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 2.1.2 NAM-V6 

The SSM version NAM-V6 was used for the HRA 2020 and pSHRA 2021. An 

overview of this model and the different sub models are listed in Table 2. Note that 

a number of sub models were previously used in HRA 2019. The model calibration 

for this version is considered as external input.  

Table 2 Overview of SSM version NAM-V6 

SSM 
documentation 

TNO software 
implementation 

HRA pSHRA 

version 2019 2020 2021 

NAM-V6 Bourne et al., 2019 TNO, 2020c   x x 

Sub models 

NAM-Model calibration provided as input not part of HRA x x x 

Coulomb stress predictor for activity rate          
Coulomb stress predictor for to magnitude 
distribution 

TNO, 2020c    x x 

Activity rate  TNO, 2020a   x  x x 

ETAS TNO, 2020a   x x x 

FMD: hyperbolic tangent b-value & Mmax distribution TNO, 2020c     x x 

FMD: single b-value & exponential taper & Mmax 
distribution 

TNO, 2020c     x x 

 

The NAM-V6 model is a further development, and builds upon NAM-V5. This 

version uses two distinct Coulomb stress fields, conditioned to respectively activity 

rate and magnitude distribution. 

The functional form of the b-value of Magnitude Distribution (MD) changed from 

inverse power law to hyperbolic tangent. This MD is, like in NAM-V5, truncated by a 

Mmax distribution. This Mmax distribution is the result of expert elicitation (NAM, 

2016).  

A second MD was introduced in NAM-V6: a single b-value model truncated by an 

exponential taper. In contrast to the Mmax truncation, this taper model is,  

calibrated to the Groningen earthquake catalogue. To date there is no scientific 

consensus about the reliability of the taper calibration based on the Groningen 

earthquake catalogue, and therefore the predictive capability of this model (TNO, 

2020b; Appendix B). 

2.1.3 TNO-2020 

SSM version TNO-2020 was proposed by TNO (2020d) for usage in the public 

SHRA 2021. An overview of this model and the different sub models are listed in 

Table 3. The TNO-2020 implementation is a selection of sub models that were 

previously used in HRA 2019 & 2020 and pSHRA 2021 and alternative 

implementations of sub models based on the original documentation (Bourne et al., 

2019). These implementations are extensively documented (TNO, 2020a; 2020c). 

Table 3 Overview of SSM version TNO-2020 

SSM 
documentation 

TNO software 
implementation 

HRA pSHRA 

version 2019 2020 2021 

TNO-2020 
Bourne et al., 2019, Appendix 

A & B 
TNO, 2020c       

Sub models 

TNO-Model calibration TNO, 2020a       
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 Coulomb stress distribution predictor for activity 
rate 

TNO, 2020a       

Activity rate TNO, 2020a x x x 

ETAS TNO, 2020a x x x 

MD: hyperbolic tangent b-value & Mmax 
distribution 

TNO, 2020c   x x 

 

The main update with reference to version NAM-V6 is the removal of the tapered 

MD model. This is not the introduction of a new seismological model, but rather the 

rejection of a model that got introduced in the context of the Groningen hazard and 

risk calculations by NAM in HRA 2020. The TNO-2020 version undoes the 

introduction of the tapered MD model and falls back on the previously used NAM-

V5 model version. An in-depth justification for this is provided in Appendix B. The 

hyperbolic tangent model does not suffer from the same problem and is considered 

adequate for the purpose. 

A final update compared to NAM-V6 is the use of a single Coulomb stress field 

distribution, instead of two maximum likelihood stress field realizations for activity 

rate and magnitude distribution respectively. This adaptation was already 

implemented in the first public version of the TNO Model Chain (TNO, 2020a) and 

enables the incorporation of uncertainty with respect to calibration of the Coulomb 

stress. 

 

In addition to this, the model calibration is explicitly included as part of this model 

version. Appendix A describes the TNO calibration approach that was already 

implemented in the first public version of the TNO Model Chain (TNO, 2020a). 

2.1.4 All available components 

Table 4 lists all available SSM model components that can be used for a pSHRA. 

Apart from the three predefined model versions described one can decide to 

deviate from these options and compile an alternative model version.  

