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Abstract—Premonitory phases (seismic quiescence and foreshock activi

fied before the Neftegorsk and Uglegorsk earth

ty) have been retrospectively identi-

quakes using the RTL technique. The probabilities that these
phases were accidental are less than 1 and 2%, respectively.
bility of applying this technique to seismicity at Sakhalin.

This allows an optimistic assessment of the possi-
The estimates of the time and energy class for the

two earthquakes, using a model of self-organized seismic criticality, proved to be unconvincing because obvi-

ous acceleration of the seismic process prior to these seismic events did not oc
approach to the seismicity at Sakhalin should be tested for future large earthquak

alog for 1980-2000, with a lowest completely
Russian Academy of Sciences) was used as th
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INTRODUCTION

Intermediate-term prediction techniques, which
make it possible to estimate the time at which a future
earthquake will occur within a range of several years as
well as its location to within 50-100 km, can be of prac-
tical significance for planning earthquake-prevention
measures to be taken before the event. The most popu-
lar techniques of this sort are based on an analysis of
low-magnitude seismicity with the identification of
seismic quiescence anomalies, seismic increases,
changes in the b-value, and other characteristics of seis-
micity, including a simultaneous analysis of several
parameters [1, 2, 7, 8, 14, 15, 19].

One algorithm that has been tested is the RTL tech-
nique [9-11, 16]. Physical justification for this algo-
rithm has been found in the results of laboratory exper-
iments which demonstrated successive phases of seis-
mic quiescence and foreshock activity [13]. We will
describe the most important properties of this algo-
rithm. The prediction parameter is the product of three
functions: RTL = R x T x L, where

R(x,y,z,1t) = [Z exp(—:—;)J -R,,

(1)

T(x,y,z,t) = [Z CXP(—%)J ~Tss
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cur. The applicability of this
es. The regional Sakhalin cat-

reported energy class of K = 8 (lent by the Geophysical Service,
e database for this study.

T(x,y,2,1) = [Zexp(

Here, x, y, z, and ¢ are the coordinates and time of a
large earthquake under consideration; r; and t; are the
epicentral distance and origin time of a current earth-
quake of energy class K relative to the epicenter and
time of the large earthquake; /, is the source dimension
of the current earthquake, r, is a coefficient that char-
acterizes the influence function of the current earth-
quake depending on its distance from the large earth-
quake epicenter; 7, is a coefficient that characterizes
the influence function of the current earthquake
depending on its difference from the time of the large
earthquake; p is a coefficient that takes on the values
1, 2, or 3, thus characterizing the dependence of L on
the first, second, or third power of the source dimen-
sion; and R, T,, and L, are linear trends. The source
dimension (rupture length) is calculated from the
empirical relationships connecting it to energy class
or magnitude. When working with Russian catalogs,
we used the formula [4]:

f)]_@.

_l
ly

logl; = 0.2441logK; —2.266. (2)

One of the advantages of the RTL algorithm for
detecting the anomalies of seismic quiescence and fore-
shock activity is its high sensitivity to long-term back-
ground variations. Decrease of the RTL values from the
long-term zero background level corresponds to a stage
of seismic quiescence, while a subsequent recovery



ON APPLICABILITY OF THE RTL PROGNOSTIC ALGORITHMS 199

toward the zero level characterizes the foreshock phase.
Previously, the RTL algorithm was mainly used to
search for premonitory seismicity anomalies in Kam-
chatka as well as in episodic studies in Kazakhstan,
Japan, China, Greece, USA, and several other seismic
regions for which representative earthquake catalogs
covering long spans of time are available.

The energy of a future large earthquake is estimated
by the RTL algorithm based on the assumption [18] that
the seismic process acceleration prior to a future large
earthquake is described by the power law equation

Q) = A= B(t,-1,)" 3)

where Q(¢) is the Benioff strain; Iy 1s the time of the
large earthquake; #; the current time; and A, B, and m are
free parameters. This formula was developed in agree-
ment with the concept of self-organized criticality
(SOC). Taking into account seismicity self-similarity
on different earthquake energy scales and the technique
of group renormalization, we included log periodic
components [17] in the equation of type (3):

o) = Q(ti)+Q(t_[)_B(tf_ti)m
X[1+ccos(2mlog(t,—1;)/p—@)]

4)

with three more free parameters c, p, and @. Here, Q(t,)
is the strain stored by the prediction time, and Q(z) is
the strain released during a large earthquake predicted
to occur at time ;.

