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On Intermediate-Term Earthquake Prediction in Central Italy

V. I. KemLis-Borok'?, 1. V. KuzNETsov'?, G. F. PANZA?, I. M. ROTWAIN'?,
and G. CosTA?

Abstract — The Time of Increased Probability (TIP) for the occurrence of a strong earthquake is
determined in Central Italy. This is done with an algorithm that has been successfully applied in other
regions of the world (algorithm CN, from the initials of California and Nevada, where the first diagnoses
of TIPs were made). The use of normalized functions allows direct application of the orginal algorithm
to the new region being studied, without any ad hoc adjustment of the parameters,

Retrospective analysis carried on until 1986 shows that TIPs occupy 26 percent of the total time
considered and precede four out of five strong earthquakes. Forward monitoring indicates the possible
existence of a TIP started in May [988.

Several tests indicate that the results obtained are quite stable, even when using catalogues from
different agencies. Apart from obvious practical interest, this research is essential for the worldwide
investigation of self-similarity in the origin of strong earthquakes.

Key words: Seismology, earthquake prediction, self-similarity, algorithm CN, Central Italy.

1. Introduction

The algorithm is described in full detail by GABRIELOV et al. (1986) and
KEILIS-BOROK et al. (1988) and has been applied for the first time to the
California-Nevada (CN) region by ALLEN et al. (1983). Here, we consider the
specific version described by KEILIS-BOROK et al. (1988). The algorithm CN is -
designed to diagnose the Time of Increased Probability of strong earthquake (TIP)
from a set of traits of the earthquake’s flow. The traits considered are the level of
seismic activity (intensity of earthquakes flow), its variation in time, clustering of
earthquakes in space and time and their concentration in space.
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Table 1

Function Definition

SIGMA (1) SIGMA (1) = I 10#M: -
The main shocks with m, < M, < M, — 0.1 and origin time (t — 3 years) <7, <t are
included in summation; a = 4.5, § = 1.00.
S 5 8
Smax(r) Sxiux(f) - max{Nl, sz N;
the origin time (1 —j years) <, < {(t — (j — 1) years), and N, is the number of
earthquakes in the sum.
z Z, Z , .
Z_ (D) Z o (f) = max F,ilﬁ' F;'_a N_§3’3 » where Z, is calculated as S with 8 = 0.5, and N,
is the same as in the definition of S_, (/).

, where S; is calculated as SIGMAC(/) for the events with

N,(0) The number of main shocks with M = m,, which occurred in the time interval
(t — 3 years, ).
Ny(1) The number of main shocks with M = m,, which occurred in the time interval

(t — 10 years,  — 7 years).

K(n) K(f) = K| — K,, where K, is the number of main shocks with M, = m, and origin
time (f —2-jyears) ¢, <(1 —2-(j—1) years).

B (D The largest number of aftershocks for the main shocks with M, 2 m; — 1.9 and
origin time within ((¢ — 3 years), 1). Aftershocks are counted within a radius of
50 km for the first 2 days after the main shock and for M > M, — 3.6.

G(1) G(r) =1— P, where P is the ratio of the number of the main shocks with M; 2 m,
to the number of the main shocks with M, 2 m, . Only main shocks with origin time
(r — 1 year) <y < ¢ are considered.

6
g(1) g(t) = ¥, max{0, 6a, — n,}, where a, is the average annual number of main shocks

J=1
with M, 2 m,, n, is the number of main shocks with M, = m, and origin time

{t —(8+j) years) =1, < (t — (2 +j) years)

For a given territory the traits are represented by certain functions of time
defined in Table 1; these are computed, within a sliding time window, using the
earthquakes contained in the catalogues. In the computations the aftershocks are
not considered, but the number of aftershocks is included as one of the parameters
(Bnax) characterizing a main shock. All functions depend upon magnitude (see
Table 1). The first three functions are evaluated counting each earthquake with a
weight proportional to the magnitude, while for the remaining six functions the
earthquakes are counted with equal weight, independently of their individual
magnitude.

The functions representing the traits are normalized so that these functions can
be applied uniformly to territories with different sizes and seismicities. The intro-
duction of normalization is also of obvious interest in connection with the possibility
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of identifying self-similarity in the flow of earthquakes. The normalization is
obtained by choosing three mangitude ranges, m,, m,, m,. These ranges are defined
by the condition that, in the territory analysed, the average annual number of
earthquakes with M 2 m, (or m,, or m,) is equal to a constant, a, {(or a,, or a,),
common to all territories. In this way the intensities of flows of earthquakes are
equalized. The values a, = 3, a, = 1.4 and a; = 0.36 were determined empirically for
the California-Nevada territory, and will be used in this paper also.

At each time, within the territory being considered, the flow of the earthquakes
is represented by the vector formed with the values of the different functions.

The problem of earthquake prediction can be formulated as follows: given the
values of the functions at a given time ¢, determine whether the time interval (¢, 1 + 1)
belongs to a TIP of a main shock, or of a foreshock with magnitude M greater
than a selected magnitude threshold M,,. For each territory the value of M, is chosen
very close to the magnitude of the event with average return period of 5-7 years.
The values of M, that have thus far been determined by GABRIELOV et al. (1986),
DMITRIEVA et al. (1990), and KEILIS-BOROK et al. (1989) are in the range 4.5-7.5.

In our analysis of the flow of earthquakes, the time axis has been divided into
intervals termed D, N and X. Intervals D extend for two years before each strong
earthquake (M = M,). Intervals X extend for three years after each strong earth-
quake; intervals of type X can become intervals of type D if a strong earthquake
occurs within the three years. The remaining time intervals are termed N.

For a given region, the functions are discretized by defining the thresholds small,
medium and large, on the basis of the quantiles levels 1/3 and 2/3. For all
discretized functions, we estimate which combinations of the different functions are
more typical for intervals D, and which for intervals N. These combinations, named
characteristic features, were defined for the first time for California and Nevada by
the method of pattern recognition (GELFAND et al., 1976) with the purpose of
predicting earthquakes having local magnitude M, > 6.4.

Table 1 shows the list of the selected functions, which are evaluated in the
region under consideration. Following the procedure of pattern recognition, fea-
tures D are defined by the condition that, in general, they occur during time
intervals D, and not, during time intervals N. Features N are defined by the
opposite condition. Each feature corresponds to a discretized value of the function,
or to a combination of such values, for 2 or 3 functions.

The following rule was determined empirically by Keilis-Borok ez al. (1989): a
TIP is declared for one year at the time ¢ if

no(t) —ny() 2V =5 (D
o(f) = 10~ FMa—0T10FM -0 < E — 4.9, (2)
where

=1, a=5 M zM,—14.
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Here np(f) is the number of characteristic features D that the flow of earthquakes
has at the time ¢, and #n,(¢) is the number of the features of opposite kind N. The
function o(f) is proportional to the total seismic energy released in the whole region
within a period of 3 years before time ¢, and normalized by the seismic energy of
an earthquake of magnitude M,. The TIP during which a strong earthquake does
not occur is defined, in this context, a false alarm. Consecutive TIPs may overlap
and therefore give rise to alarm periods longer than one year. TIPs are interrupted
if o(1) > E, therefore false-alarm durations may be shorter than one year. A strong
earthquake that occurs outside the TIPs is termed a “‘failure to predict”.

The algorithm is formulated in a normalized manner; therefore, it can be
transferred from one territory to another without additional retrofitting of parame-
ters. In each territory only boundaries and the value of M, are defined with some
degree of freedom.

The algorithm has been successfully applied to several regions: Central Asia,

.Caucasus, Western Turkmenia, Kamchatka and Kuril Islands, Eastern-Carpathians,

Belgium, Cocos plate, Gulf of California, and Northern-Appalachians ( GABRIELOV
el al., 1986; DMITRIEVA et al., 1990; KEILIS-BOROK er al., 1989). The results can
be summarized as follows: on a worldwide scale, TIPs precede 27 out of 34 strong
earthquakes and, in different regions, occupy, on the average, about 24 percent of
the time interval analyzed.

For the Italian territory, clustering has been analysed by BoTTARI and NERI
(1983). Only earthquake prediction based on clustering has been considered by
CAPUTO et al. (1983) and CapuTO (1983). Here we apply the CN algorithm for
intermediate-term earthquake prediction in Central Italy,

2. Earthquake Statistics

The algorithm CN has been applied to the catalogues ENEL, CSEM, ING and
PFG. In a first step we used the data until 1986, taken from ENEL, CSEM and
ING. Events contained in CSEM but not present in ENEL or ING were included
in the list of events used in this paper. Furthermore as far as magnitude is
concerned M, (local magnitude) has been used whenever available. If M, is not
available M, (surface waves magnitude) from CSEM is used; if even M, is not
available we used M, (body waves magnitude) from CSEM; for the events for
which even M, is not available we used M, (coda magnitude) from ING. Initially
we analysed the whole Italian territory. Tables 2—4 are constructed from ENEL,
CSEM and ING and show the distribution of earthquakes versus magnitude and
time, for different parts: Northern (lat. 48-45 N), Central (lat. 45-39.5 N) and
Southern (lat. 39.5-35 N). The completeness of the catalogue we have constructed
for these parts is quite different. For Central Italy it is reasonable to assume that
our catalogue is sufficiently complete for magnitude greater than 4.0, after 1950,
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Table 2
Distribution of earthquakes in magnitude and time (Northern Italy)
Magnitude =
Year 0 30 31 32 33 34 35 40 45 50 55 6.0
1940 10
1941 1 . . ‘ . . '
1942 8 | 1 1 1 1 : :
1943 21 4 4 4 4 4 4 4 3
1944 2 . . N . . . . .
1945 3 1 I 1 I l 1 I |
1946 3 . . . . . . . .
1947 10 1 1 1 | 1 1 |
1948 15 - . . . . . . .
1949 29 2 2 2 2 2 2 2 1
1951 8 3 3 3 3 3 3 3 1
1952 8 1 1 { 1 1 ] 1 :
1953 2 ] | 1 1 1 | . .
1954 11 2 2 2 2 2 2 1 1
1955 15 ! l 1 1 1 1 | .
1956 7 ! 1 I 1 1 I 1 1
1958 9 . . . . . . . .
1959 17 3 3 3 3 3 3 3 2
1960 41 4 4 4 4 4 4 4 2
1961 17 : . . . - . : .
1962 7 . ‘ . . ‘ .
1963 16 1 1 1 1 | 1
1966 30 | 1 1 1 ] | ‘ .
1967 25 2 2 2 2 2 1 1 !
1968 30 3 3 3 3 3 3 2 2
1969 17 2 2 2 2 2 2 I .
1970 13 4 4 4 4 4 4 1
1971 29 8 8 8 8 8 7 2
1972 18 I 1 1 1 { I .
1973 14 4 4 4 4 4 3 2
1974 14 3 3 3 3 3 3 1 :
1975 7 5 5 S 5 5 4 3 i . .
1976 628 174 174 1714 174 174 154 6l 21 11 5 3
1977 117 30 30 30 30 30 18 8 2 1 1 :
1978 56 26 26 26 26 23 19 6 1 . ‘
1979 62 20 20 20 20 19 17 6 3 ‘
1980 62 12 12 12 12 9 8 4 1 1
1981 45 17 17 17 17 12 10 3 1 .
1982 54 15 15 15 15 12 10 2 .
1983 67 19 19 19 19 17 12 7 3
1984 59 18 18 18 18 17 15 3 1
1985 61 11 11 11 11 9 6 | .
1986 151 34 29 24 20 16 12 4 2
1987 155 29 18 Il 9 4 4 2 : .
1988 182 23 20 15 9 7 6 3 2 1
1989 109 7 6 3 3 3 3 . - -
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Table 3

Distribution of earthquakes in magnitude and time (Central Italy)

PAGEOPH,

Magnitude 2

Year 0 03 31 32 33 34 35 40 45 50 55 6.0
1940 107 6 6 6 6 6 6 6 2 .

1941 191 4 4 4 4 4 4 4 2 I

1942 59 . . . . . . . . -

1943 52 5 5 5 5 5 5 4 2

1944 2 2 2 2 : ‘ . . . ‘

1945 7 4 4 4 4 4 4 4 2 1

1946 9 2 2 2 2 2 2 2 . ‘

1947 40 6 6 6 5 5 5 5 3 1

1948 45 7 7 7 6 6 6 6 5 1

1949 54 4 4 4 3 3 3 2 : :

1950 52 5 5 5 5 5 5 4 3 1

1951 34 10 10 10 10 10 10 10 4 1

1952 17 8 8 8 8 8 8 6 . '

1953 26 9 9 9 9 9 7 4 :

1954 17 4 4 4 4 4 4 2 2 '

1955 49 12 12 12 10 10 10 6 2 1

1956 9% 17 17 17 16 16 16 10 4 1

1957 105 21 21 21 19 19 19 12 5 .

1958 61 6 6 6 3 3 3 3 1 1 .

1959 89 6 6 6 6 6 6 5 3 1 1

1960 82 21 21 19 17 13 10 3 . - .

1961 74 26 26 26 25 25 25 16 9 : : :
1962 83 28 28 27 26 25 24 16 6 4 3 1
1963 137 48 48 43 39 35 2 17 6 4 2 .
1964 B6 18 18 18 14 14 14 10 4 1 .

1965 69 35 35 34 34 32 29 15 4 .

1966 63 16 16 16 10 9 9 6 . . .

1967 56 19 19 17 15 15 14 11 5 1 1

1968 60 29 29 21 24 21 16 9 1 . :

1969 71 32 32 27 26 24 24 12 3

1970 113 39 39 37 34 32 26 13 1 .

1971 326 80 74 68 60 57 50 21 6 1

1972 355 183 144 129 112 76 52 25 5 2

1973 165 31 30 27 25 22 20 13 1 .

1974 208 74 67 61 53 50 4 16 3 1

1975 104 32 29 28 25 18 13 4 2 .

1976 137 ol 49 49 41 39 36 14 5 2

1977 211 89 56 55 42 39 4 17 3 .

1978 108 81 66 65 46 45 38 14 5 : '

1979 465 234 142 142 91 88 75 19 5. 2 1 .
1980 745 234 213 185 159 141 120 60 4 6 1 1
1981 283 116 86 67 58 54 46 14 4 ' ' .
1982 185 95 83 74 68 57 49 18 5 l ‘

1983 88 64 36 46 41 31 29 10 4 2 1

1984 211 143 134 127 107 98 84 33 8 4 3

1985 120 79 71 58 33 43 36 10 2 2 .

1986 1247 193 154 120 92 67 57T 17 4 .

1987 879 106 85 64 53 43 34 13 2 .

1988 971 66 49 44 36 30 22 8 2 I

1989 634 21 16 15 13 11 7 2 . ‘
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Distribution of earthquakes in magnitude and time (Southern Italy)

Intermediate-term Earthquake Prediction in Italy

Table 4

85

Magnitude =
Year 0 30 31 32 33 3.4 35 40 45 50 5.5 6.0
1940 7 2 2 2 2 2 2 2 2 . . .
1941 20 I 1 1 1 1 | 1 1 1 1 1
1942 5 1 1 ] 1 1 1 1 . : - :
1943 3 1 1 I 1 I i 1
1945 |
1946 6
1947 67
1948 7 . . . . . . . . . .
1949 41 1 1 1 I 1 1 1 1 1 1
1950 4] 5 5 5 5 5 5 3 1 1 .
1952 2 5 5 5 5 5 4 1
1953 8 3 3 3 3 3 3 1 : .
1954 26 5 5 5 5 5 5 4 2 1
1955 38 1 I 1 I 1 1 . . :
1956 4 2 2 2 2 2 2 1 . : :
1957 18 3 3 3 3 3 3 2 2 2 1
1959 17 3 3 3 2 2 2 1 1 1 1
1960 12 2 2 2 2 2 2 : - . .
1961 7 5 5 4 4 2 1 I 1 |
1963 9 1 1 1 [ I 1 1
1965 7 2 2 2 2 2 2 2 t
1967 7 4 4 4 4 3 3 3 3 1 . :
1968 177 144 144 137 124 101 94 44 15 6 5 1
1969 22 5 5 5 5 5 5 1 - . . -
1970 16 2 2 2 1 1 i 1 1
1971 21 4 4 4 4 4 4 3 1
1972 23 1 1 1 1 1 1 1 .
1973 10 | 1 1 1 1 1 1 1
1974 40 20 19 19 I8 16 15 7 !
1975 12 4 4 4 4 4 3 | .
1976 29 14 13 13 12 12 12 6 - .
1977 280 17 16 16 15 15 15 8 3 1 .
1978 153 8 72 72 61 61 55 18 3 2 2
1979 107 54 34 34 23 23 21 6 1 1 .
1980 82 56 55 52 50 47 9 14 4 3 1
1981 3 30 27 27 26 25 21 14 5 | -
1982 37 18 14 14 14 13 11 1 . . : -
1983 13 13 13 13 13 13 13 7 3 1 1 1
1985 17 14 14 13 13 13 11 8 2 - . .
1986 288 80 64 47 34 22 14 | :
1987 208 26 18 15 8 5 4 2 1
1988 375 15 12 11 6 4 3 . .
1989 302 12 9 7 6 5 4
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For the Northern and Southern parts a sufficient degree of completeness can be
seen only after 1976. Our definition of sufficient completeness is justified by the fact
that all functions, with the exception of B,,,(7), depend upon events with magni-
tude greater than m,. This threshold, on the basis of the flow of earthquakes,
deduced from catalogues ENEL, CSEM, ING, has been estimated to be equal to
4.4, The function B, (f) depends on events with magnitude greater than M, — 3.6.
In its definition, therefore, it is also necessary to use events with relatively small
magnitudes.

R g 10 12 14 16 18 200
0 o 2 3=y
]
46" 6
@ o Oo 8 4
: C{n
. . 98° U \
& o o
45 ag
. \
-} \ )
a7 a 42"
51184 N
\/ \ N
8121162
m B 193180 o
q mo \ Q
40° q <\ - 40°
° g°
} o
512057 ° 5 °
o D.U‘:, °
38" ! 3g°
1715/ 4 1017183 \
12123189
]
o
I Y e 1 W 1§ 20" 0
Figure 1

Epicenters of earthquakes recorded in the period 195¢~1985 [9, 10, 11]; 1 —epicenters of earthquakes
with M >4.5; 2—epicenters of earthquakes with M = 5.6 identified by their date of occurrence;
3—boundary of selected region (Central Italy).
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On the basis of this preliminary analysis we decided to test the algorithm for
Central Italy. The boundaries of the territory considered are shown in Figure 1 as
thick solid lines and have been drawn on the basis of the spatial distribution of
epicenters, and the scheme of morphostructural zonation (CAPUTO et al., 1980). The
region chosen includes the zone along which there is interaction between different
lithospheric blocks (Figure 2) as outlined by surface wave dispersion analysis

464

//-4.50/ @1 2
‘;\ié\ ZS §4 .BEDGRAD

44

)

364
-3 450 ' VALLETTA

14° 16" 18

1 i t 1 1

-
g

]

&

Figure 2
Schematic regionalization of the elastic properties of the lithospheric sub-Moho layer, the ‘lid’, as
deduced from surface waves dispersion analysis {CALCAGNILE and PAanza, 1981): 1—Ilid thickness
not exceeding 105 km; 2—Ilid thickness not exceeding 75 km; 3—Iid thickness not exceeding 45 km;
4—Ilid thickness not exceeding 15 km. The three digits numbers indicate the average S-wave velocity
in the Hd.
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(CALCAGNILE and PANzA, 1981). Catalogues ENEL and ING contain useful
information only for longitudes less than 19 E. The extension to 20 E has been
made using CSEM for the time interval 1976-1988.

Before 1971, magnitude was determined only for a fraction of the earthquakes
with M < 4. The approximate number of all earthquakes listed up to 1971 is about
the same as for listed earthquakes with M =3 after 1971. Accordingly, in this
study, we have used all earthquakes that are listed before 1971, and earthquakes
with a magnitude greater than or equal to 3 thereafter.

We consider only earthquakes with focal depth H < 100 km, and we define as
strong earthquakes the events with M > 5.6. In other words we choose the
threshold M, = 5.6. The list of such events is given in Table 5. This magnitude
threshold is chosen because earthquakes with M = 5.6 have an average return
period of about 6 years (see Table 6), as in most of the regions considered in
previous studies. Since events n.1 and n.2 of Table 5 have the same coordinates and
occurred on the same day they cannot be considered separately in our analysis.
Therefore the number of strong earthquakes to be actually predicted reduces to five.

Table §
Strong earthquakes in Central Italy, M = 5.6, 19501989

Magnitude
No. Date ¢, N A% E H M, M, M, M,
1 21. 8.1962 4]1.13 15.12 40 58 — — —
2 21. 8.1962 41.13 15.12 40 6.0 — —_ —
3 19. 7.1963 43.15 8.08 29 56 — — —
4 30.12.1967 44.80 12.05 35 58 — — —_
5 23.11.1980 40.86 15.33 18 6.5 — 6.28 6.7
6 7. 5.1984 41.76 13.89 16 — 54 5.43 5.7
Table 6

Average return period of strong earthquakes (Central Italy)

Mz 5.0 5.1 5.2 53 5.4 5.5 5.6 5.7 5.8 5.9 6.0

Years 1.1 2 2 2.3 2.5 35 5.7 7 9 9 17

3. Diagnosis of TIPs

As allowed by the normalization, algorithm CN is applied without any change
in the numerical parameters, with the purpose of testing the general validity of the
results obtained in other parts of the world. In fact, a proper change in the
parameters can lead to better predictions—actually better data fitting—in each
region, but this requires that we assume different physical processes for the
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Table 7
Strong earthquakes and TIPs for Central Italy (V = 5, E =4.9)

Start of Strong earthquake End of false Duration of
TIP Date M alarm TIP, months
1. 1.1958 1. 1.1959 12
1.11.1961 21. 8.1962 5.8, 60 10
22, 8.1962 19. 7.1963 5.6 11
30.12.1967 5.8 failure to
predict
1. 3.1972 1. 51975 38
1.11.1979 23.11.1980 6.5 13
I. 3.1984 7. 5.1984 57 2
8. 5.1984 1.11.1986 30
I. 5.1988 >15

occurrence of the earthquakes in different regions.

Aftershocks are identified by the algorithm described by KEILiS-BOROK e al.
(1980). The choice of M, = 5.6 and the discretization of functions is made on the
basts of the information contained in the catalogues ENEL, CSEM, and ING up to
1986.

TIPs diagnosed in such a way are compared with strong earthquakes (M = M)
in Table 7 and in Figure 3a. TIPs occupy 26 percent of the total time interval

V=5 E=4.9 5.8 5.8 6.5 5.7 @
6.05.6 l l l

l
H W I | E

[T N T I N A Y I S (N N N AN (N N (N T NN NS Y TN OO Vv Ty U T N N N N Y (N IO NN S |
55 60 65 70 75 80 85 80

V=6 E=4.9 @
5.8 58 6.5 5.7
6.0 5.6

A TRV ERS 0K U OO0 T T T VN A T S U Y S A AN B B B B B O
55 60 65 70 75 80 85 90
Figure 3

Part a). Results of the diagnosis of TIPs for Central Ttaly as deduced from catalogues ENEL, ING,

CSEM; M,=156, E=49, V =5; Part b). Results of the diagnosis of TIPs for Central Italy as deduced

from catalogues ENEL, ING, CSEM; M, = 5.6, E=4.9, V =6; the time of occurrence of a strong

earthquake is indicated by an arrow and a number above giving its magnitude; TIP is indicated by black
rectangle.
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considered (1954-1986) and precede 4 out of 5 strong earthquakes. The value
reached by the function o(¢) after the last strong earthquake (May 7, 1984,
M = 5.7) is not sufficient to interrupt the TIP. This gives rise to a false alarm. If V
is increased from 5 to 6 the total duration of TIPs is reduced by about 17 percent
with an additional failure to predict (Figure 3b). Even if we observe 3 false alarms,
r.e. TIPs not followed by strong earthquakes, the forward monitoring of TIPs may
give very useful practical information. '

4. Forward Monitoring

Forward monitoring, utilizing the available data which describe the seismic
activity until August 1989 (ING and CSEM), shows that TIPs occupy 30 percent of
the total time interval (1954-1989) and that there is a current TIP started on May
1988. The current TIP is not identified if the threshold V is increased to 6.

5. Stability

To test the stability of the results shown in Figure 3, the procedure has been
repeated using catalogues PFG and ING. In this case there are only four strong
earthquakes (M = 5.6) since in PFG and ING the events of December 30, 1967 and
May 7, 1984 have magnitude 5.4. TIPs, shown in Figures 4a and 4b, occupy 32 and

V=5 E=49 ., 6.5

GI} 5.6 l
L 4J_t t t 1 ¢ 14 11 v % 1t + & 1 1 F vt e
55 &0 65 70 75 BO 85 90

V=6 E=4.9 @
. N 6.9

BN BN LI

| I NN D A NN N (NN U0 (U U %0 SN U N N 0 (N NN N U N TN (N NN O (N N I Y NN (N N (NN N N N N |

55 60 65 70 75 80 a5 90

[+ 35
om

—
—n

Figure 4
Part a). Results of the diagnosis of TIPs for Central Italy as deduced from catalogues PFG and ING
M,=56, E=49, V =5; Part b). Results of the diagnosis of TIPs for Central Italy as deduced from
catalogues PFG and ING M, =56, E =49, V =6, the time of occurrence of a strong earthquake is
indicated by an arrow and a number above giving its magnitude; TIP is indicated by black rectangle.
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27 percent of the total time interval (1954-1989) for V' =5 and V = 6, respectively.
The overall picture shown in Figure 4 is not significantly different from that
contained in Figure 3. The main differences are the failure to predict the event of
August 21, 1962 when catalog PFG and ING are used, and the absence of a current
TIP when catalogs ENEL, CSEM and ING are used with the threshold V = 6.

The false alarms in the time intervals 1972—-1975 and 1984-1986 have some
peculiar aspects. In fact, the first could be associated with the event with magnitude
5.4 which occurred, within the considered area, in October 1974. The assumption
for this magnitude value of an underestimate of 0.2 units will lead to the prediction
of the event, with a significant reduction of the duration of the subsequent false
alarm over the entire period of observation (1954-1989). The second false alarm
may be connected with the event of magnitude 5.6 which occurred in Thessaly,
Greece, on April 30, 1985. From this it is evident how critical the selection of the
area is within which TIPS are sought. Therefore we are now Investigating the
possibility of using other variants of regionalization based on geological and
geophysical interpretations. This is made even more necessary by the existence of a
possible current TIP, declared on the basis of traits which are characterizing the
seismicity of a zone near the castern border of the region we have defined as Central
Italy. The features are based on B,,.,, whose high value is associated with the 5.4
magnitude earthquake of April 26, 1988 with epicentral coordinates 42.31 N and
16.59 E.
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Stability of Premonitory Seismicity Pattern and Intermediate-term
Earthquake Prediction in Central Italy

G. CosTA,'? G. F. Panza'? and 1. M. RoTwaIN?

Abstract — The algorithm CN makes use of normalized functions. Therefore the original algorithm,
developed for the California-Nevada region. can be directly applied. without adjustment of the
parameters, 1o the determination of the Time of Increased Probability (TIP) of strong carthquakes for
Central Italy. The prediction is applied to the events with magnitude Af = 3, = 5.6, which in Central
Ttaly have a return period of about six years. The routinely available digital earthquake bulleting of the
Istituto Nazionale di Geofisica (ING), Rome, permits continuous monitoring. Here we extend to
November 1994 the first study made by Keilis-Borok e of. (1990b). On the basis of the combined
analysis of scismicity and seismotectonic. we formulate a new regionalization. which reduces the total
alarm time and the failures to predict, and narrows the spatial uncertainty of the prediction with respeet
to the results of KEILIS-BOROK ¢f af. (1990b).

