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Outline

๏ Seismic hazard within risk applications


๏ Requirements of ground-motion and correlation models


๏ Implications of the ergodic assumption for seismic risk


๏ Non-ergodic issues within seismic sequences
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Seismic sources and 
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Ground motions for every 
rupture scenario
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๏ From a seismic source model we define , the  in some time window, or some stochastic 
sequence of  scenarios


๏ For each  we could pass compatible ground motions directly through the structural model and 
obtain the response distribution 


๏ Loss estimates are derived from the conditional distribution of 

λ(rup) P(rup)
rup

rup
fEDP(edp; rup)

EDP |rup



Typical risk framework (single site)
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Seismic sources and 
rupture scenarios Selected ground 

motions Structural performanceTarget intensity measures

๏ A seismic source model defines , the  in a time window, or some stochastic sequence of  scenarios


๏ Ground-motion models and correlation models are used to predict the distribution of intensity measures  
for each rupture


๏ A relatively small suite of ground motions are selected to be representative of , and upon passing these 
through the structural model we estimate 


๏ Loss estimates are derived from the conditional distribution of 

λ(rup) P(rup) rup

fIM(im; rup)

fIM(im; rup)
fEDP|IM(edp | im; rup)

EDP |IM



Typical risk framework (single site)
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๏ A seismic source model defines , the  in a time window, or some stochastic sequence of  scenarios


๏ Ground-motion models and correlation models are used to predict the distribution of a single intensity measure 
 for each rupture


๏ A relatively small suite of ground motions are selected to be representative of , and upon 
passing these through the structural model we estimate 


๏ Loss estimates are derived from the conditional distribution of 

λ(rup) P(rup) rup

fIM1
(im1; rup)

fIM|IM1
(im | im1; rup)

fEDP|IM1
(edp | im1; rup)

EDP | IM1
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Typical risk framework (portfolio)
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๏ From a seismic source model we define , the  in some time window, or 
some stochastic sequence of  scenarios


๏ Ground-motion models and correlation models are used to simulate fields of intensity 
measures according to 


๏ Loss estimates are derived from fragility curves 

λ(rup) P(rup)
rup

im ∼ MVN [(μ(rup), Σ(rup)]
DM | IM
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Typical risk framework

๏ Our objective is to calibrate these various different approaches to solving the same 
problem such that they provide similar results


๏ For portfolio risk applications it is clear that simplifications must be made in light of the  
computational and data requirements


๏ However, it is still important that we attempt to ensure that the various characteristics of 
the ground-motion fields and structural portfolio are represented in our simplified 
methods


๏ The focus of this presentation is to discuss the requirements for ground-motion models 
used within portfolio risk applications and to highlight potential inconsistencies that exist 
in current approaches



Requirements for ground-motion 
models



Model assumptions
๏ The focus of the ground-motion model is solely upon , but it is important ensure 

that the s that our model generates are consistent with what is used for the fragility 
modelling


๏ We assume that the distribution  is well-represented by a multivariate normal 
distribution (for logarithmic intensity measures) 
 
                            


๏ We therefore require:


‣   - which is provided by the ground motion model; and


‣   - which is the covariance matrix of the intensity measures for each rupture


๏ The current presentation focus upon , its constituent components, and its 
uncertainty

f(IM; rup)
IM

f(IM; rup)

f(IM; rup) ≡ MVN [μ(rup), Σ(rup)]

μ(rup)

Σ(rup)

Σ(rup)



Traditional components of ground motion variability

Between-event 
variate

Within-event 
variate

Simulated surface 
motion (linear case)

Median surface 
prediction (linear case)

General representation of variability components in ground-motion models for 
portfolio risk applications

Nonlinear site response complicates this a little as we first predict an motion at some reference velocity 
horizon (at depth), and then compute the amplification as a function of this motion 

im(x) = μ(x; rup) + δB + δW(x)

imref(x) = μref(x; rup) + δB,0 + δW,0(x)

im(x) = imref(x) + μln AF [x, imref(x)] + εln AF [x; imref(x)]
Motion at depth:

Motion at surface:



Traditional variance structure
Event variates are normal with variance , within-event variates are multi-variate 

normal with marginal variance  and a spatial correlation matrix 
τ2

ϕ2 R(x)

im(x) = μ(x; rup) + δB + δW(x)
1972 J. J. Bommer and N. A. Abrahamson

Figure 3. Hazard curves for PGA generated with
the equation of Boore et al. (1997) using the original
(0.23) and modified values for the standard deviation
of log10(PGA). The calculations correspond to a fic-
titious site affected by two area source zones.

the published value of the standard deviation on log10(PGA)
and with higher and lower values to illustrate the sensitivity
of the hazard results to this key parameter. It needs to be
stressed, however, that some of the reductions in r indicated
in this figure are, to say the least, optimistic, at least for the
immediate future. Atkinson (2006) recently calculated sigma
values for multiple recordings at single-accelerograph sta-
tions and found these to be only 10% smaller than those
obtained from regional ground-motion prediction equations.

A common practice is to truncate the lognormal distri-
bution of ground-motion residuals at a specified value of e,
often as low as 2 or 3. Figure 4 compares hazard curves
generated neglecting the ground-motion variability alto-
gether and also truncating it at various levels. Recent studies
of the distribution of residuals in datasets used to derive
ground-motion prediction equations have shown that there
is no basis, in empirical strong-motion data, for truncation
below e ! 3, because some residuals invariably exceed this
level (Abrahamson, 2000; Bommer et al., 2004). Figure 4
suggests that truncating above this level, for the return pe-
riods generally used in engineering design (even at the
10,000-yr level often employed in the nuclear industry) has
little effect on the hazard curves, except perhaps in regions
of very high seismicity. The most important observation to
be made from Figure 4, however, is the very large difference
between the solid black curves (generated using only median
predictions of PGA) and the thin curves (representing hazard
estimated with levels of truncation at e ! 3 and higher): the
former is simply not a probabilistic hazard curve according
to the modern definition of PSHA.