Sobolev and Tyupkin [12] found that Eq. (4) can be
used to predict the time and energy of impending Kam-
chatka earthquakes. In this case the value of one of the
key free parameters (specifically, the exponent m =
0.12) was found from experimental laboratory mea-
surements and a standard Kamchatka earthquake
(March 2, 1992, of energy class 14.6). Moreover, it was
established that variations in the multiplier in square
brackets in Eq. (4) are so close to unity that they have
almost no effect on the determination of the time and
energy of a future earthquake.

The goal of the present study is to investigate how
the RTL techniques and energy estimation of earth-
quakes can be used to analyze seismicity at Sakhalin.

DATA AND TECHNIQUE

Two large earthquakes, commonly referred to as
the Neftegorsk and Uglegorsk events, occurred on
May 27, 1995, and on August 4, 2000, on Sakhalin.
Our analysis of seismicity was based on the regional
Sakhalin catalog for 1974-2001, which was lent by
the Geophysical Service (GS), Russian Academy of
Sciences. The RTL algorithm must use a catalog that
contains completely reported events beginning from a
certain minimum energy class K ;,. The statistical
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procedures for determining K,,;, are described in [5].
The estimates are based on histograms showing the
energy distribution of earthquakes in the range
between K, and K, which are used to test the
hypothesis that the data fit a straight recurrence plot
for low magnitudes. The appropriate algorithm has
been implemented in a computer program that can
determine the reporting of events in moving time win-
dows and for assigned spatial cells. Smirnov [6] tested
the statistical estimation algorithm to assess the com-
pleteness of reporting for several regional catalogs
and determined the algorithm efficiency. It was found
that aftershock sequences are responsible for consid-
erable local increases in the lowest class of complete
reporting. These increases are superposed on the
background level to produce a “break” in the recur-
rence plot, which is interpreted by the algorithm as the
lowest class of complete reporting. Therefore, when
the lowest class of complete reporting was assessed,
aftershocks were eliminated from the catalog by the
algorithm described in [3]. The principle underlying
the identification of aftershocks from other events,
usually called background seismicity, is based on
comparison of their distribution functions in space
and time. In the regional Sakhalin catalog, the lowest
class of complete reporting was never lower than K >
8.0 during the period 1974-1995. However, it was
found that no decimals were present in the pre-1980
catalog for earthquakes with K < 9.0. Since the RTL
algorithm is sensitive to such a change in parameters,
the results to be described below are based on an anal-
ysis of the 1980-2001 catalog.

THE RTL VARIATIONS PRIOR
TO THE NEFTEGORSK AND UGLEGORSK
EARTHQUAKES

Plot 1 in Fig. 1 shows the variations in the RTL
parameter at the center of the Neftegorsk aftershock
area (52.85°N, 142.9°E). We used seismic events
around this point that satisfied the following criteria:
K.in 2 8.0, depth of focus H < 80 km, epicentral dis-
tance r; < R, = 2ry = 400 km, and a time window of
(t—1) < T =21, =2 years. The plot demonstrates the
phases of seismic quiescence and subsequent after-
shock activity. Quiescence (a plot decrease as inter-
preted by the RTL method) started in September 1994,
and the lowest values of amplitude (14.1 units) were
reached in December 1994. The functions R, 7, and L
were equal to —0.4, -2.45, and —2.40 during that period.
Plot 2 in Fig. 1 shows the variation in the number of the
events used to calculate plot 1 in a moving window of
T =2 years at intervals of 10 days.
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Fig. 1. The RTL prognostic parameter (1) and number of
earthquakes N (2) before the Neftegorsk earthquake, the
occurrence time of which is marked by an arrow. Calcula-
tion parameters: K ;, = 8.0, r; < Ry, = 2rg = 400 km,
(t—1;) <T=21y=2years.

We tested the RTL anomaly for stability by varymg
Km,n and the free parameters r, and f,. An increase in
K i to 8.5 (plot 1, Fig. 2) or a decrease in R,,,, to 200
km (plot 2) somewhat reduced the anomaly amplitude,
because fewer events were involved in the calculations:
113 and 130, respectively, as against the number of
events (283) used to calculate plot 1 in Fig. 1. An
increase in R,,, to 600 km (plot 3) insignificantly
affected the anomaly structure and magnitude. Plots 1
and 2 in Fig. 3 show some slight changes due to a
decrease in T,,,, to 1 year or an increase to 4 years. The
result was that the variations in the free parameters
within the above ranges confirmed that the successive
phases of seismic quiescence and aftershock activity
are stable.

