe. V štúdii boli použité dáta zozbierané v rámci 
projektu AlpArray. Seizmická sieť AlpArray bola hustá širokopásmová sieť, ktorá umožnila štúdiu 
hĺbkových štruktúr používajúc analýzu povrchových vĺn.  

Array prístup bol použitý na určovanie disperzných kriviek fázových rýchlostí základného módu 
Rayleighových vĺn. Táto technika je kombináciou klasickej dvojstanicovej metódy a metódy 
beamformingu. Korelácia vĺn, podobne ako v prípade dvojstanicových metód, je použitá na 
určenie času šírenia základného módu medzi dvojicami staníc vo vybranom subarrayi. 
Aplikovaním lineárnej regresie na namerané dáta sa získa veľkosť a smer slowness vektora. Pre 
každý subarray sa zlúčia namerané disperzné krivky fázových rýchlostí. Zlúčené disperzné krivky, 
každá zodpovedajúca jednému subarrayu, sú potom prevedené na hĺbkové závislosti. Výsledkom 
sú 1D modely rýchlosti S vĺn pre každý subarray. Spojením týchto 1D modelov vzniká kvázi-3D 
model vrchného plášťa pod skúmaným územím. Toto umožňuje rozpoznať rozličné tektonické 
jednotky v širšom regióne Viedenskej kotliny. Výsledky sú prediskutované a porovnané 
s predchádzajúcimi štúdiami vykonanými v tejto oblasti. 

 

 

 

Zusammenfassung 
 

Die Arbeit beschäftigt sich mit der Analyse von Oberflächenwellen und der Messung ihrer 
Phasengeschwindigkeitsdispersionskurven mit einem Array-Ansatz. Das untersuchte Gebiet - die 
Wiener-Becken-Gegend, liegt im Übergang zwischen Alpen, Karpaten und Pannonischem 
Becken in Mitteleuropa. Für die Durchführung der Studie wurden Daten aus dem AlpArray-Projekt 
verwendet. Das seismische AlpArray-Netzwerk war ein dichtes Breitbandnetz, das die 
Untersuchung tiefer Strukturen mittels Oberflächenwellenanalyse ermöglichte. 
 
Ein Array-Ansatz wurde verwendet, um die Phasengeschwindigkeitsdispersionskurven der 
Rayleighwellen-Grundmode zu bestimmen. Die Technik ist eine Kombination aus klassischer 
Zwei-Stations-Methode und Beamforming. Korrelation von Wellenformen, wird verwendet, wie 
beim Zwei-Stationen-Verfahren, um die Ausbreitungszeit der Grundmode zwischen 
Stationspaaren in einem ausgewählten Unterarray zu bestimmen. Durch Anwendung einer 
linearen Regression auf die Messungen erhält man Absolutwert und Richtung des 
Langsamkeitsvektors. Für jedes Subarray werden alle gemessenen 
Phasengeschwindigkeitsdispersionskurven zusammengeführt. Die Dispersionskurven, die jeweils 
einem einzelnen Subarray entsprechen, werden dann hinsichtlich der Tiefe invertiert. 
Als Ergebnis ergibt sich ein 1D-Schergeschwindigkeitsmodell für jedes Unterarray. Eine 
Zusammenstellung dieser 1D-Modelle liefert ein quasi-3D-Modell des oberen Mantels unter dem 
Untersuchungsgebiet. Dies ermöglicht es, die verschiedenen tektonischen Einheiten in der 
Region der Wiener-Becken-Gegend zu unterscheiden. Die Ergebnisse werden diskutiert und mit 
früheren Studien in der Region verglichen. 
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Chapter 1

Introduction
Seismic waves are a useful tool for studying the structure of the Earth. Two main types exist -
body and surface waves. Body waves propagate through the interior of the planet. Therefore,
they provide information about the deep internal structure of the Earth. In addition, body
waves can be either P or S waves. P-waves cause compression when traveling thought the
body of the planet. They propagate faster, therefore, usually they are the first waves recorded
on a seismogram. S-waves are characterized by shear movement of the medium they pass
through. This study deals with the second main type of waves - surface waves. I will give a
brief overview of theory and research history together with discussing the recent advances in
the field. Then I will more focus on the research development in the Alpine area where the
investigated region of the study is located.

1.1 Surface waves
Surface waves provide information about the uppermost structure of the planet. In the

past they were considered as the "large" waves recorded on a seismogram as their amplitude
exceeds multiple times the amplitude of body waves. Surface waves are a result of interfering
body waves. To emerge, they require a free surface over which they propagate.

One type of surface waves and the focus of my study - Rayleigh waves, were first predicted
by Rayleigh 1885 rather than observed. They propagate along a free surface above a homo-
geneous halfspace. Rayleigh waves result from interference of compressional P and vertically
polarized shear waves. Therefore, on a 3-component earthquake record, they appear on the
vertical and radial components. They cause elliptical particle motion and their amplitude
decreases with depth. Their velocity is more dependent on the shear waves and is slower in
comparison to shear waves.

In 1900, Oldham 1900 observed portion of the "large" waves also on the transverse compo-
nent of a seismogram which was not predicted by Rayleigh 1885. However, eleven years later,
all the pieces were put together by Love 1911. He explained the emergence of the transverse
wave motion observed by Oldham by considering layers with different properties (density, wave
propagation velocity) overlaying a halfspace. This type of waves are today called after him -
Love waves. Love 1911 hypothesized a layer of "crust" which is significantly different from the
layer beneath it. Furthermore, he discussed the main property of surface waves - dispersion,
for both Rayleigh and Love waves, as well as group and phase velocity. Love waves are a result
from constructive interference between horizontally polarized shear waves trapped in a layer.
Their amplitude also exponentially decreases with depth. Love waves are not the focus of this
study. However, a brief introduction was necessary for completing the theory. Their analysis
will be a subject for future studies, see section 6.2.

Dispersion is the main property of Rayleigh waves and is caused by heterogeneity in the
vertical direction of Earth’s interior. It results, first, in waves having different group and phase
velocity. Please note that if surface waves were not dispersive, those two velocities would be
equivalent. Second, they are period dependent. The energy, represented by the envelope of
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the signal, travels with a group velocity. Phases of wavepackets of different periods move with
their own phase velocity. The dependence of wave propagation on period (frequency) is given
by the dispersion curve.

Group velocity dispersion curves are said to contain 1-D information about the structure
between a source (earthquake) and a receiver (seismic station). On the other hand, phase
velocity dispersion curves could provide more localized structural information as they can be
measured between two stations. The main tool for analyzing dispersive signals is frequency-
time analysis. It is a technique used for representing a signal both in time and in frequency
domains.

Most surface wave studies are based on analysis of the fundamental mode. However, higher
modes can be used for studying the greater depths of the planet as they penetrate way deeper
under the surface. Higher modes propagate faster than the fundamental. Their dispersion
curves are also steeper, meaning velocities increase more abruptly with longer periods.

Seismic sources release different amount of energy when an earthquake occurs. Therefore,
the period ranges that can be analyzed is highly dependent on the epicentral parameters
(magnitude, depth, source mechanics etc). Events recorded at teleseismic distances (thousands
of kilometers) make it easier to analyze the fundamental mode of surface waves. This way, body
waves have enough time to interfere, higher frequencies are attenuated and the fundamental
mode can evolve and get separated from other wavegroups. However, regional earthquakes
can also be used. The records might be dominated by high frequency waves, nevertheless, if a
proper technique for analysis is used, the dispersion of the Rayleigh waves can be extracted.
As noted, frequency-time analysis is the main tool for analyzing dispersive signals. This study
is also based on a technique using frequency-time representation of records.

Most methods used for analyzing surface waves assume great-circle propagation. However,
for many years arrival angle deviations have been observed when measuring phase velocity
dispersion curves. An arrival angle deviation is the difference between the true angle and the
geometrical great-circle backazimuth. When plotted on a map those deviations may appear
as interference pattern over the region.

The phase velocities are systematically deviated as well. They do not increase monotoni-
cally with period, but appear to be wobbled over the whole period range. This is, however, in
contradiction with the theory. Modeled dispersion curves which only take the structure into
account are always smooth and monotonic.

Studies have shown the interference pattern of arrival angles over different regions (Foster
et al. 2014; Pedersen et al. 2015; Kolínský et al. 2019). Kolínský et al. 2020b showed that
the diffraction pattern appears after the wavefield has passed a velocity anomaly before it
arrived at the station. The measured local phase velocity is not the structural velocity but
rather the dynamic. The structural velocity would reflect the velocity distribution below the
investigated region. The dynamic velocity includes the complexity of the wavefield which was
gathered along the propagation path in addition to the structural. Kolínský et al. 2020a show
that the wobbles emerge due to interference of the wavefield after it has been diffracted at a
heterogeneity. They model phase velocity dispersion curves and the arrival angle deviations
taking into account changes in both the global and regional velocities.

My study revolves around analysis of Rayleigh wave fundamental mode. More precisely, I
measure the above described wobbled phase velocity dispersion curves and present a method
which highly suppresses these interference effects. The goal is to obtain a smoother dispersion
curve which is closer to the structural and easily invertable. The technique is based on simple
averaging over many measurements.
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1.2 Techniques for surface wave structural studies
In the past, before having dense deployment of seismic networks, surface waves were ana-

lyzed using single-station methods. They serve best for group velocity measurements, though
phase velocity dispersion curves can also be obtained. However, nowadays, single-station phase
velocity measurements are only of historical significance since they cannot fully deduce the
properties of surface waves. Hence, they are not that suitable for structural studies. Moreover,
there are more precise measurement techniques for two stations or arrays.

Single-station methods were then substituted by two-station methods. They are useful for
determining the phase velocity dispersion curves. A wave is recorded on a two-station pair
aligned with the earthquake’s great-circle path. The waveforms are then correlated and the
phase velocity is obtained. However, from two stations the slowness vector cannot be obtained.
At least three stations are needed to determine the backazimuth. Two-station methods are
highly used together with tomographic studies.

For obtaining not only the phase velocity values but also the direction of propagation,
a tripartite method comes in hand. It is a generalization of the two-station method and a
predecessor of array measurements. However, the method is not widely used.

An array is a set of stations that have common properties, they record simultaneously in
time and the data is then processed together. Arrays may have different geometry, number of
stations and aperture according to the purpose of study. In this study, array measurements
are used for calculating phase velocity dispersion curves of surface waves.

Beamforming is one of the common techniques how to process the data recorded within
an array. The main idea is to find a signal which would explain the measured time records at
all stations. The method is based on brute-force attack. Many beams with different slowness
vectors are tried (velocity and backazimuth). For each beam the records are shifted in time
and summed up. The best solution is the one which produces the most coherent signal.

Beamforming also requires calculating an array transfer function. It estimates the resolu-
tion of the slowness-vector components that can be resolved using a particular array design.
Maupin 2011 used beamforming of Rayleigh waves to obtain a shear-wave velocity model for
southern Norway. The current study, however, is based on another technique, which does not
require signal detection. See next chapters for details.

Many studies apply array analysis for studying surface waves. Cotte et al. 2000 used one
technique to calculate phase velocity dispersion curves for both Love and Rayleigh waves. Six
arrays composed of only three stations were used. They measured the time delays between
stations using a moving time window in three frequency bands. The slowness vector was
then estimated by linear regression. Pedersen et al. 2003 proposed a similar technique using
Wiener filtering with inversion for the slowness vector using L1 norm. The method was then
used by Lyu et al. 2017. They used 2 sets of arrays with different aperture (100 and 50km).
The dispersion curves were inverted for depth resulting in 1-D models mapping the structure
beneath the Western Alps.

