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Abstract: The evolution of the Earth’s surface is driven by external and internal forces, the latter of which can only 
be studied indirectly. Knowledge about the structure of the Earth’s interior is very important for modeling and 
predicting the processes occurring at the surface. This study presents a new concept of joint analysis of the grav-
imetric and seismometric recordings of earthquakes for determining the seismic structure of the Earth down to 
the depth of 1250 km. The proposed method allows the use of gravimetric data without the known full transfer 
function of the instrument. Group velocity dispersion curves of the fundamental mode of Rayleigh waves up to 
the period of 550 s are measured based on the joint analysis of the recordings of superconducting gravimeter and 
broadband seismometers operating at the same location in five testing sites in Europe, allowing for the exploration 
of a broader response for incoming seismic waves. Averaged dispersion curves for earthquakes around the world 
for each site are inverted by the weighted linear inversion and Monte Carlo methods to estimate the distribution of 
shear-wave seismic velocity in the Earth’s mantle. A comparison of the deterministic and probabilistic inversion 
methods can excellently demonstrate surface waves’ ability to determine the Earth’s mantle structure. The inver-
sion results are compared with the global ak135 seismic model (Kennett et al. 1995) to verify the proposed method.

Keywords: superconducting gravimeters, broad-band seismometers, Rayleigh waves, linear inversion, Monte 
Caro inversion

INTRODUCTION

Knowledge of the structure of the Earth’s interi-
or and processes occurring in it are very import-
ant when studying the phenomena forming the 
Earth’s surface. Studies of the seismic structure of 
the Earth’s crust and upper mantle based on the 

analysis of surface waveforms generated by earth-
quakes were developed intensively in the 1950s 
and 1960s. A theory of surface wave propagation, 
computation techniques, measuring of surface 
wave parameters and method for their quantitative 
interpretation was presented e.g., by Keilis-Borok 
(1989). The progress in the determination of the 
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global and regional structure of the Earth based 
on analysis of teleseismic and regional surface 
wave data was described by Romanowicz (2002). 

The group and/or phase velocities of surface 
waves can be measured and used to deduce the 
elastic properties of the crust and mantle struc-
ture. Various inversion strategies are being ad-
opted to determine the Earth’s seismic structure 
based on surface wave dispersion curves. Gener-
ally, they can be classified as deterministic (LIN) 
or probabilistic (MC) methods. The first group 
of methods are based on an iterative linearized 
least square procedure (e.g., Lyu et al. 2017), and 
the second group uses the Monte Carlo approach 
(e.g.,  Shapiro et al. 2000, Gaudot et  al. 2021). In 
the LIN methods, the best Earth’s structure mod-
el is obtained using an iterative procedure start-
ing from an initial model, progressively adjusted 
by minimizing the misfit function, which mea-
sures the discrepancy between the data and pre-
diction (e.g.,  Herrmann & Ammon 2004). Gen-
erally, in such local search methods, the initial 
model may significantly impact the result, so the 
optimal choice of this model is crucial. What is 
more, due to the assumption of linear inversion, 
the initial model should be close to the true struc-
ture. In MC methods, the result is not represent-
ed by a single model but by a large set of models 
sampling the posterior probability density func-
tion (e.g., Bodin et al. 2012). The MC methods can 
search a wide range of model parameters to find 
those for which the probability density function 
attains significant values. There have also been 
combinations of the above two methods proposed. 
The result of the LIN method is taken to reduce 
the searched parameter space in the MC method 
(e.g., Martínez et al. 2005, Peter et al. 2008) or vice 
versa, where the most probable model obtained 
from MC inversion is used as a starting model for 
LIN inversion (e.g., Köhler et al. 2015). Also, the 
merging of features of the above methods have 
been implemented, e.g. by Kolínský et al. (2014) 
in an isometric method.

However, no matter what inversion strategy 
is used, the depth range of the resulting model 
mainly depends on the period range of the ana-
lysed dispersion curves of surface waves. Typi-
cally, the maximum period of surface waves re-
corded by broad-band seismometers analysed is 

100  s, allowing the estimate of seismic structure 
down to a depth of 200–250 km (e.g., Köhler et al. 
2015, Lyu et al. 2017). To obtain information about 
deeper mantle structure, the recording of waves of 
longer periods has to be analysed, or a joint inver-
sion of the fundamental and higher modes of sur-
face waves can be applied (e.g., Debayle & Ricard 
2012). Higher modes are more sensitive to deeper 
structures but, on the other hand, more challeng-
ing to measure. An example of an analysis of long 
period seismic waves was presented by Peter et al. 
(2008). The shear-wave (S-wave) velocity model 
down to the depth of 400 km for the European- 
Mediterranean region was determined based 
on the seismometric data for a  period range of 
35−300 s. However, Bormann et al. (2012) pointed 
out that it is possible to estimate the S-wave veloc-
ity structure of the Earth, even down to the lower 
mantle, when surface wave dispersion curves up 
to the periods of 500 s are inverted.

