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Statistical analysis of the resulls of

@arthquake prediction., based on bursts of aftershocks.

G. M. Molchan, O.E.Dmitrieva, I.M. Rotwaln
Introduction.

Premonitory Seismicity pattern named "burst of aftershocks" or,
briefly, “patterpn B" is defined as a main shock with abnormally
large number of aftershocks ¢ Keilis-Borok, et al, 19783, It was
hypothethized that this pattern often preceeds the strong earthquake

in the same region, with the lead time up Lo few years.

Retrospective prediction, based on this hypothesis, scored an

acceptable success - Lo — fajlure ratio in many regions of the worid,

C Kaills—B;rok. el al,, 1980). However, it was difficult to evaluate
these results Statistically,
wilth certain degree of freedom in the choice of some parameters;
Lhese difficulties are analysed by Mulchan and Rotwain €1983).

AL the same time additional evidences in favour of prediciive
value of patiern B were collected in the applications of a set of
premonitory patterns, which insludes pattern B. Two versions of
sSuch set, defined by algorithms CN  and M8, were tested, mainly
retrospectively, in wide variety of regions ¢ €.g., Gabrielov et
al., 1985). Elimination of patiern B from this set changes for the
worst the success - to - failure score; the predicltive value of

pattern B is thus supported, though remained not proven.

A new atiempt of statistical justification of pattern B Is

entertained in this study. It i nade possible by two

s$ince they were oblained retrospectively,

devel cpments:

- The experiment on forward predictions, based on pattern B was
conducted by Soviet- American team ¢ Dewey et al..l1988). This
provided Lhe results, not influenced by retrospective parameters
fitting, since all parameters were chosen in advance, in previocus
publications.

- More data, allowing retrospective prediction, have been
accumul ated.

There are several reasons Lo use this opportunity to establish
statistical significance of pattern B.

-~ This will be a first step toward evaluation of wider
set. of premonitory patterns.

- If confirmed, it will be essential for -understanding the
process of the preparalion of strong earihquake, above and beyond
practical purpose of prediction.

- At lamt, 1t is obviously tLempting to establish statistical
sighnificance of some sarthquake precursor among Lthe multitude of
suggested ones.

The statisiical method of testing the significance of the
pattern B is suggested by Molchan and Rotwain €18983). Its
generalization for forward predictions is given in the present
paper. It can be applied Lo stalistical analysis of a wide variety
of precursors. Joint and marginal distributions which served as

a basis for (he present. analysis are presented in Appendix A,

1. Paltern B: definitjion.

We remind here the main features and parameters of pattern B.

> -
- Strong earthquakes are the main shocks with M 2 Mo H
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- Main shocks, i.e. evenis which are not artershocks are considered

within magnitude interval Mel Ho -a, ., M - a ], where a, and a

Q 2

are numerical parameters ;

- Aftershocks of the main shock. They are idenLified within
the following windows: the magnitude range of M2 Mo -~ 3.8,
distance from a maln shock of less than 50 km 1if registered in
a regicnal catalog and of less than 100 km 1 the catalog of NOAA
is used; Lime afler a main shock up to 0.3 yrs for M < 8.4, up to
2 yrs for M > 8.8 and up to 1 year in all other cases;

- A burst of aftershocks, It is the sequence of aftershocks,
which includes an anomalously large number of events b = Bo
during the rirst 2 days;

- An alarm which is announced for the period of T TS after the
burst of aftershocks and is called off at the moment of a strong
earthquake if it occurs during this period.

The earthquakes with focal depth up Lo 100 km within a
certain region are considered. Nn and Bo are Lhe main parameliers
which depend on the region. The alarm * depends on MD: for Mo from O
ta 7 T = 3yrs, for M > 7.8 1 = 3 or 4dyrs, depending on the reglon.
Forward prediction was made.durlng a Lime period T. The values of
parameters Ho. B° for forward prediction were chosen on the basis of
“pre-history®, for preceding period T™; these values optimize
retrospective prediclion in sach region.

The parameters assumed for each region, are shown in Table 1.

