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ABSTRACT 

1.1. Context 

Belgium, and NW Europe in general, is situated in a stable continental or intraplate region, 

characterized by low to moderate seismic activity. Nevertheless, damaging earthquakes have 

occurred here too. The most important ones during the 20th century are the 1938 Zulzeke-Nukerke 

(magnitude ὓ υȢπ), the 1983 Liège (ὓ τȢφ) and the 1992 Roermond (NL) earthquakes (ὓ

υȢσ). Historical records indicate that larger earthquakes have occurred in the past, such as the 1580 

earthquake in the English Channel (ὓḙφȢπ) and the 1692 Verviers earthquake (ὓḙφȢσ). This 

evidence shows that damaging earthquakes, although infrequent, do occur in our region, and hence 

that seismic hazard is not negligible. European seismic hazard maps depict Belgium as a region with 

elevated hazard compared to adjacent areas in France, the United Kingdom (UK), Germany and The 

Netherlands. Seismic hazard assessments (SHAs) provide essential input for engineers to design 

earthquake-resistant buildings and infrastructure. Examples include country-wide hazard maps in 

support of the European building code Eurocode 8 and site-specific SHAs for critical infrastructure 

such as nuclear facilities, SEVESO classified industries, etc. A crucial component of SHA are ground-

motion models (GMMs), which relate earthquake ground motion to magnitude, epicentral distance, 

and possibly other source, path and site properties. Strong variations in ground motion are observed 

between different regions of the world, mainly due to different crustal attenuation characteristics. 

However, very few GMMs are available for intraplate areas and none specifically for Belgium. 

Consequently, SHAs in Belgium so far had to rely on GMMs developed for other parts of the world. 

Although the selection of GMMs has grown more sophisticated over the years, their validity for our 

regions has not been tested and their weighting remains subjective. Considering that in probabilistic 

SHA, the ground motion branch of the logic tree is one of the main contributors to uncertainty, there 

is clearly a need for ground-motion data from lower-seismicity regions. 

Earthquake ground-motion databases are fundamental resources for the development of GMMs. In 

the past two decades, several international efforts have collected strong-motion data, such as the 

Next Generation Attenuation (NGA) project in the United States, and the follow-up projects NGA-

West and NGA-East, the KiK-net database in Japan, the ITACA database in Italy, the RESORCE 

database for Europe and the Middle East, and the worldwide Engineering Strong Motion database. 

These databases predominantly contain data from the most active regions of the world, where 

earthquakes are more abundant. A large number of GMMs have been derived from these databases. 

In contrast, intraplate areas, where seismicity is much lower, are much less represented. Although 

the vast majority of recorded data in these regions concern weak-motion records from earthquakes 

with magnitudes lower than the magnitude range relevant for SHA (ὓ τͯȢυ), recent successful 

projects to compile ground-motion databases in France, Switzerland and Australia have 

demonstrated that it is not only feasible, but also valuable, to conduct similar studies for Belgium. 

1.2. Objectives 

The above considerations provided the rationale to launch a dedicated project, BELSHAKE, which 

intends to bridge a gap in know-how and in data collection in the field of earthquake ground-motion 

with respect to the international seismological community. The currently available seismic data in 

Belgium are mainly used to detect and locate regional earthquakes, and to determine their main 

source characteristics (e.g., focal depth, local magnitude, focal mechanism), but a systematic 

inventory of these data for the purpose of ground-motion modelling has not been undertaken yet. 
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The main objectives of the project are twofold: (1) to build a database of recorded earthquake 

ground motion in Belgium and adjacent regions, and (2) to develop the capacity to model ground 

motion due to earthquakes in Belgium based on this database. This will allow to evaluate the validity 

of existing GMMs in Belgium and ultimately to develop a model specifically for our country. The used 

methodology is well-established, but has not, or only in part, been applied in the Belgian context. 

Thus, both the topic and the methodology are situated within the international state-of-the-art. 

