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Abstract—The parameters of S-wave attenuation (the total effect of absorption and scattering) near the
Petropavlovsk (PET) station in Kamchatka were estimated by means of the spectral method through an orig-
inal procedure. The spectral method typically analyzes the changes with distance of the shape of spectra of
the acceleration records assuming that the acceleration spectrum at the earthquake source is flat. In reality,
this assumption is violated: the source acceleration spectra often have a high-frequency cutoff (the source-
controlled f;,,,) which limits the spectral working bandwidth. Ignoring this phenomenon not only leads to a
broad scatter of the individual estimates but also causes systematic errors in the form of overestimation of
losses. In the approach applied in the present study, we primarily estimated the frequency of the mentioned
high-frequency cutoff and then constructed the loss estimates only within the frequency range where the
source spectrum is approximately flat. The shape of the source spectrum was preliminarily assessed by the
approximate loss compensation technique. For this purpose, we used the tentative attenuation estimates
which are close to the final ones. The difference in the logarithms of the spectral amplitudes at the edges of
the working bandwidth is the input for calculating the attenuation. We used the digital accelerograms from
the PET station, with 80 samples per second digitization rate, and based on them, we calculated the averaged
spectrum of the S-waves as the root mean square along two horizontal components. Our analysis incorporates
384 spectra from the local earthquakes with M = 4—6.5 at the hypocentral distances ranging from 80 to 220 km.
By applying the nonlinear least-square method, we found the following parameters of the loss model: the
QO-factor Q, = 156 £ 33 at frequency f= 1 Hz for the distance interval » = 0—100 km; the exponent in the
power-law relationship describing the growth of the O-factor with frequency, y = 0.56 = 0.08; and the loss
parameter beneath the station k, = 0.03 £ 0.005 s. The actual accuracy of the estimates can probably be some-
what lower than the cited formal accuracy. It is also established (with a confidence level of 10%) that the losses

decrease with distance.
DOI: 10.1134/S1069351316030034

INTRODUCTION

The study of seismic wave attenuation with dis-
tance provides fundamental information about the
inelasticity and scattering properties of the Earth’s
interior. Knowledge of the attenuation is also required
for estimating the source spectra, seismic energy, seis-
mic moments, and other source parameters of the
earthquakes, for modeling the probable strong ground
motion, etc. The attenuation issues are interesting
from the general scientific standpoint; besides, it is
also important to know the actual attenuation proper-
ties in a particular region. Hereinafter the attenuation
is understood as the total energy losses of a wave which
are due to both the absorption (inelastic losses) and
wide-angle scattering, whereas the amplitude decay
due to geometrical spreading is disregarded. The seis-
mic energy scattered into a small-angle cone is consid-
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ered jointly with the energy of direct waves, which is a
common practice in seismology. We avoid using the
nomenclature of engineering seismology where the
attenuation is understood as the combined effect of
the geometrical spreading and losses. At the regional
distances and high frequencies (1—-50 Hz), the attenu-
ation as a phenomenon has been studied quite poorly.
Some fundamental issues such as the relative role of
the path (ray) itself, on one hand, and the ground/geo-
logical conditions in the vicinity of the receiver (the
site effect—contribution of the local features), on the
other hand, as well as the character of the frequency
dependence of the Q-factor, remain poorly known.

There are two common but qualitatively different
approaches to studying attenuation. The first (direct)
approach considers the gross attenuation—it analyzes
the decay of the amplitudes or amplitude spectra with
distance. Further, for estimating the losses, some
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assumptions are typically made about geometrical
spreading. The effect of geometrical spreading on the
amplitudes is then eliminated, and the residual is con-
sidered as the total effect of the scattering and absorp-
tion along the path. The site effect (the contribution of
local conditions to the losses) remains unknown. The
second (spectral) approach explores the fact that the
spectral shape is distance dependent. Here, some
assumptions constraining the shape of the amplitude
spectra at the source are made, and the change in the
shape of the observed spectra is analyzed. If it can be
presumed that the waves have an identical type of geo-
metrical spreading across the entire studied frequency
band, the particular character of spreading can be set
aside. For the case of the sufficiently high frequencies
studied below, the waves can be treated as body waves
and the geometrical spreading can be assumed to be
frequency-independent. The losses determined from
the spectral changes are considered as the total effect
of the scattering and absorption. The advantages of the
direct approach are associated with the fact that the
latter enables the attenuation to be studied directly,
without any hypotheses regarding the particular
source spectrum. However, the necessity to accept the
hypothesis concerning the spreading is the weak point
of this approach. Besides, some difficulties arise in the
estimation of the site effect unless the normalization to
the coda wave amplitudes is applied (assuming that the
site effect is identical for the direct waves and coda). A
strong point of the spectral approach lies in the fact
that it provides a possibility to study the attenuation
alone, both along the path and in the vicinity of the
receiver. However, it is required in this case to hypoth-
esize the spectrum of the source, to assume the small-
ness of the spectral anomalies at the site, and to con-
sider geometrical spreading as frequency-indepen-
dent. The last assumption is in some cases vital. This
approach is useful for analyzing the data from a single
(isolated) station. This is the spectral approach that is
applied in the present work.

Both the cited approaches contain an important
and scarcely discussed simplification associated with
treating the scattering-related losses. Let us consider
this simplification for the case of body waves. Typi-
cally, it is implicitly assumed in seismology that
phases, groups, or wave trains of the body waves can be
clearly identified on a seismogram. The case of a local
earthquake with a long source duration when the
P-waves from the late stages of the source process are
superimposed on the S-wave arrivals is an evident
problematic point. We put this case aside and confine
ourselves to considering the small and moderate earth-
quakes when the source duration is not very long. Fur-
thermore, we only consider the important case of
S-waves. The practice shows that the clear identifica-
tion of the S-group is not always possible even in the case
of a small earthquake. Quite frequently, the S-group is
gradually replaced by coda, and there are no clear
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indications of its end. This phenomenon is related to
wave scattering (or multipath propagation).

In optics and acoustics, scattered waves are under-
stood as the waves propagating from an obstacle (a
scatterer) in any direction different from that of inci-
dent wave. This definition also includes the waves scat-
tered at low angles. The energy of these waves is con-
sidered as totally scattered and is included in the
losses. The practice of regional seismology is different:
the waves scattered at low angles, which are barely dis-
tinguishable in practice from the direct wave, are con-
sidered together with the latter. Only the energy of the
waves scattered by the wide angles is treated as lost. In
particular, the group of S-waves is identified by seismolo-
gists and considered for convenience as a direct wave,
although it is actually formed jointly by the direct waves
and the waves scattered at low angles. The energy losses
for this group of waves have two components: the losses
due to the wide-angle scattering, which is discussed in the
present work, and the losses due to the absorption
(inelastic losses). The Q-factors associated with these two
components are denoted by Q,. and Q,, respectively; the
total losses are represented in terms of the total Q-factor

0, o, simply, Q; here, 0, = 0. + Q.

Ideally, it is desirable to use the theory of scattered
waves for analyzing the observed picture. Such
approaches are being developed; they give hope for
separately estimating the contributions of scattering
and absorption. As a typical example of methods of
such kind we cite the Multiple Lapse Time Window
Analysis (MLTWA), see, e.g., (Abubakirov, 2005). In
this method, the parameters of the envelopes of the
actual records after their bandpass filtering are com-
pared to the parameters of the calculated envelopes.
The latter are calculated from the model of a homoge-
neous medium with isotropic scattering and inelastic
losses. The comparison of the model to the observed
curves enables a separate estimation of the parameters
of scattering and inelastic losses. However, the esti-
mates obtained by this method should be treated as
tentative. The point is that the models that are used in
the MLTWA-based interpretation typically neglect
some factors of the real medium such as the evident
absence of isotropy in the scattering and a strongly
pronounced vertical heterogeneity of the coefficient of
scattering. Ignoring these factors can distort the esti-
mates severalfold (Gusev and Abubakirov, 1996;
1999). As of now, the models allowing for these factors
have been developed quite poorly. In this situation,
using a more primitive approach that separates the
S-wave groups is the only possibility. The location of
the end of the S-group is specified to some extent arbi-
trarily, either interactively or automatically.

