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Abstract

We apply to the observed seismicity of Lesser Antilles a short term earthquake precursor which has been recently found by
analysis of synthetic seismicity. The latter was generated by a lattice-type “Colliding Cascades” model of interacting elements.
Precursor namedROCdepicted premonitory increase of the earthquakes correlation range.

Here, this precursor is used as a second approximation to the intermediate-term prediction. As a first approximation we use
the alarms, determined in the previous publication by the algorithm Seismic Reversal (SR); it depicts premonitory reversal of
territorial distribution of seismicity.

We consider combined performance of both algorithms in prediction of earthquakes with magnitude 5.5 or above. Four
such earthquakes occurred in the territory considered during 1984–1998. The alarms occupy 0.5% of the total time–space.
Three alarms happened to be correct, two alarms were false and one earthquake was missed by prediction. The alarms are
very stable to variation of adjustable parameters of prediction method. In view of this stability, such a prediction is unusually
good even for retrospective analysis. We present this prediction method as a hypothesis to be tested on advance prediction.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Studies in earthquake prediction report many evi-
dences that long range correlation between the earth-
quakes is reflected in some phenomena precursory
to strong earthquakes. One of the examples is the
remarkably successful prediction of the Haicheng
earthquake in China, 1976 (Ma et al., 1990). On its
first (long-term) stage this prediction was made by
extrapolating migration of seismicity over the dis-
tances 103 km. Prozorov (1975, 1994) suggested that
location of a future major earthquake is marked by the
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“distant aftershocks” — the earthquakes of medium
magnitude which occur shortly after a major earth-
quake but on a large distances from it, far beyond the
cloud of aftershocks in usual sense. In the time scale
of years many premonitory seismicity patterns are
formed within areas of the linear size 10 times larger
than the dimension of the source of an incipient strong
earthquake (Keilis-Borok, 1990; Keilis-Borok and
Shebalin, 1999); this estimation is validated by ad-
vance earthquake prediction (Kossobokov et al., 1999;
Vorobieva, 1990). Press and Allen (1995) have found
that in the time scale tens of years this size may reach
even about five times larger: earthquakes of magni-
tude 6 in Parkfield, CA, are preceded by the raise of
seismic activity in Grand Basins and/or Gulf of Cali-
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fornia. Such a large distances over which seismicity is
correlated were well explained by microfluctuations
in the movement of tectonic plates (Press and Allen,
1995) or by interaction of the crustal blocks (Soloviev
and Vorobieva, 1999; Sobolev and Rundquist, 1999;
Gabrielov et al., 1996). Different models explain-
ing long-range interaction between earthquakes are
naturally divided into two classes: models, rooted in
statistical physics, such as renormalization models
originated by Allègre et al. (1982) and Narkunskaya
and Shnirman (1990), and models, based on specific
local mechanisms (Gasperini and Mulargia, 1989;
Gomberg et al., 1997; Hill et al., 1993; Rice and Gu,
1983; Stein et al., 1992). We emphasize that these
models arenot contradictory but complementary.

A short-term precursor “ROC” depicting increase of
the earthquakes’ correlation range has been recently
found in synthetic seismicity. The latter has been gen-
erated by a “Colliding Cascades” model (Gabrielov
et al., 2000a,b) of cellular automata type, consisting
of a hierarchical system of interacting elements. Here,
this precursor (ROC) is for the first time applied to
the real (observed) seismicity, the corresponding pre-
diction algorithm is called by the same name. This is
done for the region of Lesser Antilles, where the test
of an intermediate term prediction algorithm Seismic
Reversal (SR) (Shebalin and Keilis-Borok, 1999) is
currently going on. This algorithm depicts premoni-
tory reversal of territorial distribution of seismicity.

In Sections 2 and 3 we describe applications of the
algorithms SR and ROC independently of each other,
both for the territory of Lesser Antilles. Algorithm
SR is aimed at an intermediate-term prediction, with
characteristic duration of alarms several months; it is
unambiguously defined in (Shebalin et al., 1996; She-
balin and Keilis-Borok, 1999), numerical parameters
included. The evidences supporting its validity, an ad-
vance prediction included, are also described in these
publications. We use the published results of predic-
tion by SR (REF), in order to juxtapose them with
prediction by algorithm ROC (Section 3); the latter
is aimed at a short-term prediction with duration of
alarms several days.

Finally, in Section 4, which is central in this study,
we use ROC as a second approximation to SR. Specif-
ically, we consider intermediate-term alarms deter-
mined by the algorithm SR. Within these alarms we
determine (by ROC) the short-term alarms.