The premonitory patlern is stabie when the key parameters of the CN algorithm and the duration
of the learning period are changed, and when different carthguake catalogues are used.

The anlysis of the period 1904-1940, for which M, = 6, allows us to identify self-similar propertics
between the two perieds, in spite of the considerably higher seismicity Jevel of the carlier time interval

compared with the recent one.

Key words: Seismicity, carthquake prediction, scismotectonic, regionalization, Taly.

I. Introduction

The algorithm CN, described in full detail by GABRIELOV er al. (1986),
KEILIS-BOROK et al. (1988) and KEILIS-BOROK er «l. (19904), has been applied to
Central Ttaly for the first time by KEILIS-BOROK et al. (1990b). CN is designed to
define the Time of Increased Probability (TIP) of strong earthquakes. For this
purpose the traits considered are the level of seismic activity, its variation in time,
clustering of the earthquakes in space and time, and their concentration in space.

'Istituto di Geodesia ¢ Geofisicu, Universita degli Studi di Trieste, via dell’Universita 7, 34123
Trieste, taly.

* International Center for Theoretical Physics, ICTP, 34100 Trieste Miramar, Italy.

¥ International Institute of Earthquake Prediction Theory and Mathematical Geophysics, Academy

of Sciences of Russia, Warshavskoye, 79, K.2, 113556, Mascow, Russia,
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Table |

Functions used in the algorithm CN

SIGMA(T) SIGMA(1) =3 10"* =7, the main shocks with m, < M, < —0.1 and origin time (f — 3
years) <t < ¢ gre included in the summation; x = 4.5, f = 100.

Smax(f) Smax(1) = max{ S, /N, S2/N,, S3/N5} where S, is calculated as SIGMA(1) for the events
with the origin time (r —; years) <t, <(f —(j— 1) yeurs). and N; is the number of
carthquakes in the sum,

Z,m;x(.f) Z pux{0) = max(Z, [NY, Zy (N3P, Z, [N} where Z; is calculated as S, but with §=0.5
and N, is the number of earthquakes in the sum.

Na(2) Number of main shocks with Af > m,, which occurred in the time interval (+ — 3 years, ).

N4 (?) Number of main shocks with M 2 miy, which occurred in the time interval (1 — 10 years,
t — 7T years).

K1) K(1) = K, — K,. where K, is thc number of main shocks with M, = m, and origin time

{1 —2f years) <1, < (t —2(j — 1) years),

B0 Maximum number of aftershocks for cach main shock. counted within a radius of 50 km
for the first 2 days after the main shock and for M > Af, — 3.6.

(1) G4 =1 — P, where P is the ratio among the number of the main shocks with M, 2 m
{13 > m) and the number of the main shocks with M, = m,. Only main shocks with origin
time ¢, in the interval (1 ~ | year) <7, <1 arc considered.

glt) glry =30 max |0, 6ay — n; ). where u, is the average annual number of main shocks with
M; zn1s, 0, is the number of main shocks with A, =m, and origin time (¢ — (8 + /)
years) </, < (f — (2 +j) years).

The functions which describe the traits for a given territory are defined in Table
1. These functions are normalized so that they can be applied to different territories,
with different seismicity, without ad hoc adjustment. The normalization is obtained
by choosing the three magnitude thresholds, »,, m, and 1, satisfying the condition
that, in the territory under study, the average annual number of events with M > i,
1s equal to the constants, a4;, common to all seismically active territories.

The flow of the earthquakes is represented, at each time ¢, by the vector formed
by the values of the different functions at time ¢. The value of the minimum
magnitude of the events to be predicted (strong earthquakes), M,, satisfies in
general two simultaneous conditions: 1) to correspond to events with a return
period of about six years; 2) to be as close as possible to a minimum in the
histogram Magnitude-Number of events (Fig. 1). Condition 1 is introduced accord-
ingly with the criteria used for the California-Nevada region; and condition 2 is
introduced to minimize the effect of the threshold introduced by the choice of M,.
We will refer to those conditions as “CN rule.”

In the CN analysis of the flow of earthquakes, the time axis is divided into three
intervals: D (dangerous), N (nondangerous) and X (undctermined). The D intervals
extend for two yecars before each strong event (M > M,). Intervals X extend for
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Figure 1

Histogram Magnitude-Number of events, with step 0.2 in magnitude, in the years 1950 - 1989 for the new
regionalization proposed in this paper.

three years after each strong cvent; if a strong earthquake occurs within three years,
the X period becomes a D period. The remaining time intervals are N intervals.

The functions defined in Table | are discretized by defining the thresholds as
small, medium and large, on the basis of the quantile levels 1/3 and 2/3. We then
estimate the combinations of the different discretized functions which are more
typical for intervals D, and for intervals N. Following the procedure of pattern
recognition, features D are defined by the condition that in general they occur
during the intervals D and not during the intervals N. Features N are defined by the
reverse condition. Each feature corresponds to a discretized value of the function,
or to a combination of such values, for two or three functions.

A TIP is declared at the time ¢ for one year if

Npoy = fnin 2 V=35

o(f) = 107 FMa=n Y 1/ =0 < E =49 (1)

where

=1, «a=05
Hp 18 the number of characteristic features D which the flow of earthquakes has at
time ¢; ny,,, is the number of features N; in each main shock’s area, a(f) is a

function proportional to the total number of earthquakes, with magnitude A7,
occurring within a period of three years before time 1.
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Consecutive TIPs may overlap and induce an alarm period exceeding one year.
The TIP can be interrupted if o(f) > E, in which case the TIP can be shorter than
one year. If during a TIP we have no strong event we have a ““false alarm,” if we
have a strong event outside the TIP we have a *‘failure to predict.”

All the constants and the definition of D and N features appearing in the
algorithm CN are determined from the retrospective analysis of the California-
Nevada seismicity (KEILIS-BOROK et al., 1990a).

2. Tectonics and Regionalization

Central Italy is characterized by the presence of two arcs, the north-central
Apennines and the Calabrian arc, of tectonic shortening. Starting from their
present-day structure and analyzing the time-space evolution of the thrust belt-fore-
deep-foreland system, PATACCA et al. (1990) reached the conclusion that the
deformation has been strictly controlled by the dipping of the foreland lithosphere
sinking beneath the mountain chain peninsula and not directly by the collision
between Europe and Africa. This hypothesis is strongly supported by surface waves
dispersion measurements (CALCAGNILE and Panza, 1981; PANZA ef af., 1982;
SUHADOLC and PANzA, 1988; DELLA VEDOVA et al., 1991), and more recent
investigations which combine different geophysical data sets regarding aeromagnetic
and gravity anomalies with the available structural information concerning the
lithosphere-asthenosphere system (MARSON et al., 1994).

The arc present in the north-central Apennines can be divided in two main
structures parallel to his axis: one is an area of compression, and the second is 4 zone
of extension (Fig. 2). These two main structures are crossed by a few transfer zones.

The passive subduction of the Po-Adriatic-Ionian lithosphere by gravitational
sinking appears as a reasonable mechanism to explain contemporaneous geodynamic
events such as mountain building in the Apennines and extension in the Tyrrhenian
area. The partition of the Apennines into two major arcs may be related to the
differential sinking of the foreland lithosphere in the Northern Apennines and in the
Calabrian Arc.

The regionalization is a very important factor in producing a useful prediction,
minimizing the spatial uncertainty. The area in which a strong earthquake must be
predicted must be the smallest possible, but there are some limitations to its minimum
dimensions: 1) the borders. of the area must not cross continuous seismotectonic
zones, at least the ones easily identifiable, and, 2) the annual number of earthquakes
must be >3 for the magnitude for which the catalogue is completed.

The regionalization used by KEILIS-BOROK et al. (1990b) (Fig. 3), based only on
the boundaries and completeness of ENEL catalogue, covers an area of about
6.3 x 10°km?* and allows us to obtain overall satisfactory results, but without
negligible false alarms and failures to predict (Fig. 4).
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Figure 2
Scismotectonic map of PATACCA et al. (1990): £} extension areas, C) compressienal areas, T7) transition
arcas, F) arcas of fracture in foreland zone, T'P) trunspressive arcas, V) volcanic arcas, and U) undefined
areas.

The analysis of the occurrence, just before the TIPs, of the events with a
magnitude greater than the minimum magnitude, »1,, used in the definition of the
functions in the CN algorithm, reveals that in all the three-year time intervals which
immediately precede the TIPs, it is possible to identify three distinct seismically
active areas: the Apennines, the Ancona zone and the Gargano region (compare
Fig. 5 with Fig. 6). The seismicity along the Apennines is present during all TIPs,
while the cvents along the eastern border of the Adriatic microplate in the Ancona
zone and in the Gargano region, occur only before the false alarms (Figs. 6c¢,d).
This may suggest that the earthquakes along the Apennines are independent from
the seismicity of the other two areas (Ancona zone and Gargano region) and that
the events in the Ancona zone and in the Gargano region are associated with
dynamic processes of the lithospheric blocks, which are different than those
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ENEL-CSEM-ING, 1950-1980.
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Figure 3
Epicenters recorded in the period 1950- 1990; small dots indicate events with magnitude M > 4.4; large
dots indicate events with magnitude M > M, =15.6; the poligon indicates the boundaries of the
rcgionalization proposed by KEILIS-BOROK et af. (1990b).

characterizing the Apennines. The events in the Ancona zone and in the Gargano
region can be correlated with the seismicity of the eastern border of the Adriatic
microplate (compare Fig. 5 with Fig. 6).

The map of the main shocks in Italy, obtained from the PFG-ING catalogue,
shows that there are two maxima in the number of events in the Apennines
(Umbria and Lazio) and, in general, a very large number of events along the
Apennines from Liguria to Campania (Fig. 7a); this area can be separated from the
other seismic regions in [taly. The map of the events with M > m; = 4.4, shown in
Fig. 7c, indicates that the earthquakes in the Ancona and Gargano regions can be
separated from the events located in the Apennines. The tectonic map by PATACCA
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Results of the diagnosis of TIPs, for the regionalization of Figure 2, as deduced from the catalogue

ENEL-CSEM-ING; M, = 5.6. The time of occurence of a strong earthquake is indicated by an arrow

and the number above it gives the magnitude; TIPs are indicated by block rectangles (Krivis-Borok,
et al., 1990b).

et al. (1990} illustrates two nearly parallel NW-SE elongated active areas (Fig. 7b)
in the Central Apennines (Toscana, Umbria, Marche). The alignment near the
Adriatic Sea is 1n a compressive state, while the other, more westerly, has an
extensional character. The Gargano region has, on the other hand, exhibited a
tectonic behavior characterized by the coexistence of mechanisms of dip-slip.
oblique-slip, and strike-slip type (PATACCA ¢f al., 1990).

Boundary between

foreland and TIRRHENIAN
external shelf SEA

basin of Adriatico

E Ancona zone
E Gargano region
EZZ Apennines

| Toscana coasts

Figure 5
Map showing the boundary between forclind and external shelf basin of Adnatic after HorvarTit and
CHANNEL (1976) and other geographical references, mentioned in the text.
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Figure 6
Main shocks (small dots) with M = m, = 4.4 for three yecars before the TIP, and strong carthquake
(large dot). The polygon indicates the boundaries of the regionalization. Only the events inside the PFG
w polygon are considered: a) the TIP started in 1979: b) the TIP started in 1961: ¢) the TIP started in 1958;
d) the TIP started in 1972,

~ Taking into account these seismotectonic features, and mainly considering the

N analysis of the occurrence, just before the TIPs, of the events with a magnitude
' greater than the minimum magnitude used in the definition of the functions, a new
rough regionalization is proposed, which does not cut very active regions and

includes the seismicity maxima present in the Apennines and the extensional arcas

oriented NW-SE, and excludes the Ancona zone and the Gargano region (Fig. 7b).

' The Ligurian Sea, Tyrrhenian Sea and the coasts of Toscana are excluded, since the
| very low seismicity in these areas does not occur in the periods just before the TIPs

(Fig. 6), and therefore does not influence the functions used by the CN algorithm.
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Figure 7
New regionalization for the diagnosis of TIPs superimposed to: a) map of seismicity. In the map it is
represented by the total number of earthquakes, smoothed within a 0.6” diameter circle. Each smoothing
circle 1s centered on the knots of a grid of 0.2° x 0.2". It has been used as the main shocks catalogue
from 1000 to 1990 from the PFG-ING catalogue, using the criteria proposed by KEILIS-BORGK ¢t al.
(1980 for the aftershock identification; b) seismotectonic map of Patacca: ¢} main events with magnitude
M =44, Catalogue ENEL-CSEM-ING.,

The borders deliberately only roughly follow the main scismotectonic features, since
we are interested here in describing the results of a first-order refinement of
regtonalization. A more detailed regionalization, made following the borders of
each seismogenetic zone and taking into account their character, will be the subject
of a forthcoming paper.
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Figure 8
Results of the diagnosis of TIPs for the new regionalization. The time of occurrence of a strong
carthquake is indicated by an arrow and the number above it gives the magnitude; TIPs are indicated
by block rectangles, a) catulopuec ENEL-CSEM-ING, M, = 5.6: b) catalogue PFG-ING, M, =5.6.

The area of the new regionalization is only about the 15% of the one used by
KEILIS-BOROK et al. (1990b), consequently, the number of earthquakes is signifi-
cantly reduced. The repetition of the analysis made by KEiLiS-BOROK ef al.
(1990b), using the new regionalization and the catalogue ENEL-CSEM-ING,
allows us to predict the four strong events with a total alarm period of about 32%
of the total time with no failure to predict (Fig. 8a).

In global application, the CN algorithm places about 80% of the strong
earthquakes into the alarms occupying 20-40% of the space-time considered
(KEILIS-BOROK ¢f al., 1990b). The predictive power of this algorithm is of course
stronger than those figures since the expectation time (the volume of alarm until the
strong earthquake) is much shorter, around 10 to 20%.

The statistical significance 1s established strictly to date only for one component
of CN algorithm, namely the abnormal clustering used as an independent precursor
in different formalizations. The statistical significance of the algorithm CN as a
whole is being tested by forward prediction but no final conclusions are reached,
and, among others, the forward prediction in Central Italy, performed using the
new regionalization proposed in this paper, is a base test for the statistical
significance of the algorithm CN.

3. Stability

The test of the stability of the premonitory seismicity pattern and of the
feasibility of the prediction has been carried oul with respect to changes: 1) in
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catalogues, 2) in regionalization, 3) in the length of the learning period, and 4) in
the thresholds for the rules to declare a TIP.

A new catalogue (PFG-ING) has been prepared. For the period 1900-1979, the
new catalogue 1s formed by the PFG catalogue, which is the revised version of the
ENEL catalogue; from 1980, the ING catalogue has been used. The magnitude M,
(local magnitude) has been considered whenever available; if M, is not available,
the values M, (magnitude from intensity), in the PFG catalogue, and M, (duration
magnitude), in the ING catalogue, have been applied.

The learning period, which must cxtend at least twenty years and have a
balanced number of N and D periods, is the period in which the catalogue is
analyzed in order to define the values of the thresholds m,, n1,. 11, and the values
of the functions in the periods immediately before a strong earthquake (D periods)
and in the periods without strong carthquakes (N periods). The stability of the
premonitory pattern has been successfully tested using two different learning
periods, 1954—1980 and 1954-1986. Since within the time interval 1980- 1986 there
is only one D period, the stability of the results is mainly relevant with respect to
changes of 1, niy, my. The propertics that must be satisfied by the learning periods
do not permit to consider other larger differences in the time interval employed.

The differences which are present in the available catalogues are quile signifi-
cant, as can be scen from Figure 1; for example, in the catalogue ENEL-CSEM-
ING there are four strong ecarthquakes with M > 5.6, while in the PFG-ING
catalogue there are only three carthquakes with M = 5.6. Since the histogram
Magnitude-Number of events for the PFG-ING cataloguc has a minimum slightly
less than M = 5.4, and the events with a magnitude above this threshold have a
return period of about six years, the analysis is made using the value of M, =5.4
also. The results of the processing of both catalogues, for the two different
regtonalizations and for two different values of M, are reported in Table 2. The
results are satisfactory and stable, mainly when the regionalization which takes into
account seismoteclonic considerations is used. In particular, using the PFG-ING
catalogue all strong cvents arc predicted and the total alarm occupies about 23% of
the total time, a percentage significantly less than the one obtained with the analysis
performed with the ENEL-CSEM-ING catalogue (Fig. 8b). The results of the
stability analysis confirm that the revision of the ENEL catalogue produced a
higher quality data file: the PFG catalogue.

In general, the number of predictable failures is zero or one. and the total alarm
time is less than 35% of the total time. In only two cases (variants 4 and 5 in Table
2) is there a large number of failures to predict. In these two cases the catalogue
used 1s the PFG-ING and the regionalization s the one based only on catalogue
boundaries and complcteness.

The thresholds for the rules to declare a TIP are given by equations (1). The
value of the paramcters £ and V obtained empirically in the California-Nevada
region, and subsequently used with success in other regions of the world, are
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Figure 9
Diagrams {percent of failures to predict] — [percent of TIPs] duration obtained varying the parameters
Vand £ in the tests of Tuble 5. Between brackets the values of ¥ and E are given in the order. [n cuch
test, random results are represented by points outside the triangle (0, 0), (100, 0} (0, 100) shown, for
example, in TEST 1 as gray area.

=49 and V =35, as shown in Table 2 {KEi1LIS-BOROK e¢f al., 1990a). To test the
stability of the premonitory pattern, the values of £ and ¥ have been changed with
respect to the default values. The results obtained changing these two values, for all
the variants given in Table 2, are shown in Figure 9. The results are very stable even
for variations of E and V in a rather large range. The stability is lost only for
extreme values of the two parameters. Figure 9 supplies a measure of the non-
randomness of the different predictions: in each test random results are represented
by points outside the triangle (0, 0), (100, 0), (0, 100), shown, for example in TEST
i as gray area. For instance random results are obtained in test 4 with V' =35,
=16 and with V=8, E=4.9, and test 9 with V=135, E =0.8.

4. Period 1904—1940

The analysis of the PFG catalogue reveals that information, sufficiently com-
plete for the use of the algorithm CN, is contained also in the period 1904-1940,
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Histogram Magnitude — Number of events in the years: a) 1900-1994; b) 1935-1955.

the incompleteness of the catalogue in the period 1941-1953 being strongly
correlated with World War 2 (Fig. 10). Therefore the algorithm CN has been
applied to the period 1904-1940, using the same time interval as learning period.
The seismicity in this time interval is higher than in the period 1954-1991 and
therefore the magnitude, M, corresponding to events with a return period of about

15

1900-1940

I PFG

Number of Events
o

(&)

50 52 54 56 58 60 62 64 66 68 7.0
Magnitudo

Figure 11
Histogram Magnitude — Number of events, with step of 0.2 in magnitude, in the years 1900 - 1940 for the
new regionalization proposed in the paper. Catalogue PFG.
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Table 3

Resulis obtained from the analysis of twe different periods, 1904~ 1940 and 1954 - 1990, characterized by
different seismicity levels. A is the number of cvents to be predicted, B is the number of fuilures to predict,
C is the percent of total time occupied by alurms, D is the number of false alarms

Learning Analysis Threshold
M, period period parameters Results

1904 1954 1904 1954
N° 5.6 6.0 1940 1980 1940 1990 Vv E A B C D

1 X X : X 5 4.7 3 1 38.0 7
2 X X X 5 4.7 2 1 336 5
3 X X X 5 49 3 0 23.7 2
4 X X X 5 3.1 7 4 223 5
5 X X X 5 3.1 7 3 40.0 8
6 X X X 5 49 3 2 16.1 2

six years and to a minimum in the histogram Number of events — Magnitude, iLe.,
the M, satisfying the CN rule, is around 6.0 (Fig. 11).

The results obtained for M, =6.0 are reported in Table 3, variant 1. The
number of strong events is three; two of them are predicted, and the alarm occupies
about 38.0% of the total time (Fig. 12). If, brooking the CN rule, the value of A,
is decreased to 5.6, cqual to the threshold M, used for the period with lower

PFG-ING (1904-1940)

Ms=5.6 57
5.9 s.shs.a 5.76.3 6.5
: Voo Vo '
HE . 1 [ ] | | [ | [ ]
FYTETrrorrrrer b rdi i rTrrrevelrrrrdavytnrliveEerrngeld
M,=6.0
6.8 6.3 6.5
} } !
- — — - -
FTTTI T T T ETTTITTFRTITTITITITRINITTITITTIETTTIRLIT TR T
05 10 25 30 35 40

Figure 12
Results, based on catalogues PFG-ING, of the diagnosis of TIPs for the new regionalization: und for
two different thresholds M,,. The time of eccurrence of a sirong carthquake is indicated by an arrow and
the number above it gives the magnitude; TIPs are indicated by block rectangles.
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seismicity 1950-1994, the number of strong events becomes seven and the perfor-
mance of the algorithm is very poor: three events are predicted, and the alarm
duriation is equal to 22.3% of the total time (variant 4, Table 3).

Even if the level of seismicity in the time interval 1904-1940 is considerably
higher than in the period 1954-1994, the good results of the diagnosis of TIPs for
each interval separately indicate that self-similarity characterizes the seismicity of
the two periods.

5. Conclusion

A significant reduction of the spatial uncertainty in the identification of a TIP
has been obtained using a regionalization based not only on catalogue completeness
but also on seismotectonic evidences. The use of such regionalization, in general,
increases the stability of the premonitory pattern. All the stability tests demonstrate
that the CN algorithm in Central Italy produces very stable results.

Our research suggests use of the catalogue PFG-ING, the new regionalization,
and the threshold M, = 5.6, for the routine forward monitoring, which satisfies the
condition of having a return period approaching six years.

The analysis of the period 1904-1940 shows that even when the catalogue
completeness threshold corresponds to a magnitude as high as 4.0, the CN
algorithm still supplies useful information. The comparison of the results obtained
during the periods 1904-1940 and 19541994 supplies further evidence favoring the
existence of self-similarity in the occurrence of earthquakes (e.g., KAGAN and
KNOPOFF, 1981).
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Seismotectonic Models and CN Algorithm: The Case of Italy

GIOVANNI COsTA,? IVANKA OROZOVA-STANISHKOVA,'+?
G1uLIANO FRANCESCO PaNzA'? and IRINA M. ROTWAIN?

Abstract —The CN algorithm is utilized here both for the intermediate term earthquake prediction
and to validate the seismotectonic model of the Italian territory. Using the results of the analysis, made
through the CN algorithm and taking into account the seismotectonic model, three main areas, one for
Northern Italy, one for Central Italy and one for Southern Italy, are defined. Two transition areas
between the three main areas are delineated. The earthquakes which occurred in these two areas
contribute to the precursor phenomena identified by the CN algorithm in each main area.

Key words: Earthquakes prediction, seismotectonics, seismicity.

1. Introduction

The analysis of the Time of Increased Probability (TIP) of a strong earthquake
with magnitude greater than, or equal to a given threshold M,, based on the
algorithm CN, makes use of normalized functions, which describe the seismicity
pattern of the analyzed area. Therefore the original algorithm, developed for the
California-Nevada region, can be directly used, without any adjustment, in areas
with different size and level of seismicity.

It has been shown by COSTA et al. (1995) that a regionalization, supported by
seismological and tectonic arguments, leads to the reduction of the alarm duration
(TIP) and of the failures to predict, and increases the stability of the algorithm.
Therefore, the CN algorithm permits to deal with the development of modern
regional geodynamic models, involving relationships between the key structural
features which control the seismicity, and the selection of the optimal causative
fault system for prediction purposes (RUNDKVIST and ROTWAIN, 1994).

The algorithm CN is described in full detail by GABRIELOV ef al. (1986) and
KEILIs-BoroK and RoTwAIN (1990). An application to Central Italy is given by

'Dipartimento Scienze della Terra, Universitd degli Studi di Trieste, via E. Weiss 4, 34127 Trieste,
Ttaly.

nternational Center for Theoretical Physics-ICTP, 34100 Trieste Miramar, Italy.

Mnternational Institute of Earthquake Prediction Theory and Mathematical Geophysics, Academy
of Sciences of the U.S.8.R., Warshavskoye, 79, K.2, 113556, Moscow, U.S.S.R.
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Figure 1

Seismotectonic model of Italy (PATACCA et al., 1990) and regionalization into three main and two

transition areas.

KEILIS-BOROK et al. (1990), where the borders of the studied area are defined
simply according to the completeness of the used catalogue. The analysis of the
seismicity and seismotectonic considerations permit the definition of a more de-
tailed regionalization of Central Italy and the testing of the stability of the method

- (CosTA et al., 1995).

In the present study the analysis is extended to the whole Ttalian territory. Using
the seismotectonic model of Italy (PATACCA et al., 1990) and the spatial distribu-
tion of the epicenters (Fig. 1), the country is divided into three main areas (Fig. 2).
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Figure 2
Seismicity map (M = 4.0) and boundaries of the three main areas in Italy. Dashed line marks variants
of the regionalization.

Each of them is characterized by a dominant seismotectonic behavior, with varying
seismicity pattern, therefore the appropriate M, is used in each area.

The catalogue used routinely for the application of the CN algorithm in Italy
has been compiled as follows: for the period 1900-1979 it is taken the PFG
(POSTPISCHL, 1985) and since 1980 it is continued with the ING (Istituto Nazionale
di Geofisica, 1994) catalogue. This catalogue hereafter is referred as PFGING. M,
(magnitude from intensity), M, (duration magnitude) and M, (local magnitude)
are available in this catalogue.

2. Geodynamic Outline

The Italian territory can be divided into three main tectonics areas (Northern,
Central, and Southern Italy) with different types of recent motion (PATACCA and
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SCANDONE, 1989; DAL Piaz and PoLINO, 1989). Each of these main areas is
subdivided into several smaller seismogenic zones with different seismotectonic
characteristics and behavior (Fig. 1).