Let us review several issues associated with the use
of the spectral approach. The spectral approach was
initially applied for very simple models of the source
spectrum and spectral structure of the losses. It was
assumed that (1) the acceleration spectrum in the
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source is flat; (2) the losses in the medium are
described by a frequency-independent Q-factor; and
(3) the Q-factor does not depend on the epicentral or
hypocentral distance. In reality, all the three cited
hypotheses are inaccurate. Therefore, the model
which is used for interpretation in the present work
allows each of them to be violated. Let us discuss these
points in greater detail.

We start with the source spectrum. In the early
works (Gordeev and Rykunov, 1976; Anderson and
Hough, 1984), when applying the spectral approach, it
was hypothesized that the acceleration source spec-
trum is flat. This behavior is characteristic of the clas-
sical Aki—Brune omega-square model of the source
(displacement) spectrum in the frequency band much
above the corner frequency f.. In such cases, the
observed acceleration spectrum has an approximately
flat segment (plateau), which is limited at the high-
frequency side by a clearly expressed upper cutoff.
Ideally, the position of this cutoff should be directly
related to the integral losses along the ray path. How-
ever, as noted by Hanks (1982), the attempt to fully
compensate these losses by using the experimental
attenuation estimates in the medium is typically inef-
fective. Hanks designated the frequency of this resid-
ual cutoff by f,.. Soon after this, Anderson and
Hough showed (1984) that the formation of this stable
cutoff is probably associated with the significant losses
in the upper part of the profile in the immediate vicin-
ity of the station. In their reasoning, they accepted the
hypothesis of a constant and frequency-independent
QO-factor. In this case, for estimating the attenuation it
is sufficient to estimate a single parameter denoted by
r* or ¥, which is closely related to f;,,,. The parameter

K is defined by x = Ldr/ cQ, where dr is the ray ele-

ment, /is the ray path, and c is the wave velocity. In the
regional and engineering seismology problems, the
path (and, correspondingly, the cited integral) natu-
rally splits into two parts. One part of the path is a very
short segment in the upper part of the section directly
beneath the station or beneath the construction site. In
practice, its contribution to the integral, denoted by
Ky, can be assumed to be constant. For the remaining
part of the ray trace, its contribution to the integral
grows with distance either linearly or in a more sophis-
ticated way. This contribution is hereinafter denoted
by «,. Remarkably, in the cited integral we may well
assume k = k(f), @ = O(f). We note straight away that
in the interpretation in the present work it will be
assumed that ik, does not depend on frequency,

whereas k , is frequency dependent.

As was noted, Anderson and Hough (1984) sug-
gested estimating k from the decay of the spectrum of
a local earthquake with frequency assuming that the
acceleration spectrum in the source is flat. This
approach has become widespread. A number of subse-
quent works refined Anderson and Hough’s proce-
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dure: the records of quakes with sufficiently high f,
were used; the shapes of the source spectra of these
quakes were approximated by the Brune model with f,
considered as an additional unknown parameter
(Boatwright et al., 1991; Fletcher and Boatwright,
1991). These modifications retain the assumption of a
plateau of the acceleration source spectrum at high
frequencies. An important element of these works lies
in the fact that they use the combined approach where
Q is estimated in the course of a single two-step inver-
sion. Here, the information about the losses is inferred
from both cited sources: from the decay of spectral
amplitudes with distance and from the change in the
spectral shape with frequency. With this approach, the
joint estimate of Q by the two qualitatively different
methods should provide a stable result of the inversion.
In this case, geometrical spreading is either assumed to
obey the power law (whose exponent is treated as an
unknown), or it is calculated beforehand from the
given crustal velocity profile.

The fact that the spectrum is specified by the Brune
model is a debatable point of this technique. In this
model, the formation of f,,, is fully attributed to the
frequency-dependent losses in the medium. However,
there are cases when the high-frequency cutoffs are
clearly observed in the acceleration spectra that have
been already corrected for the losses both along the
path and beneath the site. These facts suggest a par-
tially source-related origin of f;,,. In other words, the
observed f,,,,, can have a complex origin and be formed
due to both the frequency-dependent losses during
wave propagation in the medium and due to the pres-
ence of the upper limit in the source acceleration spec-
trum. The existence of such a limiting boundary was
first hypothesized by (Papageorgiou and Aki, 1983;
Gusev, 1983; 1984). This boundary is hereinafter
referred to as f,; (Fig. 1). This hypothesis was initially
suggested for explaining the formation of £, ,, by the
source effects. However, as was noted above, Anderson
and Hough soon demonstrated that a vital role in the
formation of f,,,, is played by the losses beneath the
receiver in the immediate vicinity of the station. In
these conditions, even in the case of accurate compen-
sation for the attenuation along the main part of the
path the HF spectral knee cannot be ascribed to the
source alone. The phenomenon of £, has come to be
regarded as related to the losses beneath the station,
and the hypothesis of the existence of f,; was, in fact,
abandoned by the most seismologists.

Nevertheless, the source-controlled f;,,, was still
clearly identified in a number of cases (Kinoshita,
1992; Gusev et al., 1997; Sasatani, 1997); a brief
review can be found in (Gusev, 2013). Presently, the
existence of the source contribution to the f,,,, phe-
nomenon is typically admitted in principle (Purvance
and Anderson, 2003); however, the question still needs
thorough investigation. The key difficulty in identify-
ing f;.. lies in the fact that the observed f,,,, reflects the
response of the white-noise acceleration signal to the
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The acceleration spectra: the source spectrum MO( f) and recorded spectrum A(f)
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Fig. 1. The schematic (Fourier) amplitude spectrum of the body-wave acceleration. The top curves show the source acceleration

spectrum (SAS or M (f),; the bottom curves show the corrected site spectrum A(f) (the observed spectrum in which all the losses
but those related with the ground layer immediately beneath the station are compensated). The middle dashed line depicts the
transfer function of the absorption operator in the soil layer, whose action forms (partially or fully) the upper cutoff, f,,, of the
recorded acceleration spectrum. (a) The case of the standard Brune SAS model with a single corner frequency /.. In this case, the

value of £, is fully determined by the medium. We denote it by flﬁq‘;‘,)( Typically, the model works reasonably well in the case of

the small earthquakes; however, it is also frequently applied for the strong seismic events (with magnitudes M = 6 and higher).
(b) The similar spectra for the SAS model used in the present work, with three corner frequencies f., f.,, and f.5. The model is

suitable for describing the spectra of the earthquakes with any magnitudes. In case (a), f.; and f,, coincide; and if the spectral
corners atf, and f,, are clearly discernible in the observed spectra, it is traditionally a common practice to assume the Brune spec-

tral model with £, = (fclfcz)o'S . The frequency value f,; here plays the role of the source-controlled f;,,, Or fé,sgx. The combination
of two cutoffs, f,ﬁ{ﬁi and f,s;x, results in the emergence of the observed “joint” upper cutoff ... The following relationships are

(m)

always valid: f;,.x < fmax and fiax < féfgx. Frequently (particularly for the small earthquakes), félr;)( < féf;x; then, the observed

Jfmax (typically 5—15 Hz in such cases) is determined by the losses beneath the station and it gives the estimate for frﬁ,‘;}; In same

() (m)

cases, also the opposite relationship is valid in some cases, particularly for the strong earthquakes: fax < fmax, and then the

observed f,,,« (typically of the order of 2—4 Hz) is determined by the source and gives the estimate for féf;x.

simultaneous action of two filters with the commensu-
rate cutoff frequencies (Fig. 1). The possibility that
such a combination can in principle exist was noted as
early as 1984 (Anderson and Hough, 1984, Fig. 13
therein); however, the ways for the interpretation of
the spectra in such a case were not discussed.

