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Abstract

The possibility of intermediate-term earthquake prediction at Mt. Vesuvius by means of
the algorithm CN is explored. CN was originally designed to identify the Times of Increased
Probability (TIPs) for the occurrence of strong tectonic earthquakes, with magnitude Μ > MO,
within a region a priori delimited. Here the algorithm CN is applied, for the first time, to the
analysis of volcanic seismicity. The earthquakes recorded at Mt. Vesuvius, during the period
from February 1972 to October 2002, are considered and the magnitude threshold MO,
selecting the events to be predicted, is varied within the range: 3.0 - 3.3. Satisfactory
prediction results are obtained, by retrospective analysis, when a time scaling is introduced. In
particular, when the length of the time windows is reduced by a factor 2.5 - 3, with respect to
the standard version of CN algorithm, more than 90% of the events with M>Mo occur within
the TIP intervals, with TIPs occupying about 30% of the total time considered. The control
experiment "Seismic History" demonstrates the stability of the obtained results and indicates
that the algorithm CN can be applied to monitor the preparation of impending earthquakes
with Μ > 3.0 at Mt. Vesuvius.

Introduction

Since the ancient Roman times, due to the catastrophic eruption of 79 a.d., Mt. Vesuvius

is probably the most known volcano all over the World. Actually, it is the volcano with the

highest associated risk, because of the high explosivity of potential eruptions and the very

large urban development of the area, which includes about 700,000 people living within 10

km from the main crater and the city of Naples (2 million people) twice the distance. After the

last eruption, which occurred in 1944, the volcano is in a quiescent stage, with the most

prominent signal of internal dynamics represented by the occurrence of local volcano-tectonic

seismicity. This seismicity involves earthquakes with maximum magnitude Md=3.6, occurring

in a shallow depth range between the top of volcano and 5 km b.s.l. (Vilardo et al, 1996; De

Natale et al., 1998; De Natale et al., 2000). De Natale et al. (2000) modeled the background

level of seismicity as mainly due to the local gravitational stress caused by the volcano edifice

loading, with the concurrent effect of regional stress changes. De Natale et al. (2003)

recognized that, superimposed to a mean background level, occasional intense peaks of

seismicity and variations of seismic parameters as the b value and the energy rate occurred,

testifying the presence of evolutive trends in the seismic catalogue. Earthquakes in this area

are not particularly strong, but, due to their shallow depths and to the high urbanization of the

area, they can cause significant concern and damages. Based on chronicles of historical

eruptions, the maximum level of expected magnitude is around 4, large enough to cause

significant damages to the ancient Roman towns of Pompei and Herculaneum, and serious

concern and problems also today. We have explored the possibility of intermediate-term

earthquake prediction at Mt. Vesuvius using the algorithm CN (Keilis-Borok and Rotwain,

1990). The algorithm has been applied to the OVO station earthquake catalogue of Mt.



Vesuvius seismicity (De Natale et al, 2002), available since 1972. The prediction algorithm

CN identifies the Time of Increased Probability (TIP) for the occurrence of earthquakes with

magnitude Μ > MO, where MO is a numerical threshold that is chosen for each studied region,

according to its seismicity level.

The algorithm CN has been constructed for the California-Nevada region, considering MO

= 6.4, while the Mt. Vesuvius zone is characterized by a low level of seismicity; the strongest

earthquake during the considered period has magnitude Mj = 3.6. Therefore the application of

CN for the prediction of so small-magnitude events may require the time and space rescaling

of the algorithm.

The rescaling of the precursor's zone accordingly to MO (Keilis-Borok and Kossobokov,

1990) cannot be applied to the Mt. Vesuvius zone because OVO catalogue covers a well-

defined volume of about 6x6x8 km3 (De Natale et al., 2000) around the volcano and does not

report the space coordinates of the events.

Keilis-Borok (1996) argues that the time scaling, depending on M0, is not required by

prediction algorithms CN and M8 (Keilis-Borok and Kossobokov, 1990), on the base of the

following considerations. The earthquakes with smaller magnitudes occur more frequently,

accordingly to the Gutenberg-Richter (G-R) relation, and the average time between the

earthquakes of magnitude Μ is proportional to lQbM. On the other hand the G-R law refers to a

given region, the same for all magnitudes, while premonitory patterns are defined for an area

with linear dimensions proportional to 10°"°, where a is about (0.5 - 1) times the

characteristic length of its sources (Kanamori and Anderson, 1975; Bath, 1981). Therefore the

average time between the earthquakes in such an area (the precursor's zone at the

intermediate-term medium-range stage) would be proportional to i0(6~"VJMo, where ν is the

fractal dimension of the cloud of the epicenters (Kagan and Knopoff, 1980; Kagan, 1991;

Kossobokov and Mazhkenov, 1994). The existing estimations of the parameters b (~ 1), a (0.5

- 1), and ν (1.2 - 2) for tectonic earthquakes do not contradict the hypothesis that the

expression (b-av) is close to 0, hence earthquakes with different magnitudes have about the

same recurrence time in their own preparation area (the intermediate-term medium-range

precursor's zone). On the contrary, if (b-av) Φ Ο then a time scaling is necessary.

