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Abstract. The objective of this paper is to define seismic part of the Central Group; and the islands of S&o Miguel and
zones in the Azores based on statistical criteria. These seissanta Maria in the Eastern Group.

mic zones will likely be used in seismic simulations of oc-  Figure 1b shows epicenters in the Azores between 1915
currences in the Azores Archipelago. and 2011, and Fig. 1c shows a zoomed-in map of epicenters

The data used in this work cover the time period from 19150f the islands.
to 2011. The Azores region was divided int®x11° area The aim of this study is to define the seismic zones of the
units, for which the seismicity and the maximum magnitudesAzores, which will later be used for seismic simulations of
of events were calculated. the region.

The seismicity, the largest earthquakes recorded and the We define several zones that express differences in seis-
geological characteristics of the region were used to groupmicity, while allowing for a model that is not overly complex.
these area units because similar seismic zones must delineag®eismic zones are defined by polygons that delineate areas of
areas with homogeneous seismic characteristics. We haveomogeneous seismicity characteristics. They are also based
identified seven seismic zones. on differences in geology and tectonics, but seismicity is the

To verify that the defined areas differ statistically, we main characteristic in defining them (e.g., Reiter, 1991; Ka-
considered the following dissimilarity measures (variables):gan et al., 2010).
time, size and seismic conditions — the number of seismic In this work, the main criterion to define the zones is the
events with specific characteristics. recorded seismicity, as different zones should exhibit differ-

Statistical tests, particularly goodness-of-fit tests, allowedent statistical characteristics. The number of events is the
us to conclude that, considering these three variables, thenost important variable used in this study; magnitude is also
seven earthquake zones defined here are statistically distinaised, although large events may be infrequent.

Nunes et al. (2000) delineated a 28-seismic-zone model
based on the distribution of epicenters and on the tectonics of
Azores region. Due to the lack of seismic data, the model was
simplified for use in hazard assessment to include nine main

The A Archipel is located at the triole iuncii fth zones in order to allow a reliable statistical characterization
e Azores Archipelago is located at the triple junction of the ¢ yp o 1 e (Carvalho et al., 2001).

Mid-Atlantic Rift, where the Eurasian, Nubian, and Ameri- With the upgrade of the seismological network in the

can Plz?\tes meet. o ) . Azores in recent decades, seismic data have become more
The intense seismic activity in the region has been studleqe"able and complete for magnitudes greater than= 3
%g;a”y authors (e.g., Bezzeghoud et al., 2008; Borges et alyyis ai1ows for more robust statistical analyses than were
). possible in the past.

di ,?s',bsr:olfjvn In F'gihla’ tQ%Azo:es COHS.IS{LS 9f Inlnde |slfa2|ds The seismic zones cover geophysical units where data are
IStriouled among three diterent groups. the 151ands ot Flo-5, 4jjaple . For each unit, we computed the following:
res and Corvo, constituting the Western Group; the islands

of Terceira, Graciosa, Sao Jorge, Faial and Pico, which are — The number of events.

1 Introduction

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Fig. 1. (a) The Azores Archipelaggp) epicentral map for 1915—
2011 andc) zoom of epicenters for the islands.

— The maximum magnitude recorded.

Fig. 2. Gutenberg—Richter plot for the Azores region showing all
catalog seismicity.

2 Data

The data used in this work were gathered from two sources.
For the period 1915-1998, we used the catalog of Nunes et
al. (2004), and for the period 1999-2011, data were directly
obtained from Instituto de Meteorologia (2011).

The earlier period covers the region encompassed by
11.50 W-42.86 W and 10.80N-47.54 N. A total of
9214 earthquake records are available, of which 5456 have
information on Richter-scale magnitudes.

The catalog for the later period covers the area within
21.3P W-35.42 W and 34.30N-45.57 N, and contains
9608 earthquakes, all of which include magnitude informa-
tion.

Table 1 summarizes the main characteristics of the data
used.

The data were analyzed as a whole, including foreshocks
and aftershocks. Fig. 2 shows a Gutenberg—Richter plot,
which indicates that the dataset is not complete. Many
small-magnitude events occur in the sea, far from the seis-
mic network, and thus are not recorded. According to the
Gutenberg—Richter law, a linear trend should exist between
Log N andm:

LogN(m) =a — b x m, D

whereN is the number of events of magnitude greater than
m, anda andb are constants fitted to the data.

Removing earthquakes smaller than magnitude 2, a least-
squares approximation leads to

LogN (m) = 5.77611— 0.79 m )

with a correlation coefficienk = —0.996, which indicates a
significant linear correlation and that the catalog is complete
for earthquakes with magnitude larger than 2.

