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Abstract. Investigations of the distribution of regional seis- bution in wide range of scales. In the large scales, this fea-
micity and the results of numerical simulations of the seis-ture manifests itself in the seismicity concentration close to
mic process show the increase of inhomogenity in spatiothe nodal plane of the future rupture. The laboratory experi-
temporal distribution of the seismicity prior to large earth- ments of Mogi and Scholz (Mogi, 1968; Scholz, 1968) have
quakes and formation of inhomogeneous clusters in a widgo be mentioned in this connection. Also this pattern has been
range of scales. Since that, the multifractal approach is apebserved in the laboratory experiments of Sobolev and Pono-
propriate to investigate the details of such dynamics. marev (1999) and even in the actual studies of the seismicity
Here we analyze the dynamics of the seismicity distribu-behavior before some strong earthquakes of the Kamchatka
tion before a number of strong earthquakes occurred in twaegion (Zavialov and Nikitin, 1999). In the small scales, this
seismically active regions of the world: Japan and Southerrphenomena manifests itself in the seismicity clustering be-
California. In order to study the evolution of spatial inhomo- fore the mainshock (Zavialov and Nikitin, 1999) and forma-
geneity of the seismicity distribution, we consider variations tion of spatio-temporal clusters of the acoustic emission in
of two multifractal characteristics: information entropy of the laboratory experiments (Sobolev and Ponomarev, 1999).
multifractal measure generation process and the higher-order A suitable method for description of the inhomogeneity
generalized fractal dimension of the continuum of the earth-of the seismicity spatial distribution is based on fractal ap-
guake epicenters. Also we studied the dynamics of the leveproach. The results of corresponding investigations show
of spatio-temporal correlations in the seismicity distribution. that seismicity spatial distribution manifests statistically self-
It is found that two aforementioned multifractal characteris- similar properties in a wide range of scales. Therefore, it can
tics tend to decrease and the level of spatio-temporal correbe treated as fractal or multifractal. Several papers are related
lations tends to increase before the majority of consideredo this item (Sadovsky et al., 1984; Okubo and Aki, 1987;
strong earthquakes. Such a tendency can be considered as @eilikman et. al., 1990; Hirata and Imoto, 1991; Turcotte,
earthquake precursory signature. 1997; Wang and Lee, 1996; Lapenna et al., 2000). However,
Therefore, the results obtained show the possibility toonly a few papers are reported, where the dynamics of fractal
use multifractal and correlation characteristics of the spatioproperties of seismicity is studied before strong earthquakes.
temporal distribution of regional seismicity for seismic haz- A gradual decrease of the correlation exponent of spatial
ard risk evaluation. distribution of acoustic shocks has been observed by Hirata
et al. (1987) during the destruction of granite sample. The
behavior of the fractal dimension (calculated by the box-
counting method) of the continuum of earthquake epicenters
has been studied by Uritsky and Troyan (1998). The author

Study of evolution of spatial and temporal distribution of the used the mat_erlals_of the world-wide seismicity data-center.
The fractal dimension had been calculated for the two-year

seismicity is important for understanding of the earthquake

preparation process. A number of precursory phenomen%e”odS bef(;]re arlld afte_rdZS stror;]g earthqua(ljkgs. Iln 16 cfases
is related to changes in spatial distribution of the seismic-{"€ Pre-earthquake period was characterized by a lower frac-

ity. One of the common features of these phenomena is théal dimension.

evolution of inhomogeneity in the seismicity spatial distri- 1 "€ results of numerical modeling of the destruction pro-
cess of the elastic body, containing a number of cracks

Correspondence tdD. Kiyashchenko (Kiyashchenko and Troyan, 2001), showed that correla-
(denis@geo.phys.spbu.ru) tion dimension of the continuum of the synthetic seismic-

1 Introduction
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Fig. 2. Earthquake epicenters continuum.
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2o causes redistribution of stress near it's tips (see Lawn
and Wilshaw, 1977; Liebowits, 1968). The notiaifs,
M; M, My (M2 > M3) in Fig. 1 are relative values of average

S M, M, iy, stress level in the zond3, A, respectively. The cracks,
appearing in the zoned, B cause the stress redistri-

i bution in similar proportion (Step 2). As a result of a
number of such steps, the highly inhomogeneous spot-
like stress field distribution and hierarchical crack sys-
tem appear in the elastic body. The spot-like feature of
the seismicity can be considered as one of the manifes-

ity hypocenters decreased during evolution of the destruction  tations of such mechanism.

Eronciess ;mxardfs thetim;acljr; rtl:i%u{[:ehancf'n??:u?r?gg t:1en|tn— Therefore, multifractal methods seems to be suitable for
omogeneity of spatial distribution of seismicity ere description of the seismicity distribution.

scales, which manifests itself in decrease of fractal dimen- Besides study of precursory evolution of inhomogenity of

sions, can be mterpreted as a significant feature of the earths'patial distribution of the seismicity, it is also important to
guake preparation process.

) . . ntion he evolution of inhomogenity in th m-
In this paper we apply multifractal methods for analysis pay attention to the evolution o omogenity in the te

L T . . poral distribution of the seismicity. The results of numeri-
of the seismicity distribution dynamics prior to strong earth- al modeling of the destruction process (Kiyashchenko and

quakes. There are several reasons for using multifractal ana@royan, 2001) and the results of study of the acoustic emis-

%’;'3i'giﬁ;gr?gmgggfgﬁgli2”?}3’;50(;eéglifgt?:r?gfoécf)rr?gsion (Sobolev and Ponomarev, 1999) show the increase of
y 9 ' spatio-temporal correlations in the seismicity distribution be-

lation dimension, etc.): fore the main rupture.