Modern tidal gravimeters can record relative 
global and local acceleration changes due to grav-
ity. They are characterized by a flat transfer func-
tion and constant scale factor for frequencies low-
er than 5−10 mHz (100−200 s). Typical broad-band 
seismometers record the Earth’s surface veloci-
ties without amplitude distortions in the frequen-
cy range from 8.3 mHz to 50 Hz (0.02−120 s). The 
range of frequencies of ground motion caused by 
earthquake waves extends from 0.3 mHz (~3300 s), 
so there are recording frequencies which are largely 
distorted by seismometers, and very little distort-
ed by gravimeters, giving a unique opportunity for 
studying very long-period surface waves. It should 
be emphasized that both types of sensors can pro-
vide the same information for any ground motion 
above their noise level and below their saturation 
level because they are equipped with inertial sen-
sors which are sensitive to acceleration.

A  detailed analysis of earthquake recordings 
by gravimeter compared to broad-band seismo-
metric ones has been presented by Karkowska 
et al. (2022a). Also, the transfer function of these 
systems has been analysed in detail, and a simple 
processing scheme of gravimetric data has been 
proposed in a  period range of 10–1000  s. Fur-
thermore, the Earth’s seismic structure based on 
intermediate-period surface wave recordings of 
tidal gravimeters was estimated by Karkowska 
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et al. (2022b) on a regional scale by weighted linear 
inversion methods. Additionally, a comprehensive 
approach to the quantitative evaluation of invert-
ed models was presented to show the capabilities 
of the gravimetric data to retrieve the S-wave ve-
locity distribution with depth.

This paper presents a  novel concept of joint 
analysis of gravimetric and seismometric data to 
improve the determination of the Earth’s struc-
ture. Group-velocity dispersion curves of funda-
mental-mode Rayleigh waves are measured from 
recordings of tidal gravimeters and broad-band 
seismometers, operating at the same location, al-
lowing for the exploration of a broader response for 
incoming seismic waves. One joint group-velocity 
dispersion curve of Rayleigh surface waves is es-
timated for each selected European site. A  com-
parison of the deterministic and probabilistic 
inversion methods excellently demonstrates the 
ability of surface waves to determine the Earth’s 
structure. Due to the applied procedure using the 
worldwide distribution of earthquakes, the ob-
tained inversion models should be closed by the 
1-D global model of the seismic Earth’s structure. 
The inversion results are compared with the glob-
al ak135  seismic model (Kennett et  al. 1995) to 
verify the proposed method. 

DATA AND METHODOLOGY 

Five European stations with a  collocated broad-
band seismometer (BB) and superconducting gra-
vimeter (SG) installed in the same observatories 
were chosen for the case study. The only exception 
is a site in Spain, where the distance between in-
struments is about 27  km. The gravimeter is lo-
cated at the Yebes Observatory, while the closest 
seismometer is located at the ROA/UCM Station 
Universidad Complutense Madrid. For simplic-
ity’s sake, the site will hereafter be called Yebes. 
The choice of these stations allows for the verifi-
cation of proposed method for using recordings 
of various types of seismometers and gravime-
ters (including also the testing of different data’s 
sample rates). Selected stations with instrument 
types and coordinates are summarised in Table 1, 
and their location across Europe is presented in 
Figure 1.

The selected sites are located along a profile run-
ning from the western Mediterranean (Spain) to 
Central Europe (Poland), crossing a complex tec-
tonic setting  – an assemblage of Phanerozoic and 
Precambrian units, separated by the Teisseyre–
Tornquist Zone (TTZ, see Fig. 1) (e.g.,  Dercourt 
et al. 1986, Pharaoh 1999). 

