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by Zuzana Chovanová and Jozef Kristek

Abstract

In this study, we present a local magnitude scale for the territory of Slovakia. Until now, the Hutton and Boore (1987) scale was used for local magnitude
estimation in Slovakia. We collected trace amplitudes of earthquakes recorded by the
National Network of Seismic Stations (NNSS) from 2005 to 2016 with epicentral
distances of up to 550 km and a period within the interval h0:1; 2:0i s. Using linear
regression analysis, we determined the distance correction term n and the attenuation
term K. We determined the constant C according to Richter’s definition of magnitude
and we determined station corrections for nine stations. Using the newly determined
scale reduces error by up to 58% compared to the formula previously used. We compared the obtained attenuation curve with those of neighboring and worldwide
regions.

Introduction
Local magnitude scales are widely used to measure the
size of earthquakes with epicentral distances of up to 600 km.
The first local magnitude scale was developed by Richter
(1935) in the form
EQ-TARGET;temp:intralink-;df1;55;423

M L  log AR − log A0 R:

1

The scale was defined as the maximum trace amplitude A
in millimeters of an earthquake recorded by a Wood–
Anderson seismograph with magnification of 2800, natural
period 0.8 s, and damping 0.8 compared with the amplitude
A0 of a reference event of zero magnitude at the same distance
R in kilometers. Richter defined the zero magnitude event as
an event recorded at an epicentral distance of 100 km with a
maximum trace amplitude of 0.001 mm. Richter also introduced values of log A0 for distances of 20–600 km for the
southern California region. These values could be different
for other regions as the seismic signal could be attenuated differently along its path toward seismic stations.
At the moment, the Wood–Anderson response is only simulated by using an appropriate filter in which the maximum
trace amplitude is measured in nanometers. Uhrhammer and
Collins (1990) found that using the Wood–Anderson seismograph with a magnification of 2800 overestimates ML , so they
proposed using a lower value of 2080. In practice, the Wood–
Anderson filter is designed to provide static magnification
equal to 1 and the original static magnification of 2080 is
accounted for in the appropriate constant. The International
Association of Seismology and Physics of the Earth’s Interior
(IASPEI) working group on magnitudes (IASPEI, 2013) suggested using the local magnitude formula in the form

EQ-TARGET;temp:intralink-;df2;55;95

ML  log A − n log R − KR − C − S;

2

in which A is the maximum amplitude in nanometers simulated on a Wood–Anderson seismograph with a static magnification of 1, R is the epicentral distance in kilometers, C is a
constant, and S is the station correction to take account of local
conditions. Following the notation used by Bakun and Joyner
(1984), parameters n and K represent geometrical spreading
and attenuation, respectively.
Each country or region should have its own formula or at
least a suitable calibration of equation (2) is often required to
consistently reflect the seismic attenuation behavior in tectonic environments that differ from southern California
(e.g., Di Bona, 2016). Recently, several studies and articles
focused on estimating a local magnitude formula for Italy
(e.g., Bobbio et al., 2009; Di Bona, 2016), for Turkey (Kılıç
et al., 2017), for the United Kingdom (Ottemöller and Sargeant, 2013), for New Zealand (Ristau et al., 2016), for
Slovenia (Bajc et al., 2013), for Greece (Scordilis et al.,
2013), for the Ethiopian Plateau (Brazier et al., 2008), for
the Ethiopian rift (Keir et al., 2006), and for the Korean
Peninsula (Kim and Park, 2005). Furthermore, the parameters in equation (2) may not be only regionally dependent but
also directionally dependent as shown by Lolli et al. (2015)
for Italy. However, there are still regions without a specific
formula due to either a lack of local data or analysis. Therefore, for regions with similar attenuative properties to those
of southern California, IASPEI (2013) recommends using
the following formula:
EQ-TARGET;temp:intralink-;df3;313;147

