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1 Introduction

The macroseismic intensity is a semi-empirical meador earthquake effects, and
indirectly, earthquake size. When assessed at fcienily large number of sites
(usually settlements or zip code areas), it canvstegular regional patterns that can be
related to earthquake size, variation of energgighsion and absorption, site response,
and focal depth. In this work the macroseismidfisl used to parameterize historical
earthquakes, assessing earthquake parameters suldtatdion, magnitude, and, if
possible, depth.

The final calibration of historical earthquake paederization in ECOS-09 follows the
same strategy as that applied in ECOS-02 (Swissm®@gical Service, 2002; Fah et
al., 2003). This is an approach that determineshg@aake source parameters, location
and magnitude directly through a continuous regrasof individual intensity
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observations. The method is generally known as “Bekun-Wentworth method”
(hereatfter referred as tBV metholl (Bakun and Wentworth, 1997). The main issue is
that the coefficients defining the intensity attetion model require calibration. This
calibration procedure is one of the main stepsstat#ishing a regional model (Bakun
and Wentworth, 1997; Hinzen and Oemisch, 2001; Badad Scotti, 2006; Musson et
al.,, 2008). In principle, a point source model sswaned with a certain focal depth
and an appropriate relation fimtensity attenuation with source distance:

| =f(M.d) (1)

whered is distance from the source to the intensity datatgqiiDPs), andM stands
for the magnitude. The coefficients defining thdatien are obtained from the
calibration process; using events with well consé@ moment magnitudes and source
locations derived from instrumental data along witheir related macroseismic
observations. Once the relation is implemented e BW method, a residual
minimization technique is applied over a searclhd,gtaking the magnitude as an
unknown variable. Each grid point is treated asotemtial epicenter where, given
equation (1), its mean magnitude (as inferred fiodividual intensity assignments) is
calculated. The root mean square (RMS) of modeiatiens for individual intensity
points is used as the penalty function to asses#titon quality. The results of this
minimization are a probability distribution funatidhat characterizes the likelihood of
an epicenter being at a given location, and a sksarface that, assuming the epicenter
is at a given location, shows its preferred magl@tuwith a consistent dataset, the
locations of the minimum RMS and inferred magnitade expected to be co-located.
However, as a result of, for instance, incompleternisity fields, radiation effects, and
site effects, they may diverge. Further detailsualtbe application of this technique are
given in the aforementioned references. In ECOSw3® assessed location and
magnitude using expert judgment that was basedhendistributions of RMS and
magnitude, as well as on a priori knowledge of $ské&smotectonic setting and from
historical sources. We also addressed depth agiablaof the intensity attenuation
model, and estimated parameter uncertainty.

In this work, we present the different stages ef HCOS-09 calibration initiative and
its results. Other calibration exercises based ifferent approaches have been carried
out together with ECOS-09 and are used for comsigtehecks. These are: the Boxer
method and the calibration applied in ECOS-02 (Bppendix E). The conclusions
have been used as feedback in many aspects for fithé calibration and
parameterization of historical earthquakes in EGOS-

2 Calibration procedure

Following the strategy of ECOS-02, we have addcesdee parameterization of
historical earthquakes in a two-stage analysis gaore that decouples the estimation
of the distance dependence of the intensity fietdnfthe estimation of magnitude.
Initially different intensity attenuation relationgere selected. These were then fit to a
set of macroseismic calibration events (see 2.3) those attenuation models that
exhibited poor performance in describing the obsgiatensity fields were discarded.
Secondly, we inferred a magnitude to standardimeghsity relation for the chosen
relations, in order to estimate the macroseismigmbade. For this purpose we used a
reduced calibration dataset with events that hattumentally derived Mw available.
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The ability to reproduce the instrumental magnitudeas used as an additional
selection criterion for the macroseismic attenuat@ationship.

Finally, we applied the best strategies to thehegdkes in the historical catalogue,
whilst constraining the solution with historicaldmledge.

The calibration procedure also consists of othgreets related to IDP processing,
which are crucial for an adequate performance. éshswe carefully investigated
issues such as 1) the removal of outlier eventsil@Rg from the calibration dataset for
an optimum statistical performance, 2) the weightischeme applied to the
macroseismic field to assess the calibrated caeffs of the attenuation model, 3) the
ability to infer a curve to derive a macroseismiagmtude from a reference intensity,
and 4) the definition of the cutoff distances usedorder to avoid effects of
incompleteness and sampling bias in the macroseifanifield. We also investigated
the importance of site conditions. These diffeqg@mises of the study are summarized in
Figure 1, and are further discussed in the follgvgactions.
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Figure 1. Representation of the phases that canstithe different strategies involved
in the calibration procedure.

2.1 Attenuation estimation

For the estimation of location, we selected annsitg attenuation model by testing
several models that relate the decay of intensitdistance and, in some cases, focal
depth. The calibration of the coefficients of thedwals is performed through the
following iterative process.

In general, attenuation is assessed by describmgl¢cay of intensity with reference to
a scaling intensity:

lyps =1 &= (d,h) (2)

obs
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where | . are the observed intensity data points, IDPS;is the event-individual
scaling intensity derived from the iteration praceégtailed belowg stands for distance
(epicentralD, or hypocentralR) andh is the focal depth.

We assessed the general attenuation coefficgrsetc., of equation 2 as well as the
event-individual parameterlg, andh, using the following iterative procedure:

1. 1, is used as a proxy df., whilsth is fixed at 10km. A set of coefficients
b, ... is derived for the attenuation descripti¢h h) from all calibration events.

2. For each event, a nely, andh are derived that minimize the RMS féd, h, a,
b,...).

3. Given the new event-individudl, andh, a new set o, b ... are derived,

minimizing the RMS of the attenuation over all bedition events.
4. As step 2.

This procedure is repeated unty, becomes stable (changes less than by 0.02 in an

iteration) for all events. For attenuation relasibips that are not dependento(fixed-
depth strategy the same procedure was used without fittirigr each event.

For the variable depth strategywe allowedh to vary between 3 and 25 km. By
comparing the fixed and variable depth strategies, were able to estimate the
influence of depth on the event scaling intendity, and the contribution of depth to

the explanation of the intensity fields.

In a third strategy ¢hixed), used as a performance test, we fixed the déptlthose
calibration events where depth is known from inskeatal assessment or using known
seismological constraints (for example, the faet to events occur below 15km in the
Alps), while for the other events, we used depth &ing parameter.

2.2 Magnitude calibration

The calibration of the macroseismic magnitude isessed independent of the
calibration of the attenuation of the intensity twitlistance and depth. For each
attenuation model we infer the event-individual lisga intensity at a standard
hypocentral distancé . Then we estimate the macroseismic magnitude leear fit

to that standardized intensity:
M=al,+8. (3)

To formalize the intensity decay and therefore ¢hébration of magnitude we have
tested different models. In the following sectioe wresent a summary of all these
models and their characteristics.

2.3 Intensity attenuation models

The literature provides a number of empirical medbeht define the attenuation of the
intensity assignments with distance (e.g. Gomeze€gp2006; Musson et al., 2008).
The intensity increases with the magnitude and edesgs with the distance, but there
are other factors that contribute to the variatiofghe intensity field: for instance,

azimuthal variations, path effects, and site effetWe have tested different intensity
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attenuation relations in terms of. the variablegoived (epicentral and hypocentral
distances, and depth), and the functional formedlin logarithmic or cubic). Table 1
lists the different models tested during the catilon initiative.

Based on Intensity attenuation models
Koveslighety (1906) I =1, :aLog(%) +b(D-h)
Ambraseys (1985) | -1, =alLog ( %) + b( R- ij
Blake (1941) | -1,=aLog(R)+ b
Bakun and Wentworth (1997) | -1,=aD +b
Goémez Capera (2006) I =1, =adJR+Db

Table 1. Different intensity attenuation modelgddsin the ECOS-09 calibration initiative.
I=intensity assignment, lo= intercept intensity,=Rhypocentral distance (km), D = epicentral
distance (km); h = focal depth (km), and a andebcanstants.

2.4 Calibration datasets

To perform the calibration of the intensity atteta relationship, we assembled
calibration dataset 1This consists of events located in Switzerland lamdier regions.
The incorporation of macroseismic data from adfgnioreign regions benefits the
calibration and allows for a better regional intBnattenuation model that will better
estimate location and magnitude for critical histalrearthquakes. Therefore, intensity
data from Sisfrancewww.sisfrance.netlast accessed November 5, 2008) and for
selected events from INGV (DBMIO04, http://emidiusingv.it/DBMI04/) are included

in the calibration dataset.

The events within calibration dataset 1 have a kntmgation and good intensity fields.
They are mainly the instrumentally located everftshe 20" century with Ml > 3.2.
However, older events from the"™L@nd 28' centuries are added to the datasets if their
known macroseismic field contains at least 10 sitgndata points (IDPs) with
intensity greater than or equal to 3. Calibratiatadet 1 includes, for example, the
events occurring on 29/10/1835, 17/08/1846, the 518Bainshock 25/07/1855,
27/01/1881, 18/11/1881, 13/04/1885, 22/02/1898)R6B98, and 26/05/191Bigure 2
shows the number of IDPs contained in the calibnatdataset for the different
magnitude ranges.
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Figure 2 Number of IDPs of the calibration evemsdifferent magnitude ranges.

Calibration dataset 1 has been reduced in thrges sesulting in three new calibration
datasets that have been used in the calibratioccegdtoe:

Calibration dataset 2Events with one or more of the following featuireshe intensity

field were removed:

- events with the near-source part of the interfgtg missing (e.g., foreign
events);

- events where the range of reported intensitiesasly one or two intensity classes;

- events with IDP fields that are probably misl@chtfor instance, where all of the
highest intensities are reported at distancesextgr than around 20 km from the
epicenter, whereas for the given epicenter, ongllsmintensities are reported;

- aftershocks shortly after the main event (whetenisity assessments could be
biased).
The total number of events in dataset 2 is 111.

Calibration dataset 3the same restrictions as above were appliedh&uriore, events

with the following properties were removed:

- Those with few IDPs (< ~10-15), including eveintshe 2¢" century;

- Events where IDPs are distributed over a smalljeaof epicentral distances with a
large range of reported intensities, for which ve@ assume that the macroseismic
field is incomplete. In such cases, the missing iumad or far-field observations
may be mistaken as an effect of very strong intgsicay.

Calibration dataset 4The following events were removed from dataset 3:

- Non-damaging events;

- Events with a density of the macroseismic fieldoh strongly varies with distance;

- Events where the best-fitting attenuation refedfop still does not describe the
general trend of the observed attenuation, or featmany outliers (> ~10%) with
more than two intensity units deviation from thegel attenuation trend.

For the assessment of potential regional variativa, defined alpine and foreland
events based on the following rule:
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Alpine: Y, <(150000+ ( X, - 54000p /2.,

with (X, Y.,) being the epicenter location using the Swiss natigrid coordinate

system in meters. This definition roughly describestraight line from Lausanne to St.

Gallen. For the small datasets (calibration dasa8eand 4), we made an exception to

the definition above, and referred to events 10800 10600 in the St. Galler Rhine

valley as foreland events. This was due to the thet the local geology in the
epicentral area of these events is a deep sedipeoasin, which is more similar to

Swiss foreland conditions.

For the standardized intensity to moment magnitadration, a decision was made to

use the subset of events with an instrumentallyivelér Mw (either direct Mw

calculations or the values published by Bernardiaét (2005) that are based on Ms)

These Mw are hereafter calldiv(bestmag)which at present are considered the most

reliable values. These magnitudes were selectddthat following criteria and order:

* For pre-2003 events the Mw value estimates in Bdrd al. (2005) are used.

* For recent events, the magnitude of the Swiss lgoament tensor catalog
(http://www.seismo.ethz.ch/mt/RTMT/RTMT_SWISS.phs used as long as the
moment tensor model had a variability reductiorgdater than or equal to 50%.
This corresponds to moment tensors rated as qtrlity

* When the above two Mw values were not availablelgiendent of the quality
reduction), Mw values from the online regional moinetensor catalog
("Braunmiller catalog"http://www.seismo.ethz.ch/mtwere used.

* Magnitudes not reported above, but published inuBmaller et al. (2005) for
events before the 2001.

This defines a set of 50 events, of which 38 opewlath dataset 2, 20 with dataset 3,

and 14 with dataset 4 (see Tables in chapter Biofeport).

2.5 Data processing: weighting scheme, binning-imsity strategies, and
removal of event outliers

In order to reduce the bias in the macroseismensity field due to reasons such as:
heterogeneous distributions, incompleteness ofaicerintensity classes, poor data
quality, significant variability of effects obsex/eclose to the epicenter, anomalously
high intensity levels reported far from the epiegnwwe have processed the calibration
dataset applying different strategies. The atteonaelationships have been calibrated
using the following weighting schemes:

* No binningof the IDPs. This procedure offers full error aqohtand is the most
consistent approach with the Bakun-Wentworth tephi Usually assessments
based on individual IDPs are combined with a ditaweighting, in order to
correct for the geometrical skew in the number@P$ (the area and hence, to an
extent, the number of IDPs within the radidsfrom the epicentrencreases
proportional tod?).

» Distance-binning(Gasperini, 2001; Fah et al., 2003his is applied in conformal
bin sizes, attributing them with the mean or meddistance, and observed
intensity. This approach removes outliers, howessagr control is reduced.
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* Intensity-binning(Bakun and Wentworth, 1997, Hinzen and OemiscBb128akun
and Scotti, 2006). Each intensity class is attabuwith the mean or median
distance of the corresponding IDPs. This removetieos; however the error
control is reduced. There might be a geometric skimtensity-binning can be
applied only to non-site corrected data.

Both binning methods remove outliers and reduce dattter. What appears to be a
clearer conformation with an attenuation law comiethe cost of a loss of error control
(standard deviation introduced by the single intgn®bservations), as well as
information on non-symmetric intensity or distandestributions within the bins.
Therefore, attenuation relationships parameterizmth binned data are not necessarily
consistent with an application in the style of Bakun and Wentworth (single IDP
based) application context. Both binning strategils® introduce an implicit distance
weighting and, in addition, possibly an overweiggtiof IDPs from sparsely sampled
distance ranges or intensity classes. In addiftensity binning cannot be applied with
site-corrected data (which would lead to floatinginp, rather than ordinal, intensity
values).

We mostly worked with individual IDPs and to someeat with distance-binning.

Only a small amount of testing was done with initgrisinning, taking into account the

possible limitations given above.

For the model parameter estimation, weighting sesehave been used to account for

the increase in area with distance, and to avoaditfluence of the incompleteness

within certain intensity classes. We have impleradnt
1. no weighting, with varying cutoff distances;
2. quadratic weight decay within 200 km:

W= (200_ %00)2 “)

3. area — conformal weighting:

- 10 5
W /10+(d)2 (5)

Without weighting the resulting event-individualagog intensities strongly depend on
the cutoff distance. This was due to the fact #tatutoff distances close to the radius
of the felt area of an event, the intensity desagantrolled by the absolute size of the
event rather than by distance. With distance waightthe difference between

weighting methods 2 and 3 was minimal. The two Wiy schemes applied along
with the same attenuation relationship resulted difference in the scaling intensity of
<0.05 intensity units for the calibration events. In tbether procedures, we therefore
applied weighting scheme 2.

For calibration with events with known epicenteaisstrong decay of weighting in the

near-field allows the adequate representation efattenuation behavior close to the
epicenter, where the highest intensities are ystgtiresented with only a few IDPs. In
contrast, in the application of the Bakun algorithwimere the epicenter is unknown, a
strong decay of weighting in the near field co@dd to unstable results. To avoid this,
we applied the Bakun search algorithm with a cebmsed weighting scheme (Swiss
Seismological Service, 2002). This weighting fumetshows a similar functional form

to weighting scheme 2 used for calibration, big iess sensitive to mislocation.
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Figure 3. Different IDP weighting schemes usedackl line: quadratic decay used for
calibration; Blue dashed line: area-conformal weligly tested for calibration with similar
results to that of the quadratic decay; Red dothdakline: The cosine-conformal weighting
applied with the Bakun search algorithms (here waitioff distance 100 km). This weighting
scheme mimics the quadratic decay without the gebgifor small mis-fits of the epicenter.

The strategy to derive the intensity attenuatialependently from thedMagnitude
relation requires two assumptions:
A. Intensity decay follows the same law, or funotibform, over the entire
intensity scale;
B. Allintensity data used has a comparable relewda describe intensity decay,
independently of whether they are from a large small event.

Assumption A is not necessarily true, as intensitgn ordinal scale, which does not
imply, nor is designed for the fact, that the saange in intensity represents the same
change of any physical ground motion parameter.

Assumption B may also be problematic: firstly, mgy data from small events only
describe a small range of intensity decay, whilegdaevents contribute to the
description of a larger range of decay over sevetahsity classes.

We have developed 5 strategies to explore and éahese problems:

1. Applying a general distance cutoff for all event

2. Applying an event-individual distance cutoffpéading on event size;
3. Include only the highest (e.g., top 3) intenkgiels;

4. Include all intensities from a certain level w@grds (e.qg., Intensity >= IlI);
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5. Include a uniform range of intensities for asts, e.g., at intensities IV to VI
only.

The cutoff distance has a large impact on the a#teon parameters. However, there is
no clear method of selecting the "ideal" generabffudistance. Changing the distance
just changes the mix of the near-source and fat-figtensity fields. We therefore
discarded this strategy.

normalized intensity, unbinned, site correction 3

normalized intensity, unbinned, site correction 3

T T T T T T
0 50 100 150 200 0 50 100 150 200
distance [km] distance [km]

Figure 4. Intensity models derived from the fir8k@ (red), 100km (green) and 150km (blue)
of intensity data. While the resulting model witlogarithmic and linear term strongly depends
on the cutoff distance, the logarithmic model ighia to describe the far field due a lack of
degrees of freedom. (a) model with a logarithnmd &near term; (b) logarithmic model.

