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V.I1.Kkellis-Borok, .M. Rotwain,

Diagnosis of Time of Increased FProbabllity of strong

earthquakes in different regions of the world; ailgoerithm CH.

Introduction.

This paper summarises the studies, directed at diagnosis of
the Time of Increased Probability of a atrong earthquake (TIP).
Strong earthquake 1s defined by condition M ! My, M belng the
magnitude, M, a numerical thresheold. Diagnosis 15 based on the traits
of earthquakes flow 1n wider magnitude range

‘General packground of the diagnosis 1s described 1n the first
paper of this volume (V. I.Keilis-Borok). Let us remind, that the
followlng tralts are consldered: the intensity of earthguakes flow
{level of sei1smic activiiy); its temporgl varliation; clustering
of earthquakes in space and time; their concentration in space;
their long-range interaction.

These traits are represented by some functions of time defi-
ned on the sequence ¢f earthquakes in a territory within a sliding
time window.

w

The aftershocKs are eliminated, so that the traits would’'t be
dominated by relatively strong earthquakes. The number of after-
shocks 15 i1ncluded as one of the parameters of a maln shock.

Different functions may correspond to different traits or to
the same tralt but with different values of numerical parameters

(range of maghlitudes, length of time window, etc.). At each moment

of time the earthquakes’ flow withipn the considered territory is
represented by the vector of values of functions

Tne problem of earthquakes predlctxon can be formulated now
as follows: the values of functfbns at a given moment of time t
are Known; to find out whether the time interval (t,t+r) belongs
to a Time of Increased Probability of a main shock or a foreshock
with H : Mo, here T 1s a numerical parameter.

The functions are normalized so that their definition can be
applied uniformly to the territories of different size and seismi-
clty. The possibility of such normalization i1s of obvious theoretl-
¢al interest 1n connection with the problem of selfsimilarity of
earthquakes’ flow. On more practical side such normalization, 1if
successful, will allow the uniform analysis of different territo-
ries. This is of crucial importance, as the only possibility to
accumulate a necessary aata base, since Just a few strong earthqua-
Kes occurred 1n each single territory during the last decades, when
garthquake catalogs became sufficlently compleie for our analysis.

Normalization is achieved by the choice of the magnitude range,
M ¢ H t M, for the earthquakes considered.

In definltion of some functions earthquakes are counted with
equal weight, independently on thelr magnitude. To normalize these
functions, we define M by the following conditlon: the average annual
number of earthquakes with M ! M on the territory c@nsxdered is

equal to a constant n(M), common for all territories. In this way

the i1ntensities of earthquakes flows are equalized. This normaliza-
tion 18 Lllustrated on f1g. L.

In determination of other functions the earthquakes are counted
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with the weight, depending on their magnitude. To normallze these
functions, we define magnitude thresholds as ( Mg - €)) ¢ helng yet

another numerical parameter.

Integral tratts of the earthquakes flow ("functions®).
We consider a sequence of main shocks and foreshocks on a
certain territory. Let t;, M; - be the time and magnitude
of the main shock with the sequence number 1, tp.1 > ty3.
Integral traits of earthquakes' flow are defined on a sliding time-
window t-s ¢ t; ! t. The following functions, representing
thede traits, are considered.

Level of seismic activity

H(tIE:S)........................ ........ e 1)

- the number of main shockKs with magnitude M 1 :&
S (LM s, o B)=F 10 BIML =@ (@)
- [

- the number of main shocks weighted according to M;. Summation is
made on main shocks with M 1 Hf ¢ H

The value of B 1s determined by one of the two conditions:
that the welght of an earthquake 18 roughly propertional to the area
of the rupture in the source or to 1its linear dimension. If the ener-
gy of earthgquake depends on magnitude as 1gE = A+BM, these condition
imply B = 2B/3 or 8 = B/3 respectively.

For large magnitudes, close to Mg the energy 1ncrease 13 due

mainly to the increase of the length of the the source (M.Caputo et
al, 19T4), so that B = B/3 could be more adequate in both cases
This consideration is ignored hepre, &ince the whole analysis is

intentionally robust,
G(tIMg,Hp) = 1 - H{tIMp, 8)/R{tIHy,8)} Hy<Mp.. (3)

- the ratio of the number of main shocks in two magnitude ranges
(Mj, Mp) and M ! Hy.

Quliescence.
qitid, s, u) = J‘POS[n(_lz)-s - N(tIM, s)lat ..., (#)

- wdeficlency" of activity. Here POS 1indicates that the integral
is taken only over positive values of the integrand. Among dliffe-
rent Kinds of quliescence this function may identify some selsmic
gaps.

A second measure of qulescence 1s also considered. Roughly
speaking, it is the depth of tne last minima of N(t):
G(tlﬁ.s) z {N(t;lﬂ, 5) - N(tziM, )] +« [H(tIH, s5) - H(ta[!. $})... (B)
In definition of function Q@ only last 15 years are conslidered,
{.e. the time interval from (t-i1% years to t). Here ty 1is the time
of most recent maximum of the function N(t} and tp is the time of a
minimum of H(t) between t; and t. If there is no intervening minimun
in N{t) between t; and t, we set tp = t. If there is no maximum
in N{t} within the interval considered, we set i3 = tp.

Temporal variation of selsmicity.




LitIH, 8) = N(tiM, t-tg) - H{t-s|H t-s-tg5) (t-t5)/(t-8-tg)... (6)
- deviatlion from long-term trend. In this case t; 1s the begin-
ning of the catalog. The second term 1s linear extrapolation of N

from (t - 8) to t.
K(tiH, s) = H(tlﬁ. 8) - H(t-s14, 8)..........\. (8]

- difference between the number of main shocks at two succesasive
time-Intervals (t-s, t) and (t-2s, t-3).

