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Samenvatting 

Status TNO Modelketen Groningen 

De TNO Modelketen Groningen is ingericht om de publieke Seismische Dreigings- 

en Risico Analyse (SDRA) Groningen uit te voeren. De TNO Modelketen Groningen 

is onderverdeeld in drie hoofdcomponenten: het Seismisch Bronmodel (SSM), het 

Grondbewegingsmodel (GMM), en het Kwetsbaarheids- en Gevolgmodel (FCM). 

De technische status van alle beschikbare modelcomponenten per 1 oktober 2021 

omvat de modelversies gebruikt voor de HRA 2019, HRA 2020, pSDRA 2021, en 

daarnaast alternatieve versies van het SSM en het FCM die door TNO geadviseerd 

zijn te gebruiken in de pSDRA 2021. Alle geïmplementeerde model versies 

beschreven in dit rapport kunnen gecombineerd worden voor gebruik in de  

publieke Seismische Dreigings- en Risico Analyse Groningen.  

 

Aanbevolen modellen in de publieke SDRA Groningen 2022 

Op basis van de beschikbare informatie per 1 oktober 2021 beschouwt TNO 

onderstaande (sub)modelversies als het meest geschikt voor gebruik in de publieke 

SDRA Groningen 2022. TNO is van mening dat deze geadviseerde modelversies 

de beschikbare wetenschappelijke kennis en inzichten het beste 

vertegenwoordigen. 

 

- TNO adviseert gebruik te maken van de meest recente aardbevingscatalogus 

om het Seismisch Brongmodel (SSM) te kalibreren voor de publieke SDRA 

Groningen 2022. De door TNO geïmplementeerde SSM kalibratiemodule is de 

enige volledig transparante applicatie om deze taak uit te voeren.  

- TNO adviseert het gebruik van SSM versie TNO-2020 in de publieke SDRA 

Groningen 2022. Deze modelversie wordt gekenmerkt door het gebruik van een 

distributie van stress covariate velden en een Magnitude verdeling die 

begrensd wordt door een Mmax verdeling. 

- TNO adviseert het gebruik van GMM versie NAM-V6 in de publieke SDRA 

Groningen 2022. In dit model zijn de period-to-period correlaties 

geïmplementeerd voor zowel de grondbewegingen op het referentieniveau als 

de amplificatie functies van het site response model.  

- TNO adviseert het gebruik van FCM versie TNO-2020 in de publieke SDRA 

Groningen 2022. Dit model representeert de best beschikbare kennis van de 

kwetsbaarheid van de Groningse gebouwenpopulatie en is in lijn met uitvoering 

van de ‘Typologie-gebaseerde beoordeling van de veiligheid’.



 

 

TNO report | TNO 2021 R11742 3 / 17 

 
Summary 

Status TNO Model Chain Groningen 

The TNO Model Chain Groningen is equipped to execute the public Seismic Hazard 

and Risk Analysis Groningen. The TNO Model Chain Groningen is subdivided into 

three main model components: Seismic Source Model (SSM), Ground Motion 

Model (GMM), and the Fragility and Consequence Model (FCM). 

The technical status of all available model component per October 1, 2021 includes 

the model versions used for HRA 2019, HRA 2020, pSHRA 2021, as well as 

alternative versions of SSM and FCM recommended by TNO for use in pSHRA 

2021. All implemented model versions mentioned in this report can be combined in 

the public Seismic Hazard and Risk Analysis Groningen.  

 

Recommended models in the public 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. 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.  

 

- TNO recommend to include the most recent earthquake observations to 

perform the source model calibration for the public SHRA Groningen 2022. The 

TNO provided SSM calibration module is the only fully transparent application 

to perform this task. 

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

Groningen 2022. This approach uses a full posterior distribution of stress 

covariate fields and uses a Magnitude distribution that is truncated by a Mmax 

distribution. 

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

Groningen 2022. 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.  

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

Groningen 2022. This model represents the best current knowledge of the 

fragility of the Groningen building stock and is in line with current practice within 

the framework of the ‘typology-based safety assessment’. 
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 1 Introduction 

As from 2021 the Probabilistic Seismic Hazard and Risk Analysis (SHRA) of the 

Groningen gas field, required for state approval of the Operational Strategy for the 

yearly gas production, is executed in the public domain. To fulfill this task TNO has 

independently rebuild and implemented the NAM HRA models in the so called TNO 

Model Chain Groningen, which has been successful in reproducing similar output 

using similar input (TNO, 2019; 2020c). This has resulted in the first analysis by 

TNO for gas year 2021-2022 reported as “public SHRA Groningen 2021” or in 

Dutch “publieke SDRA Groningen 2021” (TNO, 2021). 

 

This report describes the status of the TNO Model Chain per October 1, 2021 

(chapter 2), as well as TNO’s recommendations for model components to be used 

in the public SHRA Groningen 2022 (chapter 3). The scope is twofold: (i) supply an 

inventory of the available model components that form the basis of the TNO Model 

Chain; and (ii) give an overview of the TNO recommended model versions to run 

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

“Vaststellingsbesluit gasjaar 2022-2023”. 
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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 leads to a biased and unstable estimation of the probability of high 

magnitude events and therefore seismic hazard and risk. For this reason the 

predictive capability of this model is very poor (TNO, 2020b).  

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

resolved from the observations and therefore 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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 the impact of the model to the current Hazard and Risk methodology can be 

assessed. After this last Stage one can decide to include the model in the next 

public SHRA Groningen.  

Although TNO started NAM-V7 implementation, the timeline for passing all Gates is 

uncertain and at this moment TNO cannot guarantee finalisation in order for EZK to 

make a timely decision whether to include this model version in the public SHRA 

Groningen 2022. 

3.3 Recommended FCM 

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

Groningen 2022. This model represents the best current knowledge of the 

vulnerability of the Groningen building stock and is in line with current practice 

within the framework of the ‘typology-based safety assessment’. 
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A Seismic Source Model calibration 

This appendix describes two aspects of the calibrations of the SSM: 

1 Calibration as intrinsic part of the public SHRA 

2 Technical description of the calibration procedures 

 

At the request of EZK this documentation is submitted for external review. The 

review response is expected in December 2021. 

 

 

A.1 Calibration as intrinsic part of the public SHRA 

TNO (2020a) argued that the calibration of the Seismic Source Model (SSM) – a 

crucial step in the public Seismic Hazard and Risk Analysis (SHRA) – should be 

performed in the public domain. Here, we support this claim with four arguments: 

 

1 Public domain. Source model calibration has previously not been embedded in 

the scope of a public SHRA (EZK, 2021). Source model calibration by NAM is 

unacceptable in the context of a public SHRA. Source model calibration by TNO 

maximizes the amount of work done in the public domain and reduces the 

dependency of the SHRA result on external inputs.  

 

2 Traceability. Source model calibration by NAM is still largely a “black box”. 

Based on the documentation provided by NAM (2015a, 2015b) and several 

“question/reply” contacts with NAM, TNO has not been able to reproduce or 

replicate the calibration results of NAM. Source model calibration by TNO 

increases traceability and reproducibility. 

 

3 Quality control. Source model calibration should be performed within the same 

quality control framework that applies to the entire TNO Model Chain 

Groningen. The calibration process should be reviewed and approved by an 

external authority. To our knowledge, the NAM calibration implementation and 

procedure has not been reviewed by any external party. The implementations of 

the activity rate model and the magnitude model in the TNO Model Chain 

Groningen (TNO, 2020b) have been evaluated by KEM (2020). For quality 

control, the numerical code of the entire TNO Model Chain Groningen – 

including calibration of the SSM – has been reviewed by Tessella (2020). The 

QAQC framework in which the TNO Model Chain is developed and maintained 

is ISO 9001 compliant and has been independently audited. 

 

4 Transparency. Source model calibration has a significant effect on the risk 

outcome. The sensitivity study of TNO (2021, Figure 7.2) showed that “SSM 

calibration by TNO” resulted in a significantly different risk estimate (quantified 

as the Exposure Database average of mean LPR) than “SSM calibration by 

NAM”. The lack of transparency is undesirable in the context of safety 

perception by society. 
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A.2 Technical description of the calibration procedures 

Both the theory and the step-by-step implementation of calibration of SSM are 

reported extensively in the report by TNO (2020b). These are repeated here for 

convenience. In addition, for the SSM-NAM-V6 stress-dependent exponential taper 

model, the calibration procedure is updated. 