Table 1
List of selected stations with coordinates, types of instruments, codes, period of analysed data and number of events

Station

Coordinates Gravimeters Seismometers

latitude longitude
instrument 

(IGETS 
code)

period of 
analysed 

data

no. of 
events

instrument 
(IRIS code)

period of 
analysed 

data

no. of 
events

Yebes
(ROA/UCM)

40.5238
(40.3075)

−3.0902
(−3.2441)

GWR 
OSG064
(ys064)

05.2016–
03.2020 1114 STS-2 

(WM.UCM)
11.2016–
03.2020 788

Larzac 43.9700 3.2220
GWR 

iGrav002
(la002)

11.2016–
12.2018 619 STS-2

(FR.LAJAS)
07.2017–
09.2019 413

Wettzell 49.1440 12.8780
GWR 

CD029 
(we029-1)

07.2013–
03.2018 1798 STS-2

(GR.WET)
07.2013–
03.2020 2299

Pecny 49.9141 14.7868
GWR 

OSG050
(pe050)

07.2013–
03.2020 2297

Guralp 
CMG3T

(CZ.GOPC)

07.2013–
11.2018 1050

Borowa 
Góra 52.4755 21.0359

GWR 
iGrav027
(bg027)

01.2017–
12.2020 1317 REF-TEK 

151B-120
12.2016–
12.2020 1227
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Fig. 1. Location of selected stations on a generalised geological map of Europe (Pawlewicz et al. 2003) with the Teisseyre–Tornquist 
Zone (TTZ) by Pharaoh (1999); location of gravimetric stations are marked by stars and seismic ones by dots

The TTZ divides Europe into a seismically slow 
region to the west and a seismically fast region to 
the east (e.g., Peter et al. 2008, Schivardi & Morelli 
2011). These facts are closely related to the struc-
ture of the tectonic units. Crust and lithosphere 
thickness in Europe varies, as described e.g., by the 
CRUST1.0 model of Laske et al. (2013) and by the 
LITHO1.0 model by Pasyanos et al. (2014), respec-
tively. The depth of the boundary between the crust 
and the mantle (Moho) increases from 26–30 km 
for the Yebes and Larzac stations, through 30–
34 km for the Wettzell and Pecny stations, to 42 km 
for the Borowa Góra station (Fig. 2). The depth of 
the upper boundary of the asthenospheric mantle 
is relatively low for the Yebes, Larzac, Wettzell, and 
Pecny stations (called later Phanerozoic stations), 

in the range of 50–90 km, compared to the Borowa 
Góra station (later called a Precambrian station), 
where it reaches a depth of 230 km (Fig. 2). 

Schivardi & Morelli (2011) have presented the 
EPmantle model, a  3-D transversely isotropic 
shear wave velocity model of the European Plate 
down to the depth of 300 km, obtained by analy-
sis of fundamental mode Rayleigh and Love group 
velocity measurements. Along the profile from 
this study, they generally observed negative rela-
tive shear velocity anomalies of magnitude in the 
range from −0.5% to −3% for the Phanerozoic sta-
tions and positive anomalies of magnitude in the 
range of 0.5–2% for the Precambrian station with 
respect to the global PREM model (Dziewonski & 
Anderson 1981). 

https://journals.agh.edu.pl/geol
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A  slightly different image of VS perturbation 
along the analysed profile with respect to the 
PREM model was obtained by Peter et al. (2008) 
based on a global phase-anomaly database of in-
termediate- to long-period Rayleigh waves. Their 
finite-frequency shear-velocity model of the 
European-Mediterranean region for depths be-
tween 100–400 km provides anomalies of higher 
magnitude (even up to −6%) located mainly in the 
Iberian Peninsula and Central Europe.

A  global 3-D SV-wave tomographic model of 
the upper mantle down to the depth of 650  km 
based on the modelling of the fundamental and 
higher-mode Rayleigh waveforms was developed 
by Debayle & Ricard (2012). Along the profile of 
this study, they observed no velocity contrasts larg-
er than ±0.5% below the depth of 250 km relative 
to the PREM model, except for a high positive ve-
locity anomaly (+3%) at the depth of 450–550 km 
in southern France/northern Italy. What is more, 
their average 1-D velocity model was very close to 
the initial PREM model. 