In this situation, a vicious circle appears: in order
to estimate f,;, one should compensate the loss effects;
however, it is unclear how could the losses be evaluated
independently, without a priori knowledge of f;.
Attempts were made to use the model in which the
source- and path-related contributions to the observed
value of k¥ are additive (Purvance and Anderson, 2003)
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or multiplicative (Tsai and Chen, 2000); however, the
results did not provide a clear solution. In order to
eliminate the influence of the losses beneath the sta-
tion (together with the distorting effects of the transfer
function of the soil layer beneath the station), Sasatani
(1997) and Gusev (2013) calculated the ratio between
the spectra from two earthquakes recorded by the same
station. In this case, the calculations give an estimate
of f.;; however, this can only be done in the special
cases when /5 significantly differs between the compo-
nents of a pair of the earthquakes. This approach is
inapplicable for systematic study. At the same time,
without separating the effects associated with the
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Fig. 2. The example of processing the records of the S-waves from the earthquake of June 10, 1994, 13:25, M; = 5.3, H =20 km;
r = 180 km. (a) The initial records of the horizontal acceleration components (the vertical scale is arbitrary). Two pairs of the
dashed lines mark the interval of calculating the amplitude spectra of the noise and S-waves; (b) the observed spectrum A(f) (squares),
the spectrum corrected for absorption A, (f) (circles), and the noise spectrum (the gray dashed line), all reduced to 7 = 1 km. The thin
line in the bottom part of the plot is the operator of loss correction by the model 2013, which was used in the present analysis (see
Table 1). This line is shifted downwards for better visualization. The gray broken line approximates the plateau and its vicinity in
the corrected spectrum. The approximation of the plateau in the acceleration spectrum, which was used for the further process-
ing, is shown by the vertical segments; they correspond to the frequencies f,, and f.3. The scale is log-log. (c) The same, on the
semi-log scale. It can be seen that the presence of the corner point at /3 in the semi-log graph of the non-corrected spectrum is

almost unnoticeable. All log scales are in log; units.

source and the medium, it is in principle impossible to
isolate and accurately estimate the contribution of one
factor (the losses along the path). In the present work,
we try to find the approaches to solving this problem.

Another debatable point mentioned above lies in
the assumption of a frequency-independent Q, which
is used in some studies. In the reality, this assumption
is violated for both the mantle overall (Leki¢ et al.,
2009) and for the lithosphere. The estimates of Q by
the direct method systematically testify to the pres-
ence of this dependence (Fedotov and Boldyreyv,
1969). The same conclusion also ensues from the
spectral method. For example, Trifunac (1994) ana-
lyzed the acceleration spectra from the earthquakes in
the western United States and revealed a clearly pro-
nounced frequency dependence of the losses. This
dependence is also demonstrated in the special study
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of Ford et al. (2008), who compared five technologies
for estimating Q. We also cite the paper (Malagnini
et al., 2007) where, based on the extensive and reliable
data for California, the authors obtained a model with
a distinct frequency-dependent Q close to Q = 180042,
The discussion of the frequency dependence of Q is
still ongoing.

After all, there is also a problem concerning the
dependence of the estimates of k and Q on the hypo-
central distance. For example, Hough et al. (1988) and
Trifunac (1994) reported a prominent dependence of
this kind for California: the losses (Q~!) decrease with
distance. This trend is probably due to the fact that the
rays penetrate deeper into the Earth’s interior as dis-
tance increases, whereas the losses (Q~!) decrease with
depth. It is likely that this phenomenon is almost ubiq-
uitous. For example, Castro et al. (2008) not only
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Fig. 3. The forms of frequency dependences of Q_l for
r=100 km: 7, according to (Gusev and Shumilina, 1999),
a point estimate with fuzzy binding to frequency; 2, accord-
ing to (Abubakirov, 2005), direct empirical estimate;
3, three patterns of Q’l (f) dependence obtained based on
the estimate of k from (Gusev and Guseva, 2012) for the
interval 5—25 Hz, with the three fixed assumed values of
y=20, 0.2, and 0.4 (from bottom to top); 4, the estimate
from (Gusev and Guseva, 2013) used for spectral correc-
tion; 5, the result of the present analysis.

established the presence of this dependence for
Northern Italy but also interpreted it in the context of
the two-layer model of the crust and upper mantle.
According to this model, Q! in the upper layer is more
than tenfold larger than in the lower layer (at f= 2—3 Hz).
A quite significant loss reduction with distance is
revealed by Kurtulmus and Akyol (2013) in Western
Turkey. Thus, a single parameter of the medium Q™!
that neither depends on frequency nor on distance is
insufficient for accurately characterizing the losses.
The cited relationships should be studied directly.

The present work is primarily intended for studying
the S-wave attenuation on a new methodical basis with
ajoint allowance for all the critical points noted above:
the complex nature of f,,,, the frequency dependence
of O, and the dependence of Q on distance. For sepa-
rating the contributions of the source and the propaga-
tion medium into the high-frequency decay of the
acceleration spectrum (the f,,,, phenomenon), we use
a two-step approach. Initially, the observed spectra are
corrected based on the a priori loss estimates (both
along the path and beneath the site), and f,; is esti-
mated from the corrected spectrum. Then, the atten-
uation estimate is refined using as input data of inver-
sion the selected segment of the source spectrum,
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which is presumably flat. It turned out that the
obtained attenuation estimate insignificantly differs
from the initial estimate, and therefore the procedure
of estimating the attenuation was limited to a single
iteration without subsequent refinement.

As the initial observational data, we use the records
of the local earthquakes by the Petropavlovsk station,
Kamchatka, in the frequency band of 1—30 Hz at the
hypocentral distances of 80—220 km. To date, certain
knowledge has been obtained about the attenuation
parameters for East Kamchatka; a brief review of the
earlier works and the latest estimates are presented in
(Abubakirov, 2005). MLTWA was the main method
used in the cited work. In parallel with this, the esti-
mates were also obtained in a more traditional way—
based on the known method of normalizing the ampli-
tude spectra by the coda-wave amplitudes and assum-
ing the 1/r geometrical spreading. These estimates can
be compared to their independent counterparts
obtained in the present work by the spectral method. If
this comparison yields consistent estimates, this would
enhance the confidence of the results obtained in both
works.

The paper has the following organization. We start
by discussing the methodical questions and processing
algorithms, as well as describing the initial data and
initial estimates of the attenuation. Then we present
the examples of the data and discuss important practi-
cal issues associated with the application of the
method, including the selection of the segments in the
observed spectra which are suitable for estimating Q.
After this, we determine the parameters of the attenu-
ation model assuming frequency- and distance-
dependent Q. Both dependences turned out to be pro-
nounced quite distinctly.

THE METHOD AND ITS JUSTIFICATION.
THE PROCESSING PROCEDURES

Let A, and A4 be the amplitudes of the sine seismic
wave S at the receiver in the absence or presence of
attenuation, respectively. The relative losses on path r
in a uniformly absorbing medium with quality factor Q
can be represented in the following form:

Al Ay = exp(-nfr/cQ)

= exp(-nft/Q) = exp(-nfx),
where fis the wave frequency, while ¢ and ¢ are the
velocity and travel time of the S-wave; and x = #/Q is
the parameter of integral losses on the path. In the data
analysis, instead of the amplitude of the sinusoidal
wave, the estimate of the Fourier amplitude spectrum
of the S-wave train obtained by averaging the power in
a sufficiently narrow frequency band is used. In the
analysis in terms of parameter K, it is often assumed
that Q is frequency-independent, which entails the
frequency independence of k as well. Although this
assumption is typically oversimplified compared to the
real situation, the engineering seismology where the

o))
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Fig. 4. The errors dlog A of approximation of the observed differences of log amplitudes by the fitted combination of the param-
eters kg, Oy, v, and g: (a) the histogram of dlog;(4; also the estimated standard deviation is presented; (b), dlog;4 as a function
of the upper cutoff frequency of the operating bandwidth; (c), 5log;4 as a function of hypocentral distance r; (d), Slog|y4 as a
function of the central frequency f,, of the operating bandwidth; (f), dlog (4 as a function of M;. From (a) it can be seen that the
distribution is heavy tailed (excess = 5.7) which apparently indicates the presence of a mixture of distributions with different .
The o value itself is rather small and it corresponds to the residual scatter of the amplitude of less than 10%. From graphs (b)—(e)
it can be seen that the errors are not systematic relative to the studied parameters.

analysis is most frequently based on the parameter K
traditionally assumes a frequency-independent k, and
this is fairly well justified when applied to the compo-
nent K, as discussed below. We note that for both the
teleseismic P-waves at ~1 Hz and below and for the
surface waves, the hypothesis of frequency-indepen-
dent Q (and #*) which is applied quite often should be
treated as an oversimplification (Lekic et al., 2009).