Table 4 Overview of all available SSM sub models & version 

SSM: all sub models 
TNO software 

implementation 

HRA pSHRA 

2019 2020 2021 

NAM-Model calibration provided as input not part of HRA x x x 

TNO-Model calibration TNO, 2020a       

Single Coulomb stress conditioned to activity rate TNO, 2020a x     

Coulomb stress predictor for activity rate                    
Coulomb stress predictor for  magnitude distribution 

TNO, 2020c   x x 

Coulomb stress distribution TNO, 2020a       

Activity rate TNO, 2020a x x x 

ETAS TNO, 2020a x x x 

MD: constant b-value & Mmax distribution TNO, 2020a       

MD: inverse power law b-value & Mmax distribution TNO, 2020a x     

MD: hyperbolic tangent b-value & Mmax distribution TNO, 2020c   x x 

MD: single b-value & exponential taper & Mmax 
distribution 

TNO, 2020c   x x 
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 2.2 Technical status GMM 

The TNO Model Chain Groningen has implemented the model versions listed below 

based on the scientific documentation and mathematical, numerical and/or 

algorithmic representation herein. 

2.2.1 NAM-V5 

The GMM version NAM-V5 was used for the HRA 2019. 

Table 5 Overview of GMM version NAM-V5 

GMM 
documentation 

TNO software 
implementation 

HRA  pSHRA 

version 2019 2020 2021 

NAM-V5 Bommer et al., 2017 TNO, 2020a x     

2.2.2 NAM-V6 

The GMM version NAM-V6 was used for the HRA 2020. The update from GMM 

NAM-V5 to NAM-V6 consists of updated input tables only. The model structure and 

logic is unchanged. In this model, like the NAM-V5, the period-to-period correlations 

are implemented not only for the ground motions at reference level, but also for the 

amplification/attenuation functions of the site response model. 

Table 6 Overview of GMM version NAM-V6 

GMM 
documentation 

TNO software 
implementation 

HRA  pSHRA 

version 2019 2020 2021 

NAM-V6 Bommer et al., 2019 TNO, 2020c   x  

 

Within the KEM research program, the quality of the model was assessed (KEM, 

2020). Observed was that ground motions at short hypocentral distances were 

underestimated, caused by the damping model.   

2.2.3 NAM-V6-2021 

The GMM NAM-V6-2021 was used for the pSHRA 2021. This version has an 

alternative implementation of the correlation structure of the period-to-period 

residuals for the site response model. This model assumes no period-to-period 

correlation for the amplification/attenuation functions of the site response model. 

The latter choice is subject to scientific discussion (Appendix C). 

Table 7 Overview of GMM version NAM-V6-2021 

GMM 
documentation 

TNO software 
implementation 

HRA pSHRA 

version 2019 2020 2021 

NAM-V6-2021 Bommer et al., 2019 TNO, 2020c     x 

2.2.4 NAM-V7 

During completion of this report the final version of the NAM-V7 model was 

published (13 October 2021). The information in this report is based on the provided 

documentation of the NAM-V7 model (Bommer et al., 2021) that was at that time in 

the final stage of completion and review. On the basis of the draft documentation it 

can be concluded that this model is substantially different from NAM-V6. Changes 
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 are not limited to updated input tables, but include changes of functional forms, 

model logic and structure. Moreover, the underlying model set up is more complex. 

 

On the basis of the draft documentation TNO meanwhile has started model 

implementation. However, the NAM-V7 model is not yet implemented in the TNO 

Model Chain Groningen. Therefore the model is not tested and differences and 

impact on hazard and risk compared to NAM-V6 have not yet been quantified. At 

this stage this model version is not available for use in the pSHRA Groningen.   

2.3 Technical status FCM 

The TNO Model Chain Groningen implemented the model versions listed below 

based on the scientific documentation and mathematical, numerical and/or 

algorithmic representation herein. 

2.3.1 NAM-V6 

The FCM version NAM-V6 was used for the HRA 2019. 

Table 8 Overview of FCM version NAM-V6 

FCM 
documentation 

TNO software 
implementation 

HRA  pSHRA 

version 2019 2020 2021 

NAM-V6 Crowley et al., 2019 TNO, 2020a x     

2.3.2 NAM-V7 

The FCM version NAM-V7 was used for the HRA 2020 and pSHRA 2021. The 

update from FCM NAM-V6 to NAM-V7 consists of updated parameter files. The 

model structure and logic is otherwise unchanged. The parameter files of only the 

most vulnerable unreinforced masonry classes were updated in NAM-V7. Updating 

not all unreinforced masonry vulnerability classes introduced a number of undesired 

inconsistencies (TNO, 2020b).  

Table 9 Overview of FCM version NAM-V7 

FCM 
documentation 

TNO software 
implementation 

HRA pSHRA 

version 2019 2020 2021 

NAM-V7 Crowley and Pinho, 2020 TNO, 2020a  x x 

 

2.3.3 TNO-2020 

FCM version TNO-2020 was proposed by TNO (2020d) for usage in the public 

SHRA 2021. The update from FCM NAM-V7 to TNO-2020 consists of updated 

parameter files. The model structure and logic is otherwise unchanged. This model 

version is described in more detail in Appendix D. 