1. Multifractal analysis is more general than fractal anal- Here we study the dynamics of multifractal and spatio-
ysis. Fractal dimension and correlation dimension cantemporal correlation characteristics of the seismicity before
be easily retrieved from the spectrum of the generalizedseveral strong earthquakes of Japan and Southern California
fractal dimensions. in order to reveal precursory signatures.

h®

Fig. 1. Qualitative analogy between destruction process and multi-
plicative process.

2. Fractal analysis, based on the box-counting algorithm
(i.e. counting of the number of non-empty boxes of dif- 2 The approach to study of the seismicity distribution
ferent sizes, covering the considered continuum), can  dynamics
not take into account the distribution of number of earth-
quakes along different boxes. Multifractal analysis fills In this section we give the description of our approach to
this gap of fractal analysis, since it is based on countingstudy of the dynamics of spatio-temporal distribution of the
of the number of events in the boxes of different sizes. seismicity prior to large earthquakes.

We use multifractal analysis for description of spatial dis-

If we represent the seismicity distribution as a colourt buti f seismicity. As itis di dinth :
map, the fractal analysis treats it asablack/whiteimage.rI ution of seismicily. AS LIS GISCUSSE In the previous sec-

Multifractal analysis takes into account different colors, T\Illon’ the mtﬁltlfraqta! appr]?achl_ls sm::table fqr .thls ]E)uhrposg.
which compose the image. oreover, the variations of scaling characteristics of the seis-

micity have to contain information about the evolution of the
3. The qualitative analogy can be established between thdestruction process in the earth crust (see Kiyashchenko and
destruction process and multiplicative process of mul-Troyan, 2001).
tifractal structure generation. The crack, appearing in The detailed description of multifractal formalism can be
the elastic body under external stress (Fig. 1, Step 1)found in Feder, 1988 and Mandelbrot, 1989. The brief de-
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scription of principal points of multifractal analysis is given depend on their total number, occurred during the temporal
below in Appendix A. periodTp.

As it is shown in the previous section, the spatial distribu- The results of study of the dynamics of vald =
tion of the seismicity can be treated as a result of some cagn(g(0, 20km)) prior to strong earthquakes are presented
cade multiplicative process, governed by a set of parametersind discussed in the next section.
The binomial multiplicative process, which is governed by Overall, our study contains investigation of the dynamics
two parameters only, is the simplest one among such kindef the multifractal characteristic$ and amin of spatial dis-
of processes. It is considered in Appendix A. tribution of the seismicity and the levél of spatio-temporal

The distributions, which are generated by multiplicative correlations in the seismicity prior to several strong earth-
processes, have the properties of multifractals. Such distriquakes.
butions can be completely described by the spectrum of gen- Two earthquake hypocenter catalogs have been used for
eralized fractal dimension#(g) or the multifractal spectrum  this analysis:
f (@) (see Appendix A). These characteristics contain a lot of
information about the parameters of multiplicative process,
underlying the generation of multifractal distribution.

In our case, we study 2D distribution of the seismicity
hypocenters (Fig. 2). The distribution functipn(A) is de-

1. Japan University Network Earthquake Catalog
Hypocenters File, published by Tokyo Earthquake
Research Institute (http://www.eri.u-tokyo.ac.jp). This
catalog contains the earthquakes with magnitude
M > 20 occurred in the area with geographical

fined as: .
coordinatesp = 26 — 48° N andx = 128 — 148 E
pi(A) = Nj during the temporal period from 1985 to 1996.

N 2. Southern California earthquake hypocenter catalog
whereN; is the number of earthquakes occurred in the cell (Hauksson, 2000), containing the earthquakes with
with number;j and sizeA, andN is the total number of earth- magnitudel > 1.0 occurred in the area with geograph-
quakes in the considered region. The generalized fractal di- ical coordinatey = 1 — 60° N andx = 26— 178 W
mensiond(q) of the orderg is determined as a slope of the during the temporal period from 1982 to 1999 (http:
best fit line representing the Renyi entragyA) versus YA /lIwww.scecdc.scec.org/catalog).

in log-log plot (see Egs. (A3) and (A4) in Appendix A).

The dynamics of two multifractal characteristics have been We restrict our consideration only with those events,
studied prior to strong earthquakes: the minimal value of thewhich occurred at the depth less than 60km. At the large
Holder exponentimin = d(co) and the entropys of the mul-  depths the material of the earth crust loses elasticity and the
tifractal measure generation proce§s= 1 = d(1)). This mechanisms of the deep earthquakes could be linked to phase
multifractal characteristics provide an information about thetransitions rather than to shear fracturing. The simulation
inhomogeneity of the seismicity distribution and the level of of the destruction of elastic body with a number of shear
seismicity clustering in some range of scales. So, the entropjractures (see Kiyashchenko and Troyan, 2001) showed the
S can be treated as the measure of inhomogeneity of districertain dynamics of scaling characteristics and the level of
bution of the seismicity: the lower (higher) values$Stor- spatio-temporal correlations in the synthetic seismicity prior
respond to more (less) inhomogeneous distributions (see Apt0 Main rupture (see Sect. 1). We can expect the similar be-
pendix A). The value ofimin characterizes the degree of seis- havior in the real seismicity, if it is produced by elastic phe-
micity clustering in the most seismically active parts of the homena. That is why we do not consider the deep events
considered region in some range of scales. The smaller vapccurred due to non-elastic phenomena.
ues ofamin can be interpreted as a manifestation of stronger We have selected the strong earthquakes with magnitude
clustering. M > 6.5 from both catalogs to study the dynamics of re-