With strategy 2, the cutoff distance depends onmnksee, and is defined by the
distance at which the expected intensity drops uradecertain value. Because we
separated intensity attenuation from magnitude rdetation, this strategy is
impractical. Strategies 3 to 5 avoid the problencuotoff distance by using a cutoff
intensity. Strategy 3 is based on the assumptiahttie area with the highest intensity
is sampled best and uses this for event-individudénsity cutoff. While this
assumption is well founded (especially for histooatalogues where the level of
completeness in event size increases with decreamye along with the level of
minimum intensity in the available reports), it vailnerable to deviations from
assumption A of a homogeneous intensity attenualien Strategy 5 avoids the
problems of assumption A by working with a relalvemall range of intensity levels
(IV to VI) that are available for many events, haee it is not applicable to medieval
events where intensity levels <= VI are rarely mdpo. Strategy 4 provides a
compromise between the advantages and disadvardhgeategies 3 and 5.
As shown later in the results section, strategi¢e 3 perform similarly in describing
the intensity fields as well as in producing saplintensities that fit the Mw of the
magnitude calibration dataset. However, becaugbenfack of applicability of strategy
5 for some events, only strategy 3 and 4 were imsedent parameter assessment.
Intensity outlier removal is a non-trivial task. hi§ is due to the presence of three
different types of outliers, of which only type 8da3 should really be removed:

1. Outstanding intensity points that may be real.,edue to site amplification

effects;
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2. Erroneous interpretation of incomplete informati(e.g., assumptions of
building types in cases where only coarse damagerigdons are available, or
assumptions related to effects reported only byingles person, or for one
building);

3. They may be completely wrong, due to incorrepiorting, mis-location of the
site the report refers to, or the incorrect idédtion of the described event.

We tested the removal of outliers based on thewiatien from the best-fitting

attenuation law. This removes some outliers of tgppes, but it leads to an
underestimation of parameter uncertainty, as typetliers are also affected. To avoid
this, we abandoned the idea of specific outlier cesh We applied then only the
before mentioned distance weighting, which mightngee some of the erroneous
macroseismic information described above in 2 and 3

3 Results of the calibration

3.1 Intensity attenuation model

All attenuation models listed in Table 1 were aalied using the four calibration
datasets defined in 2.4: datasets 2, 3, 4, andrdh®nalized datasets ‘alpine’ and
‘foreland’. The different phases of the procedure as follows: the decisions made on
the processing of the data; such as the weighteierses, cutoff distances, and
removal of outliers (see section 2.5) were followddhe results for the different
functional forms in Table 1 were analyzed and tlesthsuitable intensity attenuation
models were chosen. For these models the coefficigare calibrated according to the
macroseismic information used: all IDPs availalieefsity three and above) for each
event @llint); only the three highest intensity levetsd3); and using the intermediate
intensity levels it4_6). The calibration coefficients of the intensityestuation models
were obtained through the iteration process desttrb section 2.1, and following the
three strategies established in terms of the treattrof the focal depth:fixed depth
variable depthandmixed strategy

Each calibration exercise can be defined in termshe attenuation model, the region
where it is applied, the calibration dataset, titerisity field used within the calibration
dataset and the depth strategy. For the calibraticthe macroseismic magnitude, we
developed for each attenuation model a specifitngcantensity to magnitude relation,
and applied different weighting schemes to thébcatlion events used.
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Figure 5. The different calibration strategies fartensity attenuation models and their
characteristics.

One of the first results of this calibration istthlaose models established in terms of the
epicentral distance were discarded as they wergleit@a resolve focal depth. Therefore
our set of models is reduced to the types in T2ble

Definition Intensity attenuation model formulation
Logarithmic and linear model I :aLn(%) + b( R- h)
Logarithmic model | -1 .=aLn(R)+Db
Cubic model Il :ai’/ﬁ

Table 2. Remaining intensity attenuation models kizae been investigated in the final phase
of ECOS-09. (R: hypocentral distance; h: focal tieptand b: coefficients of the model).

The results of the fit of the models in Table 2 fized depth,taking depth a&40kmin

all cases, were initially analyzed. As shownFigure 6the model with dogarithmic
and linearterm gives consistently better results over diférstrategies. Therefore this
functional form was selected, and from now on il e referred to as theCOS-09
intensity attenuation model

In the calibration exercise carried out with thexBomethod (see Appendix E) it was
observed that, due to completeness problems iaicantensity classes, the estimation
of macroseismic parameters can be improved wheessiag only the three highest
intensity levels fop3. For this reason the calibration coefficients tbe chosen
functional forms are derived with two intensity repentations:allint andtop3

The attenuation model derived from dataset 2 cacrdee attenuation equally well as
that from dataset 3. Only the attenuation in datdse better described, however this
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may be expected, as the fitting quality of the rattgion relation was used for event
selection in dataset 4.

Capability to fit the intensity attenuation

__
/ B Cubic, int >=3

B |ogarithmic, int. >=3
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ECOS09 top3 int.
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Cubic, int >=3

R2 fitting parameter (intensity

<
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Figure 6. Capability of describing the intensityteatuation, measured by the coefficient of
determination R2 fitting parameter for differenhétional forms (cubic, logarithmic, ECOS-09

with a logarithmic and a linear term) using calitien datasets 2, 3, and 4 (ds2, ds3, ds4
respectively), and different intensity classesefisity >=3, intensities in the classes 4-6, and
top 3 intensity classes).

Capability to reproduce Mw from 130
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Figure 7. Fitting quality of differeng} (standardized intensity as intercept at 30km hgptal
distance) to magnitude relationships, measurechbycbefficient of determination R2.

ECOS-Earthquake Catalogue of Sxiand 13



Calibration of historical earthquakes

The standardized intensity to magnitude relatiemfrdataset 2 is better confined than
those from dataset 3 or 4 (see Figure 7). Forrdason we use relations mainly based
on this dataset for our further work. The standaedi intensity to magnitude
relationship based on the attenuation of "top3&nsities shows the best fit. We have
addressed the estimation of focal depth, with #wable depth strategy, which allows
depths ranging from 3 to 25 km. A series of sergitanalyses was performed, where
the quality of the macroseismic field used was onpd by starting with dataset 2, then
dataset 3 and finally dataset 4. The reductiorhefrtumber of events from one dataset
to another means that a particular event can berbfted with an event-individual
scaling intensity and focal depth. In Figure 8, amgle of ECOS-09 intensity
attenuation models are depicted for three differdapths. Table 3 provides the
different calibration coefficients.

ECOS-09 intesrl[fgi/eggenuation model Calibrated coefficients
Cz(ajlibratior Intensity representation  |Regionalizatior depth Lg(?:f;ilé?emnltc colg?ff:iaernt
ataset
@ (b)

2 All intensity level§’ - Fixed depth (h=10Km) | -0.67755 | -0.00174
2 Three highest intensity levels - Fixed depth (h=10Km) -0.4834 | -0.00179
2 Intermediate intensity levels 4- - Variable depth (h=3-25Km| -0.71377 | -0.00125
2 All intensity level§’ - Variable depth (h=3-25Krr| -0.69182 | -0.00084
2 Three highest intensity levels - Variable depth (h=3-25Kn| -0.50945 | -0.00192
3 All intensity level§’ - Variable depth (h=3-25Krr| -0.79156 | -0.0002
3 All intensity level§” - mixed strategy -0.81028 | 0.00028
3 All intensity level§’ alpine Variable depth (h=3-25Krr| -1.07853 | 0.00414
3 All intensity level§’ foreland | Variable depth (h=3-25Kmr| -0.56258 | -0.00255

Table 3. Calibrated coefficients of ECOS-09 intgnsittenuation models for the different
strategies investigated. (*) Intensity three andy&.
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Calibration of historical earthquakes

‘intensity’

hypocentral distance

‘intensity’
-

0 50 100 150 200

hypocentral distance

Figure 8. Attenuation models derived from datéseand 3 compared to each other. Red=3km
depth; black = 10 km depth; blue = 25 km depth. dtgmtral distance is given in km.

Top) Circles: dataset 2, variable depth, all intties; Line: dataset 2, fixed depth, all
intensities; Bold dashes: dataset 2, top 3 inteesjtvariable depth; Small dashes: dataset 2,
top 3 intensities, fixed depth; Dots: dataset Zeiisities 4-6, variable depth.

Bottom) Circles: dataset 2, variable depth, allensities; thick line: dataset 3, variable depth,

all intensities; thin line: dataset 3, mixed degthategy; dashed line: dataset 3, Alpine events,
variable depth; dotted line: dataset 3, forelan@m g, variable depth
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Calibration of historical earthquakes

The results in Figure 8 show that the derived sitgrattenuations are different when
using all intensities or only the three highesemsity classes. Intensity attenuation is
similar for dataset 2 and dataset 3. For datasedl@ine events the results are however
rather different. The results of dataset 4 are stwiwn here, because the restricted
magnitude range of the calibration events doesafiotv the development a reliable
standardized intensity to magnitude relation. Tém@es problem occurs with the models
using foreland events only.

It was always the case that the largest datadsthset 2 allowed us to derive a
meaningful magnitude to standardized intensityticata Therefore the estimation of the
macroseismic parameters for the application of BNé grid search technique will be
achieved by implementing theCOS-09attenuation models calibrated with strategies
based mostly on dataset 2. Dataset 3 - alpine ®€v&@tn interesting case that was also
implemented in order to observe the effect of #xgianalization on the macroseismic
parameters.

Within the variable depth approach, the questi@man“we determine the depth from
historical events in a reliable way?” was addressHus issue was investigated by
assigning a best fitting depth to each calibrageent during the iteration process of
the regression analysis with the variable deptitatryy. The resulting depths derived for
each of the calibration events are plotted geogecajphfor two strategies (see Figure
9). A trend can be recognized where more shalloen&vare in the Alpine area and
more deep events are located in the foreland dieia.observation is consistent with
our understanding of the depth distribution of lequiakes from the instrumental period.
The main question is, whether a reliable depthaagparticular event can be derived,
taking into consideration that our calibration datahas no reliable depth estimate for
most of the events. This means that we cannot &est procedure for depth
determination. There might also be a trade-off leetwattenuation for Alpine/Foreland
sources and the depths, which cannot be solvedowitistrategy.
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Figure 9. Depth of the events in calibration datas2 and 3 (DS2, DS3 respectively) obtained
during the regression analysis for the intensitiematiation calibration with the variable depth
strategy.
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Calibration of historical earthquakes

3.2 Macroseismic magnitude calibration

Macroseismic magnitude has been assessed in tlmndsgahase of the calibration
procedure whilst decoupled from the intensity aitgion calibration. As was briefly
presented in 2.4, we have used the subset of ewatitsnstrumentally derived Mw to
derive a macroseismic magnitude to standardizexhsity (1) relation. After several

tests, we have defined this standardized intersityheintercept at 30km hypocentral
distance(l,,). In this way the influence of depth on the estiorof the magnitude is

significantly reduced. With the definition of theagnitude based ot,,, the whole
calibration procedure is formulated as follows:

1. The ECOS-09 intensity attenuation model is e@efias:

_ SC=aLn(%)+b(R— ) (6)

where: |, are the observed IDPs. . is the scaling intensityR is the

hypocentral distanceh is the focal depthand a and b are calibrated
coefficients.

2. The magnitude to standardized intensity is dishedl as:

M=al,+p
.y =aLn(3%) +b(30-h)+ I, %

where:M is the macroseismic magnitudey,is the intercept intensity at 30km
hypocentral  distance; and a,p are  calibration  coefficients.

3. Location and magnitude are assessed inBivemethod by implementing the
expression:

M =Gl +6,Ln(B) + o (R- B+ g ()
where the calibration coefficientg, ¢, ¢,, care calculated frona, b,a, 8 as:
G, =a(aln(30/h)+ K30~ h)+B3; ¢=a; ¢=-a; ¢=- b )

The regression of the calibration of the magnitu@es performed using three weighting
schemes:

a) No weighting of the IDPs.
b) Weighting by the number of IDPs.
c) Weighting by the quality of the IDPs.
In Figure 10, the magnitude td,, relations are depicted for the five ECOS-09

strategies together with the data from the caibnatiataset. In Tables 4, 5 and 6 the
calibrated coefficients are listed.
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ECOS-09 intensity attenuation model

Calibrated coefficients

Fitting quality

Strategy
Calibratior . : . o Logarithmic coefficien | . . 2
Intensity representation  |Regionalizatio depth Linear coefficientb) StDev R
Dataset (@
2 All intensity level§? - Fixed depth (h=10km) | -0.67755 +- 0.02636 -0.00174 +- 0.000600 0.4073 0.4457
2 Three highest intensity levels - Fixed depth (h=10km) | -0.4834 +- 02589 | -0.00179 +- 0.000609" 0.36474 0.3631
2 All intensity level$’ . V("’;]”:%?'Ze;iﬁlp)th -0.69182 +- 0.00880{ -0.00084 +- 0.0002967  0.3897 0.6234
2 Three highest intensity levels - V("’;]”:%?'Ze;iﬁlp)th -0.50945 +- 0.00822¢ -0.00192 +- 0.000283¢ 0.3556 0.5183
3 All intensity level$? Alpine V("’;]”:%?'Ze!s‘iﬁlp)th -1.07853 +- 0.01952 0.00414 +- 0.000630 0.4226 0.7383
Table 4. Calibrated coefficients of ECOS-09 intgnattenuation model for the selected strategisinf{ensity three and larger.
. . . Magnitude to intensity at 30 Km distance calibratio
=LEe mtg‘:‘geggenuat'on TEEE Different weighting schemes
No weighting Weighting by IDP number Weighting by IDP quality
Calibration Intensity Regiona- 2 2 2
dataset representatior| lization Ll @ B R Stbev] () B R Stbev] () B R Stbev
All intensity Fixed depth c 2 &
2 leveld) - (ho10Km) | 0-772¢1.036%| 0.718 | 0.325| 0.7487| 1178 | 0.738| 0.332| 0.734 | 1.28 | 0.722| 0.342
2 Ures gl - Fixed depth | 755 | 1 135 | 0.749 | 0.309 | 0.698 | 1.329 | 0.750 | 0.319 | 0.6752| 1.4617| 0.720 | 0.327
intensity levels (h=10Km)
2 =LY ; Variable depth | , 25,1 1 156¢| 0.612 | 0.394 | 0.7561| 1.0934| 0.620 | 0.395 | 0.7317| 1.2567| 0.602 | 0.407
levels (h=3-25Km)
2 Ures gl - Variable depth | ) 215,11 128¢| 0.701 | 0.332 | 0.7194| 1.1075| 0.700 | 0.331 | 0.6944| 1.258 | 0.673 | 0.333
intensity levels (h=3-25Km)
3 Allintensity | \\yine | Variable depth | 4q5:1 5 7547| 0.393 | 0.332|0.4817| 2.758 | 0.470 | 0.333 | 0.450€ | 2.931¢| 0.460 | 0.332
levels (h=3-25Km)

Table 5. Calibrated coefficients of the relatiorivibeen

magnitude and intensity at 30 km hypocedistdnce (ECOS-09) for the selected strategies.

ECOS-Earthquake Catalogue of Ziand
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Calibration of historical earthquakes

ECOS-09 intensity attenuation model

Magnitude to intensity at 30 km distance calibnatio
Different weighting schemes

Strategy No weightin Weighting by IDP number Weighting by IDP quality
et | roproeantuio | ooom | depth (c) @ | @ (c) @ @ (c) @ | @
2 All intensity Fixed depth
levels” ) (h=10Km) 0.7725 0.5234 | 0.00135 0.7482 0.5069 0.0013 0.734 0.4973 0.0013
2 Three highes ) Fixed depth
intensity level: (h=10Km 0.732 0.3538 | 0.00131 0.698 0.3374 0.0012 0.6753 0.3264 0.0012
2 All intensity Variable deptt
levels” ) (h=3-25Km) 0.7364 0.5094 | 0.00062 0.7561 0.5231 0.0006 0.7317 0.5062 0.0006
2 Three highes ) Variable deptt
intensity level: (h=3-25Km) 0.7124 0.3629 | 0.00137 0.7194 0.3665 0.0014 0.6944 0.3538 0.0013
3 All intensity AlDi Variable deptt
levels” P (h=3-25Km) 0.4623 0.4986 | -0.00192 0.4817 0.5195 -0.002 0.4506 0.4859 | -0.0019
Table 6. Calibrated coefficients of the magnitudlétensity relation, see equations (8) and (9)depends on focal depth
ECOS-Earthquake Catalogue of Ziand 20
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Figure 10. Magnitude td ;, relations for the five

The three different lines in each plot correspamdhie three weighting schemes tested for the celati
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130: intensity at 30 km hypocentral distance

ECOS-09 strategies.

no weighting, number of IDP weighting and IDP qtialiveighting. The strategies are

A) Dataset 2, all intensities, fixed depth;

B) Dataset 2, all intensities, variable depth (depét here to 10km);

C) Dataset 2, top 3 intensity levels, fixed depth;

D) Dataset 2, top 3 intensity levels, variable thefatepth set here to 10km);
E) Dataset 3, Alpine events, all intensities, valgadepth (depth set here to 10km).

21



3.3 Implementation in BW and testing with the calilbation dataset

With the BW technique, the assessment of the mam& location depends critically on the
guantity and quality of the IDPs, along with theistribution relative to the earthquake source
location. For this reason, and in order to avold feninimum residuals, special care has been
taken when setting and scaling the grid search @frédal epicenters, with the dimensions of
the area delimited by the macroseismic field.

