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Vorwort

Die Installation und der Betrieb eines modernen seismischen Netzes in der Schweiz hat
seit 1975 die Kenntnisse iiber die Vollstandigkeit und Genauigkeit seismischer Daten
wesentlich gefordert. Damit war es moglich, die Erdbebengefihrdung und im weiteren
Sinn das dadurch verursachte Risiko in der Schweiz systematisch zu untersuchen. Die
erste landesweite Gefdhrdungskarte konnte 1977 verdffentlicht werden. Sie hat ihren Nie-
derschlag sowohl in der seismischen Beurteilung von Standorten als auch den "Schweize-
rischen Baunormen SIA 160" gefunden.

Verschiedene wissenschaftliche Projekte, die in Zusammenarbeit mit anderen Instituten
seitdern in der Schweiz durchgefiihrt wurden, unterstreichen das wachsende Interesse an
diesem aktuelien Thema.

1990 konnte eine Neubearbeitung dieses Themas mit einer Dissertation ins Auge gefasst
werden, die von Hermn Erik Rt ttener ausgefithrt und im Frithjahr 1995 mit dem
Titel: "Earthquake Hazard Evaluation for Switzerland" an der Eidgenssischen Techni-
schen Hochschule (ETHZ Nr.11048) abgeschlossen wurde. Sie wurde von Prof. Dr.
Stephan Miiller (ETH und Universitit Ziirich) als Hauptreferent, Dr. Dieter Mayer-Rosa
(Schweizerischer Erdbebendienst, ETH Ziirich), 1. Korreferent, und Prof. Dr. Juan Jose
Egozcue (Technische Universitit Barcelona), 2. Korreferent, betreut.

Diese Dissertation ist im Rahmen der Hauptaufgaben des Schweizerischen Erdbebendien-
stes an der ETH Ziirich zu sehen, wozu eine realistische Bestimmung der Erdbebenge-
fahrdung in der Schweiz und damit verbunden die Entwicklung von neuen Berechnungs-
methoden gehort.

Von 1993 bis 1995 wurde diese Arbeit vollumfinglich durch das Nationale Forschungs-
projekt NFP 31 des Schweizerischen Nationalfonds in Rern finanziert. Herr E. Riittener
hat ausserdem in den Jahren 1992 bis 1993 im "Mikrozonierungs- und Gefahrdungspro-
Jekt Obwalden” mitgearbeitet, das vom Schweizerischen Nationalkomitee fiir die "Inter-
national Decade for Natural Disaster Reduction” unterstiitzt wurde.

Die vorliegende Versffentlichung entspricht in ihrem Inhalt der Dissertation von E. Riitte-
ner.

Unser Dank geht an die Schweizerische Geophysikalische Kommission fiir die Maglich-
keit, im Rahmen ihrer Publikationsreihe "Materiaux pour la Géologie de la Suisse, Série
Géophysique" diese Untersuchung zu verdffentlichen.

OJQAA& A See.. D ebee /7&{(‘ -éqq/

(Stephan Miiller) (Dieter Mayer-Rosa)
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“So far as Mathematics do not tend to make men more sober and rational thinkers, wiser
and better men, they are only to be considered as an amusement, which ought not to take
us off from serious business.”

Reverend Thomas Bayes, 1736



ABSTRACT

Earthquake hazard analysis is of considerable importance for Switzerland, a country
with moderate seismic activity but high economic values at risk. The evaluation of
earthquake hazard, i.e. the determination of return periods versus ground motion param-
eters, requires a description of earthquake occurrences in space and time. In this study
the seismic hazard for major cities in Switzerland is determined.

The seismic hazard analysis is based on historic earthquake records as well as in-
strumental data. The historic earthquake data show considerable uncertainties concern-
ing epicenter location and epicentral intensity. A specific concept is required, therefore,
which permits the description of the uncertainties of each individual earthquake. This
is achieved by probability distributions for earthquake size and location.

Historical considerations, which indicate changes in public earthquake awareness
at various times (mainly due to large historical earthquakes), as well as statistical tests
have been used to identify time periods of complete earthquake reporting as a function
of intensity. As a result, the catalog is judged to be complete since 1878 for all earth-
quakes with epicentral intensities greater than IV, since 1750 for intensities greater than
VI, since 1600 for intensities greater than VIII, and since 1300 for intensities greater
than IX.

Instrumental data provide accurate information about the depth distribution of
carthquakes in Switzerland. In the Alps, focal depths are restricted to the uppermost 15
km of the crust, whereas below the northern Alpine foreland earthquakes are distributed
throughout the entire crust (30 km). This depth distribution is considered in the final
hazard analysis by probability distributions.

An analysis of intensity attenuation versus distance, based on more than 6,000 mac-
roseismic observations and taking into account the uncertainty of the individual esti-
mates, yields three distinct regions with different attenuation properties. The highest
attenuation is observed in the subalpine chains (which comprise Helvetic and Ultrahel-
vetic nappes), and the lowest in the crystalline basement and Penninic nappes of the
Alps. The northern Alpine foreland is characterized by an intermediate attenuation.

Since previous models did not take into account uncertainties of epicenter location,
carthquake size and intensity attenuation, a new approach for calculating seismic haz-
ard was adopted. The method is based on Bayesian statistics and incorporates the un-
certainties in the input data in order to determine the uncertainties in the final hazard
estimates.

Seismic hazard curves have been calculated for twelve major cities in Switzerland.



These curves are compared with results of a study carried out in 1978. The results of the
previous study almost always range within the 90% probability interval of the new re-
sults, but generally lie at the upper bound of the probability intervals. It is concluded
that taking the uncertainties into account results in smaller return periods. Return peri-
ods for intensities greater than VIII in regions with low seismic activity cannot be de-
termined with confidence. This is a consequence of the limited time period of
observations available, which does not constrain such large return periods (greater than
10°000 years). Additional data, such as paleoseismological data, must be used in order
to reduce the large uncertainties in the return periods. However, when such data are
available, they can be readily integrated into the method developed.
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ZUSAMMENFASSUNG

In Europa gehort die Schweiz zu den Lindern mit einer geringen bis mittleren seismi-
schen Aktivitdt. Wegen der hohen Konzentration von 6konomischen Sachwerten darf
jedoch die Gefdhrdung durch Erdbeben in der Schweiz nicht vernachlidssigt werden.
Die Bestimmung der Erdbebengefdhrdung, d.h. der méglichen Bodenerschiitterung in
Abhingigkeit der Wiederkehrperiode, erfordert Kenntnisse iiber das riumliche und
zeitliche Auftreten von Erdbeben. Das Ziel dieser Studie ist es, die Erdbebengefihr-
dung fiir 12 wichtige Stidte in der Schweiz zu berechnen.

Dazu werden sowohl historische Erdbebendaten als auch instrumentelle Aufzeich-
nungen miteinbezogen. Die Bestimmung der Stirke und des Epizentrums von histori-
schen Erdbeben ist mit grossen Unsicherheiten verbunden. Um diese Unsicherheiten zu
beschreiben, werden Wahrscheinlichkeitsverteilungen eingefiihrt. Sie gewihrleisten
eine realistische Darstellung der Unsicherheiten jedes einzelnen Bebens.

Zeitperioden, in welchen Erdbeben einer gewissen Stérke vollstindig erfasst wur-
den, miissen bestimmt werden. Starke Erdbeben in der Vergangenheit sind dabei von
Bedeutung, da sie das Bewusstsein gegeniiber Erdbeben verstirkten und somit zu de-
taillierteren Chroniken fiihrten. Statistische Tests bestitigen diesen Einfluss. Folgende
Zeitrdume zeigen eine vollstindige Erfassung der Erdbeben: ab 1878 fiir Intensititen
grosser als IV, ab 1755 fir Intensititen grosser als VI, ab 1600 fiir Intensitéten grosser
als VIII und ab 1300 fiir Intensitdten grosser als IX.

Instrumentelle Aufzeichnungen der letzten 20 Jahre liefern genaue Angaben tiber
die Tiefenverteilung der Erdbeben. Es zeigt sich, dass Erdbeben in den Alpen auf die
obersten 15 km der Kruste beschrénkt sind, im nérdlichen alpinen Vorland hingegen
sind sie iiber die ganze Kruste (30 km) verteilt. Diese Tiefenverteilung wird durch
Wahrscheinlichkeitsverteilungen in der Gefahrdungsberechnung beriicksichtigt.

Uber 6’000 makroseismische Beobachtungen beschreiben die Abminderung der
Intensitdt mit der Distanz. Drei geographische Regionen kénnen unterschieden werden,
welche verschiedene Abminderungscharakteristiken aufweisen: 1) Die subalpinen Ket-
ten (Helvetikum und Ultrahelvetikum) mit der stirksten Abminderung, 2) das nordliche
alpine Vorland und 3) das kristalline Grundgebirge und die Penninischen Decken der
Alpen mit der geringsten Abminderung. Die hergeleiteten Abminderungsbeziehungen,
welche auch die Unsicherheiten in den makroseismischen Beobachtungen beriicksich-
tigen, erlauben eine Modellierung der Intensititsabnahme mit der Distanz.

Da gebriuchliche Algorithmen zur seismischen Gefihrdungsberechnung es nicht
erlauben, die Unsicherheiten in der Lokalisierung, der Stirke und der Intensititsabnah-
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me mit der Herdentfernung von Erdbeben zu beriicksichtigen, musste eine spezifische
Methode erarbeitet werden. Basierend auf dem Konzept der Bayesian-Statistik wird
eine Methode eingefiihrt, die aus den Unsicherheiten in den Eingangsdaten und in den
verwendeten Modellen die Unsicherheiten in den Resultaten bestimmt.

Fiir zwolf Orte in der Schweiz werden Wiederkehrperioden in Abhingigkeit der In-
tensitét berechnet. Ein Vergleich der Resultate mit denjenigen aus der Studie von 1978
zeigt, dass die fritheren Werte nahezu immer im 90% Wahrscheinlichkeitsintervall lie-
gen, jedoch meistens an dessen oberen Begrenzung. Dies deutet darauf hin, dass der
Einbezug von Unsicherheiten in die Berechnung tendenziell zu kiirzeren Wiederkehr-
perioden fiithrt. Lange Wiederkehrperioden (grissser als 10°000 Jahre), die in der friihe-
ren Studie fiir hohe Intensititen berechnet wurden, zeigen sehr grosse Unsicherheiten.
Dies ist eine Folge der kurzen Beobachtungszeiten im Verhiltnis zu den Wiederkehr-
perioden. Hier miissen zusitzliche Daten herangezogen werden (z.B. aus der Palioseis-
mologie), um die Wiederkehrperioden genauer einzugrenzen. Der entwickelte
Algorithmus ist beschaffen, dass solche zusitzlichen Informationen miteinbezogen
werden kénnen.

vilj



Chapter 1

INTRODUCTION

1.1 Goals and Overview

Over the last two decades, earthquake risk mitigation has gained worldwide attention
and its need has been repeatedly demonstrated by disastrous earthquakes, which
claimed thousands of lives and caused huge economic losses to industry and infrastruc-
ture (¢.g. Armenia earthquake 1988 (Wyllie and Filson, 1989) or Northridge earthquake
in Los Angeles 1994 (Hall, 1994)). It was recognized that reduction of losses caused by
earthquakes has to be a primary aim of the international community - a postulate which
has lead to the UN proclamation of the International Decade of Natural Disaster Reduc-
tion (IDNDR) (UNO, 1989).

Earthquake risk is defined as the product of earthquake hazard and vulnerability,
where vulnerability defines the degree of loss to a given element resulting from the oc-
currence of a natural phenomenon of a given magnitude. Earthquake hazard includes
any physical phenomenon, such as ground shaking or ground failure resulting from an
earthquake and its probability of occurrence. Therefore, earthquake risk is not only a
matter of concern in regions with high seismicity, i.e. with high seismic hazard, but is
particularly important in areas with a high population density and/or with an accumu-
lation of significant values in infrastructure and economy, i.e. areas with a high vulner-
ability.

Switzerland, as part of the Alpine orogenic belt, has undergone a pronounced litho-
spheric convergence and shearing between the African and Eurasian plates. This lasting
crustal deformation produces a slightly higher seismicity compared to low seismic ac-
tivity in the northern part of Europe. The seismic activity since 1974 in Switzerland and
adjacent regions is displayed in figure 1.1. The level of seismic activity and the high
population density obviously justifies the assessment of seismic hazard in Switzerland.

To reduce losses caused by earthquakes a clear picture of earthquake hazard and
vulnerability in a particular area is necessary. Earthquake hazard analysis is performed
to obtain the necessary characterization of possible ground-shaking severity that could
be expected at a particular site. However, the data and information, which serve as a
primary input for a seismic hazard analysis, are inherently imprecise and inaccurate.

Usually seismic hazard is represented by a point estimate of the probability func-
tion, which describes the exceedance of a ground motion level at a site in a certain num-
ber of years. A frequently used point estimate, especially for mapping, is the ground
motion value that will not be exceeded in a certain number of years with a given prob-



ability. The reduction of the probability function to a point estimate makes it impossible
to understand the accuracy of the results.

The main goal of this work is to estimate the seismic hazard for a certain site taking
into account the uncertainty of the input data and to quantify the uncertainty of the haz-
ard estimate. This is achieved by using a Bayesian estimation technique, where a prior
estimate of the hazard parameter (occurrence probabilities of a ground motion level or
return periods) is corrected by observed data. This method takes uncertainties in the in-
put parameters into account and gives probability intervals of the calculated seismic
hazard. Before the method can be applied, however, an earthquake database has to be
built up, and models have to be defined that describe the uncertainty of different param-
eters (e.g. epicentral intensity, location).

The text is structured as follows:

Chapter 1 reviews State-of-the-art methods covering the historic and deductive ap-
proaches in seismic hazard analysis. The basic assumptions and limitations of the
different techniques are discussed. Furthermore, a summary of the situation in
Switzerland is given.

Chapter 2 introduces the concept of probability distributions in order to account for
the uncertainty of earthquake size and location. Appropriate error models are as-
sessed, with special attention to epicentral intensity estimates. It is shown that with
the developed models the uncertainties can appropriately be represented. The com-
piled earthquake catalog covering Switzerland and adjacent regions is presented.
The seismicity in Switzerland regarding spatial and temporal distribution is dis-
cussed. Time periods of complete reporting of earthquakes for different intensity
levels are defined.

Chapter 3 gives first an introduction in Bayesian estimation techniques. The Baye-
sian model developed for seismic hazard analysis is presented. The chapter ends
with a comparison of the influence of different prior estimates on posterior proba-
bility distributions.

Chapter 4 describes macroseismic intensity attenuation models. A new attenuation
model is defined, which represents the different characteristics of the northern Al-
pine foreland, the Helvetic and Ultrahelvetic nappes and the crystalline basement
and Penninic nappes of the Alps. The model also takes into account the integer-
based definition of intensity values by a discretized normal distribution.

Chapter 5 verifies the applicability of the defined intensity attenuation relation of
Chapter 4 in combination with the error models of Chapter 2 by modelling Intensity
distributions for individual earthquakes. It is shown that intensity distributions can
properly be modelled. Next, retarn periods versus intensity are calculated to char-
acterize seismic hazard for 12 sites in Switzerland. The seismic hazard obtained is
compared with results of previous studies. The chapter ends with a discussion of
the methods developed along with recommendations for future work.
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1.2 Review of Methods in Seismic Hazard Analysis

Seismic hazard is defined as the probability of occurrence of a certain ground motion
caused by earthquakes. Parameters of ground motion are usually either macroseismic
intensity determinations or parameters derived from instrumental measurements (e.g.
peak or spectral peak acceleration, respectively velocity). The selection of a specific pa-
rameter depends on the available data for the region under study. In European countries,
many macroseismic investigations have been carried out to describe the damages of his-
toric earthquakes. A systematic collection of historic earthquake data of the last centu-
ries has produced a large databases that describe earthquake severity in terms of
macroseismic intensity. On the contrary, only few countries in Europe have installed
strong motion instruments. Therefore, not enough strong motion records of significant
earthquakes were obtained for all regions up to now. Consequently, the “unreliable”
macroseismic data with sufficient geographical coverage, or the “reliable” strong mo-
tion records with insufficient geographical coverage have to be used.

Methods used to calculate seismic hazard can be grouped into two categories
(McGuire, 1993): the “historic” methods and the “deductive” (or seismic source)
methods. The historic method is based on the historic occurrences of earthquakes, from
which the ground shaking severity at a site is calculated. The methods are called deduc-
tive, if the occurrence of earthquakes is interpreted and characterized by seismic sourc-
es. Seismic sources are defined as geographical features with homogeneous distributed
seismicity.

The “historic” methods (cf. Veneziano et al., 1984) model, in principle, the occur-
rence of ground shaking at a particular site in the past, caused from each event of the
earthquake catalog. The methods accept that the knowledge about the historic occur-
rence of ground shaking at a site is sufficient and adequate to describe the earthquake
hazard. This assumes that the future pattern of seismic activity will not substantially dif-
fer from that observed in the past. As a consequence, areas with high seismic activity
in the past will have a higher probability for the occurrence of earthquakes in the future.
This hypothesis is only justified if there are no other reliable data at hands either to pre-
determine future epicenters in areas without observed activity, or to define quiet sourc-
es, where a high activity has been observed in the past.

The general steps involved in the historic procedure (Veneziano et al., 1984) are
shown in figure 1.2. Starting from an earthquake catalog, which contains date, location
and size of historic earthquakes, the seismic ground motion of each earthquake at a spe-
cific site is calculated using an appropriate ground motion attenuation function. The
summation over all calculated site intensities leads to an estimation of seismic hazard
as the mean rate at which different intensity levels have been exceeded.

If enough observations of ground motion intensity for a site are available, they can
also be used directly without the employment of an attenuation function. Egozcue et al.
(1991) and Griinthal (1991) developed procedures that use either observed site intensi-
ties of strong earthquakes or theoretically calculated intensities by using empirical at-
tenuation functions. In the seismic hazard analysis, therefore, observed intensity
anomalies, usually neglected when applying attenuation functions, are taken into ac-
count.



Historic methods should be adopted in regions, where the identification of earth-
quake sources with homogenous seismicity is impossible because of lack of data and
knowledge. However, the historic method is not adequate and will give rather unrealis-
tic and unstable results if the earthquake record is not long enough to reveal the general
characteristics of the seismicity pattern. This is especially evident for long return peri-
ods (low probabilities). In these cases a method has to be applied which allows for in-
terpretations and assumptions of the future seismicity pattern.