 

A.2.1 SSM-NAM-V5 calibration theory 

The theory behind the Bayesian framework which is employed for the calibration of 

the source model follows below (section 2.2.1.4 page 22-23 in TNO report R11052 

(TNO, 2020b): 

 

The success of the seismicity rate model depends to a large degree on the 

various parameter settings. The parameters can be calibrated on the observed 

seismic data using a hindcast based on the historic production scenario. The 

hindcasted seismicity rate, with aftershock rate distributions conditional on the 

actual events is shown in equation (31). Extended with the magnitude 

distribution (30), with PDF 𝑓𝑚 this gives: 

 

 𝜆𝑋𝑀
obs(𝑥, 𝑡,𝑚, 𝛾, 𝜃, 𝜓, 𝜁, 𝒷𝑠 , 𝒮) = 𝜆𝑋

obs(𝑥, 𝑡, 𝛾, 𝜃, 𝜁, 𝒮)𝑓𝑚(𝑚|𝑐(𝑥, 𝑡), 𝜓, 𝒷𝑠). (1) 

   

The total expected number of events over the observation periods is found by a 

temporal and spatial integral: 

 

 Λobs(𝛾, 𝜃, 𝜁, 𝒮) = ∬𝜆𝑋
obs(𝑥, 𝑡, 𝛾, 𝜃, 𝜁, 𝒮)𝑑𝑡𝑑𝑥

𝑋,𝑇

. (2) 

The combination of (48) and (49) gives a probability distribution in space, time 

and magnitude for all events: 

 

 𝑓𝑋𝑇𝑀(𝑥, 𝑡,𝑚|𝛾, 𝜃, 𝜓, 𝜁, 𝒷𝑠 , 𝒮) =
𝜆𝑋
obs(𝑥, 𝑡, 𝛾, 𝜃, 𝜁, 𝒮)

Λobs(𝛾, 𝜃, 𝜁, 𝒮)
𝑓𝑚(𝑚|𝑐(𝑥, 𝑡), 𝜓, 𝒷𝑠). (3) 

 

In the context of parameter estimation the probability distribution is a likelihood 

function that can be applied to all observed earthquakes. Because of the 

normalization, the likelihood function above is not sensitive to the event count. 

However, a complementary likelihood expression for the number of observed 

earthquakes is found in (20): 

 

 𝑝𝑁 (𝑛obs|Λobs(𝛾, 𝜃, 𝜁, 𝒮)). (4) 

 

The total likelihood is a product of (51) and 𝑛obs evaluations of (47), one for 

every earthquake in the catalogue. 

According to the Bayesian approach to parameter estimation, the posterior 

probability distribution for the parameters is obtained by a multiplication of the 

prior probability distribution and the likelihood. 
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A.2.2 SSM-NAM-V5 implementation of calibration 

The implementation of this theory is described here (section 3.1.3 page 30-33 in 

TNO report R11052 (TNO, 2020b): 

 

 
 

During the training phase, a Bayesian framework is applied to assign a likelihood 

score to each set of model parameters. Since during training, the activity rate 

model and the magnitude model are independent of each other (see also 

Section 2.2.1.2), but both models rely on the DSM, two independent posterior 

likelihood defined: first,  

𝐿𝐿𝐴𝑅(𝛾, 𝜃, 𝜁): the log-likelihood function depending on a combination of DSM 

covariate conditioning parameters (𝛾), main-shock activity rate parameters (𝜃) 

and ETAS clustering model parameters (𝜻), and second 𝐿𝐿𝑀(𝛾, 𝜓),  the log-

likelihood function depending on a combination of DSM covariate conditioning 

parameters and magnitude parameters (𝜓). 

 

For any activity rate model (a model describing the number of events per unit 

time, independent of magnitude), the log-likelihood is given by: 

 

𝐿𝐿𝐴𝑅(𝛾, 𝜃, 𝜁) = − ∫ ∫𝜆𝑋(𝑥, 𝑡)
 

𝑆

𝑑𝑆𝑑𝑡
 

𝑡

+ ∑lo g(𝜆𝑋(𝑥𝑖 , 𝑡𝑖))

𝑛

𝑖=1

 

 

where 𝜆𝑋(𝒙, 𝑡) is the spatio-temporal event rate density (units: number of events 

per unit time per unit area, e.g. m-2year-1), 𝑛 is the number of observed events in 

the time period under consideration and 𝜆𝑋(𝒙𝑖 , 𝑡𝑖) is the event rate density at the 

time-space location of an observed event.  

 

For training we use the observation-conditioned total seismicity rate density 𝜆𝑋
obs 

of Equation (31). The ETAS model functions 𝑓𝑇(𝑡) and 𝑓𝑅(𝑟) are the probability 

density function for temporal and spatial triggering defined as: 

 

𝑓𝑇(𝑡) =
𝑝 − 1

𝑐
 (

𝑡

𝑐
+ 1)

−𝑝

, 

𝑓𝑅(𝑟) =
𝑞 − 1

𝜋𝑑
 (

𝑟2

𝑑
+ 1)

−𝑞

, 

 

where 𝑐, 𝑝 respectively are the characteristic time and temporal power-law 

exponent parameters, defining the speed at which the aftershock rate decays 

over time. Also, 𝑑, 𝑞 respectively are the characteristic area and spatial power-

law exponent parameters of the ETAS model, defining the speed at which the 

aftershock rate decays spatially. 
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A.2.3 Updated calibration procedure for the SSM-NAM-V6 

For the SSM-v6 stress-dependent exponential taper model, the loglikelihood 

function for the Magnitude-Frequency-Distribution had to be updated to allow for 

non-zero values of zeta (𝜁): 

 

Equation 10 (and identically, the equation on step 5 in Implementation Box 2 - SRM 

b-value model V5 training), changes from: 

 

𝐿𝐿(𝛾, 𝜓) =  ∑log [𝑏(𝑥𝑖 , 𝑡𝑖) log(10)] − 

𝑛

𝑖=1

∑𝑏(𝑥𝑖, 𝑡𝑖) log(10)(𝑚𝑖 − 𝑚0) 

𝑛

𝑖=1

 

to 

𝐿𝐿(𝛾, 𝜓) =  ∑[ln (𝑏 +
3

2
𝜁(𝑥𝑖 , 𝑡𝑖) × 10

3
2
(𝑚𝑖−𝑀𝑚𝑖𝑛)

) + ln (ln (10))

𝑛

𝑖=1

− 𝑏 ln(10) (𝑚𝑖 − 𝑀𝑚𝑖𝑛) − 𝜁(𝑥𝑖 , 𝑡𝑖) × (10
3
2
(𝑚−𝑀𝑚𝑖𝑛)

− 1)] 

 

where 𝛾 is the parameter vector  𝜃0, 𝜃1, 𝜃2 , and 𝜓 is the parameter vector  𝑟𝑚𝑎𝑥 , 𝜎  

which controls the incremental Coulomb Stress Δ𝐶(𝑥𝑖 , 𝑡𝑖). From 𝛾, the values of 𝑏 

and 𝜁(𝑥𝑖 , 𝑡𝑖) are calculated.  

This updates the equation on step 3 in Implementation Box 2 - SRM b-value model 

V5 training: 

 

𝑏 = 𝜃0 

 

𝜁(𝑥𝑖 , 𝑡𝑖) = 𝜃1𝑒
−𝜃2Δ𝐶(𝑥𝑖,𝑡𝑖) 
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B Undesirable consequences of using a ‘data 
calibrated’ exponential taper model in the context of 
Groningen hazard and risk analysis 

At the request of EZK this documentation is submitted for external review. The 

review response is expected in December 2021. 