Any available historical information is always use@d order to constrain the epicenter
location, and therefore the search area. In thescabere the catalogue location is known, the
search area has been centered on this point ardded by a total width of 75 km in each
direction. In the case where there is no certaialegue location, the search area was
centered at the highest values of the intensitg,fiand it was extended to cover the two
intensity classes below the maximum intensity. édéht cutoff distances (in the range of the
search grid) have been implemented and testedeirBW code in order to avoid spatially
biased distributions of IDPs. The macroseismic ntaga was assessed at the catalogue
location (hereafteBk_ca}, at the minimum magnitude locatioBK_mag and the minimum
RMS location Bk_RM$. Two examples (the 1855 Valais event and the 1B%&el
earthquake) are given in Figure 11.

All var H10 Event:1117 cat: 6.4 locat: 6.23 minM: 6.2 rmsM: 6.2
Event:1117 1855-7-25 nblDP: 229 maxINT: 8

465 N

AN
Y

0.2

460 N

BoB ,
475N g 87-3 % 98 8 475 N
- Tg
7 7
7
v y
470°N ! 75 E
7.0°E 75 E 80 E

Figure 11. Examples of results obtained with the &akessment when using calibration dataset 2:
all intensities and variable depth (results for thepth of 10km are shown);

three highest intensity classes, fixed depth (desptiokm).

Solid contours: magnitude values; dashed contoMS&Ralues; black circle: catalogue location; red
star: minimum magnitude location; green star: minimRMS location.
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Control tests of the different calibrations wererrie@l out in order to select the best
calibration in terms of IDP weighting, cutoff distaes, and weighting in the magnitudeltg
relation. The different magnitude estimations pded by the BW method can be taken as a
measure of the epistemic uncertainty related tontloelel itself, see 3.5. In Figure 12 an
example of the results of the performance ofBiémethod is shown, for the subset of events
in calibration dataset 2 with instrumental Mw.
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Figure 12. Example of the performance of the BWhawefor the ECOS-09 model for a subset of
events of calibration dataset 2, using strategynalivith fixed depth. Estimated magnitudes are
compared with instrumentally determined magnitudegbestmag).

Magnitudes estimated at the catalogue location ¢8K);

Minimum magnitudes in the search area (Bk_mag);

Magnitudes estimated at the location with the minmRMS (Bk_RMS).

Magnitude residuals (difference between Mw(bestnag) assessed magnitude at the catalogue
location) using all three weighting procedures bk tmagnitude calibration and different cutoff
distances in the BW software.

From the analysis of the results we have seenttimtassessment of the magnitude at the
epicenter location is good in almost all caseselA#t series of performance tests with the BW
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technique using different combinations of cutofitdnces and weightings, the following five
ECOS-09 intensity attenuation models were impleeebrih the BW technique to be applied
to the historical events. These are:

1) Calibration dataset 2, using all intensitiesgmsity three and above), with fixed
depth (10 km) and variable dep#ilint_fix; allint_var);

2) Calibration dataset 2, using the three higheensities (intensity three and above),
fixed depth (10km) and variable deptbd3_fix; top3_vay,

3) Calibration dataset 3, Alpine events, usingnédinsities (intensity three and above),
variable depthdll_alpine_val;

Figure 13 shows the comparison between the esthmaggnitudes at the epicenter location
with the instrumentally determined magnitude fog tfalibration dataset. The performance of
the BW method is good, especially for events widignitudes larger than about magnitude 4,
which is also the magnitude range of particulaeriest for the historical period of the
catalogue.
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Figure 13. Estimated magnitudes at the epicenteations for a subset of events of calibration
dataset 2 with Mw(bestmag). In the magnitude catibn, IDPs are weighted by their quality.

(@): (@) allint_fix strategy; () top3_fix strategy.

(b): (@) allint_var strategy (h=10km);/()) top3_var strategy (h=10km).

(c): (@) allint_var strategy (h=10km);/() all_alpine_var strategy (h=10km).
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The determination of focal depth is addressed & dtrategies with variable depth. We
derived the RMS as a function of depth at the seteepicenter location. If the RMS curve
shows a relevant minimum at a certain depth betv@eand 25 km, we selected this depth for
the event and derived the corresponding magnittiti@sadepth. In order to better control the
selection of depth, the intensity field was plottad a function of epicentral distance,
overlaying the theoreticdECOS-09curves at fixed depth levels and using the asdesse
magnitudes at the corresponding depth (see Figlitedo 16). The final decision on
magnitude and depth is made together with the RM&.plf no clear decision can be made,
the magnitude at 10km depth is proposed and nohdspassigned to the event. Some
examples of the parameterization are shown in endpt

3.4  Strategy of the assessment of macroseismic thguake parameters of historical
events

The following strategy has been applied for theesssent of earthquake parameters of
historical events in ECOS-09 using tB&/ method:

1) Four calibrated non-regional attenuation moedats one Alpine model were applied. Two
models are for fixed depth at 10km, whilst threatstgies are with variable depth. The
four non-regional relations are derived from thgdst calibration dataset (dataset 2) and
the Alpine relation is derived from a smaller odatéset 3) (the coefficients are given in
Tables 4 to 6).

2) Using theBW method, the macroseismic magnitude was assessbd atiginal catalogue
location, at the location of the minimum magnitualed the minimum magnitude root
mean square (RMS). The epicenter location presentlye catalogue was defined taking
into account the available historical informatids long as there is no historical evidence
that the epicenter is incorrect, the location wasaitered. The RMS as function of depth
at the epicenter location was then derived. IfRMS curve shows a relevant minimum,
the depth and corresponding magnitude were estilr(gee an example in Figure 14 and
Figure 15). For events that have new historicallewte or a new set of IDPs, a full re-
assessment of the epicenter location was perfousied all information.

3) In order to better control the depth selectitwe, IDPs as a function of epicentral distance
were plotted (Figure 16). The IDPs are plotted layerg the theoretical curves by
assuming different depth levels and using the ddrimnagnitudes at the corresponding
depth. The final decision on the event's magnitue depth is made by including
information from the RMS plots (horizontally as ek vertically) and taking into
account the possibility of poor performance of ofi¢he calibration strategies. If no clear
decision of depth was possible the magnitude fde@th of 10km was taken. In this case
depth is not assigned to the event. The magnitudefined by the median of magnitudes
from the strategies that perform well and are véddthis case (Alpine only for alpine
events, only depth strategies in case a depthsigresl to the events). Finally each event
was compared to events of similar magnitude, anghinades are adjusted for those cases
in which the event has obviously too high or tow lmagnitude. Such cases are typical of
events with irregular or sparse macroseismic fields
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Figure 14. Intensity field of event 11 (1774.09)1(n red the catalogue location is shown. In this
example the catalogue location corresponds wellh®® minimum RMS location assuming shallow

depth..

event 11: Magnitude vs. depth, all IDPs

event 11: Magnitude vs. depth, top3 IDPs
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event 11: RMS vs. depth, all IDPs event 11: RMS vs. depth, TOP3 IDPs
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Figure 15. After the epicenter is defined, a) thagnitude as function of depth and b) the RMS as a
function of depth are computed. The figures rafezvent 11 (1774.09.10) and the strategies: dataset
2, all intensities and the three highest intenttyels for variable depth; dataset 3, Alpine eveals
intensities for variable depth. This is one parttio¢ information used to validate the depth of the
event. For this event the assigned depth is 8 Kantlag corresponding magnitude is 5.7
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event 11: intensity attenuation for TOP3 data
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Figure 16. After the epicenter is defined, the $Cdre plotted as a function of epicentral distance,
overlaying the theoretical curves by assuming cifie depth levels (at 3km, 6km, 10km, 15km and
20km), and using the derived magnitudes at theesponding depth. The figures refer to event 11
(1774.09.10) and the strategies: dataset 2, aknsities (top figure) and the three highest intignsi
levels (figure in the middle),; dataset 3, Alpineemts, all intensities (figure on the bottom). Tisis
another part of the information used to validate tlepth of the event. The assigned depth is 8 Kim an
the corresponding magnitude is 5.7. The blue cuceesespond to the attenuation model assuming
fixed depth.
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3.5 Uncertainties in the assessment of location amdagnitude

The calibration procedure is a complex processemms$ of components such as models,
macroseismic information and data processing. Tihal five calibration strategies were
accomplished stepwise through a continuous seteptiocess based on intermediate tests and
results. The selection of the final calibrationattgies can be represented by a logic tree
structure, summarized in Figure 17, which depitks workflow and decisions during the
calibration exercise.

The final assessment of the macroseismic earthquet@ameters of historical events,
presented in ECOS-09, is based on an expert judgenyeconsideration of the BW results
and the performance of the different calibratiomatgigies on one hand, and of our historical
knowledge on the other. Each stage of the assesdmenan inherent random and model
uncertainty, which propagates through the procadsdatermines the total uncertainty in the
estimated earthquake parameters. The nature ofstheces that determine the total
uncertainty in the earthquake parameter estimatierrepresented schematically in Figure 17.
In the following we will argue that an exact statsl evaluation of errors is not achievable,
due to a lack of information. Nevertheless we die & quantitatively assess bounds of the
uncertainties for magnitudes and locations.

Two of the main sources of uncertainty are relatethe macroseismic field. The first stems
from the intensity range assigned to a single IB&h IDP has a most probable intensity
and a minimum intensitymin and maximum intensitymax Imin and Imax define the
possible intensity range. The second source ofreri® the distribution of IDPs in the
macroseismic field. Problems might arise from imlag azimuthal coverage due to national
borders, gaps in historical information, and valitgbof the number of IDPs due to factors
such as population density. A further source ofeutainty has a methodological origin.
Calibration models, both the attenuation model #Hrel standardized intensity to magnitude
relation, also introduce uncertainties. They rely aalibration datasets with more or less
reliable moment magnitudes, and irregular macroseidields. An uncertainty range is
provided for most of the Mw(bestmag), but not Rilrthermore, these values do not cover the
full uncertainty related to the methods appliedBgynardi et al. (2005) and Braunmiller et al.
(2005). Some of the calibration events have annmgeneous geographical distribution of
IDPs; depth is unknown for most of the calibratewents, and epicenter location uncertainty
of the calibration events cannot be assessed. W Imaited control on the contribution of
these uncertainties to the overall uncertainty. éxbeless we have studied some of aspects of
this problem.

The bootstrap statistical method is a proceduredbals with the problems arising from the
incompleteness of the intensity field. The samphlmgh replacement can provide a set of
different resampled IDP fields, such that the utaiety of the magnitude and location is
represented by the distribution of the locationd aragnitudes obtained from the resampled
IDPs (see Bakun and Scotti, 2006). We applied bhagigo a selection of events with dense
and sparse intensity fields. In a first step, facteevent 1000 intensity sets were prepared in a
standard bootstrap with replacement process, pnovith each sample and for strategies
“dataset2 allint”, “dataset2 top3_fix" and “date®etll_alpine”, the same number of intensity
points as in the original IDP field. In a secondpstwe resampled each individual intensity
assessment in order to reflect its uncertainty.adggned one of the three intensity values Iw,
Imin or Imax, assuming a probability model with foowing rule set:
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Assigned
Intensity

Probability

If Imin= lw-1 and Imax= Iw+1

Imin ->25%
Iw->50%
Imax->25%

If Imin= lw-2 and Imax= Iw+2

Imin ->7%
lw-1->18%
Iw->50%
lw+1->18%
Imax ->7%

If Imin=lw and Imax = Iw+1

Iw->75%
Imax ->25%

If Imax= Ilw and Imin = Iw-1

Imin->25%
Iw->75%

Etc.

If Iw was not given, then each intensity betweemland Imax was equally weighted. If Imin
or Imax was not given, it was assumed to be Iwrliwa-1 respectively. If lw was half a unit
(in some cases with data from other agencies thH&D)Sit was in a first step randomly
changed into either the next upper or the next fomeger intensity. Imin and Imax were
adapted, if necessary, in order to be <= lw, orlw=respectively. Based on this probability
model, the intensity of each data point was rangoasisigned. We then applied the BW
method to all the resampled datasets to assessiolvcand magnitude for the above
mentioned strategies (alpine strategy only in a#selpine event), resulting in a distribution
of locations and magnitudes for the event, thatwal the analysis of the parameter
uncertainty. We computed distribution of locaticansd magnitudes for the events listed In

Table 7, without taking into account our historikabwledge.
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ECOS-09 Calibration strategies

Calibration data —
Regionalization

Fix Variable Depth Fix Variable | | Variable Fix

Binning Weighting

No No X Data proccessing
Distance X Weighting
Intensity X

BW application
Bootstrap

Figure 17. Definition of the final five calibratiostrategies through a continuous selection protesed on intermediate tests and results. Crosshsate
branches that were not used for the calibratiothef historical earthquake
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Number Mw
LGt Rl DEL 20l e IDFs (best’:Anv;g) 0] e gg;gtm Boittgt\:ap o o6 ReE
1295 09 03 00 Churwalden 9 - 6.5 6.4 0.33 6.2 6.2
1356 10 18 21 Basel 47 - 6.9 6.6 0.12 6.6 6.6
1584 3 11 11 Aigle 27 - 6.4 5.9 0.17 5.9 5.9
1601 9 18 1 Unterwalden 67 - 6.2 5.9 0.15 5.9 5.9
1685 3 8 19 Mittelwallis 9 - 6.1 5.6 0.17 5.3 5.3
1755 12 9 13 Brig-Naters 128 - 6.1 5.7 0.19 5.7 5.7
1770 3 20 15 Chéateau-d'Oex 8 - 5.7 5.2 0.21 5.2 5.2
1855 7 25 11 Torbel 265 - 6.4 6.2 0.16 6.2 6.2
1905 12 25 17 Domat-Ems 99 4.7 4.8 4.79 0.16 4.8 4.7
1905 12 26 0 Tamins 96 - 51 4.77 0.17 4.7 4.7
1913 7 20 12 Ebingen 880 - 52 5.0 0.13 5.0 5.2*
1929 3 1 10 Bioley-Magnoux 64 5.0 5.3 4.74 0.23 4.7 5.0
1946 1 25 17 Ayent 602 5.8 6.1 5.73 0.12 5.7 5.8
1946 5 30 3 Ayent 404 55 6.0 5.42 0.06 5.4 515)
1978 9 3 5 Ebingen 1120 55 5.15 5.47 0.23 5.3 55
1991 11 20 1 Vaz/GR 322 4.7 4.6 4.65 0.18 4.6 4.7

Table 7. Mean and standard deviation of the magieitdistributions (at catalogue location and
minimum RMS locations) applied to resampled IDRd$ieusing the bootstrap technique (Stdv:
standard deviation).
(1) Mw (bestmag): Mw derived from instrumental reliogs by Bernardi et al. (2005).
(2) Mw in the ECOS-02 catalogue.
(3) Mw estimated with the BW method for ECOS-09.
(4) Mw in the ECOS-09 catalogue.
The event names refer to the names in the 200fbga They changed in ECOS-09.
* Magnitude from foreign catalogue.

The uncertainty in location is assessed throughatiaysis of the distributions of epicenter
locations defined by the position of the minimum 8M the BW approach. The catalogue
location, in most of the cases, corresponds toctdmwer of the grid search area. A high
percentage of the RMS locations of the resamplddsdes, are within a distance less than
20km from the catalogue epicenter. Figure 18 pewitivo examples of the distributions of
epicenter locations. These two cases represenbd g@acroseismic field (event 545) and a
poor one (event 49). We propose that the unceytairibcation in the ECOS-09 catalogue is
equivalent to two standard deviations. For moghefevents that were assessed with the BW
method, this uncertainty corresponds to either 20&dius (error class 3) or 50 km (error
class 4) (equal to 2 standard deviations) arouadefhicenter location. The smaller error was
assigned when the intensity field is considere8édcufficiently complete in terms of azimuth
coverage, absence of gaps in historical informataomd the number of IDPs with a large
intensity range. For events that had an insufficieamber of IDPs to apply the BW
technique, the error class was chosen accordirtheavailable macroseismic and historical
information.
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Figure 18. Distribution of possible epicenter locats from the bootstrap technique for the strategie
“dataset 2 allint_fix"; “dataset2 top3_fix", “datagt3_alpine_var_h=10",( this last only for event
49). The black dot corresponds to the cataloguatlon. Contour lines represent the distance to the
catalogue location (10 and 20km). The percentagéoadtions within the 20km distance from the
catalogue location is: (a) 95%, (b) 80%.

We have computed the distribution of the magnituatethe catalogue location (Bk_cat) and
at the minimum RMS location (Bk_RMS) for all strgies and the 1000 resampled datasets.
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We then analyzed the distributions, and estimabedmean and standard deviation for the
selected events (see Table 7). The uncertaintyh@fnagnitude is given in terms of one
standard deviation. The standard deviations canrdskiced if we only consider the
distribution of magnitude at the catalogue locatihich is equivalent to the use of historical
information. In Figure 19 the distributions of mé@gdes are shown for two different events.
These distributions include the magnitude estimat#ained for the strategy “dataset2 - fixed
depth - all intensities”, “dataset2 - fixed depttop3”, and “dataset3 —alpine - variable depth
with depth 10 km” (this last strategy only appliexdevent 49). The contribution of varying
the depth to the distribution is within the randetlee overall distributions. We interpret the
uncertainty of magnitude from bootstrap resampdiaga lower bound of the uncertainty. This
however does not account for the information mgssinthe macroseismic field. Finally, we
have visually tested the fit to a normal distribatby using the Quantile/Quantile Plot. If the
distributions follow a normal distribution, the pts fall along the line. In both cases shown
in Figure 19, the distributions follow approximatel normal distribution.

In chapter 3.3, we addressed the uncertainty tektehe calibration methods by testing the
performance of the BW technique for the differe@@S-09 strategies. Figure 12d shows the
magnitude residuals, that is the difference betwienmagnitude assessed by BW and the
Mw(bestmag) of the calibration dataset. These uvadsdare depicted for the magnitude at the
given epicenter location, for the three differeneighting schemes tested during the
macroseismic magnitude calibration, as well astha different cutoff distances applied in
BW. Because we selected the best-performing weigtgcheme and cut-off distance for the
final calibration strategies, we expect that thegnitaade residuals provided in Figure 12d
then correspond to an upper bound.