Besides multifractal characteristics, the dynamics of thegional seismicity distribution prior to those strong events.
degree of spatio-temporal correlations in the seismicity dis-For each of the strong earthquakes considered the subcatalog

tribution has been studied as well. The measure of the levePf the seismicity registered in its surrounding area, is selected

of spatio-temporal correlations can be defined as: for analysis. The surrounding area is taken in the form of a
box with the sideA (Fig. 3) centered at the earthquake epi-
b7y — 2 N R<b): 7= To center. The sizel of the area have to be selected according
gla, b, 7) = N(N = 1) pma<R<b)t= WN' to the size of the rupture area of the strong earthquake. Also

this area should contain sufficient amount of data for multi-

Here N is the number of events, occurred in some areafractal analysis of the seismicity in sliding temporal window.

during the temporal periodo; N), is the number of events, | et us estimate roughly the available size A of the sur-
occurred within the temporal interval and the spatial dis-  rounding area. The size of the rupture area of the earth-

tancer between which is ranged fromto b. The temporal  guake can be estimated using the empirical relation (Sobolev
interval 7 is takenW (in our caseW = 50) times less than  and Ponomarev, 1999; Sobolev, 1990):

interval Tp/N. In this case the functiog(a, b) depends only
on the temporal distribution of earthquakes, but it does notg L = 0.6M — 2.5, Q)
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earthquakes, and the size 2000 kn? is suitable for the
earthquakes of Southern California. We can take the smaller
size of surrounding area for the earthquakes of Southern Cal-
ifornia since the Californian catalogs contain larger amount

earthquake of data.
epicenter Below we present the results of application of our method-
: ology.

Fig. 3. Box — like area near earthquake epicenter.
3 The results of study of the dynamics of seismicity dis-

_ _ ) tribution prior to strong earthquakes
Table 1. The rupture sizd. of the earthquake with magnitudé

Overall, 12 strong earthquakes wiMi > 6.5 has been se-
M 40 45 50 55 60 65 70 75 80 lected, which satisfy the conditions discussed in the previ-
L,km 08 16 316 63 123 251 501 100 200 ous section. The corresponding sub-catalogs of seismicity in
their surrounding areas has been analyzed. The information
concerning these earthquakes is summarized in Table 2.

For every of the sub-catalogs the multifractal character-

whereM is the earthquake magnitude. istics (S and amin) and the level of spatio-temporal corre-
The values of the rupture siZecalculated using Eq. (1), lationsC are calculated in sliding temporal window. The
are shown in Table 1. length of the temporal window.8 x 10° s (approximately

The effective radius of the surrounding area (equal tol year) is chosen for study of the dynamics of the level of
A/2), which has to be selected for analysis, must not excee@patio-temporal correlatior. For calculation of the multi-
several lengths of the rupture of the expected strong earthfractal characteristics, the length of the temporal window is
guake. That is an important condition for searching of theselected individually for each case to contain an adequate set
precursory phenomena using the methods suggested in thif statistics (about 1000 events).
paper. In fact, the results of simulation of the destruction The results of calculations of the paramet€rsxmin and
of elastic body with a number of cracks (Kiyashchenko andsS for each case presented in Table 1 are shown in Appendix
Troyan, 2001) indicate that such precursory tendencies aB, (see Figs. B1-B12: b, c, d). The vertical line in each
the decrease of correlation dimension or increase of the leveigure marks the corresponding strong earthquake, which is
of spatio-temporal correlation in the synthetic seismicity ap-selected for analysis. It is necessary to emphasize, that the
peared due to interaction of growing cracks in wide range ofpresented dynamics corresponds namely to that strong earth-
scales. guake, which is shown by the vertical line and it does not

In the case of elastic body with two cracks, the interac-relate to any other strong earthquake, which one can see in
tion between cracks is significant, if the distance betweenFigs. Bla—B12a. For those earthquakes, another set of statis-
the cracks is comparable with their lengths, and it is negli-tics have to be selected, and thus the other array of the pa-
gible, if that distance exceeds several lengths of the largerametersC, amin and S have to be obtained. In many cases
crack (see Kiyaschchenko and Troyan, 2001). Therefore, itheir statistics are not enough for multifractal analysis, and
the size of the rupture area of the selected strong earthquak& we did not consider those earthquakes.
is much smaller than the size of surrounding area (for exam- It should be mentioned also, that the variations of multi-
ple if the size of surrounding area is = 400km and the fractal characteristics presented in Figs. B1-B12 appear re-
size of rupture area i = 6.3km for the earthquake with ally due to the processes of the reorganization of the seismic-
M = 5.5), the main part of the seismicity located in this area ity but not due to numerical errors or instability of the pro-
has no influence on the process of preparation of that strongedure of calculation of generalized fractal dimensions. The
earthquake. example considered in the Appendix C confirms this state-

