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sfaciorily high confidence level.

“hauakes that are followed within a shert time by abnormally large numbers of aftershocks are hypothesised 1o De
sien precursors of sironger earthquakes. In a test of the hypothesis, 18 out of 23 strong earthquakes, in five regions
wide, were predicted retrospectively. In comparison with a random model the precursorv paftern occurs ar a

. hope that patterns of seismicity exist that are premonitory
.streng earthquakes relftes on the fact that the occurrence of
sthauakes is controlled by the distribution of stresses and
tresutha within the Earth and that each earthquake in turn
zes these fields. At present we cannot anticipate what such
s should be, because the theoretical basis is inadequate.
g reason for this is the absence of firmly established empirical
e m.af‘s in scismicity which would provide & factual basis for
studies of earthquake occurrence,
for premonitory patterns of seismicity have attracted
attention. as these may possibly be established by the
<15 of warthquake catalogues which are the longest record
‘clevant observations, With regard to precursors of large
raguakes, there have been many purported descriptions of
onitory patterns of seismicity. These patterns are of three
: jmescence, activation and migraten of epicentres.
the results from some of these studies support the
. ¢ rremonitory patterns of seismicity exist, nevertheless,
wr oo few exceptions, their definition is not specific enough 1o
wowense uae reliability of the pattern. To obtain such estimates
i o2 able to detent the pattern by a formal algorithm
ni how often it is successful zs a precursor. Without
mates of reliabiiity, any premonitory pattern would be
il
vresent here an attempt to derive a formal definition of
L piermonitory seismicity patterns from the analysis of an

LCH

earthquake catalogue, which yields a reasonable success-to-
failure ratio in retrospective long-term earthquake prediction.
The definition also provides constraints on the theory of earth-
quake occurrence.

One reason why the search for premonitory patterns of
seismicity has not been successful is that aftershocks are usuailv
disregarded as being highly predictable pirenomena. The results
we describe below show that, while aftershocks are indeed
highly predictable, some specific traits of aftershock sequences
are highly informative, These traits may represent important,
descriptive aspects of the distribution and redistribution of
stresses and strengths within the Earth.

Definitions

Lett be the origin time of an earthquake, A, ¢ the longitude and
latitude of its epicentre {west and south are negative), 4 its focal
depth, and M its magnitude. The subscript j will indicate the
sequence number of an earthquake in the catalogue, 1, <, ..

We seck precursors of earthquakes with magnitudes M = M,
These are calied strong earthquakes. Our patterns will be con-
structed from earthquakes in the magnitude range M, =
My~ p,sM s M~ =M, and in a time interval of duration
s; the values of p,, 4, and s may be different for each of the
three patterns that we will discuss.

Aftershocks are defined as follows. Constder two earthgquakes
with sequence numbers { and J, j > /. The second earthquake 8

Table 1 Score of patterns B

)

-

N. California—

i Nevada 3 4 5
Southern texcluding Southern MNorthern New
Fagons California Mendocino area) Japan Japan Zealand Tetals
stulopue ref, 4,11, 12 9 10, 14 10, 14 13
n of catalegue (yr} 1932-78 1945-76.5 1926-76.5 1940-76.5 1945-77 201.5
X 6.3 6.2 8 7.6 6.6
. 11-13 6-12 4-10 4-6 9-14
Strong carthquakes
i & 4 2 4 7 23
preuicted’ 5 3 2 4 4 18
Il elative time of alarms 0.46 0.27 0.18 0.36 0.27 0,31
36 39 9 45 65 194
N SN 9/14 3/6 2/4 7/13 7/8 28/45
T 0.37 0.28 010 0.27 0.33 0.30
T79% 95% 96"% 95%

e 6%

¥, tonal number of main shocks; N, number of main shocks which generate pattern B 4, = C, for upper value of C; Na, number of occurrences of
in | which are followed by strong earthguakes within  yr; T, sum of times = before each strong earthquake, counting overlapping parts anly

. T.span of the catalogue (yr); C, threshold for identification of pattern B. A variatioa of C within the timits indicated in the table will introduce
:r zero or one additionatl error; P, confidence level for upper value of O




