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Abstract
We analyze the ingredients required for deterministic wave propagation
simulation in order to estimate more accurately ground motion in terms of
amplitude, frequency content and duration. Building maps of expected
ground motion before a catastrophic event for various scenarios may help
design ways to mitigate impacts of ground vibrations as well as fast calibration of these maps once the event occurs. Reconstruction of 3D structures requires collection of information at two different scales: the regional
one (a few tens of kilometres) and the local (a few tens of metres to hundreds of metres). Different techniques from permanent to temporary deployments of seismic stations and from active to passive source excitations
together with other geophysical and geotechnical investigations will provide the necessary information. Characterisation of possible seismic
sources is another challenge and requires careful seismotectonic analysis in
the region of interest. Uncertainties may be large provided that one can reproduce wave propagation from these hypothetical spatially extended
sources. Frequency content of these simulations is more limited by our
knowledge of the medium than by computer resources. In fact, in order to
perform such simulations, the geological structure has to be known within
a resolution scale of one-tenth of the wavelength. Duration and amplitude
are affected by the source mechanism and the mechanical properties of the
underground structure. Variability in these ground motion estimations
should be appreciated and key parameters identified. Designing approaches to calibrate these simulations with recorded data as well as necessary links with the probabilistic approach should be addressed in the future.
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9.1 Introduction
Because building collapse induced by ground vibratory motion during destructive earthquakes is the main cause of casualties, correct a priori estimation of this ground motion is therefore a necessary, but in fact not sufficient, element of an efficient risk mitigation policy. Strategies for
quantitative seismic ground estimation go from purely deterministic ones
to more statistical ones.
We tentatively address issues of required observations in order to constrain the crustal structure description where waves are propagating and in
order to build appropriate finite-extended source mechanisms. We shall
describe different complementary approaches for better ground-motion estimation. Geophysical and geotechnical measurements may be used for
model reconstruction. Both recorded seismograms of significant earthquakes and possible extrapolation of recorded seismograms from small
events will provide data that a wave propagation tool might describe in a
first step and might assimilate in a second more ambitious step.
For given specific frequency contents – presently still limited to low
frequencies, i.e., generally below 1 Hz – numerical methods may provide
estimation of ground motion using purely deterministic approaches. We
shall examine the potentials of different methods which seem to lead to
quite realistic seismograms once source and medium are specified at a
given resolution, thanks to the impressive increase in computer efficiency.
Three major questions are still open and will be tentatively addressed in
this paper, and illustrated with a few examples:
• What is the upper frequency limit of this approach, knowing that it depends on our capacity of accurate description of the propagation medium and the seismic source?
• How should such ground motion estimations be validated and what confidence should we associate to them?
• How should these deterministic approaches be combined with more stochastic approaches which seem necessary at higher frequencies where
reconstruction of accurate models is not possible?

9.2 Crustal and Surface Velocity Reconstruction Using
Passive and Active Data Acquisition Systems
Basically, two scales are essential for characterising the medium for
ground shaking estimation: the local scale and the regional scale, respectively from a few tens of metres to a few kilometres.
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Amplitudes of waves from the source up to the ground surface depend
on how waves are travelling in the geological structure at a regional scale.
Variable velocity contrasts with depth may lead to significant variation in
wave path and amplitude. For example, channelling waves at the continental/margin boundary may change incoming waves impacting a city near a
coastline. Figure 9.1 shows the density of seismic acquisition near the
coast in the Ligurian Sea. Due to limited information at this scale, the reconstruction of 3D crustal structures will still be limited to long wavelength variations only and will rely on geological as well as geophysical
information like gravity measurements (Truffet et al. 1993) or active and
passive seismic investigations when available (Le Meur et al. 1997, Latorre et al. 2004, Paul et al. 2001). Consequently, permanent seismic networks as well as temporary networks will bring valuable information from
both local seismic activity and teleseismic sources. Receiver function
techniques (Bertrand 1999, Bertrand et al. 2002) will increase our knowledge of regional structures. New methods based on cross-correlation of
noise signals as proposed by Shapiro et al. (2005) will allow reconstruction
at that regional scale without requiring local seismic sources. Of course,
seismic wave excitation will come from generic sources as oceanic storms.
