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Abstract

The analysis of seismic sequences is the primary objective for the study of the
evolution of seismicity in a particular area, in order to determine a greater
awareness of its seismogenic potential. The eventual determination of the ep-
icenters of future earthquakes associated with the expected magnitude can be
the tool to better seismic prevention. In this paper, we present some proce-
dures for epicenter prediction of a strong earthquake, developed after a care-
ful analysis of the fluctuations of latitude and longitude values in time and
space and distance, between seismic events occurred in a specific area. By
analyzing several seismic sequences, whose data have been taken from the
numerous catalogs on seismicity, we noticed that the epicenters of the earth-
quakes that precede the strongest ones, tend to converge towards the epicen-
ter where the strong earthquake will happen, following a pattern and a repeti-
tive directional trend. Analysis of the pattern and trend, which represent the
fluctuation of events and distances between pairs of earthquakes, has allowed
us to localize the epicentral area of a future earthquake, which more reliably
complements the other forecasting methods we have developed in the past.
Retrospective tests performed on past seismic sequences have shown that the
predictive procedures developed are able to identify in a simple way and in
the short term, the area where a strong earthquake is most likely to occur.
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1. Introduction

Short-term prediction of the epicenter of a future earthquake is an important

feature for seismic hazard mitigation by opening the possibility of preventing

considerable damage.
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Accurately determining the epicenter location is very difficult [1] [2] [3]. Zhu
[3] proposed a new estimation algorithm for the epicenter location using low
frequency seismograms.

Some studies have suggested that the location and magnitude distribution of
foreshocks are different from the distribution of other earthquakes [4] [5] [6]
and show correlations between the size and location of the foreshock zone and
that of the subsequent mainshock [7] [8] [9] [10]. These observations are con-
sistent with a scenario where foreshocks are the manifestation of a seismogenic
process leading to mainshock nucleation [11] [12].

The evolution analysis of seismicity at the regional scale, shows that just be-
fore the main earthquakes there is a characteristic change in the sequence. This
change, however, can be identified when the seismic data are analyzed in a new
time domain termed “natural time” [13].

Observations related to the fluctuations of seismicity related to time and space
can provide important information for determining the location of a future
strong earthquake in the short term.

For this purpose, retrospective analysis of the epicenters of aftershocks can be
used to improve estimates of the epicenter of short-term strong earthquakes.

The hypothesis that seismic activity is concentrated before a strong earthquake
is valid for many large seismic events that have occurred in various parts of the
world and is supported by the distribution of minor aftershocks in an area that
can be considered to have a greater instability [14].

In fact, the analysis of the positions of the epicenters of the shocks between the
first maximum and the second maximum of the foreshocks-mainshock-aftershocks
sequence(FMA) [14] of which one or more foreshocks are part, it is logical to
expect that the position of some of them are close to that of the expected strong
earthquake (EQ).

Most quakes before an EQ are concentrated near the foreshocks, but in some
situations, they may nucleate at greater distances.

These features suggest that clustering of shocks, including some foreshocks
that form before the EQ, is not always accompanied by a major energy release in
the same area.

This sudden variation in the location of the epicenter of the expected EQ per-
haps is due to the accumulation of static and dynamic stress generated by the
premonitory shocks. According to Stein [15] the earthquake is not an isolated
phenomenon, but part of its energy is able to move along the fault accumulating
along other nearby faults to give rise to new earthquakes. Seismicity would have
a “chain” behavior, Ze, faults would be highly susceptible to stresses acquired as
a result of seismic events that affected nearby faults.

The detailed analysis of whole seismic sequences shows that earthquakes do
not occur in a totally random manner, but often tend to cluster both in space
and time [16] at all levels of magnitude forming a seismic cluster characterized
by a directional trend that allows to identify the epicenter of a future strong

earthquake.
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In particular, the organization in space and time of the latitude and longitude
values of seismic events is probably the most suitable tool to identify the area
most likely to be hit by a strong earthquake.

The location of the future EQ is strongly dependent on the size of the area
analyzed. The smaller the size of the area, the more accurate is the result ob-
tained. Therefore, it is necessary to proceed by analyzing the seismicity first of a
large area and then of a smaller area included in the former.