Examples of the varied ways that ground-motion vari-
ability are treated in probabilistic seismic-hazard studies are

many. One recent case is the seismic-hazard analysis for
France by Marin et al. (2004), in which the analysis was first
performed using only median values from the attenuation
equations—and mapping the results as the PGA results with
a specified return period—and then repeating the calcula-
tions including r (for a sensitivity analysis) but with a trun-
cation at e ! 1. The most abundant examples of incorrect
treatment of the ground-motion variability, however, are en-
countered in site-specific seismic-hazard assessments for en-
gineering projects, of which both authors of this article have
reviewed large numbers. These cannot be cited, because they
are generally proprietary, but incorrect treatment of the scat-
ter in the ground-motion prediction equations in these stud-
ies is not uncommon. Note that there is at least one software
package in circulation for the calculation of seismic hazard
in probabilistic terms, using Gumbel’s theory of extreme
values (Makropoulos and Burton, 1986), which cannot ac-
commodate the influence of the scatter in the ground-motion
prediction.

The somewhat erratic way that PSHA has developed,
and the relative lack of clear guidance on the subject, has
led to widespread confusion regarding many aspects of haz-
ard analysis, and perhaps most notably about how ground-
motion variability should be handled in the calculations. Al-
though the message generally seems to have circulated that
the scatter in the attenuation equations cannot be simply ne-
glected, it is far less widely understood that this implies that
one must integrate across the lognormal distribution of
ground-motion residuals to correctly calculate exceedance
rates.

A surprisingly common practice is the performance of
hazard calculations using the 84-percentile attenuation curve
(i.e., mean plus one standard deviation in log space) as a
deterministic prediction. For short return periods, this prac-
tice will generally overestimate the seismic hazard since for
short return periods the variability is usually sampled at ep-
silon values less than one. At longer return periods the use
of a deterministic prediction equation at the mean-plus-one-
standard-deviation value will inevitably lead to an under-
estimation of the hazard because ground motions above the
84-percentile level will never be considered. A ground-
motion amplitude at the 97.7-percentile level (e ! 2) is
seven times less likely to occur than the 84-percentile level
(e ! 1) but for common values of r such as 0.25 on
log10(PGA), the acceleration at the former value is 1.8 times
greater. As the exceedance frequency of interest is reduced,
these much higher accelerations rapidly push up the design
motions. There are many reasons why the idea that e can be
set only to zero or unity persists, one of which may be the
way that ground-motion prediction equations are presented,
as in equation (1), with the explanation that epsilon takes a
value of zero for median values and 1 for 84-percentiles.

Another practice has been to use a logic-tree formula-
tion to incorporate the aleatory variability of the ground mo-
tion in the hazard calculations. For example, the hazard is
calculated using three deterministic attenuation curves cor-

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/96/6/1967/3668560/966-06043.pdf
by Imperial College London user
on 04 November 2019

σ(x) = τ2 + ϕ2(x)δB ∼ N(0,τ2) δW(x) ∼ MVN [0, ϕ2(x)R(x)]
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Traditional variance structure
Event variates are normal with variance , within-event variates are multi-variate 

normal with marginal variance  and a spatial correlation matrix 
τ2

ϕ2 R(x)

im(x) = μ(x; rup) + δB + δW(x)
1972 J. J. Bommer and N. A. Abrahamson

Figure 3. Hazard curves for PGA generated with
the equation of Boore et al. (1997) using the original
(0.23) and modified values for the standard deviation
of log10(PGA). The calculations correspond to a fic-
titious site affected by two area source zones.

the published value of the standard deviation on log10(PGA)
and with higher and lower values to illustrate the sensitivity
of the hazard results to this key parameter. It needs to be
stressed, however, that some of the reductions in r indicated
in this figure are, to say the least, optimistic, at least for the
immediate future. Atkinson (2006) recently calculated sigma
values for multiple recordings at single-accelerograph sta-
tions and found these to be only 10% smaller than those
obtained from regional ground-motion prediction equations.

A common practice is to truncate the lognormal distri-
bution of ground-motion residuals at a specified value of e,
often as low as 2 or 3. Figure 4 compares hazard curves
generated neglecting the ground-motion variability alto-
gether and also truncating it at various levels. Recent studies
of the distribution of residuals in datasets used to derive
ground-motion prediction equations have shown that there
is no basis, in empirical strong-motion data, for truncation
below e ! 3, because some residuals invariably exceed this
level (Abrahamson, 2000; Bommer et al., 2004). Figure 4
suggests that truncating above this level, for the return pe-
riods generally used in engineering design (even at the
10,000-yr level often employed in the nuclear industry) has
little effect on the hazard curves, except perhaps in regions
of very high seismicity. The most important observation to
be made from Figure 4, however, is the very large difference
between the solid black curves (generated using only median
predictions of PGA) and the thin curves (representing hazard
estimated with levels of truncation at e ! 3 and higher): the
former is simply not a probabilistic hazard curve according
to the modern definition of PSHA.

Examples of the varied ways that ground-motion vari-
ability are treated in probabilistic seismic-hazard studies are

many. One recent case is the seismic-hazard analysis for
France by Marin et al. (2004), in which the analysis was first
performed using only median values from the attenuation
equations—and mapping the results as the PGA results with
a specified return period—and then repeating the calcula-
tions including r (for a sensitivity analysis) but with a trun-
cation at e ! 1. The most abundant examples of incorrect
treatment of the ground-motion variability, however, are en-
countered in site-specific seismic-hazard assessments for en-
gineering projects, of which both authors of this article have
reviewed large numbers. These cannot be cited, because they
are generally proprietary, but incorrect treatment of the scat-
ter in the ground-motion prediction equations in these stud-
ies is not uncommon. Note that there is at least one software
package in circulation for the calculation of seismic hazard
in probabilistic terms, using Gumbel’s theory of extreme
values (Makropoulos and Burton, 1986), which cannot ac-
commodate the influence of the scatter in the ground-motion
prediction.