Superficial local propagation and site effects contribute to the complexity of seismograms and require accurate description of tens to a few hundred metres below the surface. The largest mechanical contrasts observed
in the weathered layer and sedimentary cover zone strongly alter the
propagation of elastic waves (focussing, diffraction and so on), modifying
relative amplitude contents of different frequency ranges with respect to
what one expects from simple geometrical propagation with simple dissipative mechanisms. These modulations affect and often increase groundmotion amplitude for a specific frequency range before the shaking of
buildings. Moreover, as surface soils may behave non-linearly under large
strains (a few tenths of percents to a few percents), precise characterisation
of this layer requires numerous parameters for adequate modelling of its
complex rheological behaviour, especially the very superficial part (upper
20-30 metres). Collecting information from boreholes is usually insufficient because of the limited sampling and uncertainties associated to spatial data interpolation. Moreover, the standard geotechnical/geophysical
investigations such as cross-hole or down-hole may introduce bias due to
privileged wave paths.
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Fig. 9.1 High spatial sampling of the Ligurian Sea by high-resolution seismic profiles (Courtesy of Françoise Sage).

As an alternative, one may consider deriving quantitative properties at
shallow depths from active seismic experiments when available (Zollo et
al. 2005) as well as passive seismic experiments (Tiziana et al. 2005).
Seismic analysis of surface waves (Stokoe 1989, Park 1999, Miller 1999,
Liu 2000) allows reconstruction of vertical profiles. Whatever the reconstruction technique, this definitely requires very dense instrumentation. In
particular, promising developments are under way to retrieve the shear
wave velocity profile from careful analysis of the microtremor wavefield,
through various techniques, either very simple - but sometimes tricky and
misleading - such as the H/V technique (Nogoshi and Igarashi 1971, Nakamura 1989, Kudo 1995, Bard 1998) or more advanced such as array
techniques (Aki 1957, Horike 1985, Matsushima and Okada 1990, Tokimatsu et al. 1992, Tokimatsu 1997, Cornou 2002, Sèbe 2004, Le Bihan
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2001, Schissele 2002, Schissele et al. 2004, Arai and Tokimatsu 2004,
Ohrnberger et al. 2004, Wathelet et al. 2005).
High-resolution seismic profiles allow similarly at sea a precise description of different geological units (Fig. 9.2) which allows a 3D reconstruction
of the shallow subsurface of about a few hundred metres. As the density of
sensors increases, one may extract more information from seismograms
based on lateral coherence and redundancy of converted phases. Sharp local
variations in impedance for velocity may be useful for constraining model
reconstruction. Both migration techniques for active sources in complex
structures (Pratt et al 1998, Operto et al. 2004) and converted phase analysis
(Latorre et al. 2004) will improve the resolution of our reconstruction as is
done for reservoir characterisation and monitoring.

Fig. 9.2 A description of the superficial structure in a time migration section useful for geological unit identification. This information is used for 3D model reconstruction.
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In whatever way we extract the information for the description of a deterministic 3D model, this information must be inserted using a dynamic
updating strategy based on combining different pieces of information from
various origins with different qualities, resolutions and uncertainties (Nivlet et al. 2002, Caimon et al. 2004, Mallet 2004, Castanié et al. 2005).
These model generators (http://www.geomodeller.com) should be able to
integrate various pieces of information from geological to geophysical
ones and must output what is needed for adequate wave propagation modelling: as an example, heterogeneous medium description is provided for
the Nice city zone (Fig. 9.3). As knowledge increases in the studied area,
one could upgrade the information inside the generator and provide a new
model reconstruction for better modelling.

Fig. 9.3 Model description using a geomodeller of the area of Nice in France
(Courtesy of BRGM).