In the proposed models (Figure 1), the location of the EQ is estimated using
some simple algorithms based on the spatio-temporal location of the tremors
preceding the strong future earthquake.

The analysis procedures tend to identify one or more possible areas in the
analyzed region and their filtering to reduce the prediction error.

The algorithms were designed by retrospective analysis of 130 seismicity
models preceding earthquakes of magnitude M > 7 and 40 of magnitude be-
tween 6 - 6.9 M, occurring in various areas of the mode (Figure 2) and using the
catalogs of the National Institute of Geophysics and Volcanology (INGV) [17]
and the U.S. Geological Survey (USGS) [18] and Japan (NIED) [19].

The number of earthquakes in the seismicity models varied from a minimum
of 40 to a maximum of 100 events. The minimum magnitude and maximum
hypocentral depth used were 2.0 M and 50 km, respectively.

Analyses were performed with the experimental software “Previsio”-Epicenter

section made by the authors.

Models

Trendlines

Dynamic Epicenter Model 22
(DEM,,)

Dynamic Epicenter Model 11

(DEM,)) Best Fit Filter
(BFF)

Dynamic Dials Model

(DDM)
Last Epicenter Filter
Pairs of Earthquakes Model (LEF)
(PEM)
Nine Dynamic Areas Model Sector Filter
(NDAM) " (SF)

Figure 1. Models and experimental filters used for sequence analysis.
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Figure 2. Map of the epicenters of the analyzed sequences.

2. Methodologies
2.1. Trendlines Model

The distribution of latitude and longitude data of earthquakes preceding strong
events, within an area, shows an evolution of the dynamical system in space and
time with trajectories through ordered geometry that tend to cluster regularly
according to clusters.

These trajectories of latitude and longitude values and the spatial and tempor-
al clustering during the seismic activity, can be used to predict or to have infor-
mation in the short term on the occurrence of a strong EQ and on the epicentral
area where it will happen.

Analyzing the seismic sequence, the most frequent pattern is the triangular
pattern (Figure 3) with sides having different inclination, where in the terminal
part the values decrease rapidly.

Moreover, in many seismic sequences it has been found that over time, the
position of the future earthquake tends to move in the vicinity of the last earth-
quake occurred in the examined area.

The onset of the values tending to concentrate indicates the time when the
system enters the critical phase, with a lead time of days or several months from
the occurrence of the main EQ.

This tendency of latitude and longitude values to cluster was found in 70% of
the analyzed sequences.

The trendlines model is designed to identify the area where a strong EQ will
occur with an acceptable error value.

In fact, in our approach, the analysis of the position of the epicenters of the
quakes preceding the EQ allows with a certain reliability to identify the area

where, in the short term, a strong earthquake is likely to occur and to have
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Figure 3. The latitude values of seismic sequence of Vanuatu earthquake in 28/12/73. The
graphical interpretation of trendlines 1, 2, 3 with different inclination (red, blue and
green color lines) show the trend of latitude value in the time. The red-colored, blue co-
lored stars indicate the earthquake epicenter, by the order trendlines respectively. The
letters T, D” and T’ indicate the triangular pattern.

information on the beginning of the critical stage of the seismic sequence.

The information on the size of the area and the location of the epicenter of the
expected EQ is obtained by analyzing the fluctuations of the latitude and longi-
tude values of the seismic events occurred in the identified area through the
trendlines.

The trendlines are a tool that allows to identify with greater clarity the evolu-
tion of the values of latitude and longitude of seismicity, and any change in the
trendline represents an alert signal on the acceleration or deceleration of the
trend in place.

A trendline is a line identifiable visually and graphically that connects at least
two or more points of minimum or maximum during a phase of long, medium
or short period and also shows how the values move within channels usually
marked by parallel or inclined trendlines.

Observing the sequences of latitude and longitude values shown in Figure 3
and Figure 4, it can be seen that before the EQ, there are often several trendlines
with different angles converging towards the point that could represent the fu-
ture epicenter of the strong earthquake.