The somewhat erratic way that PSHA has developed,
and the relative lack of clear guidance on the subject, has
led to widespread confusion regarding many aspects of haz-
ard analysis, and perhaps most notably about how ground-
motion variability should be handled in the calculations. Al-
though the message generally seems to have circulated that
the scatter in the attenuation equations cannot be simply ne-
glected, it is far less widely understood that this implies that
one must integrate across the lognormal distribution of
ground-motion residuals to correctly calculate exceedance
rates.

A surprisingly common practice is the performance of
hazard calculations using the 84-percentile attenuation curve
(i.e., mean plus one standard deviation in log space) as a
deterministic prediction. For short return periods, this prac-
tice will generally overestimate the seismic hazard since for
short return periods the variability is usually sampled at ep-
silon values less than one. At longer return periods the use
of a deterministic prediction equation at the mean-plus-one-
standard-deviation value will inevitably lead to an under-
estimation of the hazard because ground motions above the
84-percentile level will never be considered. A ground-
motion amplitude at the 97.7-percentile level (e ! 2) is
seven times less likely to occur than the 84-percentile level
(e ! 1) but for common values of r such as 0.25 on
log10(PGA), the acceleration at the former value is 1.8 times
greater. As the exceedance frequency of interest is reduced,
these much higher accelerations rapidly push up the design
motions. There are many reasons why the idea that e can be
set only to zero or unity persists, one of which may be the
way that ground-motion prediction equations are presented,
as in equation (1), with the explanation that epsilon takes a
value of zero for median values and 1 for 84-percentiles.

Another practice has been to use a logic-tree formula-
tion to incorporate the aleatory variability of the ground mo-
tion in the hazard calculations. For example, the hazard is
calculated using three deterministic attenuation curves cor-
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σ(x) = τ2 + ϕ2(x)δB ∼ N(0,τ2) δW(x) ∼ MVN [0, ϕ2(x)R(x)]
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Correlation cases
For a general risk model there are various correlations among IMs that need to be considered

⇢ ({T1,x1}, {T1,x1}) = 1
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‘Same’ 
buildings, 

‘same’ position

No correlation 
required

⇢ ({T1,x1}, {T1,x2}) < 1
<latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit>

‘Same’ buildings, 
different positions

Only spatial 
correlation

⇢ ({T1,x1}, {T2,x1}) < 1
<latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="RdR4ffZn+IWi5fSqD/P8AnrhJJA=">AAAB6XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwWkL7VAymTttaJIZkoxYhr6AW/fuxGdy65OY/iy09cCFwzkJ9/IlheDGBsGXV9vZ3ds/qB/6Rw3/+OS02eiavNQMI5aLXPcTalBwhZHlVmC/0EhlIrCXTO8Xfe8ZteG5erKzAmNJx4pnnFHros6o2QrawVJk24Rr04K1Rs3vYZqzUqKyTFBjBmFQ2Lii2nImcO4PS4MFZVM6xoGziko0cbU8c04uXZKSLNdulCXL9PePikpjZjJxLyW1E7PZLcJ/u0RubLbZbVxxVZQWFVstzkpBbE4WDEjKNTIrZs5Qprm7nbAJ1ZRZR8p3TMJNAtume90Og3b4GEAdzuECriCEG7iDB+hABAxSeIU378V79z5W7GreGuIZ/JH3+QMOvpDO</latexit><latexit sha1_base64="Et6OyJng2/l8oI7MUU6+mt6hwCs=">AAACJHicbZDNSgMxFIXv+G/9q27dBItQQcqkC3XhQnDjUsG2QqcMmTTThiYzQ3JHLEPfxJfwFdzqXtyI+CSmtQttPRA4fCfh3pwoU9Ki7797C4tLyyura+uljc2t7Z3y7mbTprnhosFTlZq7iFmhZCIaKFGJu8wIpiMlWtHgcpy37oWxMk1ucZiJjma9RMaSM3QoLJ8Epp8GSsRYDYrbkB4HkS4eRiENRsdjUP8FAiN7fTwi54SG5Ypf8yci84ZOTQWmug7LX0E35bkWCXLFrG1TP8NOwQxKrsSoFORWZIwPWE+0nU2YFrZTTP43IoeOdEmcGncSJBP6+0XBtLVDHbmbmmHfzmZj+G8W6ZnJGJ91CplkOYqE/wyOc0UwJePySFcawVENnWHcSLc74X1mGEdXccmVQmcrmDfNeo36NXrjwxrswwFUgcIpXMAVXEMDODzCM7zAq/fkvXkfP/UteNMe9+CPvM9vouWm+g==</latexit><latexit sha1_base64="Et6OyJng2/l8oI7MUU6+mt6hwCs=">AAACJHicbZDNSgMxFIXv+G/9q27dBItQQcqkC3XhQnDjUsG2QqcMmTTThiYzQ3JHLEPfxJfwFdzqXtyI+CSmtQttPRA4fCfh3pwoU9Ki7797C4tLyyura+uljc2t7Z3y7mbTprnhosFTlZq7iFmhZCIaKFGJu8wIpiMlWtHgcpy37oWxMk1ucZiJjma9RMaSM3QoLJ8Epp8GSsRYDYrbkB4HkS4eRiENRsdjUP8FAiN7fTwi54SG5Ypf8yci84ZOTQWmug7LX0E35bkWCXLFrG1TP8NOwQxKrsSoFORWZIwPWE+0nU2YFrZTTP43IoeOdEmcGncSJBP6+0XBtLVDHbmbmmHfzmZj+G8W6ZnJGJ91CplkOYqE/wyOc0UwJePySFcawVENnWHcSLc74X1mGEdXccmVQmcrmDfNeo36NXrjwxrswwFUgcIpXMAVXEMDODzCM7zAq/fkvXkfP/UteNMe9+CPvM9vouWm+g==</latexit><latexit sha1_base64="xGIHeDToF7x/CSAe+XXDcl96pto=">AAACL3icbZDLSgMxFIYz9V5vVZdugkWoUMqkC3XhoujGpYK9QKcMmTTThiYzQ3JGLEPfxJfwFdzqXtyIuPMtTGsXtfWHwM93zuGc/EEihQHXfXdyS8srq2vrG/nNre2d3cLefsPEqWa8zmIZ61ZADZci4nUQIHkr0ZyqQPJmMLga15v3XBsRR3cwTHhH0V4kQsEoWOQXTj3djz3JQyh52Z1Pyl6gsoeRT7xReQyqM8DToteHE3yBiV8ouhV3IrxoyNQU0VQ3fuHL68YsVTwCJqkxbeIm0MmoBsEkH+W91PCEsgHt8ba1EVXcdLLJ/0b42JIuDmNtXwR4QmcnMqqMGarAdioKfTNfG8N/a4Ga2wzheScTUZICj9jv4jCVGGI8Dg93heYM5NAayrSwt2PWp5oysBHnbShkPoJF06hWiFsht26xdjmNZx0doiNUQgSdoRq6Rjeojhh6RM/oBb06T86b8+F8/rbmnOnMAfoj5/sH22CokA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit>