: rvaftershock of the first if the following conditions are satisfied:
i 1 wistance between their epicentres is less than R (M), -6 <
el —his HM ), M, s M, Here T(M), R(M) and H{M)
<1 empirical functions. If we apply this definition to an earth-
ke catalogue, starting with the first earthquake, we can
s ate the catalogue into main shocks and their aftershocks.
i - first earthquake of the catalogue is identified as a main
<X Bach succeeding main shock can be identified after the
elzon of aitershocks of the preceding main shocks. Formulas
thin type have been developed'™ for both the worldwide and
~wouthern California® catalogues for use in other aspects of
stedy of aftershocks and sequences or chains of inter-
soendent earthquakes.,
attern 3 (burst of aftershocks). Let (e} be the number of
«ii shocks following the /th main shock within time interval e.
e consider only those main shocks with magnitudes between
i und M, and only aftershocks with magnitudes at or above
wirie threshold m = M, — us. We invoke the thresholds M, and
+ for practical reasons as afl catalogues are incomplete and
naomogeneous  for small magnitudes. However, these
“lirzsnolds may be of some value in explaining physical rela-
~1-nships, as the details of premonitory patterns may be different
o different magnitude ranges.

Paitern B consists of a main shock and its aftershocks for
which b; 2= C. A more flexibie definition of a threshold for b, can
e piver’, but it is not required for the present purposes.

An alarm is declared for a period of 7 years after patternt B is
sdaymosed. A strong earthquake is expected during this period,
ri heen predicted by pattern B, The alarm is terminated
ciifer at the time a strong earthquake takes place or at the end of
1y neriod, whichever comes first,

Pattern S (‘swarms’) was introduced elsewhere and its
miarameters were adjusted to the Halian earthquake catalogue®,
v count the number of earthquakes in a time-window from

<~ ¢p 15 4, 10 the same magnitude range as above and in a
~iiricied depth range. Let N{r) be the total number of such
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earthquakes in the region. A reduced number of earthquakes
#(r) is obtained from N{z) by the elimination of aftershocks of
strong earthquakes, We then consider the map of the epicentres
that are counted to determine » (f}. From this map we determine
a third function r(s) which is the maximum number of epicentres
that can be surrounded by a small rectangular cell of dimensions
A¢ in latitude and AX in longitude.

Pattern § consists of a group of earthquakes such that n{r) >
max {Cy, N (1)} and r(t) > Csn (). N(t} is the average of N(1)
over the interval f, to ¢ or from (# — ks) to & The threshold M,
plays no part in the identification of this pattern,

Pattern X has been introduced elsewhere” and its parameters
were adjusted to some of the strongest earthquakes of the world.
ltisrepresented by a peak of the function I(r) = ¥, G(M;) where
the summation takes place over the same band of time and
magnitude intervals as above. Aftershocks of strong earth-
quakes are eliminated from the summation. G(M) is specified’
tobe G(M) = 10“*"" where d and f are numerical parameters.
Pattern X consists of earthquakes satisfying the condition T(r) =
2. The values £ = cG(M,), ¢ = 0.5, d =0.91 have been assumed
elsewhere’,

Alarms after patterns S and X are declared in the same
manner as indicated after pattern B.