Array measurements can be also used to map smaller, local regions. Kolínský et al. 2014
used a single array to obtain 1-D model of a fault zone located in the Bohemian Massif.
Their data set included only 7 events recorded at 4 stations. Cotte et al. 2002 inverted phase
velocity dispersion curves to obtain 1-D models in the Sorgenfrei-Tornquist Zone in Northern
Europe. Their array measurement is similar to the one presented in this study. It is based
on cross-correlating signals of different periods between stations. However, they use smaller
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array size to better map the three different tectonic zones in the area.
Information about Earth’s crust and upper mantle is mostly obtained through surface

wave tomographic studies. Tomography is usually used together with a two-station method.
Although, one can calculate also group velocity dispersion curves between station and a source.

In case we use phase velocity measurements for the tomography, interstation path velocities
are calculated for each station pair and each period. The investigated region is then divided
into blocks and phase velocity maps are calculated. The idea is that each block is crossed by
(ideally) many rays coming from different directions. This allows to convert the 1-D velocity
information into 2-D providing lateral distribution of phase velocities. Finally, an inversion is
calculated to determine the shear and possibly also P-wave velocity variation with depth.

In comparison to different array techniques, tomography does not require dense station
coverage of the investigated region. It only requires dense ray coverage which is more depen-
dent on the data set rather than station distribution.

Tomography can be used on regional and global scale. However, array methods are a more
useful technique to study small regions. Even with arrays of small aperture, phase velocity
measurements can be obtained for long wavelengths. While the two-station method used with
tomographic studies does not allow for too short interstation distances. Another advantage
of array techniques is that they do not need precise epicentral information, meaning origin
time and epicentral location. However, the two-station method requires each station pair to
be aligned with the great-circle path. Hence, the source location must be known. Moreover,
arrays do not require the tomography-inversion step. The phase velocity is directly measured.

1.3 Vienna Basin
The Vienna Basin is one of the most seismic active regions in Austria. It is located in the

Alpine-Carpathian-Pannonian (ALCAPA) junction. The region of the "wider" Vienna Basin
includes not only the ALCAPA unit, but the Bohemian Massif as well (northwest direction).
The main faults are the Mur-Mürz-Line, Salzach-Ennstal-Mariazell-Puchberg Fault (SEMP),
the Diendorf Fault, Alpine Front and the Vienna Basin transfer fault system.

Previous studies in the region have investigated the Alpine region and the Vienna Basin
extensively (Bokelmann et al. 2013; Behm et al. 2016; Zhao et al. 2016; Hua et al. 2017).
Kissling 1993 reviewed various studies using different techniques for mapping the lithosphere
beneath the Alpine region. Despite the large number of studies, the only reliable information
they extracted was about the crust-mantle boundary (Moho discontinuity) and only under
the Western, Central and parts of the Southern Alps. Qorbani et al. 2020 investigated the
crustal structure beneath the Southern and Eastern Alps using ambient noise tomography.
The seismic anisotropy of the Eastern Alps was a subject of study by Qorbani et al. 2015.
Their results point to two anisotropic layers at lithospheric depths beneath the Eastern Alps.
The deeper layer they attribute to a detached slab of European origin, where the upper layer
is explained by asthenospheric flow above the slab. Lippitsch et al. 2003 image 3 high-velocity
anomalies across profiles crossing the Western, Central and Eastern Alps. At depth of 100km
in the Central Alps they suggest a subducted European slab. In the Western Alps they
attribute the velocity anomaly to detached slab of European origin. However, they suggest
that the anomaly in the Eastern Alps is subjected to a subducted Adriatic slab. Kissling et al.
2006 look at different teleseismic tomographic models conducted in the Alpine region and
discuss the opposing subduction regimes in the region. Further slab scenarios in the Alpine
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region are analyzed by Kästle et al. 2020.
Tomographic studies usually image large regions. In such cases the complexity of the

wider Vienna Basin cannot be properly resolved (Piromallo et al. 2003; Kästle et al. 2018;
El-Sharkawy et al. 2020; Schivardi et al. 2011).

The more local area around the Vienna Basin is also a subject of studying. Hetényi et al.
2009 took part in the Carpathian Basin Project to study the mantle transition zone using
receiver functions in the region around the Pannonian Basin. Szanyi et al. 2013 used ambient
noise to study the the Pannonian Basin and it’s surroundings. They analyzed group velocity
dispersion curves in 6 period ranges and compared the change in absolute values between
two periods. They showed that the velocities slightly change between the Eastern Alps and
Western Carpathians, whereas in the Pannonian Basin they increase significantly with depth.
Schippkus et al. 2018 studied the upper crustal structure in the wider Vienna Basin through
ambient noise tomography of Rayleigh waves. In their study the Vienna Basin together with
the Little Hungarian Plain appear as low-velocity anomalies while the Bohemian Massif is
imaged as a high-velocity structure. Similar results were obtained by Szanyi et al. 2021 who
investigated the ALCAPA region using the same approach.

Different anisotropy studies were conducted in the region. Schippkus et al. 2020 studied the
stress field and deformation in the wider Vienna Basin. The deformation of the upper mantle
in the ALCAPA region was studied by Qorbani et al. 2016 via SK(K)S splitting measurements.
Further, SKS measurements were used by Petrescu et al. 2020b and Petrescu et al. 2020a to
observe the anisotropy in the upper mantle. The former study focused on eastern and central
Europe. In the latter, they extended to the greater Alpine region.

1.4 AlpArray project
AlpArray was a multinational research project aiming to better study the Alps-Apennines-

Carpathians-Dinarides orogenic system. The AlpArray Seismic Network was built in the region
between 41°N-50°N and 2°E-19°E in central Europe. The precise region was defined as 250 km
distance from a smoothed 800 m contour line around the Alps (Hetényi et al. 2018). It was
officially running between January 2016 and December 2019. The large-scale seismological
network was deployed with contributions from 61 institutions from 17 countries to advance
the knowledge of the lithosphere and asthenosphere of the Alps and the neighboring mountain
belts. It consisted of over 600 three-component broadband stations - 352 permanent and 276
temporary, including 30 ocean-bottom seismometers deployed in the Ligurian Sea. Figure 1
shows the station distribution of the AlpArray Seismic Network. The mean station spacing
was 30-40 km, see Hetényi et al. 2018, which represented a finer spatial distribution than in the
case of USArray. The high spatial density and uniform coverage allowed for the application
of various seismic techniques to investigate different depth ranges within the Earth - from
shallow crust to mantle transition zone. One non-traditional approach would be Soergel et al.
2019 where the authors use ambient noise correlations to extract coda-Q across the AlpArray.

The temporary seismic network was designed to complement existing permanent seismic
stations across the AlpArray region. The station installation started as early as mid 2015 and
by beginning of 2017 all stations were deployed and operating. Each temporary station had
a unique name, composed of 5 characters - starting with an “A” for AlpArray, followed by
three digits and ending with an “A”. Occasionally, a station’s location had to be changed due
to high noise levels or some other external factor. In case the site relocation was bigger than
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10m, the last “A” was replaced by subsequent letters (B, C etc.).
A seismic station consisted of one (broadband) sensor connected to a digitizer. Generally,

various types of sensors with different characteristics were deployed. However, the minimum
sampling rate requirement for each sensor was 100 samples per second. Additionally, each
station comprised a GPS, a router for telemetry and a battery. Fuchs et al. 2015, 2016 provide
additional information about installation and performance of AlpArray Austria. The recorded
seismic data together with the sensor’s metadata were distributed through the European
Integrated Data Archive (EIDA), a service of ORFEUS, and shared with the collaborating
AlpArray institutes.

The wider Vienna Basin is located within the AlpArray region between 41°N-50°N and
14°E-19°E (see black rectangle in Figure 1). The region included 44 temporary AlpArray
stations and 19 permanent stations of the Austrian Seismic Network, Czech Regional Seismic
Network, Hungarian National Seismological Network and the National Network of Seismic
Stations of Slovakia. The dense spatial sampling (∼40 km) provided a homogeneous coverage
of the area. Most temporary stations in the region were installed as early as mid 2015 and
were still operating by the time the study was carried out. This provided a longer recording
time than the overall AlpArray temporary deployment and was suitable for conducting the
pilot study of the array measurements.

2°E 4°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E

41°N

42°N

43°N

44°N

45°N

46°N

47°N

48°N

49°N

50°N

51°N
Temporary
Permanent

Figure 1. Map of temporary (red triangles) and permanent (blue triangles) seismic stations of the
AlpArray network across Europe. Black rectangle shows the approximate location of the wider Vienna
Basin (study region).
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1.5 My thesis
My work is focused on measuring phase velocity dispersion curves of Rayleigh wave fun-

damental mode. Though an old technique, the array approach used in my study hasn’t been
applied in the sense of mapping the lateral distribution of velocities over a local region. I
adapted the concept of "floating" subarrays, where each station of my region forms a subarray
and a quasi 3-D map of the area is obtained. Furthermore, a technique was developed to inves-
tigate whether the wobble effects in the phase velocity dispersion curves could be suppressed.
The goal was to test whether upper mantle structures in the wider Vienna Basin could be
resolved. In the region several tectonic units meet and while the area has been actively studied
by different techniques, it hasn’t been investigated by surface waves with such a dense station
distribution attempting to reach upper mantle depths.

15



Chapter 2

Methodology
The following sections provide the individual steps of processing carried throughout the study.
At this stage, the stations covering the region of the wider Vienna Basin were already selected.
Moreover, the desired set of earthquakes was as well completed. It is important to mention
that the quality of the data was checked at each processing step. In case of strange behavior
of one station or high complexity of an earthquake, either was removed (see following sections
for more details). At first, pre-processing of the raw seismic records was carried out. This is
an important step when dealing with surface waves as it helps homogenize the data among
different stations. For every earthquake the fundamental mode wavegroup was then extracted
at each station. Next, the phase velocity dispersion curves were calculated using an array
approach. After processing all earthquakes, a set of phase velocity dispersion curves was
obtained per subarray. A merging technique using averaging was then applied, to create
one dispersion curve at every subarray. As a final step, each averaged dispersion curve was
inverted for depth. This resulted in a set of 1-D shear-wave velocity models mapping the
structure below individual subarrays. Together the 1-D models provide a quasi 3-D structural
representation beneath the wider Vienna Basin.

2.1 Pre-processing
The procedure of pre-processing started by downloading the metadata for each station from

the European Integrated Data Archive (EIDA). Those xml-files provide important information,
e.g., station name, respective network code, geographical coordinates, sampling rate etc. Most
importantly, they include sensor specifications for each of the 3 channels, namely the poles
and zeros of the transfer function. As the station list remained constant throughout the study,
this step was executed once. Nevertheless, the metadata files were used when pre-processing
each single earthquake.

The earthquake data was collected from EIDA. For each event, characterized by date and
time of occurrence, a set of station files was downloaded. Generally, different number of
stations was obtained for different earthquakes due to various reasons, e.g., a station was not
operating properly at the time the earthquake occurred, the telemetry connection was poor
etc. The files format is MiniSEED which is a version of SEED (Standard for the Exchange
of Earthquake Data) containing only waveforms. For each day of the year a station data file
includes 24-hour record for each of the 3 sensor components - 1 vertical and 2 horizontal.

The 2 steps described above only deal with collecting the station data and metadata. Next,
I present the substantial pre-processing done station by station for one individual earthquake.
The procedure was then repeated and applied to the full list of events.

First, I needed to pick the correct time window of the earthquake and cut it from the
1-day recordings. Therefore, I roughly estimated the time at which the surface wave group of
the particular earthquake would be recorded at the stations in the wider Vienna Basin. For
the calculation I needed the approximate epicentral distance (from epicenter to investigated
region), the origin-time of the event and some prior knowledge about Rayleigh wave group
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velocities. It is known that Rayleigh waves travel at around 3-4 km/s with short periods (<
20s) being slower. However, a bigger velocity window was used - between 2.5 and 6 km/s, which
ensured sufficient length of the records necessary for the follow-up processing. Having all of
this information, I could calculate the starting minute of the window together with its length
in seconds. As the data set included regional-to-teleseismic events from different locations,
the time windows varied from earthquake to earthquake. Nevertheless, the procedure of
calculation was kept the same.