We grouped the 28 areas of Nunes et al. (2000) into seven If we consider only events with magnitudes greater than
zones that exhibit different characteristics. We used sev2, much of the dataset would be lost (the value 2 corre-
eral statistic tests (parametric and nonparametric) to confirnsponds approximately to the 0.40 quantile of magnitude; see

whether these seven zones were significantly different.

Nat. Hazards Earth Syst. Sci., 13, 23372351, 2013

Table 4), and the aim of this paper is not to estimate the
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Table 1.Data characteristics.

Data characteristics

Period of time covered (in years) 1915 to 2011
Total number of records 18822
Records containing information of magnitude 15065
Records without information of magnitude 3757
Records containing information of magnitude and intensity 499

Records with intensity information and without information of magnitude 247

No. of seismic events Table 2. Statistics of the AS.
1400
Statistic Value
1200 + 50
w0 0 e L s e é‘"l;'”"l Mean 200.39
] FIRTFRIAR32Y Standard deviation  330.76
Skewness 1.63
600 Kurtosis 4.76
400 Minimum 0
200 | | | Quantile
1 1 0.1 1
O e e e 0.2 1
1915 1922 1929 1936 1943 1950 1957 1964 1971 1978 1985 1992 1999 2006
Yea 0.3 2
0.4 4
Fig. 3. Annual seismicity. 0.5 7
0.6 28.6
0.7 212.8
constants: andb of the Gutenberg—Richter law. Therefore, 0.8 499.8
we consider all earthquakes with a catalog magnitude greater 0.9 648.2
than 0, which corresponds to events for which the magnitude t(mix-) f 13%%
has not been determined. umber otyears

3 Exploratory data analysis The heterogeneity of the data suggests that we should use

records from 1960 onwards, as this produces a dataset that
We used the R software (e.g., Dalgaard, 2008; Venables et pest reflects the actual seismicity.

al., 2011) to perform the statistical analysis in this study. For
some calculations, we also used the Turbo PR saftware. 3.2 Statistical study of some characteristics of seismic

events
3.1 Annual seismicity

Each earthquake can be characterized by three variables:
The seismic records contain information about the yeartime, size and space.
month, day, hour, minute and second of each event. For The variable time (Dt) is characterized by the time inter-
straightforward computation, time was converted into deci-vals between consecutive earthquakes, the variable $)ze (
mal years. is the Richter magnitude associated with an earthquake and
Consider the variable annual seismicity (AS), which rep-the space variable (Sp) gives the number of the zone corre-
resents the number of earthquakes that occurred in one yeagponding to the epicenter of the earthquake. However at this
Figure 3 displays the AS for the period from 1915 to 2011. stage, Sp is characterized by the latitude and longitude of
The AS is very heterogeneous throughout the study periodeach earthquake.
and it appears to increase in 1960. This increase reflects the Figure 5 describes a schematic representation of the seis-
expansion of the seismic network in the Azores Archipelago.mic process of occurrences, wheferepresents the size of
Table 2 shows the main statistical properties of the AS forearthquake, Dt; the time interval between this event and the
the period of 1915-2011. preceding onei(— 1) and Spthe location of event.
Figure 4 shows a histogram of the AS, which is highly
variable, varying between fewer than 200 earthquakes in one
year to more than 1000.

www.nat-hazards-earth-syst-sci.net/13/2337/2013/ Nat. Hazards Earth Syst. Sci., 13, 233854, 2013
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Fig. 5. Schematic representation of the seismic process of occur-
rences.

3.2.1 Study of the time variable

As previously stated, Dt represents the time intervals be-
tween consecutive earthquakes, expressed in years, during 00 02 04 06 08
the time period of 1915-2011. Let §tbe the variable that
typifies the time intervals between consecutive earthquakes
between 1960 and 2011. (b)
Table 3 shows the statistics of the variables Dt anghDt  Fig. 6. (a)Histogram of Dt, andb) histogram of Dgo.
with the largest difference observed in their maximum val-
ues. While the maximum value of Dt is approximately 5yr,
the maximum value of @b is only 0.78 yr, whichis lessthan  3.2.2  Study of the size variable
nine months. The mean Dt is approximately half of the mean
Dtgo. Comparing the quantiles of these two variables, thereAs described in Sect. 3.2.5, represents the size of each
is no significant difference below the 0.90 quantile, indicat- earthquake between 1915 and 2011.
ing that the major difference is in the maximum values of the  As shown in Table 1, 3757 seismic records do not include
variables. magnitude; the magnitudes are null values in the catalog. If
Figure 6a and b present the histograms of Dt angh,Dt these records are not removed, they will influence the statis-
respectively, which show clear difference between the twotics of S.
random variables. In addition, if the earthquakes with null magnitudes were
ignored, the time intervals between consecutive events would
increase.

