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The Green’s function depends on the time t, the distance r be-
tween source and receiver and the transport scattering coefficient
g0. The mean S wave velocity vs is assumed to be constant along
the whole ray path. In contrast to the 3-D Green’s function used
by Eulenfeld & Wegler (2016), the 2-D Green’s function has the
dimension m−2 instead of m−3, we therefore have to normalize the
resulting energy by the inverse of the median lithospheric thickness
along the ray path (D̃L) to properly model the energy of the wave:

Emod (t, r ) = W R (r )

D̃L

G2D (t, r, g0) e−bt . (3)

Herein, e−bt describes the exponential decrease due to intrinsic at-
tenuation, which is described by the intrinsic attenuation coefficient
b. The spectral source energy W and the energy site amplification
factor R account for the influences of the source and the receiver
site (Eulenfeld & Wegler 2016). These two parameters will not be
analysed in this study.

Justified by recent studies (Hannemann et al. 2016; Krüger et al.
2020), we use a mean S-wave velocity of 4600 m s−1. This velocity
gives a good match of the So-wave arrival for a wide distance
range (Fig. 4). Furthermore, we choose a mean mass density of
3380 g m−3 that corresponds to the density given for the lithospheric
mantle by PREM (Dziewonski & Anderson 1981). We filter the data
with different second-order, zero-phase Butterworth filters in octave
frequency bands with centre frequencies between 1 and 30 Hz,
resulting in nine analysed frequency bands. In order to correct for
the noise level, we use the minimum average amplitude of five 10-
s-long noise time windows (see Table 1 for times) for the correction
of the energy envelope. The bulk time window for the So wave
and the coda time window is chosen relative to the S onset (see
Table 1). For the inversion, the data in the coda time window is
smoothed in 5 s Bartlett time windows. Furthermore, we shorten
the coda-time window either if the signal-to-noise ratio (SNR) drops
below 2 or at a local minimum if this minimum is followed by a
local maximum with twice the amplitude of the minimum. The
SNR is determined by using the minimum average amplitude of
the noise time windows and the energy density of the wave form
recordings (eq. 1). The shorting of the coda-time window in case
of a local minimum is done to exclude additional phases that may
arrive later in the S-wave coda. The inversion is not done if the
coda time window is shorter than 10 s and if there are less than two
station–event pairs left after the exclusion of data.

The modelling by Kennett & Furumura (2013) showed that So
waves are sensitive to lateral variations in lithospheric structure and
seismic attenuation, therefore we decided to analyse the regional
events in 45◦ azimuth bins each 15◦ to obtain more stable results
that can also be compared with the age and thickness of the litho-
sphere. A look at the azimuthal distribution for the 45◦ bins each 15◦

(Fig. 5a) shows that most of the events are located in the azimuthal
bins around 120◦ and 240◦. This corresponds to the azimuthal di-
rections of the plate boundary (compare Fig. 1a). Moreover, a horse

shoe like pattern is observable in the azimuth–distance distribution
(Fig. 5c), which can be associated with the plate boundary. In order
to obtain comparable results for the simultaneously inverted events
for each azimuth bin, we decided to further subdivide the events in
each azimuth bin in 50 km distance bins and choose only the two to
three strongest events in each azimuth–distance bin (Fig. 5d). For
all results presented in this study, we simultaneously analyse the
recordings at all stations of the array. However, the applied qual-
ity criteria mentioned before may lead to an exclusion of specific
station–event pairs from the analysis; therefore, not all events are
inverted for all stations.

For better comparability with other studies, we calculate inverse
quality factors for intrinsic (Q−1

i ), scattering (Q−1
sc ) and total at-

tenuation (Q−1
tot ) from the obtained attenuation coefficients (g0 and

b):

Q−1
i = b

2π f
, (4)

Q−1
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, (5)

Q−1
tot = Q−1

i + Q−1
sc . (6)

Furthermore, we estimate the seismic albedo B0, which indicates
whether the scattering or intrinsic attenuation dominates the total
attenuation:

B0 = Q−1
sc

Q−1
tot

. (7)

Finally, we also calculate the absorption and transport mean free
path length (li and lsc) whose values can indicate the length scale of
the most relevant structures for the propagation of the waves (Sato
et al. 2012):

l−1
i = vs

b
, (8)

l−1
sc = 1

g0
. (9)
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In Fig. 6(a), we show an exemplary comparison of the recorded
waveform energy and the modelled energy for the different fre-
quency bands between 0.8 and 40 Hz. As can be seen, the modelled
energy fits well to the recorded energy for frequencies above 2 Hz.
Furthermore, we present the estimates for the transport scatter-
ing coefficient g0 (Fig. 6b) and intrinsic attenuation coefficient b
(Fig. 6c) with frequency for all azimuth bins and for the azimuth
bin between 240◦ and 285◦, in which the event shown in Fig. 6(a)
lies. The frequencies in Figs 6(b) and (c) correspond to the centre
frequency of the frequency bands named in Fig. 6(a). As already
mentioned in the previous section, recordings of the coda wave
were shortened if the SNR drops below 2 or if a local maximum
is present and furthermore too short coda time windows (<10 s)
were removed during the inversion. We therefore grouped the pre-
sented results based on the number of finally used events (indicated
by transparency in Figs 6b and c) to indicate the quality of the
estimates.

In general, the transport scattering coefficient g0 is decreasing for
higher frequencies except for the last frequency band (20–40 Hz)
for which a small increase is visible. The g0 values range between
10−4 and 4 × 10−5 m−1. For the intrinsic attenuation coefficient
b, we estimated nearly constant values between 3 × 10−2 and 5 ×
10−2 s−1 for centre frequencies between 2 and 10 Hz.
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