They were published earlier ¢ Keilis-Borok, Knopoff, Rotwain, 1980,

Negmatullaev et al., 1981; Keilis-Borok =L al.,1981; Karpukhina

and Rotwain. 1983, Lee and Lukina, 1983; Dewey et al., 19842

Periods T and T' do nob intersect except In Santa-Crus
region, where the periocd T ended in alarm, so that the whole
alarm is added to the T'. As a rule the .ntervals of monitoring
end by the middle of 1088 ¢ for the Caucasus and New Zealand -
by 16883 J. Elther regiochal catalogs or the world NOAA catalog
ware used, as indicaled in Table 1.

A standard magni tude interval of maln ;hocks
lMo -1, Hn - 0.1) chosen for pattern B from the beginning is used
for forward predictiocns. A wider interval of main shocks
(Mn - 2, No - 0.3) is used in the analysis below for retrospecive
predictions ¢ see also Molchan and Rotwaln, 19683). The difference
petween the intervals is that in retrospective predictions an
interval estimate, not a point estimate of parameters
[4 M“ .B° 3 is obtained for significance level {for detalls see
Molchan and Rotwain, 16833,

The resulis of forward predictions can be shortly summed
up as follows: 10 out of 14 sirong earthquakes in 7 regions are
preceded by bursts of aftershocks and the alarm duration is about
56% to total time of monitoring. So Lhe question arises: which

significance lsvel do the glven resulis of predictions cortespond

ta ?

2. Estimation of significance; method.

We consider Lhe hypothesls. that patern B is indeed a precursor
of strong earthquakes. The natural alternative is Lhe hypothesis
that pattern B and strong earthquakes are completel y 1independent.
More specific formulation of this alternative is hypothesis Hf

If K strong earthquakes and Nb pbursts of aftershocks occur in




time interval T, then tLhe times of the events of these two Lypes
represent the independenlL realizations of K and Nb tosses
of a random point with a uniform distribution into the interval T,
The main ildua of weak test of precursor B is to construct a
functional ¢ which depends on  the results of predictions and
satisfies two following conditions:
1> The properties of precursor B are counted as full as possible.
We will define the functionals ¥ in such a way, that its
large values testify against the hypothesis H,-
2) The distributions of I under Lhe hypothesis Hn can be
determined analytically,
Then the significance of prediciions 1is characterized by an
arror of the first kind:

=Pr (g g | H > €10

&
obs 1]

i.e. by the probability of rejection of hypothesis Ho when the

obe

The smaller is «

observed value of our functional is Cob- obe

the more significant are the resulis of prediction.

The resultls of predictions for a set of regions ¢ Gt >
were summed up ¢ Molchan and Rotwain, 1983) with the help of
statistics

2

=
x s - alf‘ln cob‘(G‘) can

Under the hypothesis Ho and with continicus F this statistics has
the 12 - distribution with gs degrees of freedom. Large
values of xz testify in favour of precursor B in most of the regions
Gl » as (2D is a monotoncus function of the gecmetric mean of

Separate significance levels eob_CG‘).

For discrete variable I the distribution (22 may be not

quite adequate. This is Just the case with forward predictions
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for usually encountered values of [ The time intervals
considered are so short that Just a few strong earthquakes and
main shocks may occur during these intervals. Therefore the
simplest statistics, Say, x — the number of successful predictions, -
will be essentially discrete, having only 2 to S possible values.

The statistics ¢2) s imprecise for the sum of regjional
predictions. LeL us introduce the functional

L]
Tg» L 6D ¢ 3,

[}

for a set of regionsg (G‘>, here tCG;J is the functicnal for a
region G‘. The distribution of tz is a convolution of

distributions of {CGL). The significance level cf corresponding

ba
to {z Uives the significance of predictions for a set of regiaons
<G 2.

1

Regional functicnals { are censtructed on the basis of two

statistics: » ~ the number of Predicted strong earthquakes C(successes);

and the number v , of successful alarms. Cbviously v 2 x, since an

®arthquake may be preceded by several patterns B. Joint distribution of

variables C »,») is found under the hypothesis Hn when the number of
strong events K and the number of alarms N are fixed ¢ Molchan and
Rotwain, 1083). In other words: K, N, and 7T are Lhe parameters
©f the distribution of ¢ w,» 3, here 7 is time of a single
alarm divided by the totai time of monitoring T.

Knowing the distributien of € . D we can find
distributions of any functionals of » and v . In the tesi of

precurscr B three following sLatistics are considered:

e e — s e
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nK + wo/N K - Cv-u)/fN -x)
. = b . (: b
= ;L 0, 1f N =0 2 ®K , Lf N = x

The statistlics Z’ and :z take into account not only the relative
number of successful predictions but of successful alarms as well.