Spatial concentration
Smax (LM, H, 5,0, 0, 8): max(E(tIK K, 5,0,8)/(N(LIH s)-N{tIN S)].. (8)

We take B = 2B/3, so that the expression in brackKets 1s roughly pro-
pertional to the average area of rupture in the source. Maxima of

thls area within last 3 years is considered.
Zmax (¢ 1M, H, 5,0, 0, f): mak(S(CIMH 5,0, 8)/ (N(LIM, 8)-H(LIH, $)2/3)(9)

We take § = B/3, so that the expression in brackeis 1s roughly
proportional to the average linear dimension of the rupture in the
sources. This measure 1s introduced, because in many laboratory
experiments on the rocks fracturing the macrofailure occurrs, when
such ratio exceeds a rather universal threshold (S. N. Zhurkov et

“al, 1978). HMaxima of this area within last 3 years 1s considered.

Clustering of earthguakes:

Bmax (tlﬂ. 8, Mz, e) = max by(Ma,e)...... veearnaasanas (10)

Here Db (M;, e} 1s the number of aftershocks with magnitude M ) M,
within the period e after the main shock; tihe maximum value of
b; is taken for the main shocks with M ! M from the time inter-
val (t-s, t).

Many other measures of premonitory clustering are described in
the literature; we choose the number of aftersnocks b;, because
to our Knowledge it 1s 50 far the only earthquake‘s precursor, for
which statistical significance 18 established (G.M, Holchan et al,
1988).

Spatial coatrast of activity.

It 18 represented by simultaneous qulescence and activation in
the adjacent territories. Qujiescence is diagnosed i1f N(tIM, 8) ¢ Hq
and activation - if N(t|H, 3) 1 Na.

The thresholds Hg and Na are defined by condition that pZ of
time N(t[ﬂ. 8) ¢ Nq and p% of time N(tl!, 3) ! Ha. In other words,
these are the pZ and (100-p)% guantiles of H(tlﬂ. 8)}. Spatial con-

trast of activity is measured as

Taq( tlﬂ. B, Plierevernnnnians N £ 5 B ]

- the time since the territory under study and some adjacent territory

were in opposite states for more than a year.
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Long-range interaction of earthquakes

It is characterized by two phenomena. One of them is suggested
by A.G. Prosorov {1982): a strong earthquake of sufficlently large
magnitude is fo;lowed by some activation of the area, where another
strong earthquakes is due, This activation is measursed by the mag-
nitude of the earthquakes in this area. Accordingly the earthquaKes
which occurr within u Years after an earthquake with M ! M, are
defined as loﬁi—ranse aftershocks.

Their maximal magnitude is the measure of a long range lnterac-

tion:
Hl({tis, My, u) = max My...... B T 4 B3
Maximum is takKen within the time interval (t-s, t).

Another phenomenon of the lonyg-range ineraction is a simulta-
neous activation of several territories pelonging to the same fault
zone or to the same morphostructure of higner rank. Accordingly
we consider two functions:

HFQUIM, Sleuieeencnnnnrnonannnaanssnsesos A £ & 1)

- the value of M(tIM, s} in the whole fault Zone, which includes

the territory under consideration.
HREEIM, 8).vuuiirevansraionsannnnoasannassns NP A L 3 |

- the value of N(LIM, s) for the morphostructure of a higher rank

which includes the territory under consideration.

s

The values of these numeric?l parameters involved in defi-

nition of the functions, are indicatad in Table 1,

[
v

Formulation of Problem in Terms of Pattern Recognition.

Let us consider a territory divided into regions. An earthquakes’

flow in a reglon K may be represented by the vector
P(K, t) = (Py(K, t}, ...,Pg(K.t)],

where p(K,t} is one of the functions listed above, Our problem,
agaln, is the following: Knowing P(K,t) to recognize a TIPF, that,
wether the moment t belongs or das not belong to a TIP, that 1is
whether the probability of a strong (M ! Hy) earthquake in the
territory K and in the time interval (t, t+7) has increased.
This is a typical problem of pattern recognition, in our case, of
pattern recognition of small samples, We shall use the specific
approach te such problems described by I.M.Gelfand et al (1976}.

Let us divide the time period into intervals of 2 types (Fig.2):!

D: ty Years before each strong earthquake;

K: all the remaining time .
The formulation of our problem'implies the following hypothesis:

within seme parts of the intervals D the approach of a strong
earthquake is expressed in anomalous character of earthquakes’ flow;
in other words, intervals D cverlap with actual TIPs.

Object of recognition is a combipation ‘reglon-time’ (K, 1),
described by vector P(K, t).

The rule for the recognition of the TIFs 1s derived by analysis

of the "learning material” that is the samples of the objects D and M.




Our learning material may be mixed; intervals D may‘include the
moments, when the approach of a strong qarthquake 1% not expressed
in the vector P(t), l.e. in the traits of the earthquake flow con-
zidered here. In other words we Know only that at least some moments
within D belong to TIPs, but we do not know - which are these mo-
ments. To deal with such mixed learning material we use the algorithm
of pattern recognition "subclasses"; it was specially designed for
similar sltuailon. ecountered in pattern recognition of earthquake-
-prone areas ([.HM. Gelfand et al, 1976).

First tp years after each strong earthquake were not used
for learning, unless they belong to D on Fig.2 these years are
marKed as X. This i3 done because strong earthquakes may be
followed by general activation, not entirely suppressed by
elimination of aftershocks. Such activation may be not typical for
intervals N and cbscure their difference from D.

After the recognition rule 1s estabi)ished, however, we will
try Lt for all moments of time, with sufficiently small step. It
was never tested, wether elimination of interval X from learning
18 actually necessary.

Discretization.

According to the algorithm used here the vectors P(K, t} should
be represented as a sufficiently short pipnary vectors. For this
purpose the range of values of each function 1s divided into three
intervals, “small*, "medium® and “large", or just into two 1nterval,
“small™ and "large”. Then the vector P(K,t) will specify only these
intervals for each function but not its more precise value. This

discretization leads to the loss of 1nformation, hopefuly Jjustified

by the increase of stability and reliability of recognition, as 1is
often the case in the robust sxploratory data analysis (J. W. Tukey,
A977). ‘,;f’

The thresholds for dlscreilzation are determined in such a
way, that each interval contains approximately equal number of ob-
Jjects from the learning material. The important advantage of such
discretization is a gross reduction of data-fitting. Specifically
the discretization 13 independent on a priory Knowledge on what ob-

Jects In learning material correspond to the eve of a strong ear-

thquake.