Continuous seismometric data have been 
downloaded through the European Integrated  
Data Archive (http://www.orfeus-eu.org/data/eida/; 
last access: April 2022) and gravimetric data from 

the IGETS database (https://isdc.gfz-potsdam.de/ 
igets-data-base; last access: August 2021). The typ-
ical sampling rate of SG data is 1  s but upload-
ing 1-second data to the IGETS database is still 
not common. Routinely, 1-minute pre-processed  
gravimetric data are reported there. As earth-
quakes are seen as disturbances in gravimetric re-
cordings, some operators use filters or other tech-
niques to remove them. In such cases, retrieving 
an original signal to analyse earthquake wave-
forms is impossible. Fortunately, it is not the case 
for all IGETS’s stations. For the selected stations, 
1-second data are available. 1-minute data are in 
the end used only for SG from Wettzell and Pecny 
Observatory because 1-second data are avail-
able only for a short period, and simultaneously, 
1-minute data are characterised by undistorted 
earthquake recordings.

The other limitation of using gravimetric data 
in studying earthquake waveforms is the unavail-
ability of most gravimeters’ transfer functions. 
The instrument response commonly used in seis-
mology is rarely performed in gravimetric stud-
ies. There are only files with calibration factors 
and the time lags of gravimeters in the IGETS da-
tabase. The assumption is made that those values 

Fig. 2. Moho depth after Laske et  al. 2013 (A) and asthenosphere mantle top depth which corresponds to the lithosphere- 
asthenosphere boundary after Pasyanos et al. 2014 (B) of the analysed region and their surroundings; location of gravimetric 
stations are marked by stars and seismic ones by dots

A B
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are constant for all recorded periods. In fact, it is 
only valid for periods above 100–200 s, depending 
on the type of gravimeter employed (see e.g., Kar-
kowska et al. 2022a) while, especially for periods 
below 100 s, the coefficients can vary significant-
ly. Therefore, a joint analysis of seismometric and 
gravimetric data is proposed in this paper, for 
short as well as long periods in order to resolve 
this problem.

A  list of global earthquakes with a  magni-
tude greater than 3.0 based on the bulletin of 
earthquakes downloaded from the EMSC service 
(https://www.emsc-csem.org/, last access: Septem-
ber 2021) was prepared, considering the location 
of the selected stations. The European bulletin was 
used to ensure the proper determination of pa-
rameters of earthquakes from Europe and its sur-
roundings. Earthquakes that occurred from July 
2013 until the end of 2020 were selected. Earth-
quakes whose records overlapped, as well as re-
cords for which the signal-to-noise ratio was be-
low 1.6 and the amplitude ratio lower than 1.45, 
were removed from the list. The noise and sig-
nal were chosen to be a waveform before and after 
(including surface waves) the theoretical time of 
arrival of the longitudinal volumetric wave (P), re-
spectively. The final number of analysed events for 
each station is presented in Table 1. An example of 
the distribution of earthquake epicentres for the 
Borowa Góra station is presented in Figure 3, to-
gether with the distribution of backward azimuth 
of the analysed events. Histograms of backward 
azimuth for other stations are presented in the 
“Supplementary material” section (Fig. S1). 

The data processing procedure included the 
following:
1. Detrending, tapering, and filtering of ana-

lysed data. The BB data were filtered by the 
zero-phase Butterworth bandpass filter of 4th 
order and period corners of 2–1000 s. SG data 
were filtered in the same way, but with period 
corners of 10–1000 s for 1-second data and with 
period corners of 120–1000 s for 1-minute data. 
Additionally, the full instrument responses 
were removed from the BB data together with 
their differentiation and resampling to 1  s to 
create a consistent dataset of seismometric and 
gravimetric data. The 1-minute SG data were 
resampled to 1  s. Finally, SG recordings were 

corrected by a calibration factor and time lag. 
The BB data cut-off used for period corner of 
1000 s was far away from the recording band-
pass of instruments, but it was applied to main-
tain consistency in the proposed procedure. 
Possible effects of numerical amplifying of the 
noise resulting from such a wide filtering range 
were removed in the later steps of the proposed 
method, during the selection of the calculated 
group velocities. For a detailed analysis of the 
characteristics of gravimeters transfer func-
tions and data processing see Karkowska et al. 
(2022a).

2. Determination of the group velocity disper-
sion curve for the fundamental mode of the 
Rayleigh wave was done using a frequency time 
analysis (FTAN) introduced by Dziewonski 
et al. (1969) and later perfected by Keilis-Borok 
(1989). One hundred Gaussian filters of central 
periods in the range of 2–1000 s, 10–1000 s, and  
120–1000 s were applied for BB, SG 1-second 
and SG 1-minute data, respectively.