The first area, Northern Italy (north of 44°N), is characterized by the presence
of the Alpine arc, which is generally uplifting (MUELLER, 1982). The eastern part
of the area (Friuli), where one of the branches of the Southern Alps turns to the
south along the Adriatic Sea (Dinaric Alps), the western part of the area, and the
areas of contact between the Southern Alps and the Northern Apennines are
characterized by compression (DAL P1Az and PoLINO, 1989). In the Friuli zone
some westerly strike-slip motion is also present (PAVONI et al., 1992). Therefore, in
Northern Italy the majority of the seismogenic zones are compressive or transpres-
sive (Fig. 1).

In Central italy two arcs of tectonic shortening, the North-Central Apennines
and the Calabrian arc, meet. According to PATACCA and SCANDONE (1989) the
deformation in this area has been strictly controlled by the sinking of the foreland
lithosphere beneath the mountain chain peninsula and not directly by the collision
between Europe and Africa. This hypothesis is strongly supported by surface waves
dispersion measurements (CALCAGNILE and PANZzA, 1981; PANZA et al., 1982;
SUHADOLC and PANzA, 1988), and other more recent investigations (DELLA
VEDOVA et al., 1991; MARSON et al., 1995). The North-Central Apennines arc can
be divided into two main structures, parallel to its axis: the first one is a zone of
compression, and the second one is a zone of extension (Fig. 1). These two main
structures are crossed by few transfer zones. Previous studies (COSTA et al., 1991,
1995), have shown that the zones of extension and compression in Central Italy
should not be jointly considered in the regionalization.

According to PATACCA et al. (1990), the 41°N parallel divides the Apennines
chain in two completely different tectonic domains, and this line is proposed to
separate Central from Southern Italy. The division of the Apennines into two major
arcs may be related to the different sinking of the foreland lithosphere in the
Northern Apennines and in the Calibrian arc (MARSON et al., 1995). The passive
subduction of the Po-Adriatic-Ionic lithosphere, caused by gravitational sinking,
appears as a reasonable mechanism to explain contemporaneous geodynamic events
such as mountain building in the Apennines and the extension in the Tyrrhenian
area.

Southern Italy is characterized by very complex tectonics and different seismo-
tectonic zones with extensive, transfer, foreland and volcanic character, can be
recognized. The complexity here is even increased by the presence of several
intermediate and deep focus earthquakes (CAPUTO et al., 1970), related to the
Calabrian arc (Eastern Sicily, Calabria). This arc, which is the most important
tectonic structure in Southern Italy, is an old subduction zone, where the deep-focus
earthquakes are related to the existence of a lithospheric slab which may represent,
in its deepest parts, the remnant of the Adriatic lithosphere which subducted
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Corsica-Sardinia before the opening of the Tyrrhenian Sea (PATACCA and SCAN-
DONE, 1989).

3. Regionalization

To minimize the spatial uncertainty, the area in which a strong earthquake must
be predicted, should be as small as possible, but there are two rules that limit its
minimum dimensions: 1) the border of the area must be drawn following to the
extent possible the minima in seismic activity; 2) the annual number of earthquakes
with magnitude greater or equal to the completeness threshold of the catalogue

must be greater or equal to 3.
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Table 1

Earthquake catalogues used in Northern Italy

Catalog Period Magnitude Priority
PFGING 1000-1992 M, M, M, M, M, M,
ALPCR 1000-1985 M, M, M,, M,
NEIC 1900-1992 , my,, M, M, M., M, m,

MaLror),
Final 1900-1992 M prGING) MAX
Mneic)
Note:

The priority M,, M,, M, indicates that the magnitude M, has been used whenever available. If M, is
not available, M, has been used, etc. MAX = Max(M,, M,, M,).

The borders between the three main areas: Northern, Central and Southern,
described in Section 2, are not sharply defined and they can be better represented
by a transition domain. In fact, as we will see, the division of the Italian territory
into three main areas, separated by two transition areas, seems to be consistent with
the indications given concerning the properties of seismicity by the CN algorithm.
A synoptic representation of the different areas is given in Figure 2, while the
shapes of the two variants of each main area are given in Figure 3.

3.1. Northern Italy

The Alpine arc, the most important tectonic feature in Northern Italy, is crossed
by different political borders and consequently the catalogue PFGING is fairly
incomplete for our purposes. To fill in the gap it was necessary to add the
information contained in two other catalogues: ALPOR (1987) and NEIC (1992).
ALPOR is the catalogue of the Eastern Alps, compiled at the Osservatorio
Geofisico Sperimentale, Trieste, Italy. In this catalogue two magnitudes are re-
ported: M, and M,. NEIC is the catalogue of the National Earthquake Informa-
tion Center (NEIC, USGS, Denver, USA). In this catalogue the body wave
magnitude, m,, the surface wave magnitudes, M, and M, are reported.

The catalogue which we used in the application of the CN algorithm to
Northern Ttaly is obtained merging ALPOR, PFGING and NEIC. Taking into
account the uncertainties, which are intrinsic in the three different catalogues
considered, the events differing in origin time by less than 1 minute and in
epicentral location by less than 0.5°, both in latitude and longitude, are considered
the same event. The priority in the choice of the magnitude to be used in the further
processing is given in Table 1. The aftershocks are eliminated, using the criteria
given by KEILIS-BOROK et al. (1980), and only the events with magnitude greater
than, or equal to 3 have been used.
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Figure 4
Results of the CN analysis in Northern Italy: a) area 1; b) area 2. The arrows indicate earthquakes with
M = M,, TIPs are marked by black rectangles.

According to the standards used in the CN algorithm (COSTA et al., 1995), the
magnitude threshold for the definition of the strong earthquakes is chosen to be
M,=5.4. In the present study the period 1960-1992 is analyzed because of the
significant incompleteness of the catalogue before 1960. In the region, only two
strong earthquakes occurred during the last 30 years (M = 6.5, May 6, 1976 and
M =54, January 2, 1988). The M = 6.0 September 15, 1976 event is a strong
aftershock, identified as Related Strong Earthquake by VOROBIEVA and PANzA
(1993), and therefore it is not a target of the CN algorithm.

There are two important tectonic features in Northern Italy: the intersection of
the Alps and the Dinarides in Friuli and the intersection of the Alps and the
Apennines in Liguria. Because of the complexity of the region, it is rather difficult
to define the appropriate borders of the area to be considered for the purposes of
the CN algorithm. To solve this problem, an hypothesis has been formulated that
the stress, responsible for earthquake occurrence, “propagates” along a major fault
or tectonic structure and “‘accumulates” at the edges of this structure, and/or in the
areas of intersection with other important faults or tectonic structures. Therefore,
for the purposes of earthquake prediction, the events concentrated at the edges, or
in the areas of intersections with other structures, of a given tectonic structure
cannot be considered independent and should be all contained in the same area. In
the present study, the Alpine arc is considered as the structure along which the
tectonic stress propagates, and the events concentrated on both of its edges, western
and eastern, are assumed to be correlated, and therefore included in the same area.

The seismogenic region, thus defined, is shown in Figure 3a. The two strong
events are predicted and the TIP duration is 27% of the total time (see Fig. 4a).
There is only one false alarm after the strong earthquake of 1988.
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Results of the CN analysis in Southern Italy: a) area 1; b) area 1, considering only the shallow events;
c) area 2. The arrows indicate earthquakes with M = M,,, TIPs are marked by black rectangles. The
magnitude 6.9 is referred to an intermediate-depth earthquake in the Tyrrhenian Sea, while the
magnitude 7 (taken from the PFGING catalogue) corresponds to the Irpinia, 1980, earthquake,

In order to test the hypothesis that the earthquakes, concentrated on the edges
of a tectonic structure or in the areas of intersection with other structures, cannot
be neglected for the purposes of earthquake prediction, a second regionalization
(Fig. 3b), which includes only the compressive domains in the Eastern Alps (Fig. 1)
is considered. The two strong events are predicted (Fig. 4b), but the TIP duration
increases to 34% of the total time, and there are three false alarms.

3.2. Southern Italy

If we take the magnitude priority MAX (see note of Table 1) the utilized
catalogue, PFGING, can be considered complete in this part of Italy only after
1950, and for magnitudes over three. The magnitude threshold in the definition of
the strong earthquakes has becn chosen as M, =6.5.

Following the idea of PATACCA et al. (1990), that the 41°N parallel divides the
Apennines into two completely different tectonic domains, for Southern Italy the
area shown in Figure 3c has been delineated. The results of the CN algorithm
applied to this area are reported in Figure 5a. All three strong earthquakes
(M = 7.6, November 23, 1954, M =7.0 November 23, and M = 6.9, November 24,
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Figure 6
Results of the CN analysis in Central Italy: a) area 1; b) area 2. The arrows indicate earthquakes with
M = M,, TIPs are marked by black rectangles.

both in 1980) are predicted and the duration of TIP is 33% of the total time. There
are five false alarms.

To study the influence of the relevant deep seismicity we consider only the
shallow earthquakes and thus the only strong event to be predicted is the M = 7.0,
November 23, 1980 earthquake. The diagnosis of the CN algorithm is given in
Figure 5b. The strong event is predicted, but the duration of TIP increases up to
44% of the total time and there are six false alarms. This result indicates that the
shallow and the deep seismicity in this area are not independent, in contrast with
observations in other parts of the world (KEILIS-BOROK and ROTWAIN, 1990).

As a second test, according to the regionalization for Central Italy proposed by
CosTA et al. (1995), the northern border of Southern Italy 1s traced along the 39.5°
parallel (Fig. 3d). In this area the two strong earthquakes to be predicted are the
M =7.6, November 23, 1954 and the M = 6.9, November 23, 1980 events. The 1980
earthquake 1s predicted with a TIP duration lasting for 25% of the total time; the
1954, M =17.6, event is a failure to predict and there are two false alarms (Fig. 5c).

3.3. Central Italy

The CN algorithm initially has been applied to Central Italy (KEILIS-BOROK et
al., 1990; CosTA et al., 1995), because the catalogue PFGING is rather complete
here. In the present study, utilizing the regionalization shown in Figure 3e, given by
CosTA et al. (1995), we extend the analysis through the end of 1994 (Fig. 6a).

The definition of the areas in Northern and Southern Italy makes necessary a
revision of the regionalization of Central Italy. In fact, the regionalizations for
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Table 2

Final results

Northern Italy Southern Italy Central Italy

Area 1 Area 2 Area | Area 1* Area 2 Area 1 Area 2

Events 2 2 3 1 2 3 4
Predicted 2 2 3 1 1 3 3
False alarms 1 2 5 6 2 2 4
Failures to predict 0 0 0 0 ] 0 1
% of TIPs 27 34 33 44 25 23 38

*QOnly shallow events.

Northern and Southern Italy, proposed in the present study, contain some zones
(see Fig. 2), previously included in Central Italy (CosTA et al.,, 1995). The new
regionalization for this area is presented in Figure 3f. Four strong earthquakes
occurred in the area: M =58 and M =6.0, both on August 21, 1962, M = 5.5,
September 19, 1979 and M = 5.4, May 7, 1984. As can be seen from Figure 6b,
three of the four strong earthquakes are predicted by the CN algorithm, while the
1979 event is a failure to predict; there are four false alarms and the TIPs increase,
with respect to the previous study (CoSTA et al., 1995), from 30% to 38% of the
total time.

Only the crustal earthquakes which occurred in Central Italy are used to obtain
the results shown in Figure 6. According to the model proposed by MARSON et al.
(1995), few intermediate and deep earthquakes belong to Central Italy and should
be considered when using the CN algorithm. However, their inclusion in the data
set does not affect the results, and this is not surprising since the number of these
events and their size are small.

4, Conclusions

Three main areas in Italy (Northern, Central and Southern, each having a
distinct seismicity pattern) have been analyzed in the present study, utilizing the CN
algorithm. The separation among them is not marked by sharp boundaries, and on
the basis of different zonations, it is possible to identify intersection areas, which
can be assigned to either bordering main areas. The TIPs duration decreases in each
main area when the intersection areas are included in it (Table 2). On the basis of
these results, one can conclude that the fault systems belonging to the domains of
intersection are involved in the generation of strong earthquakes in the bordering
main areas and, therefore, for the purpose of earthquake prediction, they must be
considered together with the faulting system of the main areas.
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In Southern Italy, where numerous, intermediate and deep focus events occur,
all the earthquakes (shallow, intermediate and deep focus) should be used for the
purposes of intermediate-term earthquake prediction.

HABERMANN and CREAMER (1994) analyzed M8 (KEiLIS-BOROK and Ko-
SOBOKOV, 1986), a prediction algorithm similar to CN, and suggested that the
algorithm preferentially identifies TIPs during periods of systematically increased
magnitudes. The systematic increase of magnitudes has the same effect of changes
in the completeness of the catalogue used in the prediction. The analysis of the
completeness of the PFGING catalogue, made by MOLCHAN et al. (1995), allows
us to state that the TIPs, diagnosed by the CN algorithm, cannot be obviously
associated with the changes in the completeness level of the catalogue,
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Seismotectonic Model and CN Earthquake Prediction in Italy

A. PERESAN,' G. CosTAa'? and G. F. Panza!2

Abstract— The chotce of the regions is essential in the application of the algorithm CN, therefore
a seismotectonic criterion for their definition s tested. In order to take into account the geodynamic
complexity characterssing the [alian peninsula, we established to strictly follow the seismotectonic zones,
including in each region only zenes with similar seismogenic behaviour and the transitional zones
connected to them. Three regions have been successfully defined in this way. corresponding approxi-
mately to the North, Centre and South of Italy. The reduction of the spice-time uncertainty and the
increase of the stability of prediction results obtained with this regionalisation, with respect to the
previous applications of CN in Naly (Kiinis-Borok et al., 1990 Costa e al.. 1995, 1996), can be
interpreted as a validation of the seismotectonic model.

Key words: ON algorithm, earthquake prediction, Ttaly, seismotectonic model,

Introdiuction

The algorithm CN is structured according to a pattern recognition scheme to
allow a diagnosis of the Time of Increased Probability (TIPs) for events with
magnitude above a fixed threshold M. CN is based on the quantitative analysis of
the premonitory phenomena, which can be detected in the seismic flow preceding
the occurrence of strong earthquakes. The quantification of the seismicity patterns
1s obtained through a set of empirical functions of time, evaluated on the sequence
of the main shocks which occurred in the analysed region. The seismicity (raits
considered are: level of seismic activity, quiescence, space-time clustering and space
concentration of events. At each time, a vector formed by the values, coarsely
discretized, assumed by the different functions, describes the seismic flow (KEILIS-
Borok, 1996). Although CN has been originally designed by retrospective analysis
of seismicity in the California—Nevada region, the normalisation of its functions

" Department of Earth Sciences. University of Trieste, via E. Weiss 4, 34127 Trieste, Naly. Fax:
+ 39-40-676-2111, e-muil: antofegeosunO.univ.trieste.it

“ International Centre for Theoretical Physics —~SAND Group--1CTP, 34100 Trieste, Miramare,
Italy.
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allows application of the algorithm, without any adjustment of parameters, even to
regions with different dimensions and seismicity.
The first application of CN to the central part of the Italian territory was

. performed by KEILIS-BOROK ¢t af. (1990), over a region chosen considering simply

the completeness of the used catalogue. Subsequently CosTA er al. (1995) showed
that seismological and tectonic arguments permit a narrowing of the region, leading
at the same time to a reduction of failures to predict and of TIPs, while increasing
the stability of the algorithm. In a further step the analysis has been extended to the
whole Italian territory by Costa et «l. (1996), selecting three main regions,
Northern, Central and Southern Italy, according both to the seismotectonic model
(SCANDONE et al, 1990) and to the spatial distribution of epicentres. These
experiments evidence that the CN algorithm allows for dealing with the develop-
ment of the regional geodynamic models, since it involves relationships between the
structural features that control the seismicity and the selection of the optimal
causative fault system for prediction purposes (RUNDKVIST and ROTWAIN, 1996).

In this work we want to advance one step further in this direction, testing the
possibility of tracing the boundary of regions following closely the seismotectonic
zones, independently defined by GNDT (SCANDONE ¢t af., 1990, 1994), to investi-
gate the possibility of reducing the time-space uncertainty and the number of false
alarms.

A new catalogue, the CCI1996 (CosTA ¢f al., 1997; PERESAN et ul., 1997} has
been compiled which revises the PFGING catalogue (POSTPISCHL, 1985; COSTA ¢f
al., 1995) to take into account recent information, mainly concerning historical
seismicity, supplied by BoscHI ¢t «f. (1995). In order to guarantee homogeneous
and timely catalogue upgrading, monitoring is currently performed which updates
the CCI1996 catalogue with the NEIC Preliminary Determinations of Epicentres;
the procedure of data upgrading is fully described in PERESAN and ROTWAIN
(1998).

The Regionalization

The choice of the region in which a strong earthquake must be predicted, is a
relevant factor to obtain reliable results and to minimise the time-space uncertainty.

- Regions defined for prediction purposes have to be as small as possible, in order to

reduce the space uncertainty, and must include the zones with higher seismicity
level, where stronger earthquakes are likely to occur. Therefore, considering the
fractal character of the spatial distribution of events (KAGAN and KNoPOFF, 1980:
TURCOTTE, 1992), the region must contain the major clusters of cpicentres,
characterised by a high density of epicentres and by large magnitudes. This choice
clearly affects the f{requency-magnitude distribution for events which occurred
within each region, because the log-linearity of the Gutenberg—Richter relation is
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preserved only on a global scale or, according to a multiscale approach (MOLCHAN
et al., 1996, 1997), within an area of the appropriate hierarchical scale, depending
on the maximum magnitude considered. To reduce the spatial uncertainty of
predictions, the area must be relatively small; therefore the frequency-magnitude
distribution exhibits a good linearity only for lower magnitudes, with increasing
fluctuations due to the small number of events for larger magnitudes. Generally an
upward bend can be observed in this pattern, starting at a certain magnitude,
depending both on the particular choice of the region that must include the more
seismically active zones and on the possible occurrence of a characteristic earth-
quake for the major faults included in it (SCHWARTZ and COPPERSMITH, 1984).
According to the standard procedure (MOLCHAN et al., 1990), the magnitude
threshold M,, for the selection of the events to be predicted, is chosen close to this
minimum in the number of events, and this guarantees the stability of the resuits
(e.g., COSTA ¢t al, 1995). In other words, CN makes use of the information
engendered by small and moderate earthquakes, registering good statistics, to
predict the stronger earthquakes, which are rare events.

The area sclected for predictions, using the algorithm CN, must satisfy three
general rules: (1) its linear dimensions must be greater or equal to SL—10L, where
L is the length of the expected source; (2) on average, at least 3 events with
magnitude excecding the completeness threshold should occur inside the region
cach year; (3) the border of the region must correspond, as much as possible, to
minima in the seismicity (KEILIS-BOROK et al., 1996). This indicates that the
detection level controls, to some extent, the time-space uncertainty ol prediction
(KEILIS-BOROK, 1996) and then the possibility of reducing the spatial uncertainty
is limited by the difficulty of keeping a high level of detection, due to unavoidable
logistic problems.

CN algorithm has been designed by the retrospective analysis of seismicity in
the California—Nevada region, whose geodynamic can be related to a main driving
mechanism, controlled by the relative displacement between the Pacific and the
North-American plates. Compared to the California—Nevada, the Italian peninsula
and the entire Mediterranean area exhibit a considerable hetcrogeneity in the
tectonic regime, revealed by the coexistence of fragmented seismogenic structures of
greatly differing kinds, where a very complex and apparently paradoxical kinematic
evolution can be observed within very narrow regions (MELETTI ¢f al., 1998).
Although the normalisation of CN functions guarantces the applicability of the
algorithm to regions with a different level of seismic activity, we believe that this
aspect should not be neglected. For instance, the number of aftershocks gencrated
by an earthquake of a given magnitude is not independent from the fault mecha-
nism, and consequently to mix sources of different kinds may COMpPromise precur-
sors based on the time cluster of events. More specifically, the selection of the
region can influence the thresholds of discretisation of the function associated to the
“bursts of aftershocks,” even if this is a precursor observed in very diverse regions
(MOLCHAN ¢f al.. 1990).



284 A, Peresan et al. Pure appl. geophys.,

Wishing to account for the seismotectonic complexity of the Italian area, we
decided 1o test a new criterion for the definition of the regions, strictly based on the
seismotectonic model. Considering the general rules and the sizes of the seismotec-
tonic zones (Fig. 1), we establish to include in a single region adjacent zones with
the same seismogenic characteristics (e.g., only compressive or only extensive) and
zones with transitional properties. A transitional zone is included in a region if it is
between zones of the same kind or if it separates two zones with different regimes
and the space distribution of the aftershocks reveals a possible connection. For this
purpose the selection of aftershocks is performed (MOLCHAN et al., 1995) using the

- Ortona-Roccamop

Seismotectonic ¢
Model

Yolcanic
Compressional
Transitional
Transpressive
Foreland
Extensional
Unknown ;

6° 8’ 10° 12° 14° 16°

Figure 1
Seismotectonic model of ltaly (SCANDONE ¢ al., 1994), revised version of the preliminary zoning
described in SCANDONE et al. (1990).
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“minimax’’ method proposed by MOLCHAN and DMITRIEVA (1992), since 1t allows
a better spatial identification of aftershocks than the method proposed by
KEILIS-BOROK et al. (1980), which is used in the selection of the subcatalogue of
main shocks for prediction purposes.

Northern Italy

Northern Italy is characterised by the presence of a main structure, the Alpine
arc, which is generally uplifting (MUELLER, 1982} with some westerly strike-slip
motion (PAVONI et af., 1992) and therefore the majority of focal mechanisms are
compressive or transpressive.

The presence of many different political borders across the Alpine arc intro-
duces two problems. Firstly the catalogue CCI1996 covers an area that, towards the
North, follows the Italian border and consequently is fairly incomplete for our
purposes; this problem has been solved (COSTA ¢t af., 1996) by filling the gap with
data contained in two other catalogues, ALPOR (CATALOGO DELLE ALP! ORIEN-
TALL, 1987) and NEIC (1992). The catalogue obtained for Northern Italy can be
considered complete for M > 3.0 starting from 1960. The operating magnitude 1s
selected as follows:

M por(M,, M;)
M=MAX | M (M, M, M) . (D)
M g1 (M, Mg, m,,)

This means that the operating magnitude is the maximum of the three magni-
tudes selected for each catalogue, according to the priority order given in brackets.
Magnitudes are indicated as follows: M, is the local magnitude, M, the duration
magnitude, M, is the magnitude from intensities, while M and m, are the
magnitudes from surface and body waves. Aftershocks are removed following the
criteria proposed by KEILIS-BOROK et «¢l. (1980) and, according to the general rules
of the algorithm CN, the magnitude for the selection of the events to be predicted
is fixed at M,=54.

The second problem, due to the presence of political borders, arises from the
necessity to use an adequate seismotectonic zoning for the neighbouring countries.
Until recently, the available zones for the Slovenian-Croatian region were designed
with different purposes and criteria (LAPAINE et al., 1995), consequently the
easternmost border of the region could only be defined on the base of seismicity.
Recently, following criteria quite similar to those used for Italy by SCANDONE et «l.
(1990, 1994), a seismotectonic zoning was proposed by ZivCic and PoOLIAK (1997)
and consequently it became possible to redraw the boundaries of the northeastern
part of the region closely following the seismogenic zones (Figs. 2c and 3).
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Figure 2a
Regionalisation lor Northern Italy, considering simply connected scismogenic zones: (1) first variant
based on the seismotectonic model, including the whole Alpine arc; (2) “small™ region defined by Costa
et al. (1996); (3} second variant, including the zone at the west of Garda’s Lake (GZ); {4) third vuariant,
excluding the GZ zone.

Our final choice of the region to be used with CN algorithm is based on the
prediction experiments described below. When performing prediction experiments,
with the aim to optimise the regionalisation, we must preserve the predictive power
reached with the previous regionalisations. Therefore, since the old regionalisations
allow us to predict all the strong earthquakes, in the following we define as
successful only the experiments with no failures to predict.

Experiment I. We consider the region formed by the compressional band and
the adjacent transpressive zones that cover the entire Alpine arc, from the Istrian
peninsula to Liguria (Fig. 2a-1 and Table 1). This experiment is unsuccessful.
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probably due to the different completeness of the catalogue (MOLCHAN ¢t al., 1995)
and to the different level of seismic activity in different parts of the Alpine arc.

Experiment 2. Within the smaller region defined by CosTA et «f. (1996) for
Northern ltaly (Fig. 2a-2) we keep only the compressional and transpressive
adjacent zones in Italy. while in Austria, Slovenia and Croatia we keep the
boundaries proposed by COSTA ¢z al. (1996), except towards the North, where we
follow the minimum of seismicity located in correspondence of the 47°N parallel.
The seismogenic properties of the zone at the west side of Lake Garda (central part
of Southern Alps) have been the subject of debate, as can be seen by recent

48"

D N A '\‘

(b}

Figure 2b
Regionalisation for Northern Italy, considering also disconnected zones: (1) “extended™ region defined
by Costa et al. (1996); (2) first variant based on the seismotectonic model, including the transitional
zone at the northern edge of the Apennines; (3) second variant, inctuding the whole compressional band,
but without the GZ zone: (4) third variant, including also the GZ zone.
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Figure 2¢
Regionalisation for Northern Italy that takes into account the seismogenic zoning of the Slovenian
Croatian territory {Ziveic and PoLiak, 1997); the transition zones are included at both edges.

revisions of the seismotectonic model (SCANDONE et al., 1990, 1994). Therefore we
define two regions, one including and the other excluding the zone west of Garda
(GZ), as shown respectively in Figures 2a-3 and 2a-4. The results obtained for these
two regions are given in Table 1 and can be considered satisfactory only for the
region shown in Figure 2a-4. Then we deduce that the seismicity contained in this
small zone plays a critical role, revealing a certain instability with respect to the
choice of the areas represented in Figures 2a-2, 3 and 4 (see also Fig. 4).
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Figure 3
Preliminary seismogenic zoning of Slovenia and adjacent regions proposed by Zivcic and PoLIAK
{1997).
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Table |

Results obtained with the afgorithm CN in Northern Dtalv, using the different regions represented in Figures
2a. 2b and 2¢. For regions 2 and 5 the catalogue PFGING has been used by Cosra et al, (1996). The lasr
line indicates results updated on September 1, 1998, whose corresponding TIPs diagram is shown i Figrre

10-a

Northern Italy

Learning Events Failure to  TIPs False

Region Time period M, " predicted predict % alarms
1 1960 - 1995 19641995 5.4 0 2 325 6
2* 1960- 1994 1964 - 1994 54 2 0 34 2
3 19601995 1964 - 1995 5.4 i 1 351 4
4 1960-1995 1964-1995 5.4 2 0 28.8 2
5* 1960- 1994 1964 -1994 5.4 2 0 27 1
6 1960-1995 1964- 1995 54 2 0 247 2
7 1960- 1995 19641995 5.4 2 0 24.7 3
8 1960-1995 19641995 5.4 2 0 20.5 2
9 1960 - 1995 1964 - 1995 5.4 2 0 19.9 2
g+ 1960 - 1998 1964 - 1995 5.4 4 0 25.1 2

* Catalogue: PFGING,
#* Updated Catalogue: CC11996(1960- 1994) + NEIC(1995-1998).