 

B.1 Introduction 

For the induced seismicity in Groningen (and for seismicity in many other places 

worldwide), the bulk of the seismic risk is associated with earthquake magnitudes 

larger than the largest one observed so far (Huizinge, 2012, M=3.6). Hazard and 

risk assessment therefore relies heavily on an extrapolation of the magnitude 

distribution (MD) beyond the observed catalogue. The bulk of the MD is usually – 

also in Groningen - successfully described by the Gutenberg-Richter (G-R) relation, 

which is basically an exponential distribution of magnitudes, equivalent to a Pareto 

distribution for seismic moments. However, it is also widely recognized (Main, 1995, 

Kagan and Schoenberg, 2001) that the G-R scaling relation cannot be extrapolated 

to higher magnitudes indefinitely, because it should break down at some point, if 

only due to the finite dimensions of the seismogenic zone. Honoring this expected 

breakdown in hazard and risk assessment necessitates the use of a dedicated 

description of the high-end tail of magnitude distribution. This description can take a 

variety of forms, including a hard cutoff , represented by a maximum magnitude 

parameter Mmax, or a smoother, exponentially tapered variation parameterized by 

a corner magnitude Mc (e.g., Kagan and Schoenberg, 2001).  

 

In any case, the tail of the distribution is, almost by definition, but most certainly in 

practice, poorly sampled by observations, and therefore difficult to impossible to 

constrain from the data. Also in the Groningen file this was recognized early on. It 

was exactly for this reason that the Mmax workshop for Groningen (NAM, 2016) 

was organized: the tail of the magnitude distribution, represented by of the 

parameter Mmax, is an epistemic uncertainty that cannot be inferred reliably from 

the Groningen earthquake catalogue.  

 

However, with the introduction of a tapered MD for Groningen (NAM, 2019; Bourne 

and Oates, 2020), the authors claim to be able to do just that: to infer the location of 

a corner magnitude describing an exponential taper at the tail of the MD.  

 

In the following sections we will present the magnitude model equations, describe 

Bayesian inference in the context of its application in the Groningen source model 

definition and subsequent hazard and risk assessment. Next we focus on the 

central role of the posterior predictive magnitude distribution in hazard and risk 

forecasting. We identify the inference+forecasting procedure as a statistical 

estimator that we can evaluate in terms of its bias and dispersion. With all the 

technical tools in place we can than study the specific examples of the inference of  

magnitude models with and without a taper. Finally, on the basis of these examples 

we can draw conclusions. 
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B.2 Magnitude distribution model with and without taper 

The magnitude model (Bourne and Oates, 2020) used by NAM in the HRA2020 

(NAM, 2020) can be written as: 

 

𝑃𝑀(𝑚|𝑏, 𝜁) = 10−𝑏(𝑚−𝑀min) exp(−𝜁 (10
3
2
(𝑚−𝑀min) − 1)) 

 

with 𝑃𝑀(𝑚|𝑏, 𝜁) the probability of exceedance (survival function of the MD) 

conditional on the Gutenberg-Richter b-value 𝑏, and exponential taper parameter 𝜁. 

𝑀minis the minimum magnitude considered, commonly the lowest magnitude for 

which the catalogue of observed magnitudes is considered complete. The functional 

form is a bit different from Bourne and Oates (2020) because we express the 

distribution in magnitudes rather than in moments.  

 

A 𝜁 parameter setting of 0 yields the classical Gutenberg-Richter relation:  

 

𝑃𝑀(𝑚|𝑏, 𝜁 = 0) = 10−𝑏(𝑚−𝑀min) 

 

The 𝜁 parameter is equal to the inverse of the “corner moment” (Bourne and Oates, 

2020). Its interpretation is probably easier when it is expressed in terms of the 

corresponding corner magnitude 𝑀c: 

 

𝑀c = 𝑀min −
2

3
log10 𝜁 

 

and its inverse: 

 

𝜁 = 10
3
2
(𝑀min−𝑀c) 

 

For any magnitude distribution with a generic parameter set 𝜃 the probability 

density function (PDF) 𝑝𝑀(𝑚|𝜃) is related to the exceedance probability as : 

 

𝑝𝑀(𝑚|𝜃) = −
𝑑𝑃(𝑚|𝜃)

𝑑𝑚
 

 

 

B.3 Bayesian inference of seismic source models 

The seismic source model for Groningen hazard and risk assessment is a 

probabilistic model for the seismic activity as a function of time, space, and 

magnitude (TNO, 2020). The model consists of various components, among which 

the seismic rate model, which describes the spatiotemporal distribution of seismic 

event rate (number of earthquakes above a minimum magnitude 𝑀min  per unit time 

and space), and the magnitude model, which describes the spatiotemporal variation 

of the distribution of the earthquake magnitudes. In this Appendix we focus on the 

magnitude distribution in isolation, which, within structure of current models, can be 

calibrated independently of the seismicity rate.  
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The Groningen seismic source models in general and the magnitude distribution in 

particular are calibrated using Bayesian model parameter inference. Bayesian 

inference makes use of Bayes’ rule to update any available prior probabilistic 

information on a set of model parameters by the new evidence supplied by a set of 

observations.  

 

Let 𝑝𝑀(𝑚|𝜃) be the PDF of the magnitude distribution for magnitude 𝑚, conditional 

on the model parameters 𝜃. Given a set of observations of 𝑚, incorporated in the 

earthquake catalogue 𝐷obs =  𝑚𝑖
obs

𝑖
, … ,𝑚𝑁

obs  , the likelihood 𝐿(𝜃|𝐷obs) of a 

parameters 𝜃 conditional on the observations is defined as the product of the 

probability density values of all observed magnitudes: 

 

𝐿(𝜃|𝐷obs) = ∏𝑝𝑀(𝑚𝑖|𝜃)

𝑁

𝑖

 

 

This expression for likelihood is the basis for finding the values of 𝜃 that maximize 

likelihood, i.e., the maximum likelihood estimate (MLE) �̂�(𝐷obs) = argmax 𝐿(𝜃|𝐷obs). 

However, in the context of Groningen we aim to account for uncertainties as much 

as possible, including the uncertainties in the source model parameters. It is clear 

that in some neighborhood of �̂� the likelihood of the model parameters is 

substantial. Also, the likelihood function may have secondary highs, corresponding 

to a multimodal distribution. In principle, in a fully probabilistic fashion, all possible 

values of 𝜃 must be taken into account, proportional to their associated likelihood. 

However, apart from the weighting induced by the likelihood, a secondary weighting 

is importance: a (probabilistic) measure on the space of  𝜃. Such a measure 

determines the relative contributions of different values of 𝜃 in integrations over  𝜃1. 

The Bayesian inference procedure provides exactly that. 

 

Let 𝑝Θ(𝜃|𝜋) be the PDF of the prior distribution of 𝜃, where 𝜋 represents the 

essentially subjective prior information (or prior belief, prior assumptions) on 𝜃 that 

are taken into account2 by the model developer or practitioner. The Bayesian 

inference procedure for the model parameters 𝜃 now  defines the PDF of the 

posterior distribution 𝑝Θ(𝜃|𝐷obs, 𝜋) as the normalized product of the likelihood and 

the prior: 

 

𝑝Θ(𝜃|𝐷obs, 𝜋) =
𝐿(𝜃|𝐷obs)𝑝Θ(𝜃|𝜋)

 𝐿(𝜃|𝐷obs)𝑝Θ(𝜃|𝜋)𝑑𝜃
 

 

From this definition it is clear that the  posterior distribution 𝑝(𝜃|𝐷obs, 𝜋) is 

conditioned both on the observed data 𝐷obs through the likelihood and the prior 

information 𝜋 through the prior distribution.  

 
1 Here it is informative to realize that the likelihood by itself is not a PDF: choosing a different 

parameterization of the model, by a coordinate transformation of 𝜃, does not change the value of 

the likelihood at a specific point, but it does change the shape of the likelihood function around it. 