We have computed such magnitude residual distobstifor all five ECOS-09 strategies
(depth is fixed to 10km for variable depth stragsjiand all events of the calibration dataset.
We consider the distribution of the magnitude nesisl related to computed magnitudes at the
catalogue and minimum RMS location of each eventhm calibration dataset having a
reliable Mw(bestmag) (Figure 20).

We propose that the residual distribution definesupper bound of the overall uncertainty,
because the Mw(bestmag) have an unknown errorctraiot be assessed. Figure 20 shows
the distributions of residuals and the normal pbditya density function fitted to the data. In
Figure 20 one standard deviation corresponds td Onégnitude units. This standard
deviation relates to the fact that it has takeo iatcount all minimum RMS locations and
therefore excludes any historical information. Bgewith Mw(bestmag) smaller that 4.0 are
also included, although they do not play an impdrt@le in the historical assessment, but
significantly contribute to the tail of the distution (see Figure 13).

The residuals between the BW magnitude assessall fetrategies and the Mw(bestmag) of
the calibration dataset are considered to be auread the epistemic uncertainty derived
from modelling, if the Mw(bestmag) would be withoetror. This error in the magnitudes
Mw(bestmag) makes the distribution broader. Weetoee consider the distribution of these
residuals to reflect an expected upper bound ofallvencertainty. In summary and taking
into consideration the different estimations of emainty discussed here, an estimate of
magnitude uncertainty in terms of a standard devigtto) would be in the range 0.1 to 0.45
magnitude units.

In the catalogue uncertainties are given as 2 atdndeviations. For most of the events that
were assessed with the BW method, the chosen mdgniincertainty in the catalogue
corresponds to 0.5 magnitude units (error class 2).0 magnitude unit (error class 3) (equal
to 2 standard deviations). For events with only #&#s and for which an assessment with
BW method was not possible, we assigned the elass 8 or larger, or class 0 (unknown).
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Figure 19. Distributions of magnitudes at the cagale location and minimum RMS locations for the
1000 resampled datasets of (a) the 1356 Basel eweh(b) the 1770 Chateau d’Oex event (see Table
7). The Quantile/Quantile Plot allows testing farmal distribution.
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Figure 20. Histogram and fitted normal probabilidensity function of the magnitude residuals
obtained with the five ECOS-09 strategies at thtalogue and minimum RMS locations for all events
of the calibration dataset with Mw(bestmag). Deigthixed for the variable depth strategies.

3.6 Influence of site effects

Local soil conditions can notably affect earthqugkeund motion. This is often observed in
macroseismic intensity fields where sites locatedsoft sediments show higher intensities
than those located in neighboring locations on rdfle statistically analyzed differences
between observed macroseismic intensity and inteastimates based on the derived Swiss
attenuation relations, using the macroseismic fitata the calibration dataset. The goal of the
analysis is two-fold:

1) to define the reference soil condition for tlegivkd attenuation models, and

2) to provide an estimate of the influence of tlel sonditions on the magnitude

determination of historical events.

The starting position of our assessment is an asugpublished study that is attached in
Appendix D-1 of this report. In this study the twagional attenuation relations of ECOS-02
were used (Alps and Foreland), each of them with ttho parameter sets for deep and
shallow sources. The subsoil conditions of the libesa were described by a combination of
geological and tectonic characteristics. The sitend¢ions were categorized using a
standardized size for the area around the centreeagh settlement. Typical intensity
amplifications of the site classes were calculdtech the median intensity residuals between
observed and calculated intensities. Median obderaenplifications relative to well-
compacted sediments vary between about +0.7 ityeosits for some eroded maritime
sedimentary rocks and organic soils, and about HdeBisity units for Alpine Flysch. Many
crystalline rock classes could not be characteyigiede there are too few settlements located
on them. We found an influence of the sedimentngs&e, the compaction and cementation
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of deposits, the grade of sorting in loose sedimeite share of marl in mixed rocks and the
related state of weathering. Thick layers of Hotesediments are not well covered by the
analyzed dataset.

Variability within one site class is large, and aleed values in the range of about one
intensity unit. Some investigated villages alsoveh@markable intensity anomalies for all

analyzed earthquakes. Such an analysis has somtatibms where settlements are not
regularly distributed within one soil class. A goegample occurs in alluvial plains, where
most settlements are located at the edges of setdirge basins. Moreover, regional

attenuation relations intrinsically account for sosite effects.

In order to analyze site effects in relation to tieavly developed attenuation relations, two
strategies are applied:

1. Site amplification based on the differences ketwobserved macroseismic intensity
and intensity estimates computed from the new SwisEroseismic attenuation
relation. The attenuation relation developed witdlibcation dataset 2 was used,
including all intensity data points (IDPs) withemisity greater than or equal to 3.

2. Site amplification based on comparison of intgnsbservations on different soll
classes to observations on a standard soil clasgmes on midland molasses which
is the soil class with the largest number of IDR#hin defined magnitude-distance
bins. Site-specific amplification is defined as tiweighted mean of the difference
between intensities at that specific soil class #wedmean of intensity observations on
moraines. Weighting factors were used to weightdunglity of each IDP (very poor =
1, very good = 5) as well as the data quantity tfeg assessed soil class and the
reference soil class. Bin size in magnitude is i@dgnitude units. The distance bin
size is dependent on epicentral distance and isesewith epicentral distance. We
assume that the amplification term is independéntagnitude and distance.

We use the same site classes as defined in AppBntlixThe macroseismic data are the IDPs
from calibration dataset 2 (all IDPs with intensitylll). While method 1 was successful,
method 2 provided no useful results, most probdoly to an insufficient number of IDPs.
Table 8 summarizes the residuals derived using adefh (the difference between observed
and computed intensities) for the geologic and ggutical soil classes for which sufficient
data are available. These residuals are addititbaexpected intensity from the attenuation
model. Since residuals are differences betweenesalan an ordinal scale (observed
intensities are given in integers) and a continuagsession function, we do not expect them
to follow a normal distribution. We describe thdistribution with non-parametric statistics
as far as possible. In this context, the standawation of the mean residual is more an
indication of the computed median’s significancartla quantitative measure.

From Table 8 we can conclude that the ECOS-09 mammic attenuation functions are
valid for sites with well-consolidated sedimentssoft rock. The soil classes with the most
IDPs are moraines on midland Molasses and fluvaaigl gravels with amplifications in the
range +0.25 to +0.35. Many of the amplificationues are similar to those derived for the
ECOS-02 attenuation models, others differ consigra he main reason for the differences
is probably that we were less restrictive in theigmsnent of the soil class for ECOS-09
(homogeneous soil conditions within a minimum o3 &f the area within a circle of 500 m
around the settlement center).

Considering all IDPs together, we would expect aiare site amplification of ~ 0. The
apparent overall amplification of the IDPs howeiger 0.17 intensity units. There might be
different reasons for that. These are:

1) Site amplification is derived from 7082 IDPs ahihave homogeneous soil conditions
within a minimum of 2/3 of the area defined by aclei of 500 m around the
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settlement center, while the attenuation relatignshas derived from all IDPs,
including about one third of all IPDs with no assigent of a soil class.

2) For site amplification assessment, the inten®iduals were used independently of
their source distance (no distance weighting), ragsy that amplification effects
measured in intensity are independent of magniarde source distance. Actually the
mean site amplification over all IDPs used for sitsessment is reduced to 0.003 if
the same distance weighting scheme is appliedeads$iduals as for the assessment of
the attenuation parameter. However, further ingasibn is required to check whether
this is a result of distance dependency or magaitlgpendency of macroseismic site
effects, or an effect of spatial correlations t@ee& activity and to the distribution of
geological site classes in Switzerland.

Some trends in the site amplification factors aleseovable as in the earlier study: we
recognize an influence of the sediment grain siime-grain sediments tend to have higher
amplification), the grade of sorting in loose seslnts (sorted sediments tend to have higher
amplification), and the compaction and cementatibdeposits. Rock sites tend to de-amplify
when compared to the mean amplification.

These results must be used with care, because weunagerestimate site amplification on
some specific soil classes (e.g. organic soils,aligvial plains), as the IDPs that contribute
the most to the datasets are from th8 48d early 20th centuries with a tendency of ttessi
to be at the edges of these solil types ratherdhaheir typical formations.

The overall influence of site effects is small camgd to the mean standard deviation of
observed intensities from the attenuation rela(@68). Thus, we expect that site corrections
to the IDPS have a small influence on the deteriminaof the magnitude. This, however,
would need further testing.
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Calibration of historical earthquakes

This study, using ECOS- Comparative study using
09 attenuation ECOS-02 attenuation
Geotectonic/regional IAdditional explanation 50% StDev 50% StDev
(geological unit) restriction # of IDPs | percentile (mean) # of IDPs| percentile (mean)
a) Crystalline
Gneis and micaceous schists 65 -0.07 0.10 69 0.48 0.14
b) Paleozoic
Sediment cover Remaining sediment covers
of the central alpine
Perm, Verrucano syncline 16 -0.55 0.27 18 0.72 0.24
c) Mesozoic
c.1 Jura and northern
Switzerland
Jura, Mesozoic and Epivariszic Limestone and Dolomite,
platforms medium phase also with
Lacustrine Limestones thicker layers of marl 73 0.42 0.08 49 0.74 0.09
Deposits of coastal areas
and lagunes:
heterogeneous layers of
Keuper limestone, gypsum, marl 26 0.32 0.14 15 0.75 0.19
Jura, mesozoic and epivariszic sandstone
Dogger platform 141 0.12 0.06 49 0.47 0.14
Mesozoic and epivariszic
Malm, Jura platform 275 -0.01 0.05 83 0.49 0.1
Malm, Jura Alpine nappes 35 0.02 0.10 38 -0.05 0.15
Lower Cretaceous Inner jura Marls and mudstones 71 -0.09 0.12 33 0.64 0.22
Other facies of inner jura 25 0.15 0.15 27 0.9 0.21
c.2 Northern Pre-alps
Alpine nappes Malm: High share of
compact, nearly pure
(“white”) calcium carbonate
Malm & lower Cretaceous rocks 71 -0.09 0.12 39 -0.03 0.14
d) Tertiary
d.1 Tertiary of Swiss
midland and northern

3/31/2010
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Calibration of historical earthquakes

Switzerland

Ruppelien, lower saltwater
molasse

Tertiary grabens

Fine-grain sandstones,
marls and clay

47 0.25 0.09 26 0.47 0.11
Aquitanien, lower freshwater Midland molasse
molasses
202 0.43 0.05 132 0.52 0.1
Jura and midland molasse sandstones, marls and clay
(grain size decreases from
Chattien/lower freshwater the northern Pre-alps
molasse towards the Jura) 96 0.51 0.09 63 0.58 0.12
Midland molasse sandstones, marls and clay
Burdigalien, Helvetien of the (grain size decreases from
Allgau region. Upper saltwater the northern Pre-alps
molasse towards the Jura) 135 0.14 0.06 95 0.56 0.13
sandstone interbedded with
marl and siltstone. Grey
marl is the dominant
Upper feshwater molasse lithology 238 0.43 0.05 257 0.6 0.07
Other facies of midland
molasse 82 0.45 0.08 65 0.47 0.12
d.2 Tertiary of the Northern
Prealps
Flysch Alpine and prealpine area 71 -0.53 0.09 49 -0.31 0.14
Chattien, lower freshwater Subalpine molasse Dominant conglomerates,
molasse intersected with sandstones 35 -0.14 0.16 52 0.06 0.17
e) Pleistocene
e.1 moraines
Moraine on flysch Alps and Pre-alps 57 -0.37 0.13 33 0.14 0.22
Moraine on subalpine molasse Alps and Pre-alps 77 -0.80 0.11 28 0.1 0.25
Moraines, incl. recent Alpine nappes
moraines Alps and Pre-alps 119 -0.06 0.08 137 0.14 0.10
Moraines, including recent Midland molasses and Jura
moraines Foreland 1077 0.35 0.03 846 0.39 0.04
e.2 non-glacial deposits
Older fluvioglacial gravel
terrasses 25 0.38 0.10 21 0.73 0.22
Loess, loess loam and
weathered loams 303 0.29 0.05 58 0.72 0.11
Fluvioglacial and
glaciolakustric gravels 1111 0.25 0.02 931 0.47 0.03

3/31/2010
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Calibration of historical earthquakes

(terraces)

Late pleistocene landslide

Thick late Pleistocene

deposits landslide deposits 31 -0.01 0.11 19 -0.02 0.24
f) Holocene
Jura, Mesozoic/Epivariszic
Alluvials Platform, Midland molasses 341 0.23 0.05 249 0.41 0.07
Alluvials Big alluvial plains 496 -0.01 011 419 0.33 0.05
Wildhorn nappes Area of Stans, valleys of
Sarner and Engelberger Aa;
with high share of lake
Alluvials sediments 20 0.19 0.19 52 0.32 0.14
Buendnerschiefer nappes Hinterrheintal and other
Alluvials small areas of Graubiinden 22 0.34 0.19 15 -0.02 0.21
Other alpine nappes Small areas along steep
alpine river, throughout the
Alluvials alps 84 -0.39 0.11 78 0.00 0.15
Hill foot debris 54 -0.05 0.10 51 0.46 0.17
Postglacial landslides 53 0.23 0.15
Mostly cones of steep
contributory rivers and
ravine grabens in the alpine
Debris cones of rivers and pre-alpine main valleys 312 0.02 0.05 369 0.09 0.06
organic soils 26 0.50 0.12 62 0.72 0.15
Thick quarternary deposits in
general 4 0.43 0.30 10 0.48 0.17
Median overall offset 0.17 0.25

Table 8. Intensity residuals for different geologid geotechnical soil classes (in EMS98 intensifys).

3/31/2010
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Calibration of historical earthquakes

4 List of calibration events

Event Numbe|Year|Month|Day|Hour|Minute|Secon(Mw(bestmag|Catalogue-02 Magnitude
11 1774 9 10| 15| 30 0 5.9
14 1901 5 22| 7 57 0 4.7
22 1755 12 | 9 | 13| 45 0 6.1
29 1901 10 |30 14| 49 0 5.3
52 1771 8 11 7 20 0 54
239 190f 12 |25 17 5 0 4.7 4.8
241 190f 12 |26| O 25 0 51
311 2001 2 231 22| 19 | 414 3.4 3.55
559 184¢, 8 17| 6 15 0 5.5
570 1835 10 | 29| 2 45 0 4.6
612 1837 1 24| 1 0 0 5.7
613 191(¢ 5 26| 6 12 0 4.8
623 1881 1 271 13| 20 0 5
680 1881 3 3] 2 30 0 4.3
731 187¢ 12 |30 11| 27 0 5.5
754 1897 9 18| 9 15 0 4.3
778 1894 11 |27| O 0 0 4.5
790 1881 11 |18 4 0 0 5
814 190% 4 29| 1 59 0 51 5.7
826 1877 5 2119 | 40 0 4.4
853 188(| 7 4 | 8 20 0 5.2
866 189¢ 2 221 10| 45 0 4.6
891 1917 11 |16 21| 25 48 5.5 5.8
945 191f 8 25| 2 15 0 4.6 4.9
947 1924 4 15| 12 | 50 0 5.2 5.5
960 1928 1 81| 2 45 0 4.8 5

1020 1881 7 22| 2 45 0 5.8
1029 1885 4 13| 10| 25 0 5

1033 189¢ 1 221 0 47 0 4.5
1039 1935 6 27| 17| 19 30 5.6 5.7
1058 1954 5 19| 9 35 0 5.3 54
1060 196(¢| 3 231 23| 10 0 5 5.3
1061 1964 2 17112 | 20 0 4.8 5

1068 196¢ 8 19| O 36 | 40.6 4.7 5.2
1071 1971 9 29| 7 18 52 4.9 51
1080 1917 12 | 9 | 21| 40 0 5

1083 1887 2 27| 6 30 0 4.5
1086 197¢ 9 315 8 32 5.5 5.15
1090 198(| 7 15| 12 | 17 221 4.8 4.9
1098 1997 11 |20| 1 54 18.6 4.7 4.6
1102 199¢ 7 15| 0 13 31 4.6 4.59
1108 1994 12 |14)| 8 56 0.1 4.3 4.26
1117 185% 7 251 11| 50 0 6.4
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1132 101§ 4 |24 14| 21 0 4.5
1141 1928 7 |21 12 2 0 4.2
1143 192¢) 6 |28 22 0 40 4.4
1150 193¢} 10 | 7 | 23| 27 0 53
1157 1964 3 (14| 2 39 0 5.3 5.7
1437 1837 1 (24| 1 30 0 52
1646 195¢ 7 |29| 4 40 27 4.3
1782 200z, 4 |29| 15| 14 9.3 3.5 3.5
10060 |1997] 5 8| 6 44 | 40.2 4.34
10110 |199¢ 6 |[25| 18| 53 7.1 3.4
10130 |199¢ 11 (16| 5 57 | 215 3.8
10160 |199¢) 8 (24| 2 38 | 224 3.8
10180 (1997 11 (22| 4 56 | 10.6 3.6 3.62
10220 |199¢ 2 14| 5 57 54 4 4

10240 |199¢ 12 [29| 20 | 42 34 4.9 4.9
10270 (198¢, 9 (30| 4 41 2.1 3.9
10280 |198¢ 1 7| 2 29 | 415 3.4
10290 |1984 9 5| 5 16 | 49.3 3.8
10300 (198 8 (31| O 18 | 27.8 3.8
10310 (198 7 |[31| 20| 52 56 4.1
10320 (1981 9 |[26| 13| 54 | 44.6 29
10370 (197§ 8 |28 14| 44 | 39.9 29
10390 |197¢ 2 |23 9 49 | 20.4 3.5
10420 |197¢| 7 171 9 13 | 34.5 4

10440 |197¢) 3 |[26| 22| 28 | 31.3 3.5
10450 (197¢ 11 [25| 6 17 35 3.4
10470 (1974 5 |21 7 42 38 3.9
10500 (197 7 (24| O 48 38 3.9
10510 |197¢ 7 9|0 27 4 3.9
10590 (1967 3 |24 17| 38 38 3.5
10600 |196¢) 3 |16 11| 23 46 3.5
10610 |196f 10 |24 12| 16 57 4.3
10630 |196%f 2 10| 4 43 47 3.5
10640 (1964 S5 [28| 20| 52 3 3.9
10660 (1964 3 |[11| 19| 19 8 4.3
10690 |195f 12 |24 23| 40 29 3.5
10760 (1935 9 [24| 23| 55 5 4.3
10780 (193¢ 1 (24| 1 43 0 3.9
10800 (192§ 1 (27| 3 13 0 4

10810 1923 8 (13| 1 0 51 3.5
10820 |192% 11 |9 | 13| 22 0 3.9
20007 (194¢) 5 (30| 3 41 0 55 6

20009 (194¢) 1 |[25| 17| 32 0 5.8 6.1
40019 (1931 4 |14| 22| 13 0 4.2
40022 |196(| 2 19| 2 30 0 4.2
50022 [195f 11 [23| 5 39 0 4.2
50024 [195¢ 3 |[30| 16| 10 0 4.4
50952 200 2 |[22| 20| 41 4 4.8
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50973 2005 3 [22| 13| 36 16 3.9 3.8
50977 (200 4 |[29| 4 55 9 3.4 3.5
50980 (200: 5 6 21| 59 43 3.6 3.7
51030 [200: 7 17| 2 27 16 3.5 3.6
51039 [200: 7 18| 11 1 35 3.5 3.6
51051 [200: 8 1] 3 20 23 3.7 3.7
51075 (200 8 |22| 9 21 32 3.6 3.7
51077 (200 8 |22| 9 30 9 3.5 3.5
51191 2004 2 |[23| 17| 31 20 4.6
51260 (2004, 6 |[21| 23| 10 2 3.3 3.6
51278 2004 6 |28 23| 42 29 3.4 3.8
51355 (2004 12 | 5| 1 52 39 4.5 4.9
51437 (200f 5 |12 1 38 0 3.7 3.9
51872 |200¢ 11 |12| 19| 31 16 3.9
52697 [200¢) 12 | 8 | 16 | 48 39 3.2
52825 2007 1 6| 7 19 52 29
52837 2007 1 16| O 9 7 3

54174 2007 8 |[23| 21| 35 0 2.6
54351 (200¢] 1 |[21| 16| 40 35 3.7 3.8

Table 9. Calibration dataset 2.