We investigated the geographic distribution of the
anomalies by constructing a map of the lowest RTL
values on the 15 x 15 km grid for the time interval
May 26, 1994-May 26, 1995 (i.e., for the last year
before the Neftegorsk earthquake) with the same
parameter values as were used in Fig. 1. It was found
(Fig. 4) that the anomalous quiescent area was about
100 km across, with the lowest values (the center of
the 1994 anomaly) being displaced northwestward
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Fig. 2. The RTL prognostic parameter before the Neftegorsk
earthquake. The calculation parameters: (1) K;, 2 8.5, r; <

R = 2rg = 400 km, (1 — 1)) < T= 21 = 2 yeare: (2) Koo >

8.0, r; <Rmdx—._r0-,_0()km (t—1) <T=215=2 years;
(3)Kmm280 r; <Rmdx—2t(,-—600km (t=1) <T=21=
2 years.

relative to the Neftegorsk earthquake epicenter. How-
ever, the determined boundaries of the anomalous
zone are uncertain owing to the comparatively low
number of events used.

The same analysis procedure was applied to the
Uglegorsk earthquake using formula (1). Plot 1 in Fig.
5 shows the RTL variations at the mainshock epicenter
(48.80° N, 142.30° E) with the following parameter
values: K i, = 8.0, hypocenter depth H < 80 km, epicen-
tral distance r; < R,,, = 2r, = 400 km, and a time win-
dow of (t — 1) < T = 2ty = 2 years. Seismic quiescence
started in May 1999 and the lowest RTL values were
recorded in November. The anomaly amplitude was
—10.2 units, and R, T, and L were equal to —1.9, -2.5,
and —2.1 of the rms deviations from the long-term back-
ground, respectively. Plot 2 shows how the number of
earthquakes (231 events for the time interval January 1,
1980-August 3, 2000) varied in a moving window of
T,.ax = 2 years. Two more anomalies are shown in Fig. 1.
The earlier anomaly is apparently related to the catalog
changes mentioned above, while the later anomaly (in
1995) reflects the seismicity variations following the
Neftegorsk earthquake.
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The pre-Neftegorsk anomaly was examined for sta-
bility by calculating the RTL with varied input param-
eters. An increase in K,;, to 8.5 (plot 1 in Fig. 6) or a
decrease in R, to 200 km (plot 2) somewhat reduced
the anomaly amplitude, because fewer events were
taken into account (128 and 108, respectively, as com-
pared to 231 events used to calculate plot 1 in Fig. 5).
Increasing R,,,, to 600 km (plot 3) resulted in the
growth of anomalous values in 1999. The anomaly was
also clearly defined at time windows of 7,,,, = 1 or 4
years (see Fig. 7, plots 1 and 2).

The map of anomalously low RTL values (seismic
quiescence) for the time interval August 3, 1999-
August 3, 2000 (the last year before the Uglegorsk
earthquake) suggests that, in 1999, the anomalous zone
was about 200 km across and the area of the lowest val-
ues was situated southwest of the mainshock epicenter
(Fig. 8).

Assessing the significance of the anomalies iden-
tified. Statistical significance was assessed by generat-
ing many random catalogs with the same parameters as
in the actual Sakhalin catalog and by counting the num-
ber of cases where the random catalog gives an anom-
aly of the same significance as the observed anomaly.

For the case of the Neftegorsk earthquake, we deter-
mined the characteristics of the actual Sakhalin catalog
for the period from January 1, 1980 to May 26, 1995, in
an area of 49.30°-55.23° latitude and 140.17°-145.00°
longitude with hypocenter depths of H < 80 km. We
found 210 events of energy class 8-11.7. The annual
average number of events was N, = 13 at an rms devia-
tion of D = 5. These data were used to compute the
experimental probability P for the occurrence of earth-
quakes given in Table 1:

P = n(K;)/N, 5)

where n(K)) is the number of events of different energy
classes, and N is the total number of events.

The subsequent procedure included three steps:
(a) generation of random catalogs for the area indi-
cated above; (b) counting the annual number of events
in the range [N, — D, N, + D]; and (c), randomizing the
earthquakes of different energy classes over time and
coordinates with the same probability of occurrence
as in the actual catalog according to Table 1. The time,
latitude, and longitude of each event were sampled
from a uniform distribution on 1 year intervals in the
range 49.30°-55.23° latitude and 140.17°-145.00°
longitude.