Compared to NAM-V7 this model updates fragility and consequence model 

parameters and model uncertainties for the unreinforced masonry vulnerability 

classes. This model is based on extensive review and model validation executed 

within the framework of typology based safety assessment for Groningen 

earthquakes summoned by the Ministry of Economic Affairs and Climate Policy, and 

independently reviewed by the Advisory Board Safety Groningen (ACVG). 
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 Table 10 Overview of FCM version TNO-2020 

FCM 
documentation 

TNO software 
implementation 

HRA pSHRA 

version 2019 2020 2021 

TNO-2020 Appendix D TNO, 2020a       

2.4 Technical status EDB 

The Exposure Database (EDB) is an extract of the building stock database and 

contains information specific for Hazard and Risk Modelling. This extract is provided 

by EZK. The TNO Model Chain implemented the EDB V7.1 (Arup, 2021a). The next 

version of the EDB (V8) is to be delivered in February 2022 (Arup, 2021b) and aims 

to update the wierde database field, which indicates whether the building is located 

on a wierde. 

 



 

 

TNO report | TNO 2021 R11742 | update 2022  12 / 17  

 3 Recommendations for the public Seismic Hazard 
and Risk Analysis (SHRA) Groningen 2022 

Based on the available information as of October 1, 2021, TNO recommends the 

following versions of (sub) models as most suitable for use in the public SHRA 

Groningen 2022 (Table 11). In our opinion, these recommended model versions 

reflect the best available scientific knowledge to perform the next seismic hazard 

and risk analysis for the Groningen gas field. The impact of the recommended 

model versions on the hazard and risk analysis is described in the pSHRA 

Groningen 2021 (TNO, 2021). 

Table 11 Overview of recommended model versions public SHRA Groningen 2022 

model 
version 

documentation 
TNO software 

implementation 

HRA pSHRA 

2019 2020 2021 

SSM   

TNO-2020 Bourne et al., 2019, Appendix A & B TNO, 2020c       

SSM sub models 

TNO-Model calibration TNO, 2020a       

Coulomb stress distribution predictor for activity rate TNO, 2020a       

Activity rate TNO, 2020a x x x 

ETAS TNO, 2020a x x x 

MD: hyperbolic tangent b-value & Mmax distribution TNO, 2020c   x x 

GMM   

NAM-V6 Bommer et al., 2019, Appendix C TNO, 2020c   x   

FCM   

TNO-2020 Appendix D TNO, 2020a       

 

3.1 Recommended SSM 

TNO recommends the use of version TNO-2020 in the public SHRA Groningen 

2022, as described in paragraph 2.1. This approach uses a full posterior distribution 

of stress covariate fields and uses a Magnitude distribution that is truncated by a 

Mmax distribution and therefore more in line with the NPR NEN webtool. The 

impact of this model version on the hazard and risk analysis is described in the 

pSHRA Groningen 2021 (TNO,2021) 

3.1.1 Calibration 

TNO recommends to include the most recent earthquake observations to perform 

the public SHRA Groningen 2022. In contrast to previous years, the source model 

calibration should be performed by TNO, within the same Quality Assurance system 

that applies to the entire TNO Model Chain Groningen. 

This approach maximizes the share of work done in the public domain, increases 

traceability and reproducibility, and reduces the dependency of the SHRA result on 

external inputs. Appendix A describes the TNO calibration approach. 
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 TNO emphasizes that the externally delivered calibration for use in pSHRA 2021 

could not be reproduced based on current NAM documentation and available NAM 

software code. The impact on risk is substantial (TNO, 2021).    

3.1.2 Coulomb stress field 

Regarding the Coulomb stress field, TNO recommends using a posterior distribution 

of conditioning parameters obtained from Bayesian inference from the observations.  

The general advantage of using posterior distributions rather than point estimates is 

that uncertainties/variabilities are accommodated and the result is more robust to 

variations in the input data.  

If for some reason one does not wish to incorporate the Coulomb stress 

conditioning uncertainties/variabilities, TNO recommends to use a single Coulomb 

stress covariate conditioned to the activity rate (cf. NAM-V5). 

3.1.3 Magnitude model 

TNO (2020c) has demonstrated that a tapered Magnitude model cannot be 

calibrated reliably on an earthquake catalogue of the size that is available for 

Groningen and relies heavily on prior information that is currently inadequately 

specified and justified. For this reason the predictive capability of this model is 

considered very poor (TNO, 2020b).  