3. Estimation of mean surface dispersion curve 
(SWD) with standard deviation for each sta-
tion for two cases: based on the BB data only 
(BB SWD) and also on the joint BB and SG 
data (BB+SG SWD) by applying two criteria 
proposed by Soomro et al. (2016). The first cri-
terion is the background model criterion, al-
lowing the maximum difference of 10% be-
tween the estimated mean group velocity of 
each period and the one calculated based on 
the ak135 model (Kennett et  al. 1995). The 
second criterion is the smoothness criterion 
based on the normalised summed difference of 
the first derivative of the estimated and ak135 
group velocities in the assumed period range. 
In the case of joint BB and SG data, one com-
bined SWD and probability density distribu-
tion were calculated (using BB data up to 300 s, 
SG  – from 100 s). As a reference, the probabili-
ty density maps were also used to better assess 
the SWD reliability and to exclude potential 
numerical artefacts. The probability density 
distribution of group velocity at each period 
for each station was estimated based on all in-
dividual dispersion curves. All of the probabil-
ity density maps are presented in the “Supple-
mentary material” section (Fig. S2).

https://journals.agh.edu.pl/geol
https://www.emsc-csem.org/
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Fig. 3. The distribution of earthquake’s epicentres for the Borowa Góra station (A) together with the distribution of backward 
azimuth of analysed events (B) 

The Earth’s seismic structure can be estimat-
ed by applying an inversion method to the calcu-
lated dispersion curve. Reliable values of group 

velocities must be selected to carry out the inver-
sion procedure. Additionally, a  dispersion curve 
must have no discontinuities. 

A

B
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The smallest value of the period used in the in-
version procedures is determined as 8 s for all dis-
persion curves because non-smoothness and gaps 
in curves for shorter periods are often observed. 
The largest value of the period used in the inver-
sion was determined based on the continuity cri-
terion. Some values may have been rejected if the 
continuity criterion is not fulfilled. Additionally, 
the quality of dispersion curves was verified with 
the probability density map (see “Supplemen-
tary material”  – Fig. S2). The final mean disper-
sion curves with standard deviations are shown in 
Figure 4.

In the case of the BB data, smooth and reliable 
dispersion curves are observed up to 200  s. The 
exceptions are curves estimated based on the BB 
data from the Pecny and Wettzell stations, which 
seem credible even up to 300 s. In the case of the 
joint BB and SG data, the dispersion curves are re-
liable up to 400  s. Generally, for longer periods, 
values of group velocities can only be determined 
for a small number of earthquakes. A few events 
with recordings of surface waves with good visible 
seismic energy in periods above 400 s can be iden-
tified. For example, in the case of BB+SG SWD for 
the Wettzell station, in a period range of 12–250 s, 
the number of samples used to calculate the mean 

dispersion curves is above 500 with the maximum 
number of samples at the period of 50 s reaching 
2613. Outside this range, the number of samples 
decreases rapidly until it reaches 0.

In the present paper, the recordings of region-
al-to-teleseismic global earthquakes are analysed 
and mean dispersion curves calculated for each 
station. Thus, the resulting curves can describe 
the average Earth’s structure. However, the differ-
ences between them can be seen (up to a period 
of 170 s) arising from the location of the stations 
within a radius of 300–600 km. Generally, all dis-
persion curves are close to the dispersion curve 
calculated for the ak135 model (Kennett et  al. 
1995) with observed differences of −3% to 5%.

RESULTS OF WEIGHTED LINEAR 
INVERSION

A  weighted linear inversion algorithm from the 
Computer Programs in the Seismology pack-
age (Herrmann 2013) was applied to estimate the 
Earth’s seismic structure based on the calculat-
ed final mean dispersion curves (BB SWD and 
BB+SG SWD). The 1-D model of the subsurface 
is constituted of a  stack of homogeneous linear 
elastic layers with a thickness of 20 km. A ratio of 

Fig. 4. Final mean group-velocity dispersion curves of fundamental Rayleigh waves (solid lines in blue tones) with standard 
deviation (bars) calculated based on seismometric (BB SWD) (A) and joint seismometric and gravimetric (BB+SG SWD)  
(B) recordings for selected sites. The dispersion curve calculated for the ak135 model is shown by grey line