Dt60

Nat. Hazards Earth Syst. Sci., 13, 23372351, 2013 www.nat-hazards-earth-syst-sci.net/13/2337/2013/
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Table 3. Statistics of Dt and BQy.

Statistics of Dt Statistics of gy

Mean 0.0050207 Mean 0.0027532
Standard deviation 0.0632967 Standard deviation 0.0180847
Skewness 44.61 Skewness 24.8
Kurtosis 2823.92 Kurtosis 798.7
Minimum 0.00000000 Minimum 0.00000000
Quantile Quantile

0.1 0.00000770 0.1 0.00000760
0.2 0.00003982 0.2 0.00003884
0.3 0.00011980 0.3 0.00011790
0.4 0.00027390 0.4 0.00027020
0.5 0.00053885 0.5 0.00053270
0.6 0.00093420 0.6 0.00091922
0.7 0.00157952 0.7 0.00155820
0.8 0.00263610 0.8 0.00260176
0.9 0.00492949 0.9 0.00479008

1 (max.) 5.0392669 1 (max.) 0.77849250
Total number of records 18821 Total number of records 18733

Let S,0 represent the earthquake magnitudes, excludingrench west of Graciosa, the D. Jodo de Castro Bank and the
the zero values of each earthquake between 1915 and 2011Hirondelle Trench.
Table 4 summarizes the statistics calculatedsfandsS,,o. However, for roughly half of this band, there is a slight
As expectedS,,0 has a larger mean thaf) and the stan- decrease in the AS of the region bounded by 18639 N
dard deviation ofS, is less than forS. The quantiles of and 2?7 W-28 W.
Swo are greater than similar quantiles &f except for the A region with high values of AS, although lower than for
1.0 quantile (maximum). the WNW-ESE band, is oriented approximately SSW-NNE,
Figure 7a presents a histogram of the absolute frequencieand includes the islands of the Western Group and the north-
of S. The large number of zero magnitudes is due to earth-ern Mid-Atlantic Ridge.

quakes with unknown magnitudes. East of the WNW-ESE band, there is a region with nearly
The histogram displayed in Fig. 7b shows the asymmetryE—W orientation, in which the AS is also elevated.

of the probability density function af,,0, with a significant The maximum magnitude recorded was also computed for

tail for large values ofS,,0 and a positive skewness coeffi- each area unit during the study period.

cient. Figure 8b shows that the WNW-ESE and SSW-NNE

bands of seismicity also have higher maximum recorded
magnitudes, with the largest magnitude, 8.2, recorded in the
E-W band.

In the WNW-ESE band, two centers of high magnitudes
i i ] . ) are highlighted, one of which covers the Central Group of the
As previously described, the main goal of this study is t0 archipelago, particularly the western region of Faial Island,

identify regions with significant differences in seismicity. 544 the other covers the Eastern Group of the Archipelago,
We use the number of events and theximum magnitude \yith an emphasis on S&o Miguel Island.

recordedto identify these differences. The region included  The seismic zones were defined by aggregating area units

in the dataset was divided intd’ X 1° area units, and the  5ccording to the aforementioned patterns, with an emphasis
number of earthquakes recorded in the period from 1915 Q) the seismicity and the maximum magnitude recorded. Dif-
2011 was computed for each area unit. Let Sq represent thg,rances in geomorphology were also taken into account.
number of events between 1915 and 2011 in each area unit. |, the region within 11.50W-42.54W, 10.80 N—

Figure 8a shows the values of Sq for the region boundedy7 5 N, the following seven seismic zones were defined
by 40 W-15 W and 30 N-47 N. (Table 5, Fig. 9a and b):

There is a band of increased seismicity (values above the 750 1 comprises the Western Group of the Azores
0.8 quantile of AS) with an approximately WNW-ESE ori- archipelago and is situated NW of the Mid-Atlantic Ridge.

entation, which covers the Eastern and Central groups of th¢ presents low values of seismicity, and the maximum
Azores Archipelago, as well as the NW Faial region, the

4 Definition of seismic zones

www.nat-hazards-earth-syst-sci.net/13/2337/2013/ Nat. Hazards Earth Syst. Sci., 13, 233854, 2013
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Table 4. Statistics ofS andS,,0.

Statistics ofS Statistics ofS 0

Mean 2.05 Mean 2.56
Standard deviation 1.19 Standard deviation 0.68
Skewness —-0.45 Skewness 1.11
Kurtosis 2.88 Kurtosis 6.21
Minimum 0.0 Minimum 0.2
Quantile Quantile

0.1 0.0 0.1 2.0
0.2 0.5 0.2 2.1
0.3 2.0 0.3 2.2
0.4 2.1 0.4 2.3
0.5 2.3 0.5 2.4
0.6 2.4 0.6 2.6
0.7 2.6 0.7 2.8
0.8 29 0.8 3.0
0.9 3.2 0.9 3.4
1 (max.) 8.2 1 (max.) 8.2

Total number of records 18822

Total number of records 15065

Table 5. Seismic zones.