Different 
buildings, 

‘same’ position

Only inter-IM 
correlation

⇢ ({T1,x1}, {T2,x2}) < 1
<latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit>

Different buildings, 
different positions

Spatial and inter-
IM correlation



Issues with treatment of correlation cases
For a general risk model there are various correlations among IMs that need to be considered

⇢ ({T1,x1}, {T1,x1}) = 1
<latexit sha1_base64="NJRhxRWhg5iajAarBtAsALL5AZ0=">AAACLnicbVDLSsNAFJ34rPVVdelmsAgKpWRE0Y1QdOOyQquCCWEynbRDZ5IwcyOWkC/xJ/wFt7oXXIjgys9w+lho9cCFwzn3cu89YSqFAdd9c2Zm5+YXFktL5eWV1bX1ysbmlUkyzXibJTLRNyE1XIqYt0GA5Dep5lSFkl+H/fOhf33HtRFJ3IJByn1Fu7GIBKNgpaBy5Ole4kkewZ6XtwJS80KV3xcB8YratOBp0e3BPj4lQaXq1t0R8F9CJqSKJmgGlU+vk7BM8RiYpMbcEjcFP6caBJO8KHuZ4Sllfdrlt5bGVHHj56P3CrxrlQ6OEm0rBjxSf07kVBkzUKHtVBR6Ztobiv96oZraDNGJn4s4zYDHbLw4yiSGBA+zwx2hOQM5sIQyLeztmPWopgxswmUbCpmO4C+5OqgTt04uD6uNs0k8JbSNdtAeIugYNdAFaqI2YugBPaFn9OI8Oq/Ou/Mxbp1xJjNb6Becr29xm6hq</latexit><latexit sha1_base64="NJRhxRWhg5iajAarBtAsALL5AZ0=">AAACLnicbVDLSsNAFJ34rPVVdelmsAgKpWRE0Y1QdOOyQquCCWEynbRDZ5IwcyOWkC/xJ/wFt7oXXIjgys9w+lho9cCFwzn3cu89YSqFAdd9c2Zm5+YXFktL5eWV1bX1ysbmlUkyzXibJTLRNyE1XIqYt0GA5Dep5lSFkl+H/fOhf33HtRFJ3IJByn1Fu7GIBKNgpaBy5Ole4kkewZ6XtwJS80KV3xcB8YratOBp0e3BPj4lQaXq1t0R8F9CJqSKJmgGlU+vk7BM8RiYpMbcEjcFP6caBJO8KHuZ4Sllfdrlt5bGVHHj56P3CrxrlQ6OEm0rBjxSf07kVBkzUKHtVBR6Ztobiv96oZraDNGJn4s4zYDHbLw4yiSGBA+zwx2hOQM5sIQyLeztmPWopgxswmUbCpmO4C+5OqgTt04uD6uNs0k8JbSNdtAeIugYNdAFaqI2YugBPaFn9OI8Oq/Ou/Mxbp1xJjNb6Becr29xm6hq</latexit><latexit sha1_base64="NJRhxRWhg5iajAarBtAsALL5AZ0=">AAACLnicbVDLSsNAFJ34rPVVdelmsAgKpWRE0Y1QdOOyQquCCWEynbRDZ5IwcyOWkC/xJ/wFt7oXXIjgys9w+lho9cCFwzn3cu89YSqFAdd9c2Zm5+YXFktL5eWV1bX1ysbmlUkyzXibJTLRNyE1XIqYt0GA5Dep5lSFkl+H/fOhf33HtRFJ3IJByn1Fu7GIBKNgpaBy5Ole4kkewZ6XtwJS80KV3xcB8YratOBp0e3BPj4lQaXq1t0R8F9CJqSKJmgGlU+vk7BM8RiYpMbcEjcFP6caBJO8KHuZ4Sllfdrlt5bGVHHj56P3CrxrlQ6OEm0rBjxSf07kVBkzUKHtVBR6Ztobiv96oZraDNGJn4s4zYDHbLw4yiSGBA+zwx2hOQM5sIQyLeztmPWopgxswmUbCpmO4C+5OqgTt04uD6uNs0k8JbSNdtAeIugYNdAFaqI2YugBPaFn9OI8Oq/Ou/Mxbp1xJjNb6Becr29xm6hq</latexit><latexit sha1_base64="NJRhxRWhg5iajAarBtAsALL5AZ0=">AAACLnicbVDLSsNAFJ34rPVVdelmsAgKpWRE0Y1QdOOyQquCCWEynbRDZ5IwcyOWkC/xJ/wFt7oXXIjgys9w+lho9cCFwzn3cu89YSqFAdd9c2Zm5+YXFktL5eWV1bX1ysbmlUkyzXibJTLRNyE1XIqYt0GA5Dep5lSFkl+H/fOhf33HtRFJ3IJByn1Fu7GIBKNgpaBy5Ole4kkewZ6XtwJS80KV3xcB8YratOBp0e3BPj4lQaXq1t0R8F9CJqSKJmgGlU+vk7BM8RiYpMbcEjcFP6caBJO8KHuZ4Sllfdrlt5bGVHHj56P3CrxrlQ6OEm0rBjxSf07kVBkzUKHtVBR6Ztobiv96oZraDNGJn4s4zYDHbLw4yiSGBA+zwx2hOQM5sIQyLeztmPWopgxswmUbCpmO4C+5OqgTt04uD6uNs0k8JbSNdtAeIugYNdAFaqI2YugBPaFn9OI8Oq/Ou/Mxbp1xJjNb6Becr29xm6hq</latexit>

