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Introduction

Seismology has been using seismic waves to study the inner structure of the
Earth for more than 100 years. Surface waves traditionally have a signi�cant
role in the research of the crust and upper mantle. Their important property
is that they are dispersive, namely their various components travel with
di�erent velocity. The determination of group velocities in the function of
the period, in other words the construction of the dispersion curves was
already possible in the analog era. Their inversion allowed to obtain the S
wave velocity structure between the hypocentre and a seismological station
or between two stations. The increasing number of seismological stations
made possible to carry out tomographic investigations and mapping two
dimensional group velocity distribution. Seismological stations typically
operate continuously, however in most of the time they register ambient
noise. Earthquake signals make up only a small fraction of time. An
important seismological discovery of the last decades is that ambient noise
carries a signi�cant amount of information. The spread of digital recording
allowed the use of ambient noise based methods for studying the properties
of the investigated area.
The seismic interferometry method involves the studying of interference of
seismic waves, namely the cross-correlation of seismic signals recorded at
various stations and stacking of the cross-correlograms. Cross-correlation
functions are suitable for the determination of dispersion curves. Therefore,
similarly to the surface waves of earthquakes, they can be used for
tomographic computations.

The aims of the research

Although ambient noise tomography is an internationally widespread
methodology, it has not been used in Hungary. Therefore, I aimed to
implement ambient noise tomography in the structural research in our
country. My main goal was to determine the S wave velocity structure for
the crust of the Pannonian basin, primarily in Hungary.
Seismic interferometry is an intensively developing branch of seismology.
Beside the gradual expansion of application areas, the development of the
processing procedure has not stopped. Therefore I also aimed at comparing
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the computational methods of cross-correlation functions and selecting
the most suitable method for my research. The novelty of ambient noise
tomography in Hungary and the arising further research areas motivated
the application of the method not only in regional studies but in local
investigations, as well.
Additional aims were to study the distribution of noise sources based on
the asymmetry of the cross-correlation functions and to assess azimuthal
anisotropy in the crust and uppermost mantle based on the dispersion
curves.

Applied methods and completed research

Dispersion curves can be obtained not only from surfaces waves
of earthquakes, but also from the cross-correlation of simultaneously
registered ambient noise at two seismological stations. The impulse response
function of the structure between two stations, namely the Green-function
(Sabra et al., 2005) is related to the cross-correlation function. Both the
cross-correlation function and the empirical Green-function are dominated
by surface waves. The dispersion curves can be calculated by their frequency
time analysis. From this point the processing steps of ambient noise based
and earthquake based surface wave tomography are identical. The results
of the surface wave tomography are group velocity distribution maps for
various periods, from which virtual dispersion curves can be constructed.
Three dimensional S wave velocity structure can be obtained with the
inversion of these dispersion curves.
Bensen et al. (2007) in their fundamental paper gave a detailed summary
of the processing steps of seismic interferometry. The majority of research
follows their recommendations. However, since the time of their study
several papers have been published which replace a certain step of the
process with new methods. For example Schimmel et al. (2011) introduced
the phase cross-correlation and phase weighted stacking.
As a �rst step, I have compared four di�erent computational methods of
cross-correlation functions. For the computations, the vertical component of
the recordings were used. Primarily I have examined the e�ect of the phase
cross-correlation and the phase weighted stacking in comparison with the
amplitude based cross-correlation and linear stacking.
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I have analysed the signal-to-noise ratio of the cross-correlation functions
obtained by the di�erent methods. Then I have compared seismograms of
two earthquakes with the empirical Green-functions, as well as dispersion
curves derived from the surface waves of the earthquakes and curves
obtained from the cross-correlation functions. I have examined the stability
of the waveform of the cross-correlation functions and the dispersion curves
as a function of the amount of data.
For the computation of cross-correlation functions, data from 37 broadband
stations of the Hungarian National Seismological Network and other
networks of the surrounding countries were used. I processed the
seismograms of the year 2015, with only a few exceptions due to technical
reasons (e.g. in case of instrument failure, lack of data caused by prolonged
outage, temporary installations).
The energy propagation of surface waves was investigated based on the
asymmetry of the cross-correlation functions which gave the direction of
noise sources as well. The sources of di�erent period components of ambient
noise were studied using the bandpass �ltered cross-correlation functions.
Dispersion curves from the cross-correlation functions were derived by the
do_mft software package of Robert Herrmann (Herrmann, 2013) using the
multiple �lter analysis method (Dziewonski et al., 1969; Herrmann, 1973).
I have studied the direction of the fast axis of azimuthal anisotropy and the
degree of anisotropy based on the direction dependence of group velocity
values. The standard deviation of the fast axis was determined by bootstrap
analysis.
Regional tomographic computations for the Pannonian basin were carried
out using the FMST software package of Nicholas Rawlinson (Rawlinson,
2005) which solves the forward problem by the fast marching method
(Rawlinson and Sambridge, 2005) and the inverse problem by the subspace
inversion method (Kennett et al., 1988). The resolution belonging to di�erent
periods was examined by checkerboard tests.
Based on the fundamental mode Rayleigh wave group velocity maps virtual
dispersion curves were constructed for the same gridpoints as de�ned at
the regional tomographic computations. The inversion of these curves was
performed by the Dinver software package of Marc Wathelet (2008) which
is based on the neighbourhood algorithm.
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A four-layer, average S wave velocity pro�le was computed by the inversion
of averaged virtual dispersion curves, and the three dimensional velocity
structure was obtained by the inversion of the virtual dispersion curve at
each gridpoint.
Local tomographic computations were carried out using swtomo software
of Zoltán Gráczer which gives the least squares solution of the linearised
inverse problem (Barmin et al., 2001). Horizontal resolution was examined
by checkerboard tests. The standard deviation of the group velocity values
was estimated by the bootstrap method.