In fact, the taper location and its hypothesized stress-dependence cannot be 

resolved from the observations. Either the model parameters or their prior 

distributions should be treated as epistemic uncertainty, in a similar fashion to 

Mmax. This is described in more detail in Appendix B.  

 

TNO strongly recommends that the stress-dependent exponential taper model, 

which receives 80% weight in the logic tree used in HRA 2020 and pSHRA 2021, 

should not be used for the calculation of hazard and risk. This is not the proposal of 

a new seismological model, but rather the rejection of a model that got introduced in 

the context of the Groningen hazard and risk calculations by NAM in HRA 2020. We 

propose to undo this introduction and to fall back on the previously used model. 

This is substantiated by the proposal to use only the hyperbolic tangent Magnitude 

Model present in NAM-V6. 

3.2 Recommended GMM 

TNO recommends the use of GMM version NAM-V6 in the public SHRA Groningen 

2022. This version follows the original NAM implementation that was used for the 

HRA 2020. In this model, the period-to-period correlations are implemented not only 

for the ground motions at reference level, but also for the amplification/attenuation 

functions of the site response model. Justification for this implementation is 

described in Appendix C. This recommendation is strengthened by the observation 

that in the newly developed GMM NAM-V7 the period-to-period correlations are fully 

correlated for the site response model. 

 

For the public SHRA Groningen model development TNO recommends to use the 

Stage Gate approach to carefully guard the process of making available newly 

developed models. With the finalisation including review of the NAM-V7 model the 

Gate towards the implementation Stage has been passed. After a successful 

implementation Stage, a testing and validation Stage will follow to judge if the 

implementation adequately represents the model. After a successful testing Stage 
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Figure 2 Ratio of Local Personal Risk (LPR) computed with the Bommer et al (2018,2019) 

specification of the period-period correlation (period-period correlation on NS_B 

reference level only) to the NAM implementation (period-period correlation on NS_B 

level and site response) plotted against the LPR as computed with the NAM 

implementation. Blue are all building vulnerability classes from the V6 fragility report, 

Red is URM4L. All values in this figure are artefacts of the incompatibility between the 

ground motion and fragility models. 

If the ground motion model developers consider it necessary to change the period-

period correlation structure of the ground motion model, then the fragility framework 

needs to be recalibrated as well. Otherwise, accidents like those illustrated in this 

section happen. 

 

C.4 Conclusion 

The neglect of period-period correlation in the site response as advised by the 

model developers should be rejected for two reasons major reasons: 

 

1 Insufficient justification. The model developers claim that (1) the Baker and 

Jayaram (2008) model is not adequate for Groningen and that (2) the site 

response amplification model does not require a period-period correlation 

structure. The first claim may be correct, but is not supported by empirical 

evidence, while the justification in relation to ergodicity is inadequate. More 

importantly, the effective correlation structure that implicitly results at the 

surface is never shown, discussed or checked. The second claim even seems 

to defy the laws of physics. Any variation in the site response amplification is 

expected to show period-period correlation to some degree. The choice to 

neglect these site response correlations seems to be invoked to somehow 

mitigate the imposed Baker & Jayaram correlations at the reference level. 

However, there are no checks and balances to make sure the result is correct 

or adequate. In fact, information on the period-period correlation structure of the 

site response is available from the site response analyses used to calibrate the 

site response model. We advise to consider incorporation of  these in the next 

GMM version. 
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D Model description FCM version TNO-2020 

D.1 Introduction 

Parallel to the development of the TNO Model Chain Groningen for the public 

Seismic Hazard and Risk Analysis (SHRA) Groningen, a method for assessing the 

safety of buildings in Groningen with regard to earthquakes was developed by TNO. 

The development of this methodology was commissioned by the Ministry of 

Economic Affairs and Climate Policy.  

 

The assessment method is based on a subdivision of buildings into so-called 

typologies. A typology is a collection of buildings with the same seismic 

characteristics. The safety assessment is based on a risk calculation at typology 

level, taking into account the seismic threat in Groningen, and taking into account 

the strength properties and their variations within a typology. This approach is 

similar to the regional risk assessment provided by the public SHRA Groningen. 

 

The risk calculation uses strength models for the typologies that adequately 

describe the properties of the typologies, including the variations present within a 

typology. In the definitions and elaboration of these strength models, calculations 

available from other studies (e.g. Crowley et al., 2019; Crowley and Pinho, 2020) 

which deemed suitable have been used, as well as variation studies carried out by 

TU Delft in the context of the development of the typology approach. TNO and TU 

Delft went through a number of steps in translating these calculation results into the 

model settings used in the risk calculation (TNO, 2021a; 2021b). In response to the 

results of TNO and TU Delft, the ACVG10  has assessed the method (ACVG, 2020) 

and formulated instructions for the implementation of the method in practice (ACVG, 

2021). 