Experiment 3. For a deeper analysis of the instability detected with experiment
2. we remember the hypothesis that the seismicity at the northern edge of the
Apennines may be related to the seismicity of the Alpine arc (COSTA ¢! al., 1996),
which led to a definition of the region in Figure 2b-5. Therefore we extend the
region of Figure 2a-4 to the transition seismogenic zone at the northern edge of the
Apennines, even if it is not directly connected to the others (Fig. 2b-6). In such a
way the percentage of total TIPs is reduced. Subsequently the area is further
extended to the whole compressional band along the Adriatic coast (Fig. 2b-7).
With this extension the destabilising effect of the zone at the west side of Lake
Garda's zone is removed (Figs. 2a-3, 4 and Table 1).

Experiment 4. The northeastern border of the region shown in Figure 2b-8 1is
modified considering the seismotectonic zoning for the Slovenian—Croatian terri-
tory (ZIvcic and Poriak, 1997) and including only compressional and transpres-
sive zones. Where there is an overlapping of the two zoning the priority is given to
the model proposed by SCANDONE er al. (1994) (Figs. 2¢ and 3).

The results obtained for the area finally selected (Fig. 2¢) can be summarised as
follows: both events with M > M, which occurred in the period under analysis
(M = 6.5, May 6, 1976 and M = 5.4, February 1, 1988) are predicted with 20% of
the total time considered occupied by TIPs and 2 false alarms. The improvement
with respect to the results obtained by COSTA et al. (1996) is a reduction in the
percentage of TIPs (from 27% to 20%) and in the spatial uncertainty (around 38%).
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These results are stable with respect to changes in the learning period and to the
exclusion of the transition zone containing the Ortona—Roccamonfina line (Fig. 4).

The new regionalisation is compatible with the kinematic model of rotation and
subduction of the Adriatic microplate and supports the hypothesis of a possible
connection between the earthquakes that occur within the compressional band,
marking the zone of subduction along the Southern Alps and Northern Apennines
{(WARD, 1994; ANDERSON and JACKSON, 1987).

The diagram of the time distribution of TIPs, obtained in the monitoring
updated to September 1998, is presented in Figure 10-a. The catalogue for the
monitoring in the Northern region is updated with the NEIC data since January

100.00 —. NORTHERN ITALY
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: #" Reg.3and variants with GZ*
80.00 -~ 7> Reg. 4 and varianis without GZ°
Lo 3 Reg. &
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i \\\ i Reg. 7
_ 60.00 —j \ 0 Aegs
o ! * Reg. 9
L—_ g \ *GZ=zone al west side
o : ol Garda's lake
5@ :
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20.00 S
! .
| | N
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% of FAILURE to PREDICT

Figure 4
n-t diagram of the percentage of total TIPs versus the percentuge of failures to predict for the results
obtained in Northern Ttaly for the different regions shown in Figures 24, 2b and 2c. Other vanants (not
shown) including or not the GZ zone have been considered. All the regions with GZ (zone at west side
of Lake Garda) correspond to unsuccessful experiments. The diagonal line indicates the results of
random guess (MoLCHAN, 1990). The large full dot represents the worldwide performance of CN,
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1995. The operating magnitude from NEIC is chosen to be the maximum given in
the Preliminary Determinations of Epicentres database (PERESAN and ROTWAIN,
1998). The results of the application of CN algorithm to this updated catalogue can
be summarised as follows: all the four strong earthquakes with M > M, = 5.4 which
took place within the region since 1964, are preceded by TIPs, with alarms
(including two false alarms) covering about 25% of the total time. Only two strong
events occurred during the learning period, while the two recent events (M = 3.8,
October 15, 1996 and M = 6.0, April 12, 1998) are real predictions.

A common feature to the different successful regionalisation experiments per-
formed is the persistence of a TIP in the time interval from 1972 to 1976. Starting
in January 1973, remarkable tilt perturbations have been recorded by the horizontal
pendulums of Grotta Gigante, near Trieste (ZADRO, 1978). These anomalies have
been interpreted as a “slow earthquake” (DRAGONI et al., 1985) and therefore it
seems reasonable to formulate the hypothesis that the persisting TIP, from Septem-
ber 1972 to January 1976, is related to these creeping phenomena. A less clear-cut,
but similar phenomenon, seems to characterise the false alarm following the
M > M, = 5.4 event, correctly predicted in 1988. Long-term tilt variations, with
periods of several years, have been detected for both the NS and EW components
of the tiltmeters in the stations of Villanova and Cesclans, located in the Friuli
region and working since 1977. Among them a strong anomalous deformation with
a shorter period can be evidenced by the EW component of tilt in Cesclans (near
Tolmezzo, Udine), from 1987 to 1991 (Rosst and ZADRO, 1996). The occurrence of
the M = 5.4 earthquake did not slow down the deformations nor the alarm.
Therefore the symptoms of instability detected by the algorithm CN could reveal a
stress accumulation, partially released seismically and not terminated with a strong
earthquake, because of creep. This interpretation is an alternative to the explana-
tion given within the framework of the dilatancy model, in which a volume increase
is expected under the effect of tectonic stresses, due to fluid migration in a volume
of cracked rocks; accordingly the anomalies can be seen as precursors, indicating
accumulation rather than relaxation of stress.

Central Italy

The central part of the [talian peninsula along the Apennines is characterised by
4 band with tensional seismotectonic behaviour, with prevailing dip-slip focal
mechanism. Two belts run parallel to it: the western belt comprises the extensional
zones near the Tyrrhenian coast and the eastern consists of the compressional zones
along the Adriatic Sea, from the Ortona—Roccamonfina hine (Fig. 1) to the Po
Plain. COSTA ¢t al. (1996) evidenced that the central band may be considered
individually and this fact scems to be supported by the model proposed- by
MELETTI ¢f al. (1995) for the deep structure of the Northern Apennines. The modcl
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Figure 5
(1) Regionalisation for Central Italy defined by COSTA ¢ «f. {1996); (2) region including the whele
extensional band; (3) region defined following the seismotectonic model, including the transition zones
at the edges,

indicates a connection at depth between the Adriatic compressional front and the
uplifting asthenosphere along the Tyrrhenian Sea, in agreement with the geometry
of the lithosphere-asthenosphere system outlined by CALCAGNILE and PANZA
(1981), DELLA VEDOVA ¢f al. (1991) and MARSON e¢f al. (1995) on the basis of the
available relevant.geophysical data (surface waves, body waves tomography, heat
flow, gravity). According to the seismogenic zoning, the foreland Gargano region
must be excluded from the region of Central Italy.
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The region defined for Central Italy is presented in Figure 5-3. In this region the
catalogue CCI1966, starting from 1950, can be considered complete for M > 3.0
(MOLCHAN et af., 1995). The operating magnitude is chosen following the priority:
M,, M, M, Aftershocks are removed as in Northern Italy and, according to the
general rules of the algorithm CN, only crustal earthquakes are considered, and the
threshold for the selection of strong events 1s M, = 5.6. The events to be predicted
inside this region (Fig. 5-3) are three: M =358 and M =6.0, both on August 21,
1962 and the Irpinia’s carthquake, with M = 6.5, on November 23, 1980. All of
them are predicted with TIPs covering 19% of the total time and with two false
alarms (Table 2). The exclusion of the transition zones at both edges of the
extensional band does not significantly affect the results, which are very stable over
this area (COSTA ¢f al., 1995).

The entire extensional band, extending along the peninsula {from the Po Plain to
the Messina Strait, can be considered to form a single region (Fig. 5-2), aithough
this leads only to an increase of the spatial uncertainty (Table 2 and Fig. 6). On the
contrary, the attempt to divide this tensional band along the Ortona—Rocca-
monfina discontinuity demonstrates that a proper retrospective description of
seismicity is impossible, because the strong Irpimia’s earthquake and its precursors
seem to significantly affect the activation in the entire peninsula.

Comparing the region defined in Figure 5-3 to that defined for Central Italy by
CosTA et al. (1996) (Fig. 5-1), we observe that the new criteria allow us a reduction
of the spatial uncertainty by about 30%.

The monitoring of seismicity in the Central region is currently performed using
the CCI1966 catalogue updated with the NEIC data since January, 1986. The
operating magnitude from NEIC is chosen according to the priority order:
Mg {(M2, M1, M), where Mg is the magnitude from surface waves, while A1
and M2 are two estimations contributed from different agencies, mainly local and

Table 2

Results obtained over the regions defined jor Cemtral Italy and shown in Figure 5. The first line indicates
the results given by Costa et al. (1996), using the PFGING catalogue. The diagram of TIPs for the
updared catalogue and with the new region is shown in Figure 10-h

Central Italy

Learning Events Failure to TIPs False

Region Time period M, predicted predict Ya alarms
1* 1950-1994 1950- 1986 5.6 3 0 23 2
2 19501995 1950-1986 5.6 3 0 223 3
3 1950- 1995 19501986 5.6 3 0 18.7 2
3xx 1950-1998 19501986 56 5 0 222 2

* Catalogue: PFGING.
** Updated Catalogue: CCIT996(1960- 1985) + NEIC(1996-1998).
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Figure 6
n-t diagram for the results obtained in Central Italy considering the different regions shown in Figure
5. The large full dot represents the worldwide performance of CN,

duration magnitude (PERESAN and ROTWAIN, 1998). The results obtained with this
catalogue are the following: all five strong earthquakes with M > M, = 5.6 which
occurred within the region since 1954, are identified by TIPs covering about 22% of
the total time, including two false alarms. The forward monitoring updated to
September 1998 indicates a current alarm for this region continuing to September
1999. The distribution of TIPs is shown in Figure 10-b.

The results obtained using different regionalisations for Central Italy (KEILIS-
BOROK et al., 1990; CoSTA et al., 1996), all show the persistence of a false alarm
which spans a period from Juls 1984 to March 1988. Similar to the case observed
in Northern Italy, anomalous deformations, modelled as aseismic dislocation
processes (DRAGONI, 1988), have been recorded in this region during 1985 (BELLA
et al., 1987).
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Southern Italy

The extremity of the Italian peninsula, together with Sicily, is characterised by
a seismotectonic connected with the sinking of the Adriatic—Ionic plate under the
Southern Apennines and the Calabrian arc. The kinematic model proposed by
SCANDONE et al. (1990, 1994) for Southern Italy seems to indicate a possible
relation among the events occurring along the arc which reaches from the Ortona—
Roccamonfina discontinuity to the western edge of Sicily. This hypothesis is
supported by the unsuccessful CN-prediction experiment reported by COsTA ¢t al.
(1996) for the region that excludes the Irpinia’s area (Fig. 7-2 and Table 3).

Figure 7
(1) Region defined for Southern Ttaly by CosTA ¢ al. (1996); (2) region tested by CosTa ef al. (1995);
(3) region defined following the seismotectonic model and including the foreland zones of Sicily; (4)
region defined for Southern Italy, excluding all the foreland zones.

u
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Table 3
Results obtained for the four variants of the Sonthern Italy region shown in Figure 7. The results given by
Costa et al. (1996) for regions | and 2 were obtaiied wsing the PFGING catalogue, including deep events
and considering their maximun magnitude. Updated predictions (September 1, 1998) for the new region are
represented with a TIPs diagram in Figure 10-¢

Southern Italy

Learning Events Failure to TIPs False

Region Time period M, predicted predict i) alarms
1* 19501994 1954 - 1994 6.5 3 0 33 5
2* 1950~ 1994 1954 - 1994 6.5 I ! 25 2
3 1948 - 1995 1952-1995 6.5 0 l 42.6 7
4 1950--1995 1954 - [986 5.6 4 0 3.6 5
g 1950 - 1998 1954 - 1986 5.6 4 0 308 5

* Magnitude = MAX. Catalogue: CCI11996. Also deep events are included.
** Updated Catalogue: CCH996(1960-1991) + NEIC(1992-1998).

The role played by foreland zones is particularly critical in Southern Italy, because
their inclusion in the analysis leads to unsuccessful or very unstable experiments.
When they are excluded, both in the Gargano region and in Sicily, the experiments
are successful (Figs. 7-3, 4 and Table 3).

The transition zone corresponding to the Ortona—-Roccamonfina line is not
included in the South-Italy region, though it is adjacent to the region, since the
distribution of the aftershocks of the strong events which occurred over this arca
{(MOLCHAN ¢t al., 1995) does not indicate a connection between the transition zone
and the southward part of the tensional band (Fig. 9).

Following the standard priority (M, M, M,) for the operating magnitude in the
region shown in Figure 7-4, we can fix the completeness threshold for the catalogue
CCI1996, starting from 1950, at M = 3.0 and choose M,=5.6. All four events
(M =58, May 20, 1957, M =58 and M=6.0 in August, 1962; M =6.5 on
November 23, 1980) with M > M, are predicted with TIPs occupying about 34% of
the total time interval and § false alarms. With respect to the region defined by CosTA
et al. (1996) and shown in Figure 7-1, the reduction of the spatial uncertainty can
be estimated around 72%, although it is necessary to consider that the threshold M,
has been lowered.

The updated catalogue for Southern Italy has been compiled using the CCI 1996
for the period: 19541991, followed by the NEIC (1992-1998), with priority
Mygic(M2, M1, M,). Results of the monitoring, updated to September 1, 1998,
indicate that all four strong events are correctly identified by the retrospective
analysis, with TIPs covering about 31% of total time, including 5 false alarms. The
time distribution of alarm periods and the time of occurrence of strong events are
represented in Figure 10-c. Particular attention must be paid, however, to the forward
monitoring in the Southern region, where the lower completeness level of NEIC data
increases the probability of failures to predict (PERESAN and ROTWAIN, 1998).
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Ervaluation of the Resulis

To reduce the spatial uncertainty of predictions, the area indicated as the place
where a strong event is expected to occur, must be as small as possible. Therefore,
even 1f on a global scale strong earthquakes are not infrequent, within such small
regions they are rare events, with long intcrevents time. Since the compilation of
reliable catalogues started quite recently, on a regional scale the statistical proper-
ties of the sequence of strong earthquakes remain undefined and therefore alterna-
tive approaches must be used for predictions.

A crucial problem that generally arises with empirical methods, such as CN and
ME (KEILIS-BOROK, 1996), is the evaluation and comparison of results together
with the estimation of the reliability of forward predictions.
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Figure 8
-7 diagram of the results, obtained using algorithm CN. for the different regions tested for Southern
Italy and shown in Figure 7. The large full dot represents the worldwide performance of CN.



'S

LRz

13:

298 A. Peresan ef al. Pure appl. geophys.,

42" 30
- 427 00'
- 417 30
: : } 41" 00
13° 30 14" 00 14" 30
Figure 9

(a) Map of the main shocks (dots) and corresponding aftershocks (triangles) selected with the
“minimax” method proposed by MOLCHAN ef al. (1995). Only events with at least 10 aftershocks and
which occurred in the time span 1900-1993 are considered. The small box indicates the area shown in
detail in part (b) centred around the transitional zone corresponding to the Ortona—Roccamonfina line.
Aftershocks indicate a possible connection onty with the northward part of the extensional band.
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In the previous paragraphs we have compared the results obtained with
different choices of the regional boundaries. Particularly in Northern Italy we
performed a series of experiments, defining as successful only those which provided
an indication of the occurrence of all the strong events. This i1s not a general rule
for evaluation however, but simply represents the choice to preserve the predictive
power of the algorithm with respect to the regionalisation used by COSTA ef al.
(1996). Obviously declaring an alarm covering 100% of the time all the events are
predicted, while if no alarm is indicated there are only failures to predict. Thercfore

Northern Region

a) NEIC (1995-1998)
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Southern Region
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Figure 10
Diagrams of the TIPs obtained with the updated catalogue: CCI1996 + NEIC (up to September 1, 1598),
over the regions defined for: (a) Northern (Fig. 2¢-9), (b) Central (Fig. 5-3) and (¢) Southern lItaly (Fig.
6-4). NEIC data are used [or the period of time indicated in brackets. The time of occurrence of a strong
earthquake ts indicated by a triangle with a number above giving its magnitude. These diagrams
correspond to the results indicated in Tables 1, 2 and 3, respectively. On a global scale, about 50% of
the TIPs continuing after strong events become false alarms.
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an algorithm must trade between these extremes, trying to minimise both the time
uncertainty and the number of failures to predict. The condition can be properly
described through the so called n-1 error diagrams (MOLCHAN, 1996), representing
the percentage of failures to predict versus the percentage of total alarm duration
{Figs. 4, 6 and 8). The diagonal line between the extreme points (0, 1} and (1, 0}
represents the results of a random guess, therefore we expect that the results
assoclated with a useful prediction method will lic below this line. Once chosen the
set of information to be used for prediction, for instance earthquake catalogues, the
set of errors corresponding to the different possible strategies will lay in the portion
of plane between the diagonal line and a convex downward monotonic curve. This
curve represents the set of optimal prediction strategies and is characteristic of the
set of information itself. Once a loss function is defined, taking into account both
the costs of possible false alarms and of failures to predict, the n-t diagram allows
us to evaluate the quality of results. The best result, and therefore the best
prediction strategy, corresponds to the first point (for increasing # and t errors) that
lies on the convex upward, monotonic curve corresponding to a contour of the loss
function (MOLCHAN, 1996).

Figures 4, 6 and 8 represent the empirical results obtained for Northern, Central
and Southern Ntaly, respectively. The diagram corresponding to the Northern
regions shows the evident instability of the results when slight variations of region
3 {(including Garda’s zone) are considered, while for the other regionalisation the
results lie on the t axis. For all three regions the results obtained with the new
regionalisation appear to be the best, as their t has been reduced, and there is still
no failure to predict. Nevertheless the small number of events to be predicted limits
the statistical significance of the description with the n-t diagram, whose proper use
would require a multitude of predictions.

We now describe the problem of the evaluation CN results and of the reliability
of forward predictions from a slightly different point of view, simply showing on
the basis of the concept of “base-rate effect,” the consequences which the chances
of occurrence of an event have on the ability to predict it. This effect is character-
istic of rare phenomena and, in the case of earthquakes, it determines innumerable
false alarms, in spite of the great accuracy that a prediction method may reach
{(MATTEWS, 1996).

From the global retrospective tests performed, it results that the algorithm CN
1s able to indicate the occurrence of some 80% of the strong events, with TIPs
occupying, on average, about 30% of the total time (KEILIS-BOROK, 1996). When
dangerous conditions are recognised by CN an earthquake is expected to occur
within one year and a TIP is declared. In practice alarms may be longer or shorter
than one year, due to the merging of consecutive TIPs or to the occurrence of a
strong earthquake. Nevertheless, for an average description, it appears appropriate
to use for TIPs the value of 1 year, neglecting their possible correlation in time.
Once a region 1s fixed, according to the general rules for the application of the
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Table 4

Contingency table for the algorithm CN, jor a rime period of 100 vears. The vearlv base-rate of
earthquakes is the probability of occurrence of a strong event during one vear, and it is ohtained considering
the ueetage return period of six vears (condition for the applicability of the algorithm). The accuracy in the
prediction of earthyuakes and the percentage of total alurnr are drawn from global results in retrospective
and forward analysis, while the ather quaniities have been caleulated in the hvpothesis of the yearly duration
of TIPs. The accuracy here refers to prediction within a single class of objects (dangerous or non-danger-
ous) and gives a measure of their predictabilivy with algorithm CN, The conditional probability of
predictions is given by the ratios: “true alarms{total alarns™ and “trve no alarmjtotal ne alarm™

Prediction of Prediction of Accuracy
carthquake no carthquake Total of predictions
Years with earthquake 12 3 15 8OY6
Years with no earthquake 18 67 85 9%
Total 30 70 100
Conditional probability 40% 964

of predictions

Yeuarly base-rate of carthquakes: 15% (one carthquake every 6 vears, on average, within the
considered region).

Average performance (forward and retrospective) in intermediate-term prediction of carthquakes:
80%.

Averape percentage of total TIPs: 307,

algorithm CN, the events with magnitude M > M, must have an average recurrence
time of about six years and the probability of occurrence of a strong earthquake
during one year (base-rate) is around 15%. Therefore, considering a period of 100
years, 15 years are expected to contain an event with M > M, while during the
remaining 85 no strong earthquake will occur (Table 4). According to global
results, 12 out of the 15 earthquakes will be correctly forecasted, with 3 failures to
predict and alarms will occupy about 30 years. Because there are only 12 strong
events, we can expect that at least 18 TIPs will correspond to false alarms.
Consequently, if we try to evaluate the accuracy in recognition of non-dangerous
years, we ascertain that it is about 79% (18 out of 85 years are identified as
dangerous by mistake) and then 80% seems a reasonable measure of CN perfor-
mance. From Table 4 it is possible to see that only 12 of the 30 predictions of an
mcoming earthquake are correct, therefore the conditional probability for a TIP
can be estimated at roundly 40%. This percentage increases to about 96" when the
conditional probability for predictions of no earthquake is considered (67 successes
out of 70 forecasts). These estimations, in any case, must be viewed as approximate
and averaged values, because they are bused on global results, both forward and
retrospective, and on the assumption of a yearly duration of alarms. The values
given in Table 4 have been calculated neglecting the properties of the time
distribution of TIPs and earthquakes, such as possible correlation or periodicity,
which can be very different from region to region. A proper evaluation of the
reliability of the monitoring for a single region must take into account these specific
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properties and a similar table must be compiled which considers the real time
distribution of the true and false alarms. Regretfully, the small number of events to
be predicted in all three regions defined for Italy, and particularly for the Northern
region, compromises the statistical significance of this type of evaluation, just as it
occurs with the #-1 diagrams. Therefore the real predictive power of CN algorithm
and the reliability of its predictions within a fixed region could be evaluated only on
the basis of future results. Approximately, however, it is possible to deduce from
Table 4 that when a TIP is declared, it has a 60% probability of being a false alarm.
Conversely, if no TIP is indicated, at 96% no strong earthquake will occur.

Conclusions

The new regionalisation of the Italian territory, based on the seismotectonic
zoning, allows us to both improve the predictions and to validate the seismotectonic
model.

Three regions have been selected for Northern, Central and Southern [taly
respectively, strictly following the boundarics of the seismogenic zones; each region
contains only adjacent zones with the same characteristics or with transitional
properties.

The Northern Italy region appears compatible with the kinematic model of
rotation and subduction of the Adriatic microplate, and the results of the analysis
with'the CN algorithm support the hypothesis of the connection between earthquakes
that occur within the compressional band along the subduction zone in the Southern
Alps and Northern Apennines. Similarly, the Southern Italy region is defined by the
seismotectonic structures associated with the sinking of the Adriatic—Ionian plate
under the Calabrian Arc. The choice of the Central region, instead, is related to the
deep structure of the Northern Apennines, characterised by the subduction of the
Adria plate and by the uplifting of the asthenosphere along the Tyrrhenian rim.

The results obtained for the three regions exhibit a general reduction of time and
space uncertainty of the predictions of strong events, with respect to the regionali-
sations that do not closely follow the seismotectonic zones (COSTA et a¢l., 1996). The
border of the regions defined according to the tested criterion might appear too
complex and the regions too tiny. However the hypothesis, derived by this
regionalisation, that precursors can be found inside seismogenically homogeneous
areas associated with a dominating geodynamic process, seems supported by the
corresponding improvement of results.

The results of the forward monitoring (Fig. 11), show that the strong earthquakes
which occurred in the Northern and Central regions can be correctly predicted using
this regionalisation. Nevertheless only a statistically significant number of forward
predictions can firmly validate the regionalisation and the method itself.

Earthquake catalogues, as complete and homogencous as possible, are essential
for intermediate-term predictions. For this reason we have used a revised version of
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the PFGING catalogue, named CCI1996 (PERESAN ¢f a/., 1997), obtained consider-
ing the most recently available revisions of source parameters of individual events
(BoscHI er al., 1995; ICS, 1976-1990). Nevertheless, it appears particularly difficult
to compile a suitable updated catalogue, especially when the studied area is crossed
by political boundaries, and this calls for a strengthening of data collection at the
European level. For the time being we have bypassed this shortcoming using the
NEIC global catalogue, which guarantees the space homogeneity and the timely
upgrading of the catalogue necessary for CN application in the three Italian regions.

The discretisation of the functions which describe the seismic flow, however,
makes the algorithm CN quite robust with respect to the small, sporadic errors that

Northern Region

a) NEIC (1995-1998)
Mo=5.4
6.5 5.4 5.86.0
\/ \/ \N/
I I .
L L L L B O O
65 70 75 80 B5 a0 95
b) Centrat Region
NEIC (1986-1998)
Mo=5.6
58 5.7
6.0 6.5 6.05.7
\/ \/ X/
Il A [ T |
||!1H[HH!HIE|IHT“IHIIILWIHI]HH'HII
55 60 65 70 75 80 85 90 85
c) Southern Region
NEIC (1992-1998)
5.8 Mo=5.6
58 6.0 6.5 57
\/ \/ AV
[ ] I e [
r}ilileH]HiwlllTIHI||H!l|||]|||||llll

55 60 65 70 75 80 85 90 95
Figure 11
(Information added during the revision of the proofs in January 1999). Prediction results updated to
January 1. 1999, On September 9. 1998 an earthquake with M = 5.7 occurred within the arca common
te the Central (Fig. 5-3) and Southern (Fig. 7-4) regions. The TIPs diagram shows that the event is
predicted. The event terminates an alarm that continued after the Umbria-Marche events, occurred on
September, 26 1998 (see Fig. 10). The failure to predict when considering the Southern region is not a
surprise, due (o the lower completeness level of the data (see text for more details).
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inevitably affect earthquake catalogues. For instance, the inadvertent increase in
magnitude indicated by ZUNIGA and WySs (1995) for the Italian catalogue, from
1980 to 1981, does not seem to affect the results of predictions (during this period
there are alarms of different length in Central and Southern Italy and no alarm in
Northern Italy).

