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INTRODUCTION
Earthquake location (determination of hypocen-

tral coordinates and origin time) is one of the key
problems in seismology. The earthquake catalogs
obtained as a result of this procedure are the initial
data for solving many problems of tectonics and geo-
dynamics, as well as for evaluation of seismic regimes
and seismic hazard assessment. The methods for ana-
lyzing the seismicity are constantly developing and
improving. Here, one of the main lines of develop-
ment is to refine the resolution of the analysis in time
and space. When it comes to the application of mod-
ern analysis methods to the real data, the accuracy of
the results is frequently limited not by the methods
themselves but by the incompleteness of the catalogs
and by the errors of hypocenter location. Therefore,
for the adequate analysis of seismicity, it is vital to reli-
ably characterize the quality of the used catalogs over-
all and to take into account the quality of each individ-
ual solution.

This work is aimed at the development of a
method that allows reliable evaluation of the deter-
mination quality of hypocentral coordinates and ori-
gin time. The uncertainty in the hypocenter location
can significantly increase for the earthquakes
recorded by only a few stations or in the case when

most stations are located far from the earthquake’s
epicenter and do not provide reasonable azimuthal
coverage of the epicenter. The first situation is typical
of the weak volcanic earthquakes and for moderate
tectonic earthquakes on the periphery of the respon-
sibility zone of the Kamchatka seismic network
(Chebrov et al., 2018). The second situation is often
observed with surface earthquakes in the subduction
zone. Thus, the problem of accurately estimating the
quality of the hypocenter’s location is pertinent for
most earthquakes detected in the active seismic and
volcanic regions of the Far East of the Russian Fed-
eration.

Practically all the methods for hypocenter location
are based on the minimization of the residuals or dif-
ferences between the calculated and actual arrival
times of seismic waves at the recording stations. As the
objective function, the sum of squared residuals is
used. The nonlinear dependence of traveltimes on the
distance between the epicenter and the station makes
this optimization problem fundamentally nonlinear
and, hence, the situations are possible when nonlin-
earity leads to the substantial ambiguity of the solution
up to the existence of more than one minimum of the
objective function. Efficient methods for earthquake
location appeared in the 1960s through the application
677
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of computers. As discussed in (Husen and Hardebeck,
2010), at the first steps, because of the limited com-
puting power, the optimization problem was solved by
iterative methods. The HYPO71 program (Lee and
Lahr, 1975) or the method that has long been used in
Kamchatka (Gusev, 1979) are well known examples of
this approach.

The iterative methods have the advantage that they
are computationally fast; however, in the case of a strong
nonlinearity of the problem, they yield distorted esti-
mates of the solution quality. Sometimes, as a measure of
the solution’s quality, some authors misleadingly use the
root mean square residual of the arrival times of the waves
assuming that this quantity should be as small as possible
for a good solution. The falsity of this approach is evident
from a simple consideration that the close-to-zero value
of the residual is obtained with a very small number of
stations, whereas the quality of the solution should
increase with a large number of stations. Therefore, a
more correct approach is to use the so-called error
ellipses; however, their calculation based on iterative
methods is frequently challenging.

Therefore, recently it has become increasingly
popular to use statistical methods for earthquake loca-
tion (Sambridge and Kennet, 1986; Lomax et al.,
2000; Minson and Lee, 2014). These methods are not
limited to searching for the extremum of the objective
function but evaluate its distribution in the entire
space of the possible hypocenter locations and origin
times. Thus, the domain of reliable solutions is iden-
tified. For this, a combination of the existing models
of traveltimes of the waves and the corresponding
errors in the quality of the a priori information are
frequently used for calculating the distributions of
the posterior probability of the locations of specific
hypocenters based on the specific data on P- and
S-wave arrival times at specific stations using Bayes’
theorem. Thus, instead of a single point of the most
probable location of the hypocenter, this approach
yields clouds of points for each of which the probabil-
ity is calculated to be the locus of the real hypocenter.
In this work, we demonstrate the use of Bayes’ theo-
rem for locating the earthquakes in the Kamchatka
subduction zone and in the region of active Kam-
chatka volcanoes based on the data of the Kamchatka
Branch of the Geophysical Survey of the  Russian
Academy of Sciences (KB GS RAS). After describing
the basic theory underlying the method and the prac-
tical implementation of the algorithm, we discuss
how the non-optimal station layout may lead to
ambiguity in the solutions for different types of earth-
quakes.