In statistics g: the number of predicted sarthquakes is taken into

accouht twice since in an Implicite form it is invelved also in second

term because of an ineguality » 2 %, In statistics tz the successful
predictions and the clustering of alarms are represented more
equally,

The variable Q‘ is regarded as the main one. It
characterizes pattern B better Lhan x does and assigns more
adequate weights to predicted earthquakes and successful alarms
than (2. For purpose of prediction it is more valuable when more
strong earthquakes are preceded by alarms, than when successful
alarms are clustered before smaller number of strong earthquakes
leaving more fallures Lo predict, The functional should
emphasize this consideration.

The distribution of x and v is considered above with fixed
values of parameters K and Nb not only for convenience of
calculations but alsc to use the minitmum of assumptions about the
earthquake flow. The independence of strong eartihquakes and burstis
of aftershocks is the most important assumption in alternative
hypothesis Ho. Additional assumptions = mutual independence and
uniform distribution of events of each kind - have been forced
although they steam from the usual basic hypolhesis on Polssonian
structure of Lhe sequence of main shocks., In each particular

study it is necessary to check the influence of additional

assumptions. This influence may be substantial because of
non-stationaries of sarthquake flow, e.g. selsmic gquiescence,
so-called seismic cicle etc,, when the period of observaticns is
comparable with the period of these fluctuations. So Lthe test of
hypothesis Hn on Lhe several decades of retrospective prediction
is more sensitive Lo additional assumptions 4han the tesiL of
forward predictions durlng few Yyears,

Further we will assume the conditicnal situation, when the
regional values of K are fixed and equal to obser ved ones.

In forward prediction during short time intervals Lhe values
N » ATe® small and their fixation leads to noticable loss of
information on pattern B. Indeed if it is really a precursor it must
influence the number of bursts of aftershocks:, in other words the
occurence of a sirong earthquake during a short time interval nmust be
preceaded by a rare svent - a purst of aftershocks. In particular,
an absence of alarms when K = 0 1n many reglons speaks Ln favour of
precursor B. The loss of information would be less, if the number
of main shocks is fixed and the following extended hypolhesis H;
is taken as an alternalive.

Hypothesis H; : K strong earthquakes and Nm. main shocks
correspond Lo independent realizations of K and Nm. i ndependent
tosses of a random point with a uniform distribution into the

interval T .A maln shock can happen to be a burst with probability

2.
Evidently the regional parameter “p" can be estimated from

retrospective “pre-history”, as

P =Ny /N € 4.




Here N; is the number of bursts and N;. is the number of main
shocks during the “pre-history". Let P(C ] on, Ha) be Lhe
distribution of statistics ¥ when K and Nb = n are fixed. Then
under the extended hypothesis H; » the distribution of ¥

is as follows:

N

1 n n N —n
P{C'INM-H;J = § C, P @1 -
n=0 EY

1
PeCoimHD N =N < 8D

Replacement of “p" by Lhe estimaie (4D makes the disiribution
An -—
(5) biased as E p ®# p" if n # 1. When N__Z N the bias may
be eliminated by subsiitution:

N —n

n i - -
Fa-m@p » C-N D C-N D/ le)Nl . O

where C a )n =aCag+12...Ca+n - 1> Csee Appendix B).
Under the hypothesis H° Lthe averages for total alarm time

T and useful one 1. may be easily calculated (see Molchan and

z
Rotwain, 1983). T; is defined as a total length of adjacent alarms

which end by a strong earthquake. IL is clear that if 7€ n.Hu)

z

and ;é( n,HD) correspond to the average values of « and 7. under

z b3

the hypothesis Hu' and if Nb > n, then under the hypothesis H;

these values are determined by (5,6) where PC is substituted for

;2 or Tz' respectively.

3. Evalualion of forward predictions.

The results of farward monitoring of predictleons by pattern B

are given in the righi column of Table 1,

-10 ~

Let us examine the 7 regions where strong earthquakes occured
during the period of monitoring, so Lhat Lhe meithod described above
is applicable. The resulis of the test of hypotheses Hn and H;
are given in Table 2.

Ve will summarize some conclusions:

1} The significance of prediciion for weach region 4is in
agreemenL with hypothesis HD even for those regions where all
strong earthquakes are predicted and all alarms are successful.

