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SUMMARY 
The use of non-parametric correlation tests (Kendall rank correlation coefficient) is proposed 
to analyse the interrelation between seismic energy release time series. This approach 
overcomes the difficulties encountered using parametric techniques (Pearson product-moment 
correlation coefficient) and, furthermore, it provides a statistically correct estimate of the 
interrelations significance level. The proposed technique has been used to re-examine four 
seismic interrelations reported in the literature. 
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INTRODUCTION 

Recognizing the interrelation between seismic zones may 
provide constraints to possible tectonic models and also 
indications useful for middle and long-term prediction of 
earthquakes. Recent works (Bkh 1984a,b; Mantovani, 
Albarello & Mucciarelli; 1986, 1987a,b) used techniques 
based on the Pearson product-moment correlation 
coefficient for the study of correlations between seismic 
energy release time series. This approach, however, allows 
the estimate of the interrelation significance level only in the 
case when the statistical distribution of seismic energy 
release is the normal one (Fisher 1958), whereas this 
condition is not fulfilled by experimental data. 

To stress this fact we applied the Kolmogorov-Smirnov 
test (see, e.g. Siege1 1956) to evaluate whether the data used 
by BHth and Mantovani et al. do or do not depart 
significantly from normality. This test has given a very low 
probability (<0.01) that the parent distributions are normal 
(Table 1). 

Another problem is due to the fact that Pearson’s 
coefficient is strongly conditioned by the maxima of each 
series. This effect becomes very important in the cases 
examined where the time series show variations of several 
orders of magnitude. The use of pth root of energy, as 
proposed by Mantovani et af. (1986, 1987a,b), reduces this 
effect but introduces, on the other hand, a new arbitrary 
quantity (p) and makes less clear the physical meaning of 
the considered quantity. 

Table 1. Comparison between the observed distributions of seismic 
energy release and the normal one. D, indicates the maximum 
deviation between the normal distribution and the empirical one 
obtained by the time series used for parametrical analysis (BBth 
1984a,b, Mantovani et al. 1986, 1987a,b). D, is the theoretical 
threshold value in the Kolmogorov-Smirnov test. When D, is 
greater than Dt the hypothesis that the parent distribution is the 
normal one may be rejected with a confidence level of 99 per cent. 

0, 0, 
Whole Earth (M 37.0, 1917-1976) 0.667 0.210 
Sweden (M 93.0, 1917-1976) 0.485 0.210 
Greece (M 3 5.3, 1928-1977) 0.661 0.231 
North Aegean (M P 5.0, 1600-1980) 0.601 0.084 
Calabrian Arc (M 3 5.0, 1600-1980) 0.399 0.084 
Southern Apennines (M 3 5.0, 1800-1980) 0.680 0.121 
Southern Dinarides (M 95.0, 1800-1980) 0.525 0.121 

Notwithstanding these problems, the use of energy release 
seems to be necessary because it represents a dynamic 
measure depending on both the frequency of occurrence and 
the magnitude of earthquakes (Bkh 1984a). 
In this work, a new approach based on the Kendall’s rank 

correlation coefficient (Kendall 1938) is proposed in order to 
overcome the described difficulties. 

KENDALL’S RANK CORRELATION 
COEFFICIENT 

Let us suppose to have N bivariate observations (Xi ,  x). 
We want to test the hypothesis HO (X and Y are unrelated) 
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against the alternative H1 (X and Y are somehow 
proportional). 

The values in the samples X and Y are ranked and the 
score S is computed following this rule: all the possible pairs 
of X elements (Xi, Xi, j > i) are taken. For each of such 
pairs the corresponding pair (Y,, Y) of elements of the 
sample Y is considered and the product V ,  defined as 

v = (Xi - X J y .  - y,) 
is performed. 

If V is negative, the score S is diminished by one unit, 
whereas if it is positive, a unit is added to the score. If V 
equals 0 the score S remains unaffected. 

The Kendall rank correlation coefficient t (Kendall 1955) 
is given by 

" 
N ( N -  1)- 2 rj(q- 1) 

J = 1  

where we have Q sets of ties in the X ranking and its jth set 
consists of qj observations ( j  = 1, 2, . . . , 0). We also have 
R sets of ties in the Y ranking and the jth set consists of 5 
observations ( j  = 1, 2, . . . , R). 