Event Numbe|Year|Month|DayjHour|Minute|Secon{Mw(bestmag|Catalogue-02 Magnitw[zle
11 1774 9 |10| 15| 30 0 5.9
22 1755 12 | 9 | 13 | 45 0 6.1
29 1901 10 (30| 14 | 49 0 5.3
239 190f 12 | 25| 17 5 0 4.7 4.8
241 190% 12 |26| O 25 0 51
559 184¢f 8 |17| 6 15 0 5.5
570 1835 10 |29 2 45 0 4.6
612 1837 1 |24| 1 0 0 5.7
613 191(f 5 |26| 6 12 0 4.8
623 1881 1 |27| 13| 20 0 5
731 187¢ 12 | 30| 11 | 27 0 5.5
814 1905 4 |29 1 59 0 51 5.7
826 1871 5 2119 | 40 0 4.4
853 188(| 7 4 | 8 20 0 5.2
891 1917 11 (16| 21| 25 48 5.5 5.8
945 1915 8 |25 2 15 0 4.6 4.9
947 1924 4 |15| 12 | 50 0 5.2 5.5
960 192% 1 81| 2 45 0 4.8 5

1020 1881 7 |22| 2 45 0 5.8
1029 1885 4 | 13| 10| 25 0 5

1033 189¢ 1 |22| O 47 0 4.5
1039 1935 6 (27| 17| 19 30 5.6 5.7
1058 1954 5 |19 9 35 0 5.3 54
1060 196(f 3 [23| 23| 10 0 5 5.3
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Event Numbe|Year|Month|DayjHour|Minute|Secon{Mw(bestmag|Catalogue-02 Magnitun[zle
1061 1964 2 |17| 12| 20 0 4.8 5
1068 196¢f 8 |19| O 36 | 40.6 4.7 5.2
1071 1971 9 |29 7 18 52 4.9 51
1080 1917 12 | 9 | 21| 40 0 5
1083 188z 2 |27| 6 30 0 4.5
1086 197¢ 9 315 8 32 5.5 5.15
1090 198(f 7 |15| 12 | 17 221 4.8 4.9
1098 1997 11 |20 1 54 18.6 4.7 4.6
1117 1855 7 |25| 11| 50 0 6.4
1132 191§, 4 (24|14 | 21 0 4.5
1143 192¢) 6 | 28| 22 0 40 4.4
1157 1964 3 |14 2 39 0 5.3 5.7
1437 1837 1 |24| 1 30 0 5.2
1646 195¢ 7 |29 4 40 27 4.3
10060 199z 5 8| 6 44 | 40.2 4.34
10240 199¢ 12 |29| 20 | 42 34 4.9 4.9
10270 198 9 |30 4 41 21 3.9
10290 1984 9 515 16 | 49.3 3.8
10440 197¢) 3 |26| 22 | 28 31.3 3.5
10470 1974 5 |21| 7 42 38 3.9
10500 197 7 |24| O 48 38 3.9
10590 1967 3 |24| 17 | 38 38 3.5
10610 1965 10 (24| 12 | 16 57 4.3
10640 1964 5 |28| 20| 52 3 3.9
10660 1964 3 |11| 19| 19 8 4.3
10760 1937 9 24| 23| 55 5 4.3
10800 192¢f 1 | 27| 3 13 0 4
10810 1927 8 |13| 1 0 51 3.5
10820 1927 11 | 9 | 13| 22 0 3.9
20007 194¢f 5 |30| 3 41 0 5.5 6
20009 194¢) 1 |25| 17| 32 0 5.8 6.1
50980 200z 5 6 21| 59 43 3.6 3.7
51191 2004 2 23|17 | 31 20 4.6
51872 2005 11 (12|19 | 31 16 3.9
52697 200¢f 12 | 8 | 16 | 48 39 3.2

Table 10. Calibration dataset 3.

Event Numbe|Year|Month|DayjHour|Minute|Secon{Mw(bestmag|Catalogue-02 Magnitw[zle

11 1774 9 |10| 15| 30 0 5.9
22 1755 12 | 9 | 13 | 45 0 6.1
29 1901 10 (30| 14 | 49 0 5.3
613 191(f 5 |26| 6 12 0 4.8
623 1881 1 |27| 13| 20 0 5

814 1905 4 |29 1 59 0 51 5.7
853 188(| 7 4 | 8 20 0 5.2
891 1917 11 (16| 21| 25 48 55 5.8
945 1915 8 |25 2 15 0 4.6 4.9
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Event Numbe|Year|Month|DayjHour|Minute|Secon{Mw(bestmag|Catalogue-02 Magnitw[zle
947 1924 4 |15| 12 | 50 0 5.2 5.5
960 1928 1 81| 2 45 0 4.8 5
1020 1881 7 |22| 2 45 0 5.8
1029 1885 4 | 13| 10| 25 0 5
1058 1954 5 |19 9 35 0 5.3 54
1060 196(f 3 |23| 23| 10 0 5 5.3
1071 1971 9 | 29| 7 18 52 4.9 51
1080 1917 12 | 9 | 21| 40 0 5
1086 197¢ 9 315 8 32 5.5 5.15
1090 198(f 7 |15| 12 | 17 221 4.8 4.9
1098 1997 11 |20 1 54 18.6 4.7 4.6
1117 1855 7 |25| 11| 50 0 6.4
1157 1964 3 |14 2 39 0 5.3 5.7
1646 195¢ 7 |29 4 40 27 4.3

10590 1967 3 |24| 17 | 38 38 3.5
10610 1965 10 (24| 12 | 16 57 4.3
10640 1964 5 |28| 20 | 52 3 3.9
10660 1964 3 |11| 19| 19 8 4.3
10760 1937 9 |24| 23| 55 5 4.3
10810 1927 8 |13| 1 0 51 3.5
20007 194¢f 5 |30| 3 41 0 5.5 6

20009 194¢) 1 |25| 17| 32 0 5.8 6.1

Table 11. Calibration dataset 4.

eventno | Year Month Day Hour minute | Mw source

814 1905 4 29 1 59 5.1 Ms (Bernardi)
239 1905 12 25 17 5 4.7 Ms (Bernardi)
891 1911 11 16 21 25 5.5 Ms (Bernardi)
945 1915 8 25 2 13 4.6 Ms (Bernardi)
947 1924 4 15 12 49 5.2 Ms (Bernardi)
960 1925 1 8 2 45 4.8 Ms (Bernardi)
1036 1929 3 1 10 32 5 Ms (Bernardi)
1038 1933 8 12 9 58 4.6 Ms (Bernardi)
1039 1935 6 27 17 19 5.6 Ms (Bernardi)
1055 1943 5 28 1 24 5.4 Ms (Bernardi)
20009 1946 1 25 17 32 5.8 Ms (Bernardi)
20003 1946 1 26 3 15 4.7 Ms (Bernardi)
20007 1946 5 30 3 41 5.5 Ms (Bernardi)
1058 1954 5 19 9 35 5.3 Ms (Bernardi)
1060 1960 3 23 23 10 5 Ms (Bernardi)
946 1961 8 9 13 10 4.9 Ms (Bernardi)
1061 1964 2 17 12 20 4.8 Ms (Bernardi)
1157 1964 3 14 2 39 5.3 Ms (Bernardi)
1070 1968 6 27 15 43 4.6 Ms (Bernardi)
1068 1968 8 19 0 36 4.7 Ms (Bernardi)
1071 1971 9 29 7 18 4.9 Ms (Bernardi)
1086 1978 9 3 5 8 5.5 Ms (Bernardi)
1090 1980 7 15 12 17 4.8 Ms (Bernardi)
1098 1991 11 20 1 54 4.7 Ms (Bernardi)
1108 1994 12 14 8 56 4.3 Regional moment tensor

inversion
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10140 1996 3 31 6 8 4.2 Regional moment tensor
inversion
1102 1996 7 15 0 13 4.6 Ms (Bernardi)
10180 1997 11 22 4 56 3.6 Regional moment tensor
inversion
10220 1999 2 14 5 58 4 Regional moment tensor
inversion
10240 1999 12 29 20 42 4.9 Local moment tensor siwe
311 2001 2 23 22 19 3.4 Local moment tensor ingarsi
310 2001 3 17 0 29 3.4 Local moment tensor invarsid
1345 2001 7 17 15 6 4.7 Local moment tensor ingarsi
1782 2002 4 29 15 14 35 Local moment tensor inwers
50973 2003 3 22 13 36 3.9 Local moment tensor sieer
50977 2003 4 29 4 55 3.4 Local moment tensor inwers
50980 2003 5 6 21 59 3.6 Local moment tensor inwers
51030 2003 7 17 2 27 35 Local moment tensor inwers
51039 2003 7 18 11 1 35 Local moment tensor inwers
51051 2003 8 1 3 20 3.7 Local moment tensor ingarsi
51075 2003 8 22 9 21 3.6 Local moment tensor inwers
51077 2003 8 22 9 30 35 Local moment tensor inwers
51184 2004 2 18 14 31 3.2 Local moment tensor sieer
51260 2004 6 21 23 10 3.3 Local moment tensor sieer
51278 2004 6 28 23 42 3.4 Local moment tensor sieer
51346 2004 11 24 22 59 5 Local moment tensor insers
51355 2004 12 5 1 52 4.5 Local moment tensor inwers
51437 2005 5 12 1 38 3.7 Local moment tensor inwers
51764 2005 9 8 11 27 4.4 Local moment tensor inwers
54351 2008 1 21 16 40 3.7 Local moment tensor sieer

Table 12. Dataset used for the magnitude to statidad intensity calibration.

5 Some examples of the macroseismic parameterizatiof historical
earthquakes

In this chapter we present some examples of histioearthquakes. The figures show:

* The intensity field; in red: the catalogue, minimumagnitude, and minimum RMS
locations. The underlying yellow line indicates tmevement of the respective epicenter
as a function of depth (stability indicator).

* The intensity field, plotted as a function of epittal distance, overlaying the theoretical
ECOS-09 attenuation curves at different fixed depth levaelsd using the assessed
magnitudes at the corresponding depth. The reshtis/n are derived with the following
strategies: dataset 2, all intensities and thrglkeist intensity levels, both with fixed depth
(blue curve) and variable depth; dataset3 alpifentensities, variable depth. The
different theoretical attenuation curves corresptmdl—>3 km; 2> 6km; 3> 10km; 4>
15km; 5> 20km.
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intensity

event 545: intensity attenuation for TOP3 data
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Event 545 (1356.10.18): Assigned magnitude 6.@&lempoh.
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intensity

intensity

event 31: intensity attenuation for TOP3 data
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event 31: intensity attenuation for ALPINE data
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Event 31 (1601.09.18): Assigned magnitude 5.9 hd&@km.
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intensity

intensity

event 22: intensity attenuation for TOP3 data
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event 22: intensity attenuation for ALPINE data
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Event 22 (1755.12.09): Assigned magnitude 5.7 apohd
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intensity

intensity

event 1117: intensity attenuation for TOP3 data
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event 1117: intensity attenuation for ALPINE data

T 1 1 1110111
e@mooc o

L] - eede ¢ o e ® 6 WO Jmmee o
L] e o * o
oo - L] L] L X ]
L]
FF F F F FFF FFFAFAFFFF F
T T T T T
0 50 100 150 200

cat epicenter dist [km]

Event 1117 (1855.07.25): Assigned magnitude 62&hdE0 km.
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intensity
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event 826: intensity attenuation for TOP3 data
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Event 826 (1877.05.02): Assigned magnitude 4.4lemoh.
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intensity

intensity

event 1060: intensity attenuation for all data
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event 1060: intensity attenuation for TOP3 data
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event 1060: intensity attenuation for ALPINE data
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Event 1060 (1960.03.23): Assigned magnitude 5 jithdekm.
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Abstract

Local soil conditions can notably affect earthquake ground motion. This is often seen in
macroseismic intensity fields where sites located on soft sediments show higher intensities
than neighbouring locations do. To map expected macroseismic site amplification for
Switzerland, we statistically analysed differences between observed macroseismic intensity
and intensity estimates based on the Swiss attenuation relations, using macroseismic data
from 221 earthquakes. Two regional attenuation relations were used (Alps and Foreland),
each of them with two parameter sets for deep and shallow sources. The subsoil conditions of
the localities were described by a combination of geological and tectonic characteristics. We
categorized site conditions using a standardized size for the area around the centre of each
settlement. Typical intensity amplifications of the site classes were calculated from the
median intensity residuals between observed and calculated intensities.

Median observed amplifications relative to well-compacted sediments vary between about
+0.7 intensity units for some eroded maritime sedimentary rocks and organic soils, and about
—0.3 intensity units for Alpine flysch. Many crystalline rock classes could not be
characterized, since there are too few settlements on them. Variability within one site class is
large, and reaches values in the range of about one intensity unit. Some investigated villages
show remarkable intensity anomalies for all analysed earthquakes.

Our analysis has some limitations where settlements are not regularly distributed within one
soil class. A good example occurs in alluvial plains, where most settlements are located at the
edges of the sedimentary basins. Moreover, the regional attenuation relations that we used
account for some site effects. This was due to different averages in site conditions intrinsic to
the data employed for deriving the Alps and Foreland attenuation relation. We therefore
suggest that macroseismic attenuation relations should be developed from combined
assessments of attenuation and site amplification.

Two case studies of recent smaller events in Basel and the Valais show that scenario
calculations based on Swiss attenuation relations and macroseismic site amplification predict
intensities that deviate no more than one intensity unit from those observed at about 90 % of
the sites. These case studies cover only observed intensities up to intensity V. However, the
underlying attenuation relations and site amplification factors were derived from observations
with intensities up to VIII in some cases. We therefore suggest using the presented site
amplification factors for earthquakes with magnitudes between 3 and 5.5.

Keywords: intensity, site amplification, geological soil -classification, macroseismic
attenuation, earthquake scenario, Switzerland

1 Introduction

It is evident from theory and observation that on soft soils, earthquake ground motion is
amplified relative to hard rock sites at a similar distance from the seismic source. Elevated
ground motion leads to a higher earthquake impact and higher observed intensity and more
damage. However, it is not easy to predict the effects of a particular earthquake in a specific
locality with no investigations at the site. Such effects depend on many factors: shear wave
velocity and composition of the material, layer thickness, groundwater level, velocity contrast
between sediments and bedrock, three-dimensional geological configuration and finally
vulnerability of structure (e.g. Rodriguez Marek et al. 1999). Each earthquake also produces a
particular ground motion relative to its tectonic situation, source depth and mechanism, and
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directivity and characteristics of the rupture process. However, those parameters are usually
not known before or immediately after an earthquake.

Estimates of amplifications in terms of macroseismic intensity are an important input for
reliable ground motion maps and scenario simulations, especially for areas such as
Switzerland with very variable local geology (Figure 1). Intensity is convenient, since it
relates directly to damage and yields hazard values, which are relevant to planners and
insurers. To estimate the geographical distribution of the amplification effects, there are three
common ways:

1. Defining intensity site amplification for soil classes (or topographic features) with
reference to measured or modelled ground motion. The conversion from ground
motion to intensity is often expressed by parameters such as peak ground acceleration
(PGA) or peak ground velocity (PGV) (e.g. Wald et al. 1999). However, the ability of
different ground motion parameters to represent intensity varies over the intensity
scale. Moreover, the relationship between ordinal intensity and a continuous ground
motion parameter is neither linear nor open to extrapolation (Kistli & Fih, 2000).