2. Algorithm “Seismic Reversal”

Below we remind the essence of the algorithm SR
and the results obtained with this algorithm in Lesser
Antilles.

2.1. Performance

Prediction by SR algorithm in Lesser Antilles
was aimed at the earthquakes withM > 5. The
alarms determined in (Shebalin and Keilis-Borok,
1999) are shown in the lower row of Fig. 1a.
Territory 150,000 km2 was considered. Area of
an alarm comprises between 15 and 25% of this
territory. The breakdown of predictions is the
following.
• Four alarms ended with earthquakes of magnitude

5.5 or more.
• Five alarms were false. During two of them two

earthquakes of magnitudes 5.4 and 5.3 have oc-
curred.

• Total duration of alarms was 59 months, 35% of the
time interval considered.

• The last strong earthquake,M = 6.0, 24 Septem-
ber 1996, did occur during the alarm determined in
advance.

2.2. The data

For the region considered the local earthquake
catalog is routinely compiled since 1979 (Bul-
letins sismiques, 1979–1999). The catalog (we
shall call it IPGP) is about complete for magni-
tudes 2.5 or more. Prior to 1979 we use the cat-
alogue of Eastern Caribbean by Shepherd et al.
(1994).

To evaluate stability of our conclusions we ana-
lyzed also the data from the worldwide NEIC/PDE
catalog. It comes in three consecutively complemented
issues: PDE monthly — with time delay about 1.5
years; weekly — delay about 1–2 months, and QED
(quick epicenter determination; without delay) (Pre-
liminary Determination of Epicenters, 2000). For the
permanently updated versions we shall use the com-
mon name PDE; for any moment a latest available
source is used. In SR application we take from PDE
the magnitudes of relatively strong earthquakes,M ≥
5, which are practically complete in the IPGP catalog.
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Fig. 1. Retrospective prediction, combining both algorithm SR and precursor ROC. Lower row shows alarms determined by SR; middle row:
by ROC; upper row: simultaneous by SR and ROC. (a) Analysis of local earthquake catalog; 6 months around the predicted earthquakes
are zoomed up. Numbers indicate the magnitude of an event. (b) Analysis of PDE catalog.

The data on magnitudes of such earthquakes are more
reliable in PDE than in IPGP catalog.

The target for prediction were the earthquakes with
magnitudeM ≥ 5.5. During the period considered
1984–1999 four such earthquakes have occurred, their
epicenters are shown in Fig. 2. One more has occurred
near the area where we applied the SR algorithm (No.
4 in Fig. 2).

2.3. The algorithm

Algorithm SR depicts premonitory reversal of ter-
ritorial distribution of seismicity. According to this
algorithm prior to a strong earthquake seismic activ-
ity is raising in the relatively quite areas and vice
versa (Shebalin and Keilis-Borok, 1999). Its technical
definition is given in all the detail in Shebalin et al.
(1996).

3. Precursor “range of correlation”

This precursor depicts nearly simultaneous occur-
rence of two earthquakes at large distances from each
other. It has been recently found in synthetic seismic-
ity (Gabrielov et al., 2000a,b); here it is for the first
time looked for in the observations.

3.1. Formal definition

As often in the study of premonitory seismicity pat-
terns we consider a sequence of main shocks

{tk, gk, Mk}, k = 1, 2, . . .

Heretk is the earthquake occurrence time,gk the vector
of the coordinates of hypocenter,Mk the magnitude,
and k is the sequence number of the main shock in
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Fig. 2. Map of epicenters of earthquakes with magnitude 4 or more
in Lesser Antilles. Large numbered circles:M ≥ 5.5. Numbers cor-
respond to the table below. Small circles-epicenters: 4≤ M < 5.5.
The formal area where the SR algorithm can be applied is shown
by the broken line

Date Epicenter Depth Magnitude

1 16 March 1985 17.01◦N 62.44◦W 13 6.3
2 21 February 1990 16.90◦N 62.32◦W 109 5.8
3 12 July 1990 14.64◦N 60.45◦W 28 5.7
4 8 March 1995a 16.67◦N 59.40◦W 33 6.2
5 24 September 1996 15.34◦N 61.35◦N 138 6.0

a. Outside the area where SR algorithm was applied..

order of the occurrence. Foreshocks are not separated
from the main shocks here.

Let R(i, j|τ ) be the distance between the hypocenters
of two main shocks with sequence numbersi andj, i <

j ; we consider only the pairs which occurred within
a narrow time intervalτ , that is withtj − ti ≤ τ .