The value of t ranges from -1 to 1 and it is a measure of 
the degree of correlation between the X and Y series. 

When X and Yare unrelated (hypothesis HO) and N > 10, 
the variable 2 given by the relation 

z = S / [  & N ( N  - 1)(2N + 5) 

follows the normal distribution with mean equal to 0 and 
unit variance (Kendall 1955). Then the probability of 
occurrence of t under HO may be determined by computing 
2 for each t. It is thus possible to evaluate the probability P 
that the value t is casual and this allows one to reject the 
hypothesis HO with a Po confidence level in the case that 
P < Po (see Siegel 1956, Hollander & Wolfe 1973). 

No assumption about the values X and Y or about their 
statistical distribution is requested: we only need that X and 
Y can be ranked into ordered series. 

If X and Y correspond to the time series of energy release 
at two seismogenetic zones, it is possible to evaluate the 
degree of their interrelation and its statistical significance 
level. 

It is worth noting that the value t is invariant with respect 
to monotonic transformations' such as, e.g. scale variations 
(Siegel 1956). This fact makes the resulting values of 
insensitive to systematic errors belonging to such class of 
transformations and to the amplitude range of the data 
values. 

ANALYSIS OF SEISMiC INTERRELATIONS 

This approach may be used to test, with an independent 
methodology, the statistical significance of the cited 
interrelations. 

For each zone the period considered T is subdivided into 
T / K  intervals with constant amplitude K. Into each interval 
Ti,  nj seismic events with magnitude greater than a threshold 
magnitude are selected. The energy release time series f K  is 
constituted by the T I K  elements Ej given by 

"i 

E~ = C e, 
i= 1 

(3) 

where e, is the seismic energy release relative to the ith 
event. 

For each couple of zones the relative time series f f  and 
f,", obtained by varying the time resolution K, are 
crosscorrelated with a relative time delay At variable inside 
a given interval. 

The values of the correlation coefficient t ( K ,  At)  
obtained, are selected on the basis of their statistical 
significance P and are compared with those which have been 
obtained in the previous works by the Pearson's coefficient. 
In order to simplify this comparison we adopted, for each 
interrelation, the ranges of At and K proposed in the cited 
works. 

We examined four seismic interrelations: 

(A) Between the Swedish seismicity (M 3 3.0) and the 
global one (M 5 7.0) during the period 1917-1976 (B5th 
1984a) with time resolution K varying from 2 to 6 yr and the 
time shift At from -15 to 15 yr. 

(B) Between the Greek seismicity ( M ~ 5 . 3 )  and the 
global one (M37.0)  during the period 1928-1977 (Bith 
1984b). K ranges from 1 to 5 yr and At from -20 to 25 yr. 

(C) Between the M 3 5.0 seismicity in Southern Apen- 
nines and Southern Dinarides during the period 1800-1980 
(Mantovani et al. 1987b). K ranges from 1 to 5yr and At 
from -15 to 15yr; 

(D) Between the M 2 5.0 activity in the Northern 
Aegean Zone and in the Calabrian Arc during the period 
1600-1980 (Mantovani et al. 1986, 1987a). K ranges from 1 
to 5 and At from - 10 to 10 yr. 

While the choice of K and At ranges is connected to physical 
processes (interevent time, seismic crises, aftershocks, 
long-term trend or time stationarity) the choice of the 
significance threshold Po is arbitrary and it has only a 
statistical meaning. Tentatively we choose the value of 0.01 
for the significance threshold. 

In Tables 2-5 the values of t ( K ,  A t )  with a significance 
P ( t )  greater than the assumed threshold Po, are laid out for 
the interrelations considered. 

To determine the significance value associated with the 
interrelations, we then selected the At and K values which 
maximize the correlation coefficient and we assumed as 
significance value for each interrelation the one related to 
this maximum. All the proposed interrelations gave a high 
significance level (<0.008). 