Map of earthquake Ground motion
distribution model
a) b) &
'- - { M=7
. ®
¢ s * .g.a [
. ) . g i\ Dispersion
B o — s D
‘ * = | d
. N
j- ) Distance
d c
), )
= i
g £
§ - 23 Distribution of historical
o : - . o
‘*_é' : \ 2 _cé \ site intensities
3 ~ SRR /
pae \ o ‘ |
Ground motion Ground motion

Figure 1.2: The main steps involved in the historic hazard approach (cf. Veneziano et
al., 1984): a) earthquake catalog, b) ground motion attenuation functions, ¢) historical
site intensities and d) probability analysis.

In 1968, Cornell published an approach, which is known as the “deductive” or “seis-
mic source” method and which is the standard methodology in seismic hazard assess-
ment. There now exist a number of modifications of Cornell’s method. Various easily
applicable computer codes have been developed, such as SRAMSC by McGuire (1976)
and SEISRISK by Bender and Perkins (1987). The method has been widely applied in the
United States (cf. Shah et al. (1975), Algermissen and Perkins (1976) and Algermissen et
al. (1982)) and in Europe (Séigesser and Mayer-Rosa, 1978). '

The main steps involved in the deductive method are illustrated in figure 1.3. Based
on the spatial distribution of earthquakes and on often rather intuitive seismotectonic



criteria, seismic sources are defined. The seismicity of each source is described by a re-
currence relationship. This is often done by the simple cumulative magnitude-frequen-
cy law known as the Gutenberg-Richter relationship (Gutenberg and Richter, 1944):

logN(m)=a~-b-m (1-1)

where
N (m) number of earthquakes with magnitude > m

a

10 number of earthquakes above magnitude 0

b slope of the cumulative magnitude distribution

The parameter b characterizes the seismicity of a region. This relationship has been
shown to be applicable in various areas throughout the world (e.g. Evernden, 1970).
Typically b values around the world range from 0.7 to 1.1. It can be necessary to modify
this relation either in areas where seismic data show another behavior or if intensity is
used instead of magnitude. Merz and Cornell (1973) modified the linear exponential
law to a quadratic exponential law for an application in Boston, and Shah et al. (1975)
used a bilinear law for their study of seismic risk in Nicaragua.

Usually the parameters of the magnitude-frequency law are determined by least-
square methods. From the magnitude-frequency law a probability density function can
be derived, which gives the probability that, if an earthquake occurs, it will be of mag-
nitude m. For the Gutenberg-Richter relationship the probability density is:

fru= kBexp [-B (m—mg) 1, (my<m <m,) (1-2)
where
B = bln (10)
k normalizing constant

my, m, lower-bound magnitude and upper-bound magnitude

The use of a lower-bound magnitude assumes that smaller events are not relevant for
the overall hazard and therefore can be neglected. The upper-bound magnitude, which
accounts for the largest possible earthquake, is usually determined by assumptions
about the physical characteristics of the source. However, it is also possible to model
an unlimited magnitude distribution by Cornell’s method (1968).

In seismic hazard calculations it is assumed that the seismic activity of the source
is homogeneously distributed over the seismic source, i.e. that it is of equal Iikelihood
that an earthquake happens anywhere in the defined source region or along a defined
fault. The evidently abrupt changes in the seismic activity at the border of the seismic
sources were addressed in the algorithm SEISRISK IIT of Bender and Perkins (1987).
They introduced an earthquake-location uncertainty, which allows the earthquakes in a
seismic source to be normally rather than uniformly distributed. As a consequence the
calculated seismicity does not drop abruptly at the seismic source boundaries, but
changes rather smoothly across the boundary.
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The occurrence of earthquakes in time is commonly modelled by a Poisson process
(Cornell (1968), Lomnitz (1973)). The Poisson distribution has been applied many
times and it has been shown to be reasonable, when aftershocks are removed, especially
for large shocks (see for example Gardner and Knopoff, 1974). The probability distri-
bution of a Poisson process for n events in time t is given by:

_ (A0 "exp (-A2)

P(N =n) = (1-3)
n!

where

A mean occurrence rate

N number of occurrences in time

t

A Poisson process assumes that the events are random in time and independent of each
other. Therefore, it is not possible to model the sudden release of continuously accumu-
lated strain or either fore- or aftershocks patterns. Other models have been developed
which can account for the time dependence of earthquake occurrence. The assumptions
that stress accumulates at a constant rate and is released once a threshold level is
reached leads to the “time-predictable” model (Anagnos and Kiremidjian, 1984).
Thereby the time to the next event is governed by the magnitude of the previous earth-
quake. If it is assumed that each event brings the stress level back to zero, the magnitude
of the next event is dependent on the time elapsed since the last event. This assumption
is incorporated in the “slip-predictable” model (Kiremidjian and Anagnos, 1984). The
two models take into account the time elapsed since the last event (memory models) and
estimate a stress accumulation and a release process. The applicability of these models
depend on the possibility to define and characterize seismic sources by their mecha-
nisms, which is usually only the case for fault sources. However, the correlation be-
tween the inter-arrival times of earthquakes and the preceding magnitude has to be
tested for each seismic source.

The next step in the deductive seismic hazard analysis consists of the selection of
an appropriate ground motion model. Given the earthquake size and distance, the
ground motion at a site is influenced by the source characteristics, the path of the seis-
mic waves and the local soil conditions. Campell (1985) showed that most of the devel-
oped attenuation relations have the general form:

Y= b1 fl(m) 'fz(r) 'f3 (m, r) 'f4(P) € (1-4)
where
Y ground motion parameter of interest
m magnitude
r distance between source and site

fi:f5,f3  functions of the magnitude and the distance
fi () function of the travel path and site conditions

£ scatter parameter of the uncertainty of the ground motion



The first implemented attenuation models in the programs of Cornell (1968) and
McGuire (1976) assumed a radial symmetric behavior of ground motion attenuation.
This behavior was not proposed based on physical considerations but lack of data usu-
ally did not allow to define a more exact model. However, in order to accommodate the
apparent variation of observed ground motion measurements, a standard deviation is as-
signed to the attenuation function (¢ in formula (1-4)). As a first-order approximation
to the observed form of isoseismals in Switzerland, an elliptical attenuation model was
used by Mayer-Rosa and Merz (1976) in a first seismic hazard analysis for Switzerland.

The last step in seismic hazard analysis is the so-called site severity analysis, i.e.
the calculation of the probability per unit time that a certain ground motion level is ex-

ceeded at a site. The probability G oml (m, n) (@) > that an earthquake with a given magnitude

m at a distance r, exceeds the ground motion level a at the site, can be calculated com-
bining the magnitude-frequency relation (1-2), the Poisson distribution of earthquake
occurrence in time (1-3) and the ground motion attenuation function (1-4). If the prob-
ability density functions for the magnitude distribution and for the distance between
earthquake and site are known, the integration over all magnitudes and distance ranges
leads to the desired probability:

rmtzxmmax
Plgm>altl= v, j j G gl (m, vy (@ Fyg () f (r|m) (dm) dir (1-3)

Trin Mmin

where

a ground motion level

m magnitude

r distance between source and site

T magnitude probability density function

M i Mg FUNIMUM and maximum magnitude being considered

Iz distance probability density function

T mins Tmay TINIMUM and maximum distance being considered

v, mean rate of earthquakes between min. and max. magnitude

P probability, that the ground motion is larger than a in time ¢



1.3 Previous Works and Seismic Instrumentation in Swit-
zerland

The method used in the seismic hazard study for Switzerland was first described by
Mayer-Rosa and Merz (1976). A procedure was chosen which followed in principle the
probabilistic approach proposed by Cornell (1968).This hazard analysis led to compre-
hensive hazard maps (Sédgesser and Mayer-Rosa (1978), Mueller and Mayer-Rosa
(1980)) and risk studies for critical industrial facilities, i.e. nuclear power plants. Mac-
roseismic intensity was chosen as the ground motion parameter to be assessed, because
of the availability of macroseismic data and isoseismal maps for practically all strong
earthquakes in Switzerland in this century (cf. Swiss Seismological Service (1911-
1963), Mayer-Rosa and Baer (1993)) and the lack of strong motion records.

Figure 1.4 shows the historical seismicity since 1300 and the 22 seismic sources
that have been defined for these hazard studies. The delineation of the sources follows
mainly the pattern of the historical seismicity and takes into account the general seis-
motectonic trends. An intensity-frequency distribution was used to characterize the
seismic activity of each seismic source, represented by a quadratic law:

logN (I)) = o+ B-Iy+v- I, (1-6)
where
N cumulative number of earthquakes
I epicentral intensity

o, B,y parameters to be fitted

The attenuation of intensity with distance was modelled by a formulation proposed by
Sponheuer (1960) (see equation (4-3)). For some isoseismal patterns in Switzerland an
azimuthal variation of intensity attenuation can be recognized. An elliptic attenuation
relation as a first-order approximation was adopted by Sagesser and Mayer-Rosa (1978)
in order to better take into account these observations.

After modifications of McGuire’s program (1976) with respect to elliptic attenua-
tion and quadratic intensity-frequency relationships, seismic hazard was calculated for
a grid of 10 by 10 km. Based on these results contour maps showing intensities for a
given probability or showing probabilities for a given intensity were drawn. Figure 1.5
shows one of the calculated hazard maps, which depicts the calculated intensities for a
return period of 1000 years. The region of the Canton Valais shows the highest intensi-
ties with values greater than 8. Four zones with intensities of about 7.5 can be identified:
the region of Basel, central Switzerland, the Engadine and the Rhine Valley in north-
eastern Switzerland.

The Swiss national seismic network, in operation since the mid-seventies (figure
1.6), permits to accurately locate earthquakes in Switzerland. The accuracy of the loca-
tions is usually better than +3 km, which leads to an improved understanding of the
earthquake distribution in Switzerland. The recent installation of the Swiss national
strong motion network (cf. Smit and Mayer-Rosa (1993) and Smit (1994)) will provide
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valuable information on the attenuation of ground motion and about the influence of lo-
cal soil conditions for future applications. With the availability of strong motion
records, it will be possible to assess other parameters than intensity, as. e.g. narrow-
band peak ground accelerations. Nevertheless, as the seismicity in Switzerland is mod-
erate, it will take some time until a significant number of strong motion records are ob-
tained. Therefore, these data could not yet be used in the present hazard analysis.

The earthquake hazard of a particular site is influenced by the local geologic set-
tings (site effect) which are not yet taken into account. The importance of site effects is
widely recognized and must therefore be accounted for in site-specific earthquake haz-
ard studies. The ongoing projects in Switzerland within the framework of the Swiss Na-
tional Science Foundation Program 31 (Climate Changes and Natural Hazards) and the
national projects of the IDNDR will help to improve our knowledge about local geology
and site effects.
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Figure 1.4: Historical seismicity map of Switzerland for the time period of 1300 to
1994. Only earthquakes with an epicentral intensity > V are shown. Superimposed is
the geographic distribution of the seismic sources used in the previous seismic hazard
study (Sédgesser and Mayer-Rosa, 1978).
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Seismic hazard map for Switzerland after Séigesser and Mayer-Rosa (1978).

Contour lines of calculated intensities (here to one decimal place that in
lated intensity values) are presented for a return period of 1000 years.

Figure 1.5
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SEISMIC STATIONS
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Figure 1.6: Short-period seismograph network and strong motion (accelerograph) sta-
tions and arrays in Switzerland (Smit, 1994) (numbers in parentheses give the number

of strong motion instruments installed at that site).
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Chapter 2

EARTHQUAKE DATABASE FOR SWITZERLAND

Development of an accurate and homogeneous earthquake database is an essential step
in earthquake hazard assessment. The earthquake database provides most of the infor-
mation needed to describe the temporal and spatial seismicity pattern. It is not only lo-
cation, time and size of historic earthquakes which provide basic information for hazard
analysis, but also the uncertainty of the determined parameters must be assessed explic-
itly and with great care in order to be correctly applied in the hazard calculation. With-
out an estimate of the accuracy of the assessed parameters, seismic hazard cannot be
properly evaluated.

In order to build up an earthquake catalog for this study, macroseismic data as well
as instrumental data have been compiled. Based on assessed error estimates of earth-
quake intensity and location, models had to be defined that represent the distribution of
earthquake intensity and Iocation. The compiled database combined with error models
provides a description of the seismicity in Switzerland.

21 Imprecise Data and Error Models

2.1.1 Macroseismic Intensity Data

Macroseismic intensity is one of the parameters most frequently used to represent
ground motion in seismic hazard analysis. It is the only parameter that can be directly
assessed for historic earthquakes and therefore contribute valuable data for the seismic
hazard analysis (Guidoboni and Stucchi, 1993). An observed damage picture is classi-
fied with the application of an intensity scale (in Switzerland at the beginning of this
century with the Rossi-Forell scale (Forell, 1880) and more recently with the MSK 64
intensity scale (Medvedev et al., 1965)). The assessed intensity degree is represented
by an integer value. Although intensity values are not a priori applicable as numerals,
they can be used as such as long as it is assumed that intensity degrees represent equal-
ly-spaced ground motion levels.

For most historic earthquakes macroseismic intensity estimates are based on histor-
ical documents, which contain descriptions of the observed effects caused by various
earthquakes. In some regions in Europe, historic seismological compilations are fre-
quently available, which already contain intensity estimates. The sources of consider-
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able disparity in intensity estimates are:

- reporis which describe the effects of the earthquake often contain subjective inter-
pretations and they usually neglect to take into account buildings or structures that
did not suffer any damage. Therefore, they tend to be “reports of maximum ob-
served effects™;

- intensity scales used to classify the observations have been changed over time and
vary from country to country. Therefore, intensity estimates cannot be compared
with each other before they are converted;

- number and quality of single observations are strongly heterogeneous with respect
to time and location of the earthquake.

As a consequence the intensity for historic earthquakes cannot be exactly determined
and requires an error estimate. A proper error evaluation of an intensity should indicate
an intensity range, e.g. VII to VIII. Sometimes, intensity ranges are represented in half
intensity degrees or even smaller units (cf. the Austrian catalog (Lenhardt, 1993), where
intensities are given as numerical values to one decimal place), which implies a higher
accuracy than actually can be assessed. One aim of the present work is a correct treat-
ment of estimated intensity values and their errors. This is achieved by modelling the
uncertainty in intensity estimates by a probability density distribution. The probability
distribution has to be assessed from the given intensity values and errors.

0.5 0.5 0.5
> 0.4 = 0.4 > 0.4
503 So3 503
8 8 8
& 02 g 0.2 a 02
0.1 0.1 0.1
- 0 0
45678 45678 45678
Intensity Intensity Intensity

Figure 2.1: Probability distributions for the representation of uncertainties in intensity
estimates. For a given intensity of VI to VII, equal probabilities are assumed for inten-
sity VI and VII (left). For a given intensity VI with an error of +1 two probability dis-
tributions are conceivable (center and right).

Figure 2.1 shows, in order to illustrate the procedure, possible probability distributions
for two examples. The first example shows a probability distribution for an intensity
ranging from VI to VII (often indicated as 6.5). An equal probability (0.5) is assigned
to intensity VI and VII. The second example shows two interpretations of intensity VI
with an error estimate of +1: in the first interpretation it is assumed that intensity VI is
the most likely intensity degree, therefore a higher probability for intensity VI than for
intensity V and VII is chosen. In the second interpretation it is assumed that the possible
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intensity ranges from V to VII. Therefore, a distribution with equal probability is pre-
ferred. These examples illustrate the flexibility of probability distributions to codify un-
certainties of intensity estimates. The assessment of appropriate probability
distributions is discussed in chapter 2.3.

2.1.2 Earthquake Location

The macroseismic epicenter locations give the most probable location of the highest in-
tensity value of an earthquake. It is obvious that these locations do not have to coincide
with the instrumentally determined epicenter, because various factors influence the in-
tensity distribution (e.g. density of the population, surface geology). The macroseismic
locations of earthquakes are further affected by the number and accuracy of the reported
single observations as well as by the geometric distribution of the observations. In ad-
dition, the exact geographic locations of the reported damages of historic earthquakes
are often unknown or ambiguous, which yield large errors in the assessment of macro-
seismic locations.

For recent earthquakes, the errors in the macroseismic epicenter locations are usu-
ally only determined by the geometric distribution of single observations. This factor is
of little importance for earthquakes located in areas with a high population density, and
consequently densely distributed observations.

The accuracy of instrumental locations is determined by:
- epicenter and stations distribution;
- number of phase readings per event;
- accuracy of each phase reading;

- velocity model used for location.

For the best resolved earthquakes the horizontal location error of the present seismic
network in Switzerland is on the order of 1-2 km, but it can grow easily to several kilo-
meters, if only few readings are available or if the earthquake occurs outside the record-
ing station network (Kradolfer, 1989).

Instrumental as well as macroseismic locations can be seen as maximum likelihood
estimations affected by several parameters as discussed above. In this context a maxi-
mum likelihood estimation of the earthquake location can best be modelled by a two-
dimensional normal distribution, whose density for circular symmetry with covariance
equal O is given by (2-1). More explicitly, the probability P that the epicenter lies in an
area (AxAy) , assuming that the most probable epicenter is at (0,0) and that the standard

deviation is @, is equal to the integral over this area of the probability density function
(2-2):

flxpy)= ( L 2)exP(——1—2(x12+y12)) | (2-1)

2no 20

and
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P(&x, AY)= [ f(xy)dxdy (2-2)

AxAy
where
X1: ¥y point of interest
G standard deviation (location error)

Ax, Ay area for which probability is calculated

According to this formulation, there is a probability of 68.3% that the epicenter is with-
in a radius equal to ¢ around the determined location. Figure 2.2 shows the probability
distribution within gridded areas (5 km x 5 km) assuming that the earthquake epicenter
is at (x=0,y=0) and the location error is 10 km, respectively 20 km. By this representa-
tion, the error in earthquake location can be expressed satisfactorily.

o
(o)
¢

Probability
o
o
M

()]
o

Probability

km =50 =50 km

Figure 2.2: Earthquake location probabilities within gridded areas (5 km x 5 km) as-
suming an epicenter at (x=0,y=0) and a location error of 10 km (top), respectively 20

km (below).
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2.2 Earthquake Catalog

The main source of the compilation of the earthquake data catalog is the earthquake da-
tabase of the Swiss Seismological Service. This database contains not only all instru-
mentally localized earthquakes since 1974, but also all historic earthquake data which
were originally collected for the seismic hazard studies of Switzerland in 1976 (S4gess-
er and Mayer-Rosa (1978), Mueller and Mayer-Rosa (1980)). This catalog will herein
be referred to as the “Swiss Earthquake Catalog” (SEC). The boundaries of the region
for the data collection have to extend further than the Swiss territory in order to closely
estimate seismic hazard in sites near the Swiss border. The final region encompasses
5.5 to 11.0 longitude East and 45.5 to 48.5 latitude North. A time window from 1300 to
1993 and a magnitude threshold of Ml=2.0 of the instrumentally located earthquakes
was applied for the catalog compilation.