Zone

Definition

Designation

Zone 1

Zone 2

Zone 3

Zone 4

Zone 5

Zone 6

Zone 7

[lat< 39 and
lat > (long+ 70)] OR
[lat >39 and longs (—31)]

[lat=< 39 and lat <(longt 70) and lat> (long + 68)] OR
[lat >39 and long >(31 ) and
lat > (long + 68)]

lat> (—0.4x long + 28.2) and
lat <(long+ 68) and
lat > 38

lat <¢0.4 x long+ 28.2)
and lat> (—0.2x long + 32) and lat <(longt 68)
and lat> (1.5x long + 78.75)

lat <(1.5< long + 78.75) and
long<(—24.5) and

lat <(—0.4 x long + 28.2) and
lat > (—0.833x long + 14.583)

long >£24.5) and lat <38 and lat 35
lat <¢0.2x long+ 32) and

lat <(long+ 68) and
lat <(—0.833x long + 14.583)

West of Mid-Atlantic Ridge

Mid-Atlantic Ridge

Northeast of Mid-Atlantic Ridge

Azores Island Central Group

Azores Island Eastern Group

Gloria Fault

South of Azores Islands

Nat. Hazards Earth Syst. Sci., 13, 23372351, 2013
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Zone 4 encompasses the Central Group of the
Archipelago, west of Capelinhos and the Terceira Rift
central sector. It features very high seismicity and a
maximum magnitude of 6.0. Compared to the maximum
magnitudes recorded in other zones, this magnitude is not
very high, indicating that the main characteristic of this zone
is the high seismicity and not its maximum magnitude. This
zone contains five islands: Faial, Pico, Sao Jorge, Terceira
and Graciosa.

Zone 5 comprises the Eastern Group of the Archipelago,
the Hirondelle Trench and the D. Jo&o de Castro Bank. It
has the highest seismicity of all seven zones, and the maxi-
mum magnitude recorded is 7.0. This zone is characterized
not only by its high seismicity but also by its high maxi-
mum magnitude recorded. This zone contains two islands:
S&o Miguel and Santa Maria.

Zone 6 is a maritime zone and includes the Gloria Fault.

Frequency
2000 3000 4000 5000 6000
1 1 1

1000
Il

0
L

T T 1

0 2 4 6 8
, The seismicity is moderate, but this zone has the highest
Magnitude magnitude of all zones: 8.2. It is characterized by a mod-
(@) erate number of earthquakes, which can be of relatively high

magnitude.

Zone 7 is a maritime zone and is the furthest south of all
seismic zones. It has the lowest seismicity, and the maximum
magnitude recorded is 6.1.

Zones 1, 3 and 7 include small numbers of events com-
pared to the other seismic zones. Therefore, they are consid-
ered to bebackground zones

The statistical study focuses primarily on zones 2, 4, 5 and
6, although all zones were examined initially.

We calculated the number of earthquakes recorded be-
tween 1915 and 2011 for each seismic zone. Table 6 and
Fig. 10 summarize the results.

Density
0.4 0.6
1

0.2

4.1 Statistical study of the time and size variables for
each seismic zone

0.0
L

T T 1

4 6 s In the statistical study of the time variable, characterized by
the time intervals between consecutive events, only the pe-
riod 1960-2011 was considered.

(b) For the size variable, data from all time periods were con-
Fig. 7. (a) Histogram of absolute frequencies 8f and (b) his- sidered, but the null values were not taken into consideration.

togram ofS,,o.

o
N

Magnitude

411 Time

) . ) Consider Do, i € {1,2,3,4,5, 6,7}, the variable that rep-
magpnitude recorded is 6.2. The islands of Flores and ConvQegents the time interval between an event and its previous
are in this zone. event, both in zong, in 1960 and later.

Zone 2 is a maritime zone corresponding to the Mid- a6 7 summarizes the statistics calculated fepRt €
Atlantic Ridge and its transform faults to the north. This zone( 5 3 4 5.6,7).

also comprises the North Azores Fracture Zone. It has high
levels of seismicity and a maximum magnitude of 6.0. 4.1.2 Size

Zone 3 is a maritime zone with very low seismic-
ity, located NE of the Central and Eastern groups of thelLet S, represent the nonzero magnitudes in the zgne
Archipelago and east of the Mid-Atlantic Ridge. The max- i € {1,2,3,4,5,6, 7}.
imum magnitude recorded is 4.7, the lowest maximum mag- Table 8 condenses the statistics computedSig;,i €
nitude for all zones. {1,2,3,4,5,6,7}.

www.nat-hazards-earth-syst-sci.net/13/2337/2013/ Nat. Hazards Earth Syst. Sci., 13, 233854, 2013
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Fig. 8. (a) Seismicity recorded per area unit, affd maximum magnitude recorded per area unit.
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Mid-Atlantic Ridge (MAR); West of Capelinhos (WQYorth Azores Fracture Zone (NAFZ);
Bank D. Joéo de Castro (BDJC); Trench Hirondelld)(TTrench West of Graciosa (TWG);
Terceira Rift Central Sector (TRCS); Gloria Fa@H).