Prediction is aimed at the strong earthquakes with
M ≥ M0. Prediction algorithm is defined as follows:
an alarm is declared after a pair of earthquakes with
R ≥ ∆. Alarm lasts forT days after second earthquake

in the pair. It is called off after a strong earthquake
occurs or timeT expires, whichever comes first.

Additional conditions on the pairs considered: both
main shocks are not too weak, with magnitudeMmin ≤
M < M0; the distance is limited from above to avoid
unreasonable extensions,R < ∆max.

To avoid alarms produced by a duplication of an
earthquake in the catalogue we add a conditiontj −
ti ≥ 10 min; such duplications do occur (Shebalin,
1992). In the catalogue considered this condition hap-
pened to be not necessary.

Prozorov (1975) introduced the function similar to
R to identify the earthquakes of medium magnitude
which occur shortly after a major earthquake but on
a large distance from it. He concluded that such “dis-
tant aftershocks” mark the location of a future major
earthquake.

3.2. Existence of precursor

By definition a precursor should appear more fre-
quently, as a strong event approaches. Here, we test
whether this is the case for the precursor ROC in
Lesser Antilles. We use for that purpose the technique
described in Fig. 3; it is developed in seismological ap-
plications of pattern recognition (Gelfand et al., 1976;
Keilis-Borok and Rotwain, 1990; Press and Allen,
1995). First, we compare distribution function ofR in
the time intervals of two kinds:D — preceding the
strong earthquakes within 6 months; andN — dis-
tanced from strong earthquakes by 6 months. The in-
tervals are shown in Fig. 3a, the distribution functions
are compared in Fig. 3b. Shift of the distribution in
the intervalsD toward larger values ofR is clearly
seen.R is determined for the main shocks with magni-
tudesM ≥ 3.0 occurred withinτ = 3 days from each
other. We cannot evaluate a statistical significance of
this shift, since parameters of the functionalR were
not chosen a priori.

Next, we consider histograms ofR (Fig. 3c) in
the five bins each containing 20% of the observed
values ofR. This division is done forD andN inter-
vals together; by mixing them we reduce the dangers
of data fitting, since the bins do not depend on a
priory knowledge on strong earthquakes (Gelfand
et al., 1976). Fig. 3c shows the difference1f(R)
between the histograms ofR in D and N intervals.
We see that the large values ofR (starting from the
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Fig. 3. Premonitory increase of the range of correlation between the earthquakes. Measure of this range is the pair-wise distanceR between
earthquakes’ hypocenters.R is determined for the main shocks with magnitudesM ≥ 3.0 occurred withint = 3 days from each other. (a)
Division of the time into intervalsD, A, and N. (b) Distribution functions ofR in intervals D and intervalsN. Shift of the distribution
within the intervalsD towards the large values ofR is clearly seen. (c) Difference1f(R) of distributions ofR in intervalsD and N. Each
bin corresponds to an interval containing 20% of all the values ofR considered. Large values ofR (bins III–V) are obviously concentrated
within 6 months prior to a large earthquake (in the intervalsD).

third bin, i.e.R > 150 km) are more frequent inD
intervals.

3.3. Performance of the precursor

Existence of a precursor per se is not sufficient to en-
sure its satisfactory performance in prediction of earth-
quakes one by one. For example, most of precursors
may be concentrated before one of strong events leav-
ing others unpredicted. To evaluate performance of
precursor ROC we apply the algorithm defined in Sec-
tion 3.1 with the following numerical parameters: tar-
get of prediction is an earthquake with magnitude not

lower thanM0 = 5.5; duration of alarmT = 40 days;
time windowτ = 3 days; threshold for declaration of
alarm∆ = 150 km,∆max = 300 km;Mmin = 3.8.

Strong earthquakes and alarms determined by this
precursor are shown in the middle row of Fig. 1a.

Altogether 13 short-term alarms are determined,
three strong earthquakes happened during these
alarms, one strong earthquake is missed, and 10
alarms are false. Total duration of alarms is 10%
of the considered interval. This performance is not
satisfactory: although total duration of alarms is low
(since they are the short-term ones) the number of
false alarms is too large.
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Fig. 4. Transition to short term prediction in time and space. Intervals without joint SR and ROC alarms nor strong earthquakes are lapsed
on the figure. Pairs of events forming ROC precursor seem to occur in the same part of the region. False alarms determined by both SR
and ROC probably were initiated by preceding strong earthquakes.