The SEC is supplemented, especially in the bordering regions of Switzerland, with
entries from the catalog, which was prepared for the joint seismic hazard study for Aus-
tria, Germany and Switzerland (Griinthal et al., 1994). This extended catalog will herein
be referred as the “Extended Swiss Earthquake Catalog” (ExSEC). For the original
sources of the added catalog, which itself is a compilation of various national catalogs,
see Griinthal et al. (1994).

Table 2.1: Characteristics of the Extended Swiss Earthquake Catalog (epicenter
maps see figures 2.11 and 2,12)

Before 1990 1900 - 1974 1975 - 1993
Events i ttal 1708 2125 1921
Bemswov | 2 s ;
Ech:tl;H\:Zflz gVH 97 29 1
I\Iiﬁlfsllgn IX VII-IX VI-VII

In order to establish the EXSEC, macroseismic and instrumental earthquake data have
to be combined into a single earthquake catalog. The identification of duplicate earth-
quakes reported in the macroseismic data as well as in the instrumental data is an im-
portant step when merging two earthquake catalogs. Possible duplicates of the same
earthquake were identified by applying a time window filter of 120 minutes. About 300
earthquakes have been marked as possible duplicates. Each of them was checked man-
ually by reviewing the original earthquake catalogs and bulletins. If entries have been
identified as belonging to the same earthquake, they were accordingly marked in the
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catalog. For some earthquakes, errors could be eliminated that were caused by the trans-
fer of historical seismological compilations and reports into computer files. Table 2.1
shows some characteristics of the ExSEC. Epicenter maps for historic earthquakes are
displayed in figure 2.11, for instrumental data in 2.12, respectively.

2.2.1 Macroseismic Intensity Data

The macroseismic intensity data of the Swiss earthquake database are based on histor-
ical documents, historical earthquake compilations and on macroseismic surveys of the
most recent earthquakes.

Most historic earthquake parameters of the Swiss database stem from the evalua-
tion of existing historical seismological compilations. The most important historical
sources are the compilations of Volger (1857), Wanner (1932), Montandon
(1942,1953), Sieberg (1940), Sponheuer (1952) and Karnik (1971). Intensity assess-
ment was usually made with the information contained in the historical earthquake
compilations. Only for very few earthquakes the original historical documents have
been investigated, e.g. for the Basel earthquake in 1356 (Wechsler, 1987). The assess-
ment of earthquake parameters based on reports is a crucial step in the compilation of
an carthquake data catalog. It is of great importance not only to assess the earthquake
data, e.g. epicentral intensity or location, but also to give an estimate of the accuracy of
the assessed parameters. For the determination of macroseismic locations, two basic
rules were applied: first, the epicenter was located where the highest damages were re-
ported and second, the mean distance between the highest intensity values is given as a
measure of accuracy of the epicenter location. In order to illustrate this strategy, figure
2.3 displays the determined intensities based on the descriptions in Volger (1857) for
the event of 7 February 1777. The deduced earthquake epicenter available in the SEC
is indicated with a star and the given error of +2 km is shown by the circle. The SEC
gives an epicentral intensity of VII with an error of +1 degrees for this earthquake. The
applicability of probability distributions to model uncertainties of epicentral location
and intensity, as proposed in chapter 2.1, is shown in figure 2.4.

In 1878 the Swiss Earthquake Commission was founded. One year later the com-
mission published its first bulletin. The following yearly bulletins contain isoseismal
maps for most events that could be felt in Switzerland. The epicenter locations have to
be estimated based on the available isoseismal maps. However, if observations for sin-
gle sites are missing the location error can only roughly be assessed. The macroseismic
database gives only for major earthquakes the observed intensity values with their co-
ordinates. For these events the intensity distribution can be redrawn and the epicentral
intensity as well as the uncertainty in epicentral location can be reassessed. Since 1960
the estimated site intensities as well as the number of observations are available in the
Swiss macroseismic database. This provides the opportunity to redraw each isoseismal
map when needed.

For earthquakes since 1989 the complete information for each single observation is
compiled in computer files. The intensities are assessed following a standardized pro-
cedure. Each report is interactively codified by a computer program. Since the program
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allows qualitative informations (e.g. “felt strongly” or the activity of the observer was
“walking”) the original information can be recorded. The codified observations are sup-
plemented by name and zip code of the town where the observation was made. For add-
ing geographical coordinates to the observations a geographic reference file has been
buiit up. The program ADDCOR performs this step interactively to avoid mistakes
caused by typing errors of zip codes. For each earthquake the output of this procedure
is a file which contains intensity, coordinates and number of observations on which the
intensity is based. Because the primary informations of the reports are also saved in the
database a re-evaluation of the intensity assessment can be easily done. Therefore not
only isoseismal maps can be reconstructed, but also the assessed intensity values can be
re-evalnated.

? E Slight damages to chimneys
2201 é B No damages, heavily felt
‘ 1 No damages, strongly felt
| rQ Epicenter and error
v \___/ estimate
210 3
£
X
2001 4
Sarnen " wm < VI
190+ ]
180 l 3
660 670 680 690 700

km

Figure 2.3: Locations described in the seismological compilation by Volger (1857) for
the earthquake on 7th February 1777. For these locations intensity values have been as-
signed.
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Figure 2.4: Probability distribution for the epicentral intensity and for the earthquake
location within a gridded area of 2 km x 2 km for the earthquake of 1777/02/07.

222 Instrumental Data

In Switzerland instrumental data are available since 1911 when the first seismograph
was installed near Zurich. Up to 1975, most of the locations of the Swiss Seismological
Service are based only on 4 stations resulting in quite erroneous locations. Since 1964
the earthquake database contains additional locations that were determined by the “Bu-
reau Central International de Séismologie” in Strasbourg (BCIS) and by the Internation-
al Seismological Centre (ISC} in Edinburgh and later in Newbury (U.K.). The quality
of these locations varies strongly in time (see chapter 2.3.2). With the deployment of
the new Swiss seismograph network in 1975 reliable locations can be determined for
carthquakes occurring within the network.

The location error for instrumental data is usually calculated with the covariance
matrix of the calculated and observed arrival times (cf. Lee and Lahr, 1975). These error
estimates depend on the number of readings used and on the damping values applied in
the inversion. The calculated location errors should only be taken as a rough estimate
and have to be compared with the number of readings used for the location, because the
location algorithm gives meaningless small errors when only few arrival times are used.
A more accurate determination of the error can be achieved by comparing the calculated
locations of quarry blasts with their well-known positions. Kradolfer (1989) has relo-
cated 20 quarry blasts and found that the errors in the locations are 2.3 + 1.2 km in hor-
izontal direction and 5.5 + 4.4 in vertical direction. These error estimates can be taken
as lower limits for instrumentally located earthquakes since 1975.
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2.3 Assessment of Error Models

The proposed modelling of uncertainties in earthquake size and location by means of
probability distributions (see chapter 2.1) requires the assessment of error estimates. A
standard deviation for the earthquake location has to be defined in order to be able to
use it in the error model. The uncertainty in the earthquake size can be modelled either
with a discrete probability distribution for epicentral intensities or with a standard de-
viation for magnitudes.

2.3.1 Error Models for Epicentral Intensities

It was not within the scope of this work to reassess all the macroseismic intensities
available in the EXxSEC, but it is essential to have knowledge about the accuracy of the
given intensities. The EXSEC itself gives error estimates for epicentral intensities in the
form of error classes. These five classes are:

(1) intensity error of O degrees,

(2) intensity error of +0.5 degrees,

(3) intensity error of +1.0 degrees,

(4) intensity error of +2.0 degrees, and

(3) intensity error is unknown.
Figure 2.5 shows for earthquakes with epicentral intensity greater than IV the distribu-
tion of error classes in four different time periods. It can be recognized that the most
frequent error estimate before the 17th century is +1.0 intensity degrees (class 3), and
after the 17th century +0.5 intensity degrees (class 2). The number of earthquakes with
no intensity error information (class 5), which stems from earthquake catalogs where

Io error estimates are indicated (e.g. the Austrian catalog (Lenhardt, 1993)) is increas-
ing with time.
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Figure 2.5: Distribution of the error classes for epicentral intensities (>IV) for single
time periods as indicated in the catalog. The five error classes are: 1=error of 0, 2=error
of +0.5, 3=error of +1.0, 4=error of +2.0 and 5=error unknown.

The significance of these error classes can only be understood in combination with the
original historical descriptions. Therefore some of the major earthquakes (with epicen-
tral intensity > VIII) have been reviewed for the present study. In order to illustrate the
uncertainties involved in the assessed intensities and locations from historic earth-

quakes, a typical historical description of an event in the eastern part of Switzerland is
given:

“On the 20th of December 1720 at 5.30 p.m., several regions of Switzerland, as e.g.
Thurgau, St. Gallen and Lake of Constance were shaken. Some houses collapsed in
Appenzell, Reinegg and Lindau. The shaking lasted only for one minute and was
accompanied by thunders, a warm wind and a sulfuric scent. The shaking was also
felt in Zurich, but only slightly.” (translated from Volger, 1857)

The reported damages indicate a maximum intensity of degree VIII. This is the actual
intensity given in the SEC. However, an earthquake of intensity VIII would cause dam-
ages of degree 2 to 3 (i.e. slight to moderate structural damage (Griinthal, 1993)) to
many buildings, which are not described in Volger (1857). Therefore, neither a com-
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plete picture of the actual damages is assessable from this historical description nor can
the epicentral intensity be accurately estimated. The method of indicating probability
distributions provide the possibility to represent this uncertainty of epicentral intensity
estimates. An intensity range from VII to VIII with equal probabilities for both intensi-
ties 1s reasonable for this earthquake. In the ExSEC the uncertainty of epicentral inten-
sity is reduced to an error class, in this example to an error of +1 intensity degrees. With
probability distributions for epicentral intensities the complete range of uncertainties
can appropriately be represented.

The example above shows a general tendency of epicentral intensities given in the
ExSEC. They tend to represent maximum observed damages for historic earthquakes.
This implies that intensity estimates for historic earthquakes are usually an upper esti-
mation of epicentral intensity. This conclusion is not valid if the epicenter location is
not known accurately, because the epicentral intensity can be underestimated, since
there are possibly no observations in the epicentral area. These two controversial as-
pects influence the uncertainty of epicentral intensity estimates.

A scheme has been developed to convert intensity error classes as given in the ExXSEC
into probability distributions. It takes the following conditions into account:

- general tendency of reported maximum damages,
- size of epicentral intensity, and

- probable underestimation of epicentral intensities due to location errors.

The applied conversion scheme is displayed in figure 2.6, the exact probability values
are summarized in table 2.2, Reasons for the individual probability distributions are:

- Class 1: Intensity error of O degrees. The intensity could be assessed without severe
doubts. This is valid if a large number of damage descriptions are available in the
epicentral area. Consequently, the determination of the earthquake location is also
quite accurate. The tendency of reporting maximum damages is accounted for by
an asymmetric probability distribution. The determined epicentral intensity is as-
sumed to be almost correct (with a probability of 80%) (figure 2.6a).

- Class 2: Intensity error of +0.5 degrees. There are some doubts about the size of the
assessed intensity, but an error of +1 is too high. An error of +0.5 degrees indicates
an intermediate accuracy between an error of 0 degrees and an error of +1 degrees.
Consequently, the adopted probability (70%) of the assessed intensity lies also
within that range (figure 2.6b). If the intensity in the EXSEC is given in half inten-
sity degrees, the uncertainty is expressed twice. In these cases equal probabilities
are assigned to the two corresponding intensity degrees.

- Class 3: Intensity error of +1 degrees. The assessed intensity is uncertain. Never-
theless, the estimated intensity is assumed to be the most probable intensity degree.
Two sources determine the uncertainty of the intensity estimates: 1) the intensity
estimate is uncertain due to rare, contradictory or ambiguous historical reports, and
2) widely-distributed intensity observations impede an accurate determination of
epicenter location and of epicentral intensity. If the earthquake location is accurate
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(location error <10 km), an asymmetric probability distribution is assumed to take
the tendency of reporting maximum effects into account (figure 2.6¢). A probabil-
ity of 60% is then assigned to the indicated intensity. If the location error is >10
km, the tendency of reported maximum damages is probably compensated by un-
derestimating the true epicentral intensity since the intensity decreases by approx-
imately one degree for a distance of 20 km. In these cases, a symmetric probability
distribution is chosen (figure 2.6d).

- Class 4: Intensity error of +2 degrees. The same arguments as for an intensity error
of +1 degrees are valid, but the possible range of intensities is wider. Again, an
asymmetric probability distribution is assumed if location errors are small (<10
km). A probability of 50% is assigned to the indicated intensity (figure 2.6e). A
symmetric probability distribution is defined if location errors are >10 km. Then a
probability of 50% is assigned to the given intensity. Two intensity degrees higher
and lower are also assumed to be possible, but with a very small probability (5%)
(figure 2.6f).

- Class 5: The intensity error is unknowan. If the intensity error is unknown, the most
frequently observed intensity error at that time indicated in the EXSEC (see figure
2.5) is attributed to the earthquake. These “default” errors are +1 degrees before the
17th century and +0.5 degrees afterwards. These “default” errors are treated in the
way discussed above.

Table 2.2: Probability distributions for the uncertainty in epicentral intensity
(loc. er. = epicentral location error)
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Intensity error ProIP()}. of PrI(())lilof Priao‘ti.l of PrIc;I-::éof Pr;);-z()f
0 0.8 0.05 0.15 0 0
+0.5 0.7 0.1 0.2 0 0
+1.0 0.6 0.15 0.25 0 0
loc. er. >10 km 0.5 0.25 0.25 0 0
+2.0 0.5 0.2 0.2 0 0.1
loc. er. >10 km 0.5 0.2 0.2 0.05 0.05




a)  Errorof 0.0 b)  Erorof0.5

o
o

e
0

o
»

o
o)

Probability
[a]
I
Probability
()
i-N

o
o

o
o

(=]

0 : :
-2 -t 0 1 2 -2 -1 0 1 2
Intensity Variation Intensity Variation
c)  Errorof1.0 d)  Emorof1.0
0.8 » : : : . 0.8 : : : ;

©

o
o
@

Probability
(=]
N
Probability
(=]
I

0.2 0.2
0 : : 0
-2 -1 o 1 2 -2 -1 0 1 2
Intensity Variation Intensity Variation
e)  Errorof2.0 f) Error of 2.0
0.8 r r r r r 0.8 r r : :

o
o

.............................

o
»

Probability
[oo]
I
Probability
(@]
n

o

ho
o
o

o

-2 -1 0 1 2 -2 -1 0 1 2
intensity Variation Intensity Variation

Figure 2.6: Conversion scheme for intensity errors into probability distributions. Prob-
ability distribution for: a) error of 0, b) error of +0.5, ¢) error of +1 and location error
<10 km, d} error of +1 and location error >10 km, e) error of +2 and location error <10

km, and f) error of +2 degrees and location error >10 km.

Intensities represented in the ExSEC by decimal values are also converted into proba-
bility distributions. Decimal intensity values stem from the conversion of magnitudes
into intensities and from the Austrian earthquake catalog (Lenhardt, 1993), where the
authors calculated epicentral intensities based on the distribution of isoseismals. These
intensity estimates are proportionally distributed to the corresponding intensity degrees,
€.g. a value of 7.25 yields an intensity VII with a probability of 75% and to an intensity
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VII with a probability of 25%. The intensity error is treated in a similar manner. In or-
der to illustrate this procedure, figure 2.7 shows two examples, whereby the location er-
ror is assurmed to be less than 10 km. The first example (figure 2.7a) displays the
probability distribution of an intensity 7.5 with an error of +1 degrees. The obtained dis-
tribution shows a 80% probability that the intensity was VII or VIII In the second ex-
ample (figure 2.7b), the probability distribution of an intensity 7.2 with the same error
is displayed. An asymmetric distribution is obtained with the highest probability for in-
tensity VIL. Nevertheless, both distributions cover the intensity range from VI to IX
which represents the uncertainty of the intensity estimates.
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Figure 2.7: Two examples of probability distributions if the intensity values are given
by decimal values. a) Probability distribution of an intensity 7.5 with an error of +1 de-
grees, and b) probability distribution of an intensity 7.2 with an error of +1 degrees.

2.3.2 Error Models for Magnitudes

Errors in magnitude estimations are best characterized by standard deviations. In the
ExSEC, magnitude estimations are only available for instrumentally-determined earth-
quakes. Earthquakes with no magnitude estimations (about 3500 earthquakes in the Ex-
SEC) have to be calculated on the basis of epicentral intensity estimates. Formulas to
convert intensities into magnitudes have been proposed for Europe (2-3) and for Swit-
zerland (2-4) (Karnik, 1969):

M =051,+1.8 (2-3)
M = 0.671,+0.3 (2-4)
where
M magnitude
I, epicentral intensity

The formula proposed for Switzerland (2-4) has been defined for epicentral intensities
ranging from VI to VII, since no other data were available at that time. This formula
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will not be considered here, since it covers only a narrow intensity range. Figure 2.8 dis-
plays observed magnitudes versus intensity estimates available in the ExSEC. Superim-
posed are the relation proposed by Kamnik (1969) for Europe (dashed line) (equation 2-
3). The relation by Karnik results in higher magnitudes than observed. This is not sur-
prising since a large amount of data used by Karnik stems from deeper earthquakes (as-
sumed to be below 30 km). Earthquakes in Switzerland are above 30 km only in the
Alpine foreland and are even shallower in the Alps. The determined relation for Swit-
zerland (equation 2-5 and solid line in figure 2.8) gives, therefore, smaller magnitudes
for the same intensity than the relation by Karnik:

M = 05I,+15 (2-5)

This simple formula is quite appropriate for taking scatter and accuracy of the data into
account. The standard deviation of the calculated magnitudes is 0.4 (and of the calcu-
lated intensity 0.8, respectively). A standard deviation of 0.4 will, therefore, be applied
in hazard calculations for all converted magnitudes.