The trendlines with lower inclination give indications on the medium/long
term, while those with higher inclination give information on the short term.

This analytical approach can be used to get information in the short term on
the occurrence of the next strong earthquake.

In fact, from the graphs it is possible to observe that when the values do not
seem to respect the trendline with a smaller inclination, we can expect the oc-
currence of an earthquake more or less strong, sometimes preceded by trendline
with a smaller inclination (for example during the formation of a cluster after a
foreshock).
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Figure 4. The longitude values of seismic sequence of Vanuatu earthquake in 28/12/73.
The graphical interpretation of trendlines 1, 2, 3 with different inclination colored, show
the trend of longitude values in the time. For explanation see caption of Figure 1.

In the figures, the letters AA’, BB’ and CC’ indicate the latitude and longitude
values of the epicentral areas defined by the trendlines prolonged to the time of
occurrence of the 1973 Vanuatu earthquake of magnitude 7.5 Ms, while the points
D and D’ of intersection of the second and third order trendlines, indicate the
latitude and longitude value of the epicenter of the expected EQ.

Therefore, the convergence of the upper and lower trendlines shows predic-
tive significance, since the meeting point defines the longitude and/or latitude of
the epicenter.

Figure 5 shows the areas obtained with this procedure (areas 1, 2 and 3), the
location of the meeting point of the trendlines and the epicenter of the earth-
quake.

Figures 6-8 show the latitude and longitude values and the epicenter areas
defined by the trendlines extended to the 2009 L’Aquila earthquake of magni-
tude 6.1 Mw.

Figure 9 shows an example that illustrates how to draw the trendlines when
the maximum and/or the absolute minimum (point M) are at the end of the se-
ries of values analyzed. In this case, the lower first-order trendline (red-colored

line) is used to plot the relative minimum MI.

2.2. Dynamic Epicenter Model 22 (DEM3;)

The model tries to understand what the trend of values in the short term will be,
in order to predict the epicenter of a strong EQ.

The working hypothesis is that the last 21 earthquakes occurred in an area al-
low to know which the current trend is and eventually allow to determine the
coordinates of the epicenter of the expected earthquake.

The procedure includes the following calculation steps:

Step 1. Calculate the line that interpolates (best-fit line) the longitude and la-
titude values using the last 21 earthquakes that occurred in the analyzed area;

Step 2. Calculate the longitude (LONG,,) and latitude (LAT,,) of the expected
earthquake (the 22nd) using the equation of the best-fit line (Figure 10 and
Figure 11);
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Figure 5. Vanuatu earthquake of 28/12/73. The red, blue and green boxes indicate the
areas defined by the first, second and third order trendlines. The red color star indicates

the epicenter of the earthquake that actually occurred, the blue color stars indicate the
epicenters defined by the second (D) and third (D’) order trendlines.
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Figure 6. The latitude value of L’Aquila earthquake in 06/04/09. The graphical interpre-
tation of order trendlines with different colors. The red colored star indicates the longi-
tude value of the earthquake epicenter, the yellow colored star indicates the epicenter de-

fined by the second order trendlines.

Step 3. Report the coordinate point (LONG,,) and (LAT,,) on the plan of the
epicenters of the earthquakes that occurred in the analyzed area (Figure 12).

In case the last three values of latitude and/or longitude of the analyzed series
are distant L < 0.35 (longitude or longitude deviation) their average is assumed
to calculate the position of a second dynamic epicenter of the EQ.

Figure 13 shows the dynamic epicenter (LONG,,) and (LAT),,) of the 1975
Philippine earthquake.
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Figure 7. The latitude value of L’Aquila earthquake in 06/04/09. For explanation see cap-
tion of Figure 4.
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Figure 8. L’Aquila earthquake of 06/04/09. The red and blue boxes indicate the areas de-
fined by the first and second order trendlines. The red star indicates the epicenter of the
earthquake that actually happened.
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Figure 9. The longitude values of Philippine earthquake in 11/01/1982. The graphical in-
terpretation of order trendlines with different colors. The red star indicates the earth-
quake epicenter, the blue star indicates expected earthquake epicenter.
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Figure 12. Chile earthquake of 27/02/2010 with the analyzed seismicity indicated with
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star, while the red color star indicates the epicenter of the mainshock occurred.
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Figure 13. Philippine earthquake of 31/10/75 with analyzed seismicity indicated by black
circles. The location of dynamic epicenter DEM,, indicated with the green color star,
while the red color star indicates the epicenter of the mainshock occurred.