In a PDF the shape and the values would change hand in hand to maintain an integral measure of 

probability. 
2 Usually the explicit reference to prior information (𝜋) is left out, and the unconditional 𝑝(𝜃) is used 

to represent the prior distribution. Here we choose to make the conditioning role of the prior explicit 

to stress its importance in Bayesian inference. 
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We can interpret the Bayesian inference equation in two instructive ways. On the 

one hand, the likelihood function acts as a modifier on a prior distribution to 

accommodate the new information obtained by the observations and to derive at a 

posterior distribution. On the other hand, the prior distribution provides a 

probabilistic measure on the 𝜃 parameter space such that a likelihood function 

derived from a set of observations can be translated to a proper (posterior) 

probability distribution. The latter interpretation gives rise to the concept of the 

maximum a posteriori (MAP) estimate �̌�(𝐷obs, 𝜋) = argmax 𝑝Θ(𝜃|𝐷obs , 𝜋), which – in 

contrast to the maximum likelihood estimate – depends on the prior information.  

 

It should be noted that the choice of a uniform/constant prior in some suitable 

domain bounds is not an uninformative, objective, choice. Any choice of prior 

distribution introduces a degree of subjectivity. For example, a homogeneous 

distribution in one parameterization of 𝜃 corresponds to an inhomogeneous 

distribution in another parameterization, while the model performance does not 

depend on the specific parameterization. In fact, the combination of the choice of 

model parameterization and the choice of prior parameter distribution constitute the 

prior information imposed by either the model developer or practitioner. We 

acknowledge the importance of the these choices with the parameter 𝜋. 

 

In general, the prior information on the model parameters is relatively broad and 

smooth, and we expect the data to provide more detailed information through the 

likelihood function. The higher the number of data points, the more precisely 

defined the likelihood will be, and the smaller the influence of the prior. On the other 

side, the lower the number of data points, the more important the role of the prior 

will be. This matches our intuition: if we believe we have a fair 6-sided dice, and we 

roll a 4, there is little reason to update our belief that the dice is fair. However, if we 

roll it a thousand times, and we roll a 4 over 50% of the time, we would start to 

move away from our prior belief, and assume that the dice is somehow more 

primed to yield 4’s compared to the other values. Bayesian inference provides a 

formal framework to capture this intuition. 

 

What this means is that, especially in the case of a small dataset, the role of prior is 

important, and should not be underestimated. This will be become apparent later in 

this document. 

 

B.4 Forecasting using the posterior predictive magnitude 
distribution 

Now that we have a full posterior distribution of the model parameters we can use it 

for a probabilistic forecast. This involves the posterior predictive magnitude 

distribution (PPMD), which is obtained by marginalizing the parameter dependence 

of the magnitude model over the posterior:  

 

𝑃𝑀(𝑚|𝐷obs, 𝜋) = ∫𝑃𝑀(𝑚|𝜃)𝑝Θ(𝜃|𝐷obs, 𝜋)𝑑𝜃
𝜃

 

 

The PPMD is the expected magnitude distribution conditional on both the 

observations and the prior information. It is effectively the magnitude distribution 
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that is used in hazard and risk assessment. As long as the ground motion and 

fragility models do not explicitly depend on the source model parameters 𝜃, which is 

unlikely and – at least in the current and previous generations of Groningen models 

– not the case, the marginalization/integration over 𝜃 can take place in an early 

stage, just after the source model inference, but before the evaluation of ground 

motion and building fragility effects. 

 

It is important to note that both TNO’s grid-based integration approach and NAM’s 

Monte Carlo based integration approach to hazard and risk assessment effectively 

make use of the PPDM. Since this appears to have caused significant confusion in 

the past, this is explained with a small example in the box below.  

 

 
 

Another way to look at the PPMD is that it represents for each value of 𝑚 a (point) 

estimate of the exceedance probability, conditional on the observations and the 

prior. As such, the procedure followed so far is a statistical point estimation process, 

embedded in the Bayesian inference framework. For the current context we will 

refer to this estimator as the PPMD estimator.  

 

We consider a Gutenberg-Richter magnitude model parameterized with a single 

parameter, the “b-value” 𝑏, representing  the slope of the magnitude distribution. 

For simplicity we discretize the parameter space coarsely in steps of 0.1. The 

result of a Bayesian inference is displayed in the figure below. If we want to 

obtain a forecast of the magnitude distribution, we do not simply evaluate a 

model with 𝑏 = 1.0 (which in this particular case is both the MAP and the mean 

b-value). Instead, we evaluate a model with 𝑏 = 0.8, and let this model 

contribute to the PPMD for 10%, we then evaluate a model with 𝑏 = 0.9, and let 

it contribute to the PPMD for 20%. Similarly, each other model gets evaluated, 

and contributes to the PPMD according to its weight. In a Monte Carlo 

approach, the 𝑏 = 1.0 model would on average get evaluated four times as often 

as the 𝑏 = 0.8 model, while each evaluation then contributes equally to the 

PPMD and subsequent hazard and risk results. These approaches are equally 

valid and mathematically equivalent.  
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The performance and reliability of the PPMD estimator can be evaluated by 

studying its bias and dispersion. Obviously, favorable properties for accuracy are 

low bias and low dispersion. It is important to realize that in the probabilistic 

framework, the observations 𝐷 are considered as “just” a sample from the 

distribution that is to be inferred. It is clear that for other samples from the same 

distribution the estimator would or will provide different results. The performance of 

the estimator can be characterized by the distribution of the results for many 

samples. This can be achieved in a synthetic experiment where the “ground truth” 

distribution is known. 

 

Let 𝜃𝑔 be the set of ground truth model parameters, and let 𝐷 =  𝑚𝑖 , … ,𝑚𝑁  be a 

synthetic catalogue of 𝑁 independent samples from the ground truth magnitude 

distribution 𝑃𝑀(𝑚| 𝜃𝑔). Then the mean/expected PPMD, 𝑃𝑀
𝐸 , conditional on the 

ground truth, catalogue size 𝑁 and prior information, is formally obtained by an 𝑁-

dimensional marginalization integral: 

 

𝑃𝑀
𝐸(𝑚|𝜃𝑔, 𝑁, 𝜋) = ∫… ∫𝑃𝑀(𝑚|𝐷, 𝜋)∏𝑝𝑀(𝑚𝑖| 𝜃𝑔)

𝑁

𝑖

𝑑𝑚1 …𝑑𝑚𝑁

𝑚𝑁𝑚𝑖

 

 

In practice, this many-dimensional integral can be evaluated with a Monte Carlo 

sampling procedure, drawing a large number of synthetic catalogues from the 

ground truth.  

 

The expected PPMD can be used to calculate the magnitude dependent bias of the 

PPMD estimator: 

 

bias(𝑚|𝜃𝑔, 𝑁, 𝜋) = 𝑃𝑀
𝐸(𝑚|𝜃𝑔, 𝑁, 𝜋) − 𝑃𝑀(𝑚| 𝜃𝑔) 

 

or its relative bias: 

 

rbias(𝑚|𝜃𝑔, 𝑁, 𝜋) =
𝑃𝑀

𝐸(𝑚|𝜃𝑔, 𝑁, 𝜋)

𝑃𝑀(𝑚| 𝜃𝑔)
 

 

Using the same Monte Carlo procedure also the magnitude-dependent dispersion 

of the PPMD estimator can be characterized, e.g., through the 5%-95% confidence 

bounds. In the following examples the theory described above is elaborated for 

magnitude models with and without an exponential taper. 

 

B.5 Example: Bayesian inference of a magnitude model without 
taper 

First, let us consider the inference of a magnitude distribution without a taper: a 

simple Gutenberg-Richter MD, with 𝑀min=1.5. We’ll use this also as the ground truth 

model, with a b-value 𝑏 = 1.0. As prior information we assign equal probability to all 

b-values in the range [0.4,1.6], i.e., a truncated homogeneous distribution, which we 

will refer to as 𝜋𝑏. 
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We draw a synthetic catalogue (𝑁 = 300) from the ground truth MD, infer a 

posterior model parameter distribution and then integrate over this posterior 

distribution to obtain the PPMD. The results are shown in Figure 1. 

 

Figure 1: Model inference for a Gutenberg-Richter magnitude distribution, on a synthetic dataset of 

300 samples from a ground truth with 𝑏 = 1.0. Top left: Exceedance probability 

distribution (survival function) of ground truth and synthetic data. Top right: Bayesian 

inference of b-value. Bottom-left: Same as top left but including the posterior predictive 

model implied by the Bayesian inference. Bottom right: Experiment repeated for 50 

catalogues, showing the distribution of the PPDM results. 