From this work emerges the necessity to integrate and compare the data
contained in earthquake catalogues with the available information pertinent to
deformations and silent earthquakes, in order to analyse whether aseismic processes
can affect the precursory patterns. Indeed, even if a direct connection between TIPs
and creeping phenomena must still be verified, some similarities can be detected,
analysing the functions of seismic flow (GABRIELOV ¢f «al., 1986) for Northern and
Central Italy during the false alarms associated with angular deformations. In both
cases there is a relatively high space-time clustering of events (triggering the TIPs).
while the release of seismic energy throughout minor events is small, if compared to
that of a strong earthquake, and therefore insufficient to stop the alarm.
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Abstract

In the present work we describe the construction of an updated catalogue for the Italian
territory, necessary for intermediate-term earthquake prediction using algorithm CN. Due to
the inaccessibility of data from the local network, we established to update the Italian
catalogue CCI1996 using the Preliminary Determinations of Epicentres (PDE) from NEIC.
Since CN requires an input catalogue that must be, as much as possible, homogeneous in
space and time, it has been necessary to perform a preliminary analysis. Therefore, the
completeness of the PDE catalogue is studied and the relations between different kind of
magnitudes reported in the CCI1996 and PDE catalogues are analysed, in order to formulate
a rule for the choice of magnitude priority in PDE, similar to that used for CCI1996. The
results of CN monitoring of Italian seismicity, updated to July 1998, are given here.
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Introduction
The algorithm CN (Gabrielov et al., 1986; Keilis-Borok and Rotwain, 1990)
allows us to indicate, on the basis of the analysis of seismicity, the Times of
Increased Probability (TIP) for the occurrence of an event with magnitude
greater than a fixed threshold M. Thanks to the normalisation of its functions,
CN can be applied to regions with a different seismicity level without any
adjustment of parameters, when the general conditions of applicability of the
algorithm are satisfied. CN application to a fixed region consists of two steps:
at a first stage, referred to as learning step, the magnitude M, the magnitudes
for normalisation of functions and the thresholds for discretization of
functions are defined. In the second step the monitoring of seismicity is
performed using the parameters fixed in the learning phase. The catalogue
homogeneity among the different steps of the analysis is a relevant question,
because it can significantly influence the results.
The regionalization used for the application of the algorithm in Italy has been
defined by Peresan et al. (1997a), on the basis of the seismotectonic model of
the Italian territory proposed by Scandone et al. (1990; 1994) and 1t is
composed of three regions, corresponding approximately to the North, Centre
and South of Italy (Fig. 1).
The catalogue used for CN application in Italy up to July 1997 was the
CCI1996 (Peresan et al., 1997b); this catalogue is composed of the revised
PFG catalogue (Postpischl, 1985), for the period 1000-1979, and since 1980
was updated by us with the ING bulletins. Due to the inaccessibility of the
ING (Istituto Nazionale di Geofisica) data set since July 1997, we established
to update the catalogue using different data. Among the currently available
databases, the only one suitable for CN application seems to be the catalogue
of Preliminary Determinations of Epicentres (PDE) from NEIC. This
catalogue is updated timely enough and it is quite complete for our purposes,
even if its completeness appears lower than that of the CCI1996, especially
going back in the past.
Nevertheless, the upgrading performed using data from a different source
could make the catalogue inhomogeneous, influencing the values of functions.
Therefore, in order to construct a homogeneous updated catalogue for CN
application, it is necessary to perform the following preliminary analysis:
e Study of the completeness of the PDE catalogue;
e Study of the relations between different kinds of magnitudes reported in
the CCI1996 and PDE catalogues;



¢ Formulation of a rule for the choice of magnitude priority in PDE, similar
to the priority used for CCI1996.

In the present study all these aspects will be analysed and the results of
monitoring of seismicity, updated to May 1998, will be given.

Scheme of the analysis

The monitoring of seismicity with algorithm CN, for intermediate-term
earthquake prediction purposes, is performed with a time step of two months
and requires a catalogue updated with a time delay of a couple of weeks.
Since the Italian catalogue of earthquakes, currently compiled by ING, ceased
to be distributed after June 1997, the necessity arose to make use of a different
data set for the upgrading. Among the available data-base we established to
use the PDE data (Preliminary Determinations of Epicentres yearly, monthly
and weekly revised versions) and the QED (Quick Epicentral Determinations),
officially distributed by NEIC via ftp (Earthquake Hypocentres Data File

version).

The PDE catalogue, analysed for the entire Italian area (rectangle with Lat:
35-50N and Lon: 5-20E), appears to satisfy the general conditions required for
CN application in Italy, since it can be considered complete for magnitudes
greater than 3.0, at least after 1985, and it is updated rapidly enough. Besides,
CN requires an input catalogue that must be, as much as possible,
homogeneous also in space and time and this has to be checked for each one
of the three subcatalogues for the areas corresponding to Northern, Central
and Southern regions.

The time homogeneity of the catalogue can be evaluated on the basis of the
Gutenberg-Richter distribution. In the present case we are mainly concerned
about the possible inhomogeneity that may result appending the PDE
catalogue to the CCI1996 catalogue (briefly indicated as CCI in the
following). Therefore we wish that the slope of the frequency-magnitude
distribution does not change significantly passing from one catalogue to the
other. Moreover we’ll expect that, for a fixed common interval of time, the
two distributions will be comparable in terms of G-R parameters and number
of events. Both these comparisons however depend on the choice of
magnitude that is made for PDE catalogue, that must be performed with a
criterion homogeneous to the priority order selected for the CCI catalogue.
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Indeed, CCI contains four estimations of magnitude: duration magnitude M,,
magnitude from intensities M,, local magnitude M, and body wave magnitude
m, from ISC; the priority used to select the operating magnitude in CCI 1s:
M,, M,, M,; m, from ISC is not used, since it is given just for a few events
and for a limited period of time. In the PDE catalogue, for each record, there
are four possible different estimations of magnitude: m, from NEIC, M, from
NEIC, M1 and M2; the last two values may correspond to magnitudes of a
different kind provided from different agencies. A preliminary analysis of the
catalogue allowed us to evidence that, for the Italian area, both M1 and M2
contain mainly M, and M, (M, are more frequent than M,, with a rate of
10/1). Since it is necessary to define a priority for PDE catalogue that allows a
choice of magnitude similar to that of the CCI catalogue, we established to
perform the following analysis, for each one of the three regions:

1. a subcatalogue of events common to the CCI and PDE is selected and all
magnitudes from one catalogue are compared to the four estimations of the
other catalogue. The linear regression (minimising distances normal to the
fitting line), the standard deviation ¢ and the percentage P of points falling
outside 20 are calculated for each pair of magnitudes;

2. for each of the three magnitudes M, , M, and M, from the CCI catalogue a
corresponding magnitude from PDE is selected, according to the rule that
the standard deviation ¢ is minimal for this magnitude, P is small, and the
parameters A and B of the straight-line: M(CCI)=BM(PDE)+A are as
close as possible to zero and one, respectively. Once the correspondence
between magnitudes is found, the priority defined for the CCI catalogue
can be transferred to the PDE;

3. the operating magnitude is selected from PDE according to the priority
fixed as in step 2, both using original values of M and for M’=BM+A,
recalculated using the parameters A and B of the corresponding M(CCD-
M(PDE) regression;

4, the operating magnitude from CCI and PDE are compared, considering the

Moriority(CCD-Mpsiority(PDE) distribution and the G-R relation. Among the
possible choices (for equivalently good priorities and with or without
recalculation of magnitudes), the one giving a good linear extrapolation
and, above all, producing a frequency-magnitude relation closer to that
from CCI, is retained.



Once selected the operating magnitude, the catalogue for monitoring is
compiled using the CCI data for the learning period and the PDE data during
the period of forward analysis. In this way the learning is performed using the
best available data, since the Italian catalogue is more complete than the PDE,
especially in the past, while real monitoring is done using the currently
updated available data.

Priority choice for the three different regions
Northern region

The comparison of magnitudes for the Northern region is performed
extracting a subcatalogue of common events for the PDE and the catalogue
used for CN monitoring in Northern Italy. Indeed, here the data from the CCI
catalogue were integrated with the information contained in the
ALPOR(1987) and NEIC catalogues, because the Italian catalogue was fairly
uncomplete outside the political boundaries. Here we will refer to the
catalogue CCI+ALPOR+NEIC as Northern catalogue. The area considered for
this analysis is the rectangle of coordinates: Lat:41.0-46.6N, Lon:8.0-16.0E,
including the whole polygon that delimits the Northern region, while the time
interval goes from the beginning of 1950 to the end of 1985. The selection of
common events is performed considering equivalent the records differing in
time less than 1 minute and 1 degree in epicentral coordinates, while depth
and magnitudes are not considered.

In the Northern catalogue the operating magnitude is chosen as the maximum
among M, oM, M), MM, , M, M) and M, .(M1,M;,m,), selected
from initial catalogues according to the priority order reported in brackets.
Each one of the 1620 equivalent events extracted can be consequently
associated to 3 estimations of magnitude from the Northern catalogue and 4
estimations of magnitude, m,, M, M1 and M2 in the PDE catalogue.
Therefore it appears necessary to find out for each magnitude given in the
Northern catalogue a different representative priority from the PDE catalogue
and after to select the maximum among these corresponding values.

The relations between different kinds of magnitudes have been evaluated
calculating the parameters for the linear fitting, the standard deviation ¢ and
the percentage P of events outside 2¢. Considering the diagrams of M, ..

versus different magnitudes from PDE, we observe that M, .., is well fitted
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by M1(PDE) and M2(PDE), while just a few points are available for M (PDE)
and dispersion becomes very large for m,(PDE). Consequently, to select from

PDE a magnitude corresponding to M, .oz @ proper priority order can be: M1,
M2, Mq.

To select a magnitude corresponding to M., all the possible regression
between the different magnitudes given in the CCI and in the PDE catalogue
have been considered for the equivalent events which occurred within the

fixed space-time interval. In this case a good linear extrapolation has been
obtained between M, (CCI) and MI1(PDE)} and between M, (CCI) and

M2(PDE), for M(PDE) the small number of points does not allow to
establish any clear relation, while m, (PDE) does not seem representative of
any of the CCI magnitudes. Therefore M., should be also properly
represented by PDE magnitudes selected according to the priority: M1, M2,
Mq.

Finally, for M, magnitude, we established to keep for the PDE data, that are
provided from the same NEIC agency, the same priority order M1, Mg, m,

used to construct the Northern catalogue.

Once the three priority magnitudes, corresponding to M, por» Mo, and M,

are selected from PDE, the operating magnitude can be taken as the maximum

among them, just as it is routinely done for the Northern catalogue. The
diagram  of the operating magnitudes M,, (PDE VErsus

MMax(M

extrapolation y=A+Bx, with B=0.92 and A=0.30. The standard deviation for
the fitted line is 0.22 and 5% of the points lie outside 2.

priority )

aipors MccrsMyge) for the common events, allows a good linear

Nevertheless we observed that this complex priority choice is practically

equivalent to pick directly the maximum magnitude from PDE, since the
distribution M,,, (PDE) versus M, (M, ., M. Mygc) 1s identical to that
obtained using M,,,, (PDE_,) and gives the same values for A, B, for the
linear extrapolation reported in Fig. 2. This observation is confirmed by the
Gutenberg-Richter relations obtained with these two different choices of M
(Fig. 3), that are almost identical; therefore it has little meaning to use the

complex procedure and in the forward monitoring the operating magnitude
will be selected simply as M,,, (PDE).

From Fig. 3 we can observe that the PDE catalogue, using M=M,,,, (PDE) and
for the time interval 1986-1997, can be considered complete for M >3.0;



besides it has a slope very close to that of the Northern catalogue in the
previous period of time (1950-1985), at least in the range of intermediate size
earthquakes (3.0-4.5). Therefore PDE determination, with this magnitude
priority choice, appears adequate for the catalogue upgrading in the Northern
region.

Central Region

The analysis of magnitudes for Central Italy is performed within the rectangle
of coordinates: Lat:39.0-45.5N, Lon:8.0-17.5E. The time interval considered
goes from the beginning of 1900 to the end of 1997.

As a first step we extracted a subcatalogue of events common to both CCI and
PDE catalogue, which occurred from 1900 up to the whole 1985; the selection
of common events is made allowing a difference in origin time equal to 1
minute and 1 degree for epicentral coordinates, while depth and magnitudes
are not considered. For the 1520 common events extracted from the two
catalogues, the relations between different kinds of magnitudes in the CCI and
PDE catalogue are considered (Figures 4a,b,c,d). For each diagram the values
of the parameters for the linear fitting, the standard deviation and the
percentage P of points outside 2 standard deviations from the line, are
reported. For each kind of magnitude used in the CCI catalogue a
corresponding magnitude from PDE is selected, according to the rule that the
standard deviation is minimum and the parameters A and B of the linear

extrapolation are closer to zero and one, respectively (see Figures 4a,b,c.d).
Consequently M, (CCI) can be associated to M2(PDE) and M_(CCI) to

M1(PDE); for M((PDE) the statistic is very poor, hence it will be kept only as
a last chance, while m, (PDE) does not seem representative of any one of the
magnitudes considered in the CCI catalogue. According to this analysis, the
choice of priority: M2, M1, M, from PDE, should be similar to the priority

used in the learning peried in this region.

The magnitudes from PDE, however, can be used in two different ways: they
can be recalculated into the corresponding CCI magnitude, using the
coefficients obtained from the linear regression, or they can be used without
any recalculation. The cumulative frequency-magnitude graph (Fig. 5),
normalised by time, shows that the differences between the three curves
obtained for CCI (time: 1900-1985) and PDE (time: 1986-1997), both
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recalculated or not, are almost negligible for magnitude greater than the
completeness level. Besides, for earthquakes with magnitude between 4.5 and
5.5 (that is the range of magnitude considered for the evaluation of functions),
the PDE operating magnitude obtained without recalculation gives a curve
closer to CCI. Therefore we established to select the magnitude from PDE
according to the priority order: M2, M1, Mg, without any recalculation.

Southern Region

An analysis similar to that described for the Central region, has been
performed for Southern Italy, checking the catalogue within the rectangular
area of coordinates: Lat: 37.0-42.0N, Lon: 12.0E-17.5E. Magnitudes for the
common events extracted from the CCI1996 and PDE catalogues have been
compared for the time interval 1900-1985, considering the relations between
all the different M(CCI)-M(PDE) pair of magnitudes. From Fig. 6a,b,c,d it is
possible to observe that the best linear extrapolation for M, (CCI) is obtained
for M1(PDE), but also M2(PDE) and m,(PDE) provide a good estimation for
M, (CCI), while no clear correspondence can be established for M ,(CCI) and
M,(CCI) magnitudes. Besides, just as in the Northern and Central regions, we
observed that recalculation of magnitudes does not improve significantly the
homogeneity among the CCI and PDE catalogues (Figs. 7 and 8). Therefore

we established to choose the operating magnitude for the Southern region
according to the priority order: M1, M2, m, without recalculation.

Comparing the frequency-magnitude relations, normalised by time, obtained
for the two catalogues CCI1996 (1900-1985) and PDE (1986-1997) the
seismic activity appears to be significantly lower in the PDE determinations,
even if the total number of events it is even larger (Fig. 7). Nevertheless, this
difference almost disappears when considering the catalogue of main shocks
only (Fig. 8) and this can be explained by the fact that in this area many events
are reported in the PDE catalogue without any estimation of magnitude. A
further analysis of PDE completeness for Southern Italy shows us that this
catalogue cannot be considered complete for magnitudes lower than M=4.0
before 1992, and for M=3.5 up to the present time. The lower completeness
level must be taken into account both during the construction of the catalogue
for the monitoring of seismicity and in the evaluation of results, since it
increases the risk of failures to predict.



Results of CN monitoring in Italy

The analysis and comparison of PDE and CCI catalogues described in this
work allows us to construct an updated catalogue as homogeneous as possible,
indicating for each region the proper selection of the operating magnitude
from the PDE catalogue. Wishing to perform the learning step with the best
quality and homogeneous set of data, we established to compile the catalogue
for CN monitoring using CCI1996 data for the learning period and the PDE
data during the period of forward analysis, since the Italian catalogue is more
complete than PDE, especially in the past.

Northern region

The updated catalogue for the Northern Region (Fig. 1a) is composed by the
Northern catalogue (ALPOR+CCI+NEIC) for the time interval 1964-1994,
corresponding to the learning period, and by the PDE determinations since
1995, that is the period of forward predictions. According to the results of our
analysis, the operating magnitude for PDE in this area is chosen to be the
maximum M,,, (PDE), while for the Northern catalogue it is the maximum
among M, poe M, M), Mco (M, My, M) and Mpe M, Mg, m,).

The results of application of CN algorithm, updated at May, 1st 1998, can be
summarized as follows: all the four strong earthquakes with M =2M, =35.4,

which occurred within the region from March 1964 to May 1998, are correctly
preceded by a TIP, with alarms covering about 25% of the total time and two
false alarms. The diagram showing the time distribution of TIPs and the
occurrence of strong events in the Northern region is given in Fig. 9a. No
alarm is currently indicated for this region.

Central region

The catalogue for CN application in Central Italy (Fig. 1b) is constructed
using the CCI from 1954 to 1985, that corresponds to the learning period, and

the PDE catalogue since 1986. The priority used for the CCI catalogue is
Mg (M ,M,,M,), while for the PDE in the Central region the operating

magnitude is My, (M2, M1,Mg).
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The results of application of CN algorithm in Central Italy are represented in
Fig. 9b and can be described as follows: all the five strong earthquakes with
M2M, =5.6, which occurred within the region from 1954 to May 1998, are
correctly identified with TIPs covering about 22% of the total time and there
are two false alarms. The forward monitoring, updated to May 1998, indicates
a current alarm for this region from 26.9.1997 to 1.5.1999.

Southern region

The completeness threshold for the PDE catalogue in Southern Italy is about
M=4.0 up to 1992, and reaches M=3.5 only since 1992 (Fig. 8). Therefore,
due to the lower completeness level of data in this area, it is not possible to
compile the catalogue using the PDE for the whole period of forward analysis,
but it is necessary to keep CCI at least up to 1991. Indeed, the functions of
seismic flow in Southern region are evaluated using the events with M = 3.8,
while for the counting of aftershocks the earthquakes with M =3.0 are
considered. Hence using PDE data since 1992, we must bear in mind that one
precursor, based on bursts of aftershocks, could be lost due to the lack of
aftershocks, and this increases the probability of failures to predict. Keeping
into account these necessary warnings, the updated catalogue for Southern

Italy can be compiled using the CCI for the period: 1954-1991, with
magnitude priority M., (M, ,M,;,M,), followed by the PDE (1992-1998),
with priority M, (M1,M2,m,).

The results of the monitoring updated to May, 1 1998 are the following: all
the four strong events with M2M,=5.6 are correctly identified by
retrospective analysis, with TIPs covering about 31% of total time and with 5
false alarms. The time distribution of alarm periods and the time of occurrence
of strong events are represented in Fig. 9c. No current alarm is indicated for
Southern Italy.

Conclusions

The results obtained indicate that the PDE catalogue is appropriate for
forward prediction of strong earthquakes in Italy, once the proper operating
magnitude is chosen. Indeed, using the updated CCI+PDE catalogue compiled
according to the rules defined here, all the four strong earthguakes, which
occurred during the period of forward monitoring both in the Northern and

10



Central regions, are correctly predicted. This means that CN algorithm can
detect the symptoms of instability in the PDE catalogue, with the same
parameters and discretization thresholds fixed during the learning period with
the CCI catalogue. Special attention must be payed however to the Southern
region, where the lower completeness level of data increase the probability of
failures to predict.
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Figure captions

Fig. 1 - Regionalization of the Italian territory proposed by Peresan et al.
(19972) and following closely the seismotectonic model. a) Northern Region;

b) Central Region; ¢) Southern Region.

Fig. 2 — Relation between the operating magnitude in the Northern catalogue

(Alpor+CCI+NEIC), selected as M, (M, .M Myuc), and the maximum

Alpor ?
magnitude from PDE, without recalculation. Only the events common to both
catalogues, which occurred within the fixed rectangle in the period of time

1950-1985, are considered here.

Fig. 3 — Cumulative frequency-magnitude relations, normalised by time,
obtained for the Northern catalogue (Alpor+CCI+NEIC) and for the PDE

catalogue, considering both M, (PDE _ . ) and M,, (PDE) simply. All the

prionty

events which occurred within the rectangle with coordinates: Lat:37.0-42.0N

Lon:12.0-18.0E are considered. Mc is the completeness threshold required.

Fig. 4ab,c,d — Relations between different kinds of magnitudes in the
CCI1996 catalogue and the PDE catalogue for the common events which
occurred in the Central part of Italy (Lat: 39.0-45.5N, Lon: 8.0-17.5E). The
parameters a and b of the linear fitting Y=bX+a are given for each diagram,
together with the number of events N used to evaluate the linear extrapolation
(with both nonzero magnitudes); sd is the standard deviation and P is the

percentage of points outside two standard deviations.

Fig. 5 - Cumulative frequency-magnitude relations, normalised by time,
obtained for the CCI1996 and PDE catalogues in the Central part of Italy. For
the PDE catalogue two different operating magnitudes are considered:

M, (M2, M1,M,) recalculated, according to the linear extrapolations of Fig.

4, and M, (M2,M1,M;) not recalculated.



Fig. 6ab,c,d — Relations between different kinds of magnitudes in the
CCI1996 catalogue and the PDE catalogue for the common events which
occurred in the Southern part of Italy (Lat: 37.0-42.0N, Lon: 12.0-17.5E). The
parameters a and b of the linear fitting, the number of events N, the standard
deviation sd and the percentage P of points outside two standard deviations,

are given for each diagram.

Fig. 7a,b - Cumulative frequency-magnitude relations, normalised by time,
obtained for a) all the events and b) main shocks only contained in the
CCI1996 and PDE catalogues for Southern Italy. For the PDE catalogue two
different operating magnitudes are considered: M, (MI,M2,m,)
recalculated, according to the linear extrapolations of Fig. 6, and
M, (MILM2,m,) not recalculated. Mc is the completeness threshold

required.

Fig. 8a,b - Frequency-magnitude distributions, obtained for the PDE
catalogue in the Southern part of Italy, considering six different time intervals
of two years duration, a) from 1986 to 1991 and b) from 1992 to 1997,

respectively. The operating magnitude is M, (M1,M2,m,) not recalculated.

Fig. 9 — Results of application of CN algorithm in Italy, updated at May, Ist
1998, using the catalogue CCI+PDE composed by the CCI1996, for the
learning period, and by the PDE for the forward monitoring. Black boxes
indicate the periods of alarm, while triangles indicate the occurrence of the

strong earthquakes with M 2 M, . The learning period and the threshold M, are

reported for each region.
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Abstract
Prediction methods based on seismic precursors, and hence assuming tﬁat
catalogues contain the necessary information to predict earthquakes, are
sometimes criticised for their sensitiveness to the unavoidable catalogue errors
and possible undeclared variations in the evaluation of reported magnitudes. We
consider a real example and we discuss the effect, on CN predictions, of a long
lasting underestimation of the reported magnitudes.
Starting approximately in 1988, the CN functions in Central Italy evidence an
anomalous behaviour, not associated with TIPs, which indicates an unusual
absence of moderate events. To investigate this phenomenon, the magnitudes
given in the used catalogue, that since 1980 is defined by the ING bulletins, are
compared to the magnitudes reported by different global catalogues, such as
NEIC, ISC and IDC.
The comparison is initially performed between the ING bulletins and the NEIC
catalogue, considering the local, M, , and duration, M,, magnitudes, first within
the Central region, and then extending the analysis to the whole Italian territory.
To check the consistency of the conclusions drawn from ING and NEIC data, the
comparison is extended to a third catalogue (ISC or IDC, depending on the
considered interval of time) and, for the common events occurred within the
whole Italian area, the maximum magnitudes are compared.
The difference between duration magnitudes M, , that are reported by ING since
1983, appear quite small and constant with time. Starting in 1987, an average
underestimation of about 0.5 can be attributed to M, reported by ING, for the
Central region and this difference decreases to about 0.2, when the whole Italian
territory is considered. The anomalous behaviour of the CN functions disappears
if a magnitude correction of +0.5 is applied to M, reported in the ING bulletins.
However, such simple magnitude shift cannot restore the real features of the

seismic flo., and ING bulletins are not suitable for CN algorithm application.



Introduction

CN 1is an intermediate-term ecarthquake prediction algorithm, based on the
quantitative analysis of premonitory phenomena, which can be detected in the
seismic flow preceding the occurrence of strong earthquakes (Gabrielov et al,,
1986; Keilis-Borok and Rotwain, 1990). The quantification of the properties of
the seismic flow is performed by mean of a set of functions of time (tab. 1),
which evaluate variations in the seismic activity, seismic quiescence and space-
time clustering of events. The normalisation of the functions allows us to apply
CN to regions with different seismic activity (Keilis-Borok, 1996; Rotwain and
Novikova, 1997).

The algorithm CN is applied for the monitoring of seismicity in Central Italy
since 1990 (Keilis-Borok et al., 1990; Costa et al., 1996; Peresan, Costa and
Panza, 1998a). The analysis of the time behaviour of CN functions for the
different regionalisations defined for Central Italy (fig. 1), allowed us to observe

the common anomalous flat values of some functions (see Z__ ,S_...Sigma, K,G

in fig. 2), starting approximately in 1988. The flat trend of the functions, never
observed before, indicates the absence of moderate events and hence evidences
an unusual decrease of the seismicity rate, suggesting us to check for possible
changes in the magnitudes reported by the used catalogue.

Up to July 1997 the catalogue used for CN monitoring in Italy is the CCl1996
(Peresan, Costa and Vaccari, 1997); this catalogue is composed of the revised
PFG catalogue (Postpischl, 1985), for the period 1000-1979, and since 1980 1t is
updated by us with the bulletins distributed by the Istituto Nazionale di Geofisica
(ING). For the years 1980-1985 we use the ING paper bulletins, while beginning
from 1986 the upgrading is done with the digital ING bulletins made available
via e-mail till July 1997. In order to check a possible change in reported
magnitudes, the ING data are compared with the following three global

catalogues (tab. 2):
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- the Preliminary Determinations of Epicenters distributed by NEIC (USGS),
for the time period 1980-1997,;
- the ISC Catalogue (International Seismological Centre), from January 1980
to December 1995;
- the Reviewed Event Bulletin of the IDC (International Data Centre) since
January 1996.
A comparison for the whole interval of time 1980-1997 is feasible only between
ING and NEIC data, while the test with a third data set, ISC or IDC, is possible
for the periods January 1980 - December 1995 and January 1996 — June 1997,
separately.
The ING bulletins contain two estimations of magnitude: the local magnitude

M, and, since 1983, the duration magnitude M,. The NEIC global catalogue

reports the magnitude m, and M,, both computed by NEIC, plus two values M1
and M2, that correspond to magnitudes of a different kind contributed by
different agencies. A previous analysis of the NEIC catalogue (Peresan and
Rotwain, 1998) allowed us to evidence that, for the Italian area, both M1 and M?2
are mainly M, and M, and that M, is ten times more frequent than M,
Furthermore, ING is among the contributors to the NEIC Preliminary
Determinations of Epicentres and it supplied information for more than 600
events, from 1987 to 1997, as it can be observed simply listing the events with
network code ROM reported in the PDE catalogue. The largest part of these
events has magnitude below 4.0, especially when M, is considered, while about
one hundred of them have M, greater than 4.0. The revised bulletins distributed
by ISC and IDC, instead, report two and four different magnitudes respectively,
specified in each case.