Diagnoais of TIFa.

The algorithm for the diagnosis of TIPS, including the values
of numerical parametsrs, 1s formulated by retrospective analysis
of the data on the earthquake country in California and Nevada. It
was divided into two regions, shown on Fig. 3. The catalogs CIT and
NEIS-USGS were applied for the Southern and NHorthern reglons res-
pectively. These catalogs allow to calculate most of the functions
for the period from 1938 up to 1985.

Learning material consisted of the following:

Objacts D: 45 subclasses, corresponding to two-year periods
before each strong earthgquake from Table 2, Each subclass included
3 momenta of time within these intervals. A common subclass correa-
ponds to earthquakes NN 3 and 5 in Table 2, since they occured in
the same area within a mounth.

objects N: 24 moments from period N, not within 3 years after

+ each strong earthquake.
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Aftershocks were ldentified by the algorithm described by V. 1.
Keilis-Borok et al (1980) within time interval T(M;) after a main
shock and distance R{My) from 1t, The values of T(M) are given In
Table 3. For R(M) we assumed a fixed value 50 Kkm, though more refi-
ned definition 1s avallable. Strong earthquakes are defined by
the thnreshold My, = 6.4. Their list, after elimination of after-
shocks, 1s given in Table 2.

Resolving power of single functions.

According to our procedure of pattern recognition, we estima-
ted for each function which of its values - large, medium or small -
are fmore typical for D and which for N. For this purpose one-dimen-
sional distributions of the values of each function were compared
as shown in Table 4. We see, that for objects D the relatively large
values of N2, K, L, Smax, Zmax, ¢ and Bmax are typical and as well
as small values of functions G and N3. However, none of the func-
tiona alone 1s sufficient.

For other functions conaidered one-dimentional distributions
for objects D and N are much closer, These functions were not usead
in further learning procedure; nor are they shown in Table 4,

Next stage of learning consist of definition of characteristic
features of the cbjects D and N, L. e of TIPs and non-TIPs for a
given region. Below they are called just "features®. Features D
are defined by condition, that they are sufficienly often encoun-
tered in objects D and sufficienly seldom 1in objects HN. Features N
are defined by reversed condition. Exact definition of characteris-
tic features is given in 1. M. Gelfand et al (1976). These features

‘are given in Table 5 and 6. Each feature indicates a discretized

value of a function or a combination of such values for 2 or 3
functions. For example, first feature in Table 5 means, that the

value of X 1is medium or large and value Bmax is large,

Diagnosis of TIPs {"voting”}.

Each reglon at a given moment (*each object”) has some number
npl(t) of features D and some number ny(t) of features R. Recognition
by algorithms, such as used here, I3 usualiy based on the difference
A(t) = npl(t) - ny(t). This difference was computed for each region
with the time stsp 2 months. ‘

Within a year before each but one strong earthquake there are
moments when A{t) ! 5 Exception ia the earthquake of 9.2. 1941,

H = 6.6 in the Northern region.

Accordingly, we may hypothethize the following rule for diagnosis
of TIPs: 1t starts at each moment wnep A(t) ! 6 and lasts from
this moment for i year or until a strong earthquake, whichever
comes first. Similar rule was assumed in V.I.Keilis-Borok et al(1980}
for separate precursors. However, the TIPs, thus diagnosed, would
cover 63% of time, which Is too much. There would be 9 false alarms.
To improve the success-to-fallure, score, we may notice, that many
false alarms are due to the increase of activity after some strong
earthquakes. Thix increase happened to be not suppressed by elimi-
nation of aftershocks. In particular § out of 9 false alarms can
bhe distinguished by the large total area of rupture in the sources.

We assume for the measure of this area the function: T({tiM, 5,a,p8), de-
£fined by (2), with P:=1i; a:=5; 8:3; _ﬂ=Ho - 1,4 and, obviously, with i
no upper limit M. Let us normalize I by the area, unlocked during a

single strong earthquake. The normaliZzed measure is
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o(t) & 10-B(Ho - Aiz(L|M, 5, @ 8)

5 false alarms, mentioned above will be eliminated, 1f we dec-
jare TIPs only when 0 < 4. 9. This 1mpajes a limitation on the areas
of the fault system, unlocked by maln shocKs during the last 3 years.
Summarily these areas should be less than an area, unlecked by a
asingle earthquake with M ! My + 0. 7.

Finally the rule for the diagnostics of the TIPs can be formu-
lated in the following way:

A TIP is announced at a moment t for one year under two con-
ditions:

° 1. For the features from Tables 5 and 6
aAft) =np-ny? 3, witha = 5
2.0(t) <L, wmith T = 4.9

Successive TIPs can overlap and extend each other.

A TIP during which a strong earthquake hasn’t occurred, iIs
counted, as a false alarm; a strong earthquake, not preceded by a
PIP 15 called a fatlure-to-predict.

TIPs thus diagnozed ars juxtapesed with strong earnquakes
on Fig. 4 and in Table 7. TIPs occupy 3ti of total time-space. They
preceed 13 out of 15 strong eapthquakes, with 2 false alarms. Such a
good score 13 predetermined by the fact that all strong earthquakes
were allowed for in the learning and in selectlon of thresholds i;
T and I.

Therefore this rule 1s mere a hypothesis, which is admittedly
obtained by retrospective data-fitting and has to be tested on
independent data. wWe have to test also the stability of this rule

to variation of decision, made in the process of data-fitting.

4, Test on continuation of catalog, 1984 - April 1988.

