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SUMMARY:

In this work our objectives are, first, to describgrobabilistic model aimed at forecasting maeigmic fields
and, second, to present the results and findingasirea by applying the model to two of recent dgimg
earthquakes in the South Iceland Seismic Zone, lyathe earthquakes on 17 June, 2000 and 29 Mz38,2
both of assessed epicentral intensity MMI X. Thedeloconsiders the intensity decay as a random hlaria
having a binomial probability distribution with r@emeterp, which is in its turn assumed to be a beta random
variable. Estimation is carried out according te tBayesian paradigm; on the basis of a learningofet
macroseismic fields, we express our belief on thenpmenon by assigning prior distributions to thedet
parameters and we then update them with currerd. dete model has already been applied to Italian
earthquakes, in particular, earthquakes occuriimthe Mt. Etha volcanic environment.
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1. HISTORICAL OUTLINE OF AN IDEA

The ability to forecast seismic scenarios in temwhsmacroseismic intensity at a site is of great
importance. This issue has largely been analysplyiag the deterministic point of view, but in the
last decade it has become increasingly clear beaintensity at a site, as well as the intensityagle
must be expressed in probabilistic terms in ordeslitain a more complete treatment of its intrinsic
uncertainty.

Following the probabilistic approach, Rotondi areh#do (2004) proposed to estimate the probability
distribution of the intensity at a site, conditidnen the epicentral intensity and the epicentrsii®-
distance, by using a binomial-beta model. The edton process was carried out according to the
Bayesian paradigm, exploiting a learning set of noseismic fields to assign prior distributions loé t
model parameters. The model was originally testedhe Colfiorito earthquake (1997/9/26, central
Italy). In that study the learning set included noaeismic fields from the seismogenetic zones ef th
zonation ZS4 (Meletti et al., 2000) judged homogeise from the viewpoint of the kinematic context
and expected rupture mechanism, to the zone tohwiie epicentre of the Colfiorito earthquake
belongs.

Subsequently, Zonno et al. (2009) were the firstat@lyse Italian macroseismic fields through
summaries of the spatial distribution of intensitycay in order to detect groups of earthquakes
homogeneous from the attenuation point of view. &aghquakes considered in their study were 55
earthquakes of epicentral intensity MESII, selected from the DBMIO4 Italian database (ghi et

al., 2007) and judged to be representative ofghgbral and spatial distribution of Italian seisityic
Each macroseismic field was characterized by lonaind dispersion measures computed for each set
of distances from the epicentre to the sites wtiegesame intensity was observed, and, on the basis
this information, the earthquakes were grouped bings an agglomerative clustering method
(Kaufman and Rousseeuw, 1990). Three groups camespy to three different decay trends were
detected and employed as learning sets to repradaaeacroseismic fields by applying the binomial-
beta model separately inside each group. Afterwatds process was repeated with a much larger



number of earthquakes of epicentral intensity MG&l and four groups of different decay trend were
detected. At present, these are the groups aveitabpossible learning sets for future studies.

The model has also already been applied to earthquaccurring in the Mt. Etnha volcanic district
(Azzaro et al., submitted). Since these earthqualere not used for the clustering procedure, this
application can be seen as a test, both for theeh@u for the relevance of the learning sets ddriv
as explained above. In that study the Italian meaismic fields used as a learning set was the one
corresponding to the fastest decay trend, sincel¢lcay trend of the earthquakes on the flank of Mt.
Etna is very quick, due to the fractured ground &ndery shallow seismicity activity (Azzaro et,al.
2006).

The present work describes the application of tleElehto two recent damaging earthquakes in
Iceland, in the South Seismic Iceland Zone. Ihisfirst application of the model to earthquakes of
seismic region outside Italy. The work is part oétady of seismic regions of different European
countries with the aim of implementing common €igis to forecast damage scenarios from
macroseismic fields and to assess the seismicdhazar

2. THE PROBABILISTIC MODEL

The binomial-beta model is based on the hypothésits conditioned on the epicentral intensity
and on a fixed epicentral distance, the intensityag Al has a binomial distribution with parameter
p,ie.

Pr(Al =i, —i Il y=i op) =(:°in (1-p)t, 2.1)

which is also equivalent to assuming that the sitgrat a given sitd ; has a binomial distribution
with parameterp, since

Pr(l,=illy=ip)=Pr(A =i 4 I 43 ). 2.2)

This choice is predicated on respecting insofafaasas possible the ordinal nature of the intensity
scale applied. The parameter, in its turn, is taken as a random variable ineorid account for the

variability in ground shaking even among sites wiith same epicentral distance; it is assumed te hav
the beta distribution

:r(a+ﬁ) P g1 op-1
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with parametersqdand £. ' denotes the gamma function. The mean and theneariare given,
respectively, as follows
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The beta distribution has been adopted due tord@atdlexibility and tractability within the Bayesi
framework.