3

This in fact is the same as the Hutton and Boore (1987) formula but with an amplitude in mm.
The National Network of Seismic Stations (NNSS) is
the most important Slovak infrastructure for seismic activity
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and the shaken area of 30; 000 km2 included parts of Austria, Hungary, and
Specification of National Network of Seismic Stations (NNSS) Seismic Stations
and SMOL Station Used for This Analysis
the Czech Republic.
Most of the territory of Slovakia
ISC Code
Name
Latitude
Longitude
Altitude
Type
(°N)
(°E)
(m)
Label
belongs to the Western Carpathians. The
present day structure of the Western
ZST
Železná
48.20
17.10
250
1
Broadband
studnička
Carpathians contains a number of different
CRVS
Červenica
48.90
21.46
476
2
Broadband
allochthonous tectonic units (Biely et al.,
KECS
Kečovo
48.48
20.49
345
3
Short period
1996), displaced during the Alpine orogKOLS
Kolonické sedlo
48.93
22.27
460
4
Broadband
eny. The European platform, mainly the
STHS
Stebnícka Huta
49.42
21.24
534
5
Short period
Bohemian massif is characterized by crust
VYHS
Vyhne
48.49
18.84
450
6
Broadband
MODS
Modra
48.37
17.28
520
7
Broadband
thickness of around 34 km. The crust
LANS
Liptovská Anna
49.15
19.47
705
8
Short period
thickness in the eastern Alps ranges in the
SMOL
Smolenice
48.51
17.43
400
9
Short period
interval of 38–44 km and around 40 km
over most of the territory. It is the eastern
ISC, International Seismological Centre.
continuation of the significant Alpine
Moho depression, which reaches even 50 km depths in its
monitoring. Until 2003, the NNSS was not able to locate
central part. The morphology of the Moho varies from
every earthquake on the Slovak territory with macroseismic
44 km depth in the north Carpathians area to 26–28 km
effects. Modernizing the network in 2005 changed this. The
at the southern contact with the Pannonian basin system.
NNSS is currently composed of 13 stations, five of which are
The most distinctive inhomogeneity is a local depression
broadband and the rest of which are short period (Table 1).
of the Moho course and significant crust thickening in the
Table 1 also includes the SMOL station, a part of the local
northeastern portion of the Slovak territory. The minimum
seismic network around the Jaslovské Bohunice Nuclear
crust thickness of around 30–26 km is found in the PannoPower Plant. All the data are processed by the Earth Science
nian back-arc area. The minimal crust thicknesses follow the
Institute of the Slovak Academy of Sciences. The Seismic
deepest Neogene depocentres of the Pannonian basin system.
Handler software package (Stammler, 1993) is used as the
More on the tectonics of the studied region can be found in
Hók et al. (2016).
main seismic waveform analysis tool and M L is computed
using the equation (3). The maximum trace amplitude A
is measured as the arithmetic mean of the maximum (zeroData
to-peak) on both of the horizontal component signal. The
The Seismic Handler software stores the amplitude, the
final, “network local magnitude” is computed as an average
period
at which the amplitude was measured, and the epicenof local magnitudes determined at each seismic station that
tral
distance
in the so-called EVT files. The dataset used in
recorded the event. Until now, there was no study devoted
the
analysis
consists of trace amplitudes of earthquakes,
to determining a local magnitude formula for the Slovak
quarry
blasts,
and mining events recorded between 2005
territory. Therefore, we decided to estimate the coefficients
and
2016.
It
contains
only events recorded on at least two
n, K, and C in equation (2). To reduce the differences beinvestigated
seismic
stations
and at epicentral distances of
tween local magnitudes computed for one event at different
up to 550 km (Fig. 1). Because of the shape of the state borNNSS stations, we also decided to estimate station correcders, some of the epicenters are located outside Slovakia.
tions S. We focused our study on estimating these parameters
The majority of the data originate from mining events.
for all of Slovakia, and we did not consider any directional
These are clustered at two localities (Silesia and Lubin)
dependency.
around 300–400 km from seismic stations (Fig. 1). However,
Slovakia is a country with moderate seismicity (Cipciar
we excluded these data from the study because they do not
et al., 2016). Two significant earthquakes with epicenters in
satisfy the condition of evenly distributed epicenters in the
Slovakia occurred through centuries. In 1443, central Slovaregion of interest.
kia was hit by an earthquake Mw ≅5:7. The earthquake comAlthough the records of quarry blasts were not spatially
pletely destroyed the mining city of Banská Štiavnica and
clustered the maximum epicentral distance was around
heavy damages were reported also from other adjacent cities.
260 km as shown on the histogram in Figure 2. Moreover
The earthquake was felt in Austria, Poland, and Czech Rethe waveforms of these events are different than those of earthpublic. The extent of damages and shaken area indicates that
quakes; therefore, we excluded them from the dataset as well.
the earthquake had tectonic origin. In 1906, the western part
Figure 3 shows the distribution of the data of the final
of Slovakia near Dobrá Voda village was hit by earthquake
dataset with distance. We use linear (Fig. 3a) and logarithmic
with Mw  5:9. The earthquake caused cracks in the ground
(Fig. 3b) distance scales, because equation (2) has both linear
as well as heavy damages in the Dobrá Voda village (Réthly,
and logarithmic distance dependence. We can see good
1907). The macroseismic depth of the earthquake was 9 km
coverage in the range of h10; 550i km. Most of the trace