Seismicity analysis with this model shows interesting results for short-term
forecasting. The epicenter of a strong EQ can be determined with an accuracy of
less than 25% of the size of the analyzed area.

Back-testing shows that the model can localize 55% of the critical areas that

may be affected by the epicenter of a strong EQ.

2.3. Dynamic Epicenter Model 11 (DEM14)

The model presents a similar procedure to the previous one, but it uses the last
10 earthquakes occurred in the considered area in order to predict the short-term
trend of the analyzed data and the position of the epicenter of the expected EQ.

The model requires the decreasing order of the latitude and longitude data
and the subsequent calculation the best-fit line.

The midpoint of the best-fit line, calculated for both longitude and latitude,
provides the coordinates of the expected EQ.

The procedure includes the following calculation steps:

Step 1. Sort in descending order the last 10 latitude values and calculate the
best-fit line;

Step 2. Calculate the latitude value (LAT),) of the 11th value (point n11) using
the equation of the best fit line;

Step 3. Calculate on the best fit line the average value of the eleven values

(represented by point n.6) of latitude (LAT),) that define the coordinates of the
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epicenter of the expected earthquake (Figure 14);

Step 4. Repeat the procedure indicated in steps 1 - 3 using the longitude values

(Figure 15);

Step 5. Report the (LONG,,) and (LAT),,) coordinate point on the epicenter

plan (Figure 16).

Back-testing shows that the model can locate 55% of the critical areas that

may be affected by the epicenter of a strong EQ.

2.4. Nine Dynamic Areas Model (NDAM)

The epicenter of a future EQ can be determined based on the fluctuations of the

latitude and longitude values in time and space, with good precision and using

filters that reduce the error.
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Figure 16. Chile earthquake of 27/02/2010 with the analyzed seismicity indicated with
black circles. Location of the dynamic epicenter. The red color star indicates the epicenter

of the mainshock that occurred, while the pink color star indicates the calculated DEM11
dynamic epicenter.

In particular, the position of the latitude and longitude values allows, thanks
to their fluctuation in space and time, to make evident the position of some
more significant epicentral areas to be compared also to the position of seismo-
genic source.

This methodology represents a good complement to other techniques used for
the research of the epicenter and allows to obtain a greater confidence with the
study area.

The NDAM model that involves the definition of nine epicenter areas is based
on the following assumptions:

1) Movements of latitude and longitude values are subjected to A or V swings
representing opposing maximum and minimum peaks;

2) Most of the epicenters of strong EQ tend to be located near the midline of
latitude and longitude values.

The first operation to be performed on the graphs of the longitude values is
the recognition of the A swings (blue circles) and the V swings (red circles)
which is done on the basis of the maximum and minimum values, identifying
them with circles of different colors (Figure 17).

The identified vertices represent an important structure to determine the most
sensitive areas that could be affected by a strong EQ.

At this point it is necessary to perform the following steps of calculation:

Step 1. Calculate the average value A, (blue colored line) of the blue circles;

Step 2. Calculate the average value A, (red color line) of the red circles;

Step 3. Calculate the average value A, (black color line) of the red and blue

circles;
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Figure 17. Greece Earthquake of 08/06/2008. Progressive change in longitude values and
application of the NDAM model.