In the case of the Mt. Vesuvius zone, we don't know a priori whether a time scaling is

required, since a straightforward estimation of the coefficient (b-av) is impossible. In fact, the

OVO catalogue does not contain the coordinates and this prevents the calculation of the fractal

dimension of the space distribution of the epicenters. In the well defined zone occupied by the

seismicity of the Mt. Vesuvius zone, the recurrence time for the events with M>Mo could be

calculated directly from the catalogue, without a and ν estimation, if the length of the



catalogue is adequate, but OVO catalogue covers a too short period of time. Therefore, we

have to solve empirically the problem of time scaling, depending on Mo, directly by changing

the time windows, over which the functions and TIPs in CN are estimated, and by comparison

of the different prediction results.

Algorithm CN

Intermediate-term medium-range earthquake prediction algorithm CN has been described

in several papers (e.g. Keilis-Borok et al, 1988; Keilis-Borok and Rotwain, 1990). Here we

shall briefly outline some of its basic concepts.

After the elimination of aftershocks, whose number is taken only as a measure of the

space-time clustering of events, CN is based on the following premonitory phenomena, which

are contained in the seismic flow of the considered region :

- Variation of the level of seismic activity;

- Fluctuation of seismic activity in time;

Increase of the clustering of events.

Each of these premonitory phenomena is represented by a set of empirical functions,

which are evaluated in sliding time windows. The list of these functions and their formal

definitions can be found in the references above.

The functions of the earthquake flow are normalized, so that the integral traits of the

seismic activity can be quantified uniformly, with the same set of parameters, even in regions

with different size and level of seismicity. The normalization permits a uniform analysis of

seismicity in different regions, thus allowing for an extensive test of the premonitory

seismicity patterns and for a quantitative comparison of the seismic sequence in diverse areas

(Keilis-Borok and Rotwain, 1990). The normalization is achieved by the choice of the

magnitude range for the events to be used in the computation of the functions; such

"equalization" of the seismic flow is carried out in the considered region during the threshold-

setting period (TSP).

Accordingly to the pattern recognition method (Gelfand et al., 1976; Keilis-Borok and

Rotwain, 1990) the functions are discretized so that the range of values of each function is

divided into three intervals, 'small', 'medium' and 'large' or into two intervals, 'small' and

'large'. The thresholds for discretization are determined during TSP too.

The analysis of California-Nevada seismicity permitted the selection of two sets of

combinations of discretized functions (characteristic features). One set is typical for the time

intervals that precede each strong earthquake (D-features), while another (N-features) is

typical for time intervals, which are far enough from these earthquakes, (i.e. do not precede



nor follow strong earthquakes).

A TIP is announced by CN at the moment / for 1 year if two conditions are fulfilled:

A(f) = no - nN > 5, where nD and nN are the number of D and Ν features at the time t,

respectively;

o(t) = Σ,ίΙΟ^νίΟ"" < 4.9, where M0 is the magnitude threshold for the definition of strong

earthquakes and M, is the magnitude of the i-th earthquake, which occurred in the time

interval of 3 years before time /, in the considered region. The function Σ(10^'~) is roughly

proportional to the total area of the relevant fault rupture.

Successive TIPs can overlap and thus extend the alarm time beyond one year. A TIP is

named as a false alarm if a strong earthquake does not occur during the TIP; if a TIP does not

precede a strong earthquake, we name it as a failure-to-predict.

Algorithm CN has been tested in 22 regions of the World, with different dimensions and

level of seismicity; thanks to the normalization of the functions, these tests were carried out

without any adjustment of the parameters. The outcomes show that TIPs, that cover about

30% of the total time, precede about 80% of the strong earthquakes (Arieh et al., 1992; Bhatia

et al., 1990; De Becker et al., 1989; Girardin and Rotwain, 1994; Keilis-Borok et al., 1989;

Keilis-Borok and Rotwain, 1990; Novikova et al., 1996; Panza et al., 1993; Peresan et al.,

1999).