Table 1
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Figure 1. Primary dataset of the selected earthquakes, quarry blasts, and mining events used for the analysis recorded between 2005 and
2016. The dataset consists of events for which the local magnitude was computed at at least two seismic stations and with epicentral distances
of up to 550 km. Seismic stations used for this analysis are indicated with numbered triangles and Slovakia is indicated by label SK. The color
version of this figure is available only in the electronic edition.
amplitudes are from distances around 70–160 km. We also
examined the periods of the observed trace amplitudes. We
can see from the histogram in Figure 4 that the majority of
the data lie within the interval h0:1; 2i s and are sufficiently
close to the natural period of the Wood–Anderson seismometer T  0:8 s. Therefore, we kept in the final dataset only
the data from this interval.
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Let N E denotes the number of events and N S is the number of stations. We can derive an overdetermined system of
equations from equation (2) in the form:
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EQ-TARGET;temp:intralink-;df4;313;145
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Figure 2. Histogram of trace amplitudes from primary dataset
of trace amplitudes from quarry blast events. The color version of
this figure is available only in the electronic edition.
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log Aji  M Lj  n log Rji  KRji  Si  C;
j  1; …; N E ;

i  1; …; N S ;

4

in which j indicates the jth event, i indicates the ith seismic
station. Because not all the stations recorded the same event,
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EQ-TARGET;temp:intralink-;df7;385;733

i1

Si  0:

7

The reason for such a condition is that for
each earthquake we are interested in the
“network local magnitude” computed as
an arithmetic average of local magnitudes
estimated from each station. Our aim is to
reduce the variance in the values of local
magnitudes for one earthquake recorded at
multiple stations.
Figure 3. Histogram showing the distribution of trace amplitudes from final dataset
To solve equation (6), we have used
with epicentral distance represented on (a) linear scale and on (b) logarithmic scale. The
the subroutine GELS from LAPACK95
color version of this figure is available only in the electronic edition.
(Barker et al., 2001), which solves an
overdetermined linear system with full rank matrix using
QR factorization. QR factorization is also known as QR
5000
decomposition and is widely used to solve the linear leastsquares problem. It is procedure of a decomposition of
4000
matrix A into a product of an orthogonal matrix Q, and an
upper triangular matrix R.
3000

Count

Results
In the first step, we wanted to remove the outliers from
the dataset. We solved the equation (6) for unknown parameters n, K, Si and evaluated residuals rji as
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Figure 4. Histogram of periods of the dataset of trace amplitudes
with epicentral distances within the interval of h10; 550i km. Most of
the trace amplitudes are in the interval of h0:1; 2i s periods. The color
version of this figure is available only in the electronic edition.
the total number of trace amplitudes Aji is N. The local magnitude of thejth event M Lj and the constant C are coupled
together and we cannot determine them separately. Therefore, we introduce M j as

EQ-TARGET;temp:intralink-;df5;55;241

Mj  MLj  C;

rji  log Aji − M j  n log Rji  KRji  Si ;
j  1; …; N E ;

i  1; …; N S :

8

Figure 5a shows the residuals together with their boxplot including the quartile and the outliers. Outliers were defined as
the data outside the 1:5× interquartile range of residuals
(IQR). After removing the outliers from the dataset, we repeatedly solved the equation (6) and removed the outliers
until we obtained residuals without outliers. The final plot
without outliers is in Figure 5b, in which we removed less
than 6% of data identified as outliers.
In the next step, we searched for parameters n, K, and Si
which minimize the unbiased sample standard deviation of
the residuals σ

5
EQ-TARGET;temp:intralink-;df9;313;236

s

P 2
rji
:
σ
N − N E  N S  1

9

and the system of equations (4) will be
EQ-TARGET;temp:intralink-;df6;55;199

log Aji  M j  n log Rji  KRji  Si ;
j  1; …; N E ;

i  1; …; N S :