1.3. Results 

The most important result of the BELSHAKE project is the development of a new earthquake ground-

motion database for Belgium and surrounding regions, i.e. the BELSHAKE database. This database is 

based on digital waveform data starting from 1985 and currently contains ͯ 6400 records from 327 

tectonic and 17 induced earthquakes with ὓ ς. Considerable efforts were undertaken to ensure 

that both the waveform data, the metadata and the derived intensity measures (IMs) adhere to the 

best practices set by international ground-motion databases. All waveforms have been visually 

inspected, and problems were either corrected or flagged. A main challenge we encountered 

concerns the reconstruction of missing instrument response information for older records. This 

information is required to convert recorded ground motion to physical units and to correct for 

instrument characteristics. We applied different methods and evaluated their validity in different 

ways. Records for which instrument response was found to be unreliable, were flagged in the 

database, preventing them to be used in subsequent steps. All reliable records were processed using 

a semi-automated, uniform workflow. The processing steps and the order in which they are applied 

have been adapted with slight variations from the schemes in established ground-motion databases. 

Subsequently, up to 109 intensity measures were computed from the processed data, for more than 

120,000 record-component-window combinations. We also determined moment magnitudes from 

the waveform data for 294 events in the database and confirmed their reliability by comparing the 

results of different methods and comparing with values in other seismic catalogs. Finally, we 

performed various consistency checks to ensure the quality and reliability of IMs, including 

evaluation of different component ratios, residual analysis with respect to a generic GMM, 

comparison of co-located stations, and comparison with common events in the French RESIF/EPOS-

France database. Anomalous IMs were analysed, and problematic values were either corrected or 

removed. The final residuals show no discernible trend with distance or magnitude, and vary in a 

narrow range that is similar to or even smaller than that in the database for France. The BELSHAKE 

database has already proven its value, as it allowed a recalibration of the Belgian local magnitude 

scale in parallel to this project. This in turn provided new insights in geometrical spreading and path 

duration, which are important results for the project as well. 

In the second part of the project, we first analysed anelastic attenuation of seismic waves in Belgium 

through the high-frequency attenuation factor kappa (‖), which was determined for all records in 

the BELSHAKE database. Analysis of the ‖-distance relationship using different fitting methods 

allowed decomposing whole-path ‖ values into site-specific (‖Ϛ) and regional (kappa gradient ‖) 

components in four crustal domains. Our results show that variations in ‖ are relatively small, with 

an overall average corresponding to an apparent (frequency-independent) ὗ factor around 1750, 

confirming that regional attenuation in Belgium is relatively low. Comparison of site-specific ‖Ϛ 

values with ὠ , the average shear-wave velocity in the top 30 m, shows relatively constant values 

over a broad ὠ  range for stations situated on bedrock. This indicates that bedrock with high ὠ  

in Belgium does not show the low ‖0 values typical of hard rock in e.g. Eastern North America. 
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Subsequently, we evaluated the goodness-of-fit of more than 20 published GMMs with respect to 

observed data in the BELSHAKE database, using multiple statistical measures. Although no single 

model consistently outperforms all others, several models demonstrate good and stable 

performance across different measures. An interesting and unexpected finding is that low-

attenuation versions of NGA-West GMMs for California, a plate boundary, match the data better 

than NGA-East GMMs for the intraplate region of Eastern North America, both in terms of absolute 

values and in spectral shape. Building on this result, we applied the relatively simple Referenced 

Empirical Approach to adjust some of the tested GMMs to the Belgian situation. Our analyses show 

that this method should be applied carefully. It should be limited to models requiring only minor 

adjustment and with spectral shapes that are not too different from those observed. It should also 

be verified that the residuals do not show any trend with magnitude to avoid bias for higher 

magnitudes relevant in SHA. Nevertheless, we identified three models that could be reliably 

adjusted. The most promising of those is a stochastic model developed for the UK, which shows the 

best fit to the BELSHAKE database. In addition, thanks to data international data exchange other 

researchers have determined factors to calibrate a pan-European GMM using a more sophisticated 

method, which was beyond the possibilities in the BELSHAKE project. Finally, we also implemented 

two methods, EGF and EXSIM, to simulate ground motion from higher-magnitude earthquakes. As a 

proof of concept, we simulated realistic ground motions for the largest earthquake in the database, 

the 1992 Roermond earthquake. This exercise benefited from other results obtained in the project, 

such as the path and site components of ‖, VS30 values for Belgian seismic stations, along with the 

newly derived geometrical spreading and path duration models. Thus, we have paved the way for 

stochastic simulation of accelerograms for hypothetical high-magnitude earthquakes that are in 

agreement with the average source, path and site characteristics in and around Belgium. 