(b)

Fig. 9. (a) Schematic representation of the defined zones(lanohorphological features of the study area.

Table 6. The number of seismic events in each seismic zone.

Zone 1 2 3 4 5 6 7 Total
Obs. 201 1847 65 6009 9948 727 25 18822

2345
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Table 7. Statistics of Dgg,; .

Mean Standard deviation Number of records  Minimum Maximum 95 % confidence interval for the mean

Dtgg1 0.2683907 0.5484976 192 0.0000000  3.6578259 [0.1907628, 0.3460186]
Dtggo 0.0281624 0.1090001 1831 0.0000000 1.7924995 [0.0231697, 0.0331551]
Dtgo,3 0.8320763 1.6549227 60 0.0004793 10.6083954 [0.4133231, 1.2508295]
Dtgg4 0.0085003 0.0671134 5981 0.0000000  2.4777918 [0.0067994, 0.0102012]
Dtggs 0.0051966 0.0462983 9921 0.0000000  2.3838838 [0.0042855, 0.0061077]
Dtgos 0.0631802 0.2491379 720 0.0000019  4.9323605 [0.0449820, 0.0813784]
Dtgg7 2.2769963 2.1647580 22 0.0566912  8.3945568 [1.3170182, 3.2369744]

Table 8. Statistics 0fS,,g ; .

Mean Standard deviation Number of records Minimum Maximum 95 % confidence interval for the mean

Swo.1 45 0.7 174 2.8 6.2 [4.4, 4.6]
Sw0,2 3.0 0.7 1703 1.4 6.0 [3.0, 3.0]
S10.3 2.9 0.6 38 2.0 4.7 [2.7,3.1]
Swo.4 25 0.5 5407 0.2 6.0 [2.5, 2.5]
Sw0.5 2.4 0.7 7087 0.2 7.0 [2.4, 2.4]
Sw0.6 2.9 0.7 642 2.0 8.2 [2.8, 3.0]
Sw0.7 4.1 1.2 14 1.9 6.1 [3.4,4.8]
5 Methodology for the dissimilation of seismic zones If a nonparametric test far samples leads to the rejec-

tion of the null hypothesis, the variables cannot come from
For the region covered by the data, area units were aggrethe same population, but it remains unclear as to whether
gated by their identical characteristics, resulting in the severy|| come from distinctly different populations. To investigate
distinct zones. whether there are samples with the same distribution, we can
In the following tests, the aim was to quantitatively show compare any pair of thesamples using a nonparametric test
whether the variables corresponding to these areas were Sigor pairs of samples.
nificantly different. In this case, we can use the chi-square test for two indepen-
If the variables time, size and seismic conditions, which gent samples or the Kolmogorov—Smirnov two-sample test
will be explained latter, differ significantly for each defined (e.g., Conover, 1999), with the latter preferable because it is
area, then statistical tests must indicate that these samplggore powerful; see Appendix A2 for a detailed description
come from different populations. of these methods.
As the seismic zones 1, 3 and 7 are markedly different
from other areas based on their reduced seismicity, they are
considered to be background zones. It was unnecessary & EXxperiments carried out
carry out statistical tests for these zones, and our statistical ) . o
study focuses on zones 2, 4, 5 and 6. 6.1 Testing differences in time

51 Statistical tests The chi-square test for independent samples was used to
verify whether the samples formed bydpt, j € {2,4, 5, 6}

Zones 2, 4, 5 and 6 were first studied together. We used a chiFan be extracted from the same population.

square test for independent samples to investigate whether . .

ther populations from whichr samples were extracted were E:\I/Iehtﬁ;();g?r']sésaigt?i.bﬁ?bzr; Dtsos, Dlsos and Deog

the same; that is, we tested the null hypothesis of the vari- '

ables corresponding to the different zones being taken from Alternative hypothesis, H1: 2, Dtgo4, Dtgos and

the same population. Dtgo,6 do not have the same distribution.

If the test conclusion was a clear rejection of the null hy-
pothesis, it would not be necessary to use additional tests fof he data may be grouped into classes. Ten classes bounded
r samples, otherwise we must use, for example, the Kruskalby the deciles of Q¥ have been adopted (see Table 3).