In order to perform the magnitude comparison, the events common to the
different catalogues are identified according to the following rules: a) time

difference At<1 second; b) epicentral distance: ALlat=ALon <1° (Storchak,



Bird and Adams, 1998). No limitation is imposed to magnitude or depth
differences.

The analysis is performed evaluating, for a fixed kind of magnitude, the
quantities;

AM=M(C1)-M (C2) (1)
that are the differences between the magnitudes of the same kind reported in the
catalogues C1 and C2 for each of the common earthquakes.

The comparison between ING and NEIC estimations is performed considering
M, and M, separately, among the events for which M and M, is reported in
both the catalogues. The events contributed to NEIC by ING, which represent a
relatively small fraction of the set of the common events (less than 10%), are
obviously excluded from the analysis. Initially the comparison is focussed on the
Central region (fig. 1) and the yearly average values AM, and AM, are evaluated
from the common events, contained in the area monitored with the CN algorithm.
Subsequently, the analysis between ING and NEIC catalogues is extended to the
whole Italian territory and its surroundings, as shown in figure 9.

Finally the events common to three different catalogues, that is to ING-NEIC-
ISC and to ING-NEIC-IDC, are selected and compared for the entire Italian

territory, considering all the possible couples of catalogues.

Changes in reported magnitudes for Central Italy

The analysis of the behavior of CN functions in Central Italy, allows us to
identify the anomalous flat trend of some of them (fig. 2), starting approximately
in 1988. Such a flat trend indicates an unusual absence of moderate events.

To look for an explanation for this anomaly we focus our attention on the
magnitudes variations within the Central region currently used for the monitoring
of seismicity (in dark gray in figure 1). The subcatalogue of earthquakes common
to ING and NEIC contains about 800 events. The operating magnitude for CN

monitoring is chosen from the Italian catalogue CCI1996, and hence from ING
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bulletins, according to the priority order: M_, M,, M, (Costa et al., 1996;
Peresan et al., 1998a), therefore local magnitudes play a relevant role in CN
analysis of seismicity. Hence, at a first stage, we study the discrepancies among
the M, reported in the two catalogues, that is the quantity:

AM, =M, (NEIC)-M, (ING) (2)

The histograms of AM, are plotted for three contiguous ranges of magnitude
(fig. 3), chosen corresponding to the CN magnitude thresholds for Central Italy.
The events with M, <3 are not used by CN, the events with 3.0<M, <4.2 are
included only in the counting of aftershocks and those with M 24.2 can enter
into the calculation of functions. For most of the events AM >0, while a
secondary peak around AM, =0 can be seen in figure 3 for the smaller events.

In order to detect a possible undeclared long lasting change in the estimation
of the reported M, , the time behavior of the yearly average of AM, is analysed
considering only earthquakes with M, (NEIC) >3.0. The yearly number of such
events is around 20-25, with two exceptions: there are 83 earthquakes in 1980
(mainly associated to the Irpinia event occurred on November 23, 1980) and, at
the opposite, only 4 events in 1987.

The time distribution of AM, yearly averages, shown in figure 4b, indicates
the presence of a main discontinuity in 1987. The average AM_, estimated using
equation (2) for two subsequent periods of time, excluding the year of transition
1987, are the following (the errors correspond to the 95% confidence interval of
the mean):

(1980-1986) AM,=0.1320.05

(1988-1997) AM =0.6410.04

According to these average results, assuming M, (NEIC) as reference value, an
underestimation of about 0.5 can be assigned to M, values reported by ING since

1987.



A similar analysis, performed replacing M, with M, 1n equation (2), does not
evidence a significant change for M, (ING). The relevant uncertainty associated
to the value of AM, (fig. 4a) for the years 1985 and 1991 is mainly due to the

reduced sample size (only two events in 1985 and four in 1991). The average

magnitude difference for the whole period 1983-1995, during which the sarﬁple is

available, is estimated to be AM =0.30%£0.04.

CN: a detective of anomalous variations in reported magnitudes

In order to understand if the evidenced variation in reported magnitudes can
account for the anomalous behavior of the CN functions observed in the Central
region, the quantity D=0.5 1s added to the M, reported by the ING bulletins,

beginning in 1987. M, values do not need to be modified because no significant

time variation has been detected. CN is then applied to the Central region using
the "corrected" catalogue and following the standard procedure of forward
monitoring of seismicity: learning is not repeated and the parameters are kept
unchanged.

The time diagram obtained is reported in figure 5 and clearly shows that the
anomalous behavior of some CN functions, shown in figure 2, is no longer
present.

Obviously this magnitude transformation cannot be used to correct the
catalogue and the magnitude revision must be performed using all the avatlable
information (especially concerning variations in the acquisition system) and not
only that provided by the catalogue itself. Furthermore, a simple magnitude shift,
estimated from a limited sample, cannot restore all the properties of the real
selsmic sequence.

Several tests performed, systematically increasing or decreasing the operating
magnitude in the catalogue currently used for CN monitoring (Peresan and

Rotwain. 1998), show that the functions G, Sigma, Z__ and §  (tab. 1) are

max
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sensitive to magnitude under-estimations: they became anomalously constant for
relatively long periods of time but do not cause any TIP activation. Magnitude
over-estimations, instead, determine unusually high values, especially for the
functions N, and N,; hence the TIPs, that can be caused by relevant systematic
magnitude increases, can be identified through the analysis of these functions and

discarded.

Extension of the analysis to the whole Italian region

The magnitude differences have been analysed also within the Northern and
Southern regions defined for the application of CN to the Italian territory
(Peresan et al., 1998a). In the Northern region, the results are in very good
agreement with those obtained for the Central region and, on the average, an
increase of +0.5 is observed for AM_ in 1987. The variation in reported M, does
not affect the CN functions in the Northern region as clearly as in the Central
one, because the Italian catalogue (Postpischl, 1985) covers an area that, toward
the North, follows the Italian border and consequently it's fairly incomplete for
CN application. This incompleteness has been filled in by Costa et al. (1996) and
by Peresan et al. (1998a) with data provided by two other catalogues: ALPOR
(Catalogo delle Alpi Orientali, 1987) and NEIC, thus reducing the influence of
M, (ING) 1n the computation of CN functions in the Northern region. The small
number of common events, and hence the insufficient sample size, does not allow
any conclusive analysis in the Southern region.

The analysis of the NEIC catalogue, performed by Peresan and Rotwain
(1998) for the Italian area, evidenced that, among the magnitudes M, and M,

contributed to NEIC by other agencies, M| is ten times more frequent than M.

From figure 6 it i1s possible to observe that the total yearly number of common

events varies quite significantly with time. The number of common events



considerably increases after 1988, both for M, and M,, especially when the
smaller earthquakes are considered.

The frequency distributions of AM; and AM, versus NEIC magnitude, are
analyzed to evaluate their possible correlation with the earthquakes size (fig. 7).

The linear correlation between AM, and M, (NEIC) appears quite weak, while
the correlation is relevant for AM, versus M (NEIC), the correlation coefficient
being about 0.7 (significant at p<0.05). The distributions of AM, and AM, are

rather different, as can easily be seen from their histograms constructed for three

subsequent ranges of magnitude (fig. 8). The values of AM, appear normally

distributed around mean values increasing with M. The histograms of AM, ,
instead, are centered around AM, =0, with a tail towards positive values. It seems
that the set of common events can be divided into two subsets: a) events having
AM, distributed around zero, and b) the remaining events, having AM,
distributed around 0.5.

A deeper analysis, suggested by the bi-modal distribution of AM, , shows that
the events giving AM, =0 are pretty well localized in space (fig. 9). The peak in
the AM, histograms seems to be due to the coincidence of M (ING) with the
M, contributed to NEIC by some local networks, mainly from GEN
(Dipartimento Scienze della Terra, Universita di Genova, Italy), LDG (CEA,
Laboratoire de Detection et de Geophysique, Bruyeres-le-Chatel, France), TTG
(Seismological Institute of Montenegro, Podgorica, Yugoslavia) and TRI (OGS,
Osservatorio Geofisico Sperimentale, Trieste, Italy), according to the standard
station codes used by NEIC.

Figure 6 indicates that the size of the sample becomes relatively stable for
magnitudes larger than 3.0, even if the yearly number of common events

generally increases in 1988. Hence, also in this step of the analysis, the time
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behavior of the yearly average of AM, and AM, is evaluated including only
earthquakes with NEIC magnitude larger than 3.0.

The yearly average values of AM, and AM, are shown in figure 10. The
remarkable uncertainty on the average value of AM, during the year 1983 and,
similarly, of AM, in 1985, is due to the large dispersion of the reported values
rather than to the sample size.

For the whole period 1983-1997, the yearly average of AM, appears almost

constant around a mean value 0.30£0.02 (fig. 10a), in very good agreement with
the results obtained for the Central region. Therefore, this analysis seems to
confirm that since 1983, when they started to be reported, there are no changes in
the M, provided by ING. A linear relation between the M, reported by the two
agencies, can be evaluated using the set of common events:
M, (ING) = 0.6 M, (NEIC) +1.1 (3)

According to this relation, the events with M, (ING) > 3.0 appear generally
underestimated with respect to M (NEIC), while smaller events turn out to be
overestimated.

The diagram of the yearly average AM, (fig. 10b), instead, seems to indicate
the presence of two main discontinuities: the first in 1987 and the second in 1994,

The average AM,, estimated for the three subsequent periods of time, are the

following (the error correspond to the 95% confidence interval of the mean):

(1980-1986) AM, =0.084+0.05
(1988-1993) AM, =0.30+0.04
(1995-1997) AM, =0.7710.06
The AM, increase observed during 1987, appears less relevant within the

whole [talian area than for the Central region (figures 10b and 4b). This reduction

of AM_ can be explained by the inclusion of the M, values contributed to NEIC

by some of the neighbouring local networks, whose information often coincides

10



with that provided by ING. Indeed the events producing the spike around
AM, =0 (see fig. 8), are located close to local networks, near to the French and

Slovenian borders and along the Croatian coast.

Comparison of maximum magnitudes

The use of equation (2) for M, and M, reported by the catalogues ING and
NEIC, gives positive values for AM, and AM,. To establish if these differences

represent a real underestimation by ING, it is necessary to extend the comparison
to a third data set and to evaluate AM between the three possible couples of
catalogues.

The heterogeneity of the magnitudes reported in the various catalogues and the
reduced number of events common to three data sets, suggest us to perform the
comparison considering for each event the maximum magnitude reported in each
catalogue. Indeed, this criterion of magnitude selection can be applied to every
catalogue and permits to take into account all the earthquakes for which at least
one magnitude is reported.

The global catalogues available for our purposes during the period 1980-1995
are the NEIC and the ISC catalogues. Over the whole Italian territory, the events
common to these three catalogues are about 450, while their number exceeds
4000 when only NEIC and ING are intersected. Nevertheless, most of the
earthquakes excluded by the intersection with the ISC catalogue has magnitude
below 3.5, hence the subset of events common to the three catalogues permits to
keep a significant number of events, for which magnitude determinations can be
considered quite reliable i1n global catalogues.

The average values of AM obtained from equation (2) for the two couples

of catalogues NEIC-ING and [SC-ING, are always significantly greater than zcro,

even with some fluctuations in time, while AM between the two global

iEHE

catalogues NEIC and ISC is within the standard errors in magnitude
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determination. The differences AM __ , estimated for each pair of catalogues and

for the period 1980-1995, give the following average values:
(NEIC-ING) AM, , =04310.04

(ISC-ING) AM __ =0.3010.05
(NEIC-ISC) AM_, =0.1240.04
For the subsequent period of time (January 1996-June 1997), the analysis is

performed among ING, NEIC and IDC catalogues. The average values estimated

for AM _, , using the 200 common events, are:
(NEIC-ING) AM_, =0.3120.05
(IDC-ING) AM _, =0.30+0.04

(NEIC-IDC)  AM,,, =0.0130.06

These values are in good agreement with those estimated considering M, and

M, in the catalogues NEIC and ING. According to Bath (1973), even in the best

cases we have to expect errors as large as £0.3 units in a calculated magnitude,
nevertheless average differences between ING and the global catalogues are
systematically equal or larger than +0.3, therefore, the magnitude reported by

ING bulletins is generally underestimated with respect to the global catalogues.

Conclusions

Prediction methods based on seismic precursors are sometimes criticised for
their sensitivity to the unavoidable catalogue errors and undeclared changes in the
evaluation of the reported magnitudes (Habermann, 1991; Habermann and
Creamer, 1994). This study provides a real example, showing the effect of a long
lasting systematic magnitude underestimation on CN predictions.

The absence of moderate events detected by CN functions and consequently

the unusual decrease of the seismicity rate within the Central region, used for the
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CN monitoring in Italy, suggested us to check for possible systematic errors in
the reported magnitudes.

A detailed comparative analysis, focused on M, and M, has been performed
between ING and NEIC catalogues, within the area corresponding to the Central
region. The AM, provided by ING appear quite stable in time and small, while a
variation of about 0.5 has been evidenced in AM,, starting in 1987. This
difference decreases to about 0.2 when the analysis is extended to a wider area
including the whole Italian territory, but always indicates that M, values given by
ING are underestimated.

The comparison, extended to a third catalogue corroborates the hypothesis of a
general magnitude underestimation in the Italian ING bulletins, with respect to
the global catalogues.

The robustness of CN algorithm has been successfully tested with respect to
the catalogue substitution, once the homogeneity of data is preserved (Peresan
and Rotwain, 1998; Peresan et al., 1998b), and with respect to the short-term
inadvertent increase in reported magnitude, indicated by Zuniga and Wyss (1995)
for the Italian catalogue, which does not seem to affect the results of predictions
(Peresan et al., 1998a).

Therefore, our study indicates that a careful analysis of CN functions allows us
to detect relevant long lasting undeclared changes in the reported magnitudes and
may permit to separate such effects from the anomalies in the seismic flow that
define the Times of Increased Probability (TIPs) for the occurrence of a strong
event. The results of our analysis cannot be used for catalogue correction,
therefore the ING catalogue cannot be used for CN montitoring and one has o

make use of a different data set like NEIC catalogue.
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Table captions

Tab. 1 — Definition of the time functions used in the CN algorithm for the
quantification of the properties of the seismic flow (from Keilis-Borok et al.,
1990). The magnitude thresholds m,,m,,m,, that allow the normalisation of the
functions, are fixed accordingly to the average yearly frequency of the main
shocks, which occurred within the region during the learning period (1954-1986).
For the Central region (in dark grey in fig. 1) m =42, m, =45, m, =50,
corresponding to the standard yearly average frequencies

n =30, n, =14, n, =04,

Tab. 2 — Data set used for the catalogue comparison. For each agency are

indicated: the period of time, the kind of catalogue and how the data are made

available.



No(1)

K1)

Gt

Number of main shocks with M2m1y, which occurred in the time
interval (1-3 years, t).

K(t) =K1-K9, where K is the number of main shocks with
M;2m7 and origin time (t-2] years)<t;<(t-2(j-1) years).

G(t)=1-P, where P is the ratio among the number of the main
shocks with M;2my (mp>mj) and the number of the main
shocks with Mj2my. Only main shocks with origin time {; in the
interval (t-1 year)Stht are considered.

SIGMA()=210BMi-00); the main shocks with mi<M<Mg-0.1 and origin

Smax(t)

Zmax(V)

N3(t)

g(t)

Bmax()

time (t-3 years)<tj<t are included in the summation; ot=4.5,
B=1.00.

Smax(t)=max{S1/N1, S2/Ny, S3/N3} where Sj is calculated as
SIGMAC(t) for the events with the origin time (t-] years)<t;<(t-(}-
1) years), and N; is the number of earthquakes in the sum.
zmax(t)=max{£1w12/3, ZyINp?/3, Z3IN32/3} where Zj is
calculated as Sj, but with $=0.5 and Nj is the number of
earthquakes in the sum.

Number of main shocks with M>m+, which occurred in the time
interval (t-10 years, t-7 years)

6
g(t)= _Zlmax{O,éaz—nj}, where a) is the average annual number
iz

of main shocks with Mj2m3, n; is the number of main shocks
with szmz and origin time (t-(8+4)) years)<t;<(t-(2+}) years).

Maximum number of aftershocks for each main shock, counted
within a radius of 50 km for the first 2 days after the main shock.

Tab. 1
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IDC - Prototype International Data Centre
1996-1997 REB-Reviewed Event Bulletin web

ING - Istituto Nazionale di Geofisica

1980-1984 Revised ING bulleting printed
1985-1986 Digital ING bulletins floppy-disk
1987-1997 Digital ING bulletins ftp

ISC - International Seismological Centre
1980-1995 ISC Catalogue cd-rom
NEIC - National Earthquake Information Centre, USGS
1980-1989 Global Hypocenters Data Base cd-rom

1990-1997 Earthquake Hypocenters Duata Files ftp

Tab. 2



Figure captions

Fig. 1 - Different regionalisations defined for CN application to Central Italy. The
continuous line delimits the region defined by Keilis-Borok et al. (1990), while the
dotted line shows the region proposed by Costa et al. (1995). The region currently
used for CN monitoring, defined strictly following the s'eismotectonic model

(Peresan et al., 1998a), corresponds to the dark grey area.

Fig. 2 -~ Time diagrams of the standard CN functions obtained for the Central
region shown in fig. 1. Functions Sigma, Soax and Z_ are evaluated for
42<M<=46, functions X, G, N3, g for M = 4.5 and functions N2 for M > 5.0;
magnitude thresholds have been selected according to the general rules for
normalisation of functions (Keilis-Borok and Rotwain, 1990). The corresponding
diagram of TIPs (Times of Increased Probabilities), obtained using the CCI1996
catalogue, is given at the top of the figure (triangles indicate the occurrence of strong

events). The dotted line indicates the beginning of the anomalous behaviour of

functions.

Fig. 3 - Histograms of the number of events versus AM,_ , for three subsequent

ranges of magnitude, in the Central region (dark grey area in fig, 1).

Fig. 4 — Yearly average of (a) AM, and (b) AM, between NEIC and ING

catalogues, calculated for the common events which occurred within the Central

region (fig. 1). Error bars correspond to the 95% confidence interval of the mean.

Fig. 5 — Time diagrams of the CN functions obtained for the Central region

using the "corrected” catalogue, in which the quantity D=0.5 is added to

M (ING) beginning in 1987,

Fig. 6 - Yearly number of common events used for the comparison between
ING and NEIC catalogues. (a) Events used for M, analysis; (b) Events used for

M, analysis.
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Fig. 7 - Frequency scatter-plots of (a) AM, and (b) AM  versus the

corresponding NEIC magnitude.

Fig. 8 - Histograms of the number of events versus AM for three subsequent

ranges of magnitude for (a) AM, and (b) AM, . Events with AM lower or equal

to the upper boundary are counted in each interval.

Fig. 9 - (a) Space histogram of the number of common events used for AM,

evaluation. (b) Space distribution of events with AM | =0.

Fig. 10 - Yearly average of (a) AM, and (b) AM_ between NEIC and ING

catalogues. Only events with magnitude greater than 3.0 have been considered.

Error bars correspond to a 95% confidence level on the calculated average.
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Abstract

Using the available information about regional structural models, past seismicity, and the
scismotectonic regime in Italy, we have generated a set of synthetic seismograms covering
the whole Ttalian territory on a 0.2° x (1.2° grid. Peak values of ground motion (displace-
ment, DMAX, and velocity, VMAX) and Design Ground Acceleration (DGA) based on
Eurocode 8 (ECR8, 1993), extracted from the synthetic signals, have been compared with
the macroseismic intensities felt in Italy. The correlation relations that we have obtained
are in a good agreement with empirical relationships given by other authors and compare
quite well with the few observations available in the Italian territory.

1. Introduction

The procedure for the deterministic seismic zoning developed by Costaet al, (1992, 1993)
represents cne of the new and most advanced approaches and can, at the same time, be
used as a starting point for the development of an integrated procedure that combines the
advantages of the probabilistic and of the deterministic methods, thus minimizing their
drawbacks.

Synthetic seismograms are constructed to mode! ground motion at the sites of inter-
est, using the available knowledge of the physical process of earthquake generation and
wave propagation in realistic anelastic media. In first-order zoning a database of seismo-
grams covering the area of interest (at a regional scale) is computed, with a low order
approximation of the effects of lateral heterogeneities. Synthetic scismograms are very
efficiently generated by the modal summation technique (Panza, 1985; Florsch et al., 1991),
so it is possible to perform detailed parametric analyses at reasonable costs. For example,
different source and structural models can be taken into account in order to create a wide
range of possible scenarios from which to extract essential information for decision mak-
ing.

Once the parametric analysis is performed and the gross features of the scismic haz-
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ard are defined, a more detailed modelling of ground motion is possible. We can take into
account the local geological and geotechnical conditions at a specific site of interest, using
either the hybrid method, which combines, for the description of wave propagation in
anelastic heterogeneous media, the modal summation with finite differences techniques
(Fah et al., 1990; Fih, 1992), or the fully analytical modal summation method, extended to
laterally varying media (Vaccari et al. 1989; Romanelli et al., 1996; 1997). This determin-
istic modelling goes well beyond the conventional deterministic approach taken in hazard
analyses - in which only a simple wave attenuation relation is invoked - in that it includes
full waveform modeliling.
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Figure 1. Smoothed magnitude distribution for the cells belonging to the seis-
mogenic zones defined by GNDT (Corsanego et al., 1997).
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2. Deterministic zoning using synthetic seismograms

Starting from the available information on the Earth’s structure, seismic sources and the
level of seismicity of the investigated area, it is possible to estimate the maximum ground
velocity and displacement in a given frequency band (VMAX and DMAX respectively),
Design Ground Acceleration (DGA) or any other parameter relevant to seismic engineer-
ing, which can be extracted from the computed theoretical signals. This procedure allows
us to obtain a realistic estimate of the seismic hazard also in those areas for which scarce
(or no) historical or instrumental information is available, and to perform the relevant
parametric analyses.
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Figure 2. Distribution of DGA, obtained as a result of the deterministic zonation
extended to high frequencies using the design spectra of EC8 for soil A.
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Figure 3a. Horizontal VMAX

distribution, obtained as a result of the deterministic
zonation.

To reduce the amount of computations, the seismic sources can be grouped into ho-
mogencous seismogenic areas, and for each group a representative focal mechanism can
be defined. The scalar seismic moment associated with each source is determined from the
analysis of the maximum magnitude observed in the epicentral area.

To derive the distribution of t

he maximum observed magnitude over the territory, the

image of the seismicity given by the earthquake catalogue is smoothed as follows. We

divide the considered territory wi

th cells 0.2° by 0.2°. To each cell we assign the magni-

tude value, M,, of the most energetic event that occurred within it, and we use a centered
smoothing window with a radius of 0.6° in order to take into account the source extension
in space, and location uncertainties. Only the cells falling within the seismogenic areas are
retained and a double-couple point source, corresponding to a magnitude M, is placed in
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the centre of each cell, with a depth equal 10 km for M. <7, and equal to 15 km for the
larger events.

If available, reliable values of maximum expected magnitudes can be used in a straight-
forward way instead of M. '

Detailed examples of the input data used in the procedure are described by Costa et al.
(1993) and Panza and Vaccari (1994).

The file NT (version 4.1) prepared by GNDT (Camassi and Stucchi, 1996) is used for
the definition of seismicity. The smoothed magnitude distribution for the cells belonging
to the seismogenic zones defined in April 1996 by GNDT (Corsanego et al., 1997) is given
in Figure 1.

The synthetic signals are computed for an upper frequency limit of 1 Hz, and are
properly scaled according to the (smoothed) magnitude (to be conservative we have as-
sumned that all magnitude values given in the NT file are Ms) associated with the cell of the
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Figure 3b. Period in seconds of the maximum of VMAX at each site.
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Figure 4a. Horizontal DMAX distribution, obtained as a result of the
deterministic zonation.

source, using the moment-magnitude relation given by Kanamori (1977) and the spectral
scaling law proposed by Gusev (1983) as reported in Aki (1987). The deterministic results
may be extended to higher frequencies by using design response spectra (Panza et al.,
1996), for instance Eurocode 8 (EC8, 1993), which define the normalized elastic accelera-
tion response spectrum of the ground motion, for 5% critical damping. In general this
operation should be made taking into account the soil type. For Italy, the used regional
structural models (Costa et al., 1993) are all of type A, as defined in ECS8, therefore we can
immediately determine DGA (Figure 2) and the Maximum Spectral Value (MSV) using
the EC8 parameters for soil A.

In addition to DGA we focus on the maximum ground velocity, and displacement,
VMAX, and DMAX. We compute the complete time series, therefore we are not limited
to this choice, and it is possible to consider other parameters, like Arias intensity (Arias,
1970) or other integral quantities that can be of interest in earthquake engineering or
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engineering seismology. Since recordings of many different sources are associated to each
site, different maps can be produced. If one single value is to be plotted on a map, then
only the maximum value of the analyzed parameter is considered - maximum velocity and
displacement respectively in Figures 3a and 4a. In Figures 3b and 4b the periods associ-
ated with the maxima given in Figures 3a and 4a are shown. It can be seen that in some
regions, like for instance Central Italy around latitude 42°N, long periods in the range
between 20s and 30s are very frequent. They belong to signals generated by strong earth-
quakes occurring at a large distance from the site (about 90km), while the magnitude of
the closer events, which are responsible for the higher frequencies (between 2 s and 5 s in
our computations), is not large enough to let high frequencies dominate the scenario.

The deterministic procedure, for the definition of seismic input, is particularly suit-
able in a situation like the one of Bucharest where the dominant periods of the larger
accelerations are above 1 s. The results of the deterministic zonation of Romania have
been shown by Radulian et al. (1997).
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Figure 4b. Period in seconds of the maximum of DMAX at each site,
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3. Validation of the synthetic models against independent observations

A quantitative validation is supplied by the observed accelerograms recorded during the
Irpinia earthquake (23 November 1980) and the Friuli earthquake (6 May 1976). The
source rupluring process of the Irpinia event is very complex (e.g., Bernard and Zollo,
1989) and the dimension of the source has been estimated to be of the order of several tens
of km. Nevertheless, it scems that the signal recorded at the station of Sturno is mostly due
to a single sub-event that occurred rather close to the station itself, while the energy con-
tributions coming from other parts of the source seem unimportant (Vaccari et al., 1990).
With the cutoff frequency at 1 Hz, the horizontal components accelerograms recorded at
Sturno have been low-pass filtered to be compared with the computed signals for the
Irpinia region. The example shown in Figure 5 refers to the NS component but the same
considerations can be applied to the EW component of motion.

The early phases and the maximum (AMAX) of the recorded signal (upper trace) and
the synthetic one computed in the point-source approximation (middle trace), are in very

acceleration (g/10)

1] 5 10 15 20 25 30
time {s)

Figure 5. NS component accelerogram recorded at Sturno (upper trace), low-pass filtered to
be compared with the computed signals for the Irpinia region (middle trace). The lower trace
is the result of a superposition of four sub-events, each one modelled with the middle trace
properly weighted and shifted in time, accordingly with the model by Vaccari et al. (1990).
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good agreement. The late part of the observed recording is more complicated and this is
mostly related to the complexity of the source, which is deliberately neglected in the com-
putation of the synthetic signal used in the first-order zoning. The lower trace is shown as
an example of modelling of the source complexity.