1.4. Conclusions 

Available seismic data in Belgium have so far been underexploited in terms of engineering 

seismological applications. In the BELSHAKE project, we established the first ground-motion 

database serving this purpose. Thanks to its quality-checked records, integrated instrument 

response information and comprehensive metadata, the BELSHAKE database is a high-quality 

resource for earthquake ground motion in Belgium, as attested by the small uncertainties on 

epicentral locations and magnitudes, and the low residuals. Although the magnitude coverage is 

relatively limited (mainly ὓ τ), it contains important information on source, path and site 

characteristics of ground motion in our regions. The database complements existing databases by 

increasing the coverage of low-seismicity zones and lower magnitudes. In addition, it will serve as a 

reference dataset for many other seismological applications. An example is the recalibration of the 

Belgian local magnitude scale performed alongside this project. 

Using the BELSHAKE database, we have characterised both geometrical spreading and anelastic 

attenuation in Belgium in more detail than before. It also allowed evaluating which published GMMs 

show the best agreement with observations, and we managed to calibrate a few of these models. 

Thus, and for the first time, we developed GMMs specifically for Belgium based on local data. This 

will allow better informed and data-driven selection of GMMs in SHA. In parallel, we developed the 

capacity to simulate ground motion from higher-magnitude earthquakes. Together, these advances 

lay a solid foundation for further developments in ground-motion modelling in Belgium. Our results 

will be very useful for new SHAs in Belgium, such as will be needed for the revision of Eurocode 8, as 

well as for the prolongation of existing or the siting of new nuclear facilities. 
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1. INTRODUCTION 

9ŀǊǘƘǉǳŀƪŜ ƎǊƻǳƴŘ Ƴƻǘƛƻƴ ƛǎ ǘƘŜ ǎƘŀƪƛƴƎ ƻŦ ǘƘŜ ƎǊƻǳƴŘ όǳǎǳŀƭƭȅ ŀǘ ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜύ ōȅ ǎŜƛǎƳƛŎ 

waves generated by earthquakes. While most people consider seismic shaking to be identical with 

an earthquake, seismologists regard it as an effect caused by an earthquake, which is the source in 

ǘƘŜ 9ŀǊǘƘΩǎ ŎǊǳǎǘ ǿƘŜǊŜ ǘƘŜ ǎŜƛǎƳƛŎ ǿŀǾŜǎ ŀǊŜ ǊŀŘƛŀǘŜŘ ŦǊƻƳΦ !ƭǘƘƻǳƎƘ ŜŀǊǘƘǉǳŀƪŜǎ Ŏŀƴ ŀƭǎƻ ŎŀǳǎŜ 

other damaging effects (e.g., surface rupturing, landslides, liquefaction, tsunamis), the most 

significant effect worldwide is ground shaking, causing collapse of buildings, which is in turn 

responsible for the majority of fatalities due to earthquakes (e.g., Cobum et al., 1992; Kenny, 2009). 

For this reason, seismic hazard is often considered to be synonymous with earthquake shaking 

hazard, and ground-motion models are an important ingredient in seismic hazard assessments: in 

probabilistic assessments (PSHA), the occurrence probability of earthquakes of different sizes 

(magnitudes) is combined with the probability of exceeding a given level of ground motion at a site 

for the given magnitudes and distances, while in deterministic assessments (DSHA), shaking at a site 

is computed for a particular earthquake scenario by direct application of a ground-motion model. 