Next, we calculated the RTL values from the ran-
dom catalog at the same point and with the same input
parameters as for the actual case shown for the Nefte-
gorsk earthquake in plot 1, Fig. 1. The probability of
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Fig. 3. The RTL prognostic parameter before the Neftegorsk
Ldrlhquake The calculation parameters: (1) K;, 2 8.0, r; <
Ripax =2rg=400km, (t—1;) <T=21,=1 ycdr (2) Kmm
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identifying an anomaly in a random catalog was found
from the following criterion: the amplitude of negative
values at the anomaly minimum for different durations
(widths) of the anomaly W had to exceed 10 RTL units,
where W is the time interval during which the RTL val-
ues differ from the minimum by less than two standard
deviations. We analyzed 4000 random catalogs (see
Table 2).

The magnitude of the actual anomaly (Fig. 1, plot 1)
was —14.1 units, and its duration was 0.7 years. Thus,
based on Table 2, we conclude that the probability of
accidental identification of seismic quiescence (in the
RTL interpretation) before the Neftegorsk earthquake
was less than 1%.

In the case of the Uglegorsk earthquake, we simi-
larly analyzed the catalog for the period from January
1, 1980 to August 3, 2000, in an area with coordinates
45.50°-52.37¢ latitude and 140.17°-144.61° longitude
with hypocenter depths of H < 80 km. We found
231 events of energy classes 8 to 11.7. The annual aver-
age number of events was Ny = 11 at an rms deviation
of D = 4. Table 3 shows the occurrence probabilities of
different-class earthquakes.
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Fig. 4. The spatial distribution of the RTL anomaly (dark shading in the columns on the right) before the Neftegorsk earthquake
(marked by the asterisk). The earthquake epicenter and seismicity (Kmin 2 8.0) are shown on the left.

The probabilities of seismic quiescence originating The actual anomaly (Fig. 5, plot 1) had a magni-
before the Uglegorsk earthquake, calculated using the tude of —10.23 RTL units and lasted 0.5 years.
above criteria based on 4000 random catalogs, are pre- Hence, the probability of accidental occurrence is
sented in Table 4. below 2%.
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Fig. 5. The RTL prognostic parameter (1) and number of
earthquakes N (2) before the Uglegorsk earthquake, the
occurrence time of which is marked by an arrow. The calcu-

lation parameters: Kp;, = 8.0, r; < Ryjax = 2rg = 400 km,

(t—1) <T=2=2years.

MODEL ENERGY ESTIMATION
FOR NEFTEGORSK AND UGLEGORSK
EARTHQUAKES

The area of observation centered at the epicenter of
a future large earthquake should be kept as small as
possible for a more accurate determination of the earth-
quake location, but at the same time a sufficient number
of events should be sampled.

The sampling radii in previous calculations for
Kamchatka earthquakes [12] were R = 1.5/;, where [;
is the rupture length according to (2). Pilot calculations
performed using (4) for the Sakhalin catalog under con-
sideration showed that the shortest radius R for the
area of accelerated seismicity around the Neftegorsk
and Uglegorsk earthquake epicenters should be not less
than 3/; because only a few pre-mainshock events cor-
respond to a shorter R..;.

For the May 27, 1995 Neftegorsk earthquake
(energy class K = 15.2) this gives R.; = 3/;=83 km. The
beginning of the acceleration (1988) was selected based
on the data in plot 2 from Fig. 1. The calculations were
carried out using the formula

Q = Qm_B(Tm—[i)ms (6)
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Fig. 6. The RTL prognostic parameter before the Uglegorsk

earthquake. The calculation parameters: (1) K;,;, 28.5, r; <

Ripax = 2rg=400km, (1 —1;) < T = 2ty = 2 years; (2) K 2
8.0, r; < Ryjax = 2rg =200 km, (1 — 1)) < T = 215 = 2 years;
(3) Kipin 2 8.0, 1; S Ry = 2rg =600 km. (1 —1;) < T =2t =
2 years.

where Q is the total strain, Q,, is the strain found from
our model with a future earthquake taken into account,
T,, is the time of a future earthquake, ¢; is the current
time of the events covered by R, while the exponent m
and the constant B are free parameters. The strain
released by a future earthquake is given by the differ-
ence between Q,, and Q;, where Q; is the strain stored by
the instant of prediction (the square root of the energy
of events covered by R.y, a known quantity). We call
Eq. (6) the model of critical seismicity acceleration
(CSA model).

Our calculation of the occurrence time and energy
class for the Neftegorsk earthquake, carried out using
the CSA model, involved 16 events listed in Table 5.
The theoretical curve (6) was constructed using values
of parameters Q,,, B, and m such that the sum of the
squares of the deviation from the experimental data for
the curve was minimal.