 

The description of the properties and the model settings used for the assessment of 

the typologies are described in dedicated reports for each specific typology or 

typology group. (TNO, 2021c; 2021d; 2021e) 

 

Starting point of the typology based safety assessment the assignment of a building 

to a single typology class, based on visual, non-destructive inspection. For this 

reason the used typology classification slightly deviates from the typology 

classification used in public SHRA Groningen. 

 

The FCM version TNO-2020 translates the strength models developed for the 

above described typology approach to the typology classification used in the public 

SHRA Groningen. 

 
10 ACVG, the Advisory Board Safety Groningen (Adviescollege Veiligheid Grongen), 

is an independent board of experts appointed by the minister of Economic Affairs 

and Climate Policy and provides advice on the safety of buildings and construction 

works in the context of the reinforcement operation in Groningen. 

https://adviescollegeveiligheidgroningen.nl 
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The most advanced method to arrive at fragility curves would be based entirely on 

MDOF models. However, these MDOF models are very computationally intensive 

and to calculate a sufficiently large set of earthquake signals with sufficient 

variations of building parameters and for sufficiently different buildings within one 

typology, an enormous amount of calculations is required. This is not feasible. 

Therefore, an approach is used in which MDOF models for one or more reference 

buildings are used in the derivation of the vulnerability curves. Due to the intensive 

computation times, these MDOF models cannot be subjected to many earthquake 

signals. In order to deal with this, for each reference building an SDOF (Single 

Degree of Freedom) model was constructed and calibrated to the existing MDOF 

model.  

 

The calibrated SDOF models are subjected to 200 tremor signals in order to 

determine the signal-to-signal variation. When using several reference buildings per 

typology, these together give a fragility curve. 

A fragility curve derived via SDOF models only partially describes the distribution 

within a typology: the variation of properties within the building still has to be 

processed and the building-building variation around the reference building or the 

reference buildings within the typology still has to be processed. These are taken 

into account by adding an extra variation and applying a median shift if necessary. 

A correct median choice must ensure that the median seismic capacity in the 

fragility curve actually corresponds to the Groningen practice for the specific 

typology. 

 

MDOF-based fragility curves with all variations are only available for a limited 

number of typologies, namely URM3L and URM4L and for farms (URM1F) (Arup, 

2019a;2019b). This information is therefore combined with information from the 

literature. The MDOF vulnerability curves derived in (Arup, 2019a;2019b) are based 

on variations as found in the 'Exposure Database' (Arup, 2019c) and as such can 

be seen as a representative representation of the Groningen building stock. This 

concerns both variations in properties within a building and variations between 

buildings within a typology. 

 

D.2.4 Median shift for within building variations and building-to-building variations 

The median of the fragility curves for the signal-to-signal variation for SDOF models 

has a slightly different position than for MDOF models for reference buildings, 

sometimes higher sometimes lower. If, in addition to signal-to-signal variation, 

within building variation is also investigated with MDOF models, a median shift is 

observed for masonry buildings. When the signal-to-signal variation in SDOF is 

taken together with within building variation, the effect over several reference 

buildings is a median shift to lower intensity values of about 15%. When building-to-

building variation is included, no significant median shift is observed beyond this 

15%.  

 

TNO considers the observed median shift to lower intensities as material property of 

masonry. Therefore a shift of -15% is therefore applied to all unreinforced masonry 

vulnerability classes. 

 



https://adviescollegeveiligheidgroningen.nl/sites/default/files/2020-12/ACVG202011-01%20ACVG-advies%20Typologieaanpak.pdf
https://adviescollegeveiligheidgroningen.nl/sites/default/files/2020-12/ACVG202011-01%20ACVG-advies%20Typologieaanpak.pdf
https://adviescollegeveiligheidgroningen.nl/sites/default/files/2021-06/ACVG202105-01%20Beoordeling%20aanvullingen%20TNO%20op%20typologieaanpak.pdf
https://adviescollegeveiligheidgroningen.nl/sites/default/files/2021-06/ACVG202105-01%20Beoordeling%20aanvullingen%20TNO%20op%20typologieaanpak.pdf
https://adviescollegeveiligheidgroningen.nl/sites/default/files/2021-06/ACVG202105-01%20Beoordeling%20aanvullingen%20TNO%20op%20typologieaanpak.pdf
https://adviescollegeveiligheidgroningen.nl/sites/default/files/2021-06/ACVG202105-01%20Beoordeling%20aanvullingen%20TNO%20op%20typologieaanpak.pdf




















 

 