Data processing

We have tested pattern B in 2 retrospective ‘prediction’ of strong
earthquakes in the five regions indicated in Table 1. Arbitrarv
decisions have had to be made regarding the definition of the
geographical boundaries of these regions as well as the values of
all parameters. No a priori theoretical limits can be imposed on
these decisions and we have to obtain them by data fitting. This
creates a danger of self-deception as the number of these
decisions is rather large. To decrease this danger we have tried to
make these decisions simple, uniform and, if possible, a priorL.
Also we have accepted, when possible, the arbitrary choices of
parameters or thresholds made in previous studies, and we have
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Fig. 1 Pattern B and strong earthquakes for , southern California, M,=6.5; b,
northern California-Nevada, M, =6.2; c, southern Japan, M, =8.0; 4, northern
Japan, My =7.6; ¢, New Zealand, M,=6.6. Haiching indicates the end of the
catalogue. Vertical lines denote the times of strong earthquakes. Large dots are the
values of b for main shocks which excited pattern B(b,= C; the subsequent alarms
are shown by the horizontal lines. Smalt dots are the values of 4 for main shocks
which did not excite pattern B(b, < C). The 1wo dashed lines denote the times of the
Borrego Mountain (1968} and San Fernando (1971) earthquakes; the two false
alarms associated with these events disappear if the magnitude of the $an Fernando
earthquake is at least 0.1 greater than catalogued. The magnitudes of atl avents are
body wave magnitudes m, with the exception of the Kern Country earthquake of
July, 1952 which has M, = 7.7 indicated, This iatter earthquake has had a body wave
magnitude assigned'* (of m, = 7.2).




Table 2 Pattern B and strong earthquakes

epicentre
Month-day-year @ A M b 57 o
R =50(100) km (yr)
e=2d s =74d
Southern Japan
Polygen: (30; 130}, {33, 139), (39; 136), {33;127.5)
3- 7-27 35.6 135.1 1.5 13 18 8
9-10-43 35.5 134.2 7.4 20 23 1.24
12- 7-44 337 136.2 8.4 3 3 \
1-13-43 34.7 137.0 7.1 10 17 144
12-21-46 33.0 135.6 8.1 2 3
6-28-48 361 136.2 7.3 11 11 230
Northern Japan
Polyzon: (33; 139), (37; 145), (40; 146), (45; 154), {49, 150), (45; 140), {39; 136)
12-26-49 36.7 139.7 6.7 & 7 2.19
3- 4-32 42.2 143.9 8.1 6(21) 0(28) He
3-21-60 39.8 143.5 1.5 1H13) 19(30) 3.56
3-23-60 39.3 143.8 6.7 ] 6 3.56 L
1-16-61 36.0 1423 6.8 913 9(13) 2.74
4-12.62 38.0 142.8 6.8 7(8) 16012) 1.50
10-13-63 43.8 150.0 8.1 4(8) 9(16} N
5. 7-64 40.3 139.0 6.9 8 10 4.03
6-16-64 384 139.2 7.5 41(42) 48(52) 392
1-29-68 43.2 147.0 6.9 17(21) 23(33) 0.30
5-16-68 40.7 1436 7.9 12(45) 17(65)
5-16-68 414 142.8 7.5 27 50 1.24
5-17-68 39.8 143.5 6.7 ] 7 1.24
6-12-68 394 143.1 7.2 43(45) 51(5%) 147
8-12-69 42.7 147.6 7.8 73N 18(66}
6-17-73 430 146.0 7.4 1530 18(45) >4
6-24-73 43.0 146.8 7.1 10430} 16i43) i

Values of b, for R = 100 km are indicated only if they are not the same as for R = 50 km; &7, time from the given pattern B until the
earthquake; n,,, the aumber of all main shocks between the given and preceding strong earthquakes, or since the beginning of the cataloguoe &

of the first sirong earthquake; » denotes a main shock, that would have been identified as an aftershock with & = 100 km,

tested the stability of our results with regard to variations in each
of these choices. We have considered only those sarthquakes
with # < 100 km,

We have assigned the following values: 7= 3 yr; ¢ =2 days;
i =0.1; wa=1; uy=3.5. These values were obtained by data
fitting for southern California®. To define aftershocks we took
R =30km; T(M})=0.5 years for 5.0 M <534, TIM)=1yr
for 5.5=M <64 and T(M)=2 yr for M =6.5. The values of
R(M), T(M) given elsewhere” for the southern California cata-
logue give better results, but these fine gradations are hardly
warranted in view of the accuracy of some of the other cata-
logues used in this study. The values of R{(M) and T(A)
assumed here have the advantage that they can be used for a fast
diagnosis of pattern B even before the epicentres of aftershocks
are determined precisely.

The values of M, and C listed in Table 1, have been chosen
separately for each region due to lack of experience and a
satisfactory theory. The fact that these two parameters have
been chosen a posteriori contributes the single largest difficulty
in the evaluation of the significance of our results.