The solid line in Fig. 9 shows the prediction curve.
This curve yields T,, = 1995.39 as the predicted occur-
rence time, which differs from the actual time of occur-
rence by 0.01 years (about 4 days). The stored seismic
strain found as the square root of the energy for the
earthquakes involved in the calculation (Table 5) is Q; =
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1.1628 x 10!!; parameters B and m were equal to 90 and
0.012, respectively.

The difference between the predicted model strain
Q,, and the strain Q(i) can be used to find the energy
class of a future earthquake from the relationship

= log(Q, - 0)° + 11 = 149171, )

This energy class was calculated to be 0.3 units smaller
than the energy class K = 15.2 of the Neftegorsk earth-
quake in the Sakhalin catalog.

It follows from Table 5 that the seismic process
slightly accelerated in 1992 when five events of energy
class 8.2-9.6 occurred. These events were followed by
a 2-year gap, and the last event (K = 8.3) before the
Neftegorsk earthquake only occurred on October 1,
1994. This data contradicts the hypothesis that seismic-
ity accelerates immediately before a large earthquake.
The question arises of what result would be obtained
from (6) if the prediction was made for October 1992,
immediately after the K = 8.7 event. That case is illus-
trated by the dashed line in Fig. 9. The predicted time
given by the model (7,, = 1992.8 years) is very far from
the actual occurrence time, while the predicted energy
class K,,, =14.9041 is almost the same as the value pre-
dicted in the previous case. Our analysis also indicates
that, if prediction calculations were repeated from
October 1992 to October 1994, the predicted time
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would have been displaced in a regularly shifted man-
ner with an almost constant energy estimate.

For the Uglegorsk earthquake (K = 14.0), the sam-
pling radius was 42.4 km. From 1988 to August 4,
2000, only six events (listed in Table 6) occurred in the
circle of such a radius centered at the Uglegorsk epicen-
ter. The last event occurred four months before the
mainshock. The results of the calculations performed
using formula (6) are shown in Fig. 10. The predicted
model time is 7,, = 2000.87, which is three months later
than the actual occurrence time. The energy estimate is
K, =14.9109. The deviation of the theoretical curve (6)
from the actual stored strain was minimized by assign-
ing the values 90 and 0.004 to the free parameters B and
m, respectively.

DISCUSSION OF RESULTS

We now compare the results of the application of the
RTL algorithm to Sakhalin with a typical (standard)
earthquake of energy class K = 14.6, which occurred on
Kamchatka (52.92° N, 159.83° E) on March 2, 1992.
Figure 11 shows the variations in the number of events
N and in the RTL parameter for that earthquake. We
took into account the events around the epicenter satis-
fying the following criteria: K, > 8.5, hypocentral
depth H < 100 km, epicentral distance r; < R,,, = 2r, =
100 km, and a time window of (1 —¢,) < T=1t,= 2 years.
Plot 1 displays the stages of seismic quiescence and
subsequent foreshock activity. Quiescence (in the RTL
interpretation) began in January 1990, and the lowest
value (-11.9 units) was attained in September 1991.
Plot 2 in Fig. 11 shows the variations in the number of
earthquakes used in calculations performed for plot 1 in
a moving window of T = 2 years.

A comparison of Fig. 11 with the results for the
Sakhalin earthquakes (plots 1 in Figs. 1 and 5) indicates
that the anomalies preceding these large earthquakes
were comparable in amplitude. The Kamchatka and
Sakhalin anomalies lasted 2 and 1 years, respectively.
Sobolev and Tyupkin [9] found that the RTL anomalies
for other Kamchatka earthquakes of energy class K =
14.6-14.9 also lasted several years. Another significant
difference is that rather low magnitude events in Kam-
chatka will occur within R,,,, = 100 km around the epi-
center of a future earthquake, while a radius of 400 km
must be used for Sakhalin. A consequence of this dif-
ference is that the prediction of the location of a future
large earthquake from quiescence maps is less accurate
for Sakhalin.