‘Same’ 
buildings, 

‘same’ position

⇢ ({T1,x1}, {T1,x2}) < 1
<latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit><latexit sha1_base64="tot4KTp9c6pA94BFvaRrBFpGlIM=">AAACL3icbVBNSwMxEM36bf2qevQSLIKClE0R9eBB9OJRoa2FpizZNNsGk90lmRXLsv/EP+Ff8Kp38SLizX9hWnvQ6oOBx3szzMwLUyUt+P6rNzU9Mzs3v7BYWlpeWV0rr280bZIZLho8UYlphcwKJWPRAAlKtFIjmA6VuA5vzof+9a0wViZxHQap6GjWi2UkOQMnBeVDavoJVSKCXZrXA7JPQ53fFQGhxf4voUYLamSvD3v4BJOgXPGr/gj4LyFjUkFjXAblD9pNeKZFDFwxa9vET6GTMwOSK1GUaGZFyvgN64m2ozHTwnby0X8F3nFKF0eJcRUDHqk/J3KmrR3o0HVqBn076Q3Ff71QT2yG6LiTyzjNQMT8e3GUKQwJHoaHu9IIDmrgCONGutsx7zPDOLiISy4UMhnBX9KsVYlfJVcHldOzcTwLaAtto11E0BE6RRfoEjUQR/foET2hZ+/Be/HevPfv1ilvPLOJfsH7/ALcl6iU</latexit>

‘Same’ buildings, 
different positions

⇢ ({T1,x1}, {T2,x1}) < 1
<latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="RdR4ffZn+IWi5fSqD/P8AnrhJJA=">AAAB6XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwWkL7VAymTttaJIZkoxYhr6AW/fuxGdy65OY/iy09cCFwzkJ9/IlheDGBsGXV9vZ3ds/qB/6Rw3/+OS02eiavNQMI5aLXPcTalBwhZHlVmC/0EhlIrCXTO8Xfe8ZteG5erKzAmNJx4pnnFHros6o2QrawVJk24Rr04K1Rs3vYZqzUqKyTFBjBmFQ2Lii2nImcO4PS4MFZVM6xoGziko0cbU8c04uXZKSLNdulCXL9PePikpjZjJxLyW1E7PZLcJ/u0RubLbZbVxxVZQWFVstzkpBbE4WDEjKNTIrZs5Qprm7nbAJ1ZRZR8p3TMJNAtume90Og3b4GEAdzuECriCEG7iDB+hABAxSeIU378V79z5W7GreGuIZ/JH3+QMOvpDO</latexit><latexit sha1_base64="Et6OyJng2/l8oI7MUU6+mt6hwCs=">AAACJHicbZDNSgMxFIXv+G/9q27dBItQQcqkC3XhQnDjUsG2QqcMmTTThiYzQ3JHLEPfxJfwFdzqXtyI+CSmtQttPRA4fCfh3pwoU9Ki7797C4tLyyura+uljc2t7Z3y7mbTprnhosFTlZq7iFmhZCIaKFGJu8wIpiMlWtHgcpy37oWxMk1ucZiJjma9RMaSM3QoLJ8Epp8GSsRYDYrbkB4HkS4eRiENRsdjUP8FAiN7fTwi54SG5Ypf8yci84ZOTQWmug7LX0E35bkWCXLFrG1TP8NOwQxKrsSoFORWZIwPWE+0nU2YFrZTTP43IoeOdEmcGncSJBP6+0XBtLVDHbmbmmHfzmZj+G8W6ZnJGJ91CplkOYqE/wyOc0UwJePySFcawVENnWHcSLc74X1mGEdXccmVQmcrmDfNeo36NXrjwxrswwFUgcIpXMAVXEMDODzCM7zAq/fkvXkfP/UteNMe9+CPvM9vouWm+g==</latexit><latexit sha1_base64="Et6OyJng2/l8oI7MUU6+mt6hwCs=">AAACJHicbZDNSgMxFIXv+G/9q27dBItQQcqkC3XhQnDjUsG2QqcMmTTThiYzQ3JHLEPfxJfwFdzqXtyI+CSmtQttPRA4fCfh3pwoU9Ki7797C4tLyyura+uljc2t7Z3y7mbTprnhosFTlZq7iFmhZCIaKFGJu8wIpiMlWtHgcpy37oWxMk1ucZiJjma9RMaSM3QoLJ8Epp8GSsRYDYrbkB4HkS4eRiENRsdjUP8FAiN7fTwi54SG5Ypf8yci84ZOTQWmug7LX0E35bkWCXLFrG1TP8NOwQxKrsSoFORWZIwPWE+0nU2YFrZTTP43IoeOdEmcGncSJBP6+0XBtLVDHbmbmmHfzmZj+G8W6ZnJGJ91CplkOYqE/wyOc0UwJePySFcawVENnWHcSLc74X1mGEdXccmVQmcrmDfNeo36NXrjwxrswwFUgcIpXMAVXEMDODzCM7zAq/fkvXkfP/UteNMe9+CPvM9vouWm+g==</latexit><latexit sha1_base64="xGIHeDToF7x/CSAe+XXDcl96pto=">AAACL3icbZDLSgMxFIYz9V5vVZdugkWoUMqkC3XhoujGpYK9QKcMmTTThiYzQ3JGLEPfxJfwFdzqXtyIuPMtTGsXtfWHwM93zuGc/EEihQHXfXdyS8srq2vrG/nNre2d3cLefsPEqWa8zmIZ61ZADZci4nUQIHkr0ZyqQPJmMLga15v3XBsRR3cwTHhH0V4kQsEoWOQXTj3djz3JQyh52Z1Pyl6gsoeRT7xReQyqM8DToteHE3yBiV8ouhV3IrxoyNQU0VQ3fuHL68YsVTwCJqkxbeIm0MmoBsEkH+W91PCEsgHt8ba1EVXcdLLJ/0b42JIuDmNtXwR4QmcnMqqMGarAdioKfTNfG8N/a4Ga2wzheScTUZICj9jv4jCVGGI8Dg93heYM5NAayrSwt2PWp5oysBHnbShkPoJF06hWiFsht26xdjmNZx0doiNUQgSdoRq6Rjeojhh6RM/oBb06T86b8+F8/rbmnOnMAfoj5/sH22CokA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit><latexit sha1_base64="gt0Jl6j1Rc7rZ33nHlFdohMV75U=">AAACL3icbZDNSgMxFIUz/lv/qi7dBIugIGVSRF24EN24rGBtoTMMmTTTBpOZIbkjlqFv4kv4Cm51L25E3PkWZtouavVA4PDde7k3J0ylMOC6787M7Nz8wuLScmlldW19o7y5dWuSTDPeYIlMdCukhksR8wYIkLyVak5VKHkzvLss6s17ro1I4hvop9xXtBuLSDAKFgXlY0/3Ek/yCPa9/CYgh16o8odBQLzBYQFqE8DTotuDA3yGSVCuuFV3KPzXkLGpoLHqQfnL6yQsUzwGJqkxbeKm4OdUg2CSD0peZnhK2R3t8ra1MVXc+PnwfwO8Z0kHR4m2LwY8pJMTOVXG9FVoOxWFnpmuFfDfWqimNkN06uciTjPgMRstjjKJIcFFeLgjNGcg+9ZQpoW9HbMe1ZSBjbhkQyHTEfw1t7Uqcavk+qhyfjGOZwntoF20jwg6QefoCtVRAzH0iJ7RC3p1npw358P5HLXOOOOZbfRLzvcP3KColA==</latexit>