The PPMD obtained from the synthetic catalogue (Figure 1, bottom left) lies a little 

below the ground truth. So in this particular instance, the result of the PPMD 

estimator happens to underestimate the probability of high magnitude events.  

 

However, to characterize the performance of the PPMD estimator we’re interested 

in its bias and dispersion. How do we expect it to perform in general, rather than on 

this specific synthetic catalogue? 

 

To investigate this we draw 10,000 catalogues of 300 events each, and obtain a 

PPMD for each synthetic catalogue. We can then look at the distribution of PPMDs, 

which are all based on different realizations of data generated by the same ground 

truth. In the first 50 cycles, displayed in Figure 1, bottom right, the obtained PPMDs 

are sometimes below, and other times above the ground truth. When we look at all 

10,000 realizations, the picture in Figure 2 emerges. 
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Figure 2: Characterization of the performance of the posterior predictive magnitude distribution 

(PPMD) estimator for a non-tapered magnitude distribution, conditional on a ground 

truth with 𝑏 = 1, a sample size of 300, and a uniform prior in 𝑏. The bias of the 

estimator is the difference between the black and red lines. Due to the logarithmic 

scale it is to be interpreted as the relative bias. The grey band represents its 

dispersion by the 5%-95% percentile range. 

In this Figure, the red line represents the expected PPMD 

𝑃𝑀
𝐸(𝑚|𝜃𝑔 ≡ 𝑏 = 1,𝑁 = 300, 𝜋 = 𝜋𝑏). It turns out that over the full magnitude range, 

we expect our estimator to slightly overestimate the probability of exceedance of a 

given magnitude. For example, in 57% of the cases, the PPDM overpredicts the 

probability exceeding M5.0, while 43% of the time, the PPDM underpredicts. The 

relative bias of exceeding M5.0 is 17%. The amount of expected overprediction will 

decrease with increasing catalogue size. In other words, we expect our Bayesian 

inference on a catalogue of 300 earthquakes to result in a slightly conservative 

forecast, and we expect to get closer to the ground truth with increasing catalogue 

size. 

 

In pSHRA we ideally would like to use an MD that best represents the ground truth. 

When we don’t have access to the ground truth (i.e. in every real world scenario), 

we have to rely on our inference procedure to represent the ground truth. In other 

words, the relation between the expected PPMD and its dispersion and the ground 

truth tells us whether we expect to have reliable pSHRA results. 

 

B.6 Example: Bayesian inference of a magnitude model with 
taper 

Next we study the performance of the estimation procedure on a magnitude 

distribution that does include a taper.  
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Again, we choose a prior, use a dataset to infer the posterior distribution, and 

integrate the posterior to get the posterior predictive magnitude distribution PPMD. 

We’ll choose a uniform prior in b-𝜁 over the ranges 𝑏: [0.4; 1.6], 𝜁: [0; 0.003]3, which 

we will refer to as 𝜋𝑏𝜁. Note that this prior does include the possibility that there is 

no taper (𝜁=0), but it is considered just as likely (a priori) as 𝜁=0.001, 𝜁=0.01373, or 

any other value in the range up to 0.003. 

 

We can see what happens if we use the same initial catalogue from the previous 

paragraph, when we only attempted to infer a b-value. 

 

 

 

Figure 3: Posterior distribution (marginalized and joint) based on a uniform prior in b-zeta space 

(all points in joint space have equal prior probability). The resulting PPMD in relation to 

the synthetic catalogue and the ground truth is shown below. 

This result is quite concerning. The posterior predictive magnitude distribution 

appears to fit the synthetic data quite well, but we know that this catalogue was 

actually obtained from a ground truth that did not contain a taper whatsoever. In this 

particular case, the probability of exceeding M5.0 is underpredicted by a factor of 

147.4 (14740%). If we would not have known the ground truth, we would be 

completely unaware of this extreme mismatch, since the posterior distribution 

appears to be well-constrained and the posterior predictive magnitude distribution 

fits the data well.  

 

Again, since we’re interested in expected behavior, rather than anecdotal evidence 

from a single catalogue, we repeat this procedure many times, each time obtaining 

 
3 We’ll look at the effect of choosing another prior at a later stage. 
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and integration a posterior distribution4. The result, analogous to Figure 2, is 

displayed in Figure 4. 

 

Figure 4: Characterization of the performance of the posterior magnitude distribution (PPMD) 

estimator for a tapered magnitude distribution conditional on a ground truth with 𝑏 = 1, 

𝜁 = 0 (i.e., 𝑀c = ∞), a sample size of 300, and a uniform prior in both 𝑏 and 𝜁.. The 

bias of the estimator is the difference between the black and red lines. The grey band 

represents its dispersion by the 5%-95% percentile range. 

In this Figure, the red line represents the expected PPMD  

𝑃𝑀
𝐸(𝑚|𝜃𝑔 ≡  𝑏, 𝜁 =  1,0 , 𝑁 = 300, 𝜋 = 𝜋𝑏𝜁). It turns out that the behavior we 

observed for the single catalogue was no accident, but rather expected behavior for 

this parameter estimation procedure, when using this prior faced with such a 

relatively small dataset. In 97% of the cases, the posterior predictive magnitude 

distribution overpredicts the probability exceeding M5.0, while 3% of the time, the 

posterior predictive magnitude distribution underpredicts. The expected 

overprediction of exceeding M5.0 is a factor of 7.36. In comparison with the 

estimator used for a b-value only, characterized in Figure 2, both the relative bias 

and the dispersion are much larger. 

 

This inference method, which appeared to work so well for estimating b-values, 

seems to break down when attempting to constrain a taper location. 

 

Let’s start by getting one thing out of the way: Bayesian inference is not ‘broken’. 

The posterior distributions that we obtain are entirely valid. However, we should not 

forget what the posterior distribution is, namely the combination of the prior 

distribution, which then gets convolved with the available data. The less data you 

have, the more your posterior distribution will resemble the prior. As will become 

 
4 In this loop, we choose a more flexible prior range (always uniform) for zeta, to ensure the tail at 

higher zeta values is not truncated when a catalogue with a particularly low maximum observed 

magnitude is generated. This way, the posterior distribution of each individual catalogue is not 

influence/truncated by the choice of a tool limited prior. 
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clear in the following, the prior embedded in the estimator characterized in Figure 2, 

with a uniform prior in 𝜁, insists quite heavily on the presence of a taper, while the 

data can’t rule it out. 

 

So let’s subsequently look at these two factors: the prior distribution and the data. 

 

B.6.1 The role of the prior distribution 

In the previous section, we chose a uniform prior in 𝜁: [0; 0.003]. This means we 

place equal a priori probability density on any value in this range. When we convert 

this PDF to an equivalent PDF in terms of corner magnitude, we see that this 

effectively means we have a strong a priori preference for low corner magnitudes.  

 

Figure 5: A uniform prior in zeta (from 0.0 to 0.003) is equivalent to an exponentially decaying prior 

in Mc. 

This is not necessarily wrong, but it is at least important to realize (and justify) the 

choice of prior5. We could attempt to define a different prior, perhaps uniform in 𝑀𝑐. 

However, this choice also needs to be justified, and comes with its own challenges. 

A lower bound for 𝑀𝑐 can easily be found (one could for example chose 𝑀c
low =

𝑀min), but an upper bound is much harder. Let’s, for the sake of demonstration use 

a uniform prior for 𝑀c: [1.5,7.5] to replace the uniform prior in 𝜁, and repeat the 

experiment to see the expected behavior of the Bayesian inference. The complete 

prior information will be referred to as 𝜋𝑏𝑀c . 

 

For the first catalogue, we see that the posterior distribution for 𝑀c is truncated at 

M7.5 due to the truncation of the prior. The higher we choose this upper bound, the 

more posterior weight gets put on higher corner magnitudes (we would also put 

more prior weight on these higher magnitudes after all), and the more the PPDM 

resembles a traditional Gutenberg-Richter distribution without taper. In this case, 

that happens to be the ground truth, so this might seem desirable, but the same 

would happen on a ground truth that does contain a taper. 