In this work we assume the isotropic model for dleeay. According to this the model parameters are
directionally independent. Because of the deperalasfcthe attenuation from the epicentre-site
distance, we considerdistance bins distributed around the epicentreassdime that in all the sites
within each j th distance binAl has the same binomial distribution with parameggrin turn, each

p; has a beta distribution with hyperparameters and ;. The width of the bins may vary,
depending on the case considered.



Let us assume that we estimate macroseismic fafl@srthquakes of given epicentral intensity.

Having selected a suitable learning set througtclvprior knowledge about the phenomenon can be
expressed, the estimation algorithm proceeds akwel In the first step we assign the
hyperparameters; , and 3, , of the prior beta distribution of the parametgxs on the basis of the

information provided by the macroseismic fields tbke earthquakes of epicentral intensity
belonging to the selected learning set. We rougb$timate the probability of null decay
Pr(Al =0Jl, =i, )=pijO in the j th distance bin by the relative frequency of neltay N; (i;) / N; ,
where N; (ip) is the number of sites in thgth distance bin where the intensity at site is sroaller
than the epicentral intensity. Hence, the initis#am value forp; will be p; ,=(N;(ig)/ N; YW
Fixed the variance ofp; we invert Eqns. 2.4 to obtain the values of thpenparametersr; , and
:Bj,O'

In the second step, we compute the posterior bstabdition of the parameterp; on the basis of the
current macroseismic fields and estimate epglthrough its posterior mean

N; (n)
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, (2.5)

wherei{"’

that bin.
By smoothing the posterior mean op in each bin through an inverse power function

is the intensity at the, -th site inside thej th bin andN; is the total number of sites in

g(d) =(yl/ d)y2 , We can express this parameter as a continuoesidarof the epicentral distanak.

We can then estimate, at any distancel from the epicentre by using what we call the sihedt
binomial function:

Plimootn(ls =1 1o =i ol )=[:°jg @)(1-g(@)"” . (2.6)

The mode of the smoothed binomial distributiaf,,.q, is taken as an estimate of the intensity at site

I. Through the posterior distribution of the paragngtthe Bayesian paradigm also provides rational
measures of the parameter uncertainties.

3. THE ICELAND CASE STUDY

All major damaging earthquakes in Iceland haveioaiggd within two fracture zones, one in the
south, called the South Iceland Seismic Zone (SI&&J one in the North, usually called the Tjornes
Fracture Zone (TFZ). In this study we consider daenaging earthquakes striking in SISZ on June
17, 2000 and May 29, 2008 (Sigbjérnsson et al.,72@lgbjornsson et al., 2009), of B5 and

6.3V, , respectively. They are among the most importaisiisic events in the area since 1896, when

a sequence of moderate-to-strong earthquakes tack ;0 SISZ over a period of two weeks. The
macroseismic epicentre (63.97°N, 20.36°W) of thst fearthquake was in the central part of SISZ,
just north of the rural village of Hella, while tlogher (63.98°N, 21.13°W) was in the westernmost
part of SISZ, precisely in the Olfus District, ween the towns of Selfoss and Hveragerdi. For this
earthquake there are indications that the recoedethquake waves were not generated by a single
causative fault but by the almost simultaneousuniqpg of two parallel faults.



For both the earthquakels =X on the MMI intensity scale (Wood and Neuman, 198ith the

extensions referring to “Icelandic building tradit’ by Tryggvason, 1979). Although nowadays in
Iceland the most recent EMS scale has been adotedyiMI scale is still used in an attempt to
preserve continuity with earlier studies, in whible bulk of the intensity data was collected acicwyd

to the MMI scale.

The data points of the earthquakes on June 17, 200May 29, 2009 are 434 and 145, respectively.
For both earthquakes it is known that the intenattgnuates quite rapidly with increasing distance
from the causative faults, as can clearly be sgetind exploratory analysis of the spatial distribat

of the seismic decay pictured in Fig. 3.1.
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Figure 3.1.Intensity decay (red dots) vs. epicentral distaocehe 2000/06/17 (left) and
the 2008/05/29 (right) earthquakes. Blue dots detiet median of the distance subsets.

In light of the attenuation trend of the two earthkes, among the four groups of Italian macroseismi
fields which at present can be considered as legusets, we selected one of the two characteriged b
a steep attenuation trend and used the informatiomided by the earthquakes of that set having
l, =X for assigning the hyperparameteas, and S;, of the prior beta distribution of the

parametersp;. Given the difference in the impact area of traidh earthquakes and of the two

Icelandic earthquakes, and, above all, given tHerdnces in the distances at which the same decays
were approximately observed, we decided to shiwekwidth of the bins (originally set up at 10 km)
by suitable coefficients. The observed and est@rthattensities are pictured in Fig. 3.2 and Fig§. 3
on the left and the right, respectively.