Wallis test (see Siegel and Castellan, 1988). The meanings 00;;, E;;, C, andn, are explained in Ap-
pendix Al.
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Table 9. Summary of results obtained in the chi-square test of time variable.
Zone Classl Class2 Class3 Class4 Class5 Class6 Class7 Class8 Class9 Classip
2 O;j 87 224 185 139 97 76 93 86 102 742 1831
Ej; 166.0 173.0 151.0 144.1 133.2 131.3 136.1 140.5 184.9 470.9
4 O;j 269 436 504 552 526 575 550 548 640 1381 5981
Ejj 542.3 565.3 493.3 470.6 435.0 428.8 4447 459.0 603.8 1538.3
5 O;j 1314 1078 821 747 706 652 706 757 1075 2065 9921
Ej; 899.5 937.6 818.3 780.6 721.5 711.3 737.6 761.3 1001.6 2551.6
6 0;; 3 6 12 14 13 20 23 25 46 558 720
Ejj 65.3 68.0 59.4 56.7 524 51.6 53.5 55.2 72.7 185.2
C 1673 1744 1522 1452 1342 1323 1372 1416 1863 4746 18453

The results obtained in the chi-square test (Table 9) reveatonducted. The test for two populations (variances un-
significant differences between the observed and expectelinown and unequal) (see Kanji, 1993) allows testing if the
values, leading to the rejection of the null hypothesis. mean of the two variables may be considered equal. For de-

The computation of the test statistic by Eq. (A1l—= tails onr tests, see Appendix A3.

441 301 with a 0.95 quantile ogf227 of 40.11 and a 0.99 quan- The test can be applied because the size of the samples is
tile of 46.96 — indicates that we should reject the null hypoth-large.

esis. As expected, we can conclude that the samples do not Let u4 and us be the means of the variablesgs and

have the same distribution. Dtso 5.

Given the large difference between the critical values and
the test statistic, it was not necessary to carry out more testsjull hypothesis
using multiple samples.

The rejection of the null hypothesis only means that theH0: ;14 = us
samples do not have the same distribution, but they do not The test statistic has a Student’sdistribution withv de-
determine whether the samples have distinctly different disgrees of freedom. Applying Egs. (A6) and (A7), one obtains,
tributions. respectively; = 3.356 ancdy = 9436.

In cases such as this, Siegel and Castellan (1988) recom- The Student’s variable withn degrees of freedom ap-
mend investigating whether there are any samples with theyroaches the standard normal distributionzaapproaches
same distribution. For this purpose, it is adequate to use thenfinity. Let Z1_q/2 be the 1e/2 quantile of the normal stan-
Kolmogorov—Smirnov two-sample test, in which we com- dard distributionsZg 975 = 1.96 andZg ggs = 2.58.
pareC3 = 6 pairs of samples. As 1 is much greater than the critical value, the null hy-
pothesis can be rejected for the significance levels of 5% and
1 %.

We conclude that the statistical distributions og&t, i €
{2, 4,5, 6} differ significantly.

Hypothesis

HO: Dtgo;, Dteg j,i €{2,4,5},j € {4,5,6},i # j have the
same distribution.

H1: Dtso;, Dteo )i € {2,4,5}, j € {4,5,6},i # j do not
have the same distribution.

Test statistics were computed using Eq. (A3). Table 10As was performed for B ;, j € {2,4,5,6}, the variables
summarizes the obtained results. Swo,i,i €{2,4,5,6} were compared as a whole using the

In all comparisons, the null hypothesis was rejected; thatchi-square test for independent samples, and pairs were later
is, the statistical distributions of the variableset i € compared.
{2,4,5, 6} are different.

However, for the comparison of zones 4 and 5, the testHypothesis
statistic is equal to the critical value for a significance level
of 1%. This means that although the empirical distributionsHO: S,,0.2, Sw0.4, Swo,5 andS,,0,6 have the same distribution;
of these two populations differ significantly, the differenceis  H1: Sy0.2, Swo.4, Swo,5 and Sy0,6 do not have the same
smaller than that obtained for other pairs of samples. distribution.

To dispel any doubt concerning the possible (but unlikely) Data can be grouped into classes. Ten classes bounded by
similarity between the distributions of gt4 and Dggs, a the deciles ofS,,o were adopted (see Table 4), but classes 1
parametric test using the average of these two variables waand 2 were joined because they have few expected values.

6.2 Testing differences in size
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Table 10.Summary of results obtained in the Kolmogorov—Smirnov test for time.