Once the proper time window was selected and before any further processing was done, the
first quality checks were performed. As the study is based on the analysis of Rayleigh waves,
technically only the vertical component was relevant. Nevertheless, the checks were applied
to the records of all 3 channels. This was done with the intent of expanding the study in
the future by analyzing Love waves, see section 6.2. Having the data already prepared would
speed-up the overall process.

In case only the horizontals had an issue, e.g., the record was zero or entirely missing, the
vertical component was still used and the station was kept for further processing. The ampli-
tudes of the records of each channel were compared to one another. If one was significantly
different relative to the other two, the station was marked for further investigation.

Records of all 3 channels were scanned for gaps and overlaps. Not more than 54 gaps
with maximum length of 3 seconds in each record were allowed. In case the requirement was
not fulfilled the station was dropped. Otherwise, the gaps together with the overlaps were
corrected by merging the split ends. Sometimes such gaps happened to be at the beginning or
end of the record. Only in case the vertical channel was corrupted by such gaps, the station
was rejected. Finally, the records were bandpass-filtered between 1-300 seconds.

Next step of the pre-processing was resampling. Generally, stations could have different
sampling rates (at least 100 samples per second). As my study deals with sample-by-sample
correlation in a later stage, homogeneity of the data among all stations had to be achieved.
Therefore, records at all stations were sampled down to 20sps. By this manner a balance
between resolution and computational expenses was achieved.

The final steps were removing the instrument’s transfer function and rotating the two
horizontal components to radial and transverse (coordinate system of the source). The latter
would be crucial only when working with horizontally polarized Love waves. Nevertheless, the
rotation was performed to support future studies (section 6.2).

Each instrument is characterized by a transfer function which gives its frequency response.
This means that any sensor introduces a frequency dependent amplitude modulation and phase
shift to the recorded signal. By removing the response function, the true ground motion is
obtained. Correcting the signals was an important step for obtaining reliable results when
measuring the phase velocity dispersion curves later, as in general, the stations used were
equipped with different sensors.

Finally, the earthquake records were previewed and investigated further. An example of a
ready-for-processing event is shown in Figure 2.
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Figure 2. Vertical component of seismic records after pre-processing. Teleseismic earthquake with
magnitude 8.2 is displayed. The records are shown with respect to time and distance from origin. The
wavegroup of highest amplitude, arriving at velocity of 4 km/s (red line) correspond to the dispersive
surface waves.

2.2 Fundamental mode selection
After having all vertical components of an earthquake record at all available stations pre-

processed, I could proceed to the next step - selecting the fundamental mode of Rayleigh waves
and measuring its group velocity dispersion curve.

Dispersion curves give the relationship of propagation time of a wavegroup of particular
period to that period. In order to extract this information from a time record, a technique for
analysis in both time and frequency domains simultaneously is necessary. Using frequency-
time analysis is a general approach to investigating dispersive surface wave signals. There are
different methods using frequency-time representation of a record. My study is based on a
"multiple filtering" technique. The method was tested on synthetic seismograms by Kolínský
et al. 2011.

Multiple filtering is performed in the frequency domain. Therefore, the Fourier transform
(FT) of a time record was first computed. A complex-valued spectrum with both positive
and negative frequencies was obtained. Further, the negative frequencies were neglected as
they do not provide any additional information. The spectrum could be then filtered. One by
one filters with different central frequencies were applied to the positive part of the spectrum.
For better visualization, I refer the reader to Figure 3. The 2x4 panel shows the procedure of
multiple filtering. On the left, the normalized spectrum of the record is shown by gray line.
The 4 plots depict filters with 4 different central frequencies - dashed lines. As a result, a set
of spectra was obtained - black solid lines in the figure.
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The filters used were of Gaussian shape, each characterized by a central frequency. The
maximum number of available filters per earthquake was 150. Their width was not constant
but rather changing with frequency - the higher the central frequency, the broader the filter in
the frequency domain. In general, the filters were adapted to the properties of each earthquake
individually. The number of Gaussian filters used varied from earthquake to earthquake.
However, for one event, they were kept the same among all stations. Typically, not more than
80-100 of them were used per event.

It is well known that Gaussian functions provide the best resolution possible in both time
and frequency domains when one deals with FT. The frequency-time uncertainty is a general
property of the FT. It is a limitation of the resolution which can be obtained in the two
domains simultaneously - a well localized time signal, results in a broader spectrum in the
frequency domain.

Generally, the prevailing frequency of the spectra did not match the central frequency
of the corresponding filter. The reason behind being the application of symmetric Gaussian
filters to an asymmetric spectrum. To attain the frequency of each spectra, the instantaneous
frequency using the analytical signal was calculated.

After the spectrum has been filtered, the set of spectra could be transferred back to the time
domain using the inverse Fourier transform. The dashed gray lines on the right of Figure 3,
show the resultant quasi-harmonic time signals corresponding to each spectra. Their envelopes
were calculated again using the analytical signal.

Filtering only the positive part of the spectrum, gave the opportunity to use the analyt-
ical signal of the quasi-harmonic components corresponding to the fundamental mode. The
analytical signal is a complex time signal. If one takes its real part, the original record is
obtained. The imaginary part corresponds to its Hilbert transform. It is a convenient tool for
calculating the envelope and instantaneous phase/frequency.

Once the harmonic components for each period were retrieved, the group velocity disper-
sion curve could be calculated. For visualization and better understanding of the procedure
see Figure 4. The time signals obtained after filtering are given by dashed gray lines together
with their envelopes (solid gray). By selecting the maximum of the envelope at each wavegroup
and going along the period range, a smooth curve linking the arrival times - the dispersion
curve, can be traced.

The procedure for selecting the proper wavegroup of the fundamental mode was based on
a criteria of continuity in time rather than criteria of maximum amplitude. Generally, when
looking at shorter periods, Figure 4, one can see that more than one wavegroup is present.
Usually, the strongest signal (of highest amplitude) at short periods does not correspond to the
fundamental mode but rather to body wave phases or even higher modes. For long periods,
however, the fundamental mode carries the most energy. Therefore, the procedure of picking
the points on the dispersion curve starts at long periods by selecting the time of the highest
amplitude corresponding to the fundamental mode. When proceeding to shorter waves, the
local maximum of the new signal is selected in such a way that it is the closest in time to
the prior one regardless of its amplitude. Finally, by making use of the relationship between
epicentral distance and the arrival time of the wavegroups, the dispersive group velocity was
calculated.

At last, the quasi-harmonic signals and their envelopes were truncated to 4 wave-periods
around each maximum of the envelope of each filtered wavegroup. This step was performed
to assure that the signals contained only the dispersive fundamental mode and no other wave-
groups, see short periods in Figure 4. The undesired part of each signal was filled with zeros.
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Figure 3. Visualization of multiple filtering technique used in the study. On the left, the procedure
of filtering is shown for 4 different periods. The spectrum (gray solid line) is weighted by Gaussian
functions with different central frequencies (dashed lines). The width of the filters broadens for higher
frequencies. The obtained set of spectra (black solid lines) are then transferred back to the time
domain. The right panel shows the quasi-harmonic signals in the time domain (dashed gray lines).
The black solid lines depict the truncated signals.

For each period, the amplitude was kept the same for 0.8x the period around the maximum.
Going to lower and higher times, the amplitude was smoothed to zero by a cosine window
with length of 1.6x the period. The black solid lines in Figure 3 and Figure 4 show the tapered
quasi-monochromatic harmonic signals for each period.

Lastly, I would like to briefly discuss the overall process of extracting the proper funda-
mental mode wavegroup by using the SVAL software. For each earthquake, one station record
(Z component) was processed manually, at first. The time window, period range and filtration
parameters were adjusted, then all other stations were processed automatically. Figure 2 was
of great help when selecting the time window for each event as it visually shows the times of
the surface wavegroup.

The time window was always picked longer than necessary and the record edges were
smoothed out to avoid artifacts when computing the FT. The analyzed period range also
differed from event to event as it depends on epicentral parameters. For controlling the width
of the filters, a parameter linearly dependent on the central period, was used. As already
mentioned not more than 100 out of 150 filters were necessary for filtering one earthquake.
When processing the same event, they were kept the same among stations, more precisely,
their shape and central periods. However, they differed from earthquake to earthquake.

Once the proper parameters were found for the station, all other station records were
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Figure 4. Procedure of calculating the group velocity dispersion curve of the fundamental mode.
The set of quasi-harmonic components of different periods obtained after filtration is shown by gray
dashed lines. Envelopes drawn by gray solid line. By picking the maximum of the envelope (red dots)
of each wavegroup and going along the period range, a smooth curve can be drawn - the dispersion
curve, depicted by red solid line. Black lines depict the truncated quasi-harmonic components and
their envelopes.
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processed automatically. In some cases, re-adjustments were necessary, usually it was the
filtration parameter. The stations, for which the fundamental mode was not selected correctly,
were then checked manually. Parameters were reset accordingly and all stations were processed
again together. The procedure went on until the proper waveforms of the fundamental mode
were extracted from all station records. Of course, sometimes records were noisy and biasing
the measurement. In some cases, only one station was removed, in other the event was
disregarded completely.

One final remark to be made is that the group velocity dispersion curves of the fundamental
mode were not used for further processing. In the next step - measuring the phase velocity
dispersion curves, only the quasi-monochromatic harmonic components were necessary.

2.3 Phase velocity measurement
The phase velocity measurement was based on an array approach described and used by

Kolínský et al. 2014. It combines cross-correlations of previously obtained quasi-monochromatic
signals and linear regression for obtaining the slowness vector.

A seismic array is a set of stations with common properties that record signals simulta-
neously in time and the data is then processed together. The stations comprising the array
are generally in a close geographical proximity. A dense seismic network like AlpArray allows
to adapt the idea of "floating" subarrays over a region of investigation (Kolínský et al. 2019).
In an area densely covered by seismic stations, any station can become a central of an array.
By moving over the whole region, many subarrays are formed if, of course, they satisfy some
initially implied criteria. See below for details.

In the study, each subarray was characterized by a central station. Neighboring stations
were searched for in a radius of 80 km from the central. Additionally, stations closer than 20
km were dropped. The aperture was therefore 160 km in diameter. A central station formed
an array only if it found at least 5 neighbors. Therefore, the minimum array size was 6. Some
stations at the edges of the investigated region did not fulfill the criteria mentioned above and
never formed an array.

The first part of the phase velocity measurement was signal cross-correlation between a
subarray central station and each of its neighbors. For the calculation the truncated funda-
mental mode components were used. Cross-correlation was computed for each station pair
and for each period.

The main idea was to obtain time differences between stations in a subarray corresponding
to the phase propagation from station to station. At first, let’s consider a wave with period of
70s arriving at two stations only. For better understanding, I refer the reader to Figure 5. The
black waveform corresponds to the central station of the array. The red, which arrived later
in time at its station, was shifted sample by sample with respect to the black and correlation
was computed at each step. The correlation window was 35s in both positive and negative
time direction. The maximum correlation shown on the right of Figure 5, corresponds to
shift in time by 10.5s. This means that 10.5s after the 70s wave was recorded at the central
station, it hit its neighbor. Therefore, the time shift is positive with respect to the central.
Afterwards, another neighboring station was selected and the procedure was repeated. A set
of time differences with respect to the central station were obtained. Those represent the
propagation time of the phase of particular period within the array.

As the correlation window is 35 seconds, potentially issues with cycle skipping might
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appear when waves of shorter periods are correlated. In such case, more than one correlation
maximum might appear. To avoid wrong calculations, a procedure of continuity in time is
applied. The idea is very similar to what was discussed in the previous section when selecting
the correct wavegroup corresponding to the fundamental mode. The time delays between
station-pairs are calculated starting at long periods going towards shorter period by period.
In case of two correlation maximums there will be 2 time delay measurements. The one closer
in time to the previous wavegroup is then selected.