The quality of the prediction results can be estimated by the η (failure to predict) - τ

(alarm time) statistics (Molchan, 1997): η = 1- n/N, where n is the number of predicted

earthquakes, and Ν is the total number of strong earthquakes; τ=ΐΣΙΤ, where ίΣ is the total

duration of TIPs, and Τ is the total considered time. The result of the prediction is random if

(77 +τ) = 1.

An additional measure of the quality of prediction is the statistics of false alarm, κ = k/K,

where k is the number of false alarms, and Κ is the total number of alarms. For the

applications of CN, made so far in different regions of the World (Arieh et al., 1992; Bhatia et

al, 1990; De Becker et al., 1989; Girardin and Rotwain, 1994; Keilis-Borok et al., 1989;

Keilis-Borok and Rotwain, 1990; Novikova et al., 1996; Panza et al., 1993; Peresan et al.,

1999), the statistics (η + τ) varies from 0.2 to 0.8, and κ· varies from 0. to 0.67.

Data

The catalogue of earthquakes at the Mt. Vesuvius zone is based on the records of the

OVO station, installed in 1972 by the Osservatorio Vesuviano. The last revised and upgraded

version of the OVO catalogue available to us covers the period from 23.02.1972 to



12.10.2002. The catalogue contains 9478 events. All earthquakes are localized very close to

each other, and the catalogue contains only their origin time and magnitude. The equipment of

the OVO station is unchanged since its installation and the same magnitude type (Md) is

reported for all events. More detailed information about the catalogue and the analysis of the

seismicity of this zone is given by De Natale et al. (2002 and 2003).

The number of earthquakes for different ranges of magnitude versus time is given in Fig.

1. The magnitude-frequency distribution for the seismicity in Mt. Vesuvius zone is

characterized by a large i»-value (Fig.2), which is quite typical for volcanic seismicity (e.g. De

Natale et al., 2002; Zollo et al., 2002). Nevertheless a time dependent estimation of the b-

value evidences a well defined pattern, with values of b progressively decreasing, from about

1.8, at the beginning of the considered period, to about 1 at present (De Natale et al., 2002;

Zollo et al., 2002; De Natale et al., 2003). The ε-values determined in volcanic areas are

generally higher than in tectonic ones (Minakami, 1974). Scholz (1968) explained the high

values of b as related to high stress intensity, typical of volcanic swarms. Recent studies and

laboratory experiments, however, indicate that fc-values can significantly decrease in volcanic

areas, during continuous fracturing, as a consequence of the fracture coalescence generating

progressively larger faults (Meredith et al., 1990; Wyss et al., 1997). The most recent research,

actually, tends to interpret the occurrence of an eruption as the time at which the fractures

connecting the magma chamber and the surface are formed (Kilbum and Voight, 1998). In this

framework, an eruption could be forecasted by increasing seismicity, with increasing

magnitude and decreasing 6-value.

A low level of seismicity characterizes the zone of Mt. Vesuvius. The maximum

magnitude of the earthquakes which occurred since 1972 is 3.6. In the histogram of the

number of main shocks with magnitude Μ > 2.0, and ΔΜ=0.1 given in Fig.3, the local

minimum in correspondence of Μ = 3.1 defines the possible range for Mo as 3.0 - 3.3. The list

of the main shocks with Μ > 3.0 is given in Table 1. The distribution in time of these strong

main shocks (Fig.4) demonstrates the abnormal clustering of events in time. This problem is

also discussed by De Natale and Zollo (1986), Godano et al (1997), Zollo et al. (2002).

CN variant suitable for volcanic seismicity

The application of the algorithm CN to seismicity with a so small 3.0 < M0 ^ 3.3 needs

the following changes with respect to the standard version (Keilis-Borok and Rotwain, 1990)

of the algorithm:



- All the recorded aftershocks with magnitude Μ > 0 are considered. Accordingly to standard

CN rules, the magnitude of the aftershocks (Ma) should satisfy Ma = (M0 - 3)> Mc, where Mc

is the completeness magnitude cut-off. For the considered catalogue, however, Mc is about 1.8

- 2.0 (e.g. De Natale et al, 2003; Zollo et al, 2002) while (M0 - 3) ~ 0. Even if Ma = 0 is no

greater than Mc, we established to consider all the recorded aftershocks with magnitude Μ > 0.

- The condition for the identification of TIPs, σ(ί) < 4.9, is not used. This rule, was introduced

for tectonic earthquakes, to reduce the number of false alarms, and is based on the energy

released in the 3 years that precede the time, i, of analysis. For volcanic seismicity, where the

strong earthquakes appear highly clustered in time, this condition does not seem to be

appropriate.