The rule for diagnosis of i&rl. formulated above, 13 Dased on
the analysis of the earthquaxe'iﬂgaialog up to 1983 inclusive. This
rule was applied to subsequent selismic history, for which the cata-
logs were available, 1i.e. for the period Jan. 1984 ~ April 1988.
The results are aiso shown on Fig.4. In Northern region the earth-
quakes with M ! 6,4 are not reported for this period and no TIPs
are dilagnosed; exeption iz the TIP which starts at May 1988 and
so far constitutes a forward diagnoszed, yet to be tested by future
selsmicity. In Southern region catalog FDE lists 3 earthquakes
with M 2 6,4, while catalog CIT assigns to them smaller magnitudes.

Following is the 118ts of those sarthquakes:

NN Data «#° N A\OW Magnltude
CIT PDE
1. 1983, 6, ¢ 36.23 120.256 6,3 6,7

2. 1986, T.24 37.63 118,43 59 6,56
3. 1987, 11. 24 33.08 115,76 5,8 6,5

4. 1987 §1. 24 33.01 115, 84 6,0 6,7

No such differences in magnitudes of strong earthquakes occur before
the first earthquake in this lisat,

The TIPs diagnosed are also shown on Fig. 4. They preceed each
of the 3 earthquakes, listed above (earthquakes 3 and 4 are regarded,
as a single event). Average duration of TIP per earthquake 1s 17

months; which is about the same, a3 for the learning period

e
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These results seem positive, in spite of uncerntainty in mag-
nitudes. In further monitoritg it seems preferable to identity
strong earthquakes by maximal magnitude among PDE and CIT versions,
similar to what was done 1in studies of erarate premonitory pat-

ternas (Keilis-BorokK et al, 1980).

5. Test on independent data.

The abové algorithm was applied to 10 regions of the world
1isted in Table O.

The following general ground rules were agsumed.

* _. TIPs were diagnozed by the conditions (1), {2) with charac-
teristic features from Tables 5 and 8] and with numerical parame-
ters from Table 1.

-~ Seismic territories are considered within generally accepted
boundaries (see, for lnstance"Earthquakes in USSR, 1965-1986").
They are drawn according to seismotectonics; we tried to minimize,
put coud not avold, the intersection of boundaries with major line-
aments and hence with the clouds of epicenters,

-- The threshold M, was chosen in such a way, that the ave-
rage interval between strong earthquakes is 6 - 7 years, as was
the case for California and Nevada. The choice of My was not
formalized; this will constitute a significant difficuity in sta-
tistical evaluation of results.

-- The catalog of main shocks 1is obtained by algorithm of iden-
tification of aftershocks, with the same numerical thresholds as for
california and Nevada.

-- The magnitude thresholds M, F. are defined by the rules of

- 16 =

normalization of the functions indicated above,

-- Time-scale and, therefors, numerical parameters measured
in the units of time were not chhpggd.

In general, these rules proéld. for practically unambigous
change of the parameters in transition to a new territory.

However, the experiment is not sirict due to some freedom in
the choice of M, and in of the boundaries of the regions.

Some particujaritie of data processing.

They have to be indicated in order to make our results repro-
ducible.

-~ The catalogs EarthquaKes in USSR (1965-1986) and Earthquakes
in Central Asia and EKasachstan (1979-1986) lIndicate instead of mag-
nitudes, *energy c¢lass K* which 13 an estimation of energy E of sel-
smic waves, kK = 1gE, jowls. Magnitudes are given for most of strong
earthquakes. If magnltude 1s not indicated, it was calcuiated by
the formula: M = 0,55(K - 4) (B.Qutenberg and C.F. Richter, 1949).

-- The catalog HEIS-USGS contains the magnitude my for most
of the earthquakes since 1964, whereas for strong earthquakes the
magnitude 13 given in Mg scale. We recomputed mp into Mg bBY formula:
Mg = my - 5, 34,

-- The catalog for N. appalachians (NEIS-USGS) is different
before and since 1975. In the second part, 1975-1986, the magnitudes
are indicated for most of the earthquakes. The annual magnitude-fre-
quency-of-occurrence statistics since this year suggest that this
catalog 1s acceptably complete for M @ 3.3, In the first part, 1980
- 1974, the magnitudes are indicated oniy for few strong earthquakes.

However, the annual number of earthquakes will be levelled for the
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whole period 1960-1986, 1f we assume, that unidentiflied magnitudes
in the first part correspond malnly to the asame threshold H ! 3.3
Analysis was done under this assumption. For more detalls see V. I.
Keilis-Borok and I.HM. Rotwain {1%89a).

-- Similar situation was encountered for two parts of the ca-
talog ENEL for Central Italy, 1950 - 1970 and 1971 - |9§6. We assu-
med that unindentified magnitudes in the first part correspond main-
ly to M 2 3 1n the second part (Vv.1.Keilis-BoroK et al, 1989b}.

-=- Ho strong earthnquakes occurred during the period lnvestigated
in two regions: Trans-Baikal and Southern region of N. Appalachilians,
Therefore the learning material consists of intervals H only and
it would make little sense to discretise the functions in the same
way, as for California and Nevada. Therefore we transferred the
thre sholds of discretization from other regions with the same H,:
from E. Central Asia to Trans-Baikal, and from Horthern to Southern
reglon of N. Appalachlians. Obviously thisg leads to no artificial
lmprovement of the result,

The TIPs diagnosed.

They are summar:ized in Fig. 5  The results seem satisfactory:
TIPS occupy on the average about 244 of time in a reglon and preceed
23 out of 29 strong earthgquakes, 17 out of 25 TIPs are followed by
a strong earthquake. Particuiarly i1mportant is the fact that the
success-to-faillures score, obtained with a priori fixed algorithm,
18 about the same as for California and Nevada, where the algorithm
was data-fitted Lo improve this score

Stability.

Numerlical tests show, that the diagnosis of TIPs 18 reasonably

stable to variation of the algorithm Almost the same results are
obtained with other values of parameter f in the functions Z, Smax
and Zmax {C.Allen et al, 198311?56): these values were assumed the
same, as in the previous studies of some separate premonitory sei-
smicity patterns.

Four other regilons were also considered with this version of
g: the Caucasus, Wastern Turkmenia, XamchatKa and Kuril islands,
but not yet with P accepted here. The results of diagnostics
are roughly the same: TIFg preceed 8 out of §i strong earthquakes
and, on the average, occupy 227 of time.