2050 2100 2150 2200 2250
Time [s]

2050 2100 2150 2200 2250
Time [s]

Figure 5. Cross-correlation procedure showed for 2 stations in a subarray. Black line represents a
70 s quasi-harmonic component. The red waveform was shifted sample by sample and correlation was
computed at each step. The right panel only demonstrated the maximum correlation for a shift of the
red component by 10.5 s "back in time".

Now, the slowness vector could be calculated. The procedure is based on linear regression.
For better understanding the method, I refer the reader to Figure 6. The figure shows the
results obtained for a 70s wave coming from an earthquake close to Kamchatka. A008A is
the central station of the array and it has 14 neighbors. Important to notice is that the
coordinate system is centered at A008A. On the horizontal plane, the subarray design is
presented in Cartesian coordinates marking the distance relative to A008A. On the vertical,
the corresponding time differences are shown.

A plane wave is fitted through those time measurements, see left on Figure 6, and the
slowness-vector components were obtained. On the right, the figure shows a view along the
regression plane. The x and y-components of the slowness vector were calculated from the
slope of the intersection of the x-time plane and y-time plane, respectively. The yellow and red
lines in the figure represent exactly those. The directional component of the slowness vector,
the arrival angle, was determined by taking the arctan(sy/sx) - magenta line.

The true arrival angle was calculated to be 16.4° measured from North (geometrical great-
circle backazimuth is 21.8° from North). By using the inverse relation between slowness and
velocity, the absolute value of the velocity could be calculated.

Next, the procedure was performed for the whole period range and a phase velocity dis-
persion curve was obtained for the central station A008A.
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Figure 6. Procedure of obtaining the slowness-vector components by linear regression from one
subarray. The central station of the subarray is A008A and it has 14 neighboring stations. The example
shows a 70s wave propagating from the Kamchatka earthquake along the subarray. The vertical time-
axis displays the time differences between central and any other station calculated by cross-correlation.
The horizontal plane is given in Cartesian coordinates, mapping the station distribution. The origin
of the coordinate system is centered at A008A. A plane wave is fitted to the time measurements and
the slowness vector is obtained.

Theoretically, the phase velocity dispersion curve should contain 1-D information beneath
the array. However, from one earthquake, still the dynamic velocity is measured; it is not
possible to obtain the structural velocity as the dispersion curve is still very wobbled, see
Kolínský et al. 2020a. On the other hand, combining more earthquakes at each subarray can
significantly reduce the wobble effects. See next sections for details.

At last, the phase velocity dispersion curves for all other subarrays were calculated. There-
fore, for one event, a set of dispersion curves mapping the region was obtained.

Together with the slowness vector, time residuals for each period and station were calcu-
lated - the difference between the measured time and the one predicted by the linear regression.
They helped to evaluate the quality of the fitted data. Each neighboring station in one subar-
ray for each period was characterized by a residuum. Therefore, many other residuals could be
calculated. For example, if averaging the residuals over all neighboring stations at one period,
a new value was obtained evaluating the overall performance at that particular period. On
the other hand, one could average over the whole period range at one neighboring station and
get a sense of how well the station performed.

For this study, I mostly took advantage of the second scenario. Looking at individual
stations in one subarray, helped me further identify poor data quality. For example, if one
looks on the right of Figure 6, it is visible that station A005A is an outlier and it will produce
high residuals. This points to the phase of the waveforms at this station being distorted. The
cross-correlation did not give correct results. Station A005A was then disregarded from the
final calculation. Please note that by removing one station and running the calculation again,
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the components of the slowness vector change and point to more accurate results.

2.4 Merging
As mentioned in the previous section, the measured phase velocity dispersion curves include

information about the dynamic velocity of the incoming wavefield together with the structural
velocity beneath the station they correspond to. This affects the results obtained by inversion
as they would not fully reflect the structure beneath each station. Therefore, in attempt to
reduce the effect of the wobbles, phase velocity dispersion curves from different locations were
merged together.

For all stations that were central of a subarray, I obtained one averaged dispersion curve.
The phase velocity dispersion curves were generally processed in different period ranges with
the overall range spanning periods from 11s to 238s. Additionally, due to different data
availability, the number of dispersion curves obtained for each station differs. The merging
procedure was based on simple weighted average of all measurements over a period range for
each station individually. Please note that the procedure was executed period by period.

Let’s consider all measured phase velocity dispersion curves obtained only for one station
and go through the merging procedure. 3 parameters were used to build the constrains for
merging - cut-off derivative, minimum number of events and cut-off angle. Their values were
not fixed, but could be altered.

Due to wrong measurements, some dispersion curves had high velocity jumps at the short
and long period ends. To restrict the potential bias when averaging, the "smoothness" of
each curve was first evaluated. The calculation started at in the middle of the period range.
Moving period by period to both ends of the curve, the velocity derivative with respect to
the period is calculated. In case the difference in velocity between two consecutive periods
exceeded the preset cut-off derivative value, the rest of the period range was not used starting
with the point which created the high jump.

Additionally, the number of measurements at each period were checked, meaning, how
many velocity measurements were available at this period. Merging could be performed only
if at every period this number exceeded the preset minimum number of events. The two
parameters restricted the overall period range of the merged curve. Generally, not many
earthquakes were processed at very short or very long periods. However, the middle range of
periods was well covered.

The procedure of merging was based on averaging over all measurement points at each
period separately. To each velocity value, a weight was assigned. Here the cut-off angle
parameter played it’s important role. Generally, a high velocity wobble, would produce a high
arrival angle deviation in absolute value. Therefore, the relation was used to smooth out the
curves while merging. For each velocity measurement at a particular period, the value of the
corresponding arrival angle deviation was checked. In case it’s value was not in the range
of ± the preset cut-off angle, the measurement was not taken into account when merging.
Otherwise, a weight was assigned to it.

Generally, the weight decreased linearly the higher the value of the arrival angle deviation.
That is for an angle deviation value of 0°, the weight assigned to the velocity measurement
was maximum 1. From 0° to the cut-off angle, the weight was reduced. Please note that the
arrival angle deviation could be negative. Therefore, when assigning the weights, the absolute
value of the angle was taken.
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Additionally, at each period the weighted standard deviation was estimated. The error
calculation helped by providing a range of uncertainty. Finally, one phase velocity dispersion
curve was obtained for the subarray. The procedure was repeated for all subarrays available.
A set of smoother phase velocity dispersion curves was obtained, each corresponding to a
subarray. This way a quasi 3-D phase velocity model of the region under investigation was
obtained. The curves together with their uncertainties were then set for inversion.

At this stage, the last data quality checks were performed. The individual phase velocity
dispersion curves corresponding to each subarray together with its merged curve were pre-
viewed. It was noticed that some of the measured dispersion curves were shifted either to
too high or too low velocities. They did not match the overall behavior of the rest of the
measurements. Thus, they were manually removed. I would like to point out that not more
than 5 curves were removed considering all phase velocity dispersion curves on all subarrays.
This represents fraction of a percent of the total amount of data. Thus, no bias was introduced
after the elimination. See next chapter for data statistics.

2.5 Inversion for depth
For the inversion of the phase velocity dispersion curves at each subarray two procedures

were used. The inverse problem was solved by the isometric method (Málek et al. 2007) and
the forward - by the modified Thomson-Haskell matrix method (Proskuryakova et al. 1981).
The inversion procedure has been tested on synthetics by Kolínský et al. 2011. Moreover, it
has recently been used by Belinić et al. 2021. In fact, the same scheme was used here, but the
number of runs was increased.

Dispersion curves were computed for a 1-D layered model above a halfspace. Each layer
together with the halfspace had the following parameters - vs, vp/vs ratio and density.

Depths up to 410 km were stratified by 25 layers. This depth is known as the beginning
of the upper mantle transition zone. The space beneath was considered as halfspace. The
number of layers as well as their thickness was kept constant. However, with depth the relative
thickness of each layer gradually increased. This was done to reflect the decrease in resolution
capability of surface waves with depth.

Rayleigh waves are predominantly dependent on shear-wave velocities. Therefore, only vs
velocities were searched for. The vp/vs ratio together with the density at each layer was set by
the ak135 density model. Shear-wave velocities were inverted for the halfspace as well. The
procedure was kept the same as in each layer.

By setting a reasonable starting model, computational time could be saved. The phase
velocity dispersion curves over all subarrays were first averaged. One mean curve for the whole
region was obtained. By inverting it, a starting model was determined. However, the inversion
does not depend on it. The only reason for conducting this step was to obtain a model which
is only closer to the final one.

The phase velocity dispersion curves at each station were inverted 100 times. Additionally,
each run consisted of several thousand of iterations. A single iteration performed the following
- a new model was set, a dispersion curve was computed and a misfit was calculated. The
misfit function gave the distance between the modeled and measured dispersion curves. The
inversion method is based on keeping this distance minimal at each iteration. However, one
dispersion curve can be obtained by many models with slightly varying misfit.

At each iteration, a structural model was computed by adding random perturbations to
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the previous one. However, the misfit function of the modeled dispersion curve corresponding
to the new method was always compared to the previous misfits. At each iteration, it was
checked whether the new dispersion curve was an improvement compared to the previous, in
a misfit sense. The method always tries to systematically go to better fits.

The standard deviations of the merged phase velocity dispersion curves were also taken into
account. They constrained the range in which the modeled dispersion curves could deviate
from the merged. This means that if the merged dispersion curve has high errors in some
period range, the modeled curves will also span a larger range of velocities.

Each model was characterized not only by a misfit, but additionally by a complexity too.
The complexity gives the average of absolute values of all velocity steps between layers and
is normalized by the total number of layers. In other words, it tracks how smooth the overall
velocity distribution is. In this study, the product of the two is used, see next chapters.

The final model was calculated as an average of the 100 individual models, therefore, its
standard deviation could also be determined. Generally, the final model might not have the
lowest misfit. However, the complexity parameter was usually the smallest.

2.6 Software
Different type of software were used throughout the study, see Table 1 for a full list. The

first four - downloading and exporting scripts, DistAz.exe and ChramRot.exe, were used for
the initial pre-processing of the data. The latter programs were used to connect the earthquake
location and origin time with the data recorded at the stations in the region. When seismic
stations record earthquakes or any seismic vibrations, they do not reflect any information
about the source. Therefore, it is necessary to calculate the distance and time between the
source and the stations. Once the pre-processing was finished, the records were visualized by
the "visual inspection" script.

The main processing was carried out by SVAL - frequency-time analysis, ArrayCorr - phase
velocity measurement and MerPha - merging all measured phase velocity dispersion curves at
each subarray. Different plotting scripts were developed for previewed the data. They served
as additional quality check of the calculations. Once the quality was verified, the inversion
for depth could be carried out. Again SVAL performed the long and heavy job of inversion.
Finally, the results, which are discussed later in the thesis, were plotted and interpreted.

Furthermore, new functions were added or the already existing ones were modified to
better match the purpose of the study. For example, as the work is based on Rayleigh waves,
the exporting script was modified to keep the vertical components of records even in case
any of the horizontals had an issue. Therefore, the volume of the data increased even not
significantly.

However, most corrections and adaptations were done to the merging software. Differ-
ent ideas were tested before implementing the 3 new final constraining parameters (cut-off
derivative, minimum number of events and cut-off angle). It was an iterative process - inves-
tigating at each step whether the function performed correctly or if it at all made physical
sense. While working with each software, many files were output allowing to keep track of the
measurements at each point of processing.

The programs SVAL and ArrayCorr have a graphical, interactive component, see Figure 7
and Figure 8. Figure 7 shows three windows of the SVAL software. On the left, a small
colorful window is to be seen. This is the starting window of the program. One needs to select
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the type of file that stores the pre-processed records. In case of three-component records, one
needs to specify which component is to be used. The maximum number of samples is also
adjusted. This step is performed mainly to allocate the necessary memory in the computer.

In Figure 7 the window on the left shows the main window in SVAL. On the left, the
adjustable parameters are to be seen. The length of the window in seconds from the origin
needs to be selected together with period range and alpha parameter.