Different 
buildings, 

‘same’ position
⇢ ({T1,x1}, {T2,x2}) < 1

<latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit><latexit sha1_base64="UVbKfvfdtBmuqPTRm4OEtBCwBVo="></latexit>

Different buildings, 
different positions

All buildings obviously not 
at the same location - 

cannot really have perfect 
correlation within cell

Pure spatial correlation 
from point-to-point ignores 

spatial distribution of 
buildings within cells

Need to down-weight the 
typical inter-period 

correlation to reflect spatial 
distribution

Have to consider possible 
combinations of actual 

locations for each building



๏ The correlation between  at location  and  at location  can be very well approximated by the 
inter-  correlation for zero separation distance, and the spatial correlation for the two locations based 
upon the lowest frequency 

IMp xi IMq xj

IM
IM

Markovian approximation

ρ ({T1, x1}, {T2, x2}) ≈ ρ(T1, T2) × ρ(x1, x2 | max(T1, T2))

Inter-period correlation from  
Baker & Jayaram (2008), ρ(T1, T2)

Spatial correlation of  
Jayaram & Baker (2009), ρ(x1, x2 | max(T1, T2))



Effective inter-period correlations

๏ Correlation models that are normally 
used represent correlations among co-
located s


๏ However, this isn’t really what we want


๏ Even ignoring the fact that buildings 
within a class will have different 
periods (which should be accounted 
for in the fragility derivation), the 
spectral demands across buildings 
within a cell will vary due to their 
spatial separation

IM

Δx

Δyx1, x2

y1, y2

ρeff(T1, T2) =
1

Δx2Δy2 ⨌ ρ ({x1, y1}, {x2, y2}, T1, T2) dx1dx2dy1dy2

⇢ ({T1,x1}, {T2,x1}) < 1
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Different 
buildings, 

‘same’ position

Need to down-weight the 
typical inter-period 

correlation to reflect spatial 
distribution



Effective inter-period correlations

๏ Naturally, the larger the cell size, the greater the reduction in the inter-period correlation


๏ One needs to be working at a relatively high resolution in order to ignore this effect


๏ This reduced inter-period correlation also induces a slight increase in the ground-motion variability for the cell 
Δσ(x) ≈ σ(x) 1 − ρ2

eff



Effective inter-cell correlations

๏ Similarly to the effective inter-
period correlations, we make the 
extension of the spatial 
discretisation over offset cells


๏ This reflects the unknown location 
of buildings of different classes 
throughout the respective cells

Dyx2

y2

Dx

x1

y1

Δx

Δy

⇢ ({T1,x1}, {T2,x2}) < 1
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Different buildings, 
different positions

Have to consider possible 
combinations of actual 

locations for each building
ρeff(T1, T2) =

1
D2

x D2
y ⨌+=Δx,+=Δy

ρ ({x1, y1}, {x2, y2}, T1, T2) dx1dx2dy1dy2



Effective inter-cell correlations

๏ Largest differences arise at short separation distances where the correlation is most important

๏ Typically a small reduction in correlation, but it varies with the relative sizes of the cells



The ergodic assumption in ground-
motion modelling



Ergodic assumption

Time

FutureRecent PastDistant Past

Space

Site 1

Site 2

Target site

Site 4

Site 5

.