The study of earthquake ground motion is thus at the interface of seismology and engineering, the 

former concerning the location, frequency and source parameters of earthquakes, and the latter 

concerning the design of buildings that are able to resist shaking due to earthquakes. A practical 

result of this interaction is the drafting of building codes, which define the level of shaking that a 

building must withstand. In Europe, the building code EN-1998 όά9ǳǊƻŎƻŘŜ уέΣ /9b ό/ƻƳƛǘŞ 

Européen de Normalisation), 2004), which is applicable in all member states since 2011, is currently 

under revision. 

 

The most important properties of ground motion for engineering seismology are amplitude, 

duration and frequency content. The factors influencing these properties can be separated into 

differences in (Boore, 2003): 

- the earthquake source: this includes obvious parameters like earthquake magnitude and 

focal depth, but also focal mechanism, stress drop, rupture speed and rupture direction; 

- the travel path between source and site: as seismic waves propagate through the crust, they 

lose energy with increasing distance due to a combination of: 

¶ geometrical spreading: distribution of energy over an expanding spherical 

wavefront; 

¶ elastic attenuation: frequency-dependent attenuation caused by scattering due to 

crustal heterogeneities; 

¶ anelastic attenuation: frequency-dependent attenuation caused by internal friction 

or changes in viscosity, resulting in the gradual absorption of elastic energy by the 

medium and conversion to heat. 

- local site conditions: this includes amplification effects due to site topography and site 

geology (sediment cover). As seismic waves travel upward from bedrock to surface through 

layers of unconsolidated sediments, their frequency content and amplitude are changed as a 

function of sediment thickness and softness, respectively. This effect can be quite dramatic: 

for the same earthquake, shaking at one site can easily be ten times stronger than at 

another site, even when their distance from the earthquake rupture is comparable! 
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2. STATE OF THE ART AND OBJECTIVES 

2.1. State of current knowledge at international level 

Ground motion can be modeled in different ways as a function of source, path and site parameters 

(see overview in Douglas & Aochi, 2008). The easiest and most widely used way is using ground-

motion models (GMMs), which express the level of a scalar intensity measure (commonly peak 

ground acceleration and response spectral acceleration) as a function of magnitude, distance and 

optionally other parameters. Many relations have been published in literature. A compendium 

compiled by Douglas {Formatting Citation} lists over 850 GMMs, and the list is still rapidly growing. 

Many are empirical relations, obtained by regression of recorded strong-motion data, but some are 

based on stochastic simulation or on a combination of both. Most GMMs are representative of more 

active regions near plate boundaries (Figure 1), where ground-motion data cover a wide range of 

magnitudes and distances. Very few GMMs are valid for intraplate areas like Belgium and more 

generally NW Europe, where ground motions are comparatively stronger, but seismic activity is 

much lower and data hence sparser. Alternatively, ground motion can be modeled more elaborately, 

based on explicit physical models of the earthquake process and crustal attenuation. Examples are 

spectral modeling (Boore, 2003), in which the source, path and site components of the Fourier 

amplitude spectrum (FAS) are modeled, and kinematic rupture modeling (e.g., Graves & Pitarka, 

2016), in which ground motion is simulated based on rupture propagation on a rough fault plane. In 

contrast to GMMs, physics-based methods explicitly model regional dependence through the choice 

of input parameters. 

 

Figure 1 ς Map showing regions in the world for which GMMs have been developed (Douglas, 2019). Red dots: empirical GMMs ; blue: 

simulation ; green: other 

In the past 10 ς 15 years, there have been several international efforts to collect and disseminate 

strong-motion data in support of earthquake ground-motion modelers, such as the Next Generation 

Attenuation project (NGA, Chiou et al., 2008) in the United States, and the follow-up projects NGA-

West (Ancheta et al., 2014) and NGA-East (Goulet et al., 2021) in Western and Eastern North 

America, the KiK-net database in Japan (Dawood et al., 2016), the ITACA database in Italy (Pacor et 
al., 2011), the RESORCE database for Europe and the Middle East ы ťťċƖЯШ~ЮШ ЮШÉċŰĬŕťťċǃċЯШĲƣШċũЮЯШ
2014), and the worldwide Engineering Strong Motion Database ESM (Luzi et al., 2016). More 

recently, a similar database has been established for France (Buscetti et al., 2025; Traversa et al., 