9.3 Source Description for a Given Seismo-tectonic Zone
Whatever the medium description, we need a quantified estimation of expected sources for accurate medium excitation and wave propagation
simulation. Both the geometry of the sliding zone as well as the distribution of the slip should be provided. Model numerical constraints may in-
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duce other specifications such as meshing density or the limited size of the
box for simulation although they could be reduced as improved modelling
is constructed.
Seismo-tectonic description must be set up in such a way as to perform
this estimation of possible sources. Active fault identification is an essential ingredient in this source definition, and bridges from palaeoseismicity
(Michetti et al. 2005) towards historical seismicity (Lambert and LevretAlbaret 1995) will certainly be of crucial importance as well as the tectonic framework of the target area. Uncertainties in the geometry of the
faulting source as well as on the slip distribution should be provided as
simulations may partially overcome this knowledge problem by performing various scenarios. One may estimate ground-motion variability at the
expense of an intensive computer effort. Of course, narrowing this variability by better constraining possible seismic source scenario in a given
area is of crucial importance because of the economic impact of such estimation for land management.
The current state of the art for direct source modelling is that, while low
frequency seismograms are computed using kinematic or dynamic source
models, high frequencies are modelled using random oscillators. A major
difficulty of these simulations is to predict a physically correct directivity
of the radiation at all frequencies. The threshold frequency limit between
these two modelling issues should be identified but will certainly range
around a few hertz. Therefore, an integrated strategy should find a way to
combine these results in a common framework. This analysis will certainly
put constraints on the seismic source description: small features may unnecessary for wave propagation simulations and, therefore, could be
avoided.
This frequency limit is related to the insufficient knowledge of the
crustal structure and source kinematics at short wavelength and consequently at high frequencies, leading us to a value around a few hertz. Alternative strategies might be the extrapolation of small events in order to
estimate large hypothetical earthquakes. When recorded, associated seismograms could be used as empirical Green functions where model reconstruction is impossible as long as seismic sources are correctly described.
For this purpose, tentative accurate description of small earthquakes with
better localisation and an accurate focal mechanism must be performed.
Magnitude estimation is essential and should be accurately estimated for
seismic moment conversion. Studies of small earthquakes when recorded
will help for more precise seismogenic characteristics of the investigated
seismic active zone. Their source characteristics could be reconstructed
from a few unsaturated seismograms (Delouis et al. 2002), providing key
insights into the definition of the expected main event.
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Moreover, these seismograms may help as well for adequate verification
of the ground motion estimations as modelling tools are improved. Of
course, differences in mechanical characteristics and behaviours between
small and significant earthquakes will still be an open question which
could be tackled where great earthquakes are recorded.
What will the feasible strategy be in the future: shall we rely on accurate
kinematic source model where slip distributions are adequately reconstructed in time on the fault plane (Hartzell and Heaton 1983, Archuleta
1984, Beroza and Spudish 1988, Boatwright et al. 1991, Herrero and Bernard 1994, Hartzell et al. 1995, Cotton and Campillo 1995, Couboulex et
al. 1997, Cocco et al. 1997, Delouis et al. 2002, Vallée and Bouchon 2004,
Emolo and Zollo 2005) or shall we consider dynamic models where friction laws will be considered as well as cohesion distribution (Andrews
1972, Andrews 1976, Madariaga 1976, Virieux and Madariaga 1982, Day
1982, Harris et al. 1991, Cochard and Madariaga 1994, Olsen et al. 1997,
Fukuyama and Maradiaga 1998, Madariaga et al. 1998, Oglesby et al.
2000, Peyrat et al. 2001, Aochi and Fukuyama 2002, Aochi et al. 2003,
Aochi and Madariaga 2003, Peyrat et al. 2004). Both approaches are used
in the literature for seismic source modelling and imaging although the dynamic approach is still computer-demanding for recovering friction and
failure functions on the fault surface.