Step 4. Calculate the average value A,; (lower pink color line) of blue and red
circles above the black line;

Step 5. Calculate the average value A,, (upper pink color line) of red and blue
circles below the black line;

Step 6. Calculate the average value A, (upper green color line) of blue and red
circles above the blue color line (M,;);

Step 7. Calculate the average value A, (lower green color line) of red and blue
circles below the red color line (M,,);

Step 8. Calculate the average difference A, between the upper green color line
(A;,) and the upper blue and pink color lines (A, and A,,) using the following
formula:

Ay — Ay + Ay — Ay

A, =abs 2 5 2 (1)

Step 9. Add and subtract to the average A,, (upper green line) the quantity
Ay
Step 10. Calculate the average A, difference between the lower green color
line (A,,) and the lower red and pink color lines (A, and A,,) using the following
formula:
AR A,

A,, =abs 2 5 2 (2)

Step 11. Add and subtract to the average A;, (lower green color line) the quan-
tity A,

Step 12. Add to the average A, (black color line) the quantity A, above and
A, below;
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Step 13. Repeat the procedure in steps 1 - 12 using the latitude values.

The procedure allows you to define nine rectangular epicentral areas (Figure
18) with the probability of a strong EQ occurring inside.

The dimensions of the areas (width and length) are calculated in the follow-
ing:

- upper areas (A, + Ay)s
- middle areas (A, + A,);
- lower areas (A, + A,,).

Where, A, and A,, are the quantities calculated with Formulas (1) and (2).

The red-colored areas are those which, from a statistical point of view, contain
the greatest number of strong earthquakes and therefore represent those of great-
er danger compared to the green-colored areas.

If we consider the areal extension, then the six areas with less extension are
those with greater hazard, while considering the proximity, the six closest areas
are those with greater hazard (areas 1, 2, 3, 4, 5 and 6).

Back-testing shows that the model can be used in the short term to locate over

85% of the critical areas that may be affected by a strong EQ.

2.5. Best Fit Filter (BFF)

This type of filter allows to reduce the number of areas identified with the pre-
vious model by identifying the most dangerous epicentral belt.

The procedure is the following: from the vertices A, B, C, D (red circles in
Figure 19) of the green areas it is necessary to draw the parallels to the best fit
line of all the events considered in the analysis area, attributing the red color to

the internal parallels and the green color to the external ones. The expected
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Figure 18. Procedure applied to the 08/06/2008 Greece earthquake seismic sequence. The

map shows areas colored according to hazard. The red colored star indicates the actual
epicenter of the EQ.
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Latitude

Longitude

Figure 19. Procedure applied to the 08/06/2008 Greece earthquake seismic sequence. The
map shows the hazard bands. The solid blue colored circle (En) indicates the last record-
ed earthquake. The quadrants are indicated with the letters I, II, III and IV in blue color.
The red star indicates the epicenter of the earthquake. The pink and green colored circles
indicate the dynamic epicenters calculated using the DEM,, and DEM,, procedure.

epicenter is placed more frequently within the internal parallels of red color or
where the parallels are closer (parallels of red color and parallel of upper green
color).

Observing the figure, it is possible to easily identify the most dangerous areas
of red color (n.5) and green (4 and 6) placed within the band, while areas 3, 7 are
the least dangerous.

In addition, in many seismic sequences it is possible to improve the position
of the areas related to the epicenter of the expected earthquake, making the epi-
center of the last earthquake recorded in the analyzed area coincide with the
center of the area of red or green color closest to it and then it is necessary to

translate all other areas (Figure 20).

2.6. Last Epicenter Filter (LEF)

This type of filter allows identifying the sector that may be affected by an EQ in
the future using the last earthquake occurred in the analyzed region and the po-
sition of the dynamic epicenters DEM,, and DEM,,.

The procedure to plot the sectors is as follows:

Step 1. Divide the study area into four quadrants (I, IL, III, IV) taking the last
recorded epicenter (En) as reference (blue colored circle);

Step 2. Draw the straight lines (cyan-colored lines) passing between the last
epicenter En and the center of each area (Figure 21).

The quadrant where the dynamic epicenters DEM,, and DEM,, (pink and
green circles) fall simultaneously is the one with the highest probability of oc-

currence of a strong earthquake (91% of the analyzed earthquakes).
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Figure 20. Procedure applied to the seismic sequence of the 08/06/2008 Greece earth-
quake. The map shows the areas colored according to hazard and transported with re-
spect to the last recorded earthquake (solid blue circle). The red colored star indicates the
epicenter of the earthquake.
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Figure 21. LEF filter procedure applied to the 08/06/2008 Greece earthquake seismic se-
quence. The fourth quadrant is the most likely to be affected by an EQ. The red star indi-
cates the epicenter of the earthquake. The solid pink and green circles indicate the dy-

namic epicenters calculated with the DEM,, and DEM,, procedure. The letters A, B, C
and D indicate the sectors.