INITIAL DATA

The information base for our study is the results of
processing the earthquakes from 2010 to 2018 based on
IZVESTIYA, PHY
the data from the system of detailed seismological
observations of the KB GS RAS (Chebrov et al., 2013).
The information resources http://www.emsd.ru/ts/all.php
(Chebrov et al., 2010) and Seismological Data Infor-
mation System (SDIS) (http://sdis.emsd.ru/main.php)
(Chebrova et al., 2015) have been created at the KB
GS RAS for storing and accessing the information on
the earthquakes. In this work, we used the arrival
times of the P- and S-waves and the earthquake cat-
alog for the study period compiled from the calcula-
tions by the DIMAS program (Droznin and
Droznina, 2010), which includes the hypocenter
determinations for more than 150000 tectonic and
volcanic events. The theoretical traveltimes of seis-
mic waves were calculated from the P- and S-wave
regional traveltime curve from the software package
(Mel’nikov, 1990) which is used in the laboratory of
seismic and volcanic activity research of the KB GS
RAS to determine the parameters of the tectonic
earthquakes and, due to the absence of the refined
local velocity models, volcanic earthquakes. The
earthquakes of the North and Avacha groups of vol-
canoes for which local traveltime curves are used
(Senyukov, 2006) are the exception.

CALCULATION METHOD
The main purpose of this work is to represent the

calculated hypocenters of Kamchatka’s tectonic and
volcanic earthquakes in the form of a three-dimen-
sional probability distribution of the hypocenter loca-
tions instead of the traditional form. As a probability
distribution, we use the posterior four-dimensional
probability distribution of the hypocenter location and
origin time calculated by the Bayes formula based on
the a priori constraints on the probable solution, the
actual arrival time data (in our case, for P- and
S-waves), the physical model of seismic velocities
(traveltime curve), and the distribution model of the
residuals between the actual and calculated traveltime
(Tarantola and Valette, 1982). In the general form, this
solution (Minson, Lee, 2014) is

(1)

where  is the data vector of all the recorded arrival
times of seismic P- and S-waves at all stations;

 is the sought posterior probability of the
estimates of the hypocenter’s location and origin time;

 is the a priori distribution of the probable
solution;  is the probability of realization
of the arrival times with a given hypocenter location
and origin time and with a certain error model, which
is referred to as the likelihood; and F is the normaliza-
tion factor equal to the inverse quantity to the integral
of  over all possible 
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PROBABILISTIC ESTIMATES OF HYPOCENTERS 679
values. We note that the Bayes theorem allows the
likelihood function of the data for the specific hypo-
center and origin time to be converted into the proba-
bility of the hypocenter location and origin time under
the specific data on the arrival times.

Formula (1) gives the four-dimensional distribu-
tion of the solution including the origin time. The
probability distribution of the hypocentral coordi-
nates alone or the origin time alone can be obtained
by integrating over all the possible origin times or
over all the possible locations of the hypocenter,
respectively. In Bayes’ theory, these distributions are
referred to as marginal distributions. The obtained
posterior distributions of the origin times typically
have a small scatter compared to the times between
the separate events; therefore, in this work we focus
on the posterior distributions of the coordinates of
the hypocenters.

The likelihood function  is typically
assumed (Tarantola and Valette, 1982; Minson and
Lee, 2014) in the form of a multivariate normal distri-
bution:

(2)

where  is the dimension of data vector  (number of
detected arrivals);  is the vector of the calculated
arrival times depending on parameters ; and,
respectively,  is the vector of residuals,  is the
covariance matrix of the residuals, and Т denotes
transposition of a vector. If we assume the indepen-
dence of the residuals and the total error value, the
covariance matrix is the diagonal with the entries
equal to the variance of the residuals. The solution
corresponding to the maximum of likelihood (2) is in
this case equivalent to the least-square solution of the
minimization of the toot mean square residual of
wave arrivals (Tarantola and Valette, 1982). For
locating the hypocenters, different modifications of
the probabilistic approach also use the likelihood in
form (2). At the same time, the problem of determin-
ing the covariance matrix  is solved in different
ways. Tarantola and Valette (1982) postulate the cor-
relation between the arrival times at different stations
which depends on the inter-station distance; how-
ever, the theoretical error in determining the wave
traveltime for different stations is assumed to be iden-
tical and independent of hypocentral distance. This
error is assumed to be 0.2 s. In (Minson and Lee,
2014), which is devoted to hypocenter determina-
tions from historical data with the use of the more
advanced traveltime curve, it is assumed that the
traveltime calculation errors are negligible compared