2020), showing that it is both feasible and useful to do this exercise for lower-seismicity regions as 

well. 
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2.2. State of current knowledge at national level 

Due to the lack of strong-motion data, seismic hazard assessments in Belgium so far had to rely on 

GMMs developed for other parts of the world. Although the selection of GMMs has grown more 

sophisticated over the years, their validity for our regions has not been tested. The current National 

Annex to Eurocode 8 (Bureau voor Normalisatie (NBN), 2011) is based on a PSHA study (Leynaud et 

al., 2000), in which only one GMM was considered. Growing experience acquired during several 

projects for the nuclear sector has resulted in a full-blown ground-motion logic tree branch, in which 

a distinction is made between more active areas like the Lower Rhine Graben and more stable areas 

(remainder of the territory), and for the latter also between standard rock with VS,30 (average shear-

wave velocity in the top 30 m) between 700 and 1200 m/s, and hard rock with VS,30 around 1800 

m/s. The most recent version of this logic tree branch (Vanneste et al., 2014) (Figure 2) consists of 11 

GMMs from different regions (Europe and the Middle East, Italy, California, Japan, eastern North 

America), some of which were adjusted to account for differences in bedrock characteristics 

between the host and target regions. These GMMs were weighted according to their supposed 

applicability to our regions based on various criteria (e.g., tectonic region type, applied 

methodology, stress drop value, magnitude and distance range, standard deviation), but this 

remains theoretical and subjective. Furthermore, sensitivity tests show that the highest dispersion in 

PSHA generally comes from the ground-motion branch of the logic tree, highlighting the need for a 

dedicated study on this topic. 

 

 

Figure 2 - GMM selection applied in recent seismic hazard studies in Belgium 

2.3. Position of the project within the state of the art and the strategic scientific objectives of the 

FSI 

BELSHAKE aims to bridge the gap in know-how and in data collection with respect to the 

international state of the art. As one of the core missions of the Royal Observatory of Belgium (ROB) 

is to monitor seismic activity in and around the Belgian territory, ROB has been routinely and 

continuously recording ground motions over the past decades using a network of digital 

seismometers and accelerometers. These data are mainly used to detect and locate regional 

earthquakes, and to determine their source properties όƳŀƎƴƛǘǳŘŜΣ ŦƻŎŀƭ ƳŜŎƘŀƴƛǎƳΣ ΧύΦ ! 

systematic inventory of these data for the purpose of ground-motion modeling has not been 

undertaken so far. However, although the vast majority of recorded data concern weak-motion 

recordings of ground velocity from earthquakes with magnitudes lower than the range of interest in 

SHA (MҗпΦр), recent successful projects in other low-seismicity regions to model earthquake ground 
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motion in Switzerland (Edwards & Fäh, 2013) and the United Kingdom (Rietbrock et al., 2013; 
Rietbrock & Edwards, 2019) or to compile ground-motion databases  (Ghasemi et al., 2026 in 
Australia; e.g., Traversa et al., 2020 in France) give us confidence that it is not only feasible, but 

also valuable and even essential, to conduct similar studies for Belgium. It is clear that the available 

ground-motion data in Belgium have so far been underexploited. Any research leading to a better 

characterization of earthquake ground motion in Belgium and valorizing these data is a strategic 

scientific objective for the ROB. Furthermore, this research also serves national and international 

earthquake engineering applications. It also stimulates collaboration with international research 

teams, for instance in neighboring regions of Germany, France and The Netherlands, which share 

many ground-motion characteristics with Belgium. 