On the right, there are two panels. On the lower one is the raw time record. Above it, the
filtered 70s quasi-monochromatic component of the fundamental mode can be seen. By red
the truncated envelope is plotted. In fact, any filtered signal can be selected and previewed.
On the lower left panel, is the group velocity dispersion curve in the period range 15-240s.

SVAL is used not only for selecting the fundamental mode of Rayleigh waves, but also
performs the shear-wave velocity inversion for depth. The inactive window on the right plots
the P, S and density models while the inversion runs. The parameters for the inversion can
be set using the blue panel. Below it one can find a window which provides text information
about the process of calculation in both frequency-time analysis and inversion mode.

Finally, the third window on the low left corner is the spectral domain window. It is
used to observe the record in the frequency domain. The spectrum is depicted by yellow.
Additionally, each Gaussian filter together with its spectra can be plotted.

The second screenshot, Figure 8, presents the GUI of ArrayCorr. The blue panel on the
left displays all parameters. The period range needs to be selected again. Sometimes the
fundamental mode was processed in one period range, but it was shortened for ArrayCorr.
The time window of the correlation needs to be selected. Additionally, the array design
constrains can be altered - the minimum and maximum distance (subarray aperture), the
minimum number of neighboring stations.

The central panel, shows a Cartesian map of the array with central station CONA. the
arrival angle for each period is plotted by color. On the left of this panel, is a "information
board". While the measurement is running, the program prints different information. This
is very useful for tracking the progress of the calculation. The final measured phase velocity
dispersion curve in the period range 30-230s is plotted by red on the panel below.

Finally, on the right, one can see the quasi-monochromatic signals as each period displayed
together for all stations. Those are the signals that are then shifted samples by samples with
respect to the central station to obtain the time differences.

As one can observe, many parameters can be altered. The processing at each step is
visualized when using any of the software, which gives confidence and control over the analysis.

Finally, I would like to emphasize that all scripts used for plotting the results were prepared
specifically for the thesis. However, their purpose was not only to preview the obtained data,
they were used as a quality check tool as well. They were of great help especially when
modifications to the software were performed.
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software/scripts used objective
downloading script downloading instrumental data and metadata
exporting script export downloaded data to a local machine
DistAz.exe calculating distance and backazimuth to earthquake
ChamRot.exe rotation of components, calculating time information
visual inspection script previewing data after initial processing
SVAL.exe frequency-time analysis - extracting the fundamental mode
ArrayCorr.exe arary measurement
MerPha.exe merging of phase velocity dispersion curves
data preview script previewing the phase velocity measurements
SVAL.exe inversion for depth
data preview script previewing the final results

Table 1. List of software and scripts used throughout the study.

Figure 7. Screenshot from SVAL showing three different windows. The colorful window in the upper
left corner is the first window to be seen once the program is started. The type of file used can be
selected, as well as the length of the time window in maximum number of samples. The window on the
right is the main window. It shows the different adjustable parameters on the left. On the right two
panels one can see the raw record (second panel) and a 70s wavefrom after filtration (first panel). On
the lower left, the group velocity dispersion curve of one records is shown in the 15-240s period range.
As SVAL is used both for filtering the fundamental mode as well as inversion, the inversion window
can be found on the right to the group velocity dispersion curve. The third window shows the record
in the frequency domain. One has the option to preview all Gaussian filters as well as corresponding
spectra. For more information, please check the text above.

29



Figure 8. Screenshot from ArrayCorr. The blue panel on the left displays all parameters that can
be selected. The program provides continuous information about the steps of calculation, as can be
seen on the window. A geographical map is plotted for the current array that is being processed. The
final phase velocity dispersion curve is plotted by red line. The window on the right shows the quasi-
monochromatic signals for each period and at each station. Those signals are then shifted samples by
samples for each period to obtain the time differences between the central station and its neighbors.
The text above provides more details.
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Chapter 3

Data

3.1 Stations
The first step of a research project after settling for an investigation region is to construct

a station list which would provide an optimal coverage of the geographic area. In this section I
present the stations used in the study as well as general statistics of earthquake data collected
and used per station.

The initial set included a total of 63 stations from which 19 were permanent and 44
temporary. However, while processing the data, it was noticed that one permanent station
did not perform well at long periods (T > 100s) and had to be removed. Additionally, the list
included 2 permanent stations in great geographical proximity of one another (∼200 m). The
idea behind this was to continuously use only one of the two stations and in case of a noisy
record or missing data for a particular event, it would have been substituted by its backup
neighbor. However, this was not the case and the second station was not used. Figure 9 shows
the spatial distribution of the final 61 stations in the region of the wider Vienna Basin - 44
AlpArray temporary (red triangles) and 17 permanent stations (blue triangles).

As already mentioned in section 1.4 there were 4 A/B station pairs - the geographical
location of station ’A’ was changed due to external factors. The station at the new site
obtained a name ending with ’B’. The A/B pairs never recorded simultaneously, they were
substitute of one another. My final list of 61 stations includes all 8 of them (4 pairs of 2).
Therefore, the maximum number of stations that could record one event was 57.

The diagram in Figure 10 reflects the amount of earthquake data available and used at 3 of
the processing steps per station. The exact numbers are listed in the three very last columns
in Table 2 along with station network code and instrument type. The 4 stations ending with
’X’ are not physical but rather summarize the numbers for the A/B pairs. Blue color bar in
Figure 10 shows the number of events initially downloaded and pre-processed at each station.
The total number of earthquakes was 36 (black horizontal line). The temporary stations in
Hungary (A260A, A261A, A268A, A268A) were deployed in the beginning of 2016. Therefore,
for the first couple of events, they did not provide any records. On the other hand, station
A009A was removed prior to the planned date which resulted in having way less data as it is
evident from the histogram. The permanent stations ALLA, STAC, UNNA and WINA were
deployed much later in time, which resulted in having small portion of events recorded (<
8%). The same applies to stations RONA and VIE, however, they still provided more than 50
%. Lastly, stations A012A and A090A did not operate for short amount of time and I did not
obtain data in the time window of the earthquakes. Occasionally, stations had a telemetry
issue and no data was sent which again resulted in records missing. Nevertheless, for most
stations more than 90% of the initial data set was available.

The green color bar reflects the number of earthquakes for which the fundamental mode
of Rayleigh waves was successfully selected and the phase velocity dispersion curve could be
calculated. At some stations, e.g. A012A, A017A, VYHS and others, more often there was
a long noise component present in the records which biased the group velocity measurement
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(low SNR). Thus, the event recorded at that station had to be disregarded. This is reflected
by the difference in height between the blue and green color bars.

Finally, the red color bar depicts the stations which formed a subarray for which the phase
velocity dispersion curves were calculated. As one can observe from Figure 9, stations A025A,
A079A, A261A, A269A and VYHS are at the edge of the investigated region and do not have
5 or more neighbors in radius of 20 to 80 km (subarray criteria). Therefore, they never formed
a subarray on their own. On the other hand, stations like A338A, MOA, EGYH and some
others, had exactly 5 neighbors. In case one of the neighbors was missing for a particular
event, the subarray also dropped off for that event.
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Figure 9. Map of temporary (red triangles) and permanent (blue triangles) seismic stations in the
wider Vienna Basin.
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Figure 10. Histogram of the number of earthquakes recorded at each station. Blue color bars show the
amount of data initially downloaded, green - number of earthquakes used for the array measurement,
red - number of subarrays. The total number of earthquakes is 36. Temporary stations ending with
’X’ are fictitious reflecting the A/B pairs together.
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station name network code sensor type
(corner period) dwnldd used subarr

A001A Z3 Reftek151 (60s) 35 34 34
A002X: 36 36 36
-A002A Z3 Reftek151 (60s) 6 6 6
-A002B 30 30 30
A003A Z3 Reftek151 (60s) 34 34 34
A004A Z3 Reftek151 (60s) 35 35 35
A005X: 36 35 35
-A005A Z3 Reftek151 (60s) 5 4 4
-A005B 31 31 31
A006A Z3 Reftek151 (60s) 36 36 36
A007A Z3 Reftek151 (60s) 35 35 35
A008A Z3 Reftek151 (60s) 36 36 36
A009A Z3 Reftek151 (60s) 23 22 22
A010A Z3 Reftek151 (60s) 31 31 30
A011X: 35 32 32
-A011A Z3 Reftek151 (60s) 5 4 4
-A011B 30 28 28
A012A Z3 Reftek151 (60s) 30 23 23
A013A Z3 Reftek151 (60s) 35 35 35
A014A Z3 Reftek151 (60s) 36 35 35
A015A Z3 Trillium (240s) 32 32 32
A016A Z3 Reftek151 (60s) 36 32 32
A017A Z3 Reftek151 (60s) 32 24 24
A018A Z3 Reftek151 (60s) 36 36 36
A019A Z3 Reftek151 (60s) 35 34 34
A022A Z3 Trillium (240s) 35 35 35
A025A Z3 Trillium (240s) 35 35 -
A079A Z3 STS-2 (120s) 35 35 -
A084A Z3 STS-2 (120s) 35 35 35
A085A Z3 STS-2 (120s) 36 31 31
A087A Z3 STS-2 (120s) 33 33 31
A088X: 36 36 36
-A088A Z3 STS-2 (120s) 13 13 13
-A088B 23 23 23
A089A Z3 STS-2 (120s) 35 31 31
A090A Z3 CMG-40T (30s) 28 27 25
A260A Z3 CMG-3T (120s) 32 26 26
A261A Z3 CMG-3T (120s) 32 32 -
A268A Z3 CMG-3T (120s) 30 30 28
A269A Z3 CMG-3T (120s) 33 33 -
A331A Z3 Reftek151 (60s) 36 35 33
A332A Z3 Reftek151 (60s) 36 36 35
A333A Z3 Reftek151 (60s) 35 35 35
A334A Z3 Reftek151 (60s) 36 36 36
A335A Z3 Reftek151 (60s) 36 33 33
A337A Z3 Reftek151 (60s) 36 35 35
A338A Z3 Reftek151 (60s) 35 34 26
A339A Z3 Reftek151 (60s) 36 35 33
ALLA XX STS-2 (120s) 3 3 3
ARSA OE STS-2 (120s) 35 35 34
CONA OE STS-2 (120s) 36 36 36
EGYH HU CMG-3T (120s) 36 36 31
JAVC CZ STS-2 (120s) 36 36 36
KRUC CZ STS-2 (120s) 36 36 36
MOA OE STS-2 (120s) 36 36 16
MODS SK STS-2 (120s) 34 31 31
RONA OE STS-2.5 (120s) 20 20 20
SOP HU STS-2 (120s) 36 36 36
STAC CZ MBB-1 (40s) 1 1 1
TREC CZ CMG-3T (120s) 36 35 33
UNNA OE STS-2.5 (120s) 1 1 1
VIE OE CMG-3T (120s) 21 21 21

VRAC CZ CMG-3T (120s) 36 36 36
VYHS SK CMG-3T (120s) 34 21 -
WINA OE STS-2.5 (120s) 1 1 1

Table 2. Temporary and permanent seismic stations used in the study along with their network code
and sensor type. Number of earthquakes downloaded (dwnldd) and used per station as well as number
of earthquakes for which a station formed a subarray is shown. The total number of earthquakes is
36. Underlined stations are fictitious representing A/B pairs together. See section 2.4 for details.
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3.2 Earthquakes
Once I settled for the initial set of stations, I needed to construct a list of earthquakes

appropriate for the study. The USGS Earthquake Catalog was the engine I used for searching
events from all over the world. The procedure started by listing all earthquakes with magni-
tudes bigger than 7 in the years between beginning of 2016 and end of 2019. In case of multiple
events from the same location, the one with the highest magnitude was kept, all others were
excluded. The raw records were previewed and those with poor surface wave amplitudes were
disregarded. At this stage the earthquake list consisted of around 30 teleseismic events both
of shallow and intermediate depths (up to 200 km).