.

.

Site i
.
.
.

· · ·

Historical record

extended through the

ergodic assumption

Individual sites

with limited history

๏ We desire a ground-motion model that 
reflects the local source, path and site 
characteristics


๏ At the same time we want a model that 
robustly predicts ground-motions for all 
rupture scenarios of interest in the risk 
analysis


๏ We can’t have both, so we favour the 
second point by importing data from 
other regions


๏ We assume that this pooled (ergodic) 
data have the same statistical 
characteristics as what would be 
obtained at our target site


๏ We effectively trade space for time


๏ In doing so we inflate the variance and 
over-estimate correlations



Components of ground motion variability

Between-event 
variate

Site & Event 
corrected within-

event variate

Component-to-
component variate

Between-site 
variate

Simulated surface 
motion (linear case)

Median surface 
prediction (linear 

case)

General representation of variability components in ground-motion models for 
portfolio risk applications

Nonlinear site response complicates this a little as we first predict an motion at some reference velocity horizon 
(at depth), and then compute the amplification as a function of this motion 

im(xs) = μ(xs; rup) + δL(xe) + δB + δWes
(xs) + δS2S(xs) + δC2C(xs)

imref(x) = μref(x; rup) + δL(x) + δB + δWes
(x) + δC2C(x)

im(x) = imref(x) + μln AF [x, imref(x)] + δS2S [x; imref(x)]
Motion at depth:

Motion at surface:

Location 
variate



Components of GM variability
Traditional ergodic approach

im(x) = μ(x; rup) + δL(xe) + δB

δB

+ δS2S(xs) + δWes
(xs)

δW(x)

Σ(x; rup) ≡ τ2
L(xe) + τ2

B

τ2

+ ϕ2
SS(xs) + ϕ2

S2S(xs)

ϕ2(x)

im(x) = μ(x; rup) + δB + δW(x)
Σ(x; rup) ≡ τ2 + ϕ2(x)

Non-ergodic approach

The systematic source effect  and systematic site effect  are actually epistemic 
terms that should be reflected within a logic tree rather than in the aleatory variability

δL(xe) δS2S(xs)

ergodic equivalents

ergodic equivalents



Components of GM variability

im(x) = μ(x; rup) + ̂δL(xe) + δB

δB

+ ̂δS2S(xs) + δWes
(xs)

δW(x)

Σ(x; rup) ≡ τ2
L(xe) + τ2

B

τ2

+ ϕ2
SS(xs) + ϕ2

S2S(xs)

ϕ2(x)

Non-ergodic approach

With the systematic source effect  and systematic site effect  estimated, 
the covariance terms reduce as  and 


As noted yesterday, Istanbul is exposed to a very particular rupture scenario, and 
relatively good information exists regarding the near-surface geotechnical profiles

δL(xe) δS2S(xs)
τ2

B < τ2 ϕ2
SS(x) < ϕ2(x)

ergodic equivalents

ergodic equivalents

x x



Systematic source & site effects

Figure 8. Spatial distribution of between-event residual, δBe, for simulated PGA for all 148 earthquake
events.

of the velocity models used are usually unable to accurately capture the near-surface site ef-424

fects. Therefore site amplification is also applied via the Vs30-based shallow site response term425

developed by Campbell and Bozorgnia (2014). The Bradley (2013), Campbell and Bozorgnia426

(2012) and Afshari and Stewart (2016a) empirical GMMs all treat path effects through various427

source-to-site distance parameters, and site effects through Vs30 and depth-to-rock parameters428

(e.g. Z1.0 and Z2.5, although these values have been calculated using the Abrahamson and Silva429

(2008) correlations with Vs30 for this study).430

18

Figure 13. Spatial distribution of δS2Ss for simulated PGA for all 43 strong motion stations.

horizontal to vertical spectral ratios. Although the fundamental period is long for a rock site, Kaiser515

et al. (2014) investigated the site and attributed this feature to topographic effects from being516

located on the crest of a basaltic lava flow ridge. As the simulations and empirical models have517

not considered such complex topographic effects, the bias is may be attributed to this effect.518

The HVSC predictions show large positive δS2Ss at short periods (T < 0.6s) and some neg-519

ative values at long periods. The results found here are consistent with the findings of Razafind-520

rakoto et al. (2016) (for simulations) and Bradley (2015) (for empirical model) in their com-521

parisons against 10 moderate-to-large Mw events in the 2010–2011 Canterbury earthquake se-522

quence. The observed ground motions were particularly strong at short periods due to the local523

geology where a thin soil layer overlying the Banks Peninsula volcanics rock results in a strong524

23

Lee et al. (2019)



Impact upon 
inter-period 
correlation

๏ Here inter-frequency 
correlations among Fourier 
spectral ordinates are shown


๏ Correlations among the 
between-site components is 
relatively strong and so the 
removal of these effects 
reduces the overall 
correlation


๏ This maps through to inter-
period correlations among 
response spectral ordinates
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Impact upon spatial correlation
๏ Jayaram & Baker (2009) presented a now widely-adopted spatial correlation model


๏ They use an exponential model that has a different correlation length, , for periods 
below 1.0 seconds, depending upon whether site conditions are ‘clustered’ or 
‘unclustered’


๏ This approach was motivated by strongly different correlation lengths found in different 
regions (and soil conditions were held responsible)


๏ Their model is ergodic and can be expressed as:

r

ln Sa(x) = μln Sa(x; rup) + δB + δW(x)

ρ (δW(xi), δW(xj)) = exp (−
| |xi − xj | |

r ) = exp (−
Δ
r ) = ρ(Δ)

δB ∼ N (0,τ2) δW(x) ∼ MVN (0, ϕ2(x)R(x))