 

2.4. Research objectives 

The main objective of BELSHAKE is to build a solid base for earthquake ground-motion modeling in 

Belgium. This is achieved by (1) building a database of earthquake ground motions for Belgium and 

adjacent areas, and (2) developing the capacity to model ground motion due to earthquakes in 

Belgium. The first part of the project is devoted to a systematic inventory of short-period, broadband 

and accelerometer records of local and regional earthquakes by stations of the Belgian seismic 

network, implementation of a semi-automatic workflow to uniformly process selected seismograms 

and determine relevant ground-motion parameters according to internationally established 

standards, and collection of these parameters in a structured database. This database is an 

indispensable tool for the second part of the project, in which the collected data are used to 

characterize seismic attenuation in the main crustal domains in Belgium, to evaluate the validity of 

existing ground-motion models and finally to guide modeling of the source, path and site 

components of ground-motion spectra. Ultimately, this should lead to the development of a 

stochastic ground-motion model that is valid for Belgium, or else to the calibration of regionally 

adaptable (so-ŎŀƭƭŜŘ άōŀŎƪōƻƴŜέύ ƎǊƻǳƴŘ-motion models, which will complement an informed 

selection of existing models that can be applied in our region. 
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3. METHODOLOGY  

The overall methodological approach consists of two main steps. In the first step, we compile a 

database of earthquake ground motions in and around Belgium based on digital broadband and 

accelerometer recordings of the Belgian seismic network. This is achieved by a systematic inventory 

of the available data, selection according to well-defined criteria, application of a uniform processing 

flow to the selected waveforms adhering to the current best practices, quality control to exclude 

poor-quality records, computation of a broad range of useful intensity measures, and association 

with reliable and comprehensive metadata. It is the explicit purpose to produce a database that is 

compatible with international databases and that meets the same high standards and quality 

criteria. 

In the second step, we develop the capacity to model earthquake ground motions in Belgium using 

the database compiled in the previous step. This step involves different methodologies: first we 

characterize crustal attenuation by analysing the high-ŦǊŜǉǳŜƴŎȅ ǎǇŜŎǘǊŀƭ ŘŜŎŀȅ ǇŀǊŀƳŜǘŜǊ ˁ όƪŀǇǇŀύ 

from acceleration Fourier amplitude spectra for the main crustal domains in Belgium. Secondly, we 

compare ground-motion values computed from the database with values predicted by a selection of 

published GMMs that are assumed to be valid for stable regions like Belgium. This comparison is 

based on different statistical measures. Thirdly, we investigate how existing GMMs can be adjusted 

or calibrated to the crustal attenuation properties in Belgium. Finally, we implement methods to 

stochastically simulate ground motion from higher-magnitude earthquakes. 

3.1. Compilation of a ground-motion database 

The data required for this project are digital waveforms of regional earthquakes recorded by short-

period and broadband seismometers and accelerometers of the Belgian seismic network, and the 

associated event and station information. These are existing data that have been collected over the 

past decades by ROB in the scope of its strategic mission to monitor seismic activity on the Belgian 

territory. The Belgian seismic network (http://seismologie.oma.be/en/the-service/seismic-network) 

has evolved strongly over time. Digital recording started in 1985, but only for a few stations and data 

were only stored for detected events. In subsequent years, the network was gradually expanded and 

more instruments were equipped with a digital recording system. From 2005 onward, increasing 

storage capacity allowed storing continuous data streams, first for select stations and later for all of 

them. Starting in 1999, the seismic network was complemented with accelerometers, which were 

mainly installed in the most active areas to record strong ground motions. Initially, these stations 

only recorded when they were triggered, but they were replaced with instruments capable of 

continuous recording from 2021 onward. The Belgian seismic network currently consists of ͯ 30 

seismometers and ͯ20 accelerometers. As a result of this network development, the ROB waveform 

archive is heterogeneous. All waveform data are stored on a server in different formats and folder 

structures, and are accessible through different network services or protocols, depending on sensor 

type (seismometer or accelerometer) and the year and mode of recording (event records trimmed 

from originally continuous recordings, triggered records or continuous streams). 