The results are stable also to the change of decisions which
are made not In only possible way: choice of the time-period on
which M 18 defined; varlation of discretization thresholds; selec-
tion of learning material. JIllustration of such stability can be
found in C. Allen er a3l (1986). The diagnostics 1% most sensitive
to the houndaries of a region: it has to be tectonically meaningful

and not too small}.

Second stage of diagnosis: smaller territorias.

Diagnostics discribed above has a considerable drawback: a TIP
is announced for rather a iarge region, of linear dimensions by
the order of maghitude larger than the predicted source. Thus a
problem remains - to localizZe the prediction, l.e. to assign a TIP
to a smaller territory if possible. The approach to this problem
here 1s based on the hypothesis that the process, which leads to a
strong earthquaKkKe 1s hierarchichal: it i1s successively concentra-

ted in the structures of a lower rank. Accordingly by Southern and

e
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Horthern regions were subdivided, each into 3 areas shown in the
Fig. 3. This division, suggested by C. Allen (C.Allen et al, 1986),

is based on tectonics, historical earthquakes and focal mechanisms.
The boundaries were drawn 3¢ that the areas have common seigmotecto-
nic traits. The major active faults are situated within the area
and not along their boundaries, countrary to usual morphostructural
zonation.

The probiem for areas was treated in the zame way as for the
regions. In each of the areas the flow of main shocKs is conside-
red during the TIPs, diagnosed for the whole region. The combination
(area, time) 13 attributed to D, if a strong earthquake occcurred in
that area, otherwise i1t is attributed to N ( Fig, 2. b). The learning
material for D comprised 14 subclasses. For N we used 32 objects,
including the cases, where strong earthquake occurred in another
area and also thé;alse alarms for a whole region.

The same functions, as for the regions, were considered. Accor-
ding to definition of the functions, they were normalized by selsmi-
city of the areas. That automatically lowered the value of ¥ s0 that
in absolute, unnormalizad scale weaker earthquakes are included into
analysis. For some functions M was additionaly lowered to improve
the resolution of one-dimensional distributions. All numerical
parameters, assumed for the areas, are indicated in Table 9,

Single traits.

One-dimensional distributions of each function for D and X
are compared in Table 9. We see, that 1n contrast to regions, the
appreoach of a strong earthquake within the area 1s indicated by

smal]l values of functions K, Zmax and by large of N3, On the whole,

- 20 -

quite different sets of functions distinguish D from H, that is

the TIPs from non-TIPs in regions and areas. Only & out of ¢ fun-
U
)

The features of D and N for areaa were obitained by the same

¢gtions are 1ln common.

algorithm *"subclasses®. They are given in Tables $0 and i1, In the
diagnosis of TIPs it seemed natural to decrease the thresholds: the
duration T of a single TIP, and the area I of unlocked part

of the fault. We divided these thresholds by the number of areas
in a region,which ia 3 in our case. The voting margin was selected
as A = 1. Finally the following rule of diagnosis is formulated;

A TIP In an area is announced for 4 months if:

1. TIP is announced for the region, which includes this area;

2. For the featurs from Table 10 and i1

A(t) :ng -na L A, wWith 8 = 1

3, o(t) < E. with E = 1.6,

The diagnosis of TIPs by this rule can be summarized, as fol-
lows: the total space-time volume of TIPs was decreased to 14} with
? additional failures-to-predict: TIP is not diagnosed before sar-
thquakes of 21i.10. 1942 and 9. 2, 19556 in Imperial Valley. These ear-
thquakes were missed due to condition 3: too large is the total area
of the faults unlocked. In case of the earthquaKe of 1942 it was
due to preceding strong earthquake. 1f condition 3 is akandoned,
the total time of TIPs will rise up to 23%

The total value of TIPs could be considered satisfactory. Ho-
wever, TIPS in several areas often occurr simultaneously and/or pass
from one area to another. This reduces the practical valhe of

diagnosis, The diagnosis for the areas was not tested yet on
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independent data and the success-to-fallure score should better be
improved before such test. Therefore the diagnosis for the areas

remailns hypothetical so far.

Conclusions.

1. The results of this study support the assertion, that the
traits of an earthquakes fiow, formalized as a set of functions
introduced here, reflect the approach of a strong earthquake.

2, There are indications, that the process, which generates the
strong earthquakes 1s sim:lar, 1ln rather a wide variety of neotec-
tonic environments and of energy ranges. It confirms the concept
of academician M. A. SadovsKy (1987) on global selfsimilarity on the

dynamics of lithosphere, including aseismicity. This seems conse-

quential for the development of the model of earthquakes’ occurrence

Also 1t allows Lo consolidate the observational base for further
studies of earthquakes

3. The suggested criteria for diagnosis of TIPs could be qua-
litatively described in the following way: 2 - 3 years before a
strong earthquake an activatioen, broadly defined, occurrs 1o a re-
gion, 1. e in a morphostructure of linear dimensions by the order
of magnitude greater than the source of the upcoming earthquake.
This activation, 18 expressed ;n the large values of N2, Zmax and
q; and in large values of X, inaicating that actlvity Keeps growing
The activation i1s preceded by relative quiescens expressed in large
q and accompanied by an increase of clustering expressed in large
Bmax. The K, Zmax and Bmax functions are most important for doagno-

sis.

4. Hypothetical, yet untested, continuation of this description
1s the following: After such activation has been developed and TIP
has peen diagnosed in a region aome specific phenomena are locali-
Zed within the area, l.e.' morphosructure of a small rank, where
a strong earthquake wili occurr. The activity lags behind the acti-
vity of the whole region; this is expressed by small X and Q; If
the activity 1s high, 1.e. 1f it is large, it 1s due to relatively
weak shocksa, These phenomena are developed in smaller magnitude
range, corresponding to the increase of n(M) up to 6.