Magnitude
w E Y

[\V]

2 3 4 5 6 7 8 9
Epicentral intensity
Figure 2.8: Magnitude versus epicentral intensity. Crosses show earthquakes where in-

tensity and magnitude are given. The dashed line represents the formula proposed for
Europe (Karnik, 1969), while the solid line represents the formula used in this study.

2.3.3 Error Models for Earthquake Location

Figure 2.9 shows horizontal location errors at different time periods as indicated in the
catalog. The number of earthquakes with large errors are decreasing over time as ex-
pected. In the time period of 1300 to 1500 more than 50% of the earthquakes have lo-
cation errors of 50 km and more; for the period of 1700 to 1900 the number decreases
to about 10%. Comparison of macroseismic and instrumental determined locations pro-
vides a further possibility to check the uncertainties of earthquake locations. For 131
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earthquakes since 1900 macroseismic and instrumental locations have been determined.
The differences between the two locations are shown in figure 2.10. The mean differ-
ence of the locations of the 131 earthquakes is 11.7 km with a standard deviation of the
same size. Earthquakes with differences greater than 23.4 km (mean difference plus one
standard deviation) have been manually checked. Thereby, location errors were detect-
ed. Corrections of these locations (indicated by arrows in figure 2.10) changed the mean
difference slightly (to 10.5 km) and reduced the standard deviation significantly (to 7.0
km).

Some earthquakes do not have any error estimates at all. Therefore, a “default” er-
ror has to be estimated for these earthquakes. Based on the above discussion 2 minimum
error of 10 km is reasonable for events before 1900. For the time period of 1900 to 1974
a minimum error of 5 km is assigned for macroseismic as well as instrumental data. For
the period of 1974 to 1993 the minimum error of instrumental locations is set at 2.5 km.

1300-1500 1500-1700

&0 60
<
E
S 40 40
-
w
k=]
320 d 20} 1
E II
Z

0 I O r W
0 25 50 100 0 25 50 100
Location Error [km] Location Error [km])
1700-1900 1900-1993

&0 60
X
@
§ 40 40
w
k=]
g 20} 20
E
=]
2 |

0 ——— 0 - —
0 10 20 30 40 50 c 10 20 30 40 50
Location Error [km) Location Error [km}]

Figure 2.9: Distribution of the horizontal location errors for single time periods as indi-
cated in the earthquake catalog.
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Macroseismic and Instrumental Locations
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Figure 2.10:Differences between macroseismically and instrumentally determined lo-
cations. Errors which have been detected and corrected are indicated by arrows.

2.4 Seismicity

‘The error models introduced for earthquake locations permit to display historic epicen-
ter maps which take the location uncertainty into account. In order to calculate such ep-
icenter maps, which in this study are called “diffused epicenter maps”, the probabilities
of all events in a given area are summarized. The probability that the location of a single
event is within a given area is calculated by assuming a two-dimensional normal distri-
bution (see chapter 2.1.2). Figure 2.11a shows the “diffused epicenter map” for earth-
quakes (between 1300 and 1993) with epicentral intensity >V using gridded areas of 5
km x 5 km. The mean number of earthquakes localized in each area element of the grid
is calculated. For comparison, an epicenter map of the same events, but without ac-
counting for the uncertainty is also shown (figure 2.11b).

The “diffused epicenter map” reveals a more correct picture of historical seismici-
ty. Regions with a high seismic activity in the past, i.e. with a high probability that
events have occurred, can clearly be distinguished from regions with low seismic activ-

ity. Three regions with an increased historical seismicity (more than 1 event per S km
X 5 km) can be recognized:

- the region of Basel (which is the southward continuation of the Rhinegraben into
the Jura) and the Dinkelberg, with a southwest strand to Solothurn;

- the central and the adjoining western Valais and

- the region which extends from central Switzerland to Glarus and Grisons.
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Regions with moderate seismic activity are found:

- in the region following the Rhine from Chur to Schaffhansen and then turning south
towards Zurich;

- in the Engadine, and

- in the region around the lake of Neuchétel, which extends to the southeast and joins
the active region of the Valais.

This pattern of historical seismicity is confirmed by the instrumental recorded seismic-
ity (figure 2.12). Again, regions with higher seismic activity, i.e. the Valais, the eastern
part of Switzerland with Grisons and the Rhine Valley from Chur to the Lake of Con-
stance are visible. The regions of Basel and central Switzerland do not show such a pro-
nounced activity as in the historical seismicity. However, regions with high seismic
activity coincide well with the observed historical seismicity.

The same method of diffused epicenters is applied to map the released seismic en-
ergy. Therefore, if no magnitude is available, epicentral intensities are converted into
magpitudes with the formula (2-5). The corresponding energy is calculated using a log-
linear formula (2-6) (Gutenberg and Richter, 1956).

logE = 4.8+ 1.5M (2-6)
where
E Seismic energy in Joules
M Surface magnitude

The seismic energy is calculated for gridded areas of 5 km x 5 km and displayed as year-
ly energy rates per square kilometer. For the time period of 1975-1993 (figure 2.13a),
the energy release is distributed over Switzerland, but the major events (with magni-
tudes >4.0) can clearly be seen. The energy map for the time period of 1850-1974 (fig-
ure 2.13b) shows the pronounced energy release of the Valais, which has been the most
active region over the last 125 vears. The energy map for the time period 1300-1850
(figure 2.13c) is governed by the biggest historic earthquakes, e.g. the event of Basel in
1356 and the events in central Switzerland of 1601 and 1755. The map of the differenc-
es in the yearly energy rates between 1975-1993 and 1300-1974 (figure 2.134d) reveals
a large area where energy rates are almost equal, i.e. that the seismic energy release is
constant in time. Red and yellow zones show regions, where in the last 19 years the en-
ergy rate was higher thar in earlier times; blue zones indicate regions, where in the last
19 years the energy rate was lower.

The focal depth distribution along two profiles for well-constrained earthquakes (local-
ized with at least 8 stations and with observations covering an azimuth of more than 180
degrees) is displayed in figure 2.14. In the Alpine foreland the earthquakes are distrib-
uted over the entire crust. In the Alps the focal depths are restricted to the upper 10-15
km of the crust (Deichmann and Rybach (1989), Deichmann and Baer (1990), Roth et
al. (1992) and Maurer (1993)). Deichmann (1992) explained the deeper earthquakes in
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the Alpine foreland with an increased pore pressure in the lower crust that, due to a de-
crease in the limiting strength, allows for brittle faulting instead of ductile deformation.
Figure 2.15 gives the depth distribution in percentage of the number of events. This in-
formation will be used in the seismic hazard analysis (see chapter 5).
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Figure 2.13:Yearly energy release per square kilometer: a) for the instrumental time pe-
riod (1975 - 1993), and b) for the historical time period 1850 - 1974.
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Figure 2.13:Yearly energy release per square kilometer: c) for the historical time period
1300 - 1850, and d) differences in the yearly energy release rates for the instrumental
time period compared to the historical time period.

39




250

200

150

100

50

Depth [km]

RN Moho

o~
1 1 [ ] i e

0 20 40 60 80 100 120 140 160 180 200

Profile East (BB")

{ 1 ! 1 {

0 20 40 60 80 100 120 140 160 180 200
Section Trace [km]

Figure 2.14:Two cross-sections perpendicular to the Alpine belt. The hypocenters are
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projected onto vertical planes (AA’ and BB’) indicated by dashed lines. a) Only the ep-
icenters in the rectangles drawn are used, b) cross-section in western Switzerland and
¢) cross-section in eastern Switzerland.
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Figure 2.15:Depth distributions of hypocenters along the two profiles in figure 2.14.
a,b) Profile AA’ in western Switzerland c¢,d) Profile BB’ in eastern Switzerland.

Up to this point the spatial seismicity pattern has been discussed. The distribution of
earthquakes in time is of similar importance in earthquake hazard analysis. Figure 2.16
shows the number of all earthquakes exceeding a given intensity threshold in a 5 year
time interval. It demonstrates that for smaller intensity values the number of observed
events per time interval increases with time. At two points in time the number of ob-
served events changes significantly (indicated by number 1 and 2). A first significant
change is found in the second half of the 18th century, where an increased number of
events with intensities >VI had been reported. This point coincides with the great earth-
quake in Lissabon (1755), which awakened interest in the earthquake phenomenon at
that time. The second sudden change is found at the end of the 19th century, where the
number of observed events with intensity >V increases. Once again the point coincides
with the occurrence of a strong earthquake, this time with an earthquake of intensity
VIII to IX in Visp (Volger, 1858). This event triggered the earthquake awareness in
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Switzerland and motivated Volger (1858) and others to compile their comprehensive
earthquake catalogs for Switzerland. Twenty years later, the Swiss Earthquake Com-
mission was founded who immediately began to publish yearly bulletins.

The cumulative number of earthquakes for different intensity levels (figure 2.17)
shows quite a stmilar picture. By assuming a constant seismicity rate, time periods for
completely reported events can be estimated. Table 2.3 summarizes the assumed time
periods of complete reporting for different intensity levels, which stem from historic
facts and from the analysis of the earthquake catalog. Intensities IV and V are assumed
to be completely reported since yearly bulletins appeared, i.e. since 1878. The time pe-
riod of completeness for intensities VI and VII is accepted since the Lissabon earth-
quake of 17535. Intensity VIII is assumed to be complete since 1600. Finally, intensities
higher than VIII are assumed to be complete for the whole period covered by the Ex-
SEC, i.e. since 1300.

For verification of the completeness ranges, a statistical method is applied (Stepp,
1971). The method assumes that earthquake occurrence can be described by a Poisson
process with constant recurrence rate. It is then possible to estimate mean recurrence
rates and their variance for different time periods, starting at present and going back in
time. If the assumption of a stationary recurrence rate is valid, its standard deviation
should follow a linear behavior, depending on the time interval chosen. A deviation
from the linear behavior implies either that the recurrence rate is not stationary or that
the events are not completely reported in the catalog. Figure 2.18 shows the standard
deviations for epicentral intensity IV, V, VI and VII versus time intervals and the curves
with a linear behavior. If there is a change in the seismicity rate, the deviation of a linear
behavior would occur at the same time for all intensities. Since this cannot be observed,
it is confirmed that the deviations are due to incomplete reporting of earthquakes (or
otherwise the assumption of a Poisson process is wrong). The completeness ranges
which would be determined following Stepp’s analysis coincide with the historic events
mentioned above.

Table 2.3: Results of completeness analysis of the Swiss earthquake catalog
(1300-1993)

Year since events are

Intensity completely reported

1878
1878
1750
1750
1600
1300

SAEIEIEIE
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Figure 2.16:Temporal distribution of earthquakes since 1300. The number of earth-
quakes in a 5 year time interval for different intensity thresholds is displayed. Number
1 indicates the date of the Lissabon earthquake in 1755, and number 2 indicates the date
of the founding of the Swiss Earthquake Commission (1878).
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Figure 2.17:Cumulative number of earthquakes since 1300 for different intensity lev-
els. Dashed lines indicate the date, after that the catalog can be assumed to be complete.
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Figure 2.18:Earthquake catalog completeness for different intensity levels. The stan-
dard deviation of the estimated mean of the annual number of events as a function of
the sample length is displayed. The solid lines give the linear trend, which is valid for
a complete data catalog and stationary recurrence rate.



Chapter 3

SEISMIC HAZARD ANALYSIS

3.1 Introduction

Estimation of seismic hazard relies on data and models which are both sources of un-
certainties in the resulting seismic hazard. In an appropriate decision making process
direct knowledge about the uncertainty of the result is required. It is necessary, there-
fore, to account for the variabilities involved in the hazard assessment and to calculate
its influence on the results. The variabilities in seismic hazard consist of two types, sta-
tistical and model variability (or uncertainty) and randomness.

- Statistical variability (or uncertainty) stems from a limited sample size and inaccu-
rate samples, which precludes the exact determination of model parameters. With
the collection of additional data, the model parameters can be estimated with in-
creased accuracy and the statistical variability will be reduced.

- Model variability (or uncertainty) is attributed to the ability of the models to repre-
sent the physical process. With the improvement of our understanding of the phys-
ical phenomena the model uncertainty can be reduced.

- Randomness is the probabilistic variability resulting from the nature of physical
processes. It cannot be reduced by the collection of additional data, but it can be
accounted for by the use of stochastic models.

In seismic hazard analysis, the time of occurrence of a single earthquake is the only
source of true randomness. With a satisfactory approximation (if the events are truly in-
dependent of each other), the earthquake occurrence can be described by a Poisson pro-
cess. All other variabilities in seismic hazard have the character of either statistical or
modelling uncertainties. These uncertainties lead to multiple combinations of possible
models and input parameters to describe seismic hazard. The most common method for
combining various models and input parameters is called the logic tree method (Ben-
jamin and Cornell (1970), Coppersmith and Youngs (1986), Araya and Der Kiureghian
(1988)). A logic tree is a decision flow path consisting of nodes and branches. Each
branch is a possible combination of different models and input parameters. At each
node, the different branches reflect possible alternatives. Assigning probabilities to the
different alternatives yields a likelihood for each combination. The seismic hazard is
first calculated for each branch individually. The final hazard is obtained combining the
results for each branch taking into account its likelihood. The enormons amount of com-
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puter time needed to calculate an individual combination restricts the number of com-
binations which can be carried out.

Bayesian statistical decision theory provides a mathematical model for incorporat-
ing statistical and model uncertainties as well as individual and more subjective ele-
ments (Benjamin and Cornell, 1970). The method is appropriate where information is
based on past observations of a random process, which is clearly the case in seismic
hazard analysis. Bayesian estimation techniques have been applied in seismic hazard
analysis either in order to estimate single input parameters for standard seismic hazard
approaches (Mortgat and Shah, 1979) or to update the results of the seismic hazard re-
sult by the observed data (Egozcue et al., 1991). In this study a Bayesian method is pre-
sented that estimates the probability distribution of the mean number of occurrences in
a Poisson process described by the parameter A, taking into account the uncertainties of
the input parameters.

3.2 Method Developed

The method developed consists of two main steps: firstly to calculate “Earthquake Site
Catalogs™, which describes the history of (probably) ground motions which occurred at
a specific site (figure 3.1), and secondly to estimate the Poisson parameter A by using
Bayesian inference (figure 3.2).

An “Earthquake Site Catalog (ESC)” contains the historic occurrences of ground
motions for a particular site. This requires to model ground motions for each event of
the earthquake catalog for particular sites. Figure 3.1 displays the steps involved in the
calculation of the ESC. For each earthquake, a size, location, attenuation and local ge-
ology model has to be defined. The uncertainties in earthquake size and location are ac-
counted for by probability distributions as discussed in chapter 2. Also the influence of
local geologic settings on the ground motion can be considered. An attenuation model
has to be defined that describes ground motion attenuation versus distance (see chapter
4). If input models are defined by probability distributions, the calculated ground mo-
tions at a site are also obtained as probability distributions. An ESC contains, therefore,
for a specific site for each earthquake a ground motion probability distribution. The
probability distribution is formulated as a discrete distribution, where p; is the probabil-
ity, that ground motion I at a given site is within ground motion class C, i.e.
p; = PIgC} . Index iindicates earthquake number i. The probabilities p; for all earth-

quakes define the ESC.

Before the Poisson parameter A can be calculated with Bayesian estimation, the
probability of the number of occurrences for each discrete ground motion class has to
be calculated from the ESC (figure 3.2). This is achieved by a mixed Bernoulli ap-
proach, which is a standard Bernoulli trial with varying probabilities (equation 3-17).
Bayesian estimation techniques require a prior estimate of the examined parameter, in
this case of the Poisson parameter A. This prior estimate of A, i.e. the mean recurrence
rate of a ground motion, provides the possibility to integrate any geophysical informa-
tion which lead to an estimation of A. However, if no such prior information is available,
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the method is still applicable because it allows for non-informative priors as well.

If a prior distribution of A is assessed, then the distribution is updated with the prob-
abilities of the number of occurrences obtained from the ESC. In other words, Bayesian
estimation combines the prior distribution of A with the sample likelihood calculated
from the ESC (see chapter 3.3).

The method developed has some clear advantages compared to standard hazard
analysis methods (Cornell (1968), McGuire (1976)) combined with logic tree methods
(Coppersmith and Youngs, 1986). The main characteristics of the new method are:

- it integrates all uncertainties in the data and the applied models by probability dis-
tributions, i.e. in earthquake size and location as well as in ground motion attenua-
tion models;

- it accounts for an “a priori” knowledge of the mean number of occurrences of a
ground motion (e.g. derived from seismotectonic studies or geodetic surveys);

- it gives confidence intervals of the obtained seismic hazard;

-it avoids the difficult (and often unmotivated) delineation of seismic sources
(which is quite an important problem in regions with low seismic activity);

- there is no need to use explicitly earthquake size distributions (for example by a
Gutenberg-Richter relation (Gutenberg and Richter, 1944)).

Nevertheless, the flexibility of the method developed allows also to account for well-
determined epicenters and to model seismic sources. However, the assessment of “a
priori” knowledge of the mean number of occurrences of a ground motion from geo-

physical studies is a very complex and ambitious task, which cannot be treated in this
study.
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Figure 3.1: Steps involved in the calculation of “Earthquake Site Catalogs”. The ground
motion probability distribution is calculated for each earthquake taking into account un-
certainties in size, location, ground motion attenuation and local geologic settings.
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33 Bayesian Estimation

The realistic description of an unpredictable, natural phenomenon led to the concept of
probability models, which cover a wide range of applications. In this framework, Baye-
sian estimation provides a mathematical model for the estimation of the distribution of
random variables in the presence of uncertainties. It provides a mathematical procedure,
for updating a prior assumption about the distribution of the value of a parameter by ad-
ditional information, which yields a posterior distribution of the parameter. This chapter
introduces the theory of Bayesian estimation. For a more detailed discussion see, for ex-
ample, Benjamin and Cornell (1970) or Press (1989). In the following paragraphs cap-
ital letters denote observable variables and small letters denote an experimental
outcome (realization) of the variables.