Next, more shallow events (focal depth < 15km) with magnitudes bigger than 6.5 were
added and again previewed. 5 events made it to the list - 2 regional from Greece, one from
Japan as well as 2 events from rare South azimuths, resulting in a total of 35 earthquakes. As
already mentioned, most of the temporary AlpArray stations in the investigated region were
deployed by autumn 2015 and continued recording after the official end of the project (April
2019). Therefore, I could extend my list further and search for events from the end of 2015
and beginning of 2020. 2 additional events with M > 7 were found and the list was completed.
The total number of earthquakes was 37.

While calculating the group velocity dispersion curves, one event had to be removed due
to it’s complexity. Therefore, the final data set included 36 regional-to-teleseismic events with
magnitudes > 6.5 and various hypocentral depths - from shallow to intermediate. Figure 11
shows a map of the event locations (pink crosses) and the overall azimuthal coverage. Pink
solid lines depict the great-circle paths pointing to a station in the center of the wider Vienna
Basin (blue triangle).

Figure 12 shows the number of stations that recorded each earthquake. As mentioned in
the previous section, the maximum number of stations of the total 61 that could simultane-
ously record one event was 57 due to the 4 A/B pairs. The horizontal axis in the bar chart
corresponds to the events listed in Table 3 ordered ascending in time - from 2015 to 2020. The
table provides additional information on location, origin date and time as well as epicentral
parameters (magnitude and focal depth) of each earthquake.

The blue color bar in the histogram represents the number of stations that were ini-
tially downloaded. To be precise, it reflects the number of raw records downloaded and
pre-processed. On average, earthquakes were recorded by almost 90% of the stations (blue
horizontal line). It is visible that the first and very last event provided significantly less data.
The reason behind is that the investigated region was not fully covered with temporary Al-
pArray stations yet or they were already removed, respectively. However, 70% of the stations
were functional and provided data, therefore, the earthquake was kept further. As already
mentioned, the temporary AlpArray stations in Hungary were deployed a bit later than other
stations in the investigated region, therefore, the less numbers for the very first earthquakes.

Next, I would like to point to the green color bar within the blue. It shows for how many
of the pre-processed stations the fundamental mode of Rayleigh waves was successfully picked
per earthquake. The most common reason why a station record was excluded for a particular
event was poor SNR. Certain stations were occasionally noisy probably due to external factors
in the site of deployment or maybe weather conditions. However, not more than 10% of the
initially pre-processed stations were excluded from the measurement.

Lastly, the red color bar depicts the number of subaarays formed for each earthquake event.
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Generally, 5 stations never could form a subarray - due to their location they never met the
criteria (check previous sections for details). Additionally, there were stations that fulfilled
only the minimum requirements. In case, one of their neighbors was absent, it resulted in
overall less subarrays for that one event. The exact numbers presented in the histogram can
be found in Table 3 under columns ’dwnldd’, ’used’ and ’subarr’.

Figure 11. Map of earthquakes used in the study. Dark blue triangle marks the location of station
CONA, approximately in the middle of the investigated region. Pink lines show great-circle paths.
Details about epicentral parameters of each event can be found in Table 3.
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Figure 12. Histogram of the data presented in Table 2. Blue color bars reflect the number of stations
downloaded, green - number of stations used for the array measurement, red - amount of stations
forming a subarray per earthquake. Horizontal lines shows the average for each case respectively. The
total number of stations is 57.
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location date
(yyyy-mm-dd) origin time M depth

(km) dwnldd used subarr period range
(sec) figure

1 Afghanistan 2015-10-26 09:09:43 7.5 231 41 39 33 42-160 Figure A.1
2 Alaska 2016-01-24 10:30:30 7.1 126 47 46 41 27-105 Figure A.2
3 Kamchatka 2016-01-30 03:25:12 7.2 177 47 44 38 35-177 Figure A.3
4 Sumatra 2016-03-02 12:49:48 7.8 24 49 47 39 55-226 Figure A.4
5 Ecuador 2016-04-16 23:58:37 7.8 21 51 48 42 28-190 Figure A.5
6 South Atlantic 2016-05-28 09:47:00 7.2 78 51 47 41 32-177 Figure A.6
7 Mariana 2016-07-29 21:18:25 7.7 196 50 50 46 44-226 Figure A.7
8 South Atlantic 2016-08-19 07:32:23 7.4 10 48 47 41 18-226 Figure A.8
9 Ascension 2016-08-29 04:29:58 7.1 10 50 47 42 26-210 Figure A.9
10 Japan 2016-11-21 20:59:49 6.9 9 51 49 43 30-149 Figure A.10
11 Solomon 2016-12-08 17:38:46 7.8 40 52 51 45 40-190 Figure A.11
12 Chile 2016-12-25 14:22:27 7.6 38 51 51 46 31-186 Figure A.12
13 Papua 2017-01-22 04:30:23 7.9 135 52 52 47 44-190 Figure A.13
14 Komandorskiye 2017-07-17 23:34:14 7.7 10 51 50 45 31-238 Figure A.14
15 Kos 2017-07-20 22:31:11 6.6 7 51 51 46 12-62 Figure A.15
16 Mexico 2017-09-08 04:49:19 8.2 47 50 50 45 29-232 Figure 2
17 Mexico 2017-09-19 18:14:38 7.1 48 53 49 42 33-232 Figure A.16
18 Bouvet 2017-10-10 18:53:28 6.7 9 53 51 45 36-156 Figure A.17
19 Iraq 2017-11-12 18:18:17 7.3 19 53 51 45 25-110 Figure A.18
20 Honduras 2018-01-10 02:51:33 7.5 19 50 50 46 17-200 Figure A.19
21 Peru 2018-01-14 09:18:46 7.1 39 51 49 43 61-195 Figure A.20
22 Alaska 2018-01-23 09:31:41 7.9 14 52 52 47 21-200 Figure A.21
23 Papua 2018-02-25 17:44:44 7.5 25 51 49 41 69-210 Figure A.22
24 Venezuela 2018-08-21 21:31:48 7.3 147 50 48 43 32-177 Figure A.23
25 Indonesia 2018-09-28 10:02:45 7.5 20 52 51 46 27-160 Figure A.24
26 Greece 2018-10-25 22:54:53 6.8 14 49 49 43 12-62 Figure A.25
27 Alaska 2018-11-30 17:29:29 7.1 47 51 49 45 29-84 Figure A.26
28 South Atlantic 2018-12-11 02:26:29 7.1 133 49 44 38 44-138 Figure A.27
29 Komandorskiye 2018-12-20 17:01:55 7.3 17 48 46 38 36-116 Figure A.28
30 Prince Edward 2019-01-22 19:01:44 6.7 13 51 45 39 38-135 Figure A.29
31 Ecuador 2019-02-22 10:17:24 7.5 145 51 50 45 34-156 Figure A.30
32 Papua 2019-05-06 21:19:38 7.1 146 49 44 38 56-177 Figure A.31
33 Peru 2019-05-26 07:41:15 8.0 123 50 48 43 37-210 Figure A.32
34 California 2019-07-06 03:19:53 7.1 8 51 48 41 33-195 Figure A.33
35 Indonesia 2019-07-14 09:10:52 7.2 19 51 48 42 42-160 Figure A.34
36 Jamaica 2020-01-28 19:10:25 7.7 15 46 46 42 32-186 Figure A.35

Table 3. Earthquakes used in the study including date, origin time, magnitude and depth. The
number of downloaded (dwnldd) and used stations for each earthquake is listed. Number of subarrays
as well as analyzed period range are shown.
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Chapter 4

Results
In the following paragraphs, I will present and discuss my results. The chapter is divided
into two parts. First, the merged phase velocity dispersion curves corresponding to each
subarray are discussed. Even before inverting for depth and obtaining the 1-D shear-wave
velocity models, some trends were observed. Different ways of looking at the dispersion curves
are shown, including phase velocity maps at different periods. Second part focuses purely
on the results after the inversion. 1-D structural models corresponding to the subarrays are
examined. Additionally, shear-wave velocity maps at different depths are presented.

4.1 Phase velocity dispersion curves
The following parameters were used to restrict the merging of different earthquakes for

all subarrays. The allowed derivative of the velocity with respect to period was 0.09 km/s/s.
Periods for which the derivative was higher, were eliminated. A minimum of 4 events at each
period were used. This way the period range was further restricted. Finally, the cut-off angle
was set to 15°. If the arrival angel deviation corresponding to a phase velocity value was bigger
than ± 15°, the measurement was not used for merging. The total amount of subaarays was
52. However, 4 of them had phase velocity dispersion curves for only 4 earthquakes. Therefore,
a merged curve was not calculated.

Let’s start by looking at Figure 13. Two different subarrays are shown - station CONA
located in the Alps and station A339A in the Little Hungarian Plain. Figures for the other 46
subarrays can be found in the Appendix of the thesis (section A.2). Phase velocity dispersion
curves corresponding to different earthquakes are shown by color on the first panel. The color
assigned to each earthquake is preserved for all subarrays.

By looking at the first panel of each subarray, one can clearly see the abrupt velocity jumps
at short periods. For the phase velocity measurement to be so scattered, the fundamental
mode selection at those periods must have been wrong. Either the wrong wavegroup has been
selected, or the phases were distorted. At periods as short as 30s different wavegroups arrive.
Usually, their amplitude exceeds the amplitude of the fundamental mode. Therefore, it is
not straight-forward to select the proper wavegroup corresponding to the fundamental mode.
However, by applying the derivative criterion, the jumps were cleared. Panel 4 of the same
figure shows the clean period range of the measured dispersion curves used for merging.

On panel 2, the arrival angle deviations are shown. That is the difference between the
measured arrival angle and the theoretical great-circle backazimuth of each event. For long
periods, as expected, most deviations are around 0. However, short periods are scattered to
greater values. At the same time, the arrival angle deviations are usually in the range of ±15°.
This shows that the restriction set by the cut-off angle is reasonable and reflects the observed
data.

The third panel shows the residuals for each event. They were calculated by averaging
the residuum over all neighboring stations at each period separately. One can observe that
they somewhat match the pattern of the phase velocity wobbles. They include important,
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inseparable information. First, they give an estimate about how well the correlation performed.
Second they include information of the wavefront curvature. If the wavefront was not a plane
wave, what the assumption was, some neighboring stations would produce systematically lower
or higher residuals.

Finally, the merged dispersion curves at the two subarrays can be seen by black dots on
panel 4. The standard deviation at each period is plotted as well. By looking at the merged
and measured curves, one can clearly see that the wobbles are highly suppressed over the
period range.

I would like to point the reader to the two wobbled dispersion curves at subarray A339A
- darker green (70s and 130s) and red (around 100s). They do not have high arrival angle
deviations at the corresponding periods. This means that the weight that will be assigned
to the velocity value will be high. Therefore, the velocity measurement will be highly taken
into account. This of course, biases the merged curve. It influences not only the velocity at
those periods, but also produces higher standard deviations. Nevertheless, when looking at
the merged curves, the overall effect of wobbles is strongly reduced. The same holds for the
light green dispersion curve at CONA with a wobble around 100s. I would say that even if
not always perfect, the merging produces reliable results.
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A339A

Figure 13. Measured phase velocity dispersion curves from different earthquakes at 2 subarrays (first
panel). The arrival angle with respect to the period as well as the residuum are shown. The residuum
was calculated as an average of the residuals for all neighboring stations at every period. Last panel
shows the dispersion curves after the derivative criterion was applied while merging. The solid black
line corresponds to the averaged phase velocity dispersion curves at each subarray. Their standard
deviation is shown at each period.

To give the reader a better feeling of the overall merging procedure I will discuss some
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statistics. Figure 14 will serve as a supporter for explaining. The histograms provide informa-
tion for the overall period range of all 48 subarrays. On the left, the number of subarrays is
shown. Let’s look at the shortest period of 23s. Merged dispersion curves of only 4 subarrys
start at such short periods. However, the dispersion curves were merged for all subarrays at
least in the 30-200s range. 93 % of all curves continue to even longer periods. Having such
broad period range allowed for inverting to greater depths.