Since we select the earthquakes with> 6.5, the corre-  ment.
sponding rupture areA > 25km (see Table 1). Insucha  Generally, itis seen from Figs. B1-B12 (b, c¢), that there is
case the size of the surrounding area A= 200-400 km seenma tendency of decreasing of both multifractal characteristics:
to be suitable for multifractal analysis: on the one hand, itamin and entropyS before the mainshocks. It means the in-
is in appropriate relation with the rupture size, on the othercrease of spatial inhomogeneity of the seismicity distribution
hand, such area contains sufficient amount of data for analyin a wide range of scale levels, preceding strong earthquakes.
sis of multifractal characteristics of seismicity distribution in The seismicity distribution evolves from the more homoge-
sliding temporal windows of reasonable lengths. neous (disordered) state towards the more clustered (ordered)

Taking into account the amount of data in the sub-catalogsstate.
used for analysis, and the chosen temporal window (less than The other peculiarity revealed is the enhancement of the
approximately 3 years in our case), the size of surround{evel of spatio-temporal correlations in the seismicity before
ing area 400« 400 kn? seems to be acceptable for Japanesemainshocks (see Figs. B1-B12, d). That indicates the in-
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Table 2. The parameters of the strong earthquakes selected for analysisthe number of earthquake,— latitude of epicenter). —
longitude of epicenter; — the depth of hypocentel — magnitude,S — the square of surrounding area centred on the epicenter of the
earthquake

data @ A km M S km?

27/10/88  3&°N 141749 E 40 77 400x 400
02/11/89 39%36°N 1433 E 0 66 400x 400
07/02/93 358N 13730 E 265 66 400x 400
04/10/94 4B8FN 147928 E 462 81 400x 400
28/12/94 434N 143867 E 141 75 400x 400
07/01/95 4®32N 142425 E 559 7.2 400x 400
17/01/95 3468F N 135027 E 334 72 400x 400
17/02/96 37B06°N 142643 E 591 6.7 400x 400
19/10/96 3798 N 131972E 446 66 400x 400
24/11/87 3DI°N 11585°W 112 66 200x 200
28/06/92 32°N 11644 W 1 7.3 200x 200
16/10/99 3&94 N 116271°W 0 7.1 200x 200

[ =
NEhEpOO~NO A WN R =

tensification of formation of spatio-temporal clusters of the Also there is no definite scenario of changes of the Iével
seismicity prior to strong earthquake. of spatio-temporal correlations prior to all strong earthquakes
The aforementioned tendencies (decrease of the higheonsidered. So in the cases shown at Figs. B7, B10, B11,
order fractal dimension and entropy, and increase of theand B12 the valu€ gradually increase before earthquakes.
spatio-temporal correlation) can be clearly seen from Fig. 11In the case shown on Fig. B1 the valGeincrease rapidly
on the example of the well-known Hyogo-ken Nanbu (Kobe) before the earthquake moment. In many cases (Figs. B3, B4,
earthquake of 17 January 1995 in Japan=£ 34.583 N, B5 and B6) the increase of the level of spatio-temporal corre-
L = 13502 E, M = 7.2, depth = 33km). The decrease lationsC prior to earthquake is not significant in comparison
of the multifractal characteristiegnin andS started approx-  with previous variations of its value. These variations are
imately two years before the earthquake. After the earth{ossibly linked to aftershocks of previous events or earth-
quake, both multifractal characteristics tend to reach theirquake swarms, which are strongly clustered in time.
initial level. Such post-earthquake behavior can be consid- In the cases shown on Figs. B2, B8 and B9, the level of
ered as a recovery process, when the earthquake focal syspatio-temporal correlations does not increase before the
tem breaks down to the more disordered (chaotic) state aftemainshock.
release of main portion of seismic energy. As for the level In some cases the decrease of multifractal characteristics
of spatio-temporal correlatiors, its increase starts approx- or the increase of the valu@ are not followed by the strong
imately three years before the Kobe earthquake. After theearthquakes. That means that the earthquake clustering oc-
earthquake the presence of aftershock sequence cause signiirs not due to crack network development and stress ac-
icant increase of valu€ due to strong temporal clustering. cumulation. The other possible explanation of such a fact
In the case of the other earthquakes the seismicity districould be that the accumulated stress is released by a swarm
bution behavior have similar features. of earthquakes rather than by one strong earthquake. Any-
It is necessary to mention that there is no definite sce-way, the aforementioned facts reflect the complex nature of
nario of variations of multifractal characteristics of the seis- Seismic process.
micity spatial distribution prior to the all strong earthquakes. In order to reveal the general tendency of variations of
In some cases (see Figs. B1 and B11) the multifractal chareharacteristicemin, S andC prior to strong earthquakes, the
acteristics decrease rapidly before the earthquake momensuperposed epoch method is applied to all the earthquakes
Sometimes the slow trend of decreasing of multifractal char-considered. The dynamics of the valugsn, S andC ob-
acteristics can be seen for periods before the earthquakes (st&ned by this method is shown in Fig. 4. The momest 0
Figs. B2, B4, B5, and B12). In the case shown on Fig. B8in Fig. 4 corresponds to the considered earthquake moments
the multifractal characteristic$ andamin decrease abruptly in Figs. B1-B12.
approximately 2 years before the earthquake. After that the In this case the length of sliding temporal window for
value of§ slowly decrease and the valuegfin keeps almost  calculation of multifractal characteristics is taken equal to
constant value. 0.5x 10° s for Japaneese earthquakes and equall&010°
In the case of two Japanese earthquakes of 7 January 1936for Californian earthquakes. The length of the temporal
(Fig. B6) and of 19 October 1996 (Fig. B9), the multifractal window for calculation of valu€ is taken equal to.@ x 108
characteristics have not any tendency of decreasing before for all earthquakes, as previously.
considered strong earthquakes. The individual patterns of some earthquakes are neglected
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big amount of seismicity registered in this area is not related
C to the preparation process of that earthquake. This feature
i can be illustrated by the events N 1 and N 8 (see Table 2 and
Figs. B1 and B8) . There are two earthquakes with magni-
-9.5 tudeM > 6.5 on the Figs. B1 and B8, corresponding to these
cases. There is no clear tendency of decrease of multifractal
characteristics and the increase of the valumefore the first