6

The constant C along with station corrections will be specified in the last step according to Richter’s definition of a
magnitude. The station corrections satisfy the condition that
the sum of all the station corrections is zero.
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This formula comes from losing one degree of freedom for
each parameter estimated prior to estimating the standard
deviation, which is in our case the sum of: N E is the number
of estimated magnitudes M j , N S is the number of estimated
station corrections Si , and 1 is the estimated mean residual
(which equals 0 in this case) (see e.g., Chave, 2017). We have
chosen the interval of values for seeking the parameter n
h−1:4; −0:7i based on the results of the first step of the
analysis with the step 10−2 and for seeking the parameter
K interval of values h−0:004; −0:001i with the step
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Figure 5. Residuals with boxplot showing quartile and outliers. Outliers were defined as data outside the 1:5× interquartile range of
residuals (IQR). (a) Identified outliers from the first step of removal, and (b) residuals after last step of removal of the outliers.
4 × 10−5 . For each n and K from the intervals, we estimated
Mj and Si using regression analysis in the form:
EQ-TARGET;temp:intralink-;df10;55;293

log Aji − n log Rji − KRji  M j  Si ;

EQ-TARGET;temp:intralink-;df11;313;317

C  M − log A  n × log R  K × R
 0 − log

10

to obtain the residuals equation (8). Knowing the residuals,
we estimated σ using equation (9). Setting Si as unknowns
ensures the systematic errors at a particular station are separated from the residuals.
Figure 6 shows the unbiased sample standard deviation
of residuals as a function of parameters n and K. The
white star indicates the minimum value as n  −1:05,
K  −0:00236. We clearly see the negative correlation
between n and K. It is predictable as both are connected with
an attenuation. The larger the geometrical spreading term
is, the smaller the anelastic scattering attenuation should
be, and vice versa.
In the next step, we determined the constant C according
to Richter’s definition of magnitude. Because we defined our
formula for amplitudes in nanometers and the static magnification equals 1, the constant C is estimated as:
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1000
− 1:05 log 100 − 0:00236 × 100
2080

≅ − 2:02:

11

The final developed ML formula is
EQ-TARGET;temp:intralink-;df12;313;238

MLj  log Aji  1:05 log Rji  0:00236Rji − 2:02: 12

Finally, we estimated station corrections for the nine seismic
stations in Table 1 in the form
EQ-TARGET;temp:intralink-;df13;313;180

log Aji  1:05 log Rji  0:00236Rji − 2:02  MLj  Si :

13
To compare the new formula with the formula of Hutton and
Boore (1987) that has been used until now, we estimated an
error Ei for each station i. We defined the error Ei as a sum of
the absolute value of the mean of residuals rji and standard
deviation for each station as:
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the results may be affected by directional
dependency, which we did not take into
account. It is questionable if the amount
of data is sufficient for such directional
dependence analysis.
In following part, we will compare
our findings to other studies. The newly
developed M L scale for Slovakia shows
that the attenuation coefficients n and K
do not change by more than 20% in comparison with coefficients of the Hutton and
Boore (1987) scale that has been used so
far. The attenuation curves (− log A0 ) for
southern (SC) and central (CC) California,
eastern North America (ENA), United
Kingdom (UK), Hungary, Austria, and
the curve obtained in this study (SK) are
shown in Figure 7. The scales for Hungary
and Austria are not published, they were
provided by personal communication with
Istvan Bodnar (2017) and Rita Meurers
Figure 6. The unbiased sample standard deviation (σ) of residuals as a function of
(2018). When comparing attenuation in
parameters n and K. The white star indicates the minimum.
the old (SC, Hutton and Boore, 1987)
s
and the new (SK) curves, both are the same for distances
PN E 2