4. Consecutive application of the algorithms:
transition to short-term prediction

4.1. Joint performance

Earthquake prediction research knows just a few
but very successful examples of reproducible consec-
utive predictions with increasing accuracy. Among
them is prediction of Haicheng earthquake in China,
1976, which went through four stages from long-term
to immediate (Ma et al., 1990); and increase of terri-
torial accuracy of intermediate-term prediction by the
algorithm “Mendocino Scenario” (Kossobokov et al.,
1990). For the latter high statistical significance is
established by massive application to strongest earth-
quakes of Circum Pacific belt (Kossobokov et al.,
1999); short-term precursors on the background of
intermediate-term ones is reported also in (Kos-
sobokov et al., 1999).

Comparison of alarms determined by SR and
ROC (lower and middle rows in Fig. 1) sug-
gests a next step: to regard ROC as a second ap-
proximation to SR and declare an alarm in two
stages.
1. Intermediate term alarms are defined by algorithm

SR.
2. During these alarms we define the short-term

alarms by algorithm ROC.
Alarms determined in this way are shown in the top

row of Fig. 1a. We see that three out of four strong
earthquakes happened during a short term alarm.
Two alarms are false. Total duration of alarms is
3% of time considered. Fig. 4 shows how short-term
prediction by two algorithms, thus combined, was
unraveled in space and time. An area of alarm oc-
cupies 15–25% of the territory, and all alarms to-
gether occupy 0.5% of the time-space considered.
In advance prediction any of such scores would be
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Fig. 5. Error diagrams for precursor ROC. Different points correspond to different thresholdMmin given in the figure. Other parameters
are fixed as follows:τ = 3 days,∆ = 150 km,∆max = 1000 km, andT = 40 days.

a great success. Note that SR alarms have been de-
termined for magnitude thresholdM0 = 5. We use
these alarms here because they have been published
in paper (Shebalin and Keilis-Borok, 1999) a priori.
The difference inM0 only lowers our success score,
since false alarms by ROC have smaller chance to be
eliminated.

Fig. 6. Error diagrams for prediction by SR and ROC jointly. Different circles correspond to different adjustable parameters of the precursor
ROC (see table below). Point no. 1 corresponds to the parameters used in the analysis illustrated in Fig. 1. Small gray circles correspond
to the randomized alarms used to check significance of the result (see explanation in the text)

1a 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Mmin 3.8 3.5 3.6 3.7 4.0
τ , days 3 1 5
∆, km 150 50 100 200
∆max, km 300 250 400 500
T, days 40 20 60

a Values which are the same as in the first column are not indicated in the table.

Arrows on the Fig. 4 connect the first and second
in the pairs of earthquakes which generated an alarm.
It is interesting to note that both lie close to the area,
covered by the SR alarm. The second earthquake is
within 100 km from the epicenter of incipient strong
earthquake, much less than the dimension of the area
considered (about 150,000 km2).
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4.2. Stability and non-randomness of predictions

Stability of predictions to variation of adjustable pa-
rameters of prediction algorithm is characterized by
the error diagrams introduced in earthquake prediction
research by Molchan (1997). The error diagram also
is a tool for quantitative analysis of a prediction al-
gorithm performance: it allows to estimate prediction
algorithm strength and compare different algorithms
and strategies. These diagrams are shown in Fig. 5 for
ROC and in Fig. 6 for ROC and SR jointly. In both
cases only parameters of the ROC are varied since we
used the already published alarms by SR. Stability of
results is quite acceptable: the results can hardly be
improved for ROC alone, or destroyed for joint appli-
cation of ROC and SR.

Fig. 6 shows also a randomized prediction. A com-
bination of adjustable parameters (table at the bottom
of Fig. 6) is randomly selected. For each combination
we know the numberN (4–40) of alarms and their du-
rationT. We distribute randomly the same number of
alarms, of the same duration. The scores of (n, τ ) and
(n, f) is shown by gray dots in Fig. 6. Obviously, the
random predictions give much inferior score, just a
few of them overlap with predictions by the combined
algorithm considered here.

5. Conclusion

We have demonstrated a two-stage prediction: short
term precursors used as a second approximation to
the intermediate term alarms. This fetched short-term
prediction of high quality unusual even in retrospec-
tive analysis. It is encouraging that considerable part
of analysis did not involve retrospective data fitting.
We used as a first approximation the intermediate-term
alarms determined in a previous publication (by the
algorithm SR). In a second approximation we used
a new type of precursors (ROC) formally defined by
analysis of synthetic seismicity; in this study it is for
the first time applied to observations. One should re-
member, however, that adjustable parameters of this
precursor could not be determined a priori on a model
and were data fitted on observations considered here.
Accordingly this study merely formulates a hypoth-
esis, to be tested on independent data; the only final
test is an advance prediction.

This study also supports the conclusion made in
(Gabrielov et al., 2000a,b) on existence of premoni-
tory increase of the range of correlation between the
earthquakes.
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