-9.0

-10.0 — earthquake (N 1 in Table 2) with/ > 6.5 on Fig. B8. The
q area, selected for analysis in this case, is centered in the epi-
S center of the second strong earthquake (N 8 in Table 2) on
1.6 this figure. The decrease of multifractal characteristics is ob-
w\/\ served before this second earthquake. If the center of the area

. is placed in the epicenter of the first strong earthquake (N 1
in Table 2, Fig. B1), one can see the decrease of multifrac-
1.2 tal characteristics and increase of the vadyavhich haven't
Qi been observed before this earthquake on Fig. B8.

0.8 —W\[M\_\\’\ 4 Discussion and conclusions

The results presented in this paper allow us to conclude that
time, s the multifractal characteristiasmin, and S tend to decrease
0.4 : | . : | : | and the Igvel of s_pa_tio-temporal gorrelatioﬁstend to in-
2 00E+8 -1.00E+8 O0.00E+0 1.00E48 2.00E+8 crease prior to_majorlt)_/ of the considered strqng earthquakes.
Such tendencies are in good agreement with the results of
Fig. 4. The superposed epoch analysis results. The curves from toﬁ'mUIatlon of the qutI’UCtIOI‘\ of elastic body with a number
to bottom correspond to variations of the vatligthe entropys and ~ ©f Shear cracks (Kiyashchenko and Troyan, 2001).
the valuexmin. However, it is difficult to reveal any definite scenario in the
behavior of the aforementioned characteristics prior to strong
earthquakes. This scenario is individual for each particular
in this case, since the length of the temporal windows is notcase. In some cases the decrease of multifractal characteris-
selected individually for each earthquake. But even undettics and the increase of the level of spatio-temporal correla-
such condition the general tendencies can be clearly seen itions is not followed by the strong earthquake. These facts
Fig. 4. reflect the complex nature of seismic process.

So the multifractal characteristiegni, and S tend to de- In few cases the expected behavior of the characteristics
crease before the strong earthquakes. The \@lnave aten-  of spatio-temporal distribution of the seismicity are not ob-
dency of increase before the strong earthquakes. But in thiserved prior the earthquake. It is interesting to note that the
case some additional peak of average vélsppears before depth of hypocenters of the earthquakes, for which the de-
the moment when the increase ®@fis starting. That can be crease of multifractal characteristics (Figs. B6 and B9) or the
explained by the presence of earthquake swarms, which arimcrease of the level of spatio-temporal correlation are not
strongly clustered in time, for the temporal periods before therevealed (Figs. B8 and B9), exceeds 40km. That allow us
strong earthquakes. to suppose that the absence of the expected behavior of the

Once more we would like to pay attention to the earth- seismicity (which is well explained in the frame of elastic
guakes with magnitud®/ < 6.5 (ex. Fig. B1), which are model) before mainshocks can be related to manifestation of
not preceded by the decrease of multifractal characteristicyiscous properties of the litosphere material at these depths.
or increase of the level of spatio-temporal correlatiGhis However, in spite of the aforementioned facts, the moni-
the seismicity. The rupture area of these earthquakes is muctoring of variations of these characteristics is potentially in-
smaller than the surrounding area selected for analysis. Theeresting and can be used for seismic hazard risk evaluation
absence of expected behavior in this case confirms the necesgether with other precursory signatures.
sity of taking the size of surrounding area consistent with the The effectiveness of methods suggested in this paper will
size of the rupture area of expected earthquakes in order the improved if more complete catalogs with lower magni-
reveal precursory signatures. tude threshold will be available for analysis. The increase of

It should be mentioned also that the methods suggested ithe amount of data will allow to analyze the distribution of
this paper may be not suitable for revealing precursory signahypocenters instead of distribution of epicenters of the seis-
tures for those strong earthquakes, which are not situated imicity. Moreover, it would allow us to select the surround-
the central part of the analyzed area. The matter is that if theng area of the earthquake for analysis as small as necessary,
strong earthquake is occurred at the edge of some area, thend, therefore, to forecast the earthquakes with lower magni-
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Fig. Al. Multifractal structure generation process. O% b gl UR pE T 6 SR M CE O A®

X X

. S .. Fig. A2. Multifractal function, generated by binomial multiplicative
tude. The elaboration of procedure of filtering of the selsm|cprocess with parameterd; — 0.6, My — 0.4: (a) non-mixed

events, which do not occur due.to formation of new rupturemumplicaﬁve process(b) mixed multiplicative process.
area (for example, the dislocation of the rupture sides due
to overcoming of friction forces threshold without rupture

growth), would make an important contribution to further a e b
development of the suggested methods of seismicity distri- "] z(x) ] u(x)
bution analySiS. 5.00E-2 8.00E-2
6.00E-2 6.00E-2 7-
Appendix A 4.008:2 4.00E-2
Here we give a brief description of main points of multifrac- 22 2oz
tal analysis, which helps to understand better the contents of M ]
).00E+0 0.00E+0
Sect. 2. 000 020 040 060 080 100 000 020 o.4oxo.eo 080 100
X