Bayesian estimation is based on the Bayes’ rule (3-3), which is a formal expansion of
the total probability theorem (3-1) (Benjamin and Cornell, 1970) and the rule, that the
conditional probability for event z, if event x; has occurred, is equal to the conditional

probability for event x;, if z has occurred:

n
Pz]= ) Plzjx]P[x] (3-1)
i=1
P[xilz] Plz] = Plz|x] P [x] (3-2)
where
b4 event
X; mutually exclusive, collectively exhaustive events, i=1 to n

Combining (3-1) and (3-2) yields:

Plz|x) P’ [x]]
P[z]

P[x] = Plx]d] = (3-3)
Formula (3-3) is known as Bayes’ theorem or Bayes’ rule. The probability P”[x;] is

called posterior probability. It is obtained by the multiplication of the former (prior)
probability P’ [x;] with the sample likelihood P[zlx;] and a normalizing constant:

(pasteriorj_ (normalizingj( sample )(prior)
prob factor likelihood/\ prob
The sample likelihood describes the relative probability of the various possible out-

comes X; as a function of the observation z. With this model, it is possible to update a

prior distribution, if new data are available. Then, the posterior distribution takes into
account the observed data.

If observed data are observations of a random process of independent events, they
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can be usually described by a probability model {e.g. Poisson model) with unknown pa-
rameters. The estimation of these parameters, which describe the random process, can
also be estimated following Bayesian inference. Thereby, the parameters of the model

are treated as random variables. If f', (X) describes a prior probability density of the

unknown parameters, (3-3) becomes:
fx(x)= N-LiX|x;,x,..x,] - fx (X) (3-4)

In (3-4) the prior probability distribution of the unknown parameters is updated by the
sample likelihood L [X|x, x,...x,] . which yields a new posterior distribution. N is

again a normalizing constant. The influence of the prior distribution on the posterior
distribution, which is the product of the prior distribution with the sample likelihood, is
shown in figure 3.3. The form of the posterior distributions varies when different forms
of the prior distribution or the sample likelihood are assumed. If it is not possible to de-
fine an appropriate prior distribution of the unknown parameters, a very flat (or diffuse)
prior distribution with almost no information in it can be chosen (figure 3.3). In these
cases, the result will almost completely be determined by the data sample. A detailed
discussion about the influence of prior distributions on posterior distributions can be
found in chapter 3.5.

a)

b) fo—a _ LGOI X1, X2, ....Xn)

..‘ /
»

L
L
......

c)

Figure 3.3: Posterior distributions versus prior distribution and sample likelihood (after
Benjamin and Cornell (1970)): (a) Well-defined prior distribution and relatively small
sample. (b) Prior distribution and sample information of comparable weight. (c) Vague
or diffuse prior distribution and relatively large sample.
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34 Bayesian Estimate in Seismic Hazard Assessment

34.1 Standard Bayesian Estimate

The parameter that is estimated in seismic hazard analysis, is the Poisson parameter A,
i.e. the mean occurrence rate of a ground motion at a site. This presumes, that the oc-
currences of a ground motion level can be modelled as a stationary Poisson process. The
probability distribution of a Poisson process is given by:

(AL) "exp (—AD)

P(N,=n) = (3-5)
n!
where
n number of events
N, number of observations in time interval t
A mean occurrence rate

The inherent uncertainty of the parameter A requires a treatment of A as a random vari-
able. We further assume that the probability distribution of A is proportional to 2 Gam-
ma distribution with parameters v and k. This somehow arbitrary choice is justified,
because the Gamma function is able to fit a large variety of shapes and, therefore, does
not introduce substantial limitations in the model. The function covers the range of the
positive numbers to infinity, which coincides with the range of the Poisson parameter.
It is furthermore an appropriate choice, because the Gamma function is the conjugate
prior distribution for the parameter A of a Poisson distributed random variable, which
yields simple relations for the posterior distributions. The prior estimate can thus be
written as (Benjamin and Cornell, 1970):

v -1
Ay = 1—:(?)1 exp (-vi) (3-6)
where
r Euler’s Gamma function
vV, K parameters of the Gamma distribution

The parameters v and x are directly related to the expectation and variance of A:

E[M] = L-‘ and Var[A] = Ez (3-7)
Vv

We have assumed that the number of occurrences of a ground motion level follows a
Poisson process with parameter A. The sample likelihood function on A, when n occur-
rences have been observed in the time period T, is:
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L(A|T,N= n)= (kn—:’;)exp (—AT)

where
T time period of observation
n number of occurrences

By applying Bayes’ rule (3-3), the posterior distribution f*, of A is:
Fa)= fan=n(BM)= NLAMT,N= n)f, (A)

vl(
I'(x)

_on”

= XK_lexp (—vAd)

exp (-AT)

or

) = DA " exp (-(v 4 D))

From formulas (3-6) and (3-10) follows, that:
vi=v+Tand X" = x+n

and thus:

K+n
v+ T

K+7

(v+T)’

E"[M (v, 0)]= and Var” [A] (v, ¥)]=

(3-8)

(3-9)

(3-10)

(3-11}

(3-12)

From formula (3-12) it can easily be seen that the larger T is, the smaller will be the
variance in A, i.e. that the longer the time period of observation is, the smaller will be
the uncertainty in A. With reference to the Poisson process (3-5) the number of occur-
rences m in time 1 can now be calculated allowing for the uncertainty of the parameter
A. This means that the distribution of A (3-10) has to be combined with the Poisson dis-
tribution (3-5). This yields the predictive distribution of the number of occurrences,
which represents the probability that m events occur in a time interval of n years

(Egozcue, 1994):
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P IN=m] = | (?LTnz)-exp (M)~ fy = o (3-13)
0

nm(v+T)K+nI"(K+n+m)

K+n+m

ml(v+T+T1) T'(x+n)
where
T time interval for prediction
m number of occurrences in time interval 1

Formula (3-10) is valid only if the number of occurrences n in time T is known precise-
ly. If the sample is imprecise itself, i.e. if the number n of occurrences can only be es-
timated with uncertainty, the number n has also to be treated as a random variable. This
is the case for the calculated “Earthquake Site Catalog” (see chapter 3.2), which con-
tains probabilities for different ground motion levels. Taking these quantities into ac-
count yields the weighted Bayesian estimate.

34.2 Weighted Bayesian Estimate

Because of the uncertainty of the data in the earthquake catalog (see chapter 2.3), the
number of occurrences of a ground motion level cannot be calculated precisely. This
means that the number of occurrences n also follows a probability distribution P[N=n]
with n=0,1,,,. The Bayesian estimate (3-10) has now to be rewritten for the value of
N=n:

Q) = 3 fune n- PIN= 1] (3-14)
n=0

Formula (3-10) can now be expressed as:

) = 2 (l‘iz’;zn) 2" lexp (— (v + T)A) P [N= n] (3-15)

Combining (3-15) with (3-11) yields:

(-] ”f' i
Ay =Y r"(x,,) A "lexp (.v'A) P[N= n] (3-16)
n= 0

Formula (3-16) will be used for the calculation of posterior distributions of the param-
eter A, if the sample data are imprecise.

The probabilities PIN=n] are calculated from the “Earthquake Site Catalog” (ESC).
The given probabilities p; in the ESC can be interpreted as probabilities of a Bernoulli
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trial. Then P[N=n] is obtained by a standard Bernoulli trial with varying probabilities
p; for each earthquake:

(x n+l) (x n+2} X n p(]k)

P[N=n] = 'E .Z 21‘[1 Gy n=1,..,x-1 (3-17)

=1k=
where
p () probability, that event j produces a specific ground motion level at a site
x number of events in “Earthquake Site Catalog”

The expectation and variance of A is now:

EA (v, 0)]= ‘“’E(N) and Var [2) (v, 1) 1= SXEW) x VartV) 5 14,

This result shows that the mean of the weighted posterior distribution is that of the stan-
dard posterior distribution (3-12), if the number of observations were E(N). But the un-
certainty of n influences the variance of the posterior distributions, i.e. the larger the
variance in the number of observations is, the larger the variance of A will be. Figure
3.4 shows two posterior distributions of A. The dashed line represents the standard pos-
terior, the solid line the weighted posterior, respectively. It is quite obvious, how im-
precise data increase the variance of the distribution, whereof the mean of both
distributions is equal.

The posterior distribution of the Poisson parameter A allows to calculate both, point
estimates of A {e.g. mean values, modes, median) and interval estimates of A. Point es-
timates from probability densities, e.g. the mean of the posterior density of A, give arep-
resentative point of the value of A, but do not show the variance of the obtained results.
Therefore, whenever possible, probability intervals should be given to indicate the ac-
caracy of the recurrence rate A. This is valid for the standard Bayesian estimation (with
exact data) as well as for the weighted Bayesian estimation (with imprecise data).
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Figure 3.4: Standard posterior distribution of the Poisson parameter A for exact data
(dashed line) and weighted posterior distribution for imprecise data (solid line). The
mean value of A is equal for both distribution, but the variance is increased by imprecise
data.

3.5 Prior and Posterior Estimates

As already mentioned, prior distributions can have a significant influence on posterior
distributions of A (cf. figure 3.3). Very flat (or diffuse) prior distributions, which can be
called “non-informative priors”, will result in posterior distributions almost completely
determined by the likelihood of the data sample. Such “non-informative priors” are
valuable if no information about the distribution of A is available. On the other hand,
“exact” prior distributions, i.e. with small variance, can hardly be changed by the data
sample. However, “non-informative priors” cannot always be mathematically ex-
pressed in a proper way, i.e. as a probability density. In combination with the Gamma
distribution a “non-informative prior” can be formulated by setting the parameter ¥
equal to 1 and the parameter v equal to 1 (cf. equation (3-15)). Then, the prior distribu-
tion is an improper distribution, since it cannot be expressed as a density anymore. In
the following, examples are given in order to illustrate the method developed of esti-
mating parameter A by Bayesian inference.

Based on an “Earthquake Site Catalog”, probabilities of number of occurrences for
a specific ground motion are calculated by applying equation (3-18). A typical result of
such a Bernoull: trial with varying probabilities is shown in figure 3.5. For a specific
site, the probabilities versus number of occurrences of intensity VI is displayed. The
peak in the number of occurrences is recognized to be 9. Assuming a completeness in-
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terval of 243 years for intensity VI (chapter 2.4) yields a mean occurrence rate of 0.038.
Weighted posterior distributions of A are calculated for three different prior distribu-
tions: 1) a well-defined prior with a relative small variance, which does not correspond
to the observed data, 2) a well-defined prior which is confirmed by the data, and 3) a
diffuse prior distribution. In order to clarify the influence of prior estimates, posterior
distributions based on “non-informative priors” are also calculated. The “non-informa-
tive priors” are represented by ¥ = 1,v = 0 as parameters of the Gamma distribution.

A prior distribution with an expectation and variance for A of 0.1 and 0.0005, re-
spectively, is chosen as a well-defined prior, i.e. with a relatively small variance. Figure
3.6 shows that the assumed prior (dotted line) lies almost completely outside the sample
likelihood, which is approximately represented by a posterior distribution (dashed line)
with a non-informative prior. However, the sample likelihood still shifts the prior dis-
tribution towards the observed A.

In the case of a well-defined prior distribution (with an expectation for A of 0.05)
which is confirmed by the data sample, the posterior distribution (solid line) becomes
smaller, i.e. a smaller variance is obtained (figure 3.7). On the other hand, a prior dis-
tribution with a wide variance yields almost the same distribution as with a non-infor-
mative prior (figure 3.8).

Table 3.1 summarizes the obtained results in terms of return periods. 50% and 90%
probability intervals are given. Vaguely defined priors and non-informative priors give
similar results, since the posterior distribution is strongly determined by the data sam-
ple. A well-defined prior within the data sample reduces the variance of the return pe-
riods, while a well-defined prior out of the data sample changes the interval estimates
drastically.
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Figure 3.5: Probability versus number of occurrences of intensity VI for a specific site.
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Table 3.1: Return periods (in years) in 50% and 90% probability intervals for
various types of prior distributions of A

infolll"zlz;tive 5:(1) [21;38] [15:67]
well-defined Varlzsz?;l;(-){.)é)})OS [13,18] [11,22]
well-defined VaE((%)):g(())OSM [20:30] [15:43]
vaguely defined Va]i((%)):géo 5 [19:32] [14:53]

The above examples show how the data sample influences the posterior distribution. If
probabilities of number of occurrences for a specific ground motion are one for zero ob-
servations and consequently zero for n>0, posterior distributions based on non-informa-
tive priors can be calculated based on formula (3-15). The posterior distribution of A
reduces to:

£ (M) = Texp (-TA) (3-19)
Consequently, posterior distributions depend only on the time T of the period of com-
plete observations. Cumulative distributions of (3-19) and probability intervals can ex-
plicitly be formulated. Probability intervals are given by:

= _%m (1-p) (3-20)
where
T time period of observation
P percentile of probability interval

For an observation time of, for example, 700 years, the symmetric 90% probability in-
terval is between 233 years and 13650 years. In fact, if there is only a short time period
of observation and no earthquakes are observed, there will be a large uncertainty with
regard to the estimated A values. This is a direct consequence of using a Poisson process
of independent events.
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Figure 3.8: Prior and posterior distributions of the Poisson parameter A. The vaguely
defined prior distribution (dotted line) does almost not influence the sample likelihood.
The resulting posterior distribution (solid line) has a similar variance as the non-infor-
mative posterior distribution (dashed line).

When the parameters A are estimated for several intensity degrees, a “minimal prior in-
formation” that links the different intensity degrees to each other can be accepted. It is
called “minimal prior information” since it gives not such a strong relation between dif-
ferent intensity degrees as the widely used frequency-intensity laws (cf. equation (1-1)).
The “minimal prior information” states that for two intensity degrees I; and I, where

I <1, the corresponding Poisson parameters have to follow the relation A; > A,. In oth-
er words, the return period for intensity Iy has to be smaller than for I,. This condition
can be formulated by:

P (R2]@) = 5I{0<R, <0} (3-21)

where 7{ } stands for the characteristic set function. The prior distribution for A, is
obtained by applying the total probability theorem:

Fra®= [Fip, )@ 5, (@) de (3-22)
0

Figure 3.8 shows an assumed probability density for A; (dashed line) and the derived
“minimal prior information” (solid line) for A, following equation (3-22). It can be seen
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that values for A, larger than values for A, are not allowed, whereof values of A, smaller
than A have an equal probability of being true values. This “minimal prior information”
ensures that values of A, greater than values of A; are not possible. This condition has

only an significant influence of posterior distributions if no observations of the corre-
sponding intensity degree are available.
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Figure 3.8: Posterior distributions of the Poisson parameter A (dashed line). From this
posterior distribution a “minium prior” distribution for A, (solid line) is calculated. The
“minium prior” distribution for A, ensures that values of A, greater than values of A4

are not possible.
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Chapter 4

GROUND MOTION ATTENUATION

4.1 Macroseismic Intensity Attenuation

Many relationships have been proposed in the past to describe the attenuation of seismic
mtensity (cf. Kovesligethy (1906), Blake (1941), Sponheuer (1960), Evernden et al.
(1981)). Most of them assume that the local intensity Ig is related to the seismic energy

E. The assumption, that Ig is proportional to the logarithm of E, yields an attenuation
law of the form of equation (4-1). Equation (4-2) is based on the assumption that Ig is
proportional to the power of E (cf. Howell and Schultz, 1975).

I =1~f-g/m(R)+hR (4-1)
In(I) = In(l,)-f,—g,In(R) +h,R (4-2)
where
I, epicentral intensity
I, intensity at a particular site
R distance between epicenter and site
f.gh characteristic parameters

The parameter g describes the geometric attenuation and the parameter h the energy ab-
sorption, respectively. The most frequently used relationship in Europe to describe in-
tensity attenuation is the formula proposed by Kovesligethy (1906). It has been
empirically verified by Sponheuer (1960) and follows the form of equation (4-1). It may
be written as: ‘

3 b
dl = I,-1, = k-log(_WJ +k-log (¢) -a[JR2+H2—H) (4:3)

where
I, epicentral intensity
I intensity at a particular site

65



k correspondence between intensity and ground motion amplitude (Sponheu-
er proposed a value of 3)

R distance between epicenter and site
hypocentral depth

b geometrical spreading coefficient (1 for body waves and 0.5 for surface
waves)

o absorption coefficient

The parameter ¢ is proportional to the energy absorption. In the context of intensity at-
tenuation, however, o does not only describe energy absorption, but also includes radi-
ation effects and objective and subjective judgments involved when an intensity scale
is applied.

Ségesser and Mayer-Rosa (1978) and Mayer-Rosa (1986) showed that the attenua-
tion model by Sponheuer (1960) (equation 4-3) appropriately describes intensity attenu-
ation in Switzerland. They introduced the azimuthal dependence of parameter ¢ to
achieve a better correlation for some of the observed isoseismal maps.

In this work, the Sponheuer attenuation parameters derived for Switzerland are first
reviewed and tested with intensity data gathered over the last 20 years (see table 4.1).
Secondly, a probabilistic attenuation law, which accounts for the scatter of the observed
intensity data is proposed.

Table 4.1: Earthquakes since May 1976 with epicentral intensity greater than V,
used for the assessment of attenuation parameters in Switzerland (Iy denotes

epicentral intensity and N, number of observations)

Epicentral Area Date Lat. / Long. Iy Nobs
Friuli 1976 05 06 46.353/13.266 VIO | 230
Filisur 1976 07 17 46.693/9.679 v 45
Fruli 1976 09 15 46.342/13.121 VI 74

Sils Maria 1978 02 23 46.438/9.815 v 24
Swabian Jura 1978 09 03 48.283/9.033 Vi 319
Sierentz 198007 15 47.628 /7.518 VI 186
Albis 1984 09 05 47.247 1 8.562 A\’ 486
Vaz 1991 11 20 46.721/9.528 VI 352
Buchs 1992 05 08 47.156 /9.562 A\’ 39




4.1.1 Sponheuer Attenuation Model

For the seismic hazard study in Switzerland, Sdgesser and Mayer-Rosa (1978} studied 39
earthquakes with macroseismic observations. In their study, the mean epicentral dis-
tances for each observed intensity degree was used to derive parameters of the Spon-
heuer attenuation law (equation 4-3) for individual earthquakes. Individual o values
were then summarized to typical o values for particular seismic sources (see table 4.2)
(Sagesser and Mayer-Rosa, 1978).

The attenuation parameter o was determined for different azimuths for intensity
IV. If o showed an azimuthal dependence, an ellipse was fitted to the distribution of @
as a first-order approximation. An azimuthal dependence could be recognized for 7 out
of 39 events. Figure 4.1 shows the intensity decay modelled for an epicentral intensity
VIII of the two seismic sources characterized by the strongest azimuthal dependence of
0, i.e. the Valais and the Engadine.