At the higher frequencies, the frequency depen-
dence of r* is fairly distinct even at the teleseismic dis-
tances (e.g., see (Venkataraman et al., 2002)) and is
clearly pronounced on the local paths. However, at the
shortest distances (the site effect or the effect of the
uppermost part of the section beneath the station), the
losses in the uppermost portion of the profile up to a
depth of a few dozen to hundreds of meters beneath
the seismic station again quite well agree with the
hypothesis of a frequency-independent Q. The contri-
bution of the upper portion of the section in the losses
is denoted by K, and the part of the losses that depends
on distance and, presumably, on frequency is denoted

by k. Importantly, the value of Q in the upper part of
the section is much lower than within the main part of
the ray path. In the Brune spectral model, it is ¥k, that
determines the observed cutoff frequency f,,,, in the
records obtained at a minimal distance from the
source. In these cases, k, is roughly 0.2/f,... The
assumption of a frequency-dependent ¥ or Q compli-
cates the analysis. However, this is not the last diffi-
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culty: the estimates of Q also depend on distance. The
probable causes of this dependence are discussed in
the Introduction. Thus, the attenuation studies should
take into account the frequency and distance factors,
as well as allow for the site effect. The latter can be
done under the assumption of constant Q.

Considering the described facts, we used the fol-
lowing attenuation model for analyzing the data:

(A
log[Aomj Eh

=1f (Ko + K,) = T +

2
fr )

cO(f,r)

where A(f) and A,(f) are the smoothed amplitude spec-
tra of the S-waves near frequency fin the presence or
absence of losses, respectively. The loss parameter Q!
is assumed to depend on frequency by the power law
(Fedotov and Boldyrev, 1969) and to linearly depend
on distance:

=Y
0'(f.r) = 0" (f} (1 ¥ Mj

0 "o

3)

where the parameters Q, , v, and g are not known and,
together with K, are to be determined from the obser-
vations. By using the integral parameter «,, we avoid
the necessity of specifying the details of the vertical
distribution of Q directly beneath the station, which is
difficult to do and is typically insignificant for the
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Fig. 5. The dependence on distance for the total losses Q; 1, the losses due to scattering Qs_cl, and inelastic losses Q; ! for the
medium in the vicinity of the PET station in the five frequency bands (the central frequencies are indicated in the right upper
corner of each graph): I, the estimates of Q, this work; 2, O, according to (Abubakirov, 2005); 3, Q,. according to (Gusev and

Abubakirov, 2003); 4, O,. according to (Petukhin and Gusey, 2003); 5, Q;, see Table 2; 6, O, according to (Trifunac, 1994) for the

west U.S. The increase of the losses Q,'_1 with distance at 1.5 Hz is unreliable. Ordinates are in log; units.

applications. The reference distance r, corresponding to
the sought Q,-value is hereinafter assumed to be r, = 100
km. This value is selected to fall in the working interval
of our data which covers a limited range of distances
80—220 km. By substituting (3) into (2), we see that .,
is, thus, assumed to quadratically depend on distance.
The model of a frequency-independent k, which is
quite common, corresponds to the assumption y = 0.
We assumed f, = 1 Hz.

For applying the spectral approach, it was neces-
sary to specify a segment on the obtained acceleration
spectra within which the source spectrum could be
assumed to be flat. This is a challenging problem. The
radiation from the source is determined through the
source spectrum of the earthquake or through the

amplitude spectrum | Mo(f )| of th source seismic
moment rate M (f) (the source displacement spectrum

(SDS)). The modulus sign || is hereinafter omitted. In
the most of the works studying the attenuation within

the spectral method, it is assumed that M,(f) follows

the Brune model (Brune, 1970):
M,

L+ (f1 1)

where f, is the corner frequency (the upper cutoff fre-
quency of SDS) and M, is the scalar seismic moment.

M(f) = C))
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The latter is strictly tied to the moment magnitude
determined by

M, =2/3(log,, M, [dyne cm] — 10.7). (5)

The local magnitude M; of the Kamchatka regional
network is commensurate with M,. The far-field
ground motion acceleration spectrum is proportional

to M(f) (the spectrum of the third derivative of M, o).
In the case of (4), this spectrum can be cast in the form

Qnf)’ M,
1+ (/1)

Function M (f) is referred to as the source acceleration
spectrum (SAS). At /> f,, assuming that (6) is valid,
the dependence of Ay(f) on fis negligible and, there-
fore, considering (2), we can write out for the observed
spectrum A(f) in this interval as

logA(f) = Ay(f) — Tfic = const — Tfi. 7

It may appear that k¥ can now be estimated as

_ldlog A(/)
T df

individual estimate of k¥ (Anderson and Hough, 1984).

However, the model of the source spectrum (6) is

oversimplified and often in contradiction of the obser-

vations. Therefore, the direct application of this model
for the data analysis may lead to biased estimates. The

Ao(f) ~ M(f) = (6)

, and each spectrum may provide an
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question of whether the plateau in the source acceler-
ation spectrum has a source-controlled upper cutoff at
J.31s discussed in the Introduction. However, the com-
plications do not end there. As early as in (Brune,
1970), it was noted that the cited main band of the
spectrum (at f=f,) may split into two corners at appro-
priate frequencies (hereinafter denoted by £, and f,,),
between which there is a segment of the source dis-
placement spectrum with the intermediate trend close
to /! or, for the acceleration, a segment of the source
acceleration spectrum with the intermediate trend
close to f! (see Fig. 1). This question was discussed in
(Gusev, 1983; 1984); a brief review is presented in
(Gusey, 2013). The corner frequency f,,, which is sig-
nificantly higher than f,,, is discernible in most of the
spectra studied in the present work (see (Gusev and
Guseva, 2013)). Thus, the lower boundary of the
working frequency band should be selected based on
J.2, which is noticeably higher than f,;. In the present
work, we used the following two-stage algorithm for
estimating f;, and f5: (1) firstly, we considered the pre-
liminary, initial loss estimate which was derived in
advance and, based on this estimate, corrected the
spectrum by compensating the main part of the losses;
(2) secondly, using the obtained estimate of the shape
of the source spectrum, we localized f;, and f,; and,
thus, determined the frequency band where the true
source acceleration spectrum presumably behaves as f°.
After having identified the working frequency range
for a given observed spectrum, one can then use the
spectral trend within this segment for calculating the
attenuation estimates by formula (7) and, thus, obtain
a new refined estimate of the losses. This is what was
done in the present work.

The first two steps of the described procedure are
illustrated by Fig. 2. Based on the acceleration spectra
A(f) obtained from the observations, we calculated
their modification A4,(f) corrected for losses, which
approximately reflects the source acceleration spec-
trum; the exact correction would yield 4y(f). The A,(f)
curve was approximated by the model of the piece-
wise—power-law trend. The spectral shape approxi-
mation that is close to optimal is fitted interactively; it
enables the corner frequencies of the spectrum to be
estimated. This approach requires that the frequency
interval [f,,; f.5] is sufficiently wide for obtaining the

estimate K = —l% from (7). This condition is
i

quite often satisfied.