The values of &£(G) vary from 30 to 60%. This result is due to
discretenass of distribution of the statistics considered;
distributions of » and » have from 1l to 5 jumps due to Lhe short
Lime of monitoring.

2) After gummation of regional statistics for hypothesis Hn
we oblain the aignificance levels of 11% and 1.4% using
statistics e and tz respectively. As 1t was expecled, Lhe
statistics (‘ takes better account of Lhe properties of precursor
B; the statistics c‘ and tz are about equally valuable.

3) The significance level becames bettsr by an order of
magnitude, if Lhe extended hypolhesis H; is tested, L.e. the
Stohastic nature of number of bursts of aftershocks is allowed
for and data on the total npumber of main shocks are used. The
significance levels of hypoLhesis Hy for the statistics xe. and :‘.:
are 2% and O.4% respeclLively.

42 The nonstatianarity of the earthquake flow may influence
the significance level of H, . The estimates of parameter "p" Cthe
percent of bursts of aftershocks among the main shocks J for Lthe
pericds of "pre-history” and of prediction are compared in Table 1.

The difference betwaen these two estimates is neoliceable for one

P
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of the regions, namely, Southern California, where N; I N;-= 14 -~ GO

. R Alarm time Observed value Thecrelical value
but Nb s Nm_ =% ~ B, Statistical significance of this difference is
not high so that the estimates of "p” for the two periods are for H for H*
quite in agreement for 7 reglons. Total in % ° ¢
&> The previocus conclusion concerns the stationarity of the of T Ti " S6% 48% 37%
relative number of bursts of alftershocks, but not the stability of Useful in %
Lthe flow of maln shocks. Let us consider this stability now, of total B4% 57% 57%
comparing the intensity of the main shocks flow in the periods
T' and T . It is characterized by average number of main shocks ' !) T, is the Lime of forward monitoring for region G .
per year. These numbers for three reglons where the difference
is obvicusly significant are presented below: Although the tLheoretical range of varjation of Lhese values

has not bgen determined the data on alarm times may be considered
REGI ON NY Tt N T

me as not consequential. If pattern B is really a precursor the observed
Northern California ez - 6.0 3 3 values of Ty should be less than the theoretical ones. The actual
Caucasus g0~ 7 18 ~ 19 relation is cpposite, but it iz most probably due to the short
New Zealand 0-8 66 - 33 time of predictions, Thus the current alarms in three oul of seven
regions produce a noticable effect on the summary statistics Ty
Out of seven regions with K > O, only for N. California and Let us consider also the reglons where strong earthquakes
Caucasus the difference, threefold, is significant. However, 1t didn't occur during the pericd of mohitering ¢ K = 03,
is not of consequence in our conditional aproach. In these O regions the small number of false alarms is Lhe only
5? When Lhe significance of hypolhesis H; was tested the ) possible argument Lin favour of precursor B. Statistiics § = - Nb
difference between Lhe sslimates obtained with biased (SO or characterizes this situation. In fact there are no alarms in
unbiased (5,8) distributions Lturned out insignificant. 8 regions; in the region 11 there are two.
7> The summary alarm times . both total Ty and useful T; , However in three regions, Nos 4, 12, 13, there were no main shocks

L t 1 ed t b ismic
for all 7 regions are Lthe following: , So Lhe absence of pattern B may be explain jus Y a se
guiescence.
In other 3 regions the results of monitoring may be summar i zed

as follows:
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Reglon Nb I Nm. Nb e Nm. T 1

9. Colombia O - 4 3 711 1.2
10. New Guinea o1 2716 0.58
11.Sclomon Isl. 28 3 24 0, 56

The time of monitoring T is comparable with Lthe duration of a

single alarm, so that the estimation of significance €obe for the

values of N: /N;- is made here oply to illustrate the method.
The significance level € b for a region where K=0 is determined

in the following way:

c=Pr(NbSN°h°|N L H ) =

] ™e
=y c* -Cl—p)Nl_' o5 g N°®® H =N
s N F ' - . " 1 mn

Using €8, with the regional values of p estimated by
"pre-history™, we calculate for the regions 9, 10, 11 the following

unbiased estimates € e =33%, B8% and 95X respectively. As Lo

obe

I = 87%. Thus formally

Lhe summary statistics of Talse alarms, £
the values of Nb/Nm. are In agreement with hypothesis Hu.