 

 
5 The stress-dependent taper model from NAM has a different prior which – due to the stress-

dependence – is a little more complicated. Nonetheless, the argument remains that any prior 

should be justified, especially when it heavily impacts the posterior. 
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Figure 6: Posterior distribution (marginalized and joint) based on a uniform prior in 𝑏,𝑀C space (all 

points in joint space have equal prior probability). The resulting PPMD in relation to the 

synthetic catalogue and the ground truth is shown below. 

We therefore compare the expected PPDM for ground truths with 𝑀𝑐 in the set 

 3,4,5,6,∞ , both with the prior 𝜋𝑏𝜁, uniform in 𝑏 and 𝜁 and prior 𝜋𝑏𝑀c, uniform in 𝑏 

and 𝑀𝑐. 

All these cases, we run 10,000 iterations of sampling a catalogue from the ground 

truth (N=300), inferring a posterior model parameter distribution, and calculating the 

PPMD. The expected PPMDs for these cases are shown in Figure 7. 

 

 

Figure 7: The expected PPMD (similar to Figures 2 and 4) for different ground truths and priors. 

Priors uniform in Mc are shown with a dotted line, priors uniform in zeta are shown 

with a solid line. The Expected PPMD curves for ground truth Mc=6.0 are underneath 

the Mc=inf curves. There is substantial difference between the solid and dotted lines of 

the same color, indicating the role that parameterization/prior distribution plays. 

This demonstrates that the choice of prior has an extremely large impact on the 

posterior predictive magnitude distribution, even larger than the ground truth itself. 

In the following section, we will show the reason for this. 
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B.6.2 The role of the data set 

As stated before, the posterior distribution is determined by the prior distribution and 

the data. In the previous paragraph, we have shown the dominant effect of the prior 

when attempting to infer the location of a (potential) taper in a dataset of 300 

earthquakes. Why were we able to completely overwhelm our uniform prior in b-

value, while we can’t seem to get a hold on the taper location? The reason for this 

is in the nature of the parameter: the b-value describes a property of the body of the 

dataset, while the taper location is a property of the tail.  

Let’s look in more detail at one of the previous experiments, with ground truth: 𝑏 =

1.0, 𝑀min = 1.5, 𝑀𝑐 = 5.0, and a uniform prior in 𝑏 and ζ6 . For each synthetic 

catalogue, we record the highest sampled magnitude (the highest ‘observed’ 

magnitude), the Maximum Likelihood Estimate (MLE) for the taper location, and the 

under/overprediction of M5.0 exceedance compare to the ground truth7.  

 

 

Figure 8: The clear relation between the highest observed magnitude in a catalogue and the MLE 

for Mc. Similarly, the relation between the M5.0 underprediction (PPMD M5.0 

exceedance probability compared to ground truth). This illustrates the large role that 

chance plays in these small data sets. 

The clear relation between the maximum magnitude in the catalogue and the 

inferred MLE value of 𝑀𝑐 (which is nearly one to one), as well as between the 

maximum magnitude in the catalogue and the underprediction at M5.0 (which takes 

into account the full inferred posterior distribution of model parameters) shows a 

crucial problem: the posterior distribution (and therefore the posterior predictive 

magnitude distribution) is heavily impacted by the largest observed magnitude.  

 

This can be understood by considering that the data will reject (assign very low 

likelihood to) all taper locations that are below the largest observed magnitude. 

Also, taper locations above the maximum observed magnitude will be evaluated 

increasingly unlikely, because the entire magnitude distribution will become 

broader, leading to a lower probability density over the range of past observations, 

and therefore to a lower total likelihood. Also, in the case of a prior uniform in 𝜁, the 

prior will also help to keep the corner magnitude as low as possible (see Figure 5), 

just a bit above the maximum observed. 

 
6 The same behaviour appears regardless of ground truth. 
7 Note that while the MLE value describes one point of the posterior distribution, the M5.0 

exceedance under/overprediction is a property to PPMD, and therefore the entire posterior 

distribution of model parameters. On the other hand, the MLE value is independent of any 

subjectivities in the choice of parameterization/prior. 



Appendix B | 14/16 

 

 

 

 

 

TNO report | TNO 2021 R11742  

 

In a dataset of 300 earthquakes above magnitude M=1.5, and a corner magnitude 

in somewhere above, say, M=3.0 and up, the sampling of the tail of the distribution 

is extremely sparse. In fact, in a catalogue of this size, the tail model parameter is 

almost entirely characterized by the largest magnitude sampled. And since this 

magnitude may span several magnitudes (in the ground truth 𝑏 = 1.0, 𝑀min = 1.5, 

𝑀𝑐 = 5.0, 𝑀max_observed ranged between M=3.0 and M=5.5), the apparent taper 

location is in fact largely controlled by chance. If you happen to sample  

𝑀max_observed=3.0, you’ll infer a taper around 𝑀𝑐=3.0. If you happen to sample  

𝑀max_observed=5.0, you’ll infer a taper around 𝑀𝑐=5.0. The ground truth barely impacts 

this, as shown in Figure 9. 

 

Figure 9: A number of catalogues sampled from the same ground truth (Mc = 5.0) and the resulting 

PPMD (based on uniform priors in b-zeta space). The PPMD is barely related to the 

ground truth, and is in fact almost entirely controlled by the prior and the largest 

observed magnitude(s). 

 

B.7 Conclusion 

Synthetic experiments confirm that Groningen induced  seismicity (earthquake 

catalogue of around 300 earthquakes) has not nearly supplied sufficient data to 

constrain the high end tail of the magnitude distribution. This was already 

universally agreed upon for truncated tail model with a cutoff parameter 𝑀max. For 

this reason, a (stress-dependent) 𝑀max model would not have been considered or 

accepted into the Groningen pSHRA. Instead, in Groningen hazard and risk 

assessment 𝑀max is treated as an epistemic uncertainty. An expert elicitation 

workshop was organized to establish its distribution on the basis of expert opinion 

(NAM, 2016). Somehow, this insight has been largely ignored in response to the 

introduction of the smooth alternative for the tail description with an exponential 

taper characterized by a corner magnitude 𝑀c. Regardless of the smoothness of the 

tail model (truncated or tapered) its parameter (𝑀max or 𝑀c) cannot be inferred from 

the data and should be treated as an epistemic uncertainty. 

 

All this is not to say that we are of the opinion that a (possibly stress-dependent) 

tapered magnitude distribution is not applicable as a model in Groningen. However, 

if we want to represent the possibility of a taper in the Groningen pSHRA, it should 

not be based on a procedure and dataset that are evidently inadequate. Instead, a 

taper distribution could be included in the logic tree, and its weights determined by 
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an expert panel. If such a step were to be taken, the expert panel would have to 

assess whether 𝑀𝑐 should replace 𝑀max in the logic tree, or whether these two tail-

describing parameters should both considered simultaneously. We remain of the 

opinion that the use of a data-calibrated (stress-dependent) taper model for the 

Groningen MFD is wholly unsuitable in the context of hazard and risk assessment, 

and should not be employed in the pSHRA 2022. It is expected (in the sense of the 

expected posterior predictive magnitude model, PPMD) to lead to a biased estimate 

of earthquake magnitudes beyond the maximum magnitude observed, and 

therefore to a biased hazard and risk assessment for Groningen, which is 

determined predominantly by the probability of exactly these higher magnitude 

events. 

 

B.8 Additional material provided with this appendix 

B2: TNO's position on the applicability of NAM's SSM V6, expressed to the Ministry 

of Economic Affairs and KEM-subpanel (2021-03-02). This earlier but not widely 

distributed memo provides a TNO reaction to the NAM rebuttal and the NAM 

assurance panel review of earlier critique by TNO on the application of the 

exponential taper model. 
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C Period-to-period correlation model for public SHRA 
Groningen 

 

C.1 Introduction 

In the Status Report 2020, TNO (2020a) signaled points of concern related to 

inconsistencies between the design and the implementations of period-period 

correlation in the Groningen Ground Motion model. The inconsistencies had been 

noted earlier in a comparison study between the NAM and TNO implementations of 

the Groningen seismic hazard and risk model (TNO, 2019). In the Status Report it 

was noted that the topic still had to be discussed before giving an advice.  