3.1.1. LITERATURE STUDY 

Before embarking on this exercise, we first studied existing ground-motion databases such as the 

Next Generation Attenuation project (NGA, Chiou et al., 2008) in the United States, and the follow-

up projects NGA-West (Ancheta et al., 2014) and NGA-East (Goulet et al., 2021), the KiK-net 

database in Japan (Dawood et al., 2016), the ITACA database in Italy (Pacor et al., 2011), the 

http://seismologie.oma.be/en/the-service/seismic-network
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RESORCE database for Europe and the Middle East ы ťťċƖЯШ~ЮШ ЮШÉċŰĬŕťťċǃċЯШĲƣШċũЮЯШΞΜΝΠь, and the 

worldwide Engineering Strong Motion Database ESM (Luzi et al., 2016). This ensures that we 

determine relevant ground-motion parameters and required metadata according to internationally 

established standards, and that our database is compliant with these databases, permitting data 

exchange. In particular the recent RESIF/EPOS-France database for metropolitan France (Buscetti et 
al., 2025; Traversa et al., 2020) is a useful example, as it concerns a low-seismicity region very 

similar to Belgium and also mostly contains weak-motion ground velocity data. 

3.1.2. DATA SELECTION 

The next step consisted of the systematic inventory of all available digital waveform data in the ROB 

archive. We selected all tectonic and induced earthquakes since 1985 from the ROB earthquake 

catalog which satisfy two selection criteria: (1) ὓ ςȢυ in a wide rectangular region around 

Belgium (-1° - 9° E and 49° - 52° N), and (2) ὓ ςȢπ in a more narrow region around Belgium (2.5 - 

7° E and 49.25 - 51.5° N). A small number of lower-magnitude events (ὓ ρȢπ) were also included 

because these were recorded at short distances (< 10 km). The corresponding waveform data were 

mostly retrieved from the permanent Belgian seismic network, but for some key events we also 

obtained data from neighbouring networks in Germany (code BQ; Department of Geosciences, 
Bensberg Observatory, 2016) and The Netherlands (code NL; KNMI, 1993). In addition, we also 

included data from temporary networks deployed by ROB during some seismic sequences, which 

provide additional short-distance records. For each selected event-station combination, we 

calculated a suitable time window to capture the complete event, including pre-event noise and 

coda wave, and we imported the corresponding raw waveform data into the waveform library. The 

associated event and station metadata were extracted from the ROB seismic routine database, the 

corresponding source-to-site parameters were computed, and all these metadata were imported in 

the BELSHAKE database. Missing P- and S-wave arrival times were computed from the Belgian 

velocity model (Camelbeeck, 1993), and if necessary manually adjusted during visual inspection. 

 

We also attempted relocating the selected earthquakes, using hand-picked phase arrival times (from 

multiple agencies) only, by taking the average of 100 runs with the randomly perturbed catalog 

location as initial location, weighted inversely by the standard deviation of their arrival-time 

residuals (RMSE). New solutions for the epicentral locations were only accepted if they yielded 

significantly lower RMSE (at least 0.05 s) and lower location uncertainties. Thus, we were able to 

improve the location of ͯ100 events. Overall, location quality in the BELSHAKE database is very 

good, with only four events with a total RMSE on the arrival times higher than 2 s. Horizontal and 

vertical location uncertainties are quite low, with median values of 0.9 and 1.2 km, respectively, and 

95th percentile values of 6.7 and 5.7 km, respectively. For six events (four of which came from 

catalogs of neighbouring networks), location quality could not be assessed due to insufficient phase 

picks. Finally, we also recomputed local magnitudes according to the Belgian ὓ  scale 

(Camelbeeck, 1985), using the available vertical S-wave displacement amplitudes  in the ROB 

seismic routine database. This resulted in slightly lower magnitudes (ɝὓ πȢς) for only two 

events. For ͯ 25 events with insufficient amplitudes, we copied the ὓ  values from the catalog of 

the most authoritative neighbouring network (depending on location) or used the average of two or 

more catalogs. This resulted in magnitude differences of ɝὓ πȢσ for 11 events and ɝὓ πȢσ 

for 1 event. The source for each magnitude solution was included in the database. 
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3.1.3. QUALITY CONTROL 

After data selection and before data processing, the waveforms imported in the BELSHAKE database 

were visually inspected for any of the following problems: timing problems, low signal-to-noise ratio 

(SNR), presence of spikes, disturbances, data gaps, baseline distortion, resonance, clipping, missing 

or incomplete phase windows, or presence of fore- or aftershocks in the noise and/or signal 

windows. Examples of each category are shown in Figure 3. In addition, we also evaluated the 

presence of 50 Hz hum from Fourier amplitude spectra. 