We now compare the energy estimation results
obtained using the CSA model for the standard March
2, 1992 Kamchatka earthquake (described above) with
the results from the Neftegorsk and Uglegorsk earth-
quakes. The result for the Kamchatka event is shown in

Vol. 1 No. 3 2007
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Fig. 8. The spatial distribution of the RTL anomaly (dark shading in the columns on the right) before the Uglegorsk earthquake
(marked by the asterisk). The earthquake epicenter and seismicity (K ;,;, = 8.0) are shown on the left.
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Table 1. Occurrence probability P of earthquakes of energy ~ Table 3. Occurrence probability P of earthquakes of differ-
classes K in the region of the Neftegorsk earthquake

ent energy classes K in the region of the Uglegorsk earth-

quake

K P K P

K P K P
8.0 0.1276 9.9 0.0104

0 111 : 0163
8.1 0.0781 10.0 0.0130 8 01119 o ale

8.1 0.0956 10.0 0.0093
8.2 0.0755 10.1 0.0078

8.2 0.0956 10.1 0.0070
8.3 0.0651 10.2 0.0078

8.3 0.0676 10.2 0.0070
8.4 0.0755 10.3 0.0026

8.4 0.0723 10.3 0.0000
5 0703 4 0.
8 0.070 % 0000 8.5 0.0816 10.4 0.0047
8.6 0.0651 10.5 0.0000 5 . S .
8.7 0.0521 10.6 0.0026 oy 0,0536 - —
8.8 0.0365 10.7 0.0026 8.8 0.0443 10.7 0.0000
8.9 0.0495 10.8 0.0000 8.9 0.0466 10.8 0.0000
9.0 0.0417 10.9 0.0026 9.0 0.0536 10.9 0.0047
9.1 0.0391 1.0 0.0052 9.1 0.0326 11.0 0.0070
9.2 0.0521 11.1 0.0026 92 0.0186 11.1 0.0023
9.3 0.0339 11.2 0.0000 93 0.0163 11.2 0.0023
9.4 0.0208 11.3 0.0000 9.4 0.0186 11.3 0.0023
9.5 0.0182 114 0.0000 9.5 0.0140 11.4 0.0000
9.6 0.0130 11.5 0.0000 9.6 0.0117 11.5 0.0000
9.7 0.0156 11.6 0.0026 9.7 0.0140 11.6 0.0023
9.8 0.0078 11.7 0.0026 9.8 0.0117 11.7 0.0023

Table 2. Probability of accidental origination of seismic  Table 4. Probability of accidental origination of seismic
quiescence before the Neftegorsk earthquake

quiescence before the Uglegorsk earthquake

W (Years) P W (Years) P
0.5 0.015000 0.5 0.018250
0.7 0.009250 0.7 0.013250
0.9 0.004250 0.9 0.008500
1.1 0.001250 1.1 0.003750
1.3 0.000250 1.3 0.002000
1.5 0.000000 1.5 0.001000
1.7 0.000000 1.7 0.000250
1.9 0.000000 1.9 0.000000
2.1 0.000000 2.1 0.000000
23 0.000000 23 0.000000
Fig. 12. The radius of the sampling circle was R = A comparison of Fig. 12 with Figs. 9 and 10 indi-

1.5/, = 29 km. The predicted time

T, = 1992.3 differs  cates that the number of pre-mainshock events involved

m

from the true value by 0.1 years, while the energy class  in the calculation for the Kamchatka earthquake was
K, = 14.5972 nearly coincides with the actual value. 62, and the seismicity acceleration a few months before
The free parameters are B =90 and m = 0.13.

the main shock was clearly defined, which is not the
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Table 5. Earthquakes used to calculate the time and energy of the Neftegorsk earthquake with the help of formula (4)
Year Month Day Hour Min. Sec. N lat E lon Depth Class
1988 9 4 2 30 42 52.72 142.80 0 8.7
1988 11 26 3 14 8 52.66 142.33 0 8.5
1988 11 29 21 32 16 52.62 143.00 0 8.5
1989 2 19 4 49 31 52.87 142.20 7 83
1989 7 19 20 49 40 52.92 142.12 0 8.6
1989 12 24 12 22 2 53.25 142.72 0 8.7
1990 2 18 3 35 25 52.81 143.38 0 9.0
1990 8 11 5 32 23 52.68 142.78 0 8.0
1990 11 12 8 48 3 52.84 142.51 0 8.9
1991 5 6 21 40 7 53.08 142.79 8 8.4
1992 3 25 9 46 58 52.65 142.86 9 9.1
1992 6 20 23 0 6 53.13 142.64 8 8.6
1992 8 30 8 42 50 52.93 143.29 7 8.2
1992 8 30 11 15 22 52.90 143.26 8 9.6
1992 10 7 13 0 5 52.68 143.57 9 8.7
1994 10 1 23 59 55 52.37 142.27 15 8.3
Table 6. Earthquakes used to calculate the time and energy for the Uglegorsk earthquake with the help of formula (4)
Year Month Day Hour Min. Sec. N lat E lon Depth Class
1989 12 26 21 59 23 48.70 141.95 0 8.1
1991 12 26 23 43 11 48.65 142.71 6 8.6
1996 12 14 11 51 46 49.00 142.17 0 9.8
1996 12 27 10 53 16 48.64 142.61 0 8.3
1998 1 4 9 38 34 49.09 142.64 8 8.9
2000 3 2 19 23 47 48.70 142.80 10 8.6