For the same Irpinia event Nunziata et al. (1995) show results of the deterministic
modelling of ground motion in good agreement with the accelerometric record in Torre
del Greco, near Naples.

Sufficient agreement between observations and modelling is obtained considering the
Tolmezzo record of the Friuli (1976) earthquake (Panza et al., 1996), and, in this case, the
point-source seems o be a satisfactory approximation for an event with Ms=6.1.

4. Ground motion models and intensity observations

The deterministic modelling can be used to derive correlation relations between the maxi-
mum felt macroseismic intensity, I, and DMAX, VMAX, and DGA (Panza et al., 1997a).
This possibility is particularly relevant for countries with a long seismological history
since it facilitates the engineering use of historical events, that are quantified only in terms
of macroseismic intensity.

In this case the maximum observed magnitude is smoothed as follows. To each cell
we assign the magnitude value of the most energetic event that occurred within it, and for
events with M, > 6.75, we use a centered smoothing window with a radius of 0.2° in order
to take into account the source extension in space. Only the cells falling within the seis-
mogenic areas are retained and a double-couple point source, corresponding to a magni-
tude M, is placed in the centre of each cell, with a depth equal to 10 km for M. <7 and
equal to 15 km for the larger events.

Panza et al. (1997a) have used two sources for intensity data: (1) a map of maximum
macroseismic intensity felt in Italy, made by Istituto Nazionale di Geofisica (ING inten-
sity) (Boschi et al., 1995), where the intensity ranges between the V and the XI grade of
MCS scale, the intensity value V including values below V; and (2) a set of maximum
intensity felt in every municipal land, compiled jointly by ING, SSN and GNDT (ISG
intensity) (Molin et al.,1996), where the intensity ranges between the VI and the X grade
of the MCS scale. Grade VI includes values below VI and grade X includes values above
X.

Peak values of ground motion and intensity are poorly correlated and their scatter is
considerable (Ambraseys, 1974, Decanini et al., 1995). If we apply the correlation hy-
pothesis: :

log(y) = b, +b, 1 ' (1)

(where y is a peak value or DGA and Lis the intensity) to the whole set of data, the X2 test
indicates that hypothesis (1) must be rejected (the hypothesis is statistically significant),
while equation (1) becomes acceptable if average values of y, determined in correspon-
dence of each intensity, are used.
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TABLE I. Results of regression (1) for ING data.

Displacement Velocity Acceleration BGA
bp=-20%0.5 bo=-1.85£0.35 by=-425+035 bp=-35103
by =0.31+0.06 by =0.32+005 b =032£004 b; =0.28£0.04
x: =41 Yi=42 Xe=43 Xi=4.1

TABLE II. Results of regression (1) for ISG data.

Displacement Velocity Acceleration DGA
bp=-2.0%£02 bp=-2.110.1 bp=-4610.1 bg=-3.7%0.1
b =0.31£0.03 b =0352001 b;=035%£0.01 by =0.30%0.01
23=19 X3=2.0 X3=22 13=21

The application of (1) to ING and ISG data gives the coefficients reported in Table I
and Table II, where the X2 is determined assigning to the value obtained from the regres-
sion coefficients an error of 2 ¢. For each intensity data set (ING and ISG) the slopes of (1)
are comparable between themselves, but the slopes obtained with ING data are systemali-
cally smaller than the slopes obtained with 1SG data. In Figures 6 and 7 we compare our
log-linear relations with some earlier results, obtained considering global data, and in
Table IIT we give the conversion between Intensity, I, and Maximum Spectral Value, MSV.

At a fixed intensity, means of peak values, in general, decrease with epicentral dis-
tance. Decanini et al. (1995) show an example of 9 events with [=VI1I, for which the mean
of PGA for R < 50 km is almost 110 cm/s?, while for 50 <R <80 km the mean PGA is 42
cm/s?, and introduce the regression law for peak values:

log(y)=b,+b, I +b,logR (2)

with R=V (D?+h?), where D is the epicentral distance and h the focal depth.

Tables IV and V contain the results of the regression with synthetic data, that are quite
close to the ones given by Decanini et al. (1995) for observations. These tables contain the
values obtained usingthe NT4.1 catalogue instead of the preliminary version NT3.1 (Stucchi
et al., 1995) used by Panza et al. (1997a). The new regressions have been performed with.
a larger set of data, including intensities VI, VII and VIII, not considered by Panza et al.
(1997a). A remarkable agreement with the observation in South Eastern Sicily and Irpinia
(Decanini et al., 1995) is obtained when considering M3V and velocity. As an example, in
Figures 8 and 9 we show the results we obtained with ISG data (the results obtained with
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ING data are very similar). In these figures we have plotted observations as solid squares
and the modelled values as open circles. The solid and dashed lines are respectively the
regression for the observations and for our modeled values. For accelerations we have
plotted a(1)=log(PGA)-0.07I and a(2)=log(MSV)-0.11 (single points), a(l )=-0.24-0.81og(R)
and a(2)=-0.85-0.5log(R) (regressions). For velocity we have plotted b(1 Y=log(PGV)-0.15I
and b(2)=log(Velocity)-0.151 (single points), b(1)=1 .00-0.71og(R) and b(2)=0.43-0.53log(R)
(regressions). The values of b, are, in the case of displacement, lower than the ones ob-
tained for velocity and DGA; they range from 0.1 (ING data set) to 0.3 (ISG data set), and
indicate a weak dependence on distance.

The X? test, applied to the modelled values and to the experimental data plotted in
Figures 8 and 9, indicates that hypothesis (2) is statistically significant.

TABLE III. Correspondence between macroseismic intensity, I, and MSV, in
units of g, for ING data set. Values in parentheses correspond to I1SG data.

1 MSV (g)

Vv 0.02+0.02

V1 0.04 £ 0.03 (0.030 £ 0.005)
Vil 0.08 = 0.04 (0.065 % 0.005)
Vil 0.15£0.12(0.13 £ 0.01)
IX 0.28 £0.15 (0.26 £ 0.03)

X 0.53£0.36 (0.52% 0.07)
X1 1.01£0.90

TABLE 1V, Results of regression (2) for ING data.

Displacement Velocity DGA
bp=-04%03 bp=0.5%£0.5 bp=-06%0.3
by =0.124+0.02 b;=0.16+0.03 b =007+003
by=0.110.1 by=-0.6%02 by=-0.7+£02

23s= 212 x2=139 A3 = 141

TABLE V. Results of regression (2) for ISG data.

Displacement Velocity DGA
bp=-13+04 bg=0.4%£05 bg=-1.252045
b =0.1720.03 by =0.15£0.03 b;=0.11+0.03
bz=03+02 b;=-05£02 by=-05+02
x230= 118 A= 111 A37= 109
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Figure 8. Variation with hypocentral distance, R, {attenuation relationship} of PGA (solid
squarcs) and MSV (open circies), normalized with respect to 1. The solid line represents
a(1)=-0.24-0.8 log(R), and the dashed line a(2)=-0.85-0.5log(R).
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5. Detailed zoning combining observation and modelling of ground motion

The results obtained with a first-order zoning cannot be refined by simply assuming a
higher cutoff frequency (> 1 Hz) in the computation of the synthetic seismograms. A more
detailed zoning requires a better knowledge of the seismogenic process in the region.
Furthermore, 1o model wave propagation in greater detail the structural models used in the
computation of synthetic seismograms must take into account lateral heterogeneities.

Detailed numerical simulations play an important role in the estimation of ground
motion in regions of complex geology. They can provide synthetic signals for areas where
recordings are absent, that are particularly relevant for engineering seismology and earth-
quake engineering. Numerical simulations are, therefore, very useful for the design of
earthquake-resistant structures.

As we have seen in section 2 the deterministic computation can be extended to higher
frequencies by the use of the existing standard design spectra. The matching of the long-
period portion of the normalized spectra with the ones computed from synthetic accelero-
grams, allows us to obtain, for any portion of the considered territory, an absolute spec-
trum, provided a satisfactory classification of soils is available. The preliminary soil clas-
sification of EC8 considers three classes, A, B, and C, ranging from hard rock to loose
uncemented sands. Accordingly with EC8 for sites with soil conditions not matching the
three classes A, B and C, special studies for the definition of the ground acceleration
response Spectrum are necessary.

When detailed special studies are required by EC8 or by the presence, in the built
environment, of special objects, the standard seismic prospecting techniques, used for the
detailed definition of the elastic properties of subsurface geology, do not give satisfactory
results since they treat wave propagation in laterally heterogeneous structures with as-
ymptotic forms valid for high frequencies. These methods, called “ray methods™, can only
be applied to smoothly varying media, where the characteristic dimensions of the inhomo-
geneities are considerably larger than the prevailing wavelength. They fail to predict ground
motion at sites close to lateral heterogeneities such as edges of sedimentary basins and at
sites above irregular bedrock-sediment interfaces, where excitation of local surface waves
and resonance effects can be important.

Far away from lateral heterogeneities, a local structure can sometimes be approxi-
mated by a horizontally-layered structural model, and the modal summation method is the
most powerful tool for computing broadband synthetic seismograms. This method is still
suitable when lateral variations can be schematized with vertical discontinuities (Vaccari
et al., 1989, Romanelli et al., 1996; 1997). When dealing with special, detailed investiga-
tions the influence of the local and irregular heterogeneities can be included in the numeri-
cal modelling combining the modal summation and the finite difference techniques (Fih
et al,, 1990; Fih, 1992).

Examples of possible procedures for the detailed deterministic modelling of ground
motion are given by Suhadolc and Marrara (1997) and a specific example referring to
Bucharest is given by Moldoveanu and Panza (1997). Here, in Figures 10a and 10b, we
give an example describing the results obtained for the microzoning of Rome.
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Saint
Peter
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Zone Zone
. P No near-surface
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Tiber edges 1 volcanic rocks 4
m Ccnutal Tibe_:r 5 Near-surface
alluvial basin volcanic rocks 5
Paleotiber basin Near-surface
ﬁ edges 3 volcanic rocks? 57

Figure 10a. Microzoning for the city of Rome based on local sotil
classification and on the computation of synthetic spectral amplifications
(modified from Panza et al., 1997b),

6. Conclusions

Traditional deterministic methods for seismic zoning can only lead to a kind of *“post-
event” zoning whose validity cannot easily be extrapolated in time and to different regions
and which; thercfore, must be considered obsolete.

On the contrary the computation of realistic synthetic seismograms, using methods
that make it possible to take source and propagation effects into account, utilizing the
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Figure ]10b. Maximum absolute spectral accelerations (5% damping) obtained for five
zones in the city of Rome (modified from Panza et al., 1997b)

huge amount of geological, geophysical and geotechnical data, already available, goes
well beyond the conventional deterministic approach and gives a very powerful and eco-
nomically valid scientific tool for seismic zonation and microzonation.

Because of its flexibility, the method is suitable for inclusion in new integrated proce-
dures, a kind of compromise between probabilistic and deterministic approaches, that can
be developed in order to minimize the drawbacks of each of the two procedures.

The ability to estimate accurately seismic hazard at very low probability of exceed-
ance may be important in protecting, against rare earthquakes, the existence of special
objects in the built environment. The deterministic approach, based upon the assumption
that several earthquakes can occur within a predefined seismic zone, represents a conser-
vative definition of seismic hazard for pre-event localized planning for disaster mitiga-
tion, over a quite broad-band of periods.

With the deterministic modelling it is possible to denve reliable, region spccmc cor-
relations between intensity, I, and DMAX, VMAX, and DGA, that facilitate the engineer-
ing use of historical data. The availability of correlations, that are valid for a specific
region, is quite important, since the use of information collected on a global scale may
introduce quite unsatisfactory biases (Trifunac, 1992).

The results of tests made against instrumentally recorded accelerograms show that,
even an approximate knowledge of the geometry and of the mechanical properties of the
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uppermost layers and the use of commonly available data on the seismic source geometry,
is sufficient to make a realistic prediction of the ground motion.

The definition of realistic seismic input can be obtained from the computation of a
wide set of time histories and spectral information, corresponding to possible seismotec-
tonic scenarios for different source and structural models. Such a data set can be very
fruitfully used by civil engineers in the design of new seismo-resistant constructions and
in the reinforcement of the existing built environment, and therefore supply a particularly
powerful tool for the prevention aspects of Civil Defence.

The procedure is scientifically and economically valid for the immédiate (no need to
wait for a strong earthquake 1o occur), first order, seismic microzonation of any urban
area, where the geotechnical data are available.
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The pro;ect addmsses the problem of pre-dzsaster orien-
:at:on hazard predzcnon risk assessment, and hazard
mappmg, in connection with seismic actzvny and man-
induced vibrations. The deﬁmt:on of realistic seismic
input can be obtained from the computation of a wide set
of time histories and spectral information, correspond-
ing to possible seismotectonic scenarios for different
source and structural models. The availability of realis-
tic numerical simulations enables us to estimate the
amplification effects in complex structures exploiting the
available geotechnical, lithological, geophysical param-
eters, topography of the medium, tectonic, historical,
palaeoseismological data, and se:smotectomc “models.
The realistic modeling of the grouna' motion is a very
important base of knowledge for the preparation of
groundshaking scenarios that represent a valid and eco-
nomic tool for seismic microzonation. This knowledge
can be very fruitfully used by civil engineers in the
design of new seismo-resistant constructions and in the
reinforcement of the existing built environment, and,
therefore, supplies a particularly powerful tool for the
prevention aspects of Civil Defense. At present, the proj-
ect Is active in Antananarivo, Bangalore, Beijing,
Bucharest, Budapest, Cairo, Catania, Damascus, Delhi,
Kathmandu, Ljubljana, Mexicali, Mexico City, Naples,
Rome, Santiago de Chile, Santiago de Cuba, Silistra,
Safia, Thessaloniki, Tijuana and Zagreb.

Introduction

The IUGS-UNESCO IGCP Project 414 "Seismic Ground Motion in
Large Urban Areas", started in 1997, addresses the problem of pre-
disaster orientation: hazard prediction, risk assessment, and hazard
mapping, in connection with setsmic activity and man-induced
vibrations. The major scientific problem is to handle realistic models
on a very detailed level. This can now be done by making use of
global observations from digital networks, application of modern
theories for the forward and the inverse problems, and by the use of
very powerful computers.

We can reduce loss of life and property damage by highly
detailed, specific prediction of seismic ground motron, With the
knowledge of accurate, three-dimensional structures and probable,
complex source mechanisms, the detailed ground motion at any site,

" or all sites of interest, can be determined. To map seismic ground

motion we do not have to wait for earthquakes to occur in likely
focal regions and then to measure ground motion with an extremely
dense set of recording instruments; instead, with the knowledge
above we can compute these seismograms from theoretical consid-
erations. Thus, a complete database for all sites and predicted focal
mechanisms c¢an be constructed immediately; no delay is necessary
while we wait for experimental evidence and recordings. This data-
base would then, naturally, be updated continuously by comparison
with incoming new experimental data.

The general plan includes the following large urban areas and
megacities: Antananarivo, Bangalore, Beijing, Bucharest, Budapest,
Cairo, Catania, Damascus, Delhi, Kathmandu, Ljubljana, Mexicali,
Mexico City, Naples, Rome, Santiago de Chile, Santiago de Cuba,
Silistra, Sofia, Thessaloniki, Tijuana and Zagreb. This choice is rep-
resentative of a broad spectrum of seismic hazard leveis that require
different efforts to reach a satisfactory level of preparedness. We
have deliberately chosen objects not situated very close to known
seismogenic zones. In fact, the condition of being some tens of kilo-
meters from the epicenter can allow us an optimum exploitation of
the results of microzoning, and fill in a gap in preparedness, since,
usually, most of the attention is focused on very near seismogenic
zones.

At present, the international and interdisciplinary working
group is composed by: Prof. E. Paskaleva, Dr. M. Kouteva, Central
Laboratory for Seismic Mechanics & Earthquake Engineering,
Sofia; Dr. D. Slavov, University of Sofia, Department of Meteorol-
ogy and Geophysics, Sofia, BULGARIA; Prof. R. Saragoni, Depar-
tamento de Ingenieria Civil, Universidad de Chile, Santiago,
CHILE; Prof. Y. T. Chen, Dr. Z. Ding, Institute of Geophysics,
China Seismological Bureau, Beijing, Dr. R. Sun, Institute of Geo-
physics, Science Academy of China, Beijing, CHINA; Prof. M.
Herak, Dr. I. Lokmer, Geophysical Institute, University of Zagreb,
CROATIA; Prof. J. L. Alvarez Gomez, Centro Nacional de Investi-
gaciones Sismologicas, Havana, CUBA; Dr. A. El-Sayed, Geology
Department, Mansoura University, Mansoura, EGYPT; Prof. P.
Varga, Dr. T. Ziros, Dr. P. Monus, Geedetic and Geophysical
Research Institute, Sopron, HUNGARY; Prof. V. Gaur, Indian [nsti-
tute of Astrophysics, Bangalore, Prof. R. N. Iyengar, Dr. 5. K.
Agrawal, Central Building Research Institute, Roorkee, INDIA;
Prof. G. F. Panza, Prof. P. Suhadolc, Dr. F. Vaccan, Dr. F
Romanelli, Dr. F. Marrara, Dr. A. Sarao', Dr. A. Aocudia, Diparti-
mento di Scicnze della Terra, Universita' di Trieste and International
Center for Theoretical Physics, Trieste; Prof. C. Nunziata, Dr. M.
Natale, Dr. R. Mele, Dr. A. Sica, Dipartimento di Geofisica ¢ Vul-
canologia, University of Naples; Prof. L. Tontorici, Dipartimento di
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Scienze Geologiche, University of Catania, ITALY; Prof. G. Ram-
bolamanana, Institut et Observatoire Géophysique d'Antananarivo,
Antananarive, MADAGASCAR; Dr. 1. Frez, Centro de Investiga-
cion Cientifica y de Educacion Superior de Ensenada, MEXICO;
Prof. G. Marmureanu, Dr. M. Radulian, Dr. C. Moldoveanu, Dr. C.
Cioflan, Dr. D. Bratosin, Dr. B, Apostol, National Institute for Earth
Physics, Bucharest, ROMANIA: Prof. Acad. V. L Keilis-Borok, Dr.
A. Soloviov, Dr. I. Kuznetzov, Dr. L Rotwain, Dr. G. Molchan,
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International Institute of Earthquake Prediction Theory and Mathe-
matical Geophysics, Academy of Sciences, Moscow, RUSSIA; Dr.
M. Ziveic, Dr. A. Gosar, Slovenian Association for Geodesy and
Geophysics, Geophysical Survey of Slovenia, Ljubljana, SLOVE-
NIA; Dr. H. Abou Roumieh, Dr. A. Hariri, Syrian National Seismic
Network, Damascus, SYRIA.

Method

The mapping of the seismic ground motion due to the earth-
quakes originating in a given seismogenic zone can be made
by measuring seismic signals with a dense set of recording
instruments when a strong earthquake occurs or/and by com-
puting theoretical signals, using the available information
about tectonic and geological/geotechnical properties of the
medium, where seismic waves propagate. Strong earthquakes
are very rare phencmena and this makes very difficult (practi-
cally impossible in the near future) the preparation of & suffi-
ciently large database of recorded strong motion signals that
could be analyzed in order to define generally valid ground
parameters, to be used in seismic hazard estimations.
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» set, a very useful approach to perform immediate microzona-
tion is the development and use of modeling tools based, on
one hand, on the theoretical knowledge of the physics of the
seismic source and of wave propagation and, on the other
hand, exploiting the rich database about the geotechnical, geo-
logical, tectenic, seismotectonic, historical information
already available.

The initial stage of our work requires the collection of all
available data concerning the shallow geology, and the con-
struction of cross-séctions along which to model the ground
motion. This work is by its nature multidisciplinary since
information is requested from different disciplines as seismol-
ogy, history, archaeology, geology and geophysics to give
engineers reliable building codes. The realistic modeling of
ground motion requires, in fact, the simultaneous knowledge
of the geotechnical, lithological, geophysical parameters and

topography of the medium, on one side, and tectonic, histort-

...... » cal, pa!coseismological, seismotectonic models, on the other,

for the best possible definition of the probable seismic source.
In addition, the use of sophisticated computer modeling of
wave propagation in heterogeneous anelastic media allows us
the best possible exploitation of the existing information on
structures and sources. Different advanced methods and
approaches, some of them developed and implemented by
partners of this project, are used with the goal of determining
different indicators of seismic hazard (e.g. Panza et al., 1996).

At the end of the project, maps of various seismic hazard
parameters directly measured or numerically modeled, such as
peak ground acceleration, and others of practical use for the
design of carthquake-safe structures will be produced, taking
advantage of modem GIS technology.

The ongoing activity

Figure 1 Relative maximum amplitude (A2D/AID) and total energy of

ground motion (W2D/WID) along a profile across the Xiji Langfu
depression, in Beijing area. The thick low velocity deposits are responsible
for the large increment of the values inside the basin. On the two sides of
the Xiadian fault, A2D/AID and W2D/WI1D can vary by more than 160%
and 600%, respectively. The two different geametries of the sedimentary
basin are shown in the lower part of the figure, a) deep basin; b) shallow

basin. With the existing relationships between acceleration and

macroseismic intensity (I) these results can explain the large values of 1 h . L ? >
an 1976 tional co-operalion and can be divided into two main graups:

observed in the Xiji-Langfu area, in connection with the Tangsh
earthquake (from Sun el al., ] 998).

The methods used for the modeling of the ground motion are
described in detail by Panza (1985), Vaccari et al. {(1989), Fih
(1991), Florsch et al. (1991), Fih et al. (1993), Panza (1993),
Fih et al. (1994), Fih and Panza (1994) and Romanelli et al.
(1996), and permit to take into account in a realistic way
source, path and local soil effects on the entire wave train. The
results oblained so far are al} characterized by a large interna-

(1) Urban arcas where data collection is still in progress and
the modeling is in the preliminary stage; (2) Urban areas
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Figure 2 Recorded ground motion in Bucharest {Magurele
station) and simulated signal by Moldoveanyu and Panza (1998),
Jor periods greater than I s, for the event of May 30, 1990.

where the numerical modeling is quite advanced and successfully
compared with available observations.

Because of the lack of records, the study of the ground motion
in Budapest due to the 1956 Dunaharaszti earthquake, located at
about 20 km from the Capital, is based mainly on modeling, using all
available information about geological and geotechnical properties.
This case represents a typical sitvation in which the realistic model-
ing of ground motion is the only tool that permits to estimate the
hazard before another event strikes the city.

The ground motion recorded in Mexico City valley during dis-

tant earthquakes is often used to illustrate the applicability of the 1.D

model with verticalty propagating shear waves. However, the analy-
sis of ground displacement waveforms in stations located on firm
soil shows that ground displacements are always strongly influenced
by Rayleigh waves, with a broad frequency band between 0.08 to 1.0
Hz. No important incident body waves or basin waves are observed
(Gomez Bernal and Saragoni, 1997a, b). Therefore, these surface
waves greatly contribute to the destructive effects of earthquakes as
their frequencies coincide with the site periods encountered at the
lake-bed zone (1.0-5.0 s).

In Santiago del Chile, the analysis of the accelerograms
recorded for the MS=7.8 Central Chile 1985 earthquake shows
ground displacements with important retrograde Rayleigh waves,
with strong coupling between horizontal and vertical motion. The
study shows that these waves come from the epicenter and from
other two sources {Saragoni and Leobos, 1998).

For the microzonation of Santiago de Cuba the initia! phase of
data collection about the regional crust-upper mantle structure and
Santiago de Cuba basin structure has been completed, and the mod-
eling phase just begun.

The site of the city of Sofia falls in the so-called Sofia seismic
zone. The main seismogenic zones with influence on the seismic
hazard of the Sofia site are: Kresna, Plovdiy, Negotinska Krayna.
Vrancea source is located 320 km far from Sofia. The macroseismic
effect of Vrancea earthquakes observed on the site of Sofia in 1940
&nd 1977 correspond to MSK intensities between V and VI. The pre-
liminary results of the deterministic modeling of ground motion for
local destructive earthquakes suggest that a reinterpretation of the
available studies on the specific attenuation for Sofia Valley is nec-
essary, and that, in the town, the expected intensity may vary
between VII and X,

In India, as introductory activity to the microzonation of some
Indian megacities, preliminary modeling has been made, taking the
Garhwal region of the central sector of Himalaya as an example to
carry out seismic microzonation studies for local conditions. Here
the 260 m-high earth and rockfill Tehri Dam, across Bhagirathi river,
exposes the whole downstream population to high risks. It is, there-
fore, quite natural, from a socio-economic and scientific point of
view, to be speculative about the seismic safety of the dam and its
paraphemnalia, undertaking a seismic microzonation study for this
region. The first preliminary results so fur obtained show that, for the
Uttarkashi region, despite of the scarce information about the earth
crust structure of the area, the comparison of the modeled seismic
ground motion with observations is quite satisfactory and realistic
(Agrawal, 1998, personal communication), and therefore it is rea-
sonable to extend the seismic microzonation procedure to Indian
megacities.,

In Naples, the ground motion due to earthquakes occurred in
Southern Apennines, with special attention to the November 23,
1980 (MS=6.9, ML=6.5) event, is studied. A quite successful com-
parison with the strong motion recorded at Torre del Greco has been
obtained (Nunziata et al., 1997). In the area studied in detail, the sub-
soil is mainly formed by alluvial (ash, stratified sand and peat) and
pyroclastic materials overlying a pyroclastic rock (yellow neapolitan
tuff} representing the neapolitan bedrock. The very detailed infor-
mation available about the sub-soil mechanical properties and its
geometry gives a very good opportunity to compare the results that
can be obtained with standard 1-D techniques (Method 1), based on
the vertical propagation of waves in a plane layered structure (e.g.
computer program Shake, developed by Schnabel et al., 1972) and
with our realistic hybrid technique (Method 2). The discrepancics
evidenced between the I-D and the 2-D seismic responses, suggest
that serious caution must be taken in the formulation of seismic reg-
ulations (Nunziata et al., 1997). As expected, the sedimentary cover
causes an increase of the signal's amplitudes and duration. If a thin
uniform peat layer is present at depth, the amplification effects at the
free surface are reduced, and the peak ground accelerations are sim-
ilar to those observed for the bedrock model. The study of the effects
of the interaction between soil propertics and foundations has shown
that the peat layer present in a part of the city can act as a seismic iso-
lator (Nunziata et al., 1997).