Returning to the list of conclusions we have:

B) Due to small number of main shocks In the regions where
sirong events did not occur the data for these regions, specifically -

the statistics of false alarm, neither reject nor confirm

precursor B.

4. Significance level for retrospective predictions.

It was analysed first by Molchan and Rotwain (1983).

Here we use extended data for four regions: Northern California,

-14 -

Southern Californlia, New Zealand and Northern Japan.

The significance level « of predictions in a region depend
upon the parameters of Lhe precursor , first of all on No and Ba.
In forward monitoring parameters are fiwed, but in retrospective
analysis they are notL; so ¢ is a function of a = C Mn. 503-
The conventional way Lo choose parameters values is Lo minimize
€C a ) by trying different values of & The minimal values
min £(ad, obtained for “pre-history" may give qualitative
characteristics of the precursor but don't measure its significance
level. For this reason the upper bound for significance level was

used in (Molchan and Rotwain, 1983

& = max &€ C ad

o € )

Here (} i3 the acceptable domain of a in a region.

The accepitable valuex of Bo ware estimated by hystogram of
values of b for main shocks. Obviously, if paltern B is really a
precursor, then the threshold B° must divide the mixture of two
distributions of p. The rirst one corresponds to the general
ensemble of main shocks, and the second one corresponds Lo the main
shocks accompanied by an angrmalously large number of aftershocks.
C In terms of hypathesix Ha the threshold B, 1s the C1-p) -quantile
of the distribution of b 3, In Fig.1 the candidales for Lhe
thresholds Bn in four above mentioned regions are indicated by arrows.
They are located at the end of "main part* of a hystogram. The
last part of a hystogram shouldn‘t be of much importance since the
“talls” correspond to the strongest earthquakes.

The acceptable values of Ho are determined by Lhe requirements of

“effectiveness” of the precursor . Inexplicitely these requirements

B Z B A IS EREEREEE 1L W EEEETTY T T T TN N T N R T I O T W E S A T
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are met Iin the selection of a precursor. They may be summarized as
follows:

The total alarm Lime should be a sufficiently small part of
tha'period considered. For simplicity, we require that 37 is smaller
than Lhe mean interval between the strong events. This limits
the Mo from below,

We require also, that the average time interval A between
strong earthquakes is not too large, say A = 10 yrs or A = 20 yrs.
This imposed two upper limits for Ma

The acceptable ranges of M° and Bo are shown in Table 3.

The procedure for Lheir cholce is described in detaill 1in

¢ Molchan and Rotwain, 1983). The worst resulis of predictions for
the two ranges of MD are alsoc given in Table 3. As the change of B°
within the acceptable ranges doesn't affect significantly the resultis
of predictions, we fixed B° = 1%8. For the four reglions menticned
above the single alarm time v = 3 yrs was left.

The hypothesis H° has been tested on retrospective
predictions. For the summary statistics ny and E‘.z the upper limits
for significance level of Ho are the following: 3% and 0.7%
respectively for the rirst interval of Hn; 82% and 889% for the
second interwval,

In comparison with the previous resuits C Molchan and Rotwaln,
1683) the significance of paltern B increases by one order of magnitude
This is due Lo Lwo reasons: range of Mn was narrowed after addition
of new data; and significance level is estimaled by a more accurate
methoed.

Molchan and Rolwain (1983) esiimated £, according to the xz

¥
statistics, €2), withoul taking into account the discrete nature of

-1/ -

variables x and {l This made Lthe eslimates very rough even

in retrospective aﬁkysls. where the stalistics t‘ have rather
large spectrums of values., For the first range of Mo from Table 3
these rough estimates would ba ¢ = 20% and 6% according to
statistics = and t‘ respectively, instead of 3% and Q.7%
obtained above. It is a remarkable contrast! We emphasize this,

the summing up of regional significance levels is rather popular
in statistics of earthquake prediction.

Thus we come to Lhe next conclusion:

8) According to the retrospective predictions pattern B is
significant only for the first range of parameter Mu. with £ = 0, 7%
In olther words bursts of aftershocks in four regions considered
preceds the strong earthquakes with reoccurence time about 10 years.
But stronger earthquakes, with double reoccurence time, ir
considered alone, are practically uncorrelated with pattern B.