The described approach is underlain by a number
of implicit assumptions which deserve separate discus-
sion. Let us assume that the right-hand side of (2) con-
tains one more term describing the losses which
depend on distance but not on frequency. If the analy-
sis is conducted in terms of the components of k, the
mentioned assumption means that there is a term «'
that behaves as k' ~ 1/f. This case is not speculative.
Firstly, the inaccurately estimated geometrical spread-
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Fig. 6. The dependence of the estimates of f,3 on the local
magnitude ML: 1, the conventional estimate; 2, the esti-
mate in the form of the inequality /.3 > 18 Hz; 3, the empir-
ical linear trend f,; (ML)) estimated with the combined use
of the common data and the data in the form of inequali-
ties; its slope is —0.11 £ 0.017; 4, the same hypothetical
trend assuming that the sources are kinematically similar.

ing may always introduce a fictitious contribution of
this type into the attenuation estimates. However, the
spectral approach applied in this work does not
depend on the geometrical spreading and is therefore
tolerant to such distortions. Secondly, as hypothesized
by Dainty (1981), the contribution of scattering in the
losses can be described through Q,.= Q,,.f Y withy = 1;
this behavior would also introduce the 1/f-like contri-
bution to k. The intangibility of these effects is a
potential pitfall of the spectral method. However, the
contribution of the component with the 1/fbehavior is
actually barely significant because this component
should strikingly manifest itself at low frequencies,
where the estimates by spectral method can be reliably
verified by those provided by the direct method, and
such distortions, if strong, can be detected. Another
problem of the spectral method lies in the fact that the
/fO-type behavior of the source acceleration spectrum
is, in fact, an assumption. Of course, the model of a
flat source’s acceleration spectrum demonstrated its
efficiency in many cases; however, this model has
never been verified rigorously, and such a verification
would be challenging. There are observations suggest-
ing a violation of this model. For example, in their
recent accurate study, Ye et al. (2013) obtained quite a
reliable estimate of the acceleration spectra for some
sources which behave as %294 instead of /° although,
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remarkably, the case of /* proved to be typical. Herein-
after we neglect this problem; however, its reality
should be born in mind.

Finally, significant distortions in the case of the
spectral approach can arise due to the spectral pecu-
liarities of the station, i.e., due to the differences of the
transfer function of the upper part of the profile
beneath the receiver from that for the half-space. This
factor is difficult to control. The PET station is
installed on the intrusive hard rocks where the P-wave
velocities are about 2.7 km/s. In dozens of studies on
the seismic microzoning of the sites close to Petropav-
lovsk—Kamchatskii based on the spectral ratio of the
S-waves or coda waves, PET has been always success-
fully used as the reference hard-rock station and never
demonstrated any significant resonant peaks or other
peculiarities. Although these considerations are not
fully convincing, hereinafter, we assume that the local
spectral peculiarities of the PET station are negligible.

INITIAL DATA AND FIRST STAGE
OF PROCESSING

The broadband PET (Petropavlovsk—Kam-
chatskii) seismic station of the IRIS network started
operating in Kamchatka in 1993. The records by this
station were used as the basis of the present analysis.
The use of these data enabled the attenuation in East-
ern Kamchatka to be studied in sufficient detail for the
first time. The initial data for fitting model (3) were
obtained in the following way. We considered all the
records by the PET station from the earthquakes that
occurred during 1993—2005 at the epicentral distances
of r = 80—220 km (the closer earthquakes are
extremely rare here) and had magnitudes M; = 4—6.5
(KT%® = 9.5—-14). No depth selection was made. The
records with a sampling frequency of 80 Hz are
obtained by the FBA-23 accelerometer—Quanterra
logger digital channel. After introducing the instru-
ment corrections, we viewed the records and identified
the segments of the S-waves and the noise before the
P-wave arrivals. Two techniques were used to identify
the segments of the S-wave. In the formal technique,
the length of the data segment was defined as a fixed
fraction x of the S-wave travel time, namely, x = 0.25.
In this case, in the single scattering model, the ele-
mentary geometry shows that the typical angles of the
scattered rays’ deviation from the initial direction are
up to 37°. In the case of multiple scattering, the typical
deviations are smaller. Therefore, x = 0.25 appears to
be a reasonable selection. With this approach, a cer-
tain part of the signal energy is in some cases rejected.
In the second technique, the segment was selected
interactively, and the length of the wave group was
visually evaluated in such a way that the main fraction
of the energy fell in this segment. In this case, the value
of x was within 0.10—0.35. A comparison showed that
the selection of the processing procedure does not
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affect the spectral estimates. Hereinafter, we use the
results of the second (visual) procedure.

The signal within the segment was subjected to 5%
tapering. Then, the amplitude Fourier spectra of the
acceleration were calculated by the Fast Fourier
Transform (FFT). The amplitude spectra were
smoothed by the procedure (Guseva et al., 1989) with
a constant logarithmic step in frequency (0.05 of the
common logarithm, or 6 points of the output spectrum
per octave). The smoothing window had a width of
0.15 of the common logarithm (half an octave). In
fact, the smoothing procedure is applied to the
squared amplitudes; therefore, the energy of the signal
is only subjected to the minimal distortions. After this,
the noise spectrum was reduced to the case of a seg-
ment of similar duration by multiplying by (d, /d,)°",
where d, and d, are the durations of the signal and
noise segments, respectively. The value of d, was
slightly larger than or commensurate with d,. The sig-
nal and noise spectra for the S-waves were determined
as the root mean square value of two horizontal com-
ponents. Next, the noise effects were roughly compen-
sated by subtracting the noise energy from the signal
energy. The upper boundary of the operating spectral
bandwidth was specified by the condition that the sig-
nal-to-noise power ratio is at least 3. The lower bound-
ary of the bandwidth was determined by the require-
ment that at least two points of the FFT spectrum fall
in the averaging band. However, the lower boundary
was typically higher than this threshold and was deter-
mined by a fairly common burst in the amplitude of
the observed displacement spectrum within a range of
0.2—0.3 Hz. This burst is caused by the additional con-
tribution of the high-frequency surface waves into the
signal and it should be excluded from the analysis
when it is desired to consider the observed signal as a
group of the body (.5) waves. As a result, we obtained
the smoothed spectrum of the observed S-wave.

For introducing the correction for absorption, we
used the tentative estimates Q(f) obtained in the fol-
lowing way. By analyzing the limited data (dozens of
records) with sufficiently high amplitudes in the spec-
tral window of 5—25 Hz, we have previously obtained
the estimate of k in this window (Gusev and Guseva,
2012). For this, based on (7), we conducted the linear
regression of logA(f) in fand obtained an estimate of k¥
as the regression coefficient. The requirement that
sufficiently high amplitudes exceeding the noise are
present in this window automatically rejected most of
the spectra with low f,;. Besides, the visual control
sorted out the cases when the dependence logA(f) was
obviously nonlinear. It can be therefore assumed that
the fictitious contribution to the absorption due to the
bending of the source spectra can only introduce lim-
ited distortions to the results. The growth of k¥ with dis-
tance r in a number of the works is approximated by a
linear function. In our case, the dependence k (r),
against a wide scatter, demonstrated a clear decelera-
tion of the growth rate of k¥ with distance. The follow-
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ing, rather coarse estimates were obtained: k =0.053 s
(0.070 s) for = 100 km (200 km, respectively). Here,
the k value in brackets corresponds to the second value
of the distance. Below, we keep to this convention. The
estimate of k;, has a low accuracy. It is assumed to be

0.016 s, which yields the estimates k, = (r/c)Qil(f, r),
fork, =« —1x,=0.037(0.054) (see formulas (2) and (3)).
Under the hypothesis of a frequency-independent Q,
the Q estimate for the frequency band of 5—25 Hz is
obtained by the following formula:

Qe = r/cx,, (€))
(see (2)), which with the assumed ¢ = 3.8 km/s gives
Q., =711 (975) for this band. At the same time, for the
frequency band near 1-2 Hz, Gusev and Shumilina
(1999) and Abubakirov (2005) obtained the Q estimate
for Eastern Kamchatka in the interval of 130—180.
Hence, the presence of the frequency dependence of Q
is undoubted. Assuming this dependence in the form
O(f) = Qyf ", one can easily derive the relationships
for converting the estimates of k, obtained on a given
frequency interval [f,, f] into the quantity Q, at arbi-
trary vy:

(A A7)
= - J 9
& cKy1(fr = f) )
where
= _IOgIO A(fz)_IOgIO A(fl)—KO, (10)

o/, — fi)logge

is the «, estimate based on formulas (2), (3), and (7)
for the given f,, f,, and r assuming that y = 0. When
deriving formulas (9) and (10), we took into account
the fact that, in accordance with (7), the unknown
nuisance parameter logAd,(f) is constant and fre-
quency-independent. Quite speculatively assuming
y= 0.42, we obtain from (9) and (10) that at r =
100 (200) km, the value Q,, = 711 (975) corresponds to
O, = 140 (191). For compensating the systematic dis-
tortion of the obtained estimates towards the higher
values noted above, in the further calculations, we used
0, =165 (225) for =100 (200) km with the linear extrap-
olation for the other values of r, assuming ¢ = —0.36. We
note for clarity that the values of Q,, and Q, for r =
200 km are the averages over the distance interval
[0 200] km. The loss estimates within the distance
interval [100 200] km will be different. The values of
O(f|r = 100 km) are specified in accordance with the
assumed preliminary model 2013 (Fig. 3).