Multifractal structure appears as a result of some kind of

self-similar multiplicative process. Let us imagine a liné riy a3 mulifractal function, generated by binomial multiplicative
(Fig. A1) with normalized mass and length, both equal t0 yocess with parameterd; = 0.8, My — 0.2: (a) non-mixed

unity. Then, at the first step, the line is divided irkoequal  myltiplicative process(b) mixed multiplicative process.
partsS; (i = 1,..., K). In our example (Fig. AlX = 2.
Then, the mass is distributed along the line in such a way,
that the mass of the part with numheis M;. The mass of consist of the numbers “1” and “2”. H: is the number of the
the line is equal to unity, thereforE ~ , M; = 1. Atthe values “1” in the code of the past;, then the mass of this
next step each paf; is also divided intokK equal partsS;; part (the value of multifractal measure function for this part)
(I =1, ..., K) and the mass is redistributed along these partscan be written as follows:
S; in the same proportion as at the first step. Thus the mass M M — g1 g2,
of partS; is M; M; (I = 1,...K). Aftern steps the line willbe ~ 7 = ¥ M2 = =My Ma
divided into K" partsSi;, i, With massM;, M;,...M;, (the 4 — =, 02 = n—m
indexes, i, ..., i are varying from 1 tX). n n
Such multiplicative process with the parameters The number of parts of the line with mags= p;(¢1) can
M1, My, ..., Mg generates multifractal distribution of be calculated as:
mass along the line. Multifractal functions, generated by !
binomial (K = 2) multiplicative process with the parameters Nn(91) = (o) (o)’
M = 0.6 andM> = 0.4 after 10 steps are shown on Fig. A2. (pam)(p2n)!
The left plot on Fig. A2 corresponds to the case when atusing the well-known formula from combinatorics. Ac-
each step of multiplicative process, the smaller part of mas§ording to Stirling formulay! — +/2rn"+1/2¢7", when
goes to the right side of each considered segment of ling — oc. Therefore,

=1-¢1.

(non-mixed multiplicative process). In the case, which is exp(—n(p1In @1 + @2 In o))
shown on the right side of Fig. A2, in half of cases the smallerVn (¢1) = N :

part of mass goes to the left side of the line segment (mixed

multiplicative process). Figure A3 demonstrate more inho-The sizeA of the partS; is equal to 2". Then, ifn — oo,
mogeneous multifractal structures, which have been generNa(¢1) ~ g(p1) A~/ WD,

ated by binomial K = 2) multiplicative process (non-mixed ~ The Holder exponents; for each partS; of the line are

and mixed) with parameterdg; = 0.8, M, = 0.2. defined as follows:

In the case of binomial multiplicative process the code . In(p) ,
i1ip...in) Of th = f th idered line @ = lim =250 pj = A%, (A1)
(i1i2...in) of the partS; = Sij;,.i, Of the considered line  ®/ = T, |na)" 7/
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2.50 — is based on calculation of generalized fractal dimensions.
d(g) Let us introduce the Renyi entropy of ordgr
1 2
In (3=, pi(a)
2.00- In (1,(0)) = w ifg£1
—q
I (I,(A) == pi(A)In(pi(A), if g =1. (A3)
1.50 — 1 i
i Then, the generalized fractal dimension of the odées de-
fined as:
1.00 —
. In(1, (A))
d(g) = lim —2-—" A4
- @ = A A%
0.50 - The valued(0) is fractal dimension, and(2) — correlation
dimension of the considered mass distribution.
1 The spectrums of generalized fractal dimensiat(g)
0.00 ; ! : ! ; ! ; i | for multifractal structures presented on the right sides of
80,00 40,00 0.00 40.00 50,00 Figs. A2 and A3, are shown on Fig. A4 by the curves 1 and

Fig. A4. The spectrums of generalized fractal dimensi@@g) for

multifractal functions which are shown on Figs. 7 (curve 1) and 8

(curve 2).

1.00 —

S

0.80 —

0.60 —

0.40 — 1 2

0.20 —

o
[ ! I y | ’ | d I ! I
0.00 0.50 1.00 1.50 2.00 2.50

0.00 —

Fig. A5. Multifractal spectrumsf(«) for functions which are
shown on Figs. 7 (curve 1) and 8 (curve 2).

Then, asy = a(¢1), Ny (p1(a)) ~ g(pi(a)) A~/ @1@),
Multifractal spectrum f (@) curve) is defined as:

e N (p1@)
f(Ol) = lim W

A—0 (AZ)

It can be seen that(w) is the fractal dimension of the subset

of segments of line with Holder exponent equaito
The definition of multifractal spectrurfi(«) is one of the

2, respectively. The differenae = d(oco) —d(—o0) is larger
for the more inhomogeneous case (Fig. A3).

It is possible to show that the Holder exponerand f («)
curve can be retrieved from the spectrum of generalized frac-
tal dimensionsi(g) using the transforms;

d
a(q) = d—((q —Dd(q));
q
fla(@) =q —d(g)g —1).

The multifractal spectrunf («) contains important informa-
tion about the parameters of multiplicative process under-
lying generation of the considered multifractal distribution
function generation. The multifactal spectrums calculated
for multifractal distributions, which are shown on the right
side of Figs. A2 and A3, are demonstrated on Fig. A5 by the
curves 1 and 2, respectively.