A B
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P-wave velocity to S-wave velocity (VP/VS) in each 
layer is assumed to be the same as in the ak135 
initial model. The density of the medium in each 
layer was calculated according to the Nafe–Drake 
formula (Herrmann & Ammon 2004). The ak135 
model was taken as a starting (initial) model with 
a maximum depth of 2800 km and then adjusted in 
50 iterations to obtain the final model according to 
the best-fit criterion. In each iteration, the smooth-
ing procedure was also applied by implementing 
a differential smoothing of velocities between the 
adjacent layers, which helped to stabilize an under-
determined problem (see details of LIN method in 
Herrmann & Ammon 2004). An example of dis-
persion curves with the standard deviation and re-
sults of inversion together with sensitivity kernels 
for the Borowa Góra station are shown in Figure 5. 
The sensitivity kernels, a partial derivative of group 
velocity dispersion (δU) with respect to S-wave ve-
locity (δVS) clearly show that surface waves of long 
periods are more sensitive to deeper structures of 
the Earth, e.g., surface waves of a period of 500 s 
can provide information about the Earth’s seismic 
structure even up to the depth of 1000–1200 km. 
Results for other stations are shown in the “Supple-
mentary material” section (Fig. S3).

Resolution matrices evaluate the results of 
weighted linear inversion. These matrices show 
the sensitivity of the dispersion curves to the 
model parameters and the inversion scheme. The 
resolution matrices are calculated for all inverted 

models for all stations. Figure 6 shows the resolu-
tion matrices with maximum and optimum res-
olution depths marked with black and red stars, 
respectively. The maximum resolution depth was 
estimated as the depth for which the value of the 
resolution matrix exceeds zero along diagonal, 
searching from the deepest layers. The optimum 
resolution depth is the depth on the vertical axis 
for which the maximum of deepest observed am-
plitude contour is reached. Table 2  summarizes 
the maximum period of each calculated mean dis-
persion curve together with resolution depths es-
timated based on resolution matrices (maximum 
and optimum values). Due to the asymmetry in 
the resolution matrix caused by the smoothing 
procedure, the optimum resolution depth is not 
linearly proportional to the maximum period of 
the mean dispersion curve. Nevertheless, the larg-
er the maximum period, the deeper the structures 
which are retrieved in the inversion procedure. 

Figure 7 shows all final models retrieved based 
on joint seismometric and gravimetric dispersion 
curves (BB+SG SWD). As a reference, the initial 
ak135 model is also presented. The differences be-
tween resulting models and the ak135 model are 
small, generally ranging from −3% to 6%. The ob-
tained velocities in the crust and upper mantle 
are smaller than in the ak135 model, with a max-
imum absolute difference of 3% and 2%, respec-
tively. In the lower mantle, the residuals vary from 
−2% to 6%.

Fig. 5. Final mean group-velocity dispersion curves of fundamental-mode Rayleigh waves with the standard deviation (A), 
results of inversion together with the initial ak135 (B) and sensitivity kernels (C) for the Borowa Góra station

A B C
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RESULTS OF MONTE CARLO 
INVERSION

Additionally, the transdimensional reversible- 
jump Markov chain Monte Carlo (rj-McMC) 
method of Bodin et al. (2012) was used to estimate 
the Earth structure based on the joint dispersion 
curves of Rayleigh waves (BB+SG SWD). The main 
advantage of the rj-McMC method is its ability 
to not only determine seismic velocities but also 
a  model dimension (number of parameters) and 
data noise level during the inversion procedure. 
Samples are generated from an a  priori uniform 
distribution within a VS range of 2.75–8.25 km/s. 
The inversion procedure is performed down to 

a depth of 1250 km, the average value of maximum 
resolution depth of weighted linear inversion for 
joint (BB+SG) dispersion curves (see Table 2). The 
initial thickness of the layers is 12.5 km. The VP/VS  
ratio of the medium is assumed as a constant in 
each layer and set to 1.73, while the density is cal-
culated based on the Nafe–Drake formula (Lud-
wig et al. 1970). The total number of iterations of 
the reversible jump algorithm is 2∙106, and the first 
half is discarded as burn-in steps. 

Figure 8 shows the posterior approximation of 
true models  – the posterior probability distribu-
tion of VS at each depth, where the white colour 
indicates the high probability of a particular val-
ue of VS. 