9.4 Challenging Issues of Seismic Wave Propagation in
3D Heterogeneous Media
Knowledge of crustal structures will increase in the future because new
data will provide us accumulative information, mainly collected at the surface of the Earth. For different specific earthquake scenarios, one may proceed for accurate and deterministic ground-motion simulation using various techniques. Up to now, no specific technique well suited to seismic
ground-motion modelling has yet emerged while climate simulation has
focused on pseudo-spectral methods. These techniques have been proved
to be a fairly reliable, efficient and widespread technique for partial differential integration over a spherical volume (Eliasen et al. 1970, Foster et al.
1992). Therefore, for seismic wave propagation at a regional scale, we are
still investigating methods and their performances, especially for accurate
implementation of extended sources: for example, Day et al. (2005) investigate respective performances of Finite-Different techniques and Boundary-element methods.
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As the wave impacts the site zone, one must often consider different
mechanisms of attenuation as well as possible non-linear behaviour of
soils which might substantially modify ground-motion response. Topography and heterogeneous subsurface structures do increase the complexity of
seismograms. Modelling should certainly take these points into consideration.
If non-linearity plays an important role, we must cautiously use seismograms of small earthquakes for empirical estimation of the ground motion
for bigger earthquakes. Precise extrapolation methodologies should be
constructed and tested on already available data, although there is little
space to comment further in this direction.
Three standard techniques have been used by different groups for seismic wave propagation simulation. Boundary integral methods are quite
appealing because they reduce by one the dimension of the discretization.
Finite difference and the more versatile finite volume techniques rely on
very simple principles which make these techniques quite efficient. Finally, finite element approaches handle complex geometries and the specific spectral element method allows precise simulations. Emerging techniques based on micro-scale description of simple interactions between
discrete elements may mimic wave propagation features and may allow
extension to more complex porous media and non-linear behaviours.
Finally, a possible strategy based on coupling between different numerical techniques may be recommended in order to benefit from the advantages of each of these techniques and to avoid their disadvantages. For instance, Aochi and co-workers (2003, 2004) model the seismic non-planar
source by boundary elements imbedded in a 3D structure discretised by the
finite difference method. The non-linear shallow sediments are modelled
by a finite element technique where impedance on its boundary is provided
by a large scale finite difference computation (Aochi et al. 2005).
9.4.1 Boundary Integral Equations
Boundary Integral methods require discretization of surfaces delimiting
zones where properties of the medium are such that the Green’s functions
can be computed analytically. How these surfaces are discretized introduces differences between different formulations (Aki and Larner 1970,
Sanchez-Sesma 1983, Bard and Bouchon 1985, Aubry and Clouteau 1991,
Sanchez-Sesma and Luzon 1995). Interactions between points of these surfaces lead to singularities when points collapse at the same place. These
singularities must be carefully estimated for accurate modelling (Dangla et
al. 2005).

10

Jean Virieux, Pierre-Yves Bard, Hormoz Modaressi

9.4.2 Finite Difference-Finite Volume Methods
Finite-difference techniques are very popular because of design simplicity
related to numerical efficiency which is critical for considering 3D geometries [see Moczo et al. (2006) for a review on FD methods]. How to discretize the medium is a key issue, especially when considering density and
elastic parameters: Graves (1996) has suggested a local harmonic average
for better diffraction modelling while Pitarka (1999) among others has introduced spatially irregular grid meshing. Moczo et al. (2004) has carefully
analyzed numerical precision for free surface in a 3D configuration. Intensive simulations have been performed by Olsen (2001). Implementation of
absorbing boundary conditions has been improved dramatically in the last
few years: for example, Marcinkovich and Olsen (2003) have proposed a
practical implementation of the Perfectly Matched Layer (PML) method
for seismic 3D configuration.
Finite-volume methods have been found more difficult to implement
(Dormy and Tarantola 1995) but recent investigations by Käser and Igel
(2001) have once again raised interest due to the flexibility of such an approach which has been quite successful in electromagnetism (Piperno et al.
2002).