The maximal value off («) is equal to fractal dimension
d(0). The valuesymin andamax are linked correspondingly
to maximal (Mmax) and minimal Mmin) parameters of multi-
plicative process and to extremal values of spectrum of gen-
eralized fractal dimensions:

d(00) Lot

Umin = d(00) = ;

min INK  \ Mmax
iy

d(—00) ! n !
= —X) = .
¢max |n K Mmm

The value amin (emax) describes the scaling in more
densely (sparsely) populated domains of the considered re-
gion. It can be seen (Fig. A5) that in the case of distribution
with more high contrasts (Fig. A3) the width of multifractal
spectrum is larger.

The Holder exponenf = «3, satisfying the equation

dftey) _ 4
doy 7

(A5)

(A6)

equal to the generalized fractal dimensidfl) and can be

ways of description of multifractal structures. Another way expressed as a function of the parameters of multiplicative
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Fig. B1. The results for the earthquake (27 October 1988; Japanfig. B2. The results for the earthquake (2 November 1989; Japan;
latitude — 363° N; longitude — 141749 E; depth — 40km; Mag- latitude — 39736° N; longitude — 1439 E; depth — 0km; Mag-
nitude — 7.7). (a) the magnitudes of the seismic events in the nitude — 6.6). (a) the magnitudes of the seismic events in the
earthquake regior(p), (c), (d) the results of calculation of higher- earthquake regior(p), (c), (d) the results of calculation of higher-
order generalized fractal dimensiam.{i,), entropy §), and value  order generalized fractal dimensiam{,), entropy ), and value

C =In(g(0, 20km)) correspondingly in the sliding temporal win- C = In(g(0, 20km)) correspondingly in the sliding temporal win-
dow. The length of temporal window is3 + 08 s for multifractal ~ dow. The length of temporal window is@ + 08 s for multifractal
characteristics. The square of selected area is«4D kn?. characteristics. The square of the selected area is 400 kn?.

process:

K
S=-Y M;logg M;. (A7)
i=1

ing temporal window for all considered earthquakes. The

We call .It thg entropy of multlfractal measure generation length of temporal window was taken equal t@ & 10° s
process since it has a form of informational entropy. The.

) . in the case of calculation of the valge and was selected
values of entropy for the multifractal spectrums, which are . . : .
P : . individually for each earthquake in the case of calculation of
calculated for distribution functions shown on Figs. A2 and

A3, are correspondingl§ = 0.98 andS = 0.73. It is seen Imgltn‘ractal crt:aracterlst}cs (see Sect. 3). The regglts of calcrl:-
that the entropys is smaller for more inhomogeneous distri- ations are s own on Figs. B1-B12 (c-orrespon Ing to earth-
. quakesN 1-12 in Table 1). On each figure (B1 to B12) the
bution case. . K SN
main earthquake, for which the seismicity in the surround-
ing area has been studied, is indicated by the vertical line.
Appendix B The subplot (a) show the magnitudes of seismic events oc-
curred in the earthquake region. The subplots (b), (c), (d)
Here we present the results of calculations of the values oshow the results of calculations of higher order fractal dimen-
multifractal characteristicemin, S and the level of spatio- sion (min), entropy §) and the valueC = In(g(0, 20km))
temporal correlation§’. Calculations are performed in slid- correspondingly in sliding temporal window.
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Fig. B3. The results for the earthquake (7 February 1993; Japan: latF19- B4. The results for the earthquake (4 October 1994; Japan; lat-
itude — 37658 N; longitude — 13309 E; depth — 26.5km; Mag-  itude — 43383 N; longitude — 14028" E; depth — 4& km; Mag-

nitude — 6.6) (a) the magnitudes of the seismic events in the earth- Nitude — 8.1)(a) the magnitudes of the seismic events in the earth-
quake region(b), (c), (d) the results of calculation of higher-order duake region(b), (), (d) the results of calculation of higher-order
generalized fractal dimensiongin), information entropy §), and ~ 9eneralized fractal dimensionyin), information entropy §), and
valueC = In(g(0, 20kmy) correspondingly in the sliding temporal ValueC = In(g(0, 20km)) correspondingly in the sliding temporal
window. The length of temporal window is@ + 08 s for multi- window. The.le.ngth of temporal window is@+08 s fqr multifrac-
fractal characteristics. The square of selected area is400kn?. (@l characteristics. The square of the selected area is 400knT?.

seismicity catalog (related to the earthquake N 1).
One can see that the lower values of multifractal character-

In this part an example of calculation of the multifractal char- !StICS of the real seismicity indicate stronger spatial clustering

o S . in comparison with those obtained for artificial (randomized)
acteristicsS and amin in sliding temporal window for the o
. S . o . selsmicity.
synthetic seismicity catalog with randomly distributed epi- L .
: . . L The variations of the values ¢ and omin, are consider-
centers is presented in order to verify the significance of the

o . 2 ably larger for the case of real seismicity. Moreover, the
variations of multifractal characteristics for the case of real "~ 7 . T :
seismicity. variations obtained for real seismicity are not correlated with

o . . variations obtained for artificial seismicity, which are mainl
The subcatalog of seismicity registered in the surround- Y y

ing area of the earthquake N 1 (see Table 2) is taken for tesgvtie:]zrorwned by the number of earthquakes in the temporal

calculatl_on. .The coordinates of the epicenters of the earth- Therefore, the variations of multifractal characteristics of
quakes in this subcatalog were randomly changed. As the re-

It of h d th theti smicity catal .threal seismicity are significant and not related to instability of
suTt of such procedure, the synthetic Seismicily catalog withy, procedure of their estimation or dependence of their es-
randomly distributed epicenters is obtained.