to determination accuracy of arrival times. Lomax
et al. (2000) pointed out the complexity of the realis-
tic determination of the covariance matrix. At the
same time, it is evident that the size of the error
ellipse of the hypocenter’s determination drastically
depends at least on the error values (the diagonal ele-
ments of the covariance matrix ). Therefore, for
obtaining an adequate idea of the hypocenter’s deter-
mination error, it is required to have realistic deter-
minations of the covariance matrix 

In our work, we assume the dependence of the
diagonal matrix elements on the distance between the
hypocenter and the corresponding station. We also
assume that the off-diagonal elements scale with the
values of the corresponding diagonal terms; however,
also the dependence on the distance to the hypocenter
and/or the dependence between the stations of the
corresponding correlation coefficients is allowed.
Constructing the covariance matrix is complicated by
the fact that for some stations, the arrival times of the
S- or P-wave can be absent. Below we present the gen-
eral form of the residual vector and the covariance
matrix  under the described assumptions. The lower
index corresponds to a certain station and the upper
index indicates the P- or S-wave. Initially, there are

 pairs of matrix rows and columns and the compo-
nents of the residual vector corresponding to the sta-
tions for which there are the arrivals of both the P- and

S-waves; then, there are  elements corresponding
to the stations for which there are only the arrivals of

P-waves; and finally, there are elements corre-
sponding to the stations for which there are only where
only the arrivals of S-waves. The total number of wave

arrivals is  +  +  and the total number of

stations is  +  +  The residual vector is
composed of the differences between the actual and cal-
culated wave arrival times. The calculated time is deter-
mined as  for P-wave or  for the S-wave
where the traveltimes  and of P- and S-waves
from point  to the station are calculated from
the time–distance (traveltime) curve.

(3)
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(4)

We assume here that the values of the diagonal
matrix terms only depend on distance  from point
(ϕ, λ, h) to the ith station. For computational conve-
nience, as a measure of distance, here we use the cal-
culated P-wave traveltime .  – is the coefficient
of correlation between the residuals of different types
of waves. Here, we also assume for a while that this
coefficient can also depend on distance. The covari-
ance terms of the matrix that correspond to each of
two different stations i and j are in scale with the square
root of the corresponding diagonal terms. The respec-
tive coefficients   and  which have the sense
of correlation coefficients, are assumed to depend on
both the distance between these stations  and on the
mean distance  The analysis of the
dependence of parameters  and  on the hypo-
central distance and the dependence of the parameters
rPP, rSS, and rPS on the mean hypocentral distance and on
inter-station distance, as well as the construction of the
model of residuals, are addressed in the next section.

In the case when it is possible to neglect the terms
of the covariance matrix that correspond to the differ-
ent stations and to only consider the correlation
between the residuals of the P- and S- waves at the
same station, matrix  in Eq. (2) takes on the piece-
wise-diagonal form which allows us to obtain the
explicit expression for the inverse matrix, and Eq. (1)
can then be represented in the linear form:

(5)

Here, similarly to (1), F2 is the normalization coef-
ficient. Quantities   and  can depend on the
mutual position of a given station and the point with
coordinates 

When using the Bayes theorem, as the a priori dis-
tribution, it is most common to consider the so-called
non-informative prior distribution—the uniform dis-
tribution of a parameter within the given limits. We
only know the limits within which the values of the
parameter should lie but do not know which of its val-
ues are more probable. In the hypocenter location
problem, the limits for the position of a hypocenter are
typically known. In this work, the problem is solved
iteratively in two stages because the computer’s ran-
dom access memory is only sufficient for a limited
domain size under a given resolution of the problem’s
solution. In other words, the solutions for large
domains can only be found on a spatiotemporal grid
with a large spacing. We use here the idea of the
approach that is referred to in the English-language
literature as the importance sampling method (Lomax
et al., 2000).