 

The discussion has subsequently taken place during an informational workshop 

organized by the developers of Groningen GMM V7, where TNO was present as a 

guest. In preparation for this workshop TNO had written a discussion paper (TNO, 

2020b). In the discussion paper TNO advised to maintain the standing practice of 

applying the period-period correlation model both in the reference ground motion 

model and the site response amplification model. Unfortunately, the NAM 

development team took the opposite position and has advised to not apply any 

period-period correlation in the site response. This advice was subsequently 

adopted by the State Supervision of the Mines and ultimately it appeared as one of 

the model prescriptions in the Assignment letter for the public seismic hazard and 

risk assessment 2021 (EZK, 2021). The position of the model developers was 

explained in a review/tutorial document written by P. Stafford (2021). 

 

The decision chain leading to the appearance of the model prescription, based on 

the advice by the model developers, has been very unfortunate, because the 

objections of TNO described in TNO (2020b) still stand. The explanation by Stafford 

(2021) has not addressed the major concerns adequately, as will be explained in 

the following section. The consequences of the incompatibility between ground 

motion and fragility functions are illustrated in the section “Effects on risk 

assessment”. 

 

C.2 Response to “Critique” by P. Stafford 

The “Critique ..” document by P. Stafford (2021), PS2021, is for a large part written 

in tutorial form, very clear in presentation and a welcome addition to the GMM 

documentation by Bommer et al. (e.g., 2018, 2019). However, on the topic of 

period-period correlation and the application and consequences for Groningen risk 

assessment, the document is not convincing. We provide pointwise a number of 

rebuttals and comments. TNO2020b stands for TNO (2020b). B&J stands for Baker 

and Jayaram (2008), p2p stands for period-to-period, FF stands for fragility 

framework. 

 

• PS2021 asserts that the TNO2020b relies “extremely heavily” on the 

assumption that the B&J model is correct. That is not our point. We welcome 

any other model proposal with justification. So far, the B&J model is the only 
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model that was explicitly justified for p2p correlation in the Groningen GMM in 

Bommer et al. (2017). Therefore, the B&J is our point of reference. On the other 

hand, the FF has been derived on the basis of B&J, so the only way to maintain 

compatibility without changing the FF is indeed to reproduce B&J. Any 

deviations should be accompanied by a recalibration of the FF. When we refer 

to SaAvg values as being too low due to the reduced correlation structure, it is 

in the context of matching the FF.   

• PS2021 suggests that our 10,000 realization Monte Carlo experiment could 

have been obtained more directly. Although that may be the case, we like to 

point out that due to the nonlinear relation between reference ground motions 

and site response amplification the effective correlation structure is certainly not 

trivial. The Monte Carlo approach is at least a very straightforward approach to 

obtain results quickly.  

• The concept of “Correlation in the means” as introduced by the author is not 

what is being discussed here. The p2p correlation structure discussed here is 

by definition relative to a mean (ground motion, or amplification). 

• The main justification offered by PS2021 for the lack of p2p correlation structure 

in the site response is based on (non-) ergodicity. However, in our 

understanding, the concept of ergodicity bears little relation with the p2p 

correlation structure, as it refers to the inference of local probability distributions 

from spatially distributed observations. The practice of “partially non-ergodic” 

models may help to improve model precision and reduce the dispersion, but 

does not necessarily affect, let alone remove, the p2p correlation structure of 

the remaining variability. As long as there Is uncertainty/variability in the site 

amplification, it is bound to have some p2p correlation structure. It is interesting 

to find out what it looks like though. In fact, it can be studied from the Deltares 

site response analysis data. 

• The Groningen model is referred to as “partially non-ergodic”. However, within 

each of the site response regions the model is as “ergodic” as any. Therefore, it 

seems that non-ergodicity cannot be used as an argument to reject the B&J 

correlation model. 

• PS2021 claims that the B&J correlation model is appropriate for use in the 

fragility model, regardless of the correlation model in the GMM, because it 

would for that purpose represent spatial variability between zones. In the words 

of the author: “[…] 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 justification is quite difficult to grasp, as it is not clear how the 

spatial variability between zones could be relevant for the p2p correlation 

structure at a single site within a single zone. Perhaps there is some confusion 

with a distinct application in the context of group/portfolio risk, where buildings 

with different vibration periods are also located at different locations. (This 

application is elaborated in the slide set included in PS2021). However, that 

application is not relevant for the current issue in the calculation of local 

personal risk. 
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• PS2021 misses the point TNO2020b makes on the effect of p2p correlation on 

SaAvg values, the incompatibility between the ground motion and fragility 

models, and resulting underestimation of seismic risk. This point is further 

elaborated in the following section. 

 

To conclude, the document by Stafford (2021) does not adequately address the 

points of concern/objection by TNO (2020b), and therefore does not affect its 

message. 

 

C.3 Effects on risk assessment 

A risk calculation has been carried out using a hazard consistent with the NEN-NPR 

webtool of December 2018 (SSM V5, GMM V5) and the V6 fragility model. The 

Groningen region has been divided in 6236 grid cells that correspond to the NPR 

webtool and at the center of each grid cell, a building of each vulnerability class in 

the V6 fragility model was placed. The local personal risk (LPR) has been 

calculated twice for each cell and each vulnerability class: first, using a site 

response correlation model according to the (former) NAM HRA2020 

implementation (Bourne et al., 2019), and second, using the Bommer et al. (2018, 

2019) specification8.  

 

Two maps showing the cells within which the vulnerability class URM4L exceeds 

the Meijdam norm (10-5) are shown for both implementation in Figure 1. It is seen 

that the number of exceeding cells decrease from 605 with the (former) NAM 

implementation to 18 using the Bommer et al (2018, 2019) implementation. 

 

 

Figure 1 Grid cells where vulnerability class URM4L V6 exceeds Meijdam norm using the two 

period-period correlation models. The “NAM” and “”Bommer” designations refer to the 

status at the HRA 2020. 

 

 
8 Note that this analysis is not updated with the latest model versions. The result would be 

qualitatively the same. 
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The reduction in LPR is further investigated by plotting the ratio of LPR computed 

with the Bommer et al (2018, 2019) period-period specification to the NAM 

implementation for all cells and all building vulnerability classes, see figure 2. From 

this figure it is observed that the LPR values are always lower using the Bommer et 

al specification, in particular for LPR values from 1e-7 and larger the reduction in 

risk is more than 20% for all building vulnerability classes. The reduction in this 

range can be as much as 80% for some grid cells and building classes. For the 

maximum LPR for URM4L the reduction is over 40%. Note that all dots represent a 

factor of risk underestimation. The blue dots do not necessarily contain actual 

buildings. 

 

Note that in both cases the individual spectral components of ground motions have 

the same exceedance probabilities. Therefore, vulnerability classes that are 

dominantly sensitive to the excitation of a single spectral period, should yield 

exactly the same risk. The reason for the effects shown in Figures 1 and 2 is the 

incompatibility in period-period correlation structure between the ground motion and 

the fragility models as explained in TNO (2020b). The V6 fragility was calibrated 

using “hazard-consistent” data that honors (rightly so) the period-period correlations 

structure of the ground motions. As a result, the values of SaAvg, which are used 

as the independent variable in the regressions, are compatible with the period-

period correlation structure. For similar ground motion levels of individual spectral 

periods at the high end of the ground motion distribution9, the associated SaAvg 

value is expected to be larger when the periods are more correlated, and smaller 

when the periods are less correlated. Therefore, if during risk assessment the 

ground motion periods are less correlated than during fragility calibration, the same 

levels of ground motions will be associated with lower values of SaAvg, and 

therefore, apparently, with a lower probability of collapse. However, this is merely 

an artifact of the incompatibility, and should therefore, obviously, be prevented. 

 

 
9 The risk is predominantly associated with the relatively rare “above average” ground motions. 
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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. 