To validate the results we used three criteria. flits¢ one is the so-called logarithmic scoringerul
based on the logarithm of the likelihood function:

500G~ 109 | {i'gn)] g @) (- g @) 31)

where N is the total number of the observed intensitictha site;ié“’ is the intensity at site and
d, is the distance of site from the epicentre.
The second criterion is based on theO)/ p( F) ratio between the probability that the fitted miode

assesses to an observatidonand the probability of the forecast val&e that is, how much is gained
from having predicted= whenO occurs:
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i(n)
whereig .

distribution.
The third and last criterion is based on the alisotliscrepancy between observed and estimated
intensities at site:

n is the estimate of the intensity at sitgorovided by the mode of the smoothed binomial

i _jm 4
S smooth -
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i=1

Table 3.1 shows the values we obtained for theemrthquakes.

Table 3.1.Results of the validation criteria applied to #@0/06/17 and 2008/05/29 earthquakes.
earthquake scoring odds discrepancy

2000/06/17 1.489 0.126 0.565

2008/05/29 1.576 0.307 0.779

The estimated macroseismic field for the 17 Jun@028vent given in Fig. 3.2 reveals a fair overall
prediction, confirmed by the results in Table 3.1.
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Figure 3.2.Macroseismic field of the 2000/06/17 earthquakeSiisZ: observed intensities on the left,
estimated intensities on the right. Stars denatesfiicentre.

If we consider the third validation criterion, fimstance, we see that the difference between obderv
and estimated intensities, on average, amounts tongbout half a degree of the intensity scale.
However, there are certain systematic discrepanttias can be traced back to the near-fault
characteristics and the elongated shape of theripéd region reflecting the finite surface faulide.
This is true, in particular, for underestimationmgensities southward from the epicentre.

Table 3.1 shows slightly worse results for the 28yM2008 event, although the third validation
criterion highlights a difference between obseraed estimated intensities which, on average, lis sti
less than one degree of the intensity scale. Itgge&ig. 3.3 reveals some of the discrepancies
between observed and estimated intensities. Hirgli,adhe modelling of the macroseismic epicentre
as a point between the two causative faults leads/¢restimation of intensities close to the virtua
source representing the macroseismic epicentreedder, there is an overall overestimation of the
intensities at the Hveragerdi Village, whereashs Town of Selfoss the highest intensities are
underestimated. On the whole the results suggedt ttie forward directivity effects, which are
missing in the current isotropic macroseismic figttbdel, and some earthquakes peculiarities
significantly influence the attenuation of the taloocks and suggest a need of further research to
take these issues into account.
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Figure 3.3.Macroseismic field of the 2008/05/29 earthquakeSisZ: observed intensities on the left,
estimated intensities on the right. The bottom rprevides a zoom of the area nearest to the
epicentre. Stars denote the epicentre.
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Figure 3.4.Plots of the shortest intervals with at least 588ss probability for the 2000/06/17 earthquake.



To represent the dispersion of the distributiorl ofat each site given in Eqn. 2.6, in Fig. 3.4 argl Fi

3.5 we provide the extremes of the interval whinhthe present study, is the smallest set of iritgns
values covering at least 50% probability. Figuege to be interpreted as follows: Consider a
particular site on the map and look at the valué&sintensity on the left and on the right; iforf
example, the left value is V and the right vak¥ll, the intensity is between these two valuéth

at least 50% of probability. Similarly, if the tefalue is VIII and the right value is IX, the @misity is

either VIII or IX with at least 50% of probabilitgnd so on.
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Figure 3.5.Plots of the shortest intervals with at least 588ss probability for the 2008/05/29 earthquake.
The bottom row provides a zoom of the area nétwdbe epicentre. Stars denote the epicentre.

4. FINAL REMARKS

In this paper we have outlined the developmentpobbabilistic macroseismic field modelling and
mentioned some of its applications to Italian egutke data. Furthermore, we have given a
description of the model in mathematical settingd autlined rational validation procedures. Finally
we have applied the model to the macroseismic élevo Icelandic earthquakes.

The main result is that the current probabilistiodsl forecasts the two macroseismic fields
reasonably well, and the use of three differenidadion criteria strengthens this finding. Howewee
observed certain systematic deviation that, asdjrgpointed out, can be traced back to the specific
nature of these two earthquakes and therefore stgggeme modifications of the model. In particular,



it is desirable to enhance representation of findarces and to address the problems of directivity
effects and of multiple causative faults.
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