5, Tne algorithm CX 1s presented here as an empirical regula-
rity, lmposing certain liminations on the process of earthquakes’
occurrence. wWe do not claim, that this algerithm ia the only pos-
s51ble, nor that it 13 optimal. Guite the contrary, our ilmpression
is that its formulation possibly can be simplitied, The fact that
1t works, seem to Justify its further development, as well as

further monitoring of TIPs.

e

A



(n| - 23 -
References
Algorithm CHN and related papers

C.Allen, V.I1.Xeillis-BoroK, I,M.Rotwaln, K.Hutton. A set of long-
term seismological precursors; California and some other regions.
In: Mathematical methoda of seismology and geodynamics. M., Hauka,
19886, {in Ru#slan).

C.Allen, K.Hutton, V.I.Keills-BoroK, L, knopoff, ¥. 3. Kosobokov,
I.V.Euznetsov, I.H.ﬁotwain. Selfsimilar premonitory seismicity
patterns. Abstract of the paper, submitted to XYIiI Congress of 1UQAG,
Hamburg, 1983.

0. Dmitrieva, I.Rotwain, V. I.Keilis-BoroK, H.De BecKer. Premo-
nitory selsmicity patterns in a platform region {Ardennes - Rhenish
and Brabant massives, lower Rhone graben), 1988, (in press).

A. M, Gabrielov, O.E. Dmitrieva, V.I1.Keilis-BoroK, V.G KosoboKov,

I.V. Fuznetsov, T.A.Levshina, K.M.Mirzoev, G.M.Holchan, S.Kh Negmatu-
llaev, V.F.Pisarenko, A. Q. Prozoroff, W.Rinenart, I.M Rotwain,

P. H. Shebalin, M. G. Shnirman, 5. Yu. Schreider, Algorithms of
Long-Term Earthquakes’ Prediction. International School for
Research Oriented to Earthquake Prediction-Algorithms, Software
and Data Handling. Lima, Peru, Septembre 1986,

1. K. Gelfand, Sh. A. Guberman, V.[.Keilis-BoroK, L.Knopoff, F.Presa,
I.Ya. Ranzman, I.M. Rotwain, I.HM. Sadovsky. Pattern recognition
applied to earthquake epicenters in California. Pnys. Earth.

Plan. Int. 11, 227-283, 1976.

V. 1.Xeilis-BoroK, L.Knopoff, I.M Rotwain and C.R.Allen. Inter-

- 24 -

mediate-Term Prediction of Timea of Occurence of Strong
Earthquakes in California and qunda. 1988, Nature. (in press).

Vv.I.XKeilis-BoroKk, L.Xnopoff, 1. M. Rotwain. Bursts of aftershochs,
long-term precursors of strong sarthquakes. Nature, v.283,
No. 5744, 259-263. January 17, 1980,

V.1.Keilis-Borok, R.Lamoreaux, C.Johnson, B.Minster. Swarms
of main shocks in Southern Callfornia. Earthquake Prediction. Res.
1982, v, 1, Ho.2, 135-154.

V.1.Xeilis-Borok and I.M. Rotwain. Diagnoesis of increased proba-
bility of strong earthquakes in Northern Appalachean. Computational
Seismology, 22, 1989, (in press).

Vv.1.Xe1lis-Borok, 1.V.Kuznetsov, G.Panza, I, M. Rotwain.

Diagnosis of increased probability of strong earthquaKes in Cen-

tral Italy. Computational Seismology, 22, 1989, (in press).

Other papers on eariphquake prediction.

C. Allen Geologlcal criteria for evaluating seismicity. Bull.
Geol. Soc. Amer., 1978, vol.88, 1041-1057.

M. Caputo, V.1.EKeilis-BoroK, T.L.Kroarod, G.HM. Holchan, G. F. Parza,
A, Plva, V.M. Podgaetskaja, D.Postpischl. Hodels of earthquaKe oc-
currence and isoseismals in Italy. Annali di geofisica, XXYI, 2-3,
1974, #421-444.

F.F. Evison Fluctuations of seismicity before major earthquakes

Hature, 1977, vol. 268, T18-T62.




b A ———————— e i i am

B. Gutenberg and C.F.Richter. Selsmlclty of the Earth and
Associated Phenomena. New Jersey. Princetion University preas.

1949.

G.M.Molchan, O.E.Dmitrieva and I.¥. Rotwain. Statistical analysis
of the results of long-term prediction, based on bursts of after-
shocks. Computational Seismology, 21, 1988, (in Russian).

A.G.Prozorov: Long - range aftershocKs, as the earthquake precur-
sors in Southern California. In. - Mathematic models of the Earth’'s
structure and earthquake prediction. M., HNauka, 20-26, 1982, (in
Russian).

1. Ya. Ranzman. Location of earthquakes and morphosrycture of moun-
tain countries, H., MNauKa, 1979, (1in Russian).

T.RikKitaKi Earthquake prediction. Amsterdam Elsevier, 1976.

M. A, SadovsKky, L.G.Bolckovitinov, V.F.Pisarenko. Deformation of
geophysical media and seismic process. M., Nauka, 1987. (in Russlan)

G. A. Sobolev and A.D. Zavialov. A concentration criterion for
seismically active fault. Earthquake Prediction, Ed. D. Simpson,

P. Richard, Wash,. AGU, 1981, 337-380,

M. Wyss, R.E. Habermann. Seismic quiescence precursory to a past
and a future Xuril Island earthquake. Pure and Appl. geophys.,
1979, veol. 117, HNo, 6, 1195-12214.

S. N. ZnurkKov, V. S.KuksenkKo, V. A. Petrov, V.I. Saveljev, U. S, 5ultanov
concentration criterion of volume-type fracture in solids. Physical
processes in earthquake sources. M., XNauka, 1978, 101-116, (in

Russian).

- 26 -

Eartnquakeak catalogs
X .

Belgique hypocenters data file 1960-1986. Observatoire Royal de
Belglique, Bruxelles, 1987.

Catalogue of earthquakes of Italy. Publication EREL. Roma, 1980.