Alarm Lime, The mwean alarm times, total and useful, for
retrospective predictions in four regions are presented in Fig. 2.
They are calculated for the values of M° from the two acceptable
intervals. The thecoretical curves Ty and ?é s Ty calculated for
the hypothesis Hn are compared with empirical estimates. Fig.2
leads us to the last conclusion:

100 The total alarm time Is of little interest as a
characteristics of the quality of predictions. The ratio T; s Te
Lthat is the ratio of usaful alarm time to Lotal one is more
informative. For Lhe first interval of Mn the empirical values of

N

Ty /4 Ty are higher than the Lhecretical ones.
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Conclusion.

Al the beginning of the article Lthe problem was formulated -
how significant are the results of forward prediction: 10 successes out
of 14 strong esarthquakes in 7 regions with the S6% of total alarm
time, The alarm time proved to be of little value, so the literal
answer to the question gives a modest estimate of 11%, However, after
we use also the statistics of successful alarms, this estimate
becomes by an order of magnltude betier; using in addition the
statistics of main shocks we obtain significance level -~ 0.4% ;
such it is the probability to get predictions in situation of total
randomness { hypothesis H; >

The resultis of predictions 1Iin B reglons where strong
earthguakes didn’t occur neiiher reject nor confirm precursocr B.

In general, the results of forward predictions by
pattern B provide serious argument in favour of its reality as
a precursor. Retrospective analysis indjcates alsc that bursts of
aftershocks precede not sc the very strongest earthquakes but those,
which occur once a decade.

For the practical purposes prediction, based on pattern B
may be probably reinforced in some regions by allowing for

the clustering of Lhese patterns.

Appendix A.

The verification of patiern B under the hypothesis Hn
1s based on a general statlistical problem, which seems Lo have a
wide set of applications. Let us normalize the observation Lime to

unit. Then Lhe problem could be formalized as follows:

—13_

K and N random polints x..... X and yl..

” S Yy with a uniform

distribution are tossed independently into LhoAlnL.rval [0,1]1 . We
say that Y. predicts xj ir Y, b3 xj = y*r and there are no X-points
inside the interval (y_. ' xj). The points x, which are predicted
in this way determine number of successes,.x. The points Y, predicted
them determine number of successful alarms, p, The quality of
predictions is characterized by statistics = fC u, v 2, S0 its
distribution has to be known.

The joint distribution of ¢ %, » D is found in the paper
¢ Molchan and Rotwain, 1883). On this basis we can calculatle
distributiona of any functionals [ = fC %, ¥ ) for two cases:
N is fixed;, N is random with the given distribution, but K and
T are [ixed,. Let uz recall that N has a binomial distribution
when hypothesis H; is teosted,

Dencte ( a )p- aCa +1)-...'Ca+p - 1) » and
x_ =% ir x20, x’ao if »x < O.

1°. The distribution € #, ¥ 3 1s located within the range

02 xsws N, <K and i=s determined as follows:

-~ (KY, (-N) . n (-n)
- - =
Prob{ = mo, n | K. N, T2 — nt qu < 1 SxCAJ.)
"« Cn), (K)Y, cCK+1)-."F x
where S5 = [ 7--*“—.7[ — "] (1 +y1) S R
* r=a ¥ v nt ¥

R o=mnC N -n, KD, n=N=-n ;
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21
+

-m)~ - 1)- K + )=

S-_r—"‘(_m)[1-Er+5371mknzx+;{, ((-Kygfs'
¥ ge B . o p °
n =mnCm, K-pr2;

m-;:: - _ _ ot K -
- (p-m), (K+py+ 2 (X -n), .

=] - et _ = - - (=
PP, (K +p )p (N - K + x}p

where o =1 if Cp=0,n>» 03 and e, = O in the opposit case,

(-5)n (-K+n+p), (7 - B)ﬂ
7! (-N-K+n+p)ﬂ(

P
S = [ -
P peo -n - P,

For particular case T =1
m m ™m m

c.Cc.,/¢C

K n

Prob{ 2 =m , v =n | K, N, 1 » = » m=n CA2>

N+K

This case is of some practical interest: it means thal an
alarm c¢ontinues until a strong earthquake occurs. In fact for
the premonitory pattern "long-range aftershocks™ an alarm is

called off only in this way ¢ Prozorov and Shreider, 1887,

20

The marginal distributjons are:
(- m (-m)

m ! a t
a=o

Prob{ # =m | K, N, 7 > = K ~-ald ,

CA3D,

O<m=mnC K, ND

. . po P -4 N+X
where 3( p ) -.Eo CN CK I CN"‘ ] (1 -s71 ),

Note, that the distribution of x is symmetrical for ¢ K, N2

Prob{ # = m | K, N, T>» =Prob { x =m | N, K, 72

(N, n Comd
£ X N-ad A

Prob{ » = nh | K, N, T > =

K -1 K+*p

. .
where L pO= L cp Cx[c 1 (L -s7)

Ptk
a<aiminip,K?