For speeding up the computations, at each iteration
step, we use a 41 × 41 × 41 × 41 numerical grid. At the
first iteration step of the first stage, the boundaries of
the uniform prior spatial distribution are specified in
the form of a parallelepiped whose horizontal projec-
tion somewhat amply describes the boundaries of
responsibility of the KB GS RAS (Levina, 2008; Che-
brov, 2018) and whose depths span the interval from
–5 to 700 km. The prior time limits for the interval of
the values are specified as the minimum and maxi-
mum possible for a given point with the theoretical
traveltime taken into account. At each subsequent step
of the first stage, the region is halved with a center at
the point of the maximum p  until a given
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accuracy (the step value) is achieved. At the second
stage, the region is gradually enlarged by shifting the
grid with the preservation of the step size in all the
parameters, and the posterior probability 
is calculated. The process is stopped when the proba-
bility of a hypocenter’s location within a current grid
domain exceeds 99%. This procedure guarantees that
the integral of the non-normalized posterior probabil-
ity within the domain is at least 100 times as large as
the similar integral beyond the domain if it were pos-
sible to carry out calculations with the same resolution
within the initial limits.

A convenient representation of the results of calcu-
lating the posterior distribution of hypocenter location
is in the form of the lines of a probability level which
contour the spatial domains where the probability
density integral at the points ordered decrementally in
probability density is equal to the probability level, say,
of 90%.

THE DISTRIBUTION MODEL OF RESIDUALS 
OF P- AND S-WAVES

The residuals’ errors and the covariance matrix 
overall have two additive components: the theoretical
component  and the data or real component ,

 (Tarantola, 1982; Gusev, 1979). The
theoretical component is due to the inaccuracy of the
traveltime curve and inhomogeneity of the medium.
The real component is due to the inaccuracy of the
data. In the present-day conditions when the coordi-
nates of the seismic stations are known with a very high
degree of accuracy and the timing of seismograms is
carried out by synchronization with the reference time
signal of GPS satellites, the real component can only
be due to the inaccurate picking of the arrival times. In
practice, it is very difficult to separate the compo-
nents; therefore, in this work we opted to study the
empirical regularities using extensive factual data.
From the Kamchatka catalog, we selected the earth-
quakes with the energy class  ≥ 7 (the energy class
based on the S-wave determined from S.A. Fedotov’s
nomogram (Fedotov, 1972)) for which the station
database has at least five arrivals of P-waves and at
least five arrivals of S-waves. We compiled the data-
base of the optimal residuals—the differences between
the calculated (with the hypocenter location and ori-
gin time according to the catalog data) and real arrival
times of seismic waves  and  The database
includes more than 106 values of the residuals.

The purpose of studying the residuals in this sec-
tion is to determine the dependence of parameters

 and  on the hypocentral distance (the dis-
tance from the supposed hypocenter with the coordi-
nates  to the respective station) and the depen-

( )ϕ λ, , ,p h t

χC

TC tC
χ = +T tC С C

FK

δp δ  .s

σ σ,  , P S ρPS

( )ϕ λ, ,h
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dence of parameters  and  on the mean
hypocentral distance and on the distance between the
corresponding stations.

The diagonal elements of the covariance matrix 
may depend on the relative position of the earthquake
source and the station (Gusev, 1979). A convenient
measure of this relative position in the hypocenter
location procedure is in terms of the calculated travel-
time  of the P-wave since this quantity is directly
used in the calculations. As shown in Fig. 1, the scatter
of the residuals increases with the increase of 

The residuals of the P- and S-waves at the same
station cannot be regarded as independent. In the cal-
culations of the hypocenter, this effect may prove very
significant, especially in the cases when at some of the
stations only one of the P- or S-wave arrivals is
detected. In any case, if the correlation of the residuals
is neglected, the accuracy of hypocenter determina-
tion is artificially overrated. In principle, the degree of
correlation between the residuals can vary from sta-
tion-to-station and depending on the location of the
earthquake source; moreover, both the theoretical and
real components of the covariance may contribute to
this effect. Here we assume that these details are insig-
nificant compared to the averaged model of the cor-
relation between the residuals of P- and S-waves.
Figure 2 shows the dependence of the residuals for the
S-wave as a function of the residual of the P-wave for
the same station and the same earthquake, constructed
over the entire database of the residuals described
above. The correlation coefficient  is 0.55.