2. Detecting intensity amplification on a site-by-site basis, from statistical analysis of
past intensity assignments at that site (e.g. Gallipoli et al. 2003). Although this method
may provide useful results that can be reproduced for the sites considered, it does not
necessarily link amplification to known soil characteristics. As a result we cannot
extrapolate the results in space.

3. Deriving intensity amplification by soil class from historical macroseismic data (e.g.
Fah 1985). What are typical differences between observed intensities and those
estimated from attenuation relations? A precondition for this method is a long track
record of macroseismic intensities consistently assigned.

In this paper we will apply the third procedure and compare to results from the second method
for Swiss site with clear intensity anomalies. The model is tested by comparison to
observations for two recent earthquakes.

2 Task and methods

Our main goal is to quantify site amplification for typical soil and rock classes in Switzerland
using method three above. Site amplification factors are defined with respect to the Swiss
macroseismic attenuation relations (SED, 2002; Fih et al., 2003).

The Earthquake Catalog of Switzerland (ECOS02) provides a uniform estimate of the
moment magnitudes Mw for all historical and instrumental events. The historical events were
assessed following the proposal of Bakun & Wentworth (1997). This uniform earthquake size
estimate in terms of magnitude required a magnitude/intensity calibration based on a
calibration dataset of earthquakes in the 20" century for Switzerland and adjacent areas, and
the development of macroseismic attenuation relations (Féh et al. 2003). The relations can be
summarized as follows:

Appendix D-1



o

O. erentz,

(o]

o France Jarae Zirich o
SN
o & :
¢Solothurn d \ 7hg o Austria
5 y z O o
) Bienne ( N \ —~—— :. i3
P 3
Neuchaf \ k,; et
rt Alpnach .~
A ;‘“ e'a e SBarnen tdof  © & \ e} &Shur
‘ @ &)
A/ o “\&oo SW|tzerIand e ‘de‘e‘“ oo 5 )
o
(o) o e \ / ? ‘ o o P
Vo i 0y, 4 -

Lausanne
(FA%

France
O Annecy o

* ; ?f s

Earthquakes providing macroseismic data  Geological and geotechnical overview:

Magnitude (Mw): cristalline rock
palaeozoic and mesozoic sediments

22-35
: 3.5-4.1 tertiary layers (mostly molasse)
5 4'1 ) 4.6 unconsolidated, unsorted deposits
o 4.6 i} 5'2 unconsolidated, sorted deposits (including organic soils)
Db lakes
5.2-6.4
© glaciers

Figure 1: Basic geological overview of Switzerland. The epicentres of felt earthquakes
since 1850 are shown as circles. Macroseismic intensities from these events were used in
our analysis. Place names mentioned in the text are provided.

For sites in the range up to 55 km epicentral distance, the following attenuation model is used:

Shallow events: Iexp = 1.27 * M,, — 0.043 * D + 0.096
Deep events: Iexp=1.44 *M,, - 0.030 * D - 1.73

Lexp is the EMS98 Intensity value (European Macroseismic Scale (Griinthal, 1998)) at the site;
D is the distance (km) from the source location to the site. The constants were derived from
the calibration set of events in the magnitude range up to Mw 6.1.

For sites in the 55-200 km distance range the attenuation relations are as follows:

Shallow foreland events:
Shallow alpine events:
Deep foreland events:
Deep alpine events:

exp = 1.27 * My, — 0.0115 * D — 1.65
exp = 1.27 * M, — 0.0064 * D — 1.93
exp = 1.44 * M, — 0.0115 * D - 2.76
exp = 1.44 * My, — 0.0064 * D — 3.04

e

For magnitudes above Mw=5.5 it is recommend using only the relation for deep events. The
calculated intensities are valid for soils of class B (well consolidated sediments) according to
the Swiss building code SIA 261 (SIA 2003) and Eurocode 8 (Commission of the European
Communities 1998).
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To compute soil specific amplification factors, three data sets are compared:

a) Intensity data points (IDPs) at the Swiss village or city district level, observed since
1850, for earthquakes with a maximal observed intensity of at least V on the European
Macroseismic Scale (EMS-98) (see Figure 1);

b) Expected macroseismic intensity for these sites and the specific earthquakes computed
with the Swiss macroseismic attenuation laws summarized above (Fih et al. 2003);

¢) Soil characterisation of the locations, expressed by the geological as well as the
geotectonic classification of the Geological and Tectonic Maps of Switzerland
1:500°000 (Geologische Karte der Schweiz / Geotektonische Karte der Schweiz,
Bundesamt fiir Landestopographie, 2006).

The Swiss Seismological Service (SED) has collected macroseismic information for all
significant earthquakes in Switzerland and neighbouring countries. This dataset with roughly
35’000 EMS-98 intensity assignments covers 720 earthquakes and 17°000 settlements in and
around Switzerland. For our study we selected from this database IDPs that

1) refer to sites within Switzerland, of which the surface geology as well as the coordinates
of the settlements are homogeneously established;

2) refer to 221 earthquakes after 1850 with maximum intensities larger than intensity IV.
The moment magnitudes of these events range from 2.7 to 6.4, with a median of 4.3.
The epicentre location uncertainty is smaller than 10 km for 64 % of the events, and up
to 20 km for the others.

3) have “medium” or higher quality following ECOS quality definitions (SED, 2002): each
intensity assignment is based on the reports of at least four independent eyewitnesses or
comparable sources.

To assign a soil or rock class to a settlement or zip code area, we defined all settlements as
circles with a diameter of 500 m around the manually selected centre of the area densely
covered with buildings. This is summarized in Figure 2. Inside each circle, the soil classes
according to the geological and geotechnical maps of Switzerland were reviewed to
characterize geological properties and soil variability. For our statistical analysis only those
locations with one soil class covering more than 80% of the area within a circle were selected.
Alternatively, calculations were performed using those sites with at least 95 % homogeneous
soil conditions. They provided neither a better explanation of the intensity residuals nor
significantly different amplification results for individual site classes.
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Figure 2: Example of the analysis procedure. While intensity residuals of Ausserberg
were used to characterise the amplification behaviour of gneiss and micaceous schists,
those of Baltschieder were discarded. There we could not assign the residual to a single
soil type. The location of Ausserberg is shown in Figure 1.

As a next step, the difference between the observed and the computed intensity was calculated
for every IDP. This difference (residual) is interpreted as the effect of the local site
amplification in that spot. Then, sites were grouped according to their geologic, geotechnical,
or combined features and checked for consistent and statistically significant coincidences
between intensity residuals and soil characteristics:

1. Median residuals were calculated for every combination of a geological soil class with a
geotectonic unit of the second of three geotectonic aggregation levels of the Geological
Map of Switzerland (our “primary classes”).

2. The various primary classes were grouped manually into larger units wherever
geologically and geotechnically similar soil types showed similar amplification behaviour.
Since the geology contributes more to the statistical explanation of local amplification
patterns, we used it as the main feature to aggregate results.

3. Remaining geologic primary classes were grouped by their tectonic unit if this
significantly contributed to a homogeneous description of the data. In other words, several
geologic subclasses of a tectonic unit were grouped if they showed the same amplification
pattern.

Our result is a classification based on geological and tectonic features of Swiss subsoil
conditions. The resulting classes have different macroseismic site amplification factors. The
assigned amplification values were calculated as the median of the intensity residuals of all
IDPs per soil class within Switzerland. The results are given in Table 1 and Figure 3.
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For two soil classes, organic soils and soft silts and sands of quaternary sediments, the
methodology above gave distorted results. Consequently, their amplification behaviour was
assessed based on slightly modified considerations:

Historically, organic soils were avoided for settlements, and spot tests showed that many of
the IDPs supposedly lying on organic soils were in fact on their edges, or contained small,
only recently settled areas of organic soil. To avoid a bias, the amplification factor for organic
soils was derived from a limited area around the lakes of Neuchatel, Bienne and Murten,
including the Aare valley down to Solothurn (see Figure 1 for the localities). There, we have
extended areas of organic soils that allow us to estimate the macroseismic soil amplification
factor for this particular soil type. We assume that this locally derived amplification factor can
be applied to all Swiss sites with organic soils.

Within the class of soft quaternary silts and sands, settlements were distributed unequally.
Given flooding risks, central floodplains remained unsettled until the middle 20" century.
Most settlements contributing to the amplification value of this soil class are near valley edges
or on upper terraces. For these alluvial plains, we derived the amplification factor from all
settlements, but as will be discussed further on, we recommend another interpretation scheme
for applying results to typical floodplains.

3 Results

3.1 Amplification results for different soil classes

Table 1 summarized the derived residuals (the difference between observed and computed
intensities) for all geologic and geotechnical soil classes for which sufficient data is available.
These residuals are additive to the expected intensity from the attenuation model. There is a
slight statistical correlation between intensity residuals and magnitude, but analyses based on
linear models and estimations of their quality (Akaike 1974) have shown that both the
direction and level of the interaction between intensity residuals and magnitude vary between
different branches (alpine/forland, deep/shallow) of the attenuation model. Thus, such
correlations are supposed artefacts of the non-continuous attenuation model and are not
analysed further with reference to site effects. Since residuals are differences between values
on an ordinal scale (observed intensities are given in integers) and a continuous regression
function, we do not expect them to follow a normal distribution. We describe their
distribution with non-parametric statistics as far as possible. In this context, the standard
deviation of the mean residual is also rather a hint to the computed median’s significance than
a quantitative measure.
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Table 1: Intensity residuals for different geologic and geotechnical soil classes (in EMS98 intensity units) obtained from the analysis of the
macroseismic data points. Bold fields of the 50%-percentile indicate medians whose deviation from 0 is statistically significant at a 95% level.

(geological unit)
a) Crystalline
Gneis and micaceous schists

b) Paleozoic
Perm, Verrucano
c) Mesozoic

c.1 Jura and northern
Switzerland

Lacustrine Limestones

Keuper

Dogger

Malm, Jura
Malm, Jura
Lower Cretaceous

c.2 Northern Pre-alps

Malm & lower Cretaceous
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Geotectonic/regional
restriction

Sediment cover

Jura, Mesozoic and Epivariszic

platforms

Jura, mesozoic and epivariszic

platform

Mesozoic and epivariszic
platform

Alpine nappes

Inner jura

Other facies of inner jura

Alpine nappes

Additional explanation

Remaining sediment covers
of the central alpine syncline

Limestone and Dolomite,
medium phase also with
thicker layers of marl
Deposits of coastal areas
and lagunes: heterogeneous
layers of limestone, gypsum,
marl

sandstone

Marls and mudstones

Malm: High share of
compact, nearly pure
(“white”) calcium carbonate
rocks

Amplification
behaviour

D-8

25%

# of percen-
IDP tile
69 -0.48
18 0.21
49 0.28
15 0.26
49 -0.05
83 0.22
38 -0.37
33 -0.28
27 -0.24
39 -0.36

50%
percen-
tile

0.48

0.72

0.74

0.75
0.47

0.49
-0.05
0.64
0.9

-0.03

75%
percen-
tile

0.83

1.5

1.13

1.29

0.84

1.19
0.54
0.92
0.93

0.60

Median
standard
deviation

1.02

1.05

0.65

0.75

0.66

0.81
0.66

1.1
0.92

0.67

Sd(mean)

0.14

0.24

0.09

0.19

0.14

0.1
0.15
0.22
0.21

0.14



d) Tertiary

d.1 Tertiary of Swiss midland

and northern Switzerland

Ruppelien, lower saltwater Tertiary grabens
molasse

Aquitanien, lower freshwater ~ Midland molasse
molasses

Jura and midland molasse

Chattien/lower freshwater
molasse
Midland molasse
Burdigalien, Helvetien of the
Allgau region. Upper saltwater
molasse

Upper feshwater molasse
Other facies of midland

molasse
d.2 Tertiary of the Northern
Prealps
Flysch Alpine and prealpine area
Chattien, lower freshwater Subalpine molasse
molasse

e) Pleistocene

e.1 moraines

Moraine on flysch

Moraine on subalpine molasse

Moraines, incl. recent moraines Alpine nappes
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Fine-grain sandstones,
marls and clay

sandstones, marls and clay
(grain size decreases from
the northern Pre-alps
towards the Jura)
sandstones, marls and clay
(grain size decreases from
the northern Pre-alps
towards the Jura)

sandstone interbedded
with marl and siltstone.
Grey marl is the dominant
lithology

Dominant conglomerates,
intersected with sandstones

Alps and Pre-alps
Alps and Pre-alps
Alps and Pre-alps

o o

D-9

26

132

63

95

257

65

49

52

33
28
137

0.19

-0.35

0.02

-0.47

-0.17

-0.26

-0.96

-1.19

-1.51
-0.7
-0.61

0.47

0.52

0.58

0.56

0.6

0.47

-0.31

0.06

0.14
0.1
0.14

0.78

1.19

0.97

0.87

0.36

0.66

0.52
0.62
0.85

0.48

1.19

0.76

1.15

0.75

0.82

0.97

1.03
1.04
1.08

0.11

0.1

0.12

0.13

0.07

0.12

0.14

0.17

0.22
0.25
0.10



Moraines, including recent Midland molasses and Jura
moraines

e.2 non-glacial deposits

Older fluvioglacial gravel

terrasses

Loess, loess loam and

weathered loams

Fluvioglacial and glaciolakustric

gravels (terraces)

Late pleistocene landslide

deposits deposits
f) Holocene

Jura, Mesozoic/Epivariszic
Alluvials Platform, Midland molasses
Alluvials Big alluvial plains

Wildhorn nappes
Alluvials

Buendnerschiefer nappes
Alluvials

Other alpine nappes
Alluvials

Hill foot debris
Postglacial landslides

Debris cones of rivers
organic soils

Thick quarternary deposits in
general
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Thick late Pleistocene landslide

Foreland

Area of Stans, valleys of
Sarner and Engelberger Aa;
with high share of lake
sediments

Hinterrheintal and other
small areas of Graublinden
Small areas along steep
alpine river, throughout the
alps

Mostly cones of steep
contributory rivers and
ravine grabens in the alpine
and pre-alpine main valleys
(based on regional studies
of the Seeland region)

D-10

846

21

58

931

19

249
419

52

15

78
51
53

369

62

10

-0.48

0.21
0.22

-0.14

-0.95

-0.31
-0.33

-0.19

-0.59

-1.00
-0.32
-0.45

-0.78
-23

-0.2

0.39

0.73

0.72

0.47

-0.02

0.41
0.33

0.32

-0.02

0.00

0.46
0.23

0.09

0.72

0.48

1.01

1.27

1.27

1.06

0.57

1.06
1.05

0.9

0.42

0.72
1.09
0.68

0.79

1.39

0.52

1.01

0.80

0.78

0.89

1.1

1.03

0.81

0.81

1.21
1.05
0.81

1.2

1.22

0.32

0.04

0.22

0.11

0.03

0.24

0.07
0.05

0.14

0.21

0.15
0.17
0.15

0.06

0.15

0.17
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Fig. 3. Site amplification map for Switzerland obtained from the analysis of macroseismic data. This map shows the median values derived from the
statistical analysis. For big floodplains we used the 75th-percentile as the best amplification estimation (see text).

Appendix D-1 D-11



Crystalline bedrock (site class group a in table 1)

While rock sites a usually assumed to cause no amplification effects, macroseismic data
provide no way to derive site (de-)amplification for rock sites, since there are not enough
settlements on different types of crystalline bedrock to allow statistically significant results.
The exceptions are gneiss and micaceous schists. They are common in central Switzerland,
the southern side-valleys of the Valais region and in the Ticino where our intensity data are
best (see Figure 1 for the locations). Here, the data show a typical elevation of 0.48 intensity
units. We have no mechanical explanation for this behavior, except a possible weathering of
the uppermost layer. A more probable interpretation could be that the used attenuation
relations do not correctly describe the far field attenuation behavior in the Ticino region. We
lack near field observations there due to its low seismicity. For the large areas of crystalline
rocks without sufficient macroseismic data to derive the amplification behaviour, we think
that "no amplification" is still a reasonable assumption.

Paleozoic deposits (site class group b in table 1)

Paleozoic deposits of the central alpine syncline (upper Valais and Vorderrheintal) show a
relatively high amplification of 0.72 (+- 0.24) intensity units. One possible explanation would
be heterogeneities within these sediments (e.g. deeply weathered surface layers vs.
unweathered underlying strata). Single-site analyses using geophysical methods already
started in the Valais may provide closer insight.

Fine grain maritime mesozoic and tertiary deposits (fine-grain classes of groups ¢
and d: limestone, marl, flysch)

All Mesozoic deposits of the Jura and northern Switzerland show relatively high site
amplification. These sediments mix hard limestone formations with soft marl layers.
Observed amplification is higher on facies with a high share of soft layers and heterogeneous
layering (e.g. Keuper) than on geological classes with a high share of compact limestone
rocks (e.g. Malm), However, the compact limestone areas are often in locations on steep rock
areas or karst with little soil formation and are therefore only sparsely populated. Settlements
are concentrated rather on the marl sites, often with deep loamy topsoil. Thus, we assume that
the higher amplification in the Jura region might not be typical for the whole area, but valid
for the sites of most villages and settlements.

In the limestone Pre-alps, we do not observe this phenomenon: The prealpine Malm-
dominated nappes do typically not show any site amplification. At the moment, it is not
obvious whether this is explained by a lower share of marl in the local limestone layers or
other factors such as a higher grade of geological metamorphizationduring the formation of
the Alps. Also, we do not have a mechanical interpretation for the observed deamplification in
all flysch sites. It may be common for many rocky sites of the Alps to lead to lower intensities
than those expected for well compacted sediments; however, most of them are hardly settled
and thus no intensity residuals are available for analysis. Here, flysch is an exeption: It forms
fertile, agriculturally productive soils and is settled densely enough to be well reflected in the
macroseismic data.
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Tertiary Molasse Deposits (site class group d in table 1)

The main tertiary deposits, the molasses of the Swiss midland and the northern Pre-alps, are
left by rivers flowing from the Alps north. While in the Prealps, the main deposits are stable
conglomerates: northern deposits are dominated by sand and siltstone with different states of
consolidation. Generally, no site amplification is observed on hard Prealpine conglomerates,
but finer grained tertiary deposits of the midland show site amplifications of 0.47 to 0.6
intensity units. In this case we can also assume that the state of weathering is key.