In cases where the DEM,, and DEM,, dynamic epicenters are inside two dif-
ferent quadrants or near the boundary, both quadrants are chosen. In some
earthquake sequences, the quadrant opposite to the one, where DEM,; and DEM,,
dynamic epicenters are inside, are affected by a strong EQ.

The probability of occurrence of a strong earthquake is greatest in one of the
four sectors identified by the filter or/and in one of the three violet color bands.

If we consider the proximity of the areas (center area) in relation to the last
epicenter (En), the six closest areas are those with the highest hazard (areas 1, 2,
4, 5,7 and 8).
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Figure 22 shows the results of the NDAM procedure applied to the Iran
earthquake of 10/05/1997. The areas No. 1, 2, 3, 4, 5 and 6 of smaller extent are

those where the occurrence of a strong EQ is most likely.

2.7. Pairs of Earthquakes Model (PEM)

This model assumes that the future earthquake has located in an area with a
higher concentration of epicenters and/or where the epicenters are not far away.

The algorithm, very efficient in terms of calculation time and accuracy, identi-
fies in the analyzed region, small areas that may be affected by the large earth-
quake in the future.

The calculation procedure uses a prefixed number of seismic events and based
on a principle of spatial “proximity” Figure 19, analyzes each pair of earth-
quakes having a predefined distance.

By default, we chose to use the last forty earthquakes and analyze those that
have an interdistance equal to 35 km (default 40 EQ x 35 km).

In the calculation practice, the last forty earthquakes recorded in the studied
area are used and of these, the pairs with an interdistance less than 35 km are

analyzed.
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°
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Data Range: 01/04/91 to 10/05/97 L itud
Latitude: 38N - 30N ongitude

Longitude: 64E - 56E
Depth Range: 1-50 km
Magnitude Range: 2.5-10.0
Catalog used: NEIC

Figure 22. Procedure applied to the Iran earthquake seismic sequence of 10/05/1997. The
map shows the areas colored according to hazard. The red colored star indicates the epi-

center of the earthquake. The pink and green colored circles indicate the dynamic epi-
centers calculated with the DEM,, and DEM,, procedure.
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This simple operation will allow visualizing with colors the areas with smaller
interdistance in the studied region (for example in the map the areas where the
epicenter pairs have a smaller distance can be indicated with a specific color
such as red).

In the back-tests performed, 84% of the epicenters of future earthquakes were
identified and with a small number of areas, using a default value of 40 earth-
quakes and inter-pair interdistance of 35 km.

To obtain a higher percentage, it is necessary to use an earthquake number of
70 and inter-pair interdistance of 50 km.

Increasing the default values implies, however, an increase in the number of
potential areas on which the epicenter of the expected earthquake may fall.

The calculation sequence of the PEM algorithm is as follows:

Step 1. The last n earthquakes are analyzed and the pairs having an interdis-
tance between the epicenters equal or different than D = 35 km are chosen;

Step 2. Calculate the average value of latitude and longitude of the selected
pairs;

Step 3. Construct the map of the epicenters of the pairs assigning to the Z
coordinate the value of the minimum distance calculated in step 1;

Step 4. Report in the map the dynamic epicenters DEM,, and DEM,,.