For studying the dependence of the errors in 
and  and in the correlation coefficient  on ,

we ordered the database incrementally in  and then
calculated the root mean square deviations and the
sample correlation coefficient, as well as the mean 
for a group of the data using the moving windows that
include 1000 pairs of P- and S-wave residuals at the
same station from the same earthquake. The respective
dependences are shown on the loglog scale in Fig. 3.

As seen from the figure, the dependences of the
errors in  and are fairly closely approximated by
the straight lines on the loglog scale at  The
deviation from these linear dependences at small 
and  towards high values can be interpreted as the
relative growth of the contribution of the real compo-
nent in the covariance matrix: it is likely that the pick-
ing errors of P- and S-wave arrival times are about 0.3
and 0.5 s, respectively. The coefficient of correlation

 of the P- and S-residuals, as it turned out (Fig. 3c),
slightly depends on . Therefore, as the final model
describing the dependence of errors in  and  on
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Fig. 1. Dependence of difference of calculated and real arrival times of (a) P- and (b) S-waves on calculated P-wave traveltime δtp

over all stations and all earthquakes with energy class  of 2010–2018.
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 and the model of  we accepted the following
relations:

(6)

In the analysis of the coefficients corresponding to
different station pairs, two different situations should
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Fig. 2. Difference of calculated and real times of arrival of
S-wave versus corresponding difference of P-wave over all

stations and all earthquakes with class  2010–2018.
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be considered. The correlation of the residuals at sta-
tions close to each other should be small if the distance
from both stations to the hypocenter is small. At large
hypocentral distances, in contrast, the correlation of
stations very close to each other should be close to
unity. However, in this case, the real component of the
errors can reduce this correlation because of the rela-
tively significant picking error of the arrival times. In
this work, we model the first situation by the condition
( , where  is the distance between a pair of sta-
tions and  is the mean distance from the hypocenter
to each of the two stations. In this case, we assume zero
values for coefficients  and  For the second
situation  in the moving window in  with a
width of 0.1 degree, we estimate the sample covariance
for the residuals normalized to the corresponding
errors determined by formula (6). Due to the normal-
ization, coefficients  and  are dimensionless
and have the sense of the correlation coefficients.
Here, the normalization takes into account the
increase of the errors and, accordingly, all the covari-
ance terms with the growth of hypocentral distance.
The results are shown in Fig. 4.

Eventually, we accepted the following relations as
the model:

(7)
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Fig. 3. Dependence of errors in (a)  and (b)  and (c) coefficient of correlation of residuals  on calculated traveltime 
of P-wave propagation from hypocenter to station. Straight lines show linear approximation of dependences:
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EXAMPLES OF POSTERIOR DISTRIBUTIONS 
OF HYPOCENTER LOCATIONS

In this section, we present four examples illustrat-
ing the application of the developed technique for
constructing the confidence areas of determination of
the hypocenter and origin time.

Figure 5 shows the solution for the Okhotsk Sea
earthquake of May 24, 2013, MW = 8.3 (Sil’nye…,
2014). Due to the fact that the earthquake was
recorded by many stations whose locations provided
good azimuthal coverage of the epicenter, we managed
to obtain a fairly accurate estimate despite the large
depth of the earthquake source. The linear size of the
95% confidence area is about 10 km horizontally and
about 30 km along the depth. A similarly accurate
solution is also obtained for the shallow Blizhne-
Aleutskoe (Near Islands Aleutian or Near Aleutian)
earthquake of July 17, 2017, MW = 7.8 (Fig. 6). The lin-
ear size of the 95% confidence interval is about 5 km
for the epicenter and about 30 km for the depth of the
source. We note that these estimates characterize the
highest possible accuracy of hypocenter location for
the earthquakes in this regions with the existing net-
work of seismic stations.