Table 2 
List of selected stations with the maximum period of their dispersion curves and optimum and maximum resolution depths of 
the weighted linear inversion method

Parameter
Yebes Larzac Wettzell Pecny Borowa Góra

BB BB+SG BB BB+SS BB BB+SG BB BB+SG BB BB+SG
Maximum period [s] 290 460 270 420 460 550 400 480 280 500
Optimum depth [km] 300 620 260 540 600 640 500 720 300 640
Maximum depth [km] 610 1215 540 1050 1160 1445 980 1320 600 1365

Fig. 7. Results of linear inversion method (final model) of joint dispersion curves of a fundamental-mode Rayleigh wave for all 
selected stations together with the initial ak135 model
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The Monte Carlo inversion results show that 
only up to 6–7 almost homogeneous layers of 
the crust and the mantle down to the depth of 
1250 km can be distinguished based on the disper-
sion curves of the fundamental mode of Rayleigh 
waves. Generally, the most probable values of VS 
at each depth follow the values obtained from the 
weighted linear inversion (marked using a  light 
blue line in Figure 8). However, the probability of 
the most probable values of VS is only higher than 
0.5 over the entire range of depths for the Yebes 
and Pecny stations. In the case of the Larzac sta-
tion, the most probable VS are only reliable down 
to a depth of 300 km  – below that depth, the prob-
ability of VS is smaller than 0.3.

DISCUSSION

The joint seismometric and gravimetric dispersion 
curves can be used to retrieve a reliable model of 
the crust and upper mantle thanks to seismometric 

data as well as the lower mantle thanks to gravi-
metric data. Using both seismometric and grav-
imetric data allows the calculation of dispersion 
curves even up to 550 s. While, for the same area, 
the maximum analysed period from seismomet-
ric data by Peter et al. (2008), Schivardi & Morelli 
(2011), Debayle & Richard (2012) was 300 s, 170 s 
and 200 s, respectively.

Generally, the weighted linear inversion mod-
els presented in this study are consistent with the 
global ak135 model. That should be an expected 
result, given that the inverted dispersion curves 
for each site were calculated for the global distri-
bution of earthquakes and that the ak135 model 
describes the continental structure well. Further-
more, the data used for all stations are character-
ized by a good uniform back azimuthal distribu-
tion of events (see the “Supplementary material” 
section  – Fig. S1). However, some differences in 
the weighted linear inversion models can be seen 
which can be explained by the regional models 

Fig. 8. Results of the Monte Carlo inversion of joint dispersion curves of a fundamental-mode Rayleigh wave for all selected sta-
tions together with the final linear inversion model (marked as light blue line). The plots represent the posterior probability dis-
tribution of S-wave velocity (VS) at each depth. The white colour shows high probabilities and the red indicates low probabilities

https://journals.agh.edu.pl/geol
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developed by Peter et al. (2008), Schivardi & Mo-
relli (2011), and Debayle & Richard (2012). In the 
presented study, the weighted linear inversion 
models show velocities lower by 2% relative to the 
ak135 model at a depth range of 110–230 km be-
low the Yebes and Larzac stations and lower by 
2% at a depth range of 490–740 km below the Lar-
zac station. These features are also visible in the 
regional models, but they are more emphasized 
here. It should be remembered that models be-
low the optimum resolution depth (500–720 km) 
might be less reliable because of the decreasing 
value of the sensitivity kernels (δU/δVS) with the 
depth. The increase of S-wave velocity with re-
spect to the ak135 model for the Yebes and the 
Larzac stations below the depth of 1000 km and 
for the Borowa Góra station below the depth of 
800 km, may also show that the estimated aver-
aged dispersion curves for longer periods in those 
cases need to be verified. 

The resolution abilities of surface waves are 
well demonstrated by the Monte Carlo inver-
sion results, where only 6–7 almost homoge-
nous layers can be detected down to the depth of 
1250 km. The obtained models are quite similar 
to one another, apart from two cases: (1) for the 
Yebes station, an increase of seismic velocities is 
not observed at the depth of 270–310 km as for 
other stations, but at the depth of 450 km and (2) 
for the Pecny station, velocities below the depth 
of 490 km are much larger than observed for oth-
er stations. Schivardi & Morelli (2011) have re-
ported negative velocity anomalies down to the 
depth of 250 km in the area of the Yebes and Lar-
zac stations. Also, Peter et  al. (2008) have pre-
sented distinctive VS perturbations of −2% and 
−4% in the Iberian Peninsula with respect to the 
PREM model at the depths of 220–310 km, and 
310–400 km, respectively. The estimated high ve-
locities below the depth of 490 km for the Pecny 
station are not reported in previous studies and 
might be the result of overestimated velocity val-
ues for periods longer than 400 s (see the “Sup-
plementary material” section). Generally, the 
resulting seismic velocities below the depth of 
800 km may be less reliable due to a small num-
ber of group-velocity measurements for periods 
longer than 400 s.