The highest significance is obtained for the seismic 
interrelation between the Calabrian Arc and the North 
Aegean region (P < 0.0000002) and is directly connected 
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Table 2. Significant values (with a con- 
fidence level P < 0.01) of the Kendall's 
rank correlation coefficient t relative to 
the interrelation A between the seismic 
energy release in Sweden (M 2 3) and in 
the whole earth (Ms7.0) during the 
period 1917-1976 (BBth 1984a). K is the 
time resolution, At is the relative time 
delay between the two series and P the 
probability of each value to be casual. A 
negative value of At means that the 
energy release in the first series follows 
the one in the second. 

~ 

K At t P 
5 -10 0.69 0.003 
4 8 -0.54 0.006 
3 -9 0.58 0.001 

Table 3. Significant values of t (with 
P < 0.01) for the correlation B between 
the Greek seismicity (M 85.3) and the 
global one (M 3 7.0) during the period 
1928-1977 (Blth 1984b). Same legend 
as for Table 2. 

K At t P 
3 -15 0.56 0.008 
1 -15 0.37 0.001 

Table 4. Significant values of t (with 
P<O.Ol) for the correlation C 
between the Southern Apennines and 
Southern Dinarides seismicity (M s 
5.0) during the period 1800-1980 
(Mantovani et al. 1987a). Same leg- 
end as for Table 2. 

K At r 

4 0 0.42 

3 0 0.29 

5 -5 0.43 

3 -3 0.32 

2 -8 0.35 
2 -2 0.34 
1 -8 0.23 
1 -3 0.27 
1 -1 0.19 

P 
0.001 
0.001 
0.003 
0.007 
0.0002 
0.0002 
0.001 
0 . m 1  
0.005 

Table 5. Significant values of r (with PcO.01) for the correlation D 
between the Calabrian Arc and North Aegean seismicity (M 8 5.0) 
during the period 1600-1980 (Mantovani et al. 1986, 1987b). Same 
legend as for Table 2. 

K At t P 
5 0 0.43 0.0000002 
4 0 0.30 O.ooOo5 
4 4 0.22 0.002 
3 -3 0.21 0.001 
3 0 0.23 0.001 
2 -2 0.19 0.001 
2 0 0.20 0,001 
2 4 0.15 0.006 
1 -3 0.13 0.003 
1 -2 0.14 0.001 
1 -1 0.16 0.0002 
1 0 0.14 0.001 
1 1 0.11 0.007 
1 4 0.14 0.001 
1 6 0.13 0.003 

with the fact that this interrelation is tested with data 
coming from a longer observation period. 

The presence of a maximum value of correlation in 
correspondence with a given negative value of A t  may be 
interpreted as a tendency of seismic activity in the first zone 
to follow the one in the second zone. 

The meaning of a K value maximizing the correlation is 
more ambiguous: it is possible to consider this value as 
a measure of the time scale on which the physical 
phenomenon (e.g. stress diffusion) takes place. Otherwise it 
might be seen as mean length of seismic crises taking place 
in the involved seismic areas. Finally, this value might be 
considered as a measure of the variation of time relationship 
between the occurrence of earthquakes in the two zones. In 
this sense it is possible to associate an uncertainty D, given 
by KJ2,  to At. 

The values of At which maximize z in each interrelation 
(taking into account the uncertainty D around At) 'are in 
good agreement with those proposed in the previous works, 

For the interrelation A, BHth proposes an interrelation 
time of 10 yr: our method gives 10 f 3 yr. 

For the interrelation B ,  BHth suggests 15yr and our 
approach gives 15 f 2 yr. 

For the interrelation C, Mantovani et al. indicate a value 
-2 f 1 yr and the distribution free technique gives 
-5 f 3 yr. 

Finally, for the interrelation D ,  Mantovani et al. suggest a 
At  ranging from 0 to -3 yr and this technique gives a value 
of O f 3 y r .  

CONCLUSIONS 

A correct estimate of the statistical significance level of 
seismic interrelations cannot be made through parametric 
correlation techniques, since the basic assumption of this 
approach (i.e. a normal distribution of original data) is not 
fulfilled by the time series of annual energy release. Another 
problem is connected to the strong dependence of 
parametric correlation results from the maxima of time 
series. To overcome these difficulties the use of non- 
parametric correlation is proposed. 

The application of this technique to four seismic 
interrelations previously proposed allows their high 
statistical significance to be determined and confirms the 
interrelation time delays obtained using the parametric 
approach. 
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