The study of the ground motion in Beijing arca due to earth-
quakes occurred in its surroundings, such as the Ms=7.8 Tangshan
earthquake of July 28, 1976, about 160 km from the City of Beijing,
has given satisfactory comparison with observed macroseismic data,
especially in Dachang depression (Sun et al., 1998). The speaial geo-
logical conditions in the Xiji-Langfu area are the main reason for the
anomalously high macroseismic intensity caused by the Tangshan
1976 carthquake. The area is formed by decp deposits — mainly
alluvium sands and clays poorly consolidated and with high water
content — that have been trapped by the Xiadian fault,

From the simulated ground motion, quantitics commonly used
for engineering purposes, like the maximum amplitude (AMAX)
and the total energy of ground motion (W), which is rehated to the
Arias Inlensity {Arias, 1970), can be computed. The thick low veloc-
ity deposits are responsible for the large increment of the valucs of
AMAX and W inside the basin. On the two sides of the Xiadian fault
the relutive values of AMAX and W, A2D/A 1D and W2IX¥W D, can
vary by more than 160% and 600% respectively, and these variations
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are relatively stable with varying thickness of

the sedimentary deposit used in the models, as Legend

shown in Figure 1. A2D and W2D represent Thick 1 +om

the values computed for the model containing I inthe %::183‘3 m)

the sedimentary basins, which are shown at Ti:iw‘fmgo‘"‘;“

the bottom of the figure, while A1D and W1D Clays :
represent the same quantities computed for : - i e T —
thg reference bedrock model given by Sun et Alluial materials bl y%ﬁ%ﬁﬁ/}% ‘T"ﬂ
al. (1998). With the existing relationships B Rmosde s s% / Ve —
between acceleration and macroseismic @ Boreholes “ ‘ s

intensity / (Medvedev, 1977; Panza et al, _

1998), these results can explain the large val- LA Stes S5

ues of ! observed in the Xiji-Langfu arca, in p—— 1km

connection with the Tangshan earthquake.
Macroseismic effects similar to the ones

observed in the Dachang depression are pre- a5 A S6
dicted by the modeling in the Beijing depres- ) _ : 57
sion, not much urbanized at the time of the % %

Tangshan event (Ding et al, 1997). This . " S8
result represents a very good example of the
possibility to produce important information
for seismic risk mitigation using what is
available now and 1o improve scenarios as
new data become available. To further check
the modeling, it is now in progress the analy-
sis of the records of the January 10, 1938
earthquake with Ms=6.1, occurred in Zhang-
bei, Hebei Province, about 180 km NW of
Beijing.

The Vrancea seismoactive region, char-
acterized by intermediate-depth earthquakes,
is the main quake source that has to be taken
into account for the microzonation of
Bucharest, that could suffer serious damage
because of the severe local site effects. The
strong seismic events originating in Vrancea
have caused the most destructive effects
expericnced on the Romanian territory. Since

Figure 3 Simplified geotechnical zonation map for the Catania area and the velocities fime

series calculated, with a cui-off frequency of 10 Hz, at the sites (white triangles) along the

about four destructive carthquakes occur thirteen cross-sections shown._The laterally heterogeneous models are buiif up putting in

every century in Vrancea, the microzonation welded contact (from 2 to 4) different I-D models: the regional 1-D model is chosen as

of Bucharesrty exposed lo'the potential dam- bedrock model and the geatcch{tical information related with the selectt.ed .barcholes are used
due t ;h trong int diate-depth for the local 1-I» models. The site locations are chosen both in the proximity of the

ages due to these strong intermediate-depth 3, .opolee and at the edges of the section. Each signal is scaled to the maximum value of

te!

et

shocks, is an essential step toward the mitiga-
tion of the local seismic risk.

The study of ground motien in
Bucharest, due to earthquakes occurred in
Vrancea, has been focused on the May 30, 1990, Mw=6.9 event.
Moldoveanu and Panza (1998) succecded in reproducing, for peri-
ods greater than 1 second, the recorded ground motion in Bucharest
(Magurele station), at a very satisfactory level for seismic engincer-
ing, even if a relatively simple local struclure and scismic source
have been considered (Figure 2). All the three components of motion
are influenced by the presence of the deep alluvial sediments, the
strongest local cffect being visible (both observed and computed) in
the transversal (T} one. Parametric tests, that represeat- a major
advantage of the numerical simulations, have been performed con-
sidering the two fault planc solutions representative of the major
Vrancea intermediate-depth earthquakes. With varying carthquake
scenario, local effects vary in space with frequency. Although the
strongest site effect is observed in the transversal component (77, the
radial (R} and vertical (V) components are the most sensible Lo the
source mechanism variations of the carthquake scepario
(Moldoveanu ¢t al., 1998).

For the complete microzonation of Bucharest, the modeling
will be extended to a sct of representative cross sections that spans
the entire area of the city, and to a sel of source parameters typical
for the strong Vrancea quakes.

With the modal summation technique, extended (o laterally het-
cropeneous anelastic structural models (Vaccari et al, 1989,

et al., 1998).

PGV over the entire area (black triangle) and the time window is 20 s long (from Romanelli

Romanelli et al., 1996), a database of synthetic signals has been gen-
erated, which can be used for the study of the local response in a set
of selected sites, located within the Catania area. The ground shak-
ing scenario so far constructed {Romanelli et al., 1998} corresponds
to an earthquake of the same size as the destructive event that
occurred on January 11, 1693, Making use of the simplified geotech-
nical map for the Catania arca, we produce maps of the expected
ground motion over the cntire arca (see Figure 3), and, using the
detailed geological and geotechnical information along a sclected
cross section, we study the site response in a very realistic case (see
Figure 4). The main result, 5o far, is that, in order to perform an accu-
rate estimate of the site effects, (1) it is necessary to make a para-
metric study that takes into account the complex combination of the
source and propagation parameters, and (2) obtained with simplified
structural models have a limited applicability and detailed models
should be preferred (Romanelli et al., 1998).

A large quantity of descriptions of earthquakes that have been
felt in Rome is available (Molin et al., 1995). The realistic modcling
of the seismic input gives a simple and natural explanation of the
damage distribution observed as a consequence of the January 13,
1915 Fucino carthquake — one of Lhe strongest cvents that have
occurred in Tualy during this century (intensity X! on the MCS scale).
The well-documented distribution of damage in Rome, caused by the
Fucine eanthquake, is, in fact, successfully compared by Fiih ¢t al,
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(1993) with the results of a series of
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different numerical simulations, ¢
using AMAX and W, Since the cor-
relation is good between AMAX, W -
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and the damage statistics, it is possi- © )
ble to extend the zoning to the entire g a
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city of Rome, thus providing a basis 2 2
for the prcchcnonl:)f the expected - --/ /‘J : T/ ~ | \x,/ s w/
damage from future strong events. . gLt rrdrerrierrl O-trrretrreetrrretrr] Odrereberrberretrers]  O-derertrerebrrerderes] 8drerebrerebrrerdeees O-rercprerrfrres
The highest valuesof thespec- 0 1 2 3 4 0 1 2 3 4 0 1 2 3 4 0 1.2 8 &0 1 2 8 & 01 2 3 4
roquency (Hz) fraquency (Hz) trequency (Hz) Irequency [Hz}

tral amplification are observed at *
the edges of the sedimentary basin °
of the Tiber, and strong amplifica- "~
tions are observed in the Tiber's’
river bed. This is caused by the *.
large amplitude - and long duration -
of the ground mution due to (1) low
impedance of the alluvial . scdx-
ments, (2) resonance effects, and (3)
excitation of local surface waves .
(Féh et al. 1993). A prelumnary
microzoning map has been pro-
duced by Vaccari et al. (1995). The

frequency (Hz) -

microzonation map - and the

response spectra, corresponding to
the three main seismogenic zones
around Rome, are shown in Figure 5. -

Conclusions

The project represents a contribu-
ton to scismic disasters’ prepared-
ness. It produces results using what
is available now and it improves
scenarios as new data become avail-
able,

The availability of realistic
numerical simulations allows sig-

Alluvial its
Eau p= 1993 Sy
nificant progresses in ground

50m/s B=210m/s

Sands
p=1.91 g/cm3
=550 m/s B =280 m/s

Grey-bluecla
p=2.06 /CD‘\3YS
u—‘.l?‘O(J m/s B=650m/s

motion mapping. This powerful tool

%nds
enables us to estimate the amplifica-

Quartzous
I 58 p=212g/cm

a=1600'm/s B =500m/8

S Aa
Ee ;-:;:E

a»—l?OOgm/s B =500 m/s

Yellow clays

] Asg p=2.04 g/cm
& —14008:"11/3 B =280 m/s

tion effects in complex structures
exploiting the available geotechni-
cal, lithological, geophysical par-
ameters, topography of the
medium, tectonic, historical, paleo-
seismological data, and seismotec-
tonic models, The ground motion
modeling technique applied in this project proves that it is possible
to investigate local effects even at large epicentral distances, taking
into account both the seismic source and the propagation path
effects.

Traditional methods for seismic microzoning can only lead to a
kind of “post-event" action whose validity cannot be easily extrapo-
fated in time and to different regions. On the contrary, the computa-
tion of realistic seismic input, taking source and propagation effects
into account, utilizing the huge amount of geological, geophysical
and geotechnical data already available, goes well beyond the con-
ventional deterministic approach and gives a very powerful and eco-
nomically valid scientific too! for scismic microzonation. Because of
its flexibility, the method is suitable for inclusion in new intcgrated
procedures, a kind of compromise between prababilistic and deter-
ministic approaches.

The ability to estimate realistic seismic hazard at very low prob-
ability of excecdance may be important in protecting against rare
carthquakes, and the deterministic approach, based upon the
assumption that several carthquakes can occur within a predcfined

Figure 4 Detailed geotechnical cross-section (bottom) and cerrespending model for detailed section
510. The distance along the section is measured in km from the source, while the vertical scale is in m.
The acceleration time series and the theoretical site responses are shown at six selected sites

along the section (from Romanelli et al., 1998).

seismic zone, represents a conservative definition of seismic hazard
for pre-event localized planning for disaster mitigation.

Numerical simulations of the seismic source and of the wave
path are a more adequate technigue than making estimates based on
recorded accelerograms {empirical Green functions), since such
records are always infleenced by the local soil condition of the
recording site. With realistic numerical simulations it is possible to
obtain, at low cost and exploiting large quantities of alrcady avail-
able data, the definition of realistic seismic input for the existing or
planned built environment, including special objects. The definition
of realistic seismic input can be obtained from the computation of a
wide set of time histories and spectral information, corresponding to
possible seismotectonic scenarios for different source and structural
models. Such a data set can be very {ruitfully used by civil engineers
in the design of new scismo-resistant constructions and in the rein-
forcement of the existing built environment, and, therefore, supply a
particularly powerful tool for the prevention aspects of Civil
Defense.

A general conclusion of the waveform modcllng is that lhc
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7 - Abstract

- The realistic definition of seismic input can be performed by means of advanced
- modelling codes based on the modal summation technique. These codes and
. their extension to laterally heterogeneous structures allow us to accurately
calculate synthetic signals, including body waves and of surface waves,
corresponding to different source and anelastic structural models, taking into
account the effect of local geological conditions. For the estimation of the
destructive potential of the calculated signals, parameters obtained from their
(a) direct analysis, (b) integration in the time or in the frequency domain, and
(c) the structural (elastic and anelastic) response are investigated. As an
example of application of our analysis we consider the Catania (Sicily) area
where a pilot project of GNDT (Gruppo Nazionale per 1a Difesa dai Terremoti)
is in progress for the reduction of the seismic hazard at a sub-regional and
urban scale. In such an urban area more than 500,000 people are living and the
application of advanced scismological methods for the definition of earthquakes
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1 Introduction

The typical seismic hazard problem mainly consists in the study of the effects :
associated to earthquakes, both on regional and on local scale, for a successive &t
engineering analysis. The result of such an analysis, that has to be used for the i
seismic risk definition, can be expressed in various ways, e.g. with a descrlptxon,
of the groundshaking intensity due to an earthquake of a given magnitude:
(“groundshaking scenario”), or with probabilistic maps of relevant parameters, *

smgle-value indicator relatlvely easy to determine but that leads often to wrong’
seismic risk estimates. Actually, the peak values alone can not describe’
adequately all the effects associated to the ground shaking, since the frequeniiy“‘
content and the duration of a seismic wavetrain play a fundamental role. A moreX:¥
complete analysis includes the calculation of the response spectra: the responser e,
of a given structure to the seismic ground motion can be studied analysing the
behaviour of a simple damped oscillator. While the Fourier spectra shows the
fine tumpg of the energy contzined in a wavetram, the response spectra glves thc
maximum response of 2 oscillator to the whole seismic motion. i
Although it has been recognized that the characteristics of ground motlon
such as its intensity, frequency content and duration are relevant to estimate its3
damage potential, some of these characteristics are usually ignored for the sak"""?

:J

by neglectmg the mechamcal characteristics of the earthquake—resmtui’g
structures will usually lead to unrehable and inconsistent results. This is due’to;

Thus a rational- methodology for the assessment of the earthquak 52
destrucuveness potential, particularly in case of inelastic behavior, should take:

of the earthquake-resisting structure, R

Linear Elastic Response Spectra (LERS) do not represent a complete
deSCI‘lptIOD of the ground motion damage potential in the case of melastlc;'
behavior, in which most of the energy transmitted to the structure is dissipated.
through plastic deformations. The lessons learned from recent earthquakes and;
associate research indicate that the elastic spectra ordinates are not directlyt;
related to the structural damage. Extremely important factors such as the duration %33
of the strong ground shaking and the sequence and duration of acceleration E‘ I_;?,':'
pulses are not taken into account adequately. The Inelastic Response Spectra™i
(IRS), obtained directly from strong motion records, are necessary for the design
at safety level, but they are not sufficient because they do not give a prCClSC
description of the quantity of the energy that will be dissipated through hysteretlc i
behavior; they give only the value of the maximum ductility requirement. In q,_
several cases the observed behavior is not consistent with the usual seismic
strength coefficients, but it can be explained by making use of energy concepts.
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A large number of parameters have been proposed in literature to measure the
capacity of an earthquake to damage built structures, but no one seems to be
completely satisfactory. The adoption of inadequate parameters can lead to the
definition of non realistic design earthquake and, consequently, to the unreliable
evaluation of the seismic risk. :

In this context, the damage potential of earthquake ground motion perhaps
may be adequately characterized by means of energy parameters. In fact, energy-
based methods could provide more insight into the seismic performance and

~could be considered as effective tools for a comprehensive interpretation of the
behavior observed during destructive events. _

The main problem associated with the study of seismic hazard is to determine
the seismic ground motion at a given site, due to an earthquake, with 2 given
intensity and epicentral distance from the site, A solution for the study of seismic
hazard and associate seismic ground motion, at a given site and for a range of a
given distance from the fault, could be to use a complete set of recorded strong

- - motions and to group those accelerograms that have the same source, path and
site effects. In practice however, such a database is not available, being the
‘numboer of available recorded signals still relatively low. An alternative way is

~_ based on computer codes, developed from a detailed knowledge of the sejsmic
~_source process and of the propagation of seismic waves, that can simulate the
ground motion associated with the given earthquake scenario. In such a way,
synthetic signals, to be used as seismic input in a subsequent engineering

- analysis, can be produced at a very low cost/benefit ratio. Anyway, the damage

... potential of such signals need to be evaluated on the basis of the parameters

- ‘characterizing the earthquake destructiveness power derived from the available -
strong motion records.’ _ : _ o
. The realistic definition of seismic input can be performed by means of
advanced modelling codes based on the modal summation technique (e.g.
Florsch et al.'). These codes and their extension to laterally heterogeneous
structures (e.g. Romanelli et al?) allow us to accurately calculate synthetic

- signals, complete of. body waves and of surface waves, correspoanding to
different models of the source and of the medium, taking into account the effect
of local site conditions.

As an example of application of our analysis we consider the Catania (Sicily)
area where a pilot project of GNDT (Gruppo Nazionale.per la Difesa daj
Terremoti) is in progress for the reduction of the seismic hazard at a sub-regional
and urban scale. In such an urban area more than 500,000 people are living and
the application of advanced seismological methods for the definition of
groundshaking scenarios can play a crucial role in the analysis of the seismic risk
and in the feduction of possible losses.

2 Examples of ground motion synthesis in the Catania area

For the definition of the seismic source model to be used in the computations we
choose to consider an earthquake similar to the destructive event that occurred on
January 11, 1693. The focal mechanism parameters of the seismic source,
located approximately in the center (latitude: 37.44°; longitude; 15.23°) of the
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Northern Segment of the Hyblean fault, are: strike equal to 352°, dip equal to?c
80°, rake equal to 270°, focal depth equal to 10 km and seismic moment equal to}
3.2:10 Nm. Coeen

The calculation of synthetic signals for a potential large earthquake is a task#
that has to face with the difficult problem of the generation and pmpagation*ofv‘%
high frequency seismic waves, that are characterized by a big sensitivity to thégs,-
small scale details of the rupture process and to the heterogenities present in thé"}':
propagation medium. Therefore, such a problem should be solved taking info
account the dynamics underlying the source physical process. However, in thisy
work we want to focus mainly on the effects of the lateral heterogenities presents
in the medium of propagation since one of the final goals is to estimate the sité‘,g
effects. To minimize the number of free parameters we decide to account for}
source finiteness by properly weighti:g the source spectrum in the frequency?
domain using the scaling laws of Gusev’, as reported in Aki'. The propagation:of:
the seismic waves in the Catania area is modelled using the geotechnicaIE-
informations collected within GNDT (GNDT®), that supplies a simplified:
geotechnical zonation map. e

In Figure 1 the simplified geotechnical zonation map for the Catania area’
together with the 13 simplified cross sections that were considered in the’
analysis of Romanelli et al.’, are shown. Romanelli et al.* decided to employ the:
simplified map, in order to take into account the gross features of .the:
geotechnical zonation and to produce a sort of map of the ground motion. The 2+
D models associated with each cross section are built up putting in welded,
contact (from 2 to 4) different 1-D models: the regional model is chosen as;
bedrock model and the geotechnical information related with the selected
boreholes are used for the local 1-D models, The map shown in Figure.1 is used

428 Earthquake Resistant Engineering Structures
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to define the borders between the local models, i.e. the distances between the

vertical interfaces separating the different 1-D models. We decide here to study;
in more detail, for the successive engineering analysis, the initial part of section.
S4 of Romanelli et al.5, that the combination of the radiation pattern and of the{
path effect makes ‘one of the sections with the highest peak ground motion’
parameters. The model of section S4 that we consider in this work corresponds,
to the part between the coastline and the soft soils; the model is formed by three.
1-D models in welded contact, separated by vertical interfaces; the three laterally
homogeneous models correspond to the bedrock model (M0) and to the two local
models constructed using the data coming from the selected boreholes (sé‘g
Figure 2). o S AR

Using the model of Figure 2 we calculate the synthetic signals, for the
transverse component of motion (SH problem), at a series of equally spaced
sites. The distance between each site is 200 m and the total number of computed
signals is 20: 15 are calculated on the local model Ml (lavas) and 5 on M2
(sands and clays). The synthetic signals are calculated with the modal summation
technique for laterally heterogeneous models (Romanelli et al.%), with a cut-off
frequency of 10 Hz. The angle between the fault strike and the direction of the
section (strike-section angle) iIs measured counterclockwise from the strikq’

direction; the strike-receiver anlgle for all of the sites is 50 degrees. 0%
e
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Figure 2: Model adopted for the initial part of section S4.

In Figure 3 the acceleration time series for the twenty sites along S4 are
shown, together with the 1-D signals (left column) calculated with the modal
Summation technique for laterally homogenieous structures (Florsch et al.") using
the model MO and with a cut-off frequency of 10 Hz. From the comparison of
the 1-D and the 2-D time series it can be seen that the shape of the main peak of
the wavetrain is similar. However the 2-D time series show greater amplitudes
along all the section and the duration of the signal is highly increased. This can
be explained by the fact that the sharp horizontal gradient present at the
beginning of the local model represents a strong impedence contrast for the
incoming wavefield. Such a contrast produces a strong scattered wavefield that
Propagates in the low-velocity layers at the surface of the local models.



m K

INI

| B4

AR

e
B L

| e ey e
S R e T e T

430 Earthgquake Resistant Engineering Structures

056 A 0.77
0.54 _, AN 0.76
052 _.-; _,,,‘.,._“_al.'. 052
049 —4 A~ 0383
045 —o —A AN 0.82
042 __. A 0.79
037 vy ot 075
033 — e A 0.72
032 —y (v WA 0.65
0.34 — e AR 0.59
034 W oo 056
034 - - 059
0.34 _A' ~l‘,- iy A 0.61
033 —y ~ - ~ 0.61_ .
03t '__.' vy 0.60
024 __,‘_ —A 0.36
024 s 037
025 —-1: Ak 035
025 —y Aatar e 032
0.25 ——ty— B Sed it 028
5 lime (s) o 205 ' time (s) 20

Flgure 3: Synthetic accelerograms (transverse component) computed alonﬁr S4
bedrock model (left column) and laterally heterogeneous model (right column)
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Figure 4: 2D/1D response spectra ratios versus frequency and distance along S4

Moreover, the PGA/PGV mean ratio, equal to 20.5, is quite well correlated to
the PGA/PGV mean ratio correspondent to accclerograms recorded on firm soil,
at distances from the causative fault ranging from 12 to 30 Km, and for
magnitude ranging from 6.5 to 7.1 (Decanini and Mollaioli’).

To estimate the site response we evaluate the ratio between the response
spectra (RSR) calculated, at a given site, for the 2-D and the 1-D signals in order

P
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to reveal the resonant frequencies and the corresponding level of amplification
for the twenty sites of S4. In Figure 4 the RSR ratios are plotted versus
frequency and versus the distance from the beginning of the local model (sce
also Figure 2 for the reference system). The effect of the sharp lateral
heterogeneities is to create a higly energetic component of scattered waves that
are dominant within the first 500 m afier the vertical interfaces. The propagation
in the last part of M1 seems to be responsible of the shifting of the resonant
frequencies in the RSR at sites 12-15. This fact indicates that the site effect
depends not only on the layering of the local geological structure, but that the
relative position of the site with respect to the lateral heterogeneities is playing
- an important role for the local response.

3 Evaluation of the damage potential of the synthetic signals

- Even though a number of parameters have been proposed in the literature for

measuring the capacity of earthquake ground motion to damage structures, most

of them are not consistent with building damage observed during earthquakes

(Uang and Bertero®). '

: Among all the different parameters proposed for defining the damage
potential, perhaps one of the most promising is the Earthquake Input Energy (E))

- and associate parameters (the damping energy E; and the plastic hysteretic

- energy Ey) that has been studied by Uang and Bertero’. This parameter considers

- the actual behavior of a structural system and depends on the dynamic
'~ characteristics of both the ground motion and the structure. The input energy is a
_ reliable parameter in’ selecting the most demanding earthquake and in the
~ evaluation of the destructiveness of synthetic signals. Therefore, at a given site
~ the input energy permits the selection of the possible critical motions for the
~ response of the structure. However, in order to perform a reliable design, sizing

5" and detailing when the damage can be tolerated, the input energy alone is not

sufficient. | o
The fundamental concept in applying energy methods is the transformation of
the equation of motion of a viscous damped single-degree-of-freedom (SDOF)

system into an energy balance equation in which the input energy to the

structure, due to the seismic shaking at the base is balanced by energy absorbed
in the structure and by energy dissipated from the structure. Then, according to
the procedures described by Uang and Bertero’, the energy balance equation is
given by,

Ei=Ey+Eg +E, =Ei+ B + E, + Ey | (1)

Where Ej represents the absolute kinetic energy, E; is the damiping energy, and

E. is the absorbed energy that is composed of the recoverable elastic strain
energy, E;, and of the irrecoverable plastic hysteretic energy Ex.

' In previous work (Decanini and Mollaioli*'%) the absolute energy equation is

used, since this criterion has the advantage that the physical input energy is

reflected, in that E; represents the work done by the total base shear at the

foundation displacement, and it is suitable for the estimation of the energy terms

Lbakas 23
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in the range of periods of interest for the majority of the structures. E; can be
expressed by: et

%:I o, du, J‘—--— ugdt (2)4

where m is the mass, u,=u + u, is the absolute displacement of the mass, and u,3 _
is the eaﬂhqua.ke ground displacement. In the following the input energy per unit
mass, i.e. E/m, will be denoted as Er. "
Figure 5 shows a comparison between the elastic input energy of three
synthetic signals (synth_1, synth_3 and synth_5), evaluated for a damping rat101
equal to 5%, and two accelerograms (Santa Cruz UCSC/Lick Obs. Elect. Lab.,
Ucsc0; and Gilroy # 1, Gavilan College, Water Tower, Gav. Tower 90) recorded
during the Loma Prieta earthquake (1989; M=7.1) on firm soil (S1) and at
distances from the surface projection of the causative fault (Dy) equal to 15 and
16 km, respectively. It can be observed that the frequency content is almast the
same in both cases, and the maximum values of E; are concentrated within the

. range of periods 0.3 £ T < 0.5 s. Therefore, distances from the causative fault

being equal, the synthetic signals provide an elastic energy comparable to that

obtained from records taken on firm soil for a magnitude approximately equal to
7.1. In confirmation of the previous assertion, Figure 6 illustrates a comparison

between the synthetic signals, represented by the first signal, the mean and the

mean plus one standard deviation (SD) of all the signals, and the design input

energy spectrum proposed by Decanini and Mollaioli’ for a soil S1, for a

distance 12 < D< 30-km, and a magnitude 6.5 <M < 7.LIt should be rccalledr
that lavas thh Vs**350 /s lie at the boundary of the distinction between firm

values of the input energy of the syntheuc signals are consistent with the design
spectrum, even though the spectra of the synthetic signals appear to be more_
concentrated around their maximum values.

20000
18000 E i (cnf/s’) - & = 5%
16000 e—emae—(5av. Tower 90
14000 ——a—UJcsc 0
12000 —~—————synth 1 -
10000 .

8000 T [

6000

4000

2000

04 ! - . + =

0.0 05 1.0 1.5 20
T (s) '

Figure S: Elastic Ey (cm”/s”) spectra. Comparison between synthetic signals and
strong motion records of Loma Pricta earthquake (1989), Soil SI.
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Figure 6: Elastic E; (cm’/s”) spectra. Comparison between synthetic signals and
~_design input energy spectrum (firm soil S1, 12 £ Dr <30 km, 6.5 <M <7.1)

- 4 Conclusions

As a result of the study performed, it is possible to draw the. following
considerations: S

" . .a) The parameters PGA, PGV, tp and PGA/PGV fall within the range of
values normally found on firm soil, magnitude and distance to the causative fault
being equal. ' : :

b) The synthetic signals provide an energy response which is typical of
accelerograms recorded on firm soil; at a distance to the causative fault between
12 and 30 km, and a magnitude between 6.5 and 7.1. _

c) The energy-based parameters is a powerful tool to evaluate the

_ destructiveness of both synthetic signals and strong motion records.
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