9.4.3 Finite Element Methods (Spectral Elements Approach)
Finite-element methods have long been applied in seismic wave propagation modelling (Marfurt 1984, Aubry et al. 1985). Parallelised finiteelement methods are now available for seismic wave propagation at regional scale (Foerster et al. 2005). New interpolation techniques of highorder based on Gauss-Lobato-Legendre points have shown spectral convergence of solutions while retaining local interpolation [see Chajlub et al.
(2006) for references]. Various extensions at the global scale show how
powerful this variational formulation is (Komatitsch and Vilotte 1998,
Komatitsch and Tromp 2002a, 2002b, Komatitsch et al. 2004). Complex
effects such as gravitational ones have been considered by Chajlub and
Valette (2004), for example. PML boundary conditions have been implemented as well for defining an infinite medium (Komatitsch and Tromp
2003, Festa and Vilotte 2005).
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9.4.4 Discrete Element Methods (Distinct Element/Lattice
Approach)
Coming from fluid flow simulation, the lattice approach is suitable when
considering complex media (Rothman 1988). Few attempts have been performed when considering seismic wave propagation since one must consider two speeds of propagation. Huang and Mora (1994a) have proposed
acoustic formulation with potential complex non-linear behaviour (Huang
and Mora 1994b). More recently, Toomey and Bean (2000) were able to
reproduce elastic propagation features by considering other simple interactions between elements. Huang and Mora (1996) showed that very heterogeneous media can be considered. Moreover, Toomey et al. (2002) found
that fractured medium might be considered as well. At the expense of
computer resources, this method seems promising for modelling seismic
wave propagation for complex mechanical behaviours of media.
In summary, as computer resources increase dramatically, performing
accurate simulations of seismic wave propagation in complex heterogeneous media including extended seismic sources is a goal which can be
achieved in the near future. Figure 9.4 displays the geometrical configuration for modelling wave propagation inside a layered medium for the
Landers earthquake. The fault surface is a 2D complex vertically strikeslip surface which fits the rupture traces at the free surface. Figure 9.5 displays North particle velocity computed on the free surface of the Earth for
the Landers Earthquake. The simulation is performed by a 3D finitedifference code using boundary conditions as defined by Cruz-Atienza and
Virieux (2004). Dynamic parameters are those defined by Peyrat et al.
(2001). One may see possible shock waves generated as the crack tip
moves at a rupture speed higher than the shear wave speed. Synthetic
seismograms can be computed anywhere in the model. Dynamic interaction between fault rupture zone and medium heterogeneities increases
dramatically the complexity of seismograms.
Unfortunately, ground-motion estimation must combine these simulations and uncertainties in our knowledge of the medium and in our definition of potential seismic sources. Of crucial importance is the strategy for
variability estimation coming from our limited knowledge and understanding.
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Fig. 9.4 Bloc-diagram of the fault surface of the Landers earthquake embedded in
a layered structure. The red zone is the nucleation zone (Courtesy of Victor CruzAtienza).

Fig. 9.5 Vertical particle velocity computed at the free surface of the Earth at a
given time after the nucleation starts for the Landers earthquake. Dynamic parameters are such that shock waves are emitted by the the fault rupture zone
(Courtesy of Victor Cruz-Atienza).
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9.5 Quantification of the Dispersion of Ground Motion
Estimation
These uncertainties are usually classified in two categories: the epistemic
uncertainty is related to our incomplete knowledge (propagation medium
for instance), and should be reduced in the future, while aleatory variability is considered to be associated with some quasi-random or stochastic
processes (related, for instance, to unpredictable source heterogeneities,
short wavelength); this distinction may change in the future since it is
hoped that, 100 years from now, knowledge will have increased so much
that some variability now considered as "quasi-random" will be explained
deterministically. Both types result in significant variability in ground motion estimates, which need to be estimated – though it is a far from easy
task.