On the right side of the figure, the number of measurements is presented. This number
includes the number of phase velocity points from all measured dispersion curves from all
subarrays. Let’s consider the period of 23s again. As mentioned, merged dispersion curves of
4 subarrays start at this period. The minimum criteria of events was 4. Therefore, at least 16
measurement points should be reflected in the figure. In fact, they are 17. This implies that
for one of the subarrays there were 5 velocity points found.
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Figure 14. Histograms of the full period range for all subarrays. Panel on the left shows the number
of subarrays including each particular period. On the right, the number of measurements used at every
period is shown.

To observe whether there was any pattern in the velocity distribution in the whole region,
phase velocity maps were plotted. I refer the reader to Figure 15. Each panel shows the
relative change in velocity in the region of waves with different periods. Please note that the
period is not trivially connected to any depth. Surface waves of different periods are sensitive
to all depths. Although, it is true that shorter periods are more sensitive to the shallower parts
(crust) and longer periods to deeper parts (upper mantle), no conclusion can be made about
the structure of the region. However, the velocity maps do show differences from region to
region. For example, at 30s period, a blue fast patch can be clearly seen. One might say that
it corresponds to the Bohemian Massif. As well as the low velocities in the Little Hungarian
Plain seem to be observed. However, all velocity maps show that the subarrays in northeast
have relatively low velocities when compared to other regions. This does not necessary reflect
the topology on the surface.
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Figure 15. Phase velocity maps at 4 periods. The color scale reflects the relative change in velocity
at each period.

All those observations triggered the idea of assigning the merged dispersion curves to a
tectonic unit. There are five main units in the investigated region. By looking at a map,
reflecting the surface topography, each stations was put in a category, see Figure 16. The
Vienna Basin is the central unit (yellow color in Figure 16). To the northwest is the Bohemian
Massif (orange dots), southwest - the Eastern Alps (purple dots). The Carpathians, depicted
by green dots, are located northeast from the Vienna Basin and finally, by blue is the Little
Hungarian Plain. The idea was to simply review the dispsersion curves and see whether there
is any pattern spanning the whole period range.
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Figure 16. Map showing the assignment of tectonic units to each subarray in the investigated region.

Figure 17 shows the results. A clear separation can be seen for shorter periods. Up to 70s
waves propagate the fastest in the Bohemian Massif (orange curves). What was also observed
from the phase velocity maps is the low velocity in the region of the Carpathians (green). For
longer waves up to 150-170s one can still distinguish between the units. However, for even
longer periods not much can be observed.
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Figure 17. Merged phase velocity dispersion curves separated by color representing one of the 5
tectonic units.
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4.2 Shear-wave velocity at depth
The results of the inversion for the 2 subarrays - CONA and A339A, are shown in Figure 18.

Each figure consists of 4 panels. On the left, there is a geographical map of the wider Vienna
Basin showing the subarray distribution. The current subarray is depicted by the circle with
red circumference. All neighboring subarrays are plotted with the color of the tectonic unit
they belong to. Please note that some stations were reassigned after looking at all 1-D velocity
models. This will be discussed later in the text.

Next to the map, a misfit-complexity plot can be found. Each 1-D model is characterized
by one parameter - the product of misfit and complexity. Misfit is the difference between the
modeled and measured dispersion curve. Generally, the misfit of the final model is not the
lowest. However, the complexity usually is. The complexity measures the "smoothness" of
each model. A model which has big velocity jumps in absolute value between layers would
produce high complexity. Finally, the product of the two is shown by yellow-to-blue colors in
the figure. Looking at the relationship between misfit and complexity, one can conclude that
usually, the final model (red dot) has both the lowest complexity and the lowest product of
complexity and misfit.

On the right panel, all 100 computed models are shown. The ones with the lowest product
are shown on top by yellow color. The final model, calculated by averaging all models, is shown
by red color. The error bars mark the standard deviation in each layer. To each model, the
corresponding forward-calculated dispersion curve is shown on the left bottom panel. Again,
all curves are plotted with colors according to their product value. On top, the merged curve
to each subarray is plotted. The dispersion curve corresponding to the final mean model can
be seen by red color.
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Figure 18. Inversion results for subarrays CONA and A339A previously shown in Figure 13. On the
geographical map the location of the subarray is depicted by the circle with red circumference. On
the right all 100 1-D models are plotted. They are plotted by color from highest to lowest complexity-
misfit product. The red line corresponds to the final mean 1-D structural model and it’s standard
deviation. Bottom left panel shows the merged dispersion with standard deviation by black dots. In
the background one can find the 100 modeled dispersion curves each corresponding to its model. They
are as well plotted by color. The dispersion curve corresponding to the final structural model is shown
by red color.

Now I would like to discuss the reasoning behind reassigning some subarrays to a new
tectonic unit. Once all 1-D shear-wave velocity models were previewed, it was noticed that
some did not match the tectonic unit they belonged to. Instead of looking at the topography
on the surface, the subarrays were judged by their velocity distribution in the upper mantle
layers - starting at around 50km down to 300km.

A total of 6 subarrays were reassigned to neighboring tectonic units. From the Little
Hungarian Plain region three were moved to the Eastern Alps and one to the Carpathians.
One subarray in the Vienna Basin was assigned to the Bohemian Massif and one from the
Carpathians to the Little Hungarian plain. One can conclude and confirm the fact that the
topography on the surface does not necessarily reflect the deeper structure beneath a subarray.
Moreover, is was observed that 2 subarrays did not match any of the surrounding tectonic
units. This implies that in greater depths they reach different units.

Let’s compare the two subarrays in Figure 18. By looking on the right panel, one can see
that all 1-D structural models for A339A are generally shifted to lower shear wave velocities.
However, the overall shape of the mean models seems to be very similar. What is expected
and also observed, is that the shear-wave velocity gradually increases with depth.

The next figures show shear-wave velocity maps at different depths (Figure 19). The maps
start at very low crust depth to the halfspace below 410 km. The color scale is fixed to
each layer and reflects the velocity deviation with respect to the mean in percentage. The
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same maps with the color scale fixed for all depths are presented in section A.4 of the thesis’
Appendix. There the gradual increase of velocity with depth can be observed.

Surface waves of periods up to 30-35s are mostly sensitive to the crustal structure. As the
dispersion curves used for the inversion did not extend to such low periods, the interpretation
of the crustal velocities is not reliable. Moreover, please note that the first layer of depths
0-2km is rather constrained and does not reflect the real data.

If one looks at the maps starting at depth below 2km, some patterns can be observed. The
Bohemian Massif, located to the northwest of Vienna Basin, appears to be the fastest in the
depths between 15-50km relative to its surrounding units. Some low velocity patches can be
seen in the southwest and northeast.

At depths greater than 50km, the Alpine region and the Bohemian Massif show high
relative velocities. Even at these depths, the Carpathians still appear to be slow. The high
and low velocity zones are separated by the Vienna Basin where the shear-wave velocity is
intermediate.

Looking at the layer of 70-80km, northeast edge, station A090A does not match any of it’s
neighbors. It is faster than the stations in the Carpathians, but it is also slower compared to
the Bohemian Massif. This behavior can be tracked down to depths up to 100km.

Interesting to observe is subarray ARSA, located southwest in the Alps at the edge of
the investigated region. Starting at depth of 80 km, it is quite visible that the velocity is
significantly higher than the surrounding area. This is a prominent observation up to 160km
depth. However, the behavior continues until the halfspace.

Going deeper, around 180km, there are two stations relatively faster (MOA) and slower
(A087A) compared to their surroundings. This is highly pronounced up to 300km for MOA
and to a bit shallower depth for A087A.

The velocity distribution is not too reliable at depths below 250km as the sensitivity of
surface waves decreases. However, around 300km down to the halfspace the region between
the Carpathians and the Little Hungarian Plain seems to be relatively slow compared to the
Vienna Basin.
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Figure 19. Shear-wave velocity maps plotted layer by layer over the geographical map of the wider
Vienna Basin region. The scale is fixed for each layer. It reflects the velocity deviation at each subarray
relative to the mean and is in percentage.
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Chapter 5

Discussion
In the first section of this chapter, I would like to introduce the reader to my own observations
and analysis of the obtained results. The 1-D shear-velocity models are discussed in depth.
Next, the resolution of the current array-based study is compared to tomographic studies
previously conducted in the wider Vienna Basin. Finally, I will compare my results to results
obtained by other studies and see whether some of the observations can be attributed to
distinct structures.

5.1 My results
It was observed that the 1-D structural models for all subarrays differed highly above

250km. Therefore, a zoom in those depths is presented in Figure 20. As already explained, each
subarray was assigned to one of the 5 tectonic units located in the region of the wider Vienna
Basin - Vienna Basin (yellow), Bohemian Massif (orange), Eastern Alps (violet), Carpathians
(green) and the Little Hungarian Plain (blue). The 1-D models over the total depth range are
shown in the last panel of Figure 21.

The most significant differences between the models are in the uppermost mantle between
50 and 100km, see Figure 20. One can clearly distinguish between 5 different tectonic units.
The Carpathians are clearly way slower than the other tectonic units. This was also observed
while looking at the merged phase velocity dispersion curves at periods below 70s (Figure 17).
The Bohemian Massif and the Eastern Alps have the highest velocities in this depth range
between 50 and 100km.

In the crust, there is not such prominent difference between the models. However, there is
one subarray in the Alps for which velocity is relative slow compared to the others. Similarly,
one subarray in the Bohemian Massif is significantly faster.

For depths below 100 km, one can still see some pattern. Especially visible is one model
for a subarray in the Alps which differs significantly from all other tectonic units. Around
150-200km the Bohemial Massif becomes slower and the Alps dominate the higher velocities.
Further below 225km no separation of the units can be done. This points to a relatively
homogeneous layer. At this depths one can say that the waves are already trapped purely in
the asthenosphere.

Now we can look at different tectonic units and compare the models to one another.
Therefore, let’s look at Figure 21 which shows each unit with it’s respective color. The last
panel shows all of them together.

Looking at crustal depths, all units have steep gradients, meaning shear-wave velocity
changes significantly with depth. However, there is no striking difference in the velocity
distribution.

Looking at the models for subarrays in the Vienna Basin, a low-velocity zone is to be
seen between 50 and 100km. A similar zone is observed in the Bohemian Massif. However,
right below the Moho the velocity is high. The low-velocity zone is deeper and extends to
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almost 200km depth. Vienna Basin and the Bohemian Massif are the only regions with such
low-velocity anomaly.

The shear-wave velocity under the Alps does not change abruptly between the Moho and
250km. However, the gradient gets steeper below and a distinct step in velocity can be
observed at 410km. This represents the upper boundary of the mantle transition zone.

The Carpathians show a steep gradient at all depths. Just like in the Alps, there is
a distinct change in velocity at the 410-boundary. Interesting to see is the model for one
subarray which at depths between 50 and 100km is significantly faster than the rest. The
reason behind might be that the subarray reaches some other different unit.

The models of the Little Hungarian Plain and the Alps appear to be very similar. However,
the shear-wave velocity in the Little Hungarian Plain is generally lower above 300km. Deeper
they appear comparable.

By looking at all models - individual or all together, one can conclude that they are clearly
distinguishable. The array method in combination with the inversion is capable to resolve
different tectonic units. Subarrays belonging to the same tectonic region appear to have very
similar structural models. Exception is one subarray in the Carpathians which might be
reaching some other tectonic unit.
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Figure 20. All 1-D shear-wave velocity models in depths up to 250km. Colors reflect the different
tectonic units.
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Figure 21. 1-D shear-wave velocity models with depth at subarrays corresponding to one of the
five tectonic units in the studied region - Vienna Basin (BV; yellow), Bohemian Massif (BM; orange),
Eastern Alps (violet), Carpathians (green) and Little Hungarian Plain (LHP; blue). Last panel displays
all 1-D models together.

5.2 Resolution comparison
I would like to start by pointing out that I did not perform a proper resolution testing. The

array method, in the sense that I have used it, is relatively new and I have not yet established
a technique how to evaluate its resolution capability. However, the lateral resolution would
be constrained by the aperture of the subarrays and the distance between each one of them.