Pleistocene and Holocene Deposits (groups e and f)

Moraines are well compacted, although not cemented, with a very heterogeneous mixture of
grain sizes ranging from silt to big stones. According to the data, they do not tend to amplify
ground shaking. However, the different behavior of moraines on midland molasses
(amplification similar to uncovered midland molasse) from moraines on Pre-alpine molasses
and Alpine nappes (no significant amplification) may indicate that amplification is due to
layers below the moraines.

For deposits not compacted by a glacier, we observe two tendencies:

1. Heterogeneous deposits, such as big landslides and debris cones, show little or no
amplification, while sorted sediments such as river and hill foot deposits may cause median
amplifications of 0.3 to 0.7 intensity units.

2. Among sorted sediments, coarse grain deposits or those from steep rivers in the alpine area,
show less amplification than fine-grained midland river sediments (alluvial sediments on
midland molasses, + 0.4 intensity units) and finest grain lake and aeolic sediments (loam and
loess, > +0.7 intensity units). Amplification observed on alluvial sediments of the Wildhorn
nappes supports this observation. Although alpine, they are widely dominated by lake
deposits of Lakes Lucerne, Alpnach and Sarnen.

One soil class, the big alluvial plains, needs further discussion:

Data from big Holocene floodplains show lower site amplifications than we might expect
with a medium value of only 0.33 intensity units. However, water saturated, very unstable
sand and silt layers are common here, and earthquake ground motion measurements, as in the
lower Valais area, show amplifications up to a factor of ~10 between soft sediments and
bedrock (corresponding to about 1-2 intensity units) for the central Rhone valley (Roten et al.,
2008). We suppose that the low amplification detected in the macroseismic data comes from
the location of the ancient settlements at the edges of the valley floor on more compact
sediment layers of upper terrasses or even partly on hard rock sites, due to the danger of
flooding. Only recently, in the last few decades, settlements (and more often industrial
facilities) were constructed on former flood plains. These sites are supposed to experience
high amplification of earthquake ground motion, but they are not well represented in the
macroseismic dataset. Therefore, we recommend assigning a site amplification of +1.05
intensity units (corresponding to the 75th percentile of observed intensity residuals) for
typical floodplains rather than the median of historical data. This recommendation applies
especially for stronger earthquakes above magnitude 4 — 4.5, which provide enough energy at
lower frequencies to excite the fundamental frequency of resonance in sedimentary basins and
basin-edge generated surface waves of significant amplitude. The recommendation needs
verification in future earthquakes.

Appendix D-1 D-13



3.2 Discussion of the reference site condition

By comparing macroseismic intensities of recent events to recorded ground motion within the
same settlement, a conversion equation between ground motion parameters (peak ground
acceleration and velocity, Housner intensity) and macroseismic intensity was recently derived
(Fih et al., 2005; Kastli and Fih, 2006). Fih et al. (2005) applied this ground-motion intensity
conversion to the values of the Swiss ground motion attenuation relation (Bay et al., 2003;
2005). The ground motion recordings used in the Swiss ground motion attenuation relation
are from sites of the Swiss National Seismic Network. All seismometers from the sites used
are placed on good quality bedrock. Some stations are also located in tunnels and galleries.
This ground motion attenuation relation is therefore valid for good quality rock conditions. It
was estimated that the reference ground condition has shear-wave velocities of about 1500m/s
in the upper 30m. This unweathered rock is usually not settled; it differs considerably from
the reference ground condition of the macroseismic attenuation relation. As a consequence,
we observe that the intensities calculated for hard rock sites are 0.75 to 1.25 intensity units
below those of the macroseismic attenuation relation for magnitudes in the range 4.2 to 6.2
and epicentral distances larger than 20km (see Figure 4). The differences observed at
distances smaller than 20km point to an inconsistency in the formalism to describe near-
source attenuation for macroseismic data and ground motion parameters (especially the
handling of hypocentral depth), which needs to be improved in future ground motion
attenuation studies.

Difference in intensity

A ...................................... ................... |

20 40 60 80 100 120 140 160 180 200
Distance [km]

Figure 4: Difference between the macroseismic attenuation model for Switzerland (for deep
events) and intensities computed from the Swiss ground motion attenuation model for sites in
the Swiss Foreland (modified from Fdh et al., 2005). Single lines show different magnitudes
of the events in the range Mw=4.2 and 6.2. The difference first decreases and then increases
with increasing magnitude.
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3.3 Comparing results to studies based on regional data

The intensity residuals found in our study are very similar to Beer’s findings (1997) for soft
soils in the Swiss Foreland as well as for sites on marl in the Sub-alpine Rhine valley, Central
Switzerland and the region around Solothurn (Figure 5). Fih (1985) detected amplification
effects of 0.5 intensity units or more for Pleistocene gravel and Holocene river sediments,
while an effect on clay sites was not detectable. His dataset consisted of macroseismic
intensity points from northern and eastern Switzerland. Fih’s reference soil behaviour
corresponds to sites more affected by site amplification than STA soil class B. As a result,
rock sites (mostly limestone) show negative amplification effects of about 0.5 intensity units.
Féah (1985) as well as Beer (1997) show that within sedimentary basins, the groundwater level
is a good indicator for site amplifications. For sites with groundwater depth smaller than 9 m,
intensity residuals are roughly one intensity unit higher than on those with a groundwater
level below 30 m. This effect can be shown only on a local scale, since groundwater levels are
not mapped homogeneously throughout Switzerland.

flysch |
(this study)

all unconsolidated | |
soils (Beer 1997)

big holocene alluvial plains R o
(this study) |‘ —l

marl (Beer 1997) — F--- - - -

Malm of Northern Switzerland |— —l
(Assumed marl, thisstudy) ~ [  © — 7 7 n

pleistocene gravel __| |_ o _ _ _ - _|
(this study)

loess and loam (this study) —] F - — - _|

well consolidated sediments
(ECOS reference)

coupled hard rock
(instrument sites, Bay 2005)

| | | | |
-1.5 -0.5 0.5 1.5
Site amplification, in EMS-98 intensity units, relative to ECOS

Figure 5: Typical intensity residuals for different geotechnical soil classes. Boxes cover the
median average deviation (this study), or one standard deviation in the case of hard rock
conditions (Fdh et al., 2005) and Beer’s work (1997). Whiskers delimit 90%-quantile or 90%-
confidence intervals, respectively.
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3.4 Results for specific localities

Site by site characterizations based on intensity residuals (without grouping or extrapolation)
can be applied for settlements with intensity observations for at least 8-10 earthquakes. Figure
6 shows settlements with statistically increased or reduced macroseismic intensities during
past earthquakes (for a detailed listing, see Appendix). Significance levels are derived using a
binomial model (in case of less than 10 earthquake reports per site) an a normal model (more
than 10 earthquake reports) - they provide rather a qualitative indication for site effects than a
quantitatively reliable probability.

In some cases the results of such single site studies are well explained by the known
geological features such as fine lake sediments (e.g. Lucerne), high groundwater levels, or
2D/3D ground motion amplification effects (e.g. some sites in the Valais). In others, we still
lack an explanation. The density of points is driven by the density of villages with sufficient
IDP’s available. We might expect that for villages with heterogeneous site conditions the
tendency is towards the positive intensity anomalies, however varying also in time due to the
expansion of the settlement areas.

0 10 20 40

Single Site Amplification
+ "99% confidence level"

4+ "95% confidence level"

+ "90% confidende level"

red normal model (> 10 eq. reports)
blue binomial model (< 10 eq. reports)
k O no obvious amplification (> 10 reports)
L I a—y v’ ', 59 — deamplificaiton

Figure 6: Settlements with a macroseismically detectable site amplification (+), no obvious
amplification (o), or a detectable deamplification (). While for sites with ten and more
intensity reports, the amount of the amplification is tested for significance (normal model), for
sites with less observations the confidence statement just refers to the sign of the
amplification/deamplification (binomial model). Background: Site amplification map for
Switzerland based on geological classification as shown in Figure 3.
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3.5 Regional effects and regionalization

From previous research based on the old geotechnical map of Switzerland (Schweizerische
Geologische Kommission 1967), we find indications for regional effects overlaying site
effects. We therefore tested this hypothesis and repeated the analysis based on the new maps
individually for 2, 3 or 6 sub-regions of Switzerland (see Table 2). However, given the
availability of intensity assignments for amplification analysis of the same or similar
geological soil conditions, we found no significant regional effects. We suppose that the
regional effects in former studies were due to confounding with the influence of other, non-
resolved parameters, such as sediment grain size, share of marl in mixed rocks etc.

In some cases, e.g. alpine lower freshwater molasses vs. midland lower freshwater molasses,
our regionalisation coincides with the areas of typologically similar facies in the geological
map. There we need additional research and possibly geophysical investigation to characterize
the surface material and to answer the question whether different amplification behaviour is
related to the properties of these facieses or to other, regional factors.

Alpine and Pre-alpine area 1. Western Alps
South of the line Lausanne — West of Solothurn
St. Margrethen 2. Eastern Alps
East of Solothurn
Foreland area Jura 3. Western Jura
North of the Line Lausanne — | North of the line La Dole — West of Solothurn
St. Margrethen Neuchatel — Bienne — Brugg | 4. Eastern Jura
East of Solothurn
Midland 5. Western midland
Between Jura and Alps West of Solothurn
6. Eastern midland
East of Solothurn

Table 2 : Regionalization criteria used to test results for regional effects. See also Figure 7.
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Figure 7: Regionalization criteria used to test results for regional effects. See also Table 2.

3.6 Overall mean amplification

Compared to the Swiss macroseismic attenuation relations, the analysed macroseismic dataset
shows a mean overall amplification of 0.25 intensity units. Why? The attenuation relations
describe the difference between alpine and foreland intensity attenuation as a function of the
the epicentre location, without considering that systematic differences in soil condition exist
between the typical felt area of alpine and forland events. This finding has been recognized in
instrumental recordings (Bay et al., 2003): Seismic stations on rock in the foreland have in the
mean a factor of 2 larger amplitudes when compared to Alpine stations.

Since the calibration dataset for attenuation relations contains the larger events of the 20"
century, a typical alpine calibration event has many, mostly far-field IDPs in the foreland, and
a typical foreland calibration event has many, mostly far-field IDPs in alpine areas. As a
result, the attenuation relations tend to have lower intensities in the far-field attenuation of
foreland events. They have higher intensities in the far-field attenuation of alpine events. The
macroseismic dataset of our study has a larger number of foreland data than the dataset that
was used for calibrating the attenuation relations (see Table 3). Therefore, the overall
observed intensity is higher than expected from the attenuation relations. However, this
finding only affects our interpretation of the reference site condition or zero point of site
amplification. It does not affect the differences in expected intensities between different soil

types.
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Spatial distribution of IDPs Spatial distribution of IDPs
(this study) (ECQOS calibration events)
No. IDP  |No. IDP No. IDP |No. IDP
alpine foreland alpine  [foreland
Epicentre location alpine 4118 2449| |Epicentre location alpine 1050 982
Epicentre location foreland 1047 6152 |Epicentre location foreland 374 1206

Table 3: Spatial distribution of IDPs of earthquakes with epicentres in the alpine area, and
the foreland, respectively: comparison of the base data of this study with those from the
calibration events used to derive the intensity attenuation relations.

4 Application for recent earthquakes

To check the performance of intensity estimations based on magnitude, source depth, and
local site conditions, we performed two case studies to compare modelled intensities with
those derived from macroseismic questionnaires. In addition, intensities were estimated from
recorded peak ground velocity at the stations of the Swiss seismic networks.

The first event is the earthquake of September 8, 2005(11:27 UTM) with its epicentre near
Vallorcine in the French Alps: roughly 5 km from the French/Swiss border. The magnitudes
are M1 =4.9 and Mw = 4.5. The focal depth is about 7 km. The shaking was widely felt in the
Chamonix region as well as in the Valais and caused rock falls, small landslides, and some
minor damage to several settlements.

The second event was the induced earthquake of December 8, 2006, triggered by water
injections during a deep heat-mining project (hot dry rock method) in the city of Basel
(Deichmann et al. 2007). This event had a magnitude of Ml = 3.4 (Mw = 3.0) and a focal
depth of 4.5 km. Due to its low depth and the densely populated area, this event caused
notable public concern and about 2000 reports of small damage.

For both events, observed intensity was assessed using two methods:

Macroseismic intensity was derived from questionnaires collected with passive sampling
(reports to a form on the website of the Swiss Seismological Service:
http://www.seismo.ethz.ch/info/ ) as well as active sampling (personally addressed mailing)
and semi-active sampling (mailing of paper questionnaires to stores, municipal and postal
offices of the affected area for redistribution). Only intensity assignments of medium or good
quality were used. Instrumental intensity was derived from peak ground velocities measured
at permanent strong motion and broadband stations as well as from semi-permanent
seismometers using the conversion rules discussed in Kistli & Fah (2006). While strong
motion sensors are often placed in settled areas, many of the broadband seismic stations from
the Swiss digital network, especially in the alpine area are placed directly on hard rock; some
are placed in caverns, some in places with strong topography, rising the question of possible
2d- and 3d-effects. However, as no macroseismic amplification/deamplification information
is available for these individual sites, they are just handled as standard rock (no station
correction). This may add some scatter especially in the case of the Vallorcine event. The
instrumentally derived intensity observations were compared to an intensity estimation map
based on the Swiss intensity attenuation relations and the site amplifications derived from the
macroseismic data. For the Basel event, the attenuation relation for “shallow foreland events”
was used. The intensity estimation map of the Vallorcine event is based on a weighted
intermediate of estimates for “shallow alpine” and “deep alpine” events. For geological soil
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classes with no site amplification defined from macroseismic data (mostly the unsettled alpine
rock types), an amplification of zero was assumed.

A general overview of the observed and modelled intensity maps is given in Figures 8 a) and
b). For a quantitative analysis, the observed intensities were compared to the mean expected
intensities within a circle with a radius of 50 m around the instrument site (for PGV-derived
intensities) or 250 m around the settlement centre (for macroseismic intensities). The
comparison generally shows good agreement between observation and our model.

The average differences between observed and calculated macroseismic intensities are
moderate (Figure 9): 0.3 intensity units for the Vallorcine event and 0.23 intensity units for
the Basel event (instrumental intensity: 0.09 / 0.04). 44 of 72 observed macroseismic
intensities are predicted correctly by the model: for 25 sites the predicted intensity differs by 1
unit from the observed intensity. Deviations are higher at low intensities (<= III) and may also
result from erroneously assigned observed intensities: From five eyewitnesses in a village all
reporting not to have felt an event, for example, an intensity I (earthquake not felt) can not be
distinguished clearly from an intensity III (earthquake felt by 10-15% of the population).

The macroseismic field of the Basel event is affected not only by site effects, but also by
distinct source radiation (Ripperger et al., 2008). The low values of the intensities in the
south-east of Basel are due to reduced radiation of energy in that direction.

The relatively high bias of the macroseismic model in case of Basel may partially be a
magnitude scaling effect: 36 vents with good moment magnitude detection with Mw 2.4...5.2
in and around Switzerland show a medium relationship of the SED local magnitude to the
moment magnitude of Mw = M1 — 0.2 (Fih et al. 2003), and this rule was applied for many
events used for deriving the ECOS intensity attenuation, if Ml, but not Mw was known from
instrumental measurements. M1 of the Basel event was 3.4. If, instead of the measured Mw =
3.0, an Mw = M1-0.2 was used for the attenuation part of the intensity model, we would result
in an overall model offset of 0.02 intensity units, and a near-source intensity estimation of
4.5, explaining perfectly the two groups of (integer) intensity IV and V observations in the
epicentral area (see fig. 9a).For intensities derived from PGV, the deviations of the model are
slightly higher (31 out of 65 are correct, another 28 with 1 unit deviation). Based on the data
available, it is not obvious whether this is due to propagating errors from the PGV-to-intensity
relationship or from site effects at the seismic stations. However, the error of the
macroseismic intensity estimation is not distance-dependent, a finding which supports our
attenuation relations (see Figure 9b).
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Model residua of the 2006-12-08 Basel event (Mw=3.0)

3
25 "
2
A
g N ‘
5 15 A A observed instr. Int V
$ a A observed instr. Int IV
(2] 0o A
= 1 A A a A observed instr. Int. Ill
I..L_.] .
= o ° A observed instr. Int Il
_-;3 0.5 @) O observed makr. Int V
§ oA O%O o AOE% A A O observed makr. Int IV
g 0 © A A © Q °© 0 observed makr. Int 11l
o O
g 0o 00 O®
A O
-0.5
O A @)
O
A AMAA O
1 LN OA A
O
-15 ‘ ; ; ‘ ‘ ‘ ‘
0 2 4 6 8 10 12 14 16 18 20
epicentral distance [m]
Model residua of the 2005-09-08 Vallorcine event (Mw=4.5)
3
2.5 o observed macr. int. |
. 2 - A O observed macr. int. |l
[2]
= O observed macr. int. lll
S 15 o i
@ 'e) o A A O observed macr. int. IV
g 1 o o A © observed macr. int. V
W 05 - @) A A a observed instr. int |
g @ O 4 Op 00 o
S A A A observed instr. int. |l
2 0 ro—o= T ' b instr. int. Il
o AA20 40 A 60 o) 0 A observed instr. int.
3 -0.5 1 A M o o A observed instr. int. IV
o . .
£ -1 A A observed instr. int. V
A A observed instr. int. VI
-1.5
-2
epicentral distance [km]

Figure 9a/b: Plot of distance versus difference between expected minus observed intensity;
separated by event and by source of the intensity data (macroseismic observations, intensity

derived from PGV).
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5 Discussion

The Swiss macroseismic attenuation laws are valid for sites with consolidated sediments. We
have found site amplifications of 0.3 to 0.75 EMS-98 intensity units to be typical for a set of
geological soil classes describing different types of mostly soft sediments. For each class we
provide the median values as well as error bounds. We found an influence of the sediment
grain size, the compaction and cementation of deposits, the grade of sorting in loose
sediments, the share of marl in mixed rocks and the related state of weathering. Thick layers
of holocene sediments are not well covered by the analysed dataset.