The implementation of the V5 HRA implementation by NAM has been described to a high level of 

detail in Bourne et al. (2019). The same implementation has been studied by TNO for the 

comparison report TNO (2019), including reference to both C and Python computer codes. The 

implementation by NAM applies the period-to-period correlations to all components of variability, 

i.e., including the site-to-site variability, which therefore seems (partially) inconsistent with the V5 

model specification. It appears that this situation is maintained in the V6 model version and the 

2020 HRA implementation by NAM1. 

Experiment on effective correlation structure at the surface 
To assess the effect of including or excluding the period-to-period correlations in the site-to-site 

variability we have generated suites of 10.000 surface ground motion samples for a range of 

magnitudes, a range of rupture distances and for all GMM logic tree branches. A selection of the 

results in shown in Figures 2 and 3. From the Figures it becomes clear that to maintain the Baker & 

Jayaram correlation structure it is import to include period-to-period correlations also to the site 

response. As expected, lack of period-to-period correlation in the site response leads to a decrease 

in correlation of the surface ground motions. On the other hand, assuming perfect/full period-to-

period correlation in the site response increases the final correlation at the surface. 

Figure 3 shows that as the magnitude increases, the correlation/decorrelation effects of the site-

response become more pronounced. The reason is that the relative contribution of the site-to-site 

variability to the total variability increases with increasing reference ground motion. 

 
1 Although there is no equivalent to Bourne et al. (2019) for the 2020 HRA assessment, and TNO does not have 
the computer codes, TNO is still able to reproduce the NAM HRA results by maintaining the period-to-period 
correlation in the site response (see forthcoming comparison report). 



 

 

 

Figure 2: Period-to-period correlation structures. Each line respresents a single line/column of the correlation matrix. The 
diagonal components have a value 1, which makes it easy to associate each curve to a specific row/column. Top left is the 
exact representation of the Baker and Jayaram (2008) correlation model. The three other figures display experimentally 
derived (sample) correlation structures for magnitude M=5, rupture distance Rrup=3, Central-Upper median GMM branch 
and Upper GMM phi-branch. Top right shows results of assuming the Baker and Jayaram model applies to site response. 
Bottom left assumes no period-to-period correlation in site-response while bottom right assumes full correlation in site-
response. 

 

 

Figure 3: Variation of mean correlation coefficient (mean of all elements of the correlation matrix) for ground motion 
residuals at the surface as a function of magnitude, for rupture distance Rrup=3, Central-Upper median GMM branch and 
Upper GMM phi-branch. The correlation structure at the reference level is shown as well.  

 













 

 

  





 

  

























Note that the above procedure is the first, and most fundamental, step of the record selection procedure, 

and subsequent optimizations can be applied to enhance the match of the selected records to the target. 

However, the key point to emphasise here is that the record selection procedure adopted by Crowley & 

Pinho (2020) is explicitly designed to ensure that a good match to the target distribution is obtained. As 

the target distribution is defined using the Baker & Jayaram (2008), it is therefore not at all surprising to 

find that the selected records have a correlation structure that is very similar to the predictions of this 

same model. 

The exercise presented within the TNO T2T Report in this section is therefore simply a confirmation that 

the algorithm of Jayaram et al. (2011) works as intended. Given that this algorithm has been in use for the 

best part of a decade and that its adoption is essentially standard practice in earthquake engineering, 

there are no surprises in this section of the TNO T2T Report. 

The only point worth emphasising with respect to this section is whether the Baker & Jayaram (2008) 

correlation model is an appropriate model for defining the target distribution for the fragility derivation. 

In the previous sections of the present report, we have highlighted the fact that the Baker & Jayaram 

(2008) model is not the appropriate target within the partially non-ergodic Groningen GMM. However, 

the Baker & Jayaram (2008) correlation model is appropriate to use in the fragility curve derivation 

because the fragility curves are not developed to be specific to individual site zones. Single curves for 

building classes are applied to all relevant buildings throughout the field, regardless of which site zone 

they are located within. It is therefore appropriate to use an ergodic correlation model for the purpose of 

deriving the fragility curves. This does not create an inconsistency. If the partially non-ergodic approach 

was also applied within the fragility model, then we would require bespoke fragility curves for each 

building class in each site zone. This is practically prohibitive and would likely lead to minimal impact upon 

the final results anyway. 