If an earthquake is recorded by only a few stations
and if these stations provide poor azimuthal coverage
of the epicenter, any point estimate of the hypocenter
may prove to be ambiguous because of the large extent
of the area of the optimal solution. Figure 7 shows the
confident area of the solution determined by the
developed technique for one of the aftershocks of the
Ilpyrskoe earthquake of March 13, 2013, MW = 5.8
(Sil’nye…, 2014). The linear shape of the area of solu-
tion’s maximum explains the previously revealed arti-
fact of the linearly shaped cloud of aftershocks from
this earthquake (Saltykov and Droznina, 2014). This
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 55 
configuration of the confidence area of the solution is
due to the unfavorable location of the stations around
the epicenter. The point solutions for the different
aftershocks are randomly spread along this area.

A poor station layout can lead to a solution with
two well-expressed maxima. This especially concerns
 No. 4  2019
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Fig. 5. Posterior distributions of probabilistic estimates of hypocenter location and origin time for Okhotsk Sea earthquake of May 24,
2013, MW = 8.3. In map (left), triangles indicate stations whose data used for solution. Solution area is marked by intersection of lines
and by level lines (solution area is very small on map scale). In diagram (right), lines of posterior probability level are shown for three
projections as well as level lines of marginal distribution for origin time. Level lines from 0 to 95% are shown in gradations of gray.
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recording the events on volcanoes. Figure 8 shows an
example of a solution with two maxima. The elec-
tronic supplement contains also the other examples
showing how the lack of seismic stations may some-
times result in obtaining very ambiguous solutions of
the hypocenter’s location.

DISCUSSION OF RESULTS

The point estimate of the hypocenter (as clearly
demonstrated in Fig. 7) may prove to be just one of
many almost equally probable candidate solutions.
These situations are quite frequent in Kamchatka and
the Kuril Islands where the seismic stations are mainly
located on one side of the hypocenter. This means that
the spatial density of the distribution of hypocenters
routinely calculated from their point estimates can
drastically differ from the real hypocenters’ density.
Thus, the estimates of the seismic hazard, the geome-
try of the Benioff zone, etc., based on the data of stan-
IZVESTIYA, PHY
dard earthquake catalogs can be substantially dis-
torted. The posterior probability estimate based on the
Bayesian theorem has the advantage that it allows
obtaining realistic confidence areas of parameter esti-
mates (Holschneider, 2012). If applied to the analysis
of the hypocenters’ distribution, this approach, for
example, will make it possible to detect systematic dis-
tortions of the spatial configuration of the seismically
active regions. At the same time, it should be borne in
mind that the posterior probability is a conditional
probability one of the conditions for which is a specific
velocity model. Therefore, this probability cannot be
unquestionably considered as the probability of the
true position of the hypocenter.

In order to take full advantage of the possibility of
detecting systematic errors of point solutions, a new
type of electronic catalog of the earthquakes needs to be
created in which, in addition to the maximum-likelihood
point solution, the hypocenter will also be represented in
terms of the spatial distribution of the probability of its
SICS OF THE SOLID EARTH  Vol. 55  No. 4  2019
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Fig. 7. Posterior distributions of probabilistic estimates of hypocenter location and origin time for aftershock of Ilpyrskoe earth-
quake of March 13, 2013, MW = 5.8. This aftershock with magnitude ML = 4.0 occurred 1 h 19 min after man shock. Designations
are in Fig. 5.
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coordinates. The solution of this problem is associated
with a number of organizational and technical tasks,
including the development of the form of representation
of the data and organizing access to these data.

The obtained confidence areas of the hypocenter
location for the two strongest earthquakes that
occurred in the vicinity of Kamchatka during the past
ten years (the Okhotsk Sea earthquake with Mw = 8.2
in 2013 and the Blizhne-Aleutskoe earthquake with
Mw = 7.8 in 2017) demonstrate the highest possible
solution accuracy with the existing configuration of
the seismic network. For a more accurate location of
hypocenters, it is clearly required to develop the sta-
tion network, including the deployment of ocean-bot-
tom stations. Developing the network is also necessary
for studying volcanic seismicity.