Valais Engadine
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Figure 4.1: Intensity attenuation versus distance for earthquakes of epicentral intensity
VIII in the Valais and the Engadine. The dashed curves are for the direction with the
highest attenuation, the solid curves for the direction with the lowest attenuation.

The figure shows, that azimuthal dependence of the parameter o has a significant influ-
ence on the calculated intensity only for distances greater than 100 km. The azimuthal
dependence has, therefore, to be studied with the distribution of the lower intensity de-
grees. These lower intensities usually bave, however, a low resolution and their isoseis-
mal radii are usually badly determined caused by the necessary involvement of
neighbouring countries. Higher intensity degrees for the same events do not show such
a pronounced directional effect. In addition, other earthquakes of the same seismic
sources show & more or less azimuthal symmetry. The azimuthal dependence will,
therefore, not be considered in this study. This conclusion is further more supported by
recent studies based on instrumental data which stress, that scattering and site effects
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are more important than azimuthal dependence (Joyner and Boore, 1988). The azimuth-
al dependence of o has, however, only a minor relevance for the calculated seismic haz-
ard, since its influence is restricted to the far field.

In this study, a different approach is chosen to estimate the parameters of the Sponheuer
attenuation law. For single earthquakes, isoseismal areas are determined for different
intensity degrees. Assuming radially symmetric attenuation, radii can be calculated
from the corresponding isoseismal areas. Reliable macroseismic data are available for
9 earthquakes since 1976 (see table 4.1). For these events and 25 earthquakes prior to
1976, isoseismal areas have been determined. With the corresponding radii, attenuation
parameters were estimated. This was only possible for those seismic sources, where
macroseismic data are sufficient. The results are summarized in table 4.2. Differences
relative to earlier studies (S#gesser and Mayer-Rosa, 1978) are:

- For the Swabian Jura region the determined radii, including the event of 1978/09/
13, match the previous attenuation curve. The original o value of 0.001 is therefore
acceptable.

- In the region of Basel, the event of Sierentz on 1980/07/15 provided macroseismic
data, which allowed to determine new relations with a lower o value of 0.001.

- In the region of Zurich only very few data were available prior to the event of 1984/
05/09. This event provided sufficient data to draw the isoseismal of intensity degree
IV. The derived attenuation law shows the best fit for an o value of 0.003 and a
hypocentral depth of 20 km. Although only few data are available, the obtained
value is reasonable. A focal depth of 15 km for this event was instrumentally deter-
mined (Deichmann and Rybach, 1989), which is reasonable close to the
macroseismic depth.

- No new data are available for the region of the Lake of Constance. The determined
isoseismal radii of the strongest event show an ¢ value of 0.003, which is lower
than the value of the 1976 study.

- The very strong attenuation with an o value of 0.056 for the area of Yverdon is con-
firmed by the determined new isoseismal radii.

- In the region of the Berner Oberland there is only one event with sufficient data to
estimate isoseismal areas. This event shows a higher a value of 0.008 and a greater
macroseismic depth of 25 km than the value of the previous study (10 km).

- For central Switzerland, four well-documented earthquakes are available before
1976. They show an attenuation o of 0.008, which is slightly higher than the pre-
vious value.

- The attenuation law derived for the region of Glarus is mainly determined by the
1971/09/29 event, which shows a clear azimuthal dependence, with stronger atten-
uation in east-west direction than in north-south direction. ¥f radially symmetric at-
tenuation is assumed, the estimated o value (0.008) lies between the values for the
two previously determined attenuation directions.

- The 1992/05/08 event in Buchs is presently the macroseismically best investigated
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earthquake for this region. The estimated o value (0.006) is higher than the previ-
ous value. This can be accepted, since the determined macroseismic depth is very
close to the instrumentally determined hypocentral depth.

- Azimuthal dependence was previously defined for the central and eastern Valais.
Estimated o values for these two regions are 0.003 and 0.01 assuming radially sym-
metry. These values lie within the range of the values of the previous study, with a
smaller attenuation for the central Valais and a higher attenuation for the eastern
Valais.

- The strongest earthquake in Switzerland since 25 years occurred on 1991/11/20 in
Grisons. This event provided a good macroseismic data set with 352 observations.
The o value obtained is 0.003.

- No new data are available for the Engadine. The determined o value of 0.006 is
slightly higher than the value of the previous study.

The attenuation parameters determined in this study are distributed more consistently
over Switzerland than the values of the previous study. In the northern Alpine foreland
the new values are generally low (between 0.001 and 0.003). The attenuation increases
towards central and eastern Switzerland, with values between 0.006 and 0.008. Earth-
quakes in the Valais and in Grisons show again lower attenuation values. However, the
available macroseismic data are quite poor for some of the seismic sources and, there-
fore, produce unstable and questionable estimates of the attenuation parameter. These
findings emphasize how important the determination of attenuation parameters is for
the various regions in Switzerland.

Figure 4.2 displays a simplified tectonic map of Switzerland. Superimposed are the
locations of the earthquakes which were used for estimating intensity attenuation pa-
rameters. The characteristics in the attenuation behavior suggests a delineation of three
regions: 1) the Alpine foreland which covers the area north of the Helvetic and Ultra-
helvetic nappes, 2) the Helvetic and Ultrahelvetic nappes and Penninic sediments in de-
tachment nappes, and 3) the crystalline basement and Penninic nappes of the Alps, and
the crystalline basement and nappes of the Austroalpine realm. For simplicity, region I
will be referred to as the Alpine foreland, region II as the Subalpine chains, and region
III as the Alpine chain. In these three regions all macroseismic data have been simuita-
neously evaluated to determine the attenuation parameter . In this procedure the mac-
roseismic depth has been kept at the previous determined values in order to account for
different depth distributions in different seismic sources. The data and the estimated at-
tenuation laws are shown in figure 4.3. The evaluation of all data within one region re-

sults in more stable attenuation parameters. Table 4.3 lists the results for the three
regions mentioned.
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Table 4.2: Determined attenuation parameters o and corresponding macroseismic
depths for the 1976 study (Sédgesser & Mayer-Rosa, 1978) and for this study

Seismic source - depth & _depth
(1976) (1976) (this study) | (this study)

Swabian Jura 0.001 10.0 0.001 10.0
Basel 0.025 16.0 0.001 10.0
Zurich 0.005 10.0 0.003 20.0
Lake of Constance 0.01-0.008 10.0 0.003 10.0
Yverdon 0.075 5.0 0.056 5.0
Berner Oberland 0.005 10.0 0.008 25.0
Central Switzerland 0.003-0.005 6.0 0.008 7.5
Glarus 0.017-0.026 6.0 0.007 5.0
Rhine Valley 0.001 5.0 0.006 7.5
Central Valais 0.004-0.008 15.0 0.003 15.0
Eastern Valais 0.004-0.008 15.0 0.011 20.0
Central Grisons 0.001 10.0 0.003 10.0
Engadine 0.0025-0.005 20.0 0.006 15.0
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Figure 4.3:Intensity attenuation versus distance for the three defined regions in Swit-
zerland (cf. figure 4.2): The o values determined by the Sponheuer attenuation law are
presented. The indicated parameter H corresponds to the focal depth of the seismic

events used.

Table 4.3: Attenuation parameter ¢ and its standard deviation ¢ for the three
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regions defined in Switzerland
Region o Ou
Alpine Foreland 0.001 0.0006
Subalpine Chains 0.008 0.0027
Alpine Chain 0.004 0.0017




4.1.2 Scattered Attenuation Model

The deterministic attenuation models following the Sponheuer law (Sponheuer, 1960)
do not account for the non-negligible scatter of observed intensity data versus distance.
Hazard calculations, however, can take scattering into account by assuming a standard
deviation in the attenuation law. The observed intensities for the 1964/3/14 earthquake
in central Switzerland (figure 4.4) and the Sponheuer attenuation relation determined
for this area demonstrate the significant scatter of data. Scattering of intensity values
versus distance is firstly caused by physical effects, such as directivity of the radiated
energy or influence of local geology settings, and secondly due to the intensity data
themselves, which cannot always be exactly determined. The significant scattering ob-
served must be represented by an appropriate attenuation model. A statistical attenua-
tion model is, therefore, introduced in this work to describe attenuation of intensity
data.

Intensity

Distance [km]

Figure 4.4: Observed intensity distribution (open circles) versus distance for the 1964/
03/14 event. The solid line represents the determined Sponheuer attenuation law for

Subalpine chains,

The fundamental idea is to model the mean intensity attenuation similar to the Spon-
heuer law, but to allow for the scatter by a standard deviation, which is used in a dis-
cretized normal distribution. The discretized normal distribution accounts for the
integer-based definition of the intensity scale. In a first step, mean intensity values for
discrete distance ranges are calculated and fitted with an isotropic model. The model is
chosen on the basis of physical and statistical considerations, with a stronger motivation
to fit the observed data rather than base them on a well-founded physical background.
The distance ranges used for the calculation of mean intensities are:

- in the near field: 0-2.5, 2.5-7.5 and 7.5-15 km,
- from 15 km to 90 km the distance intervals are 7.5 km wide,
- larger distances: 90-100,100-125,125-150,150-200 km.
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Data situated at epicentral distances greater than 200 km from the epicenter are not con-
sidered. Other distance ranges have been tested, but no dependence of the chosen ranges
on the results could be observed, unless the ranges were so small that they did not pro-
vide significant data to estimate mean intensities. Figure 4.5 shows the attenuation of
the mean intensity of all earthquakes with an epicentral intensity VII in the Subalpine
chains. From this attenuation behavior, which is characteristic for the data in Switzer-
land, it can be concluded that:

- The mean intensity I, follows a law, where intensity is proportional to the loga-

rithm of energy (cf. equation 4-1). The applied formula (4-4), which is related to
the formula proposed by Blake (1941) is:

JR: + (H/2) ZJ

I = Io—f-gln( H/2)

(4-4)

I, epicentral intensity

I, mean intensity
R distance between epicenter and site

H hypocentral depth

f, g characteristic parameters
- The standard deviation is constant with distance and has a value of 0.8.

- The mean intensity values are biased for greater distances, because intensity values
of degree II and I are missing in the data set.

Further analysis of the behavior of the mean intensity versus distance for single events
showed, that the parameter g, which describes the geometric attenuation, depends on
the region where the event occurred. On the other hand, the parameter f depends on the
epicentral intensity and not on the region considered. In a first step the parameter f has,
therefore, been estimated based on all events with equal epicentral intensity. Only ob-
servations in the near field, i.e. with epicentral distance R < 30 km, were used, since
attenuation in the far field is strongly influenced by the parameter g. A least-square es-
timation scheme was applied, because the standard deviation is constant with distance.
For epicentral intensity V, VI, and VII curves were fitted (figure 4.6) and the parameter
f was estimated (table 4.4).
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Table 4.4: Attenuation parameter f for different epicentral intensities

Epicentral
Intensity t ot
v 0.5 0.08
VI 0.5 0.11
viI 0.15 0.10
S B
7
5
E ...............................................................
g
[ . . X
STl T I SRR D 1
Loooilrefridy L
0 20 40 60 80 100 1

20
Distance [km]

Figure 4.5: Observed mean intensities and standard deviation in discrete distance
ranges for all earthquakes with an epicentral intensity VII in the Subalpine chains.
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Figure 4.6: Observed mean intensities in the near field in discrete distance ranges (cir-
cles) for intensities V, VI and VIIL. The dashed lines correspond to the logarithmic at-
tenuation model fitted by a least-square algorithm for each individual intensity.

In a second step, the parameter g was estimated for the three characteristic regions, i.e.
the Alpine foreland, the Subalpine chains and the Alpine chain (figures 4.7 to 4.9).

In the Alpine foreland, a large number of observations belongs to an epicentral in-
tensity VII (figure 4.7a). The shortcoming of these observations is, that they are only
available for distances greater than 60 km, because these events occurred in the
Swabian Jura and German macroseismic data are missing. This fact implies a rather un-
stable least-square estimation. The events with epicentral intensity V and VI yield an
estimate of g between 0.81+0.06 and 0.84+0.04 (figures 4.7b and 4.7¢). Nevertheless,
also the observations from the Swabian Jura fit a model with a g value of 0.84 (figure
4.7d). Hence, a value of g equal 0.84 is adopted for the Alpine foreland.

In the Subalpine chains, about 90% of the observations come from events of inten-
sity VII (figure 4.8a). The mean intensities in this regions show a stronger attenuation
than in the Alpine foreland (g = 1.1840.02).

In the Alpine chain, the parameter g could be estimated for epicentral intensities VI
and VII, and varies between 0.68+0.01 (figure 4.9a) and 0.78+0.04 (figure 4.9b). For
this region, the mean of the two values is adopted (0.73+0.04).

The attenuation parameters g for the mean intensities show the same variation as
the parameters o in the Sponheuer attenuation law (see table 4.5). The Subalpine chains
show again the highest value, i.e. the highest attenuation of intensity with distance. The
northern Alpine foreland and the Alpine chain show significantly lower attenuation pa-
rameters.
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Table 4.5: Attenuation parameters g for Switzerland

Regions g G,
Alpine foreland 0.84 0.04
Subalpine chains 1.18 0.02
Alpine chain 0.73 0.04

Up to now, attenuation laws have been defined for the observed mean intensities. In or-
der to avoid calculated intensity values with decimal places, which are obtained when
mean intensities are calculated for a given distance, a truncated normal distribution is
applied to reconstruct the original scatter of the data. The probability P for an intensity
I with parameters I, and & is given by:

(I+0.5) 2
~(x-1)
P=—2 I exp[—z—m—-— dx (4-3)
2nc (I-05) 20
where
I mean intensity, i.e. mean of a normal distribution
G standard deviation of a normal distribution

The mean intensity I, is determined by the attenuation law (4-4); ¢ is the standard de-

viation of the mean intensity. The probability distribution is truncated for values higher
than the epicentral intensity. The scaling of the truncated probability distribution to 1
yields a distribution with a smaller variance. Within this definition, it is possible to
model the scatter of the intensity data and to take the integer-based character of the in-
tensity values into account.

The defined standard deviation of 0.8 of the observed intensities versus distance is
determined by uncertainties in intensity determinations as well as for “real” scattering
of attenuation. Also uncertainties in epicentral intensity estimates are affecting the stan-
dard deviation of the attenuation model. It is necessary, therefore, to correct the stan-
dard deviation in the attenuation model for the uncertainty in epicentral intensities,
since this uncertainty is treated separately (cf. Chapter 2.4.3). The uncertainty in the
epicentral intensities, which has been used to develop the scattered attenuation model,
is half an intensity degree. This uncertainty is accounted for by a distribution which as-
signs a probability of 0.6 to the determined epicentral intensity, 0.15 to one degree high-
er and 0.25 to one degree lower, respectively (see table 2.2). Taking this epicentral
uncertainty into account, best results are obtained with a standard deviation of 0.4. The
chi2-maximum-likelihood ratio test (Meyer, 1975) was used to test different standard
deviations. With a standard deviation of 0.4 significance levels between 0.8 and 0.95
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for distances less than 40 km are obtained. For greater distances the significance levels
lie between 0.05 and 0.25. Significance levels for accepting a model are usually as low
2s 0.05 or 0.1. A model is rejected if the significance is less than the selected level. The
significance levels obtained are much higher and the attenuation model with a standard
deviation of 0.4 can be accepted.
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Figure 4.7: Alpine foreland: a) Number of observations for different epicentral intensi-
ties. b-d) Attenuation model: Only the data points labelled with stars were used to esti-
mate the model parameter g. The dashed line indicates the best fit and the solid lines
indicate the adopted model.

To illustrate the combination of epicentral intensity errors and attenuation model, figure
4.10 displays calculated probability distributions (bars) for an earthquake with intensity
VII (with an error of +0.5) in the Subalpine chains at a depth of 6 km. The determined
probability distributions of the observed intensities for this region are shown by stars.
For small distances (<2.5 km) the modelled variations in the intensities correspond to
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the uncertainty in the epicentral intensity. Deviations between observed and modelled
probabilities for greater distances occur, because no observations are available for in-
tensity degrees 1 and II. However, the scattered attenuation law models the observed
variation in the intensity data with good accuracy.
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Figure 4.8: Subalpine chains: a) Number of observations for different epicentral inten-
sities. b) Attenuation model: Only the data points labelled with stars were used to esti-
mate the model parameter g. The dashed line indicates the best fit and the solid line
indicates the adopted model.
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4.2 Influence of Local Soil Conditions

The influence of local geologic settings on the intensity of shaking was clearly shown
by recent earthquake catastrophes (Michoacan in Mexico City 1985 (Sanchez-Sesma et
al., 1988), Armenia 1988 (Wyllie, 1989), Loma Prieta 1989 (Boatwright, 1991)). In the
framework of a pilot study, carried out in the Canton Obwalden, a three-step approach
was applied to study the influence of local geologic settings on macroseismic intensity:
1) intensities were calculated based on the Sponheuer attenuation laws, 2) calculated in-
tensities were compared with observed intensities, and 3) relations of ground motion
amplification versus soil type conditions were established (cf. Schindler et al., 1993).

Attenuation laws following Sponheuer’s (1960} definition (cf. Chapter 4.1.1) have
been used in the first step to calculate macroseismic intensities for all sites, where mac-
roseismic observations were available. All sites have been classified according to their
local geologic settings into geotechnical units, following the definitions of the simpli-
fied geotechnical map of Switzerland (scale 1:200°000, Rosli (1990)). Based on this
classification, differences between observed and calculated intensities have been de-
rived in the second step for all sites belonging to the same geotechnical unit. Figure 4.11
displays a typical result of such an analysis. The histogram shows the broad variation
of the derived differences for observations on marly schists, with a mean difference of
+0.42 intensity units and a standard deviation of 0.93. The large standard deviation may
be caused by the rather rough classification of geologic settings based on geotectonic
maps (Schindler et al., 1993). However, it was observed, that the differences derived
are generally higher for unconsolidated soiis and higher ground water levels.

110 Observations

25 1 T T T T 1 1 T T
o
g 20 Marly Schists ] mean =+ 0.42 |
> A ] c=093
Z 15+ / .
>
T 10t .
5
fal
Z 0 1 ! 11 1 I 1 1
-5 -4 -3 -2 -1 c 1 2 3 4 5
Intensity Differences

I(observed) - I(calculated)

Figure 4.11:Variation in intensity differences between observed and calculated intensi-
ties for the geotechnical unit of marly schists (with a mean difference of 0.42 intensity
units and a standard deviation of 0.93).