Appendix C | 6/7 

 

 

 

 

 

TNO report | TNO 2021 R11742  

 

2 Incompatibility between ground motion and fragility models. The fragility 

framework was calibrated based on the Baker & Jayaram period-period 

correlation model. In principle, the fragility framework may not be very sensitive 

to the period-period correlation structure of the GMM, especially when the 

fragility of a building is primarily sensitive to the ground motion amplitude at a 

single spectral period. However, due to the choice of SaAvg as the universal 

intensity measure for all vulnerability classes (see fragility model V5 to V6), the 

entire fragility framework has become very sensitive to the period-period 

correlation structure. The change in period-period correlation structure between 

the calibration of the fragility model, and the application in the pSHRA 2021 has 

led to an incorrect apparent decrease in risk levels that is an artifact of the 

incompatibility that should not be continued in future calculations. If the period-

period correlation model should for some reason be changed, then also the 

fragility model should be recalibrated.  

 

Instead, we advise to maintain the Baker and Jayaram (2008) period-period 

correlation model in the site response model. This ensures compatibility between 

the ground motion and fragility models and seems to be a reasonable choice in the 

absence of a better model. 

 

C.5 Additional material provided with this appendix 

C2: Document prepared by TNO for the 2020-10-29 GMM V7 workshop: On the 

period-to-period correlation structure of ground motion residuals in the Groningen 

GMM 

 

C3: Critique of the TNO Report entitled “On the period-to-period correlation 

structure of ground motion residuals in the Groningen GMM” from 29th October 

2020. Peter Stafford 
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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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D.2 Description FCM version TNO-2020 

This version is based on FCM version NAM-V7. Updates concern the unreinforced 

masonry (URM) vulnerability classes: The proposed updates generally apply to all 

unreinforced masonry vulnerability classes and addresses the quantification and 

implementation of model uncertainty and adjustments of the median seismic 

capacity for unreinforced masonry. 

 

D.2.1 Quantification model uncertainty 

The recommendations from FEMA report P-58 (FEMA, 2012) are used to quantify 

the model uncertainty. The model uncertainties calculate the effect of the accuracy 

of the calculation models used. The FEMA system can be applied generically with 

regard to the model uncertainty. The parameters used are derived and 

substantiated specifically for the situation in Groningen. 

 

The model uncertainty is represented by the coefficient of variation 𝛽𝑚. 

 
FEMA-P58 stated:  

“In this methodology, demand parameter dispersions are estimated based on 

judgment regarding the uncertainty inherent in response calculation.” 

 

The model uncertainty 𝛽𝑚 is specified as the summation of two contributions 𝛽𝐶 and 

𝛽𝑞: 

𝛽𝑚 = √𝛽𝐶
2 + 𝛽𝐶

2 

 

Contribution 𝛽𝐶 is related to the quality control during the design and construction of 

the building. It acknowledges the probability that the properties of the structural 

parts present differ from the properties specified in construction drawings and 

calculations. This depends, among other things, on the availability and quality of the 

drawings present and on the extent to which there are inspections to verify whether 

the quality corresponds. For new buildings this is determined by the assumption to 

what extent the building corresponds to the design. FEMA P-58 makes 

recommendations for the value for 𝛽𝐶 (Table 12). 
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Table 12 Values for 𝛽
𝐶
 from FEMA P-58 (FEMA, 2012) 

 
 

Contribution 𝛽𝑞 is related to the quality and degree of completeness of the analytical 

model used. The choice of 𝛽𝑞 is made based on understanding the sensitivity of the 

calculated response to structural properties such as strength, stiffness, deformation 

capacity and issues such as degradation due to the cyclic load. FEMA P-58 makes 

recommendations for the value for 𝛽𝑞 which are shown in Table 13. 

Table 13 Values for 𝛽
𝑞
 from FEMA P-58 (FEMA, 2012) 
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D.2.1.1 Model uncertainty FCM NAM-V7 

For unreinforced masonry Eucenter (Crowley et al., 2017) stated: 

 
- For 𝛽𝑐, the model uncertainty due to construction quality assurance is 
assessed as “average” and the value of dispersion is taken as 0.25. This is 
because, even though documents regarding the building design are 
available and material properties have been tested, those refer to a specific 
index building. For the other buildings in the class 𝛽𝑐 will be larger and 
“superior” quality cannot be assigned.  

 

- For 𝛽𝑞, the analytical model was judged as “superior” due to “the 
extensive cross validation of the LS-DYNA and ELS software” and a value 
of 0.1 has been assigned.[…].These software tools have been validated 
and/or calibrated for seismic analysis of Groningen buildings using the 
results of a large number of experimental tests.”  
 

The combination of the two yields a value of 0.27 for 𝛽𝑚. 

 

This is value for model uncertainty is adopted for the URM typology classes in the 

FCM NAM-V7 and earlier version. 

 

D.2.1.2 Model uncertainty FCM TNO-2020 

TNO recommends using a higher value for 𝛽𝑞 for masonry buildings instead of 0.10. 

This is due to the fact that the SDOF models used for the derivation of the 

vulnerability curves cannot be regarded as 'superior', because they are a 

simplification of the calibrated 3D models. 

While TNO acknowledges that the 3D MDOF FEM models for index buildings are 

indeed of high quality, the approach followed to derive fragility functions is to match 

simplified SDOF models to these MDOF models. Fragility functions directly derived 

from the MDOF models show more variability than those derived from SDOF 

models. In addition, the many modeling assumptions made in the MDOF models 

are generally not validated by the more realistic shaking table tests. These 

uncertainties lead to larger variability as well. TNO (2021-Appendix C) 

demonstrated by comparing MDOF and SDOF fragility functions for selected index 

buildings, that using 𝛽𝑞 = 0.25, which FEMA recommends for average models, 

leads to agreement of MDOF vs SDOF derived fragility functions. 

 

By using a values of 0.25 for 𝛽𝑞, the model uncertainty 𝛽𝑚 for all unreinforced 

masonry vulnerability classes is increased from 0.27 to 0.35.  

 

D.2.2 Implementation model uncertainty 

The model uncertainty is taken into account via a so-called logic tree with a 'Lower', 

'Middle' and 'Upper' branch. The model-based fragility curve is considered as a 

'best estimate', so it is implemented as a 'middle branch' in the logic tree. The 

model uncertainty is then implemented via the lower and upper branches. 
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Figure 10 Logic tree for the fragility model taking into account model uncertainty 𝛽𝑚 cf. Crowley et 

al. (2020)  

It should be noted that the approach in NAM-V7 (Crowley et al, 2020) deviates from 

this; there, the model-based fragility and consequence curve is implemented as an 

'upper branch' in the risk calculation, which leads to a lower risk. Crowley et al. 

(2020) justifies that the numerical models consistently underestimate the true 

strength. TNO finds this insufficiently substantiated and considers the methodology 

used to be insufficiently safe on this point. 

 

A comparable approach was followed in NAM-V7 for the logic tree based 

uncertainty of the consequence model. The model-based consequence curve is 

also implemented as an 'upper branch' in the risk calculation, which leads to a lower 

risk. 

TNO considers the model-based consequence curve as a 'best estimate', so it is 

implemented as a 'middle branch' in the logic tree. 

 

D.2.3 Derivation of fragility curves 

The vulnerability of a typology is described with a fragility curve and in that fragility 

curve all the effects of different failure mechanisms (including in-plane and out-of-

plane failure) are included. Fragility curves indicate the relationship between an 

intensity measure and the probability of collapse and are determined by a median 

and a variation around the mean. 

 

The derivation of fragility curves for a typology is based on complex 3D finite 

element models with material models calibrated to shake table tests, both at 

element level (walls in/out of the plane) and at building level. These models, in the 

form of NLTH (Non Linear Time History) calculations and hereinafter referred to as 

MDOF (Multi Degree of Freedom) models, describe all relevant failure mechanisms 

of a building up to and including complete collapse. 

 

The fragility curves should include 3 types of variability: the variability in earthquake 

signals (signal-to-signal variation), the variability in parameters within buildings and 

the building-to-building variation. 
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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. 
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