We have chosen the other parameters to be the same for all
regions, even if they are unreasonably simple. This suffices for
our present purpose which is to test the existence and stability of
pattern B. For actual predictions, the parameters could probably
be better adjusted to match the specific geophysical charac-
teristics of the region as well as its own earthquake catalogue.
More detailed studies of pattern B in some specific regions will
be published elsewhere®.

The boundaries of the southern California as wei: a~ the
northern California—Nevada regions are defined elsewhere ™"
We straightened these boundaries slightly from the o+
definitions, and have deleted the area around Cape Me: L
from the northern California study as it has a distinctlv it
cluster of epicentres. The boundarizs of the other
based on large-scale neotectonics and on the den
centres.

Results

The results are summarised in Table 1. Examples of th ool
are documented in Table 2 and displayed in Fig. . The ~00]
span of all five catalogues is 202 yr. Twenty-three stron .
quakes occurred in the five regions during these time interal: .
Eighteen of these earthquakes were retrospectivelv pr
that is, they took place during the intervals of alarms so
after each instance of pattern B. The total duration of
alarms is 60 yr or 30% of the total span of the cataicgues.
exclude the results for southern California, which were
involved in the data fitting, that is, in the adjustms
parameters, we have 13 out of 17 strong earthquakes pre
tor the remaining four regions; the total duration of alar-~
out of 155 yr or 25% of the total time.

Although these numerical values illustrate the pricie o
efficiency of pattern B as a too! in prediction, they v
used in statistical tests of the existence of pattern 13 -, ..
definition above, an alarm is terminated by the oceurreoe
strong earthquake. To perform this siatistical test iof in - v




tence of pattern B), the values of the three parameters, Na, Ng,
and T,/ T were tabulated and listed in Table 1.

The probability that a random binomial process could do as
well or better than pattern B in anticipating strong earthquakes
is given by the quantity (1 - P). This is the probability that N,
events or more will occur out of Ny tries in the fraction T,/ T of
the total catalogue time T according to a random binomial
process. The values of P strongly support the hypothesis that B is
a premonitory pattern, although these values of probability
should only be used in a qualitative sense rather than literally.
The fact that some thresholds were chosen a posteriori leads to
an overestimation of P. On the other hand, the fact that some
thresholds are chosen to be the same for all regions, leads to an
underestimation of P. For example, the earthquake in southern
Japan of 28 June 1948 could be deleted as a cause of a false
alarm (Table 2) either by (1) changing e from 2 to 7 days, and/or
(2) changing m to 5.0 from 4.5. Both of these changes are not
unreasonable: in the first instance because M, =8 is especially
large and in the second because the catalogue'" is more reliable
for magnitudes greater than 5 than it is for magnitudes between
4.5 and 5. The last two false alarms for the southern California
cataiogue (Fig. 1) disappear if we assume that the magnitude of
the San Fernando earthquake of 9 February 1971 is 6.5 instead
of 6.4; this question is discussed elsewhere®. Similarly, the
values of P could be increased by adjusting some of the
parameters to take into account specific traits of the observed
seismicity for each region separately. However, these adjust-
ments would be non-unique; for the purpose of testing the
existence of pattern B as a precursor, it is better to keep the
criteria for all regions as uniform as possible, and that we make
them, insofar as possible, a priori, and hence avoid tampering
with the results by intuitive ‘improvements’ after inspection of
the tabulations.

In the case of the northern California-Nevada catalogue we
took m =3, instead of m = 2.7 which would have been obtained
from a literal application of our uniform definition x5 = 3.5; this

“catalogue is especially inhomogeneous for m < 3. The errors in
prediction with m =2.7 and m =3 are the same,

Table 2 lists the strong shocks as well as the main shocks that
trigger pattern B; the strong shocks are underlined. Thus it is
possible to see whether or not a strong shock was preceded by
pattern B within 3 yr. Table 2 shows that our results remain
essentially unaltered when the value of R is changed to 100 km
and/or ¢ to 7 d. Similar results have been obtained for the other
catalogues,

We have indicated in Table 2 those events that would have
been identified as aftershocks of the event immediately preced-
ing had we used R = 100 km; deletion of these events from our
listing would have improved our success rate as these invariably
result in a reduction in Ny without a corresponding decrease in
N,. There are two examples of entries of this type in the
southern California catalogue and none in the northern Cali-
fornia and New Zealand catalogues.