case for the Sakhalin earthquakes. The free parameter
m for the Kamchatka earthquake was an order of mag-
nitude greater than the Sakhalin value. This corre-
sponds to a quicker accumulation of strain, the final
value of which before the Kamchatka earthquake, 0=
50.1083 x 10", is two orders of magnitude greater than
the corresponding values for the Sakhalin earthquakes.
In this case we emphasize that the observation period
for Kamchatka (from 1988 to March 2, 1992) and the
radius R around the epicenter were smaller than the
corresponding quantities for Sakhalin.

Sobolev and Tyupkin [12] examined other Kam-
chatka earthquakes. Results of comparison between the
model results and the actual events carried out by these

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY
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authors are given in Table 7. We conclude that the seis-
mological situation in Kamchatka is more favorable for
application of the CSA model. This is logically
explained by Figs. 13 and 14, which compared the
actual data (circles) and linear approximations (dashed
line and curve (6)) for the March 2, 1992 Kamchatka
and May 27, 1995 Neftegorsk events. For convenience,
the curve was calculated before the predicted time in
order to exclude large values of (4) at (tr—1) =0. A
comparison of Figs. 12 and 13 shows that the CSA
model should not be used for the Sakhalin earthquake
because the accumulated strain of preceding events
shows no seismicity acceleration and is close to a
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Table 7. Comparing results of predicting the time and energy class for Kamchatka earthquakes using formula (4)

Date of event T Class Model T, Model K,, T, K-K,
1971.957 15.4 1972.66 15.58 ~0.703 ~0.18
1973.162 15.5 1973.72 16.75 ~0.558 -125
1992.171 14.6 1992.14 14.51 0.031 0.09
1993.437 14.9 1993.78 14.89 ~0.343 0.01
1993.869 14.6 1993.71 14.05 0.159 0.55
1997.930 14.9 1998.24 14.81 ~031 0.09

straight line. For the Kamchatka earthquake, the accel-
eration is obvious (Fig. 12).

The self-organized criticality concept assumes an
increasing correlation distance in the collective behay-
ior of small seismic events before a large earthquake
(i.e., a catastrophe). Accordingly, accelerated seismic-

ox10H
120 r
T, =1992.80
K, =14.9041
Q,,=90.66
80
T=1995.4
K=152
40r

ity can manifest itself in a larger area compared with the
radius we have used, (R.;; = 31,). We tested this hypoth-
esis by making calculations for the Neftegorsk earth-
quake with R = 10/; = 277 km. The thin line in Fig. 9
shows the result. The theoretical fit (6) is based on 106
events (filled circles), the last of which occurred on

T, =1995.73
K, =14.9103
T, =1995.39 XF
LXK, =149171
H Qm: 92.06

)

0, =9.8074
Q(,‘_l):l.llgl Ql=]1628
407" t L A 1
1988 1990 1992 1994 1996
Years

Fig. 9. Prognostic curves incorporating the last event (October 1, 1994) before the Neftegorsk earthquake (thick solid line) and with-
out this event (dashed line) at a sampling radius of R = 83 km. The thin line is the prognostic curve for R.g = 277 km. The stars
mark the termination of the prognostic curves. Q; and Q(; - 1) are strains accumulated before the earthquake; Q> Typy and K, are the

strain, time, and energy class of the earthquake calculated from the

m
model; 7 and K are the actual earthquake time and class.
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Qox 101
100 T, =2001.672
YF K,,= 14.9301
f Qm = 97
T,, = 2000.870
20 K,,=14.9109
i 0,,=90.8
60
40+
T =2000.594
K=14.0
20+
vee J'Wﬂ 0,=4.7274
0 %ﬁb = 6—6—9
Q-1 = 0.5467
-20| : L L '
1988 1992 1996 2000 2004
Years

Fig. 10. Prognostic curves for the Neftegorsk earthquake at a sampling radius of R g = 42 km (thick line) and Regp= 141 km
(thin line). The stars mark the termination of the curves. Q; is the strain accumulated before the earthquake; Oms Ty, and K,
are the strain, time, and energy class of the earthquake calculated from the model: T and K are the actual earthquake time and

class.