Figures 23-28 show the results obtained by applying the model to seismic se-
quences that happened before strong earthquakes occurred in Greece, USA, Italy
and Japan, using a different number of events and interdistance between epicen-
ter pairs. The colored red areas are those where the epicenter pairs with smaller

interdistance and the most dangerous.
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Figure 23. Procedure applied to the 08/06/2008 Greece earthquake seismic sequence. Ini-
tial input data 30 earthquakes and minimum inter-pair interdistance 20 km. The map
shows areas colored according to hazard. The red star indicates the actual epicenter, the
pink and green circles indicate the dynamic epicenters DEM,; and DEM,,.
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Figure 24. Procedure applied to the 08/06/2008 Greece earthquake seismic sequence. Ini-
tial input data 30 earthquakes and minimum inter-pair interdistance 100 km. The map
shows areas colored according to hazard. The red star indicates the actual epicenter, the
pink and green circles indicate the dynamic epicenters DEM,; and DEM,,.
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Figure 25. Procedure applied to the Landers (California) earthquake seismic sequence of
17/01/1994. Initial input data 40 earthquakes and minimum inter-pair interdistance 35
km. The map shows areas colored according to hazard. The red star indicates the actual
epicenter, the pink and green circles indicate the dynamic epicenters DEM,; and DEM,,.

2.8. Dynamic Dials Model (DDM)

This quick and simple forecasting method analyzes the events falling in sixteen
rectangular areas of different size obtained by subdividing the analyzed region

(Figure 29).

DOI: 10.4236/0jer.2021.102004

60 Open Journal of Earthquake Research


https://doi.org/10.4236/ojer.2021.102004

G. Riga, P. Balocchi

[ ]
e
37.8
[ )
o [ ]
[ ]
37.6 .
[ 1 L
37.4 ‘\
3 °
2 372 .
= [ ] .
. o
6.9 Mw (]
37 v o
° ®
36.8 o

Data Range: 09/10/89 to 18/10/89
Latitude: 38N - 36N
36.6-  Longitude: 120.5W - 123W
Depth Range: 1-50 km
Magnitude Range: 2.5-10.0
Catalog used: NCEDC
-1224  -1222 -122 -121.8  -121.6  -1214 -121.2

Longitude

Figure 26. Procedure applied to the seismic sequence of the Loma Prieta (California)
earthquake of 17/10/1989. Initial input data 40 earthquakes and minimum inter-pair in-
terdistance 35 km. The map shows areas colored according to hazard. The red star indi-
cates the actual epicenter, the pink and green circles indicate the dynamic epicenters

DEM,, and DEM,,.
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Figure 27. Procedure applied to the Amatrice (Italy) earthquake seismic sequence of
24/08/2016. Initial input data 40 earthquakes and minimum inter-pair interdistance 35
km. The map shows areas colored according to hazard. The red colored star indicates the
actual epicenter, the pink and green colored filled circles indicate the dynamic epicenters

DEM,, and DEM,,.
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Figure 28. Procedure applied to the Japan earthquake seismic sequence of 13/02/2021.
Initial input data 40 earthquakes and minimum inter-pair interdistance 35 km. Map shows
areas colored according to hazard. The red colored star indicates the EQ epicenter, the
pink and green colored circles indicate the dynamic epicenters DEM,, and DEM,,.
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Figure 29. Procedure applied to the seismic sequence of the Amatrice (Italy) earthquake
of 24/08/2016. The red color star indicates the epicenter of the EQ.

Even if it will not be possible to establish with precision the epicenter of the
future EQ, the procedure is useful to predict the epicenter area.

The calculation method involves the subdivision of the analyzed region into
four quadrants of different size and then, a subsequent subdivision of the four
quadrants in order to obtain sixteen areas.

The main steps of the DDM algorithm can be summarized as follows:

Step 1. Divide the study area into four quadrants (I, II, III, IV) taking as ref-

erence the last recorded epicenter (En) (blue colored circle);
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Step 2. Calculate the average epicenter of each quadrant (the arithmetic mean
of the latitude and longitude values indicated with the brown circle) using all the
epicenters falling in the quadrant;

Step 3. Repeat the procedure indicated in step 1 to obtain sixteen sub-quadrants
(blue dashed lines) and taking as reference the average epicenter calculated in
step 2;

Step 4. Calculate the average epicenter of each new sub-quadrant (red circle)
using all the epicenters in the sub-quadrant;

Step 5. Report in the map the dynamic epicenters ED,, and ED,,.

The brown, red, pink, green and blue circles are the points where the proba-
bility of occurrence of a strong earthquake is highest.