In the third step, preliminary intensity correction factors for different geotechnical units
were defined. The correction values are summarized in table 4.6. In addition, the cor-
rection values applied in the U.S. for comparable geologic units are listed (Evernden
and Thomson, 1985). Despite the rough classification in geotechnical units, and the
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doubtful correlation of geotechnical units in Switzerland with geologic units in Califor-
nia, the derived correction scheme shows some similarity.

At this point it is necessary to define the local geologic settings for which the at-
tenuation laws developed in chapter 4.1 are valid. The distribution of macroseismic ob-
servations versus geotechnical units (figure 4.12) shows that most of the observations
have been made on unconsolidated soils (geotechnical unit 3 to 7 (Rosli, 1990)). It can
be concluded, therefore, that the attenuation laws are more appropriate for unconsoli-
dated soils. However, the modelled variation in intensity attenuation includes also the
variation of local soil conditions.

More work has to be done before well-defined correction scheme can be derived,
which account for local geologic settings. Studying significant local differences (Féh
(1985), Beer (1996)) seems to be more promising than a rather coarse classification.
Also numerical waveform simulations, at present carried out for the city of Basel, will
help to understand observed local anomalies (cf. Fih, 1992).
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Figure 4.12:Number of macroseismic observations versus geotechnical units. Detailed
descriptions of the geotechnical units are found in Rsli (1990). Units 3 to 7 correspond
to unconsolidated soils, units 8 to 30 define rock outcrops.
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Table 4.6: Values of intensity correction for different geologic settings. The first two
rows are derived by Schindler et al. (1993) for geotechnical units in Switzerland
(Résli, 1990), the last two rows are derived by Evernden and Thomson (1985) for
geologic units in California (defined by the California Division of Mines)

Geotechnical unit Intensity Geologic unit Intensity
Switzerland correction California correction
marly limestones +0.4 carlv Mesozoic
massive limestones +0.2 . djnfen roi:ks -0.5
dolomite and gypsum 0 tary
marly schists with interca- +04 undivided Tertiary 0
lations of sandstone ) sedimentary rocks
. Pliocene-Pleistocene
various conglomerates +0.2 sedimentary rocks +0.7
unconsolidated sediments Quaternary sedimentary
dependent on depth to rocks dependent on depth
ground water level to ground water level
6-9m +1.5 0-9m +1.7
9-30m +0.5 9-30m +0.7
>30m 0 >30m +0.2




Chapter 5

APPLICATION TO SEISMIC HAZARD IN
SWITZERLAND

5.1 Modelling of Macroseismic Intensity for Individual
Earthquakes

The defined attenuation model (chapter 4) and error models of uncertainties in earth-
quake size and location (chapter 2) permit the calculation of ground motion probability
distributions of individual earthquakes for specific sites. This is the first step in the
method developed to calculate seismic hazard relations (cf. chapter 3.1). The ground
motion probabilities for all earthquakes at a particular site define the “Earthquake Site
Catalog” (ESC). For three individual earthquakes, expected ground motions are mod-
elled in order to demonstrate the applicability of the developed model.

The earthquakes used are the event of 1991/11/20 in Vaz (Grisons), the event of
1964/03/14 in Sarnen and the Basel earthquake of 1356/10/18. The first two events are
selected, because the amount and quality of macroseismic data are sufficient to check
the calculated macroseismic intensities with observed intensities. The Basel event is
used to show the applicability of the models for higher degrees of intensity. The inten-
sities are calculated for a site near the epicenter and for a more distant site. The param-
eters of the earthquakes are summarized in table 5.1. Errors in epicentral intensity and
location are modelled by probability distributions as discussed in chapter 2.

Table 5.1: Parameters of the 3 selected earthquakes

Date Iy Aly Lat. Long. el&(;ia&?;l] I]?;gt]h
199111 20 VI 0 46.721 9.528 2.5 7
1964 03 14 VII 0.5 46.950 8.280 5.0 7.5
1356 10 18 X 1 47.467 7.6 10.0 10

The intensity distributions of the 1991/11/20 earthquake in Grisons are modelled for the
city of Chur at an epicentral distance of 15 km, and for Zurich at an epicentral distance
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of 130 km (figure 5.1). The attenuation model for the Alpine chain is used (cf. chapter
4.1.2). A probability of almost 90% is calculated for intensity IV and V together at Chur
(figure 5.1a). This coincides with the observed intensity range of IV to V in Chur. Also
for Zurich the calculated intensity IIT with a probability of 65% (figure 5.1b) is con-
firmed by the observations. In Zurich, 55% of the observations indicate an intensity I1I,
25% an intensity II and 20% an intensity I'V.

The calculated intensity distributions for the 1964/03/14 earthquake in Sarnen
show a broader range than the distribution of the previous example. This is mainly
caused by the uncertainty of epicentral intensity. In Stans, which is at an epicentral dis-
tance of 10 km, there is a calculated probability of 75% for intensities V and VI together
(figure 5.2a). The observed intensity in Stans was VI, which is well within the calculat-
ed range. The observed intensity of degree IV in Zurich (at a distance of 55 km) agrees
very well with the calculated intensity distribution, which shows the highest probability
for this intensity degree (figure 5.2b).

The 1356/10/18 earthquake near Basel has the highest uncertainties of all three ex-
amples i location as well as in epicentral intensity. Epicentral intensity estimates of
different authors vary from intensity VIII to intensity X (Meyer et al. (1994) and refer-
ences therein). To represent this uncertainty a probability distribution with 10% proba-
bility of intensity VIII, 60% of intensity IX and 30% of intensity X is chosen. The
location error is assumed to be 10 km. A probability distribution defined by instrumen-
tal data is assumed to represent the uncertainty of hypocentral depth (cf. chapter 2.4).
Intensities ranging from VI to X are calculated for Basel, which lies at a distance of 10
km. The broad scattering is caused by the various uncertainties which are considered in
the calculation. Also for a rather distant site, e.g. Chur at a distance of 225 km, the wide
range in intensity values is also apparent. However, the most probable intensity VI
agrees with the observed isoseismal (Mayer-Rosa and Cadiot, 1979).The highest calcu-
lated intensities are based on the combination of the highest possible epicentral inten-
sity (i.e. X) with the deepest assumed hypocenter (i.e. 25 - 30 km). This combination
has more the character of a “worst case” scenario than of an exact modelling.

These three examples show that the developed attenuation models combined with
the assessed error models predict properly intensity distributions for near as well as for
distant sites. The models can therefore be used to calculate “Earthquake Site Catalogs”,
which represent the number of occurrences for different ground motion levels in histo-
ry. Consequently, the ESC can be used to estimate recurrence parameters A of a Poisson
process.
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Figure 5.1: Calculated discrete intensity distributions for the 1991/11/20 earthquake
with an epicentral intensity VI at two sites. a) for Chur at an epicentral distance of 15
km, and b) for Zurich at a distance of 130 km.
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Figure 5.2: Calculated discrete intensity distributions for the 1964/03/14 earthquake
with an epicentral intensity VII at two sites. a) for Stans at an epicentral distance of 1
km, and b) for Zurich at a distance of 55 km.

87



a) Basel b) Chur

06 1 0.6
=
504} 0.4}
]
=]
e
© 0.2} 0.2 I I I
m v v vivil VIl IX X IV V VIV VIIEIX X
[ntensity Intensity

Figure 5.3: Calculated discrete intensity distributions for the 1356/10/18 earthquake
with an epicentral intensity IX to X at two sites. a) for Basel at an epicentral distance of
10 km, and b) for Chur at a distance of 225 km.

5.2 Discussion of Seismic Hazard In Switzerland

As a result of this study hazard curves, i.e. return periods versus intensity, have been
calculated for selected sites in Switzerland. The sites were chosen either because of
their importance as an economic center or of their relative high seismic activity in the
past. The economical centers are the cities of Zurich, Basel, Geneva, Bern, Chur and
Lugano. Sites with a relative high seismic activity in the past are Brig, Sion, Sarnen,
Yverdon, St. Moritz and Buchs. Return periods versus intensity are calculaied for these
12 locations. Figure 5.4 shows the geographic locations of these twelve sites in Swit-
zerland.

In a first step, the corresponding “Earthquake Site Catalogs™ (ESC) are calculated
(Appendix B), which contain the probability of occurrences for intensity V to XI since
the 13th century. The ESCs show the contribution in intensity of all earthquakes in the
extended Swiss Earthquake Catalog (see chapter 2.2) at a particular site. Distance dis-
tributions of the earthquakes which contributed to the site catatog (for intensity >V with
a probability >0.1) are shown in Appendix B. These distributions show if the ESC is
built up by earthquakes in the vicinity of the particular site or by earthquakes at greater
distances.

In the second step, probability intervals of return periods are calculated by Baye-
sian estimation. In order to show the unbiased sample likelikood of intensity occurrenc-
es at a site, only a “minimal prior information™ is used in the calculation (cf. chapter
3.5), which ensures that return periods increase with increasing intensity. However, the
resulting return periods will still show broad distributions, if no occurrences are avail-
able (cf. chapter 3.3).
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Figure 5.4: Geographic locations of the twelve sites, for which seismic hazard relations
have been calculated. Points represent important economic centers, stars represent sites
with a relative high seismic activity.

Figures 5.5 to 5.16 show return periods versus intensity for the selected twelve locations
in alphabetical order. With the method developed in this study return periods are ob-
tained as probability distributions. Two symmetric probability intervals around the me-
dian value are chosen in order to represent the probability distributions. The line
indicated by crosses in figures 5.5 to 5.16 show the median of the probability distribu-
tion, the other four dotted lines border the 50% and the 90% symmetric probability in-
terval, respectively. Return periods outside the 90% interval have, evidently, a
probability of 10%. The lines connecting return periods of different intensities are only
drawn in order to easily identify probability intervals. Only points indicated by crosses
and circles have been calculated. For comparison, return periods calculated in the study
by Sigesser and Mayer-Rosa (1978), which will be referred as SM78, are added Dy
dashed lines.

In figure 5.5 the complete probability distributions for different intensity degrees
are displayed. The figures 5.6 to 5.17 show only the points which border the 50% and
90% symmetric probability intervals. The probability distributions clearly demonstrate
the great variance of estimated return periods, which is increasing with increasing in-
tensities. This information is lost if only one representative value, e.g. the median or
mean, is shown, which is usually the case in seismic hazard analysis.

Return periods estimated in SM78, i.e. calculated with standard hazard algorithms,
lie within the 90% probability intervals for intensity degrees VI to VIII for ten out of
the twelve locations. The return periods of SM78 for intensity V are slightly outside of
the 90% intervals for Bern and Yverdon. Nevertheless, return periods estimated in
SM78 are generally in the upper half of the 90% probability interval. Return periods of
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intensity IX of SM78 are for all locations, except Brig and Sion, between 107000 and
1007000 years. Values greater than 25’000 years are outside the symmetric 50% inter-
vals. Two locations are selected to be discussed in detail, i.e. Brig, as an example of a
location with a moderate to high seismic activity (figure 5.7), and Zurich as a site with
low seismic activity (figure 5.16). The estimated return periods are summarized in ta-
bles 5.2 and 5.3, respectively.

Three prominent events occurred during the last 250 years in the Valais: the 1755/12/9
earthquake of Brig with an epicentral intensity of VIII (Volger, 1858}, the 1855/07/25
earthquake of Visp with an intensity VIII to IX (Volger, 1858), and the 1946/07/25
earthquake in the Wildhorn area with an intensity VIII (Montandon, 1946). The effect
of these three events can be recognized in the ESC for Brig (Appendix B4). The dis-
tance distribution (Appendix B14) of earthquakes which contributed to the site catalog
shows the important influence of these near earthquakes. Return periods in SM78 for
intensity VI to IX are within the 50% interval (figure 5.7). The uncertainty in return pe-
riods obtained by the developed method reflects the uncertainty of the input parameters.
It has to be stressed, that in the method developed no assumptions have been made
about the occurrences of earthquakes neither in size (for example Gutenberg-Richter re-
lation (1944)) nor in space (by seismic source delineations (cf. Cornell, 1968).

The earthquake history for Zurich is quite different. The ESC (Appendix B13)
shows a low seismic activity characterized by an almost negligible number of events
with intensity > VIL. No earthquake is known in the past which produced severe dam-
ages in Zurich. The significant contributions in the upper intensity range stems from the
1356/10/18 earthquake near Basel. The distance distributions of earthquakes (Appendix
B17) which contributed to the site catalog clearly shows that the main influence is pro-
duced by earthquakes at distances between 100 km and 150 km. Within this distance
range are the active regions of central Switzerland, the Swabian Jura and Basel. Return
periods in SM78 for intensity VI to IX are within the 90% interval. However, return pe-
riod by SM78 are clearly outside the 50% (figure 5.15).

The earthquake history in Zurich exhibits the effect of the limited period of earth-
quake recording. In the developed method, estimated return periods of intensities which
did not occur in the time period of observation, depend only on the length of this time
period. The only information available is that no event of intensity IX occurred in Zur-
ich during the time period of observations, i.e. in the past 700 years. This information
is obviously not enough to estimate long return periods and consequently, large proba-
bility intervals for the return periods are obtained.

The long return periods which are obtained by the hazard analysis following Cor-
nell’s approach (1968) are an effect of the models used to describe the size distribution
of earthquakes. The Gutenberg-Richter relation (equation (1-1)) (Gutenberg and Rich-
ter, 1944) assumes that the cumulative distributions of earthquakes versus intensity can
be extrapolated to higher intensities. However, the short period of observations is insuf-
ficient either to prove or disprove this relation (cf. also Wesnousky, 1994).

Predictive probabilities (equation (3-13)) are calculated to estimate the chance of
having zero events in a certain time period. The time period chosen depends on the spe-
cific purpose, but is usually related to the lifetime of an engineering structure. Such



probabilities are calculated for Brig (figure 5.17) and Zurich (figure 5.18) for a time pe-
riod of 50 years. Calculated non-exceedance probabilities for Brig are 83.5% for inten-
sity VIII, which is equal to the value obtained by SM78. For Zurich, predictive
probabilities of non-exceedance are significantly lower than estimated by SM78. How-
ever, it is quite striking, that non-exceedance probabilities by SM78 for intensities VIII
and IX are almost 1 (0.9995 for intensity IX).

Table 5.2: Return perieods in years for Brig. The first two columns give the return
period intervals calculated in this study, while the third column was calculated by
Sédgesser and Mayer-Rosa, 1978)

Symmetric 50% | Symmetric 90% Return
Intensity return period return period period
interval (years) mterval (years) (SM78)
Vi [17,27] [13,42] 18
v {44, 97] [30, 220] 62
VI [185, 720] [100, 3660] 340
X [1025, 6580] [431, 55000] 2’000

Table 5.3: Return periods in years for Zurich. The first two columns give the return
period intervals calculated in this study, while the third column was calculated by

Ségesser and Mayer-Rosa, 1978)

Symmetric 50% | Symmetric 90% Return
Intensity return period return period period
interval (years) interval (years) {(SM78)
VI (34, 76] [22, 180] 133
VII 159, 7351 [79, 41801 1000
v [752, 5208] [296, 45°000] >10°000
X [2857, 257000] [980, >100°000] >100°000

Figure 5.5-16:Return period versus intensity for twelve locations in Switzerland. Dot-
ted lines give the values obtained in this study. Dotted lines with crosses gives median
return periods, dotted lines with black points represent the 0.25 and 0.75 bounds of the
probability intervals (50% probability intervals) and dotted lines with open circles rep-
resent the 0.05 and 0.95 bounds of the probability intervals (90% probability intervals),

respectively. The dashed line represents return periods of the previous study (Sagesser
and Mayer-Rosa, 1978)
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Figure 5.17:Probability of non-exceedance versus intensity for a time period of 50 years
for Brig. The dotted line gives values obtained in this study, the dashed line is taken
from the previous study by Sédgesser and Mayer-Rosa (1978).
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Figure 5.18:Probability of non-exceedance versus intensity for a time period of 50 years
for Zurich. The dotted line gives values obtained in this study, the dashed line is taken
from the previous study Sigesser and Mayver-Rosa (1978).
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53 Conclusions and Recommendations

Earthquake data catalogs and ground motion attenuation laws are the main geophysical
input in seismic hazard analysis. The earthquake data catalog provides the history of
seismic aciivity. The longer the time of observation, the better the seismic activity can
be described. However, the further we go back in history, the more uncertain the ac-
quired seismological data become. It is therefore essential to represent the uncertainty
of these data appropriately before they are used for seismic hazard analysis. In this
study probability distributions have been defined in order to represent the uncertainty
in earthquake size (i.e. macroseismic intensity or magnitude) and in earthquake loca-
tion. Probability distributions proved to be well-suited to describe the uncertainties.
They can be assessed for historical data as well as for instrumental data. Furthermore,
they completely fit into the probabilistic concept of seismic hazard assessment.

Ground motion attenuation relations for intensity have been defined. Three regions
could be delineated which are characterized by different attenuation parameters. The
formulation of attenuation relations by discretized normal distributions takes into ac-
count the definition of intensity as an integer value. The intensity distribution of earth-
quakes in Switzerland can be modelled with the proposed attenuation relations.
Calculation of possible “scenarios” describing future earthquakes can also be modelled.

The uncertainties of the data as well as of the suggested models have to be used to de-
termine the uncertainty in the final hazard estimates. The developed method based on
Bayesian statistics permits to take into account these uncertainties. This method for
quantifying uncertainties represents a major improvement over the widely used hazard
algorithms. This new procedure also avoids the delineation of earthquake sources,
which are difficult to define in regions where the spatial seismicity distribution is obvi-
ously not related with significant tectonic features.

The results of seismic hazard assessment obtained by the method developed have been
compared with results from a previous study. The latter results were almost always
within the confidence limits calculated by the new method. However, longer return pe-
riods (i.e. return periods for higher intensities in regions with low seismic activity) ob-
tained by the previous study could not be confirmed. Extrapolating intensity-frequency
laws to unobserved higher intensities as done in standard hazard studies yields return
periods larger than 10’000 years. The limited period of earthquake observations and re-
porting is insufficient to prove or disprove these high return periods.