May 20, 1995, i.e., seven days before the main shock.
The time predicted by the CSA model was T, =
1995.73, which is four months later than the actual
occurrence time for the Neftegorsk earthquake. In spite
of an increase in the strain accumulated by the predic-
tion time (Q; = 9.8074), the estimated energy class
remained almost unchanged, K, = 14.9103. In this case
the sequence of experimental data (filled circles) is also
close to a straight line and shows no seismicity acceler-
ation.

A similar procedure was carried out for the Ugle-
gorsk earthquake (Fig. 10). The calculation was based
on the value R ¢ = 10/, = 141 km. The thin line in Fig.
10 shows the result. The theoretical fit (6) was based
in this case on 41 events (filled circles), the last of
which occurred on March 2, 2000, i.e., 5 months
before the main shock. The time predicted by the CSA
model was 7,, = 2001.672, which is 1.5 years later
than the actual time of the Uglegorsk earthquake. This
result is thus worse in comparison with that achieved

JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  Vol. 1

using the choice R = 3/;. The estimated energy class
remained almost unchanged: K,, = 14.9301. The
sequence of experimental data (filled circles) is again
close to a straight line and shows no seismicity accel-
eration.

We now discuss the contradiction in the interpre-
tation of the RTL method and energy estimation using
the CSA model as applied to the Neftegorsk and
Uglegorsk earthquakes. Plots 1 of the RTL parameter
in Figs. 1 and 5 show foreshock activity during the
last phase in the precursory periods of these earth-
quakes. At the same time, the accumulated strain (cir-
cles and dots) in Figs. 9 and 10 does not indicate an
increase in seismicity. This apparent contradiction
can be explained by the fact that the RTL algorithm
(1) 1s more sensitive to slight variations in seismicity
than cumulative strain Q,. This may be seen by com-
paring plots 1 and 2 in Fig. 1. An insignificant
increase in the number of earthquakes N (plot 2)
before the Neftegorsk earthquake manifests itself in
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(8]

_ 12 | 1 1 |
1960 1970 1980 1990 2000
Years

Fig. 11. The RTL prognostic parameter (1) and number of
earthquakes N (2) before the Kamchatka earthquake of
March 2, 1992, the time of which is marked by an arrow.
The calculation parameters: K i, = 8.5, r; < Ry = 2rg =
100 km, (1 —t;) £ T = 2t = 2 years.

0ox1071

40+

20

T

(=)
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@

0 br& 1 1 | 1 |
1988 1989 1990 1991 1992 1993
Years

Fig. 13. The prognostic curve (solid line) and linear depen-
dence (dashed line) compared with the strain Q0 accumu-
lated before the March 2, 1992, Kamchatka earthquake.
Open circles denote the earthquakes listed in Table 7.

Qox1071 T

=1992.3
120 K, =145972
0,=113 ¥
T=1992.4
80 - K=146

0,=50.1083 ©
O

40+
OO‘\@«Dw | I 1 ! ]
1988 1989 1990 1991 1992 1993

Years

Fig. 12. The prognostic curve for the Kamchatka earth-
quake of March 2, 1992. The star marks the termination of
the curve. Q; is the strain accumulated before the earth-
quake; Q,,, T,,.. and K,, are the strain, time, and energy class
of the earthquake calculated from the model; T and K are the
actual earthquake time of occurrence and class.

0 x 107!

— ] 1 | 1 ]
1988 1990 1992 1994 1996
Years

Fig. 14. The prognostic curve (solid line) and linear depen-
dence (dashed line) compared with the strain Q accumu-
lated before the May 27, 1995 Neftegorsk earthquake. Open
circles denote the earthquakes listed in Table 5.
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the dramatic rise of curve 1, which indicates fore-
shock activity in the RTL interpretation. This is pro-
vided by changing weights of the R, 7, and L func-
tions depending on the remoteness of preceding
events in distance and in time relative to the epicenter
and occurrence time of a predicted earthquake.

CONCLUSIONS

A retrospective analysis of seismicity prior to the
Neftegorsk and Uglegorsk earthquakes, performed
using the RTL algorithm, revealed two prognostic
phases of seismic quiescence and foreshock activity.
The probability of the accidental appearance of these
phases was less than 1 and 2%, respectively. This made
it possible to optimistically assess the possibility of
applying this method on Sakhalin.

The estimates of the time and energy class of the
Neftegorsk and Uglegorsk earthquakes, obtained using
the model based on self-organized criticality concepts,
proved to be unconvincing because no evident seismic-
ity acceleration was recorded before these events. The
applicability of this approach to Sakhalin seismicity
should be tested for future large earthquakes.
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