Based on the described attenuation model (formu-
las (2) and (3)) and preliminary estimates K, ¢, v, and
0O, (r = 100), each observed spectrum was corrected
with allowance for the individual distance r. The
example of the resulting spectral shape A4,(f), together
with the initial spectrum A(f), is presented in Figs. 2b
and 2c. The corrected spectra were interactively fitted
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by the near-optimal piecewise-power-law (piecewise-
linear in Fig. 2a) approximations. For this, a subhori-
zontal segment with a slope of at most £0.5 is selected
in the log-log graph of the spectrum 4,(f), and the
positions of the corners specifying f,, and, if possible,
f.; are picked. There are cases when the position of £,
cannot be determined: (1) the acceleration spectrum
remains flat up to 30 Hz or up the last point of the
spectrum with a reasonably high signal-to-noise ratio;
(2) only one or two points of the averaged spectrum fall
right of the spectral corner, and the f,; estimate is evi-
dently unreliable. In these two cases, for estimating the
attenuation, instead of f,;, the actual upper boundary
J; was used as the upper limit of the approximately flat
A, () spectrum. There were also “degenerate” cases:
fo1 ® [, the spectrum obeys (6) and difficulties do not
arise; f,, = f.3, the spectrum has a pronounced single
peak instead of a plateau, and estimating the attenua-
tion is impossible (although f,; can be determined). We
denote the limits of the working frequency band by
lfi,/5], where f; is f,, or £, and f, is f,; or f,. In the cases
when the working bandwidth Af = f, — f; was larger
than 2 Hz, the spectrum was treated as acceptable for
estimating the attenuation. The selection by this crite-
rion among the initial 438 spectra yielded N = 384 spec-
tra, which were used in the further analysis.

ESTIMATING THE ATTENUATION
PARAMETERS AND THE RESULTS

Calculation procedure. In the further analysis, the

parameters K, 0, ', Y, and g were treated as unknown.
For convenience, we redesignated these variables by x;,
i=1, 2, 3, 4. The difference in logA at frequencies f,
and f; was denoted by

y=logA(f;) — log A(f)), (11)

where j is the number of a given observation, j =1, 2,
... N. Each observed spectrum recorded at distance 7;
gives the equation

yi—F &) =g, (12)
where, based on formulas (2), (3), and (4),
Fix) =0y (£, = A7)
(13)

q(r; —100)\r;

X —_— | == — p—

(H 100 Jc o (/2= f)
and g; is the small residual error with a presumably
zero mean. The resulting redundant system of N non-
linear equations (12) was solved by the Nelder—Mead
simplex method by minimizing the weighted sum of
the squared residuals. The method converges stably.
We used two weight types: the unit weights and those

equal to Af. The obtained estimates of i, O, ', v, and g

(or, in the compact form, X;) are presented in Table 1.
The residuals as the function of a number of the
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Table 1. The numerical estimates of attenuation parameters

GUSEY,

GUSEVA

Parameter
K0, S 0 Y q 0.430(¢)!
20112 0.016 140 0.42 —0.36 —
20133 0.016 165 0.42 —0.36 —
wo* 0.027 140 0.542 —0.18 0.068
w13 0.030 £ 0.0050 156 £ 33 0.55 £0.082 —0.13 £0.071 0.079

1 weighted root mean square residual of fitting y;, in the units log;y4 = 0.43log4; 2 the attenuation model based on K estimates from

(Gusev and Guseva, 2011); 3 the initial model of attenuation according to (Gusev and Guseva, 2013) used for correcting the spectra; 4

the results of the inversion, the case when the equations have unit weights; 5 , the results of the inversion, the case when an equation has
a weight Af; these results are treated as final. Each estimate of the parameter is indicated together with its standard deviation s JKi by the

DDIJK method (see the text).

parameters are illustrated in Fig. 4, which shows
dlogyA = 0.43(y; — F(X;). Among the two versions of
the weighting of the equations, the option where the
weights are proportional to the operating bandwidth Af
was found to be preferable. We selected this option
despite the fact that its weighted root-mean-square
residual is slightly larger, because the variations Af
from one equation to another were high (2 to 10 Hz)
and introducing the weights was evidently reasonable.
In order to demonstrate the fact that introducing the
weights does not change the result drastically, we also
show the variant with the equal weights.

For determining the accuracy of the obtained esti-
mates, we applied the deleted-d jackknife (DDJK)
method using 20 subsets of the initial set of Egs. (11),
each with a random removal of 10% of the volume of
the initial set. The DDJK estimate s, ;, for the stan-
dard deviation of estimate X;, is calculated as

Sk = 2 D %0/ L. (14)

50 =Y /L, (15)

where k=1, 2, ..., L is the number of the subset, D = 38
is the number of the rejected equations, and x,() is the
mean of the estimates x;;, over the individual subsets.

The values of s, ; and the confidence intervals based
on them are presented in Table 1.

Discussion of the results of the inversion. Based on
the data of Table 1, we compared the corrections for
the attenuation which were actually applied for cor-
recting the spectra by model “2013” with the similar
corrections expected from the new variant W1. A com-
parison demonstrated the absence of any significant
systematic discrepancies, the almost perfect agree-
ment at = 100 km, and certain moderate inconsisten-
cies at » = 200 km. In principle, it is possible to repeat
the correction of the observed spectra, to reestimate £,
and f; values, and to redetermine the parameters of
the attenuation. However, since the final model of
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losses turned out to be close to the initial one, further
refinements were unnecessary.

The correctness of the inversion was controlled by
analyzing the dependence of the inversion residuals on
the following parameters: the hypocentral distance,
the central frequency and upper cutoff of the operating
bandwidth, and magnitude M;. The results are illus-
trated in Fig. 4. The systematic trends and strong out-
liers are absent, which provides the grounds to believe
that the estimates of the parameters yielded by the
inversions are quite reliable. However, it should be
noted that the accuracy of these estimates (£1c) is
low: it is ~20% for Q, and 15% for y. The estimate of y
significantly differs from zero; hence, the growth of O
with frequency can be treated as an established fact.
The obtained estimates for g indicate the reality of the
decrease in the losses (Q~!) with distance, albeit, at a
rather low significance level (~10%). The estimate of
K, is close to the upper limit of the common variations
of this parameter for a hard-rock station. As a rule,
these estimates lie in the interval 0.005—0.025 s with a
typical value of 0.015 s. However, this discrepancy
should not be given an overextended interpretation
because the obtained estimate is mainly formal. As dem-
onstrated by Fig. 4, the data at small hypocentral dis-
tances are almost absent and the estimate is, in fact, an
extrapolation from the distance interval 80—220 km.
Quite probably, the preliminary estimate k, = 0.016 s
is closer to the actual value, whereas the true depen-
dence Q(f) is somewhat more gradual. The span of the
confidence intervals for Q, and y allows significant
deviations from the trend identified by the formal
minimization.