  





site variability that the TNO T2T Report is imposing correlation structure upon is actually epistemic 

uncertainty within the Groningen GMM rather than being a component of aleatory variability. The 

differences in risk results discussed in the TNO T2T Report should therefore simply be interpreted as being 

the result of following the implementation guidance in Bommer et al. (2018,2019) versus performing 

calculations in an inappropriate manner. Such investigations should not be used as the basis for making 

recommendations regarding the future approach to modelling ground-motion correlation for the hazard 

and risk analyses in the Groningen field. 
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• What is inter-period correlation


• How inter-period correlation models are derived


• Requirements for GMMs for risk analysis


• Implications for correlation models


• Role of correlation models in ground-motion selection



What is Inter-period Correlation



What is inter-period correlation

• An individual response spectrum 
exhibits spectral variability (or 
‘peak-to-trough’ variability)


• Nearby response spectral 
ordinates tend to be similarly 
above/below the expected level 
from a ground-motion model 
(GMM) 
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Inter-period correlation

• Collecting many response 
spectra from different ground 
motions allows for the 
computation of correlations 
between spectral ordinates at 
different periods


• In this particular figure, scatter 
plots of within-event residuals 
are shown
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Deriving Inter-period Correlation 
Models



Deriving inter-period correlation models

• A GMM for response spectral ordinates is often represented as: 
 

• The dependence between two response spectral ordinates comes from:


• Functional dependence (correlation in the means)


• Stochastic dependence (correlation in the residuals)


• Residuals are computed from many recordings from many earthquakes (using 
ergodic ground-motion databases)

ln Sa(T)ij = μln Sa(T)(rup, site) + δBi + δWij

Mean Residuals



Deriving inter-period correlation models

• Correlations between the different types of residuals are obtained using 
Pearson’s linear correlation


• The overall correlation is computed as a weighted combination of the 
correlations of the between and within-event residuals


• Normally , and so  ϕ > τ ρln Sa(Ti),ln Sa(Tj) ≈ ρδW(Ti),δW(Tj)

ρln Sa(Ti),ln Sa(Tj) =
ρδB(Ti),δB(Tj)τ(Ti)τ(Tj) + ρδW(Ti),δW(Tj)ϕ(Ti)ϕ(Tj)

σ(Ti)σ(Tj)



Deriving inter-period correlation models

• The actual parametric correlation models are derived by fitting a parametric 
equation to the empirically estimated correlations


• Correlations are bounded on [-1,1] and the standard errors of correlation 
estimates are a function of the correlation value


• Fitting is therefore done using a Fisher-z transformation , where 
 is approximately normally-distributed, with standard errors of  

where  are the number of residual pairs used to estimate 

z =
1
2

ln ( 1 + ρ
1 − ρ )

z 1/ n − 3
n ρ



Inter-period correlations
๏ The Baker & Jayaram (2008) model is an example of a parametric model that has been derived 

in this manner
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Issues that may not be appreciated
• The partitioning of residuals into between-event and within-event components is traditional, but not 

necessarily ‘correct’


• An alternative approach would be to use:


• The correlation in this case is:


• This framework assumes that dependence among systematic site residuals is stochastic


• The  terms contain effects that are related to both earthquake source, and site response. The  and  
terms only represent repeatable systematic deviations 


• A site-specific ground-motion model would really be (and note  still contains some random site effects):


• For any sites influenced by nonlinear site response, GMMs define NL response based upon median predictions 
of input motions

δW δB δS2S

δW

ln Sa(T )ij = μln Sa(T)(rup, site) + δBi + δWij + δS2Sj

ρln Sa(Ti),ln Sa(Tj) =
ρδB(Ti),δB(Tj)τ(Ti)τ(Tj) + ρδW(Ti),δW(Tj)ϕ(Ti)ϕ(Tj) + ρδS2S(Ti),δS2S(Tj)ϕS2S(Ti)ϕS2S(Tj)

σ(Ti)σ(Tj)

ln Sa(T )ij = μ′ ln Sa(T)(rup, site) + δBi + δWij μ′ ln Sa(T)(rup, site) ≡ μln Sa(T)(rup, site) + δS2Sj



Requirements for a GMM in Risk 
Analysis



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

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
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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



Issues with treatment of correlation cases
•For the Groningen risk model, the use of  
as the intensity measure for all building types 
means that these two scenarios become of 
interest


•All building types are effectively the same in 
terms of the IM used, so we have the same 
vector of periods in each case


•The two distinct cases are:


•A single geographic cell with multiple 
structures receiving the same ground-motion. 
A single individual building experiences 
something like the Baker & Jayaram 
correlations, but that level of correlation is not 
appropriate for a spatial cell 