European-Hediterraneen hypocenters data file 1979-1985. CSEN,
Strasbourg, 1986,

H. V. KondorsKaya, HN.V.Shebalin, editors. Hew catalog of earth-
quakes on territory of the USSR from most ancient times to 19786,
H., Nauka, 1977, (in Russian).

Series: Earthquakes in the USSR, 1962-1983, M., Hauka, 19656-1986,
(in Russlian).

Serlies: Earthquakes in Central Asia and Kazachstan, 1979-1983,
Dushanbe, Dinish, 1981-1985. Computer file extended up to 1986,
{in Russian).

Southern California hypocenters data file 1932-1985. CIT-USGS,
USA, 1986,

worids Hypocenters data file 1932-1985., USGS-NEIS, USA, 1986.

S A e =

B



O - 2T -

Figures’ Captions

Fig.! HNormalization of earthquakesa’ flow.

Thresholds My and Mp provide for the same average annual

number of earthquakes n.

Fig. 2 pDefinition of intervals D and N.

a) - for regions; b) - for areas.

" Fig. 3 Regions and areas in California and adjacent parts of

Hevada.

Their boundaries are shown by solid and dashed llnes, respectively.

{ and 2 - epicenters, 1938 - 1985, K ! 4.5 anda M : 6.4, respectively.

Fig.4 TIPs and strong earthquakes in California and adjacent

parts of Nevada.

1 - moments of strong earthquakes; 2 - TIPs; 3 - current TIPs,

Fig.5% TIPs and strong earthquakes in other regions.

Notations are the same, as in Fig. 4.
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Functions used.

Table 1

Functions Defun n(M) 8, Yyears Other parameters
regions | areas

1. N3 = N(LIH, 3) (1) 1,4 3 -}

2, N2 = K(viM, ») (1) 0. 36 L4 3

3. K : K(tIM, 3) (mn 1,8 -] 2

4, @ = GltlHl.Ha.l) (3 3.4 L4 3

6.  =Z(t|H,H, 84a,8) (2) 3 ] 3 M llo =04 a: 4,86, 8= 1,0
6. Smax = Smax{t{d, M, s, u,aq,8B) (8) 3 L] 1 = 3 M= Ho -0,1; a = 4,698, p = 1,0
7. Zmax = Zmax(t|H, M, s, 1,aq, ) (¢ 3 8 1 u=3;H=H°-0d;q=4J;B=OJ
8. H3 =z N{t - ulM, 3) (1) 1,4 1,4 3 us 7

9. 2 gq(tIN, s, 1) (4) 1,4 3 ) us 3

10, L = Li{tiM 8 {6) 3 3 6

11, Ml = Hl(tll.Ho.u) (1) 3 u =4 rog

i2. Bmax = Bmax(tlH.s.Ha.ol (10) - - 3 "a c 2,8; 8 = 40 vacop; M : 4,8
13. @G = Q{tIM, &) (%) 3 6 i

14. HF1 = NF(L|NM, &) (13) 3 H: o - 1,4
15. NF2 = HF{t|H, 3) {13) s H: °
16, NRLI = HR(tIM, 3) (14) 3 M= Ho - 4,4

17. HR2 = HR(t|HN, 3) (14) ] | Ho

16. Taq = Tagi(tiM, s, p) (11) 1 p s 334

Notes: » First are given the abbreviated notations, which are used in Tables 4-6 and 9-ii.

In paper of V. I.Kellls-Borok et al

1 2 3 & 5

]

T

Ala AlD T2 A3 A2 S2 8i

ss *Def" means the number of the

] 9 10 11 12

Alc G1 Ty I1 C1

13
a2

16

12,

{1988) other notations are used:

definition of a functon in section 2.
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Table 3.

Table 2
Time-window T(M) for identification of aftershocks.

Strong earthquakes in California and Hevada,

M 64, 1938 - 1986, magnitude T(H), days
No pate N ) A9, W " 2,8 - 3,9 :i¢ . 46
Hortnernlregion 4,0 - 4,4 " ! 91
1. 9. 2.1941 40,6 125, 25 6.6 4,5 - 5,4 182
2 6. 7.1954 39,42 118,53 6,8 5,5 - 6,4 36%
3. 25, 11. 1954 40, 27 125, 63 6,8 > 8,4 730
4, 16, 12. 1954 39, 32 118, 2 T, 2
5. 21.12. 1954 40,78 123, 87 6,6
6. 26.11. 1976 41, 29 125, 71 6,6
T, 8. 11, 1980 41,11 124, 2% T, 2

Southern regien

1. 19. 05. 1940 32,73 115,85 6,7
2. 21. 10, 1942 32, 97 116, 0 6,5
3, 4. 12. 1948 33,93 116, 38 6,5
4. 21. T.1952 36,0 i19. 02 7.7
5. 9. 2.1956 31, 7% 115,92 6,8
6. 9. 4. 1988 33,18 116, 12 S, 4
7. 9. 2.1971 34, 4 118, 4 6,4
8. 15. 10, 1979 32,6 115, 32 6,8
9. 25, 05, 1980 37.6 118, 82 6,4
10. 25. 05. 1980 37,55 118,78 6,5

Earthquakes 9 and 10 are regarded, as a single event.




of the TIPs for regions

Table 4

Functions, used for identification

—— e th e

No Functions| Thresholds Frequency of occurrence
in Table 1 for in learning material, £
L daiscretization D N
s m 1| s m 1
2 N2 4] 33 - 67|76 - 25
I 3. 4 -1; 4 13 40 47750 38 13
4 a 0,5, 0,67 53 33 13|33 &t 46
5, z 36; T4 13 27 60|46 33 21
6. Smax T, 914, 22 6 47 47|50 29 21
T. Zmax 4,1; 4,06 20 20 60|42 38 21
8. N3 3; B 54 31 1529 25 46
9. q 0; 12 2% 17 58]15% 41 1
12, Bmax 12; 24 20 20 60|50 25 25
g - small; m - middle; 1 - large value of function.