. - . timation on the number of earthquakes in the temporal win-
The dynamics of characteristiSsaandomin, which are cal-

o ; . dow. These variations reflect the real processes of seismicity
culated by sliding temporal window of®x 10° for synthetic

. ) reorganization in wide range of scales.
catalog, is shown on Fig. C1 by upper curves. Lower curves

on this figure represent the results of calculation of the samecknowledgementThis work has been supported by the grant
characteristics (in the same temporal window) for the realRFBR 02-05-65081 of Russian Foundation for Basic Research, Pro-

Appendix C
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Fig. B5. The results for the earthquake (28 December 1994; Japangig. B6. The results for the earthquake (7 January 1995; Japan;
latitude — 40434 N; longitude — 14367 E; depth — 141 km; latitude — 40232 N; longitude — 142425 E; depth — 59 km;
Magnitude — 7.5).(a) the magnitudes of the seismic events in the Magnitude — 7.2).(a) the magnitudes of the seismic events in the
earthquake regior(p), (c), (d)the results of calculation of higher-  earthquake regior(p), (c), (d) the results of calculation of higher-
order generalized fractal dimensiafyn), entropy §), and value  order generalized fractal dimensiam{i,), entropy ), and value

C = In(g(0, 20km)) correspondingly in the sliding temporal win- ¢ = In(g(0, 20 km)) correspondingly in the sliding temporal win-
dow. The length of temporal window is@ + 08's for multifractal  dow. The length of temporal window is@ + 08 s for multifractal
characteristics. The square of the selected area is- 400 kn?. characteristics. The square of the selected area is 400 kn¥.

gramme “Intergeophysica” of Russian Ministry of Higher Educa-

tion, and grant INTAS 99-1102. Lapenna, V., Macchiato, M., Piscitelli, S., and Telesca, L.: Scale-
invariance Properties in Seismicity of Southern Apennine Chain
(italy), Pure Appl. Geophys., 157, 589—-601, 2000.
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Fig. B7. Results for the earthquaké 7 (Kobe earthquake) (Japan; Fig. B8. Results for the earthquake (17 Feb. 1996; Japan; lat.—
17 Jan. 1995; lat.—3883 N; long.—135027 E; depth—-334 km; 37.306° N; long.—142643 E; depth—59 km; Mag.—6.7). (a) the
Mag.—7.2). (a) the magnitudes of the seismic events in Kobe re- magnitudes of the seismic events in the earthquake re¢pn(c),
gion; (b), (c), (d) the results of calculation of higher-order gen- (d) the results of calculation of higher-order generalized fractal di-
eralized fractal dimensionxfyin), entropy §), and valueC = mension gmin), entropy ), and valueC = In(g(0, 20 km)) corre-
In(g(0, 20 km)) correspondingly in the sliding temporal window. spondingly in the sliding temporal window. The length of temporal
The length of temporal window isB + 08 s for multifractal char-  window is Q2e + 08 s for multifractal characteristics.

acteristics.
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Fig. B9. Results for the earthquake (19 Oct. 1996; Japan; lat.—Fig. B10. Results for the earthquake (24 Nov. 1987; Southern
31798 N; long.—131972° E; depth—446 km; Mag.—6.6). (a) the California; lat.—3301° N; long.—11585° W, depth—112 km; Mag.—
magnitudes of the seismic events in the earthquake refhpn(c), 6.6). (a) the magnitudes of the seismic events in the earthquake
(d) the results of calculation of higher-order generalized fractal di- region; (b), (c), (d) the results of calculation of higher-order gen-
mension é¢min), entropy §), and valueC = In(g(0, 20km)) corre- eralized fractal dimensionaf,n), entropy ), and valueC =
spondingly in the sliding temporal window. The length of temporal In(g(0, 20km)) correspondingly in the sliding temporal window.
window is Q9 + 08 s for multifractal characteristics. The length of temporal window is D5¢ + 08 s for multifractal char-
acteristics.
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Fig. B11. The results for the earthquake (28 June 1992; SoutherrFig. B12. The results for the earthquake (16 October 1999; South-
California,; latitude — 32° N; longitude — 11644° W; depth — 1 km; ern California; latitude — 3594° N; longitude — 116271° W; depth
Magnitude — 7.3).(a) the magnitudes of the seismic events in the — 0 km; Magnitude — 7.1)(@) the magnitudes of the seismic events
earthquake regior(p), (c), (d) the results of calculation of higher- in the earthquake regiorfb), (c), (d) the results of calculation of
order generalized fractal dimensiam.{jn), entropy §), and value  higher-order generalized fractal dimensiof(,), entropy §), and

C = In(g(0, 20km)) correspondingly in the sliding temporal win- value C = In(g(0, 20km)) correspondingly in the sliding tem-
dow. The length of temporal window isIbe + 08 s for multifractal poral window. The length of temporal window is1@e + 08s

characteristics. The square of the selected area is: 200 kn?. for multifractal characteristics. The square of the selected area is
2005 200 knr?.

2.00 S1
- amw
1.60 —

| S
1.40
1.20 — r\\I'L

am/’m

1.00 — <
0.80 —
0.60 —

1 time, s
0.40 T I T T T T T 1

0.00E+0 1.00E+8 2.00E+8 3.00E+8 4.00E+8

Fig. C1. The results of calculation of multifractal characteristics
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for the synthetic (upper curves) and real (lower curves) seismicity
catalogs.
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