9.5.1 Deterministic Modelling Approach and Sensitivity Studies
A significant amount of epistemic variability thus arises from our poor
knowledge of the medium and of the source in the deterministic modelling
approach. "Exact" modelling of the propagation effects would indeed require the knowledge of the geological structure with a resolution scale of
one tenth of the wavelength. This is unfortunately unachievable in practice
and will probably remain so for decades. Therefore, one has to allow for a
random geological model with known mean properties and average geometry and large spatial fluctuations. The effect of these fluctuations is essential in the propagation of the wave field since they control the multiple
scattering at high frequency (and thus the attenuation with space and time
of the signal), the location of constructive and destructive interferences,
and also possibly some focusing or defocusing effects, phenomena all with
noticeable consequences for frequencies of engineering interest. Possible
approaches based on direct numerical modelling are usually addressed in
two ways; classical theories of wave propagation in random media usually
consider a reference (often homogeneous) media with a random distribution of scatterers which often act as single diffractors (Antwerpen et al.
2002), whereas others consider a heterogeneous mean medium with strong
spatial fluctuations (Krüger et al. 2005). These approaches represent fundamentally different physical assumptions and use different simulation
techniques.
A similar comment can also be made for some source parameters where
uncertainties in the location of the nucleation point as well as subsequent
slip time evolution lead to quite different directivity effects for kinematic
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sources. Similarly, location of asperities or barriers as well as various friction laws may allow different radiation pattern for dynamic extended
sources. Estimating the consequences on ground motion parameters presently requires running many different models to capture the whole variability of source characteristics, which may rapidly become prohibitive in
terms of computer time cost. Applying this sensitivity approach to the Empirical Green’s Function technique, Pavic et al. (2000) proposed a way to
limit the number of runs through the use of the "Latin Hypercube Sampling" technique for the estimation of "standard" uncertainty in source parameters, the resulting final variability in ground motion characteristics is
slightly larger than that directly observed in data (for instance in the standard deviation of "empirical attenuation relationships").
Whatever trends are simulated in synthetic ground motion, they should
mimic the attenuation law deduced from observations, and their variability
as well (standard deviation). As the number of observation points increases
and better constraints are given on fitted attenuation law from recorded
seismograms, one may hope that source and propagation features in attenuation laws may be reproduced using modelling inside the variability
zone.
9.5.2 Variability Estimates in Empirical Approaches
As the knowledge of the medium and the source might be poor, a promising strategy comes from the use of recorded signals, either on a sitespecific basis (empirical Green's function technique), or in a statistical
way. The latter is indeed the standard engineering practice, and is associated with now rather well-identified and quantified uncertainties ("attenuation relationships" or "Ground-Motion Prediction Equations" – namely
GMPE – and their standard deviation).
These GMPEs are derived through a least square fit between a few simple ground motion parameters obtained from a selection of (strong motion)
recordings, and a generic equation accounting for magnitude and distance
dependence, and possibly site conditions. Hundreds of such GMPEs are
presently available in the scientific literature, depending on the original
data set, the generic functional form chosen to capture magnitude and distance dependence, and the fitting procedure.
In addition to the inherent (aleatory) uncertainty embedded in the standard deviation, two different GMPEs may lead to largely different ground
estimations for the same values of magnitude, distance and site conditions.
Estimating ground motions with such equations thus requires some caution and warnings. To begin with, the independent parameters used, i.e. the
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magnitude, style-of-faulting, distance metrics and site classes, should be
consistent with the original data set of each GMPE. This often implies
some parameter conversions (inducing also the appropriate uncertainties
involved in each conversion). Several procedures have been proposed to
undertake these conversions [Douglas et al. (2004) with the computer code
CHEEP or Scherbaum et al. (2005) among others].