Zones compared 2and4 2and5 2and6 4and5 4and6 5and6
ni 1831 1831 1831 5981 5981 9921

no 5981 9921 720 9921 720 720

D 0.155 0.174 0.265 0.027 0.406 0.433
Critical value ¢ = 0.05) 0.036 0.035 0.060 0.022 0.054 0.052
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO
Critical value ¢ = 0.01) 0.044 0.042 0.073 0.027 0.065 0.064
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO

Table 11 summarizes the results obtained for the chi-
square test for independent samples.

Computing the test statistic using Eq. (Al), we obtain 12000
T =1781.1, with a 0.95 quantile ¢f2, of 36.42 and a 0.99

guantile of 42.98; we reject the null hypothesis.

Therefore, Sy0,i,i € {2,4,5,6} do not come from the

same population.

To investigate whether the samples arise from the
same population, they were compared in pairs using the 4000

Kolmogorov—Smirnov two-sample test.

Null hypothesis

Number of seismic events in each seismic zone

10000

8000

6000

2000

0 -

HO: Swo.i» Swo.j.i € {2.4.5),j € {4.5.6}.i #j have the 12 3 4 5 & 7

same distribution;

Zone

H1: Syo.i» Swo,j.i €{2,4,5},j€{4,56},i #j do not
have the same distribution.

Table 12 summarizes the

Kolmogorov—Smirno

Vv test.

Fig. 10. A plot showing the number of seismic events in each seis-

results obtained for themic zone.

In all comparisons, the null hypothesis was rejected; that

is, the statistical distributions of the variable&g,o;,i €

Let cd,i € {2,4,5,6} represent the seismic condition of

{2,4,5, 6} are different, demonstrating that for the size vari- each earthquake that occurred in zendhis variable can

able, seismic zones differ significantly. In this case, perform-assume only values of 1, 2, 3 and 4, corresponding to the
ing additional tests is unnecessary.

6.3 Testing seismic conditions dissimilarity

four seismic conditions.

Figure 11 summarizes the results obtained for zones 2, 4,
5 and 6.

To verify that the samples formed by ;cile {2, 4,5, 6}

For each seismic zone, all earthquakes belong to one of foug, ) he extracted from the same population, a chi-square test

seismic conditions:

1. A recent event (i.e., @b; < 0.50 quantile of D¥p)
with a magnitude that is not large (i.e5,,0,; < 0.80

quantile ofSy,0);

2. Notarecentevent (i.e., Bf; > 0.50 quantile of Ddp)
and with a large magnitude (i.€5,,0,; > 0.80 quantile

of SwO);

3. Arecentevent (i.e., @b; < 0.50) with a large magni-

tude (i.e.,Syo,; > 0.80 quantile ofS,,0);

4. Not arecent event (i.e., B§; > 0.50 quantile of Dio)
and with a magnitude that is not large (i.8,0,; <
0.80 quantile ofs,,p) have the correct boundaries.

Nat. Hazards Earth Syst. Sci., 13, 23372351, 2013

for independent samples was used.

Figure 11 strongly implies that the test leads to the rejec-
tion of the null hypothesis. Indeed, there is only some simi-
larity in the distribution of cdin zones 4 and 5.

Hypothesis

HO: cd,i € {2,4,5, 6} have the same distribution;

H1:cd,i € {2, 4,5, 6} do not have the same distribution.

Table 13 summarizes the results obtained for the chi-
square test.

Calculating the test statistic using Eq. (Al), we obtain
T =1810.4, with a 0.95 quantile gq‘g of 16.92 and a 0.99
quantile of 21.67. Therefore, we reject the null hypothesis

www.nat-hazards-earth-syst-sci.net/13/2337/2013/
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Table 11.Summary of results applying the chi-square test for size.

Zone Class1-2 Class3 Class4 Class5 Class6 Class7 Class8 Class9 Class 1}

2 O;; 44 44 66 84 180 268 241 348 428 1703
E;j 304.2 150.7 150.0 143.6 243.5 208.0 160.9 180.1 162.0

4 0; j 820 633 582 524 785 698 511 507 347 5407
Ei/- 966.0 478.4 476.2 455.8 773.2 660.3 510.9 571.7 5145

5 0;j 1765 606 626 608 1067 765 565 587 498 7087
E;j 1266 627 624 597 1013 865 670 749 674

6 Ol-j 22 30 33 35 90 81 85 127 139 642
E;j 114.7 56.8 56.5 54.1 91.8 78.4 60.7 67.9 61.1

Cy 2651 1313 1307 1251 2122 1822 1402 1569 1412 14839

Table 12. Summary of results obtained in Kolmogorov—Smirnov test for size.