- The appropriate time scaling of CN must be defined. For this purpose we make several

prediction experiments changing the durations of the time windows, used to estimate the CN

functions, and we reduce them by a factor ·&, with respect to standard CN values; in other

words, all functions are calculated in time windows, whose length is divided by Φ, with

respect to the standard values, and a TIP is announced for 12/t? months, instead of the

standard 1 year, for CN. Several values of # are tested, varying from 1 to 3.5 with step 0.5,

and, for every value of $, the algorithm CN is applied considering MO = 3.0, 3.1, 3.2, 3.3.

Results

A set of experiments has been performed, applying CN algorithm for the diagnosis of

TIPs at Mt. Vesuvius during the period 1973 - 2002; these prediction experiments of

earthquakes which occurred in the past are indicated as "retrospective predictions".

The quality of retrospective prediction's results versus tf is shown in Fig.5. One can see

that 1? = 2.5 and # = 3 give the best quality for all selected values of MO, while the results are

nearly random when the tune scaling is absent ($ = 1). It is worth to mention that (η + τ) >

0.8 in the case Ma= 3.3, when the reoccurrence time is about 7 years, that is close to the

standard reoccurrence time for the algorithm CN.

The best quality results of CN retrospective application (·& - 3 and 2.5, Ma= 3.0-3.3) are

shown in Fig.6 and summarized in Table 2. All strong earthquakes are predicted, with the

exception of earthquake 5.11.1997 with Μ = 3.0. The duration of TIPs varies from 31% to

33% of the total time for different MQ. The quality of these predictions appears quite stable

with respect to variations of MO and is similar to the quality of CN application in regions of

tectonic seismic activity.



To check the validity of our conclusions, another retrospective test named "Seismic

History" (Gelfand et al., 1976) has been applied. In this experiment, that can be considered a

simulation of the forward prediction of strong earthquakes, the end of TSP is progressively

shifted, step by step, so that TSP duration is reduced, and as a result the period of the

prediction experiment is extended. The normalization and discretization of the functions is

repeated for each TSP and the quality of the prediction is checked for each test period.

The results of the experiment "Seismic History" for M0 - 3.0 and ·& =3 are given in Fig. 7

and summarized in Table 3. One can see that the (η + τ) value varies from 0.39 to 0.43 and

slightly increases with decreasing TSP duration. When the TSP is reduced to 1989.10.24, it

contains only 3 strong earthquakes, nevertheless such TSP duration is sufficient for the

prediction of 9 out of 10 subsequent strong earthquakes (M> MO).

Conclusions and discussion

On the basis of the described experiments at Mt. Vesuvius, the algorithm CN appears

suitable to monitor the preparation of strong earthquakes (M> MO) in volcanic areas.

The quality of the prediction for earthquakes with Μ > 3.0 in the Mt. Vesuvius zone is

similar to the quality of the prediction of strong earthquakes in different tectonic regions

worldwide.

The results of the experiment "Seismic history" allow us to assume a good quality for the

forward prediction, and CN could be applied for the monitoring of the volcano seismicity,

with the continuously updated OVO catalogue.

The successful application of the algorithm CN for the prediction of earthquakes in the

Mt. Vesuvius zone shows that the difference in the preparation of strong earthquakes in

volcanic areas is not essential from the point of view of prediction results. Moreover the good

quality of predictions for such small earthquakes, obtained by simply decreasing the time

dependent parameters of the algorithm accordingly to the decrease of M0, is an evidence of

self-similarity in the process of earthquakes preparation.

The introduction of time rescaling in the algorithm CN for the prediction of earthquakes with

Mo = 3.0 - 3.3 shows that the best prediction's results for the Mt. Vesuvius zone is obtained

when the duration of the time windows is reduced by a factor 2.5-3. Possibly the same

rescaling approach will be useful for the prediction of tectonic earthquakes in regions with

similar values of MO.

Successful cases of eruptions predicted on the base of the b value changes, the stress release,

the power law exponent and the fractal dimension variations are reported (Malone et al., 1983;



Gresta and Patane, 1983; Vinciguerra, 1999, 2000; Rill et al. 2002). The question then arises

whether the forecast of the larger earthquakes is in some way related to the possibility to

forecast eruptions, i.e., whether the occurrence of the larger earthquakes can be considered as

an eruption precursor. The application of pattern-recognition techniques to the seismic activity

at Mt. Vesuvius, like what is done here with CN, cannot answer to such question, since there

was no eruption during the time of the systematic monitoring of seismicity. Nevertheless, we

may observe that, although the historical evidence points out the absence of very large

magnitude earthquakes in this area (with maximum magnitudes around 4), it is probable that

the largest seismic rate and earthquake magnitude which occurred before the largest eruptions