It is true that the phase velocity measurement for an individual subarray is averaged over
a region with diameter of 160km. However, the individual subarrays are around 50km away
from one another. In fact, the regions over which the measurements are averaged overlap to
great extend.

To further elaborate here, I would refer the reader to the shear-wave velocity maps dis-
cussed earlier, Figure 19. Let’s look at subarray ARSA at depth around 100-120km. The
velocity at this depth is relatively high compared to its neighbors. First, the subarray has
an aperture of around 160km. However, it’s four neighbors are at a distance around 50km.
This means that towards the inside of the region, the five subarrays would "see" the same
structure. This implies that the high velocity under ARSA is more towards southwest rather
than northeast. Moreover, I would suspect that an anomaly with size around 100 km can be
potentially resolved. Of course, those are only speculations and I do not claim any accuracy.

The vertical resolution depends more on the period range of the phase velocity dispersion
curves than on the array design. As noted, short period surface waves feel the more shallow

53



depths and longer waves are more sensitive to deeper layers. The period range of the phase
velocities in my study did not extend to very short periods, therefore, the shear-velocity at
crustal depths would not be very reliable. The same applies to greater depths. Therefore, I
focus mostly on the upper mantle.

Dando et al. 2011 calculated a teleseismic body-wave tomography to image the Carpathian-
Pannonian region in the Central Alps. They estimated the resolution capability of their model
both for P and S-waves using checkerboard tests. The results show that an anomaly with size
of 100 km in lateral direction would be "seen" by the shear waves propagation. However,
vertically the velocity anomalies are rather smeared. The resolution is rather high for the size
of their region and is comparable with the approximated resolution of my array method.

Kästle et al. 2020 discuss both body wave and surface wave tomographic studies of the
upper mantle in the Alpine subduction zone. All studies include my region of investigation.
The resolution of the different models is not discussed in depth. However, by looking at the
results, it is clearly visible that small heterogenities in the Vienna Basin cannot be properly
resolved. The velocity over the whole region appears smeared and relatively constant.

5.3 Results comparison
El-Sharkawy et al. 2020 calculated a Rayleigh wave tomography for the Alpine-Mediterranean

region. They obtained 3-D shear-velocity maps down to 300km depth. The region they image
is quite broad and small local complexities would not be resolved. However, some similarities
with my study were prominent. They image a high-velocity extension from the Dinarides
towards the Eastern Alps. This coincides with the southwest edge of my region. El-Sharkawy
et al. 2020 suggest an Adriatic slab beneath the Eastern Alps down to depths of 150km. If
one looks at Figure 19 at depths around 100 to 160km, it is visible that station ARSA is a
high-velocity anomaly in the local region of the Eastern Alps. This suggests that the structure
beneath the subarray is subjected to the subduction processes in the Eastern Alps.

Dando et al. 2011 conducted a tomographic study based on body waves. They discuss
both P and S-wave velocity maps to depths around 800km. As I worked with Rayleigh waves,
it only makes sense to compare my shear-wave velocity results with theirs. They imaged the
Carpathian-Pannonian region which fully includes the wider Vienna Basin. Looking at 75km
depth there are many similarities between our results. The Carpathians are shown to be
slow and going towards the Vienna Basin velocities gradually increase. The Bohemian Massif
together with the southern part of the Eastern Alps appear to be relatively faster. At greater
depths around 200-300km subarray MOA is apparently faster than its surroundings. In Dando
et al. 2011 this region of the Eastern Alps is also imaged as a high velocity zone.
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Chapter 6

Final remarks

6.1 Conclusions
This thesis deals with phase velocity measurements of Rayleigh wave fundamental mode

and their inversion for depth. A new approach for obtaining structural information of a
local region is presented. Array measurements are a common technique for measuring phase
velocity dispersion curves of surface waves. However, usually individual subarrays are used
for obtaining local 1-D structure.

The dense AlpArray network allowed for forming many subarrays over the region of the
wider Vienna Basin, located at the edge of the Eastern Alps. Phase velocity dispersion curves
are calculated using the array approach. The technique is based on the two-station method
combined with beamforming. Waveforms of the fundamental mode are cross-correlated at
station pairs and so their propagation time is determined. Using linear regression, the phase
velocity and arrival angle of the fundamental mode is obtained. For every subarray, many
phase velocity dispersion curves are calculated and then merged. The averaged dispersion
curves for each subarray are then inverted for depth and 1-D shear-wave velocity models are
obtained. Those provide a quasi 3-D velocity distribution with depth beneath the area of
investigation. The obtained results show that the array approach is reliable for distinguishing
different tectonic units in the region of the wider Vienna Basin.

6.2 Outlook
While working on the topic of my thesis, new ideas for further research emerged. It would

be interesting to investigate different array sizes and compare the results. The phase velocity
dispersion curves experience higher wobbles in case of smaller instestation distances. This
applies to the arrival angle deviations as well. I would like to investigate whether the merging
technique still provides reliable results for curves with higher phase velocity deviations along
the whole period range, if smaller array aperture is used.

As mentioned in the chapters above, the two horizontal components of all records were
downloaded and pre-processed together with the vertical. This was initially done so that in
the future the study can be carried out with Love waves as well. This would allow to further
study the well-known discrepancy in the propagation velocities of Love and Rayleigh waves.

Another future topic would be working out a way to estimate the resolution capability of
the array method presented. Currently, there is no proper technique developed due to the
fact that the idea of "floating" subarrays is relatively new. However, even now, one can still
roughly estimate the approximate resolution.
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Appendix

A.1 Record plots
In Figure 2 I showed one earthquake recorded on the vertical component. The figure cor-
responds to Mexico earthquake (2017-09-08) with magnitude 8.2. Here the other 35 events
are displayed ordered ascending in time. More details about each earthquakes are listed in
Table 3.
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Figure A.1. Afghanistan, M=7.5
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Figure A.2. Alaska, M=7.1
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Figure A.3. Kamchatka, M=7.2
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Figure A.4. Sumatra, M=7.8
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Figure A.5. Ecuador, M=7.8

2000 2500 3000 3500 4000 4500
time from origin [s]

12100

12150

12200

12250

12300

12350

12400

12450

di
st

an
ce

 [k
m

]   A001A

  A002A

  A003A  A004A

  A005B

  A006A

  A007A

  A008A

  A009A

  A010A

  A011A

  A012A

  A013A

  A014A

  A015A

  A016A

  A017A

  A018A

  A019A

  A022A

  A025A

  A079A  A084A

  A085A

  A087A

  A088A

  A089A

  A090A

  A260A

  A261A

  A268A

  A269A

  A331A

  A332A

  A333A
  A334A  A335A

  A337A
  A338A

  A339A

  ARSA

  CONA
  EGYH

  JAVC

  KRUC

  MOA

  MODS

  SOP

  TREC

  VRAC

  VYHS

2.64.06.0

vertical

Figure A.6. South Atlantic, M=7.2
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Figure A.7. Mariana, M=7.7
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Figure A.8. South Atlantic, M=7.4
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Figure A.9. Ascension, M=7.1
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Figure A.10. Japan, M=6.9
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Figure A.11. Solomon, M=7.8
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Figure A.12. Chile, M=7.6
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Figure A.13. Papua, M=7.9
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Figure A.14. Komandorskiye, M=7.7
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Figure A.15. Kos, M=6.6
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Figure A.16. Mexico, M=7.1
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Figure A.17. Bouvet, M=6.7
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Figure A.18. Iraq, M=7.3
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Figure A.19. Honduras, M=7.5
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Figure A.20. Peru, M=7.1
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Figure A.21. Alaska, M=7.9
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Figure A.22. Papua, M=7.5
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Figure A.23. Venezuela, M=7.3
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Figure A.24. Indonesia, M=7.5
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Figure A.25. Greece, M=6.8

1500 2000 2500 3000 3500
time from origin [s]

7600

7650

7700

7750

7800

7850

7900

7950

8000

di
st

an
ce

 [k
m

]

  A001A

  A002B

  A003A

  A004A

  A005B

  A006A

  A007A

  A008A

  A010A

  A011B

  A012A

  A013A

  A014A

  A015A

  A016A

  A017A

  A018A

  A019A

  A022A

  A025A

  A079A

  A084A

  A085A

  A087A

  A088B

  A089A

  A260A

  A261A

  A268A

  A269A

  A331A

  A332A
  A333A

  A334A

  A335A

  A337A

  A338A  A339A

  ARSA

  CONA

  EGYH

  JAVC

  KRUC

  MOA

  MODS

  RONA
  SOP

  TREC

  VIE

  VRAC

  VYHS

2.54.06.0

vertical

Figure A.26. Alaska, M=7.1
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Figure A.27. South Atlantic, M=7.1
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Figure A.28. Komandorskiye, M=7.3
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Figure A.29. Prince Edward, M=6.7
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Figure A.30. Ecuador, M=7.5
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Figure A.31. Papua, M=7.1
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Figure A.32. Peru, M=8.0
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Figure A.33. California, M=7.1
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Figure A.34. Indonesia, M=7.2
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Figure A.35. Jamaica, M=7.7

A.2 Phase velocity dispersion curves
In Figure 13 measured phase velocity dispersion curves from different earthquakes at the
subarrays CONA and A339A are displayed. Here I show the results for the rest 46 subarrays.
Phase velocity, (arrival) angle deviation and residuals are plotted over the whole period range.
Black dotted curve in panel 4 presents the merged curve with its standard deviation at each
period. The y-axis ranges are fixed for all figures.
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Figure A.36. Measured phase velocity dispersion curves for the rest 46 subarrays.

A.3 Shear-wave velocity at depth
I present the inversion results for all other 46 arrays. Subarrays CONA and A339A were
displayed in Figure 18.
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Figure A.37. Inversion results for the rest 46 subarrays.

A.4 Shear-wave velocity maps
Shear-wave velocity maps plotted using a relative scale for each depth were shown in Figure 19.
Here, I present the same depth slices with a scale fixed for all layers showing the gradual
increase in velocity with depth.
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Shear wave velocity map at depth between 50-60km
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Shear wave velocity map at depth between 60-70km
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Shear wave velocity map at depth between 70-80km

3.0

3.5

4.0

4.5

5.0

5.5

6.0

A010A
4.412

ARSA
4.52

A260A
4.455

A011X
4.471

EGYH
4.32

A268A
4.383

A019A
4.418

A012A
4.408

A009A
4.369

SOP
4.398

RONA
4.411

A018A
4.393

A003A
4.366

A339A
4.321

MOA
4.38

CONA
4.37

A017A
4.458

A004A
4.33

A338A
4.262

A013A
4.363

A337A
4.34

VIE
4.371

A016A
4.456

A002X
4.33

A014A
4.492

A008A
4.461

MODS
4.429

A005X
4.324

A335A
4.254

A334A
4.21

A022A
4.459

A333A
4.336

A007A
4.416

A001A
4.315

A006A
4.368

A332A
4.255

JAVC
4.217

A015A
4.404

A084A
4.376

KRUC
4.393

A331A
4.207

A089A
4.423

TREC
4.488

VRAC
4.439

A090A
4.374

A088X
4.445

A085A
4.465

A087A
4.472

14°E 15°E 16°E 17°E 18°E 19°E

47°N

48°N

49°N

50°N
Shear wave velocity map at depth between 80-90km
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Shear wave velocity map at depth between 90-100km
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Shear wave velocity map at depth between 100-120km
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Shear wave velocity map at depth between 120-140km
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Shear wave velocity map at depth between 140-160km
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Shear wave velocity map at depth between 160-180km
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Shear wave velocity map at depth between 180-200km
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Shear wave velocity map at depth between 200-225km
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Shear wave velocity map at depth between 225-250km
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Shear wave velocity map at depth between 250-275km
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Shear wave velocity map at depth between 275-300km
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Shear wave velocity map at depth between 300-345km
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Shear wave velocity map at depth between 345-410km
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