Then, in order to truly capture epistemic uncertainties within a GMPE
approach, one should never use one single GMPE, but always use several,
best suited to one's particular case: Cotton et al. (2005) have proposed a
procedure for selecting such "best" GMPEs. The first generation of such
"GMPEs" (Ambraseys et al. 1996) used a magnitude-independent spatial
decay rate, and is therefore appropriate only for a limited magnitude range
[see the review by Douglas et al. (2004), or Ambraseys et al. (2005)]. Taking into account the theoretical investigations by Anderson (2000), a new
generation of equations has recently emerged (Abrahamson and Silva
1997, Bragato and Slejko 2005, Cotton et al. 2005, Pousse 2005): they definitively show that a magnitude-dependent rate is required to have reliable
ground motion estimations over a broad magnitude range: weak earthquakes have a more rapid spatial decay (faster than 1/R2 law)? than large
magnitude events (close to 1/R law). An adequate description of site conditions should in principle reduce the data dispersion, but there are two additional sources of uncertainty. The first lies in the classification of sites
due to the lack of available information. Secondly, even if the sites are correctly classified within each class, different site amplifications are possible
due to the intrinsic limitations of the necessarily simple categories used,
and also apparently non-predictable variation in site response (e.g. Boore
2004).
Combining existing deterministic tools used for ground-motion estimation with an optimisation procedure to calibrate the key numerical parameters (e.g. for the constitutive model) and a parametric study, in order to
perform simulations involving many variables and (linear and non-linear)
constraints that reproduce the observed overall dependence and variability
(GMPE), is certainly a direction which has not yet been sufficiently explored.
9.5.3 Probabilistic Approach
In view of engineering applications, there is undoubtedly a strong tendency
to prefer probabilistic hazard estimates to purely deterministic ones (even
combined with sensitivity studies and assessment of uncertainties): such an
approach indeed allows, when convolved with fragility curves, better as-
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sessment of the final risk level. Basically a probabilistic seismic hazard
analysis leads to "hazard curves" representing the annual probability of a
ground-motion parameter (e.g., PGA) to exceed a given level at a given
site.
Accounting for uncertainties in PSHA studies implies both automatic
accounting for GMPE dispersion, and epistemic uncertainties through
logic trees with different branches corresponding to different "plausible"
assumptions, which are assigned different weights, which may in addition
vary from one expert to another.
Such approaches, which seem appealing and convincing, actually face a
number of difficulties that will have to be solved as soon as possible:
• The separation between epistemic uncertainties and aleatory variability
is not so clear in practical applications, and there are risks of "double
counting" some uncertainties – which in the end result in too pessimistic
estimates.
• The application to very low probability levels (down to 10-5, or even 10-7)
may result in apparently completely unrealistic values (for instance, up
to 5g for pga, up to 10g for spectral acceleration). This is intimately related with the exact shape of the tail distribution of residuals in GMPE,
which is still unknown with the presently available data set (see Bommer et al. 2004). Another direction of future effort is to seek physical
upper bounds of seismic ground motion.
• Another challenge is to develop a way to "calibrate" PSHA studies on
available data, i.e., instrumental recordings over a very short duration
(no more than a few decades), (fuzzy) intensities over a few centuries: is
it possible to have a model valid both at short and long return periods
that can be calibrated only on one side and used at the other side ?
Finally, one of the most difficult issues is to match and to reconcile if
possible viewpoints of earth scientists and engineers: the former are very
pleased and proud if they can predict the observations within a factor of 2,
while economic constraints force the latter to "optimize" their design,
which leads them to ask (to urge ?) seismologists to predict ground motion
within 10-20% ...

9.6 Discussion and Conclusions
As observations of small and moderate earthquakes become available in
many different zones, estimations of ground motion, defined as the seismic
hazard prediction, may be performed with increasing accuracy for better
economic appraisal. One must be aware, however, that there will still exist
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for decades a very large level of uncertainty, and that it is also the duty of
seismologists to provide the engineering community with a way to quantify this uncertainty and allow for it in engineering applications.
Different strategies have to be investigated and we should identify on
what frequency range we may rely for a deterministic approach for probabilistic estimation of ground motion. Above this frequency range, we
need to consider more statistical characteristics and information for probabilistic estimation and we should design ways to bridge these two different approaches.
One area to be considered with attention is how to narrow groundmotion prediction as soon as an event has occurred. As information becomes increasingly precise for a specific event, could we use estimations
performed by deterministic and probabilistic procedures for better ground
estimations of the specific event? If the answer is affirmative, there may be
major implications for seismic early warning.
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