Three main recommendations can be made for future work:

- The estimation of long return periods in regions with low seismic activity cannot
be achieved only by historic earthquake data, since the time period of observations
is too short. Return periods for these earthquakes are probably better determined by
palaeo-seismological investigations. The method developed is open to take such re-
sults into account as prior estimates. An assessment of such prior estimates of re-
turn periods is highly recommended.
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- Earthquake hazard defined in intensity degrees is of limited use for engineering
purposes. With the method developed seismic hazard can also be calculated for oth-
er ground motion parameters. But first, attenuation laws have to be developed for
these parameters. Future work should, therefore, address the atienuation of the var-
ious types of ground motion parameters (e.g. spectral amplitudes) as well as the
conversion of epicentral intensities into magnitude estimates.

- The effect of local geologic settings is important for site-specific seismic hazard. It
cannot sufficiently be treated by a rather rough classifications into soil classes
based on intensity anomalies. Specific studies, especially in areas of high seismic
risk, are necessary.
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APPENDIX A

Earthquake Catalog

Region 5.5 - 11.0 longitude East
45.5 - 48.5 latitude North

Time window 1300 - 1993

Intensity >Vlor

Magnitude >35.0

Format:
.column:  year
.column: month
.column:  day

.column:  hour, minutes and seconds

1

2

3

4

5.column: latitude (in deg E)
6. column:  longitude (in deg N)
7.column: intensity (MSK)
8 column: magnitude

9

.column:  main source of information (for a full description of the references see
Mayer-Rosa and Baer (1993))
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Year Mo DaHo Mi Sec

1334
1346
1356
1357
1358
1363
1369
1369
1372
1375
1378
1382
1334
1391
1394
1396
1397
1403
1415
1416
1428
1444
1492
1498
1504
1508
1512
1513
1521
1523
1531
1533
1533
1534
1537
1540
1541
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Lat

45.72
47.47
47.47
48.17
46.87
47.80
45.58
45.50
47.47
46.90
47.00
46.00
47.75
47.67
4630
45.67
45.67
43.50
47.45
47.52
47.53
47.80
47.50
46.50
46.78
46.65
46.38
46.35
45.55
46.78
47.03
4748
47.38
47.52
47.52
45.53
46.62
47.82
47.82
46.00
47.43
47.52
46.87
47.03
48.50
46.20
43.67
46.77
4753

Long

10.85
7.62
7.60
7.50
9.53
7.10
8.22
9.25
7.60
8.40
5.00
7.00
7.08
1.30
197
9.67
9.67

11.00
7.58
7.57
7.60
7.10
7.65
7.43

10.20
9.80
3.97
9.13

10.22
6.63
9.07
9.33
9.63
8.30
7.43

10.22
8.57

10.05
7.10

10.00
7.60
7.53
9.53
9.02
7.90
6.20
9.67
7.57
7.62

Int
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SCM
SED
SED
KSB
SED
SED
SCM
SCM
SED
SED
SED
SED
SED
SED

SCM
SCM
SCM
SED
SED
SED
SED
SED
SED
SED
SED
SED
SED
SCM
SED
SED
SED
SED
SED
SED
SCM
SED
SED
SED
SCM
SED
SED
SED
SED
Ley
SED
SCM
SED
SED



Year Mo Da Ho Mi Sec

1578
1584
1584
1584
1588
1593
1593
1594
1594
1597
1600
1601
1606
1607
1610
i614
1614
1616
1617
1618
1620
1621
1622
1622
1623
1650
1650
1650
1650
1650
1655
1655
1661
1661
1661
1663
1666
1669
1674
1676
1681
1682
1683
1684
1693
1695
1701
1702
1703
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1
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4
11
8
10
20
11

0
8
22
2
29
28
4
29
5
25
29
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3
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8
6
7
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29
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9
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1
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6
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26
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Lat

47.40
46.33
46.33
46.35
47.75
45.68
47.03
47.03
47.03
46.20
45.67
46.83
45.68
46.78
47.47
47.52
47.45
46.83
48.00
46.32
46.60
47.22
46.78
46.80
46.30
47.20
47.50
47.55
47.52
47.48
48.50
48.50
47.03
45.70
45.75
46.92
47.58
48.50
47.08
45.50
47.12
47.91
46.08
46.37
46.75
46.88
46.92
46.93
45.75

Long

8.50
6.97
6.93
6.97
3.83
9.67
9.05
9.05
9.05
8.07
7.83
8.50
9.67
6.63
7.55
7.62
7.57
2.40
7.87
9.45
7.65
7.30
10.25
10.25
9.78
9.47
7.55
7.53
7.65
7.63
9.07
9.07
9.07
9.85
9.75
9.17
9.33
7.75
9.07
8.00
9.15
6.48
10.67
8.08
6.58
9.67
8.98
9.02
10.82

Int
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v
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VI
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VII-IX
VI-VIX
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SED
SED
SED
SED
SCM
SED
SED
SED
SED
SCM
SED
SCM
SED
SED
SED
SED
SED
Ley
SED
SED
SED
SED
SED
SED
SED
SED
SED
SED
SED
Ley
Ley
SED
SCM
S5CM
SED
SED
Ley
SED
SCM
SED
KSB
SCM
SED
SED
SED
SED
SED
SCM
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Year Mo Da Ho Mi Sec

1711
1712
1720
1721
1724
1729
1730
1733
1736
1751
1754
1755
1755
1755
1755
1756
1765
1770
1770
1771
1771
1771
1772
1773
1774
1774
1774
1775
1776
Y777
1777
1777
1777
1778
1778
1780
1781
1781
1783
1784
1784
1785
1787
1795
1796
1799
1803
1805
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2
8
2
7
3
1
1
7
6
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9
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3
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13
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g
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26
19

1

9
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30

7

7
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9
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15
27

3
25
28
17
10
23
28

7
25
28
20
27
28
22
10
10
28
15
29
18
27

6
20
29
12
30

1

3:30:
23; 0;
4:30:
6:45:
0: 0:
21:30:
0: 0:
0:30:
19: 0:
0:0:
11: 0:
0.0
13:30:
3:0:
0:0:
7:50:
13:0:
15:55:
6:30:
7:30:
0:0:
0:0:
0:0:
17:0:
0: 0:
23:30:
15:25:
3:25:
2:15:

ohoor
SRR

2:30:

0:0:
11:30:
17:30:
12:3:
21:10:
0: 0:
0:45:
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6:12:
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46.30
47.50
47.45
45.82
46.63
47.38
47.13
47.48
47.58
46.28
47.12
46.32
46.32
46.30
47.13
46.87
46.48
47.03
47.30
45.67
47.33
47.67
47.03
46.87
46.95
46.85
46.85
47.77
46.88
46.88
46.88
47.90
47.25
47.90
47.03
45.50
45.50
45.85
45.63
47.85
46.60
47.30
47.20
47.20
45.50
45.92
46.57
45.75

Long

7.62
7.02
958
7.70
10.07
7.63
9.43
7.37
7.62
8.52
7.12
9.02
7.98
8.00
7.98
6.85
8.23
7.18
3.37
9.03
10.00
10.17
9.13
9.02
9.53
7.43
8.67
8.55
7.30
8.25
8.25
8.25
7.60
9.55
7.60
8.32
9.65
9.67
10.80
591
7.43
10.10
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9.42
9.42
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6.83
9.78
10.83
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SED
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Year Mo Da Ho Mi Sec

1811
1812
1813
1817
1822
1822
1823
1823
1826
1827
1827
1827
1828
1828
1828
1830
1830
1831
1835
1835
1835
1836
1837
1837
1837
1839
1839
1839
1841
1842
1843
1846
1846
1851
1851
1851
1852
1852
1853
1855
1855
1855
1855
1835
1855
1855
1855
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2
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3
15
24
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2

8
13
15
12
23
29
18
29
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5
24
24
24

9
11
16

22:15:
3: 0
1:30:

20:10:
8:45:

10:45:

21:30:

21: 0:

19: O:
0:0:

20: O:
0:20:

14:20:

20:40;

19:50;

10:45;
4:15:

22: O:

17:25:
2:47:
2:30:
6:0:
0:58:
1:30:
1:38:
8:45:
19: 0:

17:30:

19:53:
0:30:
8:20:
5:45:
6:15:
0: 0:

15:13:
1:30;

12:40:

13: 0:

10:10;

11:50:
9:15:

13:20:
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o0
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46.87
47.73
46.33
45.88
4581
48.50
48.12
48.12
47.20
46.77
46.28
46.73
48.40
46.77
47.57
48.25
48.32
48.00
46.68
47.42
47.38
47.47
46.32
46.58
45.67
45.50
45.90
45.90
45.75
46.23
47.33
46.78
46.77
46.28
47.63
46.50
46.43
46.43
47.22
46.23
46.23
4623
46.25
46.25
46.25
46.25
46.23
4722
46.25

Long

9.53
7.67
9.80
6.75
5.81
8.40
7.68
7.68
9.68
7.57
8.00
10.18
9.32
7.35
9.58
9.47
9.47
6.60
7.83
9.42
9.37
7.55
7.97
8.10
8.33
10.17
6.12
6.12
591
7.12
6.87
6.58
6.58
7.98
9.50
8.08
9.85
9.85
7.57
7.85
7.88
7.82
7.82
7.88
7.92
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7.92
7.57
7.87

Int
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Year Mo Da Ho Mi Sec
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1861
1866
1866
1867
1867
1868
1869
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1873
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1876
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1876
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27
13
18
12
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28

19:30: .
18:5: .
19:30:
4:55: .
0:0: .
10:50: .
13:15: .
20:0: .
23:0: .
23:15: .
10:50: .
4:48: .
10:30: .
19:40: .
0:0: .
4:0: .
4:20: .
5:12: .
20:30: .
6:45: .
6:55: .
11:27:
20:10: .
8:20:
19:30: .
10: 1: .
18:50:27.

0
0
0
0
0
0
0
0
0
0
0
0
0
.0
0
0
0
0
0
0
0
0
0
0
0
0
0
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0
0
0
0
0
0
0
0
0

0

13:19:53.0

0:0:
3:50:
17:25:;
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6:30:
0:40:
0: 0:
0. 0:
10:25:
1:26:

ocoooobobo
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Lat

45.75
46.78
45.67
47.35
47.15
45.72
46.80
47.07
45.62
47.70
48.50
46.87
47.33
46.15
47.00
45.73
45.73
45.67
45.73
45.73
4567
45.73
46.70
45.73
47.23
45.75
45.83
4570
46.03
46.03
45.70
45.70
46.12
45.70
46.25
46.28
46.82
46.82
46.90
45.53
47.20
46.30
47.50
45.88
48.00
45.73
45.57
46.57
46.55

Long

10.47
1027
9.67
8.87
10.02
10.78
6.75
723
10.72
7.60
3.40
7.32
8.45
7.80
6.95
10.78
10.83
10.83
10.83
10.83
10.83
10.83
6.50
10.83
8.70
10.80
6.50
6.97
6.23
7.75
10.67
10.67
6.75
6.97
8.05
7.88
7.18
7.18
7.50
8.00
9.42
6.97
10.55
9.98
6.60
10.83
5.85
7.38
7.37
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SCM
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SCM
SED
SED
SCM
SED
Ley
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SED
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SED
SCM
SCM
SCM
SCM
SCM
SCM
SCM
SED
SCM
SED
SCM
SED
SCM
LvG
SED
SCM
SCM
SED
sCM
SED
SED
SED
SED
SED
SCM
SED
SED
LvG
SCM
Ley
SCM
SCM
SED
SED



Year Mo Da Ho Mi Sec

1886
1886
1886
1887
1887
1851
1891
1892
1892
1894
1895
1896
1896
1898
1898
1898
1899
1899
1900
1901
1901
1901
1504
1905
1905
1905
1905
1905
1905
1910
1910
1910
1911
1911
1911
1912
1913
1913
1914
1914
1915
1917
1917
1918
1924
1924
1925
1925
1926
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[y [
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[ SN IS S B OO SN N B« - e B v B N S

29
9
28
11
1
9
23
5
5
27
12
6
22
22
6
14
14
30

22
30
30
28
29
i3

10
25
26
26
13

24
16
23
19
21
20
30
27
25
20
30
24
15
11

21
28

17:28:
18:20:
22:30:
21:30:
0: O:
20:34:
20: 5:
0: 0:
0:0:
0:0:
1:45; .
17:40:42.
0:47.
10:44:
13:10:
3:55:
16:58:
g0
3:40:
7:58:
14:49:; |
14:51:41.
13:20: .
1:46: .
10:21: .
0:0: .
0:0: 0
17: 5:48.0
0:20:30.0
6:12:5.0
8:32: 0
18:51: .0
17:19: .0
21:25:48.0
1:39: 0
5:45: 0
20:25: .0
12: 6:22.0
11:22:38.0
09:23:13.0
2:11:36.0
23:9: .0
7:50: .
14:21: .0
12:48:54.0
16:33: 3.0
2:45: 0
12: 1:58.0
22: 0:40.0

Dooboobbooboobbioo

cooooococoooO

Lat

46.75
48.45
47.30
48.38
45,75
47.37
47.38
45.53
45.62
45.58
45.77
45.77
47.90
46.80
46.60
47.12
48.12
47.30
48.15
47.63
45.53
45.60
46.77
45.92
45.90
46.85
45.92
46.80
46.80
47.40
47.30
4773
47.17
48.22
48.20
48.20
47.25
48.23
47.32
46.00
46.03
47.72
47.48
45.80
46.25
48.26
46.87
46.08
48.13

Long

10.05
792
10.80
7.88
10.75
9.62
943
10.48
7.80
10.12
10.83
10.83
8.18
6.60
7.68
9.50
7.65
10.50
7.55
7.40
10.42
10.30
7.32
6.93
7.00
9.52
10.30
9.40
9.40
7.30
10.90
7.57
10.33
9.00
2.03
9.03
3.60
9.01
9.65
8.00
7.03
5.02
10.95
9.55
7.92
9.09
6.50
6.20
7.68

Int

EEREEEE
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VI

VI-VII
VII
VI
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SSESH

4.7
4.9
42
4.8

3.7

35
44
5.0
4.5

5.1

34

Ref

SED
Ley

Ley
S5CM
SED
SED
SCM
SCM
SCM
SCM
SCM
Ley
SED
SED
SED
Ley
Ley
Ley
LvG
SCM
LvG
SED
SED
SED
SED
1vG
SED
SED
SED

SED
SED
Ley
Loy
Ley
SED
Ley
SED
SED
SED
SED
Ley
SCM
SED
Ley
SED
SED
Ley
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Year Mo Da Ho Mi Sec

1926
1927
1929
1930
1931
1932
1933
1933
1935
1935
1935
1936
1936
1937
1938
1942
1942
1942
1943
1943
1943
1943
1943
1943
1943
1943
1943
1946
1946
1946
1946
1947
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1948
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1954
1955
19356
1957
1958
1958
1958
1959
1959
1960
1960
1960
1961

12
12
3
10
4
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B B LR T e =AY S~ e U S T \ N O o ]
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|
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15
16

1

7
14
19
12

8
31

3
27
15
22

7
11
17
20
17
25

2
28

1

4
14
13
17
27
25
26

4
30
14
28
25
19
I8
19
23

1
29
30
15
30

4

4
19
23
13

9

13:58:52.0
10:44:30.0
10:32:10.0
23:27. .0
22:12:52.0
12:57: 0
9:56:57.0
0:31: .0
12:39:33.0
1:30: .0
17:19:30.0
1:26: .0
3:44:55.0
22:2:490
6:42: QO
11:14:429
14:42: 0
10:26:41.4
11:35: 6.9
1:8: 6
0:24: 8.5
13:53: 5.0
4:37: 9.0
4:16:36.1
23:24: 7.7
2:30:12.0
18:50:31.3
17:31:47.0
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APPENDIX B

Earthquake Site Catalogs

Figures B2 to B13 display “Earthquake Site Catalogs™ for intensity degrees V to IX
since the 13th century for the twelve selected sites (in alphabetical order). They show
the calculated probabilities of occurrences for the different intensity degrees following
the procedure described in figure 3.1.

The twelve selected sites are:

B2: Basel
B3: Bern
B4: Brig

B5: Buchs
B6: Chur
BT: Geneva
BS&: Lugano
BY: Sarnen
B10: Sion
Bl1l: St. Moritz
B12: Yverdon
B13: Zurich

Figures B14 to B17 show the distance distributions of the “Earthquake Site Catalogs”
for intensity >V and for a probability of > 0.1. On these figures it can be recognized in

which distance to the site the earthquakes occurred that contributed to the “Earthquake
Site Catalog”.

B14: Basel / Bern / Brig

B15: Buchs / Chur / Geneva

Bié: Lugano / Sarnen / Sion

B17: St. Moritz / Yverdon / Zurich
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APPENDIX C

Program BayHaz
Author: Erik Riittener
Release: 1.0 (January, 1995)

Syntax: bayhaz

Description

Program BAYHAZ creates an “Earthquake Site Catalog” taking into account error
models for earthquake size, standard deviations for earthquake location errors, depth
distribution models and scattered attenuation models. Besides the “Earthquake Site Cat-
alog”, probabilities of number of occurrences based on a mixed Bernoulli trial are cal-
culated (cf. chapter 3.4). Needed input files are (cf. source code (header information)
for the exact format description):

- file containing earthquake data catalog. Each earthquake needs flags that indicate
which error model, which standard deviation, which depth model and which at-
tenuation model has to be used;

- file describing earthquake size error models;
- file describing depth distribution models;

- file describing attenuation models.

Structure of the Source Code
The source code is found in the file bayhaz.f. There is a Makefile available that allows
a quick compiling of the code. Needed files containing subroutines are:

- calc_prob.f

- epidiffusion.f

- mixber_tine.f

- grkr.f

C1



Program OUTNEW
Author: Erik Riittener
Release: 1.2 (Japuary, 1995)

Syntax: outnew(data,gm,is1,is2,ip1,ip2,ip3,ip4)

Description

MATLARB interface module which calculates prior and posterior distributions follow-
ing Bayesian inference. Needed input is the file that contains the probabilities of num-
ber of occurences (this is the output of program BAYHAZ).

Structure of Source Code

Outnew calls different routines that calculate standard Bayesian distributions and
weighted Bayesian distributions, each of them either with informative, minimal infor-
mative or non-informative prior distributions (controlled by the parameters is1 and is2).
Figure C.1 displays the flowchart of Outnew. Help outnew displays the description of
all needed parameters.

The output are median values, 50% and 90% probability intervals of the posterior dis-
tribution.
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