The distributions ( AZ2-4) serve as a control for CAlD.

Appendix B.
Let » be the number of successes In a series of N
independent Lrials, and the probability of a single success

p- We show that

C-w 3 C-N+ v D> /7 C=N2 < B D
] ™ ks

m
is an unbiased estimator for pt c1-p 3™ . Here C a> =
«gCa+1),...°Ca+k-1272

Actually, the mean value:

E x¥ y"7¥ = M EC x/y)v-yN(xp/y+q)"-(xp+yq:|"
a""k

where q =1 - p . Let us apply an operator to both sides of
dxkdym

this expression at the point x = y = 1. We obtain the desired

resull:
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. o - Figures captions.
Fig.l. Histograms of the nusber of aftershocks b for four K
regions using regional catalogs: a) Northern California, l?ﬁﬂ-ﬁqﬂ_

.

yre, b} Bouthern California, 1932-83 yrs, c) New Zealand, 1940-78

yrs, d) Northern Japan, 1940-84% yrs.

RO S

P ‘ A Fig.2. Total alara tise, total Ty and usaful T; in i
. M B
retrospective pradictions for the regions: a) Northern Cnllfornin.%:
. ﬂ&’
b) Boutharn California, c} New Zealand, d) North Tapan. B° - 19, &
) . . g
(6) . Solid lines: theormtical curvas; dashad lines: sspirical data. %
d ; Two intarvals of acceptabls values of H_ are sarked by arrows. _ﬁf
¥ F¥s.3- Appendix C. }%
Caleuvlations of joint distribution ( ¥ ars {1

300 QL1 not very simle, thac is why we tabulated distributions of o

a simplest statlatics ( ). The precomputer gvraphs of
the distridutions ar? givan on Tigure 3 {a-f). K, N and

PRSP - 5 I e e = s : ¥ =minlk,N), v =21 -ma:{<,N}

are narameters of the distributicns (here K and N corraspond

te nunbers of sireag earthguakes and numoers of alarmsy

is normalized to 1,. Luckly the distribution of ( H

is symmetrical for (,N}, S0 wa Can assume 1n any case that
- : # < N. Quantiles of the distributicns are given 1n isolines

; on Fig 3a-3f. -guantila ie the smallest reot of unequationi
an The foilowing ranges of parameters are available:r 1 < K < N < BO
. = 0,8 - 5,18 (0.8) {(figss 3a-3f) i
i . =0.001, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 (diffarent valuew
(c) ! of correspond to differsnt triangle quadrants and solid or
vy - m— -— i dasn linms). . '

MW TO USE FiG.3 TO ESTIMATE SIGNIFICANCE DF PREDICTION

¥ “w FOR STATISTICS { - number of successful predictions)

*r Cﬂi: - 1) Definm tima of & single alarm in the snare of total time of -
ohservation T, = /T. Avong Tig.3a-3f find that one, which

corresponas to this val.ie . 2
2) tet (ksK, M) bp the result of your prediction, i.#. k out of K.
strong eartrkquakew ara praceded by an alarm, ana the total number’
of precurscrs (bserpea 1% equal to N. As 1 ¢ K < N < 20 on fig.a;?
let's determine N

3) Aris for variabias (x,y) ava placed on the diagonals of the
M . square. Each triangle quadrant sorvesponds  to twe significance .
(;{) | levels and fron the set menticoned above. Level values ara -
" marked on the side sides of the square (dash lines correspond
to the smallest ones mint  , ). e
Foint (x , y )} has to be marked in each quadrant of the :;
corrasponding square. Let be such that {(x ,y ) i% located ~ -3
betwesn isclines, marked as k -1 and k . Then serves i
as an upper estimaté for results of predictions (k /K, Nb).
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