(Marturano and Rinaldis, 1996). Moreover, Esposito et al. (2000) pointed out generally low b-

values (around 1.0) before the major historical eruptions. In this perspective, it is likely that

periods of more intense seismicity with larger magnitude are also periods with higher

probability of eruption. If this is true, the forecast of larger earthquakes is also an important

tool to help in the forecast of eruptive events.
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Table 1. List of main shocks with Md > 3.0, for the period 1972. 2. 23 - 2002. 10. 12

#
1

2

3

4

5

6

7

8

9

10

11

12

13

Date

29.01.1989

19.03.1989

21.10.1989

4.03.1990

8.07.1990

10.09.1990

2.08.1995

16.09.1995

25.04.1996

5.11.1997

9.10.1999

22. 01.2000

27.09.2000

Time

20:00

19:22

4:04

23:39

3:49

23:58

4:07

11:03

22:55

11:28

5:41

3:34

7:01

Magnitude

3.0

3.3

3.0

3.0

3.1

3.3

3.2

3.2

3.3

3.0

3.6

3.0

3.0

Table 2. The results of the best quality prediction of strong earthquakes of Μ > M0.

Mo

3.0

3.1

3.2

3.3

#

3

2.5

2.5

3

n/N

12/13

7/7

6/6

4/4

η
0.08

0.0

0.0

0.0

τ

0.31

0.31

0.32

0.33

k/K

7/19

7/14

7/13

7/11

Κ

0.37

0.50

0.53

0.64

η+τ

0.39

0.31

0.32

0.33
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Table 3. Results of "Seismic History" experiment

EndofTSP

2000.1.1

1998.2.22

1996.6.24

1995.10.24

1990.10.24

1989.10.24

n/N

12/13

12/13

11/13

11/13

11/13

12/13

η
0.08

0.08

0.15

0.15

0.15

0.08

τ

0.31

0.31

0.24

0.26

0.27

0.35

k/K

7/19

9/21

6/17

5/16

6/17

7/19

κ

0.37

0.43

0.35

0.31

0.35

0.37

η+τ

0.39

0.39

0.4

0.41

0.43

0.43

nr/Nr

2/2

3/3

3/4

3/5

5/7

9/10

η is the number of predicted earthquakes with M>3;N is the total number of main shocks with Μ > 3;

η = n/N is the statistic of failure to predict; τ = τΣ/Τ is the statistic of alarm time; k is the number of

false alarms; Κ is the total number of alarms; κ = k/K is the statistic of false alarm; nf is the number of

predicted earthquakes which occurred during the test period; N/ is the total number of main shocks

which occurred during the test period.
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Figure Captions

Fig.l. Histogram of the number of earthquakes as funtions of time (time grouping 1 year):

1 represents the number of earthquakes with Μ > 0;

2 represents the number of earthquakes with Μ > 1;

3 represents the number of earthquakes with Μ >2.

Fig.2. Interval's magnitude frequency distribution for different periods (magnitude grouping

0.2):

circles - from 1972 to 2002.10;

rectangles - from 1982 to 2002.10;

triangles - from 1992 to 2002.10.

Fig.3. Histogram of the number of main shocks for different magnitudes (magnitude grouping

0.1).

Fig. 4. Distribution of strong earthquakes in time, Md> 3.0, for the period 1972-2002.10.

Fig.5. Dependence of the quality of the results from the time scaling factor for different MO

Circle - M0 = 3.0; rectangle - MO = 3.1; triangle - M0 = 3.2; asterisk - M0 = 3.3.

Fig.6. TIPs and strong earthquakes for $ = 3 and 2.5 and different MO ·

&-M0 = 3.0 (d = 3.0); b - M0 = 3.1 (·& = 2.5); c - M0 = 3.2 (-& = 2.5);

d- Mo = 3.3 0& = 3.0).

The TSP goes from 1972.2.23 to 2000.1.1

The vertical lines indicate the earthquakes with Μ > Μ0, the dashed vertical line identifies the

failure to predict. TIPs are marked by rectangles: black rectangle is a TIP that preceded a

strong earthquake, dashed rectangle is a false alarm.

Fig. 7. TIPs and strong earthquakes. "Seismic History" experiment for different endpoints of

TSP:

a -1998.2.22; b - 1996.6.24; c - 1995.10.24; d - 1990.10.24; e - 1989.10.24.

Symbols as in Fig. 6. Arrow shows the end of TSP.
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