NE
 1 X

rji
of up to 100 km. However, beyond the distance of
j1
:
Ei 
r   σi ;
σi 
14
100 km, the SC shows slightly lower attenuation. Bakun
NE − 1
N E j1 ji 
and Joyner (1984) show the same attenuation for the region
of CC of up to 200 km, but for greater distances the SK atThis error quantifies the bias of the estimated local magnitudes
tenuation is stronger. The SK curve is intermediate with refrom the network magnitudes at a specific station. In the case
spect to the regional scales of Hungary and Austria. Because
of a new scale, the first term (mean of residuals) equals zero
the attenuation of Hungary is segmented with respect to disbecause it takes into account the station corrections. In that
tance, the (− log A0 ) compared to SK has slightly lower valcase, the denominator of the σ i in equation (14) should be
ues for distances of R ≤ 50 and 100 < R ≤ 150 km. Both the
N E , but because N E ≈ 1500 and N E − 1 make negligible difformulas used in Austria and the one defined by Kim (1998)
ference, we can use the same formula and define the reduction
for ENA do not include the attenuation K. This could lead to
of standard deviation as 1 − E this study=EIASPEI. The
larger bias in larger epicentral distances. We see that they
results for all stations are compared in Table 2.
have the same slope of attenuation curves for epicentral distances larger than 300 km and both are shifted from others.
Discussion
The scale of Ottemöller and Sargeant (2013) shows that the
attenuation of UK is intermediate between regions which are
First, we will look on meaning of the distribution of the
tectonically more active (CC, SC) and those which are more
data for the obtained results. The final formula is valid from
stable (e.g., Kim, 1998; ENA). The SK curve (− log A0 )
10–550 km. However, for short epicentral distances under
shows slightly higher attenuation for distances of
25 km, we can see (Fig. 3b) that for these epicentral distances
R ≤ 150 km than in the case of the UK curve.
we have less data and therefore estimated magnitudes could
Because there are no other works related to local
have larger bias. This should be taken into account when
comparing with other studies. We should again note that
magnitude attenuation for Slovakia, we can only compare
EQ-TARGET;temp:intralink-;df14;55;449

Table 2
Values of the Final Station Corrections and Errors of Estimating the Local Magnitude by the
Formula Proposed in This Study and the One Previously Used
Station ISC Code

ZST

CRVS

KECS

KOLS

STHS

VYHS

MODS

LANS

SMOL

SC this study
Error of new scale
Error of old scale
Reduction of error

0.06
0.15
0.25
40%

0.03
0.14
0.19
26%

−0.10
0.15
0.22
32%

0.28
0.13
0.31
58%

0.11
0.13
0.21
38%

−0.21
0.14
0.27
48%

0.03
0.14
0.21
33%

−0.14
0.13
0.19
32%

−0.06
0.13
0.17
24%
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550 km of epicentral distance. We inverted the attenuation
parameters for the whole region of Slovakia, and we did
not consider any directional dependency. The newly developed formula for the amplitude in nanometers and epicentral
distance in kilometers is in the form M L  log A
1:05 log R  0:00236R − 2:02. The (− log A0 ) curve shows
that the attenuation is intermediate compared to the regional
scales of neighboring countries Hungary and Austria. The
station corrections for the nine seismic stations of NNSS
have been estimated for the first time. The reduction of error
is up to 58% compared to the formula previously used. The
improvement is mostly thanks to the incorporating station
corrections in the new formula.

Data and Resources
Figure 7.

Comparison of attenuation curves for southern
California (SC), central California (CC), Eastern North America
(ENA), United Kingdom (UK), Hungary, Austria, and for the
area of this study Slovakia (SK). Displacement amplitude is in
nanometers.

macroseismic intensity attenuation curves. Labák (2000)
showed that the macroseismic intensity attenuation curves
for Western Carpathians have similar shapes as those for
San Andreas Province in a sense that they fall in the same
confidence interval. This is in a good agreement with our
results if we compare our (SK) attenuation curve with SC
and CC attenuation curves.
We computed station corrections and errors for nine
seismic stations of the NNSS (Table 2). The station corrections are smaller than 0:30. Applying the formula proposed
in this study, the maximum error representing the bias of the
estimated local magnitude at the specific station from the network magnitude is 0.15, whereas it is equal to 0.38 when the
Hutton and Boore (1987) formula is used. The local magnitude formula proposed in this study allows us to reduce the
error by up to 58%.
Because the differences between the newly developed
scale and the previously used Hutton and Boore (1987)
scale are not significant, the new scale will not significantly
change the estimation of network local magnitudes.
The main improvement of the newly developed scale is that
the scatter of local magnitudes for one event will be significantly smaller thanks to the incorporation of station
corrections.

Conclusions
We developed a new local magnitude scale for the
territory of Slovakia, which we recommend to replace the
Hutton and Boore (1987) scale that was previously used.
This formula was obtained from a linear regression analysis
of 3579 earthquake trace amplitudes recorded by nine seismic stations of the NNSS. The scale is valid from 10 to
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Information about seismic stations has been taken from
the website http://www.geo.sav.sk/en/structure‑of‑the‑institute/
laboratories/national‑network‑of‑seismic‑stations/ (last accessed February 2018). All data used in this article are from
published sources listed in the references. The National
Network of Seismic Stations (NNSS) data used in this study
are available upon request. The graphics of distribution of
different types of events used for the analysis is produced
by EQUIS, spol. s. r. o.
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