Zones compared 2and4 2and5 2and6 4and5 4and6 5and6
ni 1703 1703 1703 5407 5407 7087

no 5407 7087 642 7087 642 642

D 0.373 0.414 0.082 0.136 0.297 0.335
Critical value ¢ = 0.05) 0.038 0.037 0.063 0.025 0.057 0.056
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO
Critical value ¢ = 0.01) 0.046 0.045 0.076 0.030 0.069 0.068
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO

Zone 2 Zone 4 HypotheS|s

HO: cd, cd;,i € {2,4,5}, j € {4,5,6},i # j have the same
1 distribution;
=2 H1: cd, cd;,i € {2,4,5},j €{4,5,6},i # j do not have
s the same distribution.
= Table 14 summarizes the results obtained in the
Kolmogorov—Smirnov test.
In all comparisons, the null hypothesis was rejected; that
is, the statistical distributions of gd € {2, 4, 5, 6} are differ-
ent, demonstrating that the seismic conditions of the seismic
1 zones differ significantly.
"2 We also tested the dissimilarity of seismic conditions using
a similar procedure that differs only in using the;gquantile
of 0.80 instead of 0.50. This provided similar results.

Zone 5 Zone 6

m4

Fig. 11. Graphical representation of cd € {2, 4,5, 6}.
7 Conclusions

In this study, we defined seismic zones for the Azores region.
We first divided the area intd1x 1° area units. For each area
and conclude that the samples do not have the same distribumit, the seismicity and maximum magnitude recorded were

tion. computed.
This means that the distributions of seismic conditions are These two variables were used with the geological charac-
not the same in zones 2, 4, 5 and 6. teristics of the region to group area units with similar charac-

To investigate whether samples of the seismic conditiongeristics; we identified seven seismic zones.
are from the same population, they were compared in pairs Statistical tests, particularly goodness-of-fit tests, were
using the Kolmogorov—Smirnov two-sample test. used, allowing for us to conclude that the variables time, size
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Table 13.Summary of results applying the chi-square test for the seismic condition.

Zone cq cdh cdg cdy ny

2 0;j 462 393 270 706 1831
E;j 672.5 145.6 95.3 917.6

4 O;j 2016 391 274 3300 5981
Ejj 2196.9 4755 311.2 2997.5

5 O;; 4266 478 402 4775 9921
E;; 3644.1 7887 516.1 4972.1

6 0j; 34 205 14 467 720
E;j 2645 572 375 360.8

Cy 6778 1467 970 9248 18453

Table 14.Summary of results obtained in the Kolmogorov—Smirnov test for the seismic condition.

Zones compared 2and4 2and5 2and6 4and5 4and6 5and6
ni 1831 1831 1831 5981 5981 9921

no 5981 9921 720 9921 720 720

D 0.166 0.178 0.263 0.093 0.290 0.383
Critical value ¢ = 0.05) 0.036 0.035 0.060 0.022 0.054 0.052
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO

Critical value ¢ = 0.01) 0.044 0.041 0.072 0.027 0.064 0.063
Conclusion Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO Rej.HO

and seismic conditions describing the seven seismic zone%able Al. Notation used in the chi-square test foindependent

differ significantly. samples.
The results of this study will likely be used in future seis-

mic modeling of occurrences in the region. Sample Class1 Class2 ... Cldss Totals
1 011 012 . Oy ny

Appendix A 2 021 022 .. Oy ny

L r o o ... O n

Statistical tests rl r2 rk r

Totals Cq Cy o Cx N

Al Chi-square test forr independent samples

The data consist of independent random samples of sizes Test statistic
ni, N, ...Nny.
Let F1(x), Fo(x), ..., F-(x) represent their respective dis-

2
tribution functions. Each observation can be classified as exy — Xr: Xk: (0ij — Eij) ’ (A1)
actly one of thek categories or classes. o= E;j
Null hypothesis (HO)F1(x) = Fa(x) =... = F.(x). niCj
Let 0;; represent the observed number of célls). The where E;; = (A2)
total number of observations is denoted Ny Therefore,
N=ni+np+...4n,. ~ The termk;; represents the expected number of observa-
Let C; be the total number of observations in ita class ~ tions in cell ¢, /) if HO is true. That is, if HO is true, the
(j=1,2,... k), suchthaC; = O1, + Oy, +...+ Oy}, j = number of o_bservatpn; in cell, () should. be close to the
1,2.... k. ith sample size; multiplied by the proportiorC; /N .

It can be shown that the sampling distributionTofs ap-
proximately chi-square distributed with

(k—1).(r — 1) degrees of freedonmy,2x—1).¢-—1)-

Leta be the level of significance, i.e., the maximum prob-
ability of rejecting a true null hypothesis.
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Decision rule Decision rule: reject HO at the level of significaneaf

the absolute value afexceeds its 1x/2 quantile.
Reject HO if T exceeds the & quantile of the variable

X(Zk—l)(r—l); otherwise do not reject HO.
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