Considering the described problem of estimating
K, for the PET station in the absence of sources at the
hypocentral distances shorter than 80 km, we note that
difficulties could arise even if such data were available.
In particular, the estimate of K, can contain a notice-
able systematic error even for the stations installed at
the hard-rock sites due to the unaccounted velocity
profile. In (Boore, 2013) it is shown for the typical
hard-rock conditions that the velocities in the upper-
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most portions of the section can steeply and monoton-
ically drop; as a result, such a column forms a consis-
tent smooth growth of the transfer function of the
medium in the frequency band of 5 to 15 Hz. This fre-
quency-dependent enhancement of the amplitudes
leads to the negative shift of the empirical estimate of
K, relative to its true value, which is purely determined
by the losses. This was practically established for South
Korea (Jo and Baag, 2007) when 7 of 15 studied hard-
rock stations showed zero or negative K, estimates.
Thus, one should expect that the K, estimates may well
be distorted towards the lower values due to the trans-
fer function of the uppermost portion of the section.

For the PET station, Pavlenko (2013) presented a
detailed estimate of the transfer function for the col-
umn beneath the site. The estimate was derived on the
basis of the presumed velocity profile constructed by
averaging the seismic sounding data. Based on this
transfer function in the frequency band of 5 to 30 Hz,
it was possible to estimate the effective addition to x,,
which was found to be —0.06 s. Considering the signif-
icant (about +£50%) scatter of the estimates of the
velocity column which were used for calculating the
transfer function, and the actual, not very high accu-
racy of K, estimates in the present work, we disre-
garded this effect.

The analysis of the components of attenuation. It
was interesting to obtain the estimates of the different
types of losses for the vicinities of the PET station and
to compare the estimates based on the different
sources for Eastern Kamchatka. Table 2 compares the
estimates of the attenuation parameters expressed in
terms of the Q-factor for (1) total losses Q,, (2) the
losses due to the wide-angle scattering Q,., and (3)
inelastic losses Q,. These parameters are qualitatively
different, and the linkage between them is described by

the relationship Q, b= Q;Cl + Qil. The results of the
interpretation of the records in the present study only refer
to Q.. The values of Q,, are taken from the publications,

and the Q; estimates are calculated as Q,A1 =0 ' -0,

Row 1 in Table 2 presents the Q, values derived in
(Abubakirov, 2005) from the behavior of the calibra-
tion function for the Fedotov class KT for the S-waves
(Fedotov, 1972). Row 2 contains the Q, values corre-
sponding to the extinction length r, = 90 km obtained
from the macroseismic data in (Gusev and Shumilina,
1999). Both data types are not strongly frequency-spe-
cific; they characterize the losses in terms of the coef-
ficient of attenuation:

o _dlog A(f) _ _nf
dr cQ(f)

(the corollary of (2)). For using these important data,
we ascribed them to the bandwidths centered at 3 and
1.5 Hz, respectively. Rows 3 and 4 cite the estimates Q,
from (Abubakirov, 2005), which were obtained in two
ways: by solving the inverse problem based on the

(16)
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envelope shapes by the MLTWA method and by ana-
lyzing the decrease with distance of the .S-wave spectra
normalized to the coda. Among these two estimates,
the last one appears to be more reliable. Row 5 pre-
sents the Q, estimates determined in the present work
from the spectral decay (row W1 in Table 1). There is a
reasonably close agreement between the numbers in
rows 4 and 5, which indicates the absence of contra-
dictions between the estimates obtained by the two
fundamentally different methods from close groups of
the data.

The next rows present the Q,, estimates. Rows 6
and 7 show the estimates derived from the rate of the
S-wave group (“noise pulse”) broadening with dis-
tance by two methods: those derived from the esti-
mates for the subvertical rays according to (Gusev and
Abubakirov, 1999) and the direct estimates for the sub-
horizontal rays according to (Petukhin and Gusey,
2003). Row 8 is the estimate obtained by Abubakirov
(2005) by the MLTWA method and corrected by him
in order to allow for the possible inadequacies of the
model of the medium accepted within the MLTWA
method.

The close agreement within the groups of the Q,
and Q,, estimates is notable. Such close agreement is
uncommon for this type of data. The presence of this
agreement legitimates constructing the derivative esti-

mates Q, by the cited formula Q; ' = 0, — Q.. Row 10
presents the estimates Q; calculated in the described
way from the data of rows 5 and 7. Row 11 also shows
the albedo estimates of the medium, B, which yield the
relative fraction of the scattering-related (elastic)

losses compared to the total losses: B = Q;CI / Q;l . We
also cite the smoothed frequency dependence for the
parameter of inelastic losses Q;: Q;= 470/°27.

Figure 5 illustrates the behavior of the parameters
of the losses as a function of distance for a set of the
frequency bands. This behavior is interesting to a cer-
tain extent, although the existing data are scarce and
their quality is barely irreproachable. These data
expand the information of Table 2 where the depen-
dence on distance is absent. By examining Table 2 and
Fig. 5, we note the following features. The inelastic
losses are almost independent on distance. The losses
due to scattering steeply drop with distance, whereas
the total losses have an intermediate position. A qual-
itatively close picture is also observed for the depen-
dence on frequency. The inelastic losses decrease with
frequency although this decrease is slow; the losses due
to scattering rapidly diminish with frequency, whereas
the behavior of the total losses again falls between the
inelastic and scattering-related losses. The relative
contributions of scattering and inelasticity to the losses
are described by the albedo parameter B. At r = 100 km,
the scattering accounts for 70% losses at 1Hz to 30% at
25 Hz. The albedo slowly decreases with distance: the
value of B at r =200 km is lower by ~30%.
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Table 2. The attenuation (Q-factor) parameters for Eastern Kamchatka

Para- Frequency, Hz
No. ter! Data type r, km? Data source
meter 1 1.5 3 6 12 24
1 o, Calibration function K;ﬁg 30—-300 275 (Abubakirov, 2005)
2 o, Macroseismic I(M, r), 80—300 212 (Gusev and Shumilina,
1999)
3 0, MLTWA, 80—160 145 245 355 (Abubakirov, 2005)
4 o, A(f) vsr 80—160|[170] | 225 281 355 (Abubakirov, 2005)
5 o, A vsf 100 [156 |[195 287 422  |621 913 This work
6 O, Broadening, vertical ray 4100 [297] |555 [1036] (Gusev and Abuba-
kirov, 1999)
7 Oy Broadening, horizontal ray | 100 |[283] | 328 519 980 2146 |[5000]| (Petukhin and Gusey,
2003)
8 O, MLTWA, corrected 80—160 500 1000 (Abubakirov, 2005)
10 0, Rows 5, 7 100 |[450] [483 643 742 874 [1100]| This work
11 B Rows 5, 7 100 |[0.55]{0.60 |0.55 {0.43 |0.29 |[0.16] | This work

IQ,, Oy, and Q; stand for the O-factor due to the total losses, scattering-related losses, and inelastic losses, respectively. The extrapolations
with the different but always limited reliability are indicated in the brackets; 2the interval of the distances or the distance corresponding

to the cited estimates; 3 albedo.