This forecasting algorithm based on dividing the region into quadrants can
predict 85% of EQs.

2.9. Sector Filter (SF)

This type of filter allows to identify the four highest hazard epicentral sectors of
a region and to reduce the number of potential epicenters calculated with the
models described above.

The procedure for identifying sectors can be summarized as follows:

Step 1. Draw the straight line (red color line) passing between the last epicen-
ter En (blue color circle) and the midpoint of all epicenters selected with the
PEM model (step 1) falling in the quadrant (Figure 30);
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Figure 30. Procedure applied to the seismic sequence of the Amatrice (Italy) earthquake
of 24/08/2016. The second quadrant is the most likely to be affected by an EQ. The red
colored star indicates the epicenter of the earthquake, the red colored circles indicate the
area most likely to be affected by a strong earthquake.
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Step 2. Draw the line (brown line) between the last epicenter En (blue circle)
and the midpoint (arithmetic mean) of all the epicenters of the analyzed series
falling in the quadrant (brown circle);

Step 3. Calculate the average angle of all segments between the last epicenter
and the epicenters in each quadrant and then draw the ray with origin in the last
epicenter (light blue line);

Step 4. Calculate the angle between the light blue and red lines (a);

Step 5. Draw the ray passing through the last epicenter inclined of an angle o’
= o (dashed light blue line);

Step 6. Repeat the same procedure in all quadrants;

Step 7. Draw straight lines from the last to the penultimate and third last epi-
center (black lines);

Step 8. Select the areas that include the points identified with the DDM model
(brown, red, pink, green and blue colored circles) closest to the sector identified
by the filter and the last epicenter (En) of the analyzed series (black colored cir-
cled areas).

The quadrant where the dynamic epicenters DEM,; and DEM,,, the sector in-
cluded in it and the areas closest to the sector (areas circled in red), are those
with a higher probability of occurrence of a strong earthquake. Figure 31 shows
the results obtained with this filter applied to the 2016 Amatrice (Italy) earth-
quake seismic sequence.
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Figure 31. Procedure applied to the seismic sequence of the Amatrice (Italy) earthquake
of 24/08/2016. The red, orange, yellow and green half-lines indicate the sectors. The
second quadrant is the most likely to be affected by an EQ. The red colored star indicates
the epicenter of the earthquake, the red colored circles indicate the area most likely to be
affected by a strong earthquake.
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3. Conclusions

A better understanding of the spatial and temporal distribution of the epicenters
of earthquakes that occurred in a region before a large earthquake seems crucial
for predicting the area that may be affected by the earthquake in the short term.

Observations of fluctuations in seismicity show that before a lot of large mag-
nitude events, the size of the area of activity decreases over time.

The described method shows the spatial distribution of the events where pairs
of earthquakes occur a few kilometers away from the actual epicenter of the
main earthquake. The epicenter of the future earthquake is close to the last oc-
curred earthquake in the 40% of the seismic sequences analyzed.

These observations have allowed to design some spatial prediction models
that can help to estimate the position of the epicentral area of a future earth-
quake by analyzing a large territory.

Back-tests show that the developed models can be used in the short term to
localize about 85% of the critical areas where a strong EQ may occur.

For the remaining 15% of the examined earthquakes it has been difficult to
locate the epicentral area with acceptable precision even if for some of them an
improvement of the results has been noticed by using more models simulta-
neously.

Given the accuracy of the models developed, the results obtained may be

helpful in developing new prediction methods.
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List of Abbreviations

Abbreviation Meaning

FMA Foreshocks-mainshock-aftershocks sequence
EQ Earthquake

DEM,, Dynamic Epicenter Model 22
LONG,, Longitude of 22nd earthquake
LAT,, Latitude of 22nd earthquake
DEM;, Dynamic Epicenter Model 11
LAT,, Latitude of 11th earthquake
LONG,, Longitude of 11th earthquake
NDAM Nine Dynamic Areas Model
En Last recorded epicenter

BFF Best Fit Filter

LEF Last Epicenter Filter

PEM Pairs of Earthquakes Model
DDM Dynamic Dials Model

SE Sector Filter
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