If conservative hazard estimates should be calculated from the site amplifications described
above, we recommend using the 75th-percentile amplification as a predictor rather than the
median. This choice will account for a considerable spatial variance of amplification
behaviour observed within most soil classes. For the amplification factors of typical Holocene
alluvial sites, we recommend using the 75th-percentile for all site amplification calculations.
Although the new geological map 1:500°000 of Switzerland allows us to derive homogeneous
amplification factors for single soil classes beneath most settlements, it still omits many
aspects that proved important for site amplification at individual locations. These are, among
others, the sediment layer thickness, heterogeneity of sediments, groundwater level, contrast
in wave-velocity between bedrock and sediments, shape of the bedrock, and surface
topography. In Switzerland, with its heterogeneous geology and small-scale structures, these
factors vary considerably in space. As a result, describing site amplification simply by
geological and geotechnical characteristics of the topmost layer may prove less effective than
in places with homogeneous sedimentary basins. Still soil amplification estimates derived
from geology and macroseismic data are currently the best data available for most parts of
Switzerland. However geographical resolution is still limited in many regions. On a regional
scale, information can be improved by assessing single-site intensity deviation, by using the
results of microzonation studies, or by studying the local history of macroseimic reports.

The set of attenuation relations already contains a regionalisation of Switzerland (explicitly
with the terms “alpine” and “foreland” as well as implicitly with the epicentral depth
classification, since typical epicentral depth varies between different regions of Switzerland).
Although this classification refers to the epicentre location and not the location of the IDP,
there may be some confounding between characteristics of the attenuation relations and site
effects, since epicentres are spatially correlated to their macroseismic fields, and intensity
attenuation is derived from IDPs not corrected for local site amplification. As a result, the
geology-specific site amplification factors presented here are valid only for Switzerland and
the nearest adjacent areas, and their absolute values are valid only with reference to the used
attenuation relations. If applied to other regions or relative to other attenuation laws, they
might under- or overestimate site amplification effects. We suggest that a next generation of
macroseismic attenuation relations should be developed from combined assessments of
attenuation and site amplification.

Two case studies, with observed macroseismic intensities up to V, were modelled based on
magnitude, intensity attenuation and site amplification. Observed intensities were predicted
with a maximal error of one intensity unit in more than 95 % of the cases. Such models are
presently implemented in a shakemap tool, and might be used for earthquake loss scenarios.
The macroseismic attenuation relation as well as site amplification are both calibrated with
intensities up to VII in some cases. We therefore suggest using the presented site
amplification factors for earthquakes with magnitudes between 3 and 5.5. However, we
presently lack independent real world data to assess the model performance against a larger,
damaging earthquake.
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Appendix: Amplification behaviour of individual settlements

Table 7a/b): typical intensity residuals for a set of Swiss settlements.
(+)/+ / ++: positive deviation of the detected intensities from expected intensities calculated

from attenuation is significant nominally at a 90/ 95 / 99 % probability level.
(—)/—/— — : negative deviation, significant at a 90 /95 / 99 % probability level.

While in case of 10 and more intensity assignments, a normal model is used (indicating that
the average intensity deviation is different from zero), sites with sparse data were tested with
a binomial model (testing just for the sign of the residual). Significance levels are more hints
for possible amplification effects than real probabilities, as the testing strategy does not
account for multiple testing, nor (in case of the normal model) for the fact that the observed
standard deviation of the residuals may not represent their true variability.

a) All sites with 10 and more intensity assignments available (significance hint based on a normal
model)
average # intensity | # intensity
intensity # intensity | higher than | lower than | significance

Zip place name deviation |assignments| expected expected hint
5000 |Aarau 0.58 35 30 5 ++
9000 |St. Gallen 0.20 31 19 12

4600 |Olten 0.39 30 23 7 ++
8400 |Winterthur 0.38 29 19 10 +
8200 |Schaffhausen 0.39 28 17 11 +
6300 |Zug 0.51 27 21 6 +
4410 |Liestal 0.48 26 21 5 +
5400 |Baden 0.39 24 20 4 ++
8000 |Ziirich 0.41 24 17 7 +
6010 |[Kriens 0.04 21 11 10

8610 |Uster 0.46 21 17 4 +
8134 |Adliswil 0.62 20 14 6 ++
1700 |Fribourg 0.36 20 14 6 (+)
4500 [Solothurn 0.18 20 10 10

4000 |Basel 0.08 19 11 8

7180 |Disentis/Muster 0.35 19 13 6

3860 |Meiringen 0.35 19 11 8

4102 [Binningen 0.56 18 17 1 ++
8750 |Glarus 0.12 18 12 6

8802 [Kilchberg/ZH 0.45 18 11 7

4900 |Langenthal 0.34 18 12 6

4133 |Pratteln 0.85 18 17 1 ++
4127 |Birsfelden 0.12 17 11 6

7270 |Davos Platz 0.22 17 8 9

8953 Dietikon 0.14 17 11 6

8600 |Diibendorf 0.25 17 10 7

6390 |[Engelberg 0.75 17 13 4 ++
9100 |Herisau 0.33 17 12 5

4313 |M6hlin 0.65 17 14 3 ++
2000 [Neuchéatel 0.39 17 10 7
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Neuhausen am

8212 |Rheinfall 0.54 17 13 4 +
4153 |Reinach BL 0.45 17 15 2 +
3920 |Zermatt 0.37 17 12 5
6460 |Altdorf 0.37 16 10 6
7310 |Bad Ragaz -0.27 16 5 11
4051 [Basel 0.62 16 12 4 ++
8640 |Rapperswil SG 0.31 16 12 4
6370 |Stans 0.09 16 9 7
3930 |Visp 0.37 16 11 5 +
9630 |Wattwil 0.25 16 9 7
5430 |Wettingen 0.46 16 14 2 ++
4800 [Zofingen 0.30 16 10 6
3715 |Adelboden -0.19 15 7 8
4144 |Arlesheim 0.35 15 12 3 (+)
8840 |[Einsiedeln 0.11 15 12 3
6410 |Goldau 0.09 15 10 5
3818 |Grindelwald 0.40 15 9 6
8280 |Kreuzlingen 0.90 15 13 2 ++
3954 |Leukerbad -0.23 15 8 7
4104 |Oberwil BL 0.65 15 12 3 ++
4123 |Allschwil 0.51 14 12 2 +
7050 |Arosa 0.15 14 7 7
8180 |Biilach 0.83 14 12 2 ++
7260 |Davos Dorf 0.02 14 7 7
9230 |Flavil 0.37 14 9 5
8215 |Hallau 0.82 14 11 3 ++
3718 |Kandersteg 0.50 14 10 4 (+)
3550 |Langnau im Emmental 0.23 14 8 6
8952 |Schlieren -0.04 14 6 8
6430 |Schwyz 0.27 14 10 4
3800 |Unterseen 0.52 14 10 4 +
1800 |Vevey -0.10 14 8 6
8820 |Wadenswil 0.05 14 10 4
8620 |Wetzikon ZH 0.41 14 8 6
9500 |Will SG 0.11 14 7 7
6340 |Baar 0.24 13 8 5
4057 |Basel 0.55 13 9 4 +
4054 Basel 0.41 13 10 3
9200 |Gossau SG 0.63 13 11 2 ++
2300 |La Chaux-de-Fonds 0.34 13 9 4
3775 |Lenk im Simmental 0.19 13 8 5
6014 |Littau 0.43 13 9 4
4142 [Miinchenstein 0.49 13 11 2 ++
4310 [Rheinfelden 0.83 13 11 2 ++
5032 |Rohr AG 0.41 13 10 3
6060 |Sarnen 0.58 13 11 2 +
3770 [Zweisimmen -0.11 13 6 7
4055 |Basel 0.24 12 7 5
4053 |Basel 0.35 12 10 2 (+)
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4103 |Bottmigen 1.06 12 11 1 ++
3400 |Burgdorf 0.18 12 7 5
2540 |Grenchen 0.37 12 8 4
8853 |Lachen SZ 0.20 12 7 5
5080 |Laufenburg 0.61 12 11 1 +
8706 |Meilen 0.18 12 8 4
4132 [Muttenz 0.50 12 11 1 ++
4665 |Oftringen 0.61 12 11 1 +
9400 |Rorschach 0.21 12 7 5
7320 |Sargans -0.88 12 2 10 —
5012 |Schénenwerd 0.10 12 8 4
3960 |Sierre 0.72 12 8 4 +
4106 [Therwil 0.62 12 11 1 ++
8304 |Wallisellen ZH 0.75 12 10 2 ++
5610 |Wohlen AG -0.04 12 7 5
8004 |Zirich 0.08 12 8 4
9050 |Appenzell 0.08 11 8 3
4058 |Basel 0.35 11 9 2
4056 |Basel 0.89 11 10 1 ++
6500 Bellinzona -0.07 11 6 5
3900 Brig 0.24 11 7 4
5200 |Brugg AG 0.69 11 10 1 ++
6440 Brunnen 0.28 11 7 4
7075 |Churwalden 0.29 11 9 2
4657 [Dulliken 0.54 11 10 1 +
6020 [Emmenbriicke -0.12 11 5 6
8500 |Frauenfeld 0.02 11 6 5
4402 |Frenkendorf 0.39 11 10 1 ++
5070 |Frick 0.32 11 9 2
3714 |Frutigen 0.41 11 7 4
4460 |Gelterkinden 0.57 11 9 2 ++
8340 |Hinwil 0.33 11 7 4 (+)
4303 |Kaiseraugst 0.21 11 9 2
6403 |[Kissnacht am Rigi -0.22 11 4 7
5600 |Lenzburg 0.06 11 7 4
8315 |Lindau -0.04 11 5 6
1920 |Martigny -0.37 11 5 6
8887 |Mels -0.04 11 5 6
6436 |Muotathal -0.04 11 5 6
4125 Riehen 0.90 11 10 1 ++
8803 |Riischlikon 0.38 11 8 3
9053 |[Teufen AR 0.19 11 8 3
5726 |Unterkulm 0.46 11 8 3
8880 |Walenstadt 0.45 11 6 5
8006 |Zirich 0.56 11 9 2 +
8037 |Zirich 0.22 11 8 3
5330 |Zurzach 0.60 11 9 2 (+)
4710 |Balsthal 0.19 10 6 4
4052 |Basel 0.41 10 9 1 +
3011 |Bern 0.36 10 8 2
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5312 |Déttingen 0.51 10 7 3
9642 |Ebnat-Kappel -0.09 10 6 4
6182 |[Eschholzmatt 0.12 10 5 5
7017 |Flims Dorf 0.14 10 5 5
4414 |Fillinsdorf 0.68 10 9 1 ++
3785 |Gsteig b. Gstaad -0.06 10 5 5
1820 [Montreux 0.15 10 6 4
8462 |Rheinau 0.10 10 5 5
8630 |Ruti ZH 0.26 10 8 2
5745 |Safenwil 0.78 10 8 2 (+)
7220 |Schiers -0.16 10 4 6
8226 |Schleitheim 0.73 10 9 1 ++
5034 |Suhr 0.42 10 7 3
8488 |Turbenthal 0.52 10 7 3 (+)
8570 Weinfelden 0.26 10 6 4
8702 |Zollikon 0.71 10 8 2 +
8050 |Zirich -0.04 10 5 5

b) sites with less than 10 intensity assignments available, but indices for site amplification
significance hint based on binomial model)

average # intensity | # intensity
intensity # intensity | higher than | lower than | Significance

Zip place name deviation |assignments| expected expected hint
8852 |Altendorf 0.49 9 7 2 (+)
9220 |Bischofszell 0.44 9 7 2 (+)
6330 |Cham 0.37 9 7 2 (+)
8157 |Dielsdorf 0.51 9 7 2 (+)
8127 |Forch 0.45 9 7 2 (+)
8606 |Greifensee 0.49 9 7 2 (+)
8700 Kisnacht ZH 0.74 9 7 2 (+)
4415 |Lausen 0.55 9 7 2 (+)
6003 |Luzern 0.88 9 8 1 +
8213 |Neunirch 0.63 9 8 1 +
7500 |St. Moritz -0.71 9 2 7 (=)
4802 |Strengelbach 0.78 9 7 2 (+)
4632 [Trimbach 0.46 9 7 2 (+)
4612 |Wangen b. Olten 0.40 9 8 1 +
8005 |Ziirich 0.38 9 8 1 +
8048 |Ziirich 0.48 9 8 1 +
8910 |Affoltern am Albis -1.01 8 1 7 -
6780 |Airolo 1.23 8 7 1 +
4059 Basel 0.36 8 8 ++
8494 |Bauma 1.26 8 7 1 +
8305 |Dietlikon 0.91 8 7 1 +
5412 |Gebenstorf 0.59 8 8 ++
5082 |Kaisten 0.92 8 7 1 +
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5314 |Kleindéttingen 0.53 8 7 1 +
5035 |Unterentfelden 0.79 8 7 1 +
5012 |Wdschnau 0.55 8 7 1 +
8047 |Zirich 0.67 8 7 1 +
4147 |Aesch BL 0.83 7 7 ++
3803 |Beatenberg 0.77 7 6 1 (+)
8627 |Griiningen 0.58 7 6 1 (+)
4434 |Holstein 0.16 7 6 1 (+)
6900 |Lugano 0.24 7 6 1 (+)
3962 |[Montana-Vermala 0.78 7 6 1 (+)
3904 [Naters 0.80 7 6 1 (+)
5013 |Niedergbsgen 0.67 7 6 1 (+)
8153 |Rimlang 0.76 7 6 1 (+)
7188 |Sedrun 0.84 7 6 1 (+)
7132 |Vals 0.81 7 6 1 (+)
4803 |Vordemwald 0.73 7 6 1 (+)
8032 |[Ziirich 0.48 7 6 1 (+)
8051 |Ziirich 0.65 7 6 1 (+)
8045 |[Ziirich 0.70 7 7 ++
6493 |Hospental 1.19 6 6 +
4654 |Lostorf 1.03 6 6 +
5107 |Schinznach Dorf 0.76 6 6 +
8730 |Uznach -1.76 6 6 -
5303 |Wirenlingen 0.56 6 6 +
8057 |Ziirich 0.60 6 6 +
8222 |Beringen 0.86 5 5 +
4126 |Bettingen 0.65 5 5 +
8767 |EIm 0.59 5 5 +
9473 |Gams -0.82 5 5 -
5073 |Gipf-Oberfrick 0.96 5 5 +
3902 |Glis 0.70 5 5 +
5024 |Kittingen 0.85 5 5 +
8413 |Neftenbach 1.12 5 5 +
5102 |Rupperswil 0.65 5 5 +
5224 |Unterbdzberg 0.88 5 5 +
8217 |Wilchingen 1.13 5 5 +
4417 [Ziefen 1.11 5 5 +
8044 |Zirich 0.57 5 5 +
9320 |Arbon 1.18 4 4 (+)
5413 |Birmenstorf AG 0.53 4 4 (+)
6658 |Borgnonoe 1.42 4 4 (+)
6675 |Cevio 2.03 4 4 (+)
4658 |Daniken SO 1.01 4 4 (+)
4143 |Dornach 0.91 4 4 (+)
8132 |Egg b. Zilrich 1.07 4 4 (+)
5074 |Eiken 0.82 4 4 (+)
4458 |Eptingen 0.83 4 4 (+)
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3916 |Ferden 0.32 4 4 (+)
3945 |Gampel 0.86 4 4 (+)
1204 |Genéve 0.67 4 4 (+)
3626 |Hiinibach -1.17 4 4 ()
3723 [Kiental 0.67 4 4 (+)
4245 [Kleinlitzel 0.90 4 4 (+)
5742 |Kolliken 0.97 4 4 (+)
7031 |Laax GR -1.38 4 4 (=)
4438 |Langenbruck 0.94 4 4 (+)
8426 |Lufingen 1.04 4 4 (+)
5242 |Lupfig 0.49 4 4 (+)
3250 |Lyss 0.77 4 4 (+)
4312 |Magden 0.65 4 4 (+)
7436 Medels im Rheinwald 1.94 4 4 (+)
2740 |Moutier 0.51 4 4 (+)
8425 |Oberembrach 0.55 4 4 (+)
9424 Rheineck -0.85 4 4 (-)
3132 |Riggisberg 0.72 4 4 (+)
8427 |Rorbas 0.47 4 4 (+)
6343 |Rotkreuz 1.43 4 4 (+)
1922 |Salvan -1.11 4 4 o)
8203 |Schaffhausen 1.00 4 4 (+)
7419 Scheid 1.03 4 4 (+)
Schwarzenbach b.
6215 |Beromiinster 0.16 4 4 (+)
1933 |Sembrancher -0.61 4 4 (=)
3613 |Steffisburg 1.38 4 4 +
4246 |Wahlen b. Laufen 0.80 4 4 (+)
8542 Wiesendangen 0.61 4 4 (+)
8492 |Wila 0.97 4 4 (+)
9658 |Wildhaus -1.12 4 4 (=)
5210 |Windisch 0.55 4 4 (+)
4443 |Wittinsburg 0.91 4 4 (+)
7205 [Zizers -0.99 4 4 (-)
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