Ergodic spatial correlation

‘clustered’ site 
conditions lead to long 

correlation lengths

‘unclustered’ site 
conditions lead to long 

correlation lengths



๏ If we partition the variance so that we have systematic event and site effects then we rewrite the 
model as:


๏ The overall within-event spatial correlation in this case is represented by: 


๏ Express the spatial correlations among  terms and among  terms as exponential modelsδS2S δWes

Non-ergodic spatial correlation

ln Sa(x) = μln Sa(x; rup) + δB + δS2S(x) + δWes
(x) δS2S(x) ∼ MVN [0, ϕ2

S2S(x)RS(x)]
δB ∼ N (0,τ2)

δWes
(x) ∼ MVN [0, ϕ2

SS(x)RW(x)]

ϕ2 = ϕ2
SS + ϕ2

S2Sρ [δW(xi), δW(xj)] =
ρW(xi, xj)ϕSS(xi)ϕSS(xj) + ρS(xi, xj)ϕS2S(xi)ϕS2S(xj)

ϕ(xi)ϕ(xj)

ρW(xi, xj) = exp (−
Δ
rW )ρS(xi, xj) = exp (−

Δ
rS )



๏ We can therefore consider the 
ergodic correlation model as being 
contaminated by correlations 
among systematic site effects 
(epistemic terms) that have some 
correlation length 


๏ Consider limiting cases of  
(perfectly correlated site conditions) 
and  (completely random site 
conditions)


๏ Jayaram & Baker’s clustered vs 
non-clustered results just reflect 
implicit  values for the regions 
they investigated

rS

rS → ∞

rS → 0

rS

Non-ergodic spatial correlation

ρ(Δ) =
1

ϕ2 [ϕ2
SSe

− Δ
rW + ϕ2

S2Se
− Δ

rS ]



Continuous updating of GMM

Ti
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e

Traditional approach Bayesian approach
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GMM 1:

GMM 2:

GMM 3:

P(θ|y;x) ∝ L(y|θ;x)P(θ;x)

yi+1, θi+1 → θi+2, xi+1 ∩ yi+1 → xi+2

yi+2, θi+2 → θi+3, xi+2 ∩ yi+2 → xi+3

yi+3, θi+3 → θi+4, xi+3 ∩ yi+3 → xi+4
yi+4, θi+4 → θi+5, xi+4 ∩ yi+4 → xi+5

yi+j , θi+j → θi+k, xi+j ∩ yi+j → xi+k

yi+0, θi+0 → θi+1, xi+0 ∩ yi+0 → xi+1

yi+5, θi+5 → θi+6, xi+5 ∩ yi+5 → xi+6

yi+6, θi+6 → θi+7, xi+6 ∩ yi+6 → xi+7

µ1(θ1),σ1(θ1)

µ2(θ2),σ2(θ2)

µ3(θ3),σ3(θ3)

event i+ 0

event i+ 1

event i+ 2

event i+ 3
event i+ 4

event i+ 5

event i+ 6

event i+ j
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Continuous update of 
systematic site effects

Big Bear Solar Observatory ï 33 records

Edison Barstow Service Cntr 30553 Rimrock Rd ï 37 records

Riverside ï 37 records
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Method Traditional Bayesian

๏ In a given region, as every new 
event is recorded we can revise 
estimates of the systematic site 
effect


๏ For a risk model this would have 
implications upon the amount of 
epistemic uncertainty that exists 
at each site


๏ This change in uncertainty should 
also cause updates in the spatial 
correlations among systematic 
site effects



Non-ergodic risk analyses for 
seismic sequences



Earthquake sequences
๏ Consider risk analysis for earthquake 

sequences - look at a couple of NZ 
examples


๏ Usually ongoing risk analyses continue to 
make use of generic ergodic ground-
motion models
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im(x) = μ(x; rup) + δL(xe) + δC + δB,C + δS2S(xs) + δWes
(xs)

Σ(x; rup) ≡ τ2
L(xe) + τ2

C + τ2
B,C + ϕ2

SS(xs) + ϕ2
S2S(xs)

cluster-specific effect, and 
within-cluster source effect

cluster-specific effect, and 
within-cluster source variability



Earthquake sequences

๏ Identify largest clusters according to 
the Gardner & Knopoff declustering 
algorithm


๏ Look at the between-event residuals 
(event random effects) for the events 
within these clusters


๏ Compare the variation of these 
random effects in time


๏ Compare the variability of random 
effects within cluster to that obtained 
for the entire NZ database
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Canterbury sequence 2010-2011
๏ Particularly for the first year we have within-cluster 

variability that is significantly lower than ergodic variability


๏ We can progressively updated the estimate of  as each 
new event arrives


๏ Higher-than average event terms (higher risk), but lower 
between-event variability (lower risk) 
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Marlborough sequence 2013
๏ More of a swarm than a typical aftershock 

sequence, but still a clear cluster offset, and 
reduced variability compared to the ergodic model


๏ Lower than average event terms (lower risk), lower 
between event variability (lower risk)
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Source variability within sequences

๏ When evaluated across all 
response periods, the within-
cluster variability is clearly lower 
than the general between-event 
variability from the entire NZ 
database


๏ Two factors at play here, the 
location specific effect, and the 
cluster-specific effect 
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Conclusions
๏ Ground-motion models and correlation models used in risk analyses almost 

always make use of the ergodic assumption


๏ This leads to inflated estimates of the variance (higher risk) and potentially 
inflated estimates of correlations among intensity measures


๏ In locations like Istanbul it should be possible to reduce the degree of aleatory 
variability to reflect the quite specific dominant source (lower between-event 
variability), and to capitalise upon the relatively good characterisation of the local 
soil deposits (lower within-event variability, and more accurate spatial correlation 
models)


๏ For post-mainshock risk analyses, information from the sequence as it develops 
can be used to refine risk estimates