In this work we assume that the distribution of the
residuals is normal with a zero mean and not station-
specific. At the same time, from the experience of pro-
cessing the Kamchatka data it follows that the P-wave
arrival times are sometimes selected by the staff with a
IZVESTIYA, PHYSICS OF THE SOLID EARTH  Vol. 55 
certain delay; therefore, the real distribution of P-wave
residuals can have a positive mean. The amplitudes of
various types of noise affecting the variance of the
residuals are different for different stations. We hope
that the impact of both factors on the obtained distri-
butions of hypocenter location is insignificant. At the
same time, exploring these factors can constitute the
subject of an independent study, which are obviously
important in the problems of hypocentry and con-
structing the tomographic models.

In this work, we used the regional traveltime curve
of P- and S-waves (Mel’nikov, 1990) for the corre-
sponding one-dimensional velocity model of the
medium. The same approach is currently used in the
routine processing at the KB GS RAS. In the one-
dimensional traveltime curve, the traveltimes of the
waves depend only on the source depth and epicentral
distance but not on the geographic position of the
source and the stations. The use of the one-dimen-
sional traveltime curve leads to systematic errors in the
theoretical arrival times of the waves. These systematic
 No. 4  2019
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errors can be due to the heterogeneities in the Earth’s
interior. In this case, they contain relevant informa-
tion which can be used in seismic tomography. Impor-
tantly, the one-dimensional character of the travel-
time curve has no fundamental importance in the
scope of the hypocenter location method suggested in
this work. Instead of this hodograph, the theoretical
arrival times calculated from three-dimensional veloc-
ity models can be used. With this approach, the calcu-
lated times δtp and δts in Eq. (3) should not be taken
from the traveltime curve but from the table calculated
based on the three-dimensional model on the grid for
all the possible positions of the sources at all stations.
This approach is in principle possible with the modern
computing power and memory capacity of the comput-
ers. Although this problem falls beyond the scope of this
paper, we would like to note that for improving the hypo-
center location accuracy, it would probably be reasonable
in the nearest future to try the up-to-date three-dimen-
sional tomographic models based on the body seismic
waves for the Kamchatka region overall (Gorbatov et al.,
1999; Gontovaya et al., 2007; Koulakov et al., 2011a) and
their more detailed versions for the volcanic regions
(Gontavaya et al., 2004; Koulakov et al., 2011b; 2017).
Seismic velocities in the layers closest to the surface can
be determined with the use of surface wave tomography
(Gordeev et al., 2009; Koulakov et al., 2014;
Yanovskaya, 2015; Droznina et al., 2017).

CONCLUSIONS

In this work, for processing the data on the earth-
quakes that occurred in Kamchatka and its adjacent
regions and were recorded by the stations of the KB
GS RAS network of detailed seismological observa-
tions, we use for the first time the statistic method for
determining the hypocenter location and origin time
in which the solution is the probability distribution of
these parameters.

When implementing this method, we constructed
the model of the distribution of the residuals which
allows for the correlation between the arrival times of
different types of seismic waves. The model takes into
account the dependence of the parameters on the dis-
tance from the source to the stations and on the inter-
station distance. The model is based on the huge data
accumulated over the previous observation period
which allowed us to obtain realistic empirical esti-
mates for the errors of hypocenter location.

A two-level iterative scheme for discretizing the
time and space of the earthquakes is suggested for
practical calculations. Its use noticeably speeds up the
computations, which will allow this method to be used
in the future for the routine processing at the KB GS
RAS. The method is also applicable for the other
regions provided that an adequate model of the resid-
uals is constructed for a given region.
IZVESTIYA, PHY
Based on a number of examples, it is shown that
with the existing mutual configuration of the Kam-
chatka regional seismic network and the seismic focal
zone, in some cases, substantial systematic distortions
of hypocentral coordinates can be observed. These
distortions sometimes yield misleading notions of the
configuration of the active seismic zones associated,
e.g., with the volcanic systems or aftershock regions of
large earthquakes. Since the analysis of the spatiotem-
poral structure of seismicity is frequently used for
studying the deep structure of the medium, it is vital to
have an instrument for evaluating the contribution of
the hypocenter location errors in the subsequent esti-
mates of the location and configuration of the geolog-
ical and tectonic structures.

We hope that introducing the technique presented
in this paper into the routine practice of earthquake
processing at the KB GS RAS will supply the earth-
quake catalogs with information about the real confi-
dence areas of the hypocenters’ solutions. In many
cases, this will help avoid misleading conclusions in
the spatial analysis of seismicity.
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