CONCLUSIONS

This study presents a  new concept for the joint 
analysis of the gravimetric and seismometric re-
cordings of earthquakes to determine dispersion 
curves of the fundamental mode of Rayleigh sur-
face waves up to a period of 550 s. The proposed 
method allows using gravimetric data without the 
known full transfer function of the instrument. 
Calculated dispersion curves can be inverted by 
the weighted linear inversion and Monte Carlo 
methods to estimate a distribution of shear-wave 
seismic velocity in the Earth even down to the 
depth of 1000–1200 km. In the case of linear in-
version, the final model below the optimum res-
olution depth might follow the starting model 
while, in the case of Monte Carlo inversion, the 
velocities of the last layers for which the sensitivity 
of determined dispersion curves is non-negligible 
are prolonged to greater depths.

Generally, observed details in linear inver-
sion models are unreliable due to the sensitiv-
ity of long-period surface waves. In fact, based 
on the presented analysis of the dispersion curve 
of  the fundamental mode of Rayleigh waves, the 
seismic structure of the upper mantle can be mod-
elled by 2–3 almost homogenous layers. Addition-
ally, the models inverted based on averaged disper-
sion curves may largely estimate an averaged 1-D 
seismic model of the Earth better than the local 
structures around the stations. The local structure 
determination will be the subject of further studies, 
in which two-station method will be applied.

Tidal gravimeters also provide a  unique op-
portunity to verify the seismometric recordings of 
earthquakes at long periods (above 120  s). Con-
sequently, gravimetric data can complement seis-
mometric recordings for longer periods, depend-
ing on the seismometer type and its cut-off period. 
A superconducting gravimeter can act as a single 
(vertical) component of a  very broad-band seis-
mometer.

Seismometric data were acquired using the 
ORFEUS/EIDA web services. The data used in 
this study were provided by the operators of na-
tional seismic networks (San Fernando Royal Na-
val Observatory (ROA) et  al. 1996, RESIF 1995, 
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Federal Institute for Geosciences and Natural Re-
sources (BGR) 1976, Charles University in Prague 
(Czech) et al. 1973) and also thanks to the Borowa 
Góra Geodetic-Geophysical Observatory. Gravi-
metric data supplied by e.g., Wziontek et al. (2017), 
Pálinkáš et al. (2020), Dykowski et al. (2018) were 
downloaded from the IGETS Data Base. The list 
of earthquakes was downloaded from the Europe-
an Mediterranean Seismological Centre bulletin 
(https://www.emsc-csem.org/Earthquake/).

The ObsPy package was used for data process-
ing (Krischer et  al. 2015). Almost all of the visu-
alisations were made using the Matplotlib library 
(Hunter 2007). All maps were composed in Free 
and Open Source QGIS software (QGIS.org 2020). 
Inversion and forward procedure, checkerboard 
test, resolution matrices and sensitivity kernels 
calculation were performed using the Comput-
er Programs in Seismology package (Herrmann 
2013). Monte Carlo inversion was carried out with 
the algorithms proposed by Bodin (2012). We are 
grateful to Kajetan Chrapkiewicz for his introduc-
tion to the details and intricacies of the software. 
The authors also wish to thank Jan Krynski for his 
valuable remarks. Comments and suggestions giv-
en by Piotr Środa and Petr Kolínský were highly 
appreciated as they helped to significantly improve 
the paper.

This work was done within the research project 
No. 2017/27/B/ST10/01600 financed from the Polish 
National Science Centre funds.
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Fig. S1. Histograms of backward azimuth of all analysed events for all stations
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Fig. S2. Distribution maps of group-velocity of fundamental-mode Rayleigh waves for broadband seismometer (BB) and joint 
curves, namely broad-band seismometer + superconducting gravimeters (BB+SG)
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Fig. S3. Final mean dispersion curves of a fundamental-mode Rayleigh waves with standard deviation (left panel), results of 
inversion together with the initial ak135 (middle panel) and sensitivity kernels for BB+SG (right panel) for all stations
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