A more detailed analysis of the stability of pattern B as well as
the choice of the optimum parameters for the diagnosis of
pattern B requires a separate study for each region. We have
tried here to emphasise that pattern B can score quite satis-
factory success-to-failure ratios, even with parameters that are
uniform for all regions, despite the fact that each region has
widely different tectonics, seismicity and quality of earthquake
catalogue from the others,

A speculation on generalisation

The same catalogues were processed to detect the presence of
patterns § and X (Fig. 2). The value of M, is assumed to be the
same as for pattern B. As in the papers where these patterns
were introduced®’, the parameters were taken to be as follows:
Ci=0,Co=1, C3=0.5, u,=2, u,=0.5 for X _{absent for $),
d=091,f=4.5,5=1yrforS.For X we varied £ and s for each
of the regions (Fig. 2). The absence of a pattern signifies that it
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Sclid horizontat line is period of alarm; dashed is false alarm. $ah¢’

vertical line is time of strong earthquake; dashed is strong carh:-

quake not predicied by pattern B. Brackets denote differen:

patterns generated by the same main shock and the approprate
parts of its aftershock series.

could not be detected for the given region, We added data ivr
Alaska in view of the striking success of pattern =.

In several cases the same main shock and its aftershocks wit:
give rise to several different patterns from among £, S, B. This
result is not unreasonable as by definition, a main shock and
aftershocks will generate:

{1) pattern B if the number of aftershocks during the firgt
days is large enough;

(2) pattern S if the number of aftershocks during the tir
interval s, or during any part of it, is large enough; we usualiy
take s =1 yr;

(3) pattern Z if a sufficiently large number of events have
magnitudes close to the upper limit M.

In most cases in southern California the same main event pius
its aftershocks generate two or even all three paHem'i
Moreover, the coincidence of a combination of two or three
the patterns eliminates false alarms without adding any failures-
to-predict®,

Patterns X and S also appear in conjunction befors extremety
strong earthquakes in the Tibet-Himalaya region®; in this repicm
pattern B cannot be diagnosed, as the catalonues that aks
available do not include aftershocks.

We find that prediction by pattern B is successful when 1w
conditions are satisfied: not only is a large number of aftershochs
b, required but also the main shock producing it must have -
large enough magnitude; if the magnitude of 2 main shock ic 1o



low, but is still followed by an exceedingly large b;, a faise alarm
will be generated. We have therefore introduced the threshold
M;. On the other hand we find both the numbers of false alarms
and failures-to-predict increase significantly if we ignore the
number of aftershocks produced by a main shock and merely
consider the occurrence of a main shock itself as a possible
precursor: for example, these numbers increased when we
considered as a premonitor any earthquake with magnitude up
to M,, that is, by removing the gap between A, and M,, by
increasing A, and ignoring the threshoid C.

We can imagine that a hypothetical generalised premonitory
pattern exists which is an abnormal clustering of earthquakes in
aspace—time—energy domain. We call this hypothetical patterna
‘burst of seismicity’. Our three particular patterns may represent
different projections of this generalised pattern. The definitions
of the three are neither unique nor optimised; the use of discrete
magnitude thresholds, especially in regard to large uncertainties
in magnitudes of earthquakes in the catalogues, is an inadequate
and troublesome aspect of the work so far. Qur results indicaie,
however, that these patterns exist and deserve attention.

We have refrained from providing additional refinements,
such as geological regionalisations or to assign probabilities to
the forecasts as functions of time to the forthcoming event and
its magnitude. The results of the present exploration indicate
that such refinements are necessary and we hope that they would
improve our success ratios, which are surprisingly high despite
the simplicity of the criteria we have used.
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US-USSR cooperative programme in earthquake prediction.
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