Summary of the theses

I. I have compared four di�erent computational methods of cross-
correlation functions and selected the most appropriate procedure for my
research. I found that computation without time normalisation, followed by
the combination of spectral normalisation with phase correlation and phase
weighted stacking gives the best results (chapter 6).

II. I have prepared fundamental mode Rayleigh wave group velocity maps
which is the foundation of the computation of the three dimensional S wave
velocity structure (section 7.3–7.4). Based on the checkerboard tests, the
horizontal resolution of the maps is around 70 km for the periods 7–26 s
for almost the whole territory of Hungary. Consequently, the horizontal
resolution of the three dimensional S wave velocity structure is of the same
order.

III. A four-layer, average S wave velocity pro�le for the Pannonian basin
was constructed. According to this model, the lower boundaries of the layers
representing the sedimentary basins, the upper and lower crust are located
at depths 3, 11 and 27 km, respectively. The average S wave velocity in the
crustal layers are 2.34 km/s, 3.10 km/s and 3.53 km/s, while in the uppermost
mantle it can be estimated as 4.16 km/s (section 7.5).

IV. The three dimensional S wave velocity structure of the Pannonian
basin was computed down to the depth of approximately 35 km (section 7.5).
My results correlate well with the known, large-scale geological features
of the basin. Beneath the sedimentary basins the upper part of the crust
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is characterised by low velocity anomalies. Under the mountain ranges the
velocities change slightly, suggesting a relatively homogeneous structure.
Furthermore, in agreement with preceding geophysical studies, the Moho
depth was well resolved at several areas (e.g. beneath the Little Hungarian
Plain, the Transdanubian Range, the Alps and the Western Carpathians).

V. Exploiting the asymmetry of the cross-correlation functions I have
found that the sources of the primary and secondary microseisms detected in
Hungary can be located along the shores of north and northwestern Europe.
Longer period noise is generated by other, global sources (section 8.1).

VI. Based on the azimuthal dependence of the group velocity values the
direction of the fast axis of the average azimuthal anisotropy and the degree
of anisotropy was estimated for the Pannonian basin. The azimuth of the
fast axis at 10 s period is approximately 29°±4°. With the increasing period
the fast axis direction turns towards the east, at 20 s it is 39±2°, at 30 s it
points at 47°±4°. The degree of anisotropy based on the group velocities is
in the range of 6.2–9.6 % between the periods 10 and 30 s (section 8.2).
According to the sensitivity kernel computed based on the average S wave
velocity pro�le, the 10–15 s periods re�ect the anisotropy of the upper
crust and the 20–30 s period range gives information of the lower crust and
uppermost mantle.

VII. Ambient noise tomography was successfully applied in a local-scale
research. Using ambient noise measurements which were carried out at a
loess high bank at Dunaszekcső, a group velocity map has been obtained
for the 0,1 s period. The active head scarp was identi�ed as a negative
velocity anomaly. A low velocity zone was also detected which is probably a
previously unknown weakened area. The noise source distribution was also
studied and it was found that the most energetic noise is originated not from
the Danube, but from the residential area of Dunaszekcső (chapter 9).
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Conclusions

The key to successful ambient noise tomography lies within the number
of reliable dispersion curves which depends both on the quantity of
station pairs and on the quality of the cross-correlation functions, mainly
on their signal-to-noise ratio. Therefore it is extremely important to use
such cross-correlation method which produces as many cross-correlation
functions as possible with high signal-to-noise ratio. The comparison
of four di�erent methods revealed that in the case of the Pannonian
basin the best method for the computation of the cross-correlograms is
without time domain normalisation, but with spectral normalisation, phase
cross-correlation and phase weighted stacking. Cross-correlation functions
calculated with this method can be characterized by exceptionally high
signal-to-noise ratio. It is generally accepted that at least one year long
recordings are needed for dispersion measurements. However, this method
gives a reliable result with processing signi�cantly less data than one year.
Consequently, in a regional study only a few months of recording time might
be su�cient to compute reliable cross-correlograms and dispersion curves.
Using the seismological stations of the Hungarian National Seismological
Network and the stations of the surrounding countries, a horizontal
resolution of 70 km was achieved for the territory of Hungary. The S wave
velocity structure down to a depth of approximately 35 km was obtained
from the inversion of the virtual dispersion curves constructed based on
the group velocity maps. These maps and the resulting S wave velocity
structure re�ects the known, large scale geological features. The obtained
S wave velocities con�rm the previous observations (e.g. Schae�er and
Lebedev, 2013) that the S wave velocities in the uppermost mantle beneath
the Pannonian basin are less than the global average.
For studying greater depths, it is necessary to increase interstation distances,
consequently the extension of the research area. Horizontal resolution can
be signi�cantly improved in the future by processing the data collected by
the Carpathian Basin Project, South Carpathian Project or the AlpArray.
Dispersion curves could be used not only in the construction of the S wave
velocity structure, but also in the examination of azimuthal anisotropy. The
average fast axis directions of the upper crust are in good agreement with the
maximum horizontal stress axis direction, therefore it is likely that aligned
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microcracks are responsible for the azimuthal anisotropy in the upper crust.
With additional research it will be possible to map the spatial distribution
of the fast axes, involving larger interstation distances can provide insight
into the anisotropy of the deeper parts of the upper mantle.
Beside the regional scale study, ambient noise tomography was successfully
used in local-scale research. As active sources are not needed by the method,
it is possible to use it at landslide prone areas or in urban environments.
Ideally, not only the group velocities, but also the S wave velocity structure
can be determined as well.
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