Features D for regions,

Table 5

~
Ky =7, Ky = 2
No N2 ) 4 G L |5max|Zmax|N3 q |Bmax

1. m, 1 v 1
2. 1

3. m ljm1|m 1
4. 1 m, 1

6. m, i s m, 1
6, s\ m 1 m
T. m } s, m m, 1
8. mlim, ) m, 1
9. 1 1

10. s, m 1 1

11. m 1

12. 1 {ms m, 1
13, 1 5, M
14. 1 m, 1

15. 1 m, 1

16. 1 |{s.m

8 - small; m - middle; 1 - large value of functoin.

A feature of D 1s encoyntered in ! Ky subclasses

and in

i

~
Ky okjects N,

P
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Table & Table T

Features N for reglions
Fad

Kp = 10, Kp - 4,

Strong earthquakes and TIPs for regions

of Calirfornia and adjacent parts of Hevada,

Ho N2 K G Z |Smax|Zmax{N3 q |Bmax Start of Strong earthquake Enda of falae|Duration of
1. s, m| . ] TIP alarm TIP, months
Date M
2 s, m s,m| s,m
Horthern region
3 s, m s, ml s, m
- 9. 2.1941 6,6 fallure to
4, s, m s,mj s, m
predict
5 m 1 s,
1. 11. 1950 6. T.1954 8,8 44
6 s &, m .
T. T.1954 16. 12, 1954 T, 2 ]
T s, m s m s m
- 21.12. 1954 6,6 failure to
-] s s.m s, m
predict
g s, m mljs,m
1. 6. 1959 - - 1. 5.1962 36
10. s 3, m
t.11. 1976 26,11, 1976 6,8 13
1, s, m| 1
27.11. 1976 - - 1. T.1978 20
12, s m, 1
1. 3.1980 8.11. 1980 T, 2 8
13. s, m s
14, s m s
Soythern region
15. 8 s, m
1. 1,1939 1. 5, 1940 6.7 17
16. s, mis, m s, m
20. 5.1940 21. 10, 1942 5,5 29
17. s ., m
1. T.1943 - - 1. 9.1944 14
18, s s,m
1. 5. 1946 4,12, 1948 6,5 31
s - small; m - middle; 1 -large value of function 6. 12. 1948 21, T.19%2 7.7 43
. A feature of N ls encountered ln ! Ky objects N and 1. 9.19%5% 9. 2.1966 6,8 5
~
in ¢ Kz objects D. 1. 9.1966 9. 4.1968 6,4 19




Table T (continuation)

start of Strong earthquake End of false}Duration of
TIP alarm TIP, months
Date M ’
10. 4 1968 | 9. 2.1971 6.4 34
10. 2.18971 - - 1. 9.1972 19
1. 10,1979 16, 10. 1979 6,6 1
16, 10. 1979 26. 5.1980 6,4;6,5 T
1.11. 1982 - - 30x

s TIP is not diagnosed, since the catalogs avallable end at

APril 19as.

Test of the algoritnm

Table 8

Terrlitory FPeriod Ho Strong ea-s|Duration of TIPs
of within per strong
diagnosis TIPs/total ea-Ke,
years b4

East of Central Asla

region N 1966-1987.8] 6,4 3/ 5 [+ 11

region § 1966-1987. 8] 6,4 5/ 5 2,0 %3
Trans-Baikal 1966-1984.1( 6,4 o/ 0 0 2]
Vrancea 1966~1966.T7| 6,4 2/ & 3,2 30
{E. Carpathean mts.)
Gulf of California 1966-1984. 1| 6,6 g/ 3 1,7 31
Cocos plate 1968-1984. 1) 6,5 &/ & 1.6 38
N. Appalacheans

region N 1064~-1985. 11 5,0 1/ 2 3,2 29

region S 1964-1985.1} 6,0 o/ 0O 0 o
central Italy 1954-1986.1| 5,6 3/ 5 1,2 18
Belgium 1966-1987. 1| 4.5 3/ 3 1.9 as

Note: Catalogs used are indicated 1n the text.
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Functions,

Table 9

of the TIPs for areas.

used for identification

No Functions|Thresholds Frequency of occurrence
in fqr in learning material, ¥
Table 1 discretization D .|
L3 m 1] s m 1
1. K1 3t; 37 27: 27; 46|34; 44, 22
3: K -2 2 47;.13; 40|31; 38; 31
5. z 24; 43 20; M4T; 33j41; 28; 31
T, Zmax 2,82, 4, 4 33; 47; 20|34; 28, 28
8. N3 2, 4 s4; 23; 23|25. 39; 31
10. L -6; 4 20, 47; 33)|34; 38, 20
11. Ml 3,8; 6,0 27; 40; 33|38; 31; 31
13. G 3, 5 4§40, 27; 33|41 34; 28
16. KR1 ) 5, 9 33, 20; 4T|41; 285; 34
Hotations are the same, as in Table 4.

Table 10
Features D for areas,

~
Ky = 6, Ry = 2.

Ho

NHi| X ¥ |Zmax |N3 L |Ml

Q |HNR1

10,
11.
12.
13.
14,

15,

1 s, m|m, 1

ml|s,m

am m, 1

ml] m s, m

s, m m i m, 1

m ) . m, 1 1

m, 1 m, 1 sm

m 1

Notations are the same, aa in Table 5.
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Table {1

Features H for areas,

o~
10, Kp = 3.

Kp -
No Ni]| K E |Zmax [N3 L H] G |HR1
1. m, 1 m, 1 s, m
2. s, 1lim s.m
3. m1l |m1 s, m
4. m, } m 1 s, m
5 |m 1 m, 1 s, m
5. . m, 1 s, n s
T m, 1 s, mls,m
8. s s, m
9. |s,m ml|s.m
10, s, m s m s.m
11. m 1 m, 1 s.m
12, |s,m s, 1 s,m
13. m s, m
14, |[s,mjm, 1 s, m
15, 1 s, m
16. s, 1lim ) s, M
17. s m, )
18. m, 1 s, tim1
19. |s,m|m 1 m, 1

Notations

are the same,

a3 1n Table B,
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