•Spatial correlations exist between spatial cells

AvgSa
‘Same’ buildings, 
different positions

Different 
buildings, 

‘same’ position

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

⇢ ({T , x1}, {T , x2}) < 1

<latexit sha1_base64="FXEKagSQtAFQsXXCJHLdBAffH48="></latexit>

⇢ ({T , x1}, {T , x2}) < 1

<latexit sha1_base64="FXEKagSQtAFQsXXCJHLdBAffH48="></latexit>



Spatial discretisation of the field

Site zone
๏ Amplification models developed 

for a large number of zones

๏ Amplification assumed the same 

over the zone – but the variability 
in amplification accounts for 
spatial variability in site properties 
over the zone as well as 
uncertainties in the site profile

Grid point
๏ Hazard and risk calculations 

performed for grid points

๏ Each site zone can contain 

multiple grid points

Grid cell
๏ Motions at each grid point 

represent those over the cell

๏ Typically 0.5 x 0.5 km2

๏ The consideration of LPR means that spatial correlation does not need to be explicitly modelled 

๏ However, there is some implicit spatial correlation already included as a result of the spatial 

discretisation



Implications for Correlation 
Models



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 is normally 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



๏ 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

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

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



Site effects and 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 short 

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


๏ Geographic cells in (or spanning) 
different site zones will have a loss of 
correlation

rS

rS → ∞

rS → 0

rS

Non-ergodic spatial correlation

ρ(Δ) =
1
ϕ2 [ϕ2

SSe
− Δ

rW + ϕ2
S2Se

− Δ
rS ]
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Implied spatial correlation

๏ Many site zones, each of a different size


๏ The implied correlation depends upon 
the size of these regions

reff =
A
π



Implied spatial correlation

Perfect correlation inside site 
zone, zero correlation outside
ρSS = 1, ρS2S = 1, ρc2c = 1

Overall spatial correlation arises from:

Perfect correlation inside grid cell
ρSS = 1, ρS2S = 1, ρc2c = 1
Partial correlation among grid 
cells in the same zone
ρSS = 0, ρS2S = 1, ρc2c = 1

Partial correlation inside grid cell
ρSS = 1, ρS2S = 1, ρc2c = 0
Partial correlation among grid 
cells in the same zone
ρSS = 0, ρS2S = 1, ρc2c = 0

Perfect correlation case 
seems most appropriate 
as an interim measure 
while a field-specific 
correlation model is 
developed



Sampling components of variability

Event term 
๏ Generated for each event 

๏ Constant for all locations for a 

given IM

๏ Correlated among IMs

NS-B Variability
๏ Include both  & 
๏ Draw same  for each grid 

point in the site zone
๏ No explicit inclusion of spatial 

correlation
๏ Correlated among IMs

ϕSS σC2C
ε

Amplification variability
๏ Sample from 
๏ Use same  for all grid points 

within zone

ϕS2S
ε



Summary of Implications
Response to “2020-10-29 TNO - P2P Correlation Note”
• Which implementation is conceptually ‘correct’: NAM or TNO?


• Neither. The ‘correct’ solution would require a complete overhaul of the framework, as well as the development of components that 
don’t currently exist


• Which implementation has followed the instructions and intentions of the GMM team?


• TNO (to my knowledge)


• Did the GMM team make a mistake in leaving out inter-period correlations of the site residuals?


• No. It was done deliberately, for the following reasons:


• Ergodic correlation models include period-to-period correlations related to site models that are not relevant to Groningen. We have 
developed zone-specific transfer functions and nonlinear site amp functions.


• The Groningen site amplification functions are based upon transfer functions that impose systematic period-to-period correlation 
effects. Imposing this correlation and then also including full ergodic site correlations isn’t appropriate.


• The Nonlinear site response is predicted as a function of GM realisations at NS-B, rather than median predictions, so correlated 
motions are propagated through the site amp functions


• We want to account for partial loss of correlation to approximate spatial effects that are not explicitly modelled in the hazard and 
risk engine.


• Site residuals are perfectly correlated spatially over a cell. Under the Markovian approach to modelling 
, imposing some degree of spatial correlation has an equivalent effect of 

modifying the period-to-period correlation
ρ ({T1, x1}, {T2, x2}) ≈ ρ(T1, T2) × ρ(x1, x2 | max(T1, T2))



Ground-motion selection



1. Specify target
intensity measures

3. Statistically generate
intensity measure realizations

4. Load ground-motion
database(s)

5. Screen for suitable
ground motions

6. Select ground motions
that match intensity
measure realizations

2. Specify number of
ground motions

7. Motions within tolerance?

8. Further optimize
selected motions

9. Output selected motions

yes

no

Comments on the impact 
of scaling

• Its no coincidence that the motions 
selected for the fragility calibration have 
the appropriate correlation structure


• The records are specifically selected to 
achieve this feature


• Scaling can distort inherent correlations 
between intensity measures of different 
types, but that doesn’t matter because 
the selection algorithm only selects 
motions that match the target
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