Estimates of the source parameter £.;. For the same
set of the earthquake records as that studied in the
present work, in our recent paper (Gusev and Guseva,
(2014), we describe and discuss the estimates for the
characteristic (corner) frequencies f,,, f.,, and f.; (Fig. 1)
of the source spectra. Here, we only briefly summarize
these results. The source spectra of the studied earth-
quakes typically have several characteristic (corner)
frequencies f.;, f.,, and f;, where the trend of the
source displacement spectrum changes from f° to !,
from /' to /72, and from f~? to f3, respectively.
Although in a number of cases f,, = f.,, which agrees
with the common spectral model m—2, most spectra
have a more complicated character. For most of the
studied earthquakes, the source acceleration spectra
have an upper cutoff (i.e., frequency f;; is observed).
This is an important fact because the existence of f.;
(the source-controlled f;,,,) is renounced in the bulk of
the seismological literature. A slow decrease of f.; with
magnitude M, is reliably observed against the signifi-
cant scatter of the values (Fig. 6). The sense of the
trend (declining rather than growing or constant) is
plausible from the physical standpoint; however, the
numerical value dlog,yf.;/dM = —0.11£0.017 is much
smaller than expected in the case of the hypothesized
similarity of the sources (—0.5) and realistic assump-
tion M; = My, The result is interesting per se; besides,
it provides a certain additional argument in favor of the
approach developed in the present work, which pre-
sumably enables the estimates of £,; to be obtained on
a routine (mass) basis.
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DISCUSSION

A comparison of the attenuation parameters esti-
mated in the present work for the vicinity of the PET
station with the estimates obtained in the same region
by the other methods is presented above in Table 2.
The results of this comparison can be treated as quite
reasonable. The agreement between the Q, estimates in
rows 4 and 5 of Table 2 is particularly important. These
estimates are obtained from commensurate data sets
by two qualitatively different methods: by the direct
method (from amplitude attenuation) and by the
spectral method. In the Introduction it was explained
that in the calculations of the estimates by these meth-
ods, each one requires accepting its own set of impor-
tant assumptions, which are barely verifiable and
could be inaccurate. Considering this, the results
obtained by each of these methods cannot be treated
as final, and it is due to this that their agreement
deserves attention.

It would be interesting to compare the changes in
the loss parameters with distance for two regions. The
graphs in Fig. 5 are superimposed by the curves Q(r|f)
for the western United States, which are obtained in
(Trifunac, 1994) from the decay of the acceleration spec-
tra for the frequency bands 5—9, 9—15, and 15—25 Hz.
These curves are plotted (quite conventionally) on the
graphs for the bands of 6, 12, and 25 Hz. As far as the
presence of the decay in the losses with distance and
the presence of the frequency dependence of Q, are
concerned, the results of (Trifunac, 1994) reasonably
well agree with the cited estimates of Q,(r|f) for Kam-
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chatka. The discrepancies in the absolute values of Q,
are significant; however, they fall within the common
scatter of the Q estimates. Remarkably, Trifunac disre-
garded the probable influence of f; on the spectra;
therefore, his estimates may well contain additional
fictitious attenuation. This hypothesis is consistent
with the sign of the differences.

The estimates of Q based on the data in the litera-
ture noticeably vary from one subduction zone to
another. For example, for 3 Hz, according to Fig. 11 of
(Rychert et al., 2008), the estimates fall in the interval
50—280, whereas our estimate is 287. Our estimate for
vy quite closely agrees with the estimate for Alaska
(0.4—0.5) (Stachnik et al., 2004). Oth et al. (2011) cite
their own data and the data in the literature for Japan,
which demonstrate a scatter of 0.4 to 0.7 in the vy esti-
mates and from 50 to 250 in Q,. Here, the probable
dependence of the @, estimate on distance is typically
ignored.

However, in the case of a fixed processing tech-
nique, the scatter of the estimates is not very large. For
example, by analyzing the tectonic tremor and the
data for six segments of the different subduction
zones, Yabe et al. (2014) obtained the attenuation esti-
mates in the frequency band of 3—8 Hz, with the val-
ues of the parameter o in (16) differing from each
other by at most a factor of two. In their study, these
authors revealed clear indications of the Q estimates
growing with the distance range used for obtaining
these estimates. The authors of the cited work inter-
preted this as the result of a manifest decrease of the
losses with depth. The Q estimates (for f = 4.5 Hz) for
a distance interval of 50—150 km were 300—800 when
derived from the tremor records and 300—400 when
based on intraplate earthquake records. These values
are commensurate with our estimates for » = 100 km
which indicate that Q ~ 350 at f= 4.5 Hz.

It can be believed that the growing trend of Q, with
distance accounts for a considerable part of the scatter
in the published estimates: the low Q, estimates fre-
quently refer to the hypocentral distances of at most
100 km or even up to 50 km. Generally, the scatter in
the published estimates of Q and o is large both overall
and for the subduction zones in particular (e.g., see the
extensive review in (Yabe et al., 2014)). Moreover, it is
quite clear that this scatter is largely contributed by the
peculiarities of a particular technique used, which,
however, does not exclude the scatter caused by the
natural factors. Therefore, for gaining a full under-
standing, it is required to thoroughly investigate the
particular discrepancies: between the sets of the a pri-
ori assumptions, between the methods for the mea-
surements of the records and calculating the parame-
ters, and between the ranges of the distances. A discus-
sion of the differences between the regions or
subregions only makes sense after excluding the differ-
ences associated with the cited factors. In particular,
the obsolete results where Q was estimated from the
decay of the peak amplitudes (with or without filter-
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ing) instead of the spectral amplitudes should be
largely rejected from the analysis. Such a scrupulous
analysis is barely relevant in the context of the present
paper, which is not conceived as a review. At the same
time, the cited examples still provide a certain view of
the problem of the scatter in the Q estimates.

It would be interesting to compare the frequency
trend of the losses due to the inelastic absorption with
the laboratory data. There are estimates obtained in
the laboratory conditions for the torsional oscillations
of the polycrystalline olivine specimens for the fre-
quencies of 0.01—1 Hz (Jackson et al., 2002). Of
course, the assumption that the results obtained for
polycrystalline olivine are applicable for the rock
material on the S-wave paths studied by us is obviously
crude; however, we accept it conditionally. The extrap-
olation to the frequency interval above 1Hz studied in
our work is likely to be legitimate because the empiri-
cal trends are fairly close to linear. Then, the exponent
of the power-law trend of inelastic losses revealed by
our analysis (0.27) almost perfectly coincides with the
laboratory estimate (0.26). Judging by the laboratory

data, the losses Q[l themselves could correspond to the
temperatures of 800—900°C, which is much higher
than the typical estimates (up to 600°C) for a seismi-
cally active lithosphere (McKenzie et al., 2005). The
difference is significant and most likely to be due to the
fact that the laboratory estimates are obtained in the
dry synthetic specimens, whereas the lithosphere in
the plate contact zone and nearby contains a consider-
able amount of the fluids which increase the inelastic
losses. Stachnik et al. (2004) note the inconsistency
between the frequency trend of the inelastic losses esti-
mated in the laboratory experiments and the trend of

the total losses Q,_I estimated from the seismological
data. The present study shows that this disagreement is
most likely to be apparent; it is also present in our data
but disappears when we exclude the scattering-related
losses from the seismological estimates and pass from

000"

The obtained estimate Q;= 470/%?’ for the studied
frequency band 1.5—25 Hz also fairly well agrees with
the estimate Q = 6007 for the inelastic losses in the
mantle overall in the interval 0.01—1 Hz according to
(Leki¢ et al., 2009). Although these estimates refer to

the nonoverlapping frequency bands, these bands are
close to each other.

CONCLUSIONS

The original method for separating the contribu-
tions of the source and the medium into f,,,,, which is
suggested and tested in the present work, for the first
time provides a possibility to reveal systematic errors
such as the overestimation of losses due to the neglect
of'the shapes of the source spectra and to exclude these
errors from the attenuation estimates.
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The obtained loss estimates and the revealed trends
generally agree with the known patterns for the other
regions. In particular, the frequency dependence of O
is quite typical. The decrease of the losses (Q~') with
distance was also observed previously. The joint analy-
sis of the influence of distance and frequency on the
losses in the framework of a single inversion is proba-
bly interesting from the methodological standpoint.
The close agreement revealed between the indepen-
dent loss estimates for the same region by the spectral
method (this work) and direct method (Abubakirov,
2005) is worth noting. Therefore, it can be believed
that the obtained estimates are free of large distortions.

The fact that the frequency dependence of the
inelastic losses estimated in the present work practi-
cally coincides with the similar estimates based on the
laboratory data for polycrystalline olivine is particu-
larly remarkable.

The large set of estimates obtained for the third
corner frequency f.;—the source spectrum parame-
ter—is a by-pass product of our work from the stand-
point of estimating the absorption; however, this is still
an interesting result. Based on the extensive data, it
was established that f,; tends to decrease with magni-
tude. This trend, quite plausible from the physical
standpoint, is interesting and important for the physics
of the source of the earthquake.
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