Some of these problems can be, and were repaired when possible: 

¶ Most timing problems could be fixed by determining the time shift between the P-wave 

onset and the expected P-wave arrival, reimporting the data with the time shift applied, and 

storing the time shift in the database; 

¶ Spikes could be removed by replacing them with interpolated values; 

¶ Some distortions could be removed by interactive baseline removal or highpass filtering; 

¶ Disturbances which are not affecting the main signal phases (P and S) could be removed by 

trimming; 

¶ 50 Hz hum could be removed by applying a narrow notch filter. 

All remaining problems were considered to be irrepairable. In all cases (except for the timing 

problems), the original waveform data were kept and the corrected data were stored with a 

different tag in the ASDF files. Irrepairable records were left as such. The identified problems, and 

whether or not these have been corrected, are stored in the database, such that they can be queried 

for any component and signal window. 
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Figure 3 - Illustration of waveform problem categories. For each category, a 3-component seismogram is shown using the Snuffler 

program of Pyrocko (Heimann et al., 2017). Red vertical lines correspond to P-wave arrival times, green lines to S-wave arrival times 

3.1.4. EVALUATION OF INSTRUMENT RESPONSE 

A major challenge encountered during the compilation of the BELSHAKE database was the lack of 

instrument response information for older waveform data, which is essential to reconstruct actual 

ground motion in physical units from seismic records. Since 2005 or later, depending on the seismic 

station, this information has been systematically collected and maintained in dataless SEED files. 

However, for data recorded before that time, instrument response information was not readily 

available. Fortunately, some important parameters are available in the ROB seismic routine database 

and/or in the headers of the original waveform files. It is possible to combine this information with 

the response information from similar instruments and/or acquisition systems from other stations or 

from the Nominal Response Library (NRL, https://ds.iris.edu/ds/nrl/) in order to construct missing 

instrument response information. 

https://ds.iris.edu/ds/nrl/
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We evaluated the validity of all instrument responses based on different criteria: 

¶ Evolution of energy levels of the noise window in different frequency bands through time; 

¶ Consistency of power spectral densities (PSDs) of the noise window within each station 

deployment (= particular combination and/or configuration of instrument and acquisition 

system) and between different deployments of the same station; 

¶ Consistency of station-ὓ  residuals  (= ὓ  values calculated for single stations minus the 

average ὓ  values for the corresponding events) between different deployments of the 

same station. 

If consistent anomalies were found, i.e. anomalously low/high station-ὓ  residuals along with 

anomalously low/high noise levels, we concluded that there was a problem with the instrument 

response for that particular station deployment. In such a case, we also evaluated the station-ὓ  

residuals and PSDs that would be obtained with the instrument responses constructed from the 

other information sources mentioned above. If one of these yielded station-ὓ  residuals and PSDs 

that are in better agreement with the other deployments of the station, we replaced the instrument 

response in the BELSHAKE waveform library with this alternative response information. The source 

of the response information of each record is included in the database. In a few cases, problems 

with total gain were found with instrument responses in the authoritative archive maintained by 

ROB. We were able to solve most of these issues by examining documentation and hardware in 

collaboration with our data engineer, Giovanni Rapagnani. The corresponding dataless files were 

corrected, and if necessary the ROB seismic routine database as well, and the affected records in the 

BELSHAKE waveform library were updated. Finally, a number of cases remained where it was not 

possible to fix the instrument response. These records were flagged as unreliable in the database, 

preventing their use in subsequent steps of the project, but keeping them available for possible 

correction in the future. 

It is not possible to document the instrument response evaluation for each station in this report, but 

we illustrate it below with a few selected examples. Figure 4 shows histograms of station-ὓ  

residuals for 4 stations of the Belgian seismic network that show no obvious problems: (1) 

distributions are relatively narrow (± 0.5 magnitude units); (2) there are no obvious changes 

between different deployments; (3) the mean station-ὓ  residuals are relatively small (< ±0.5). The 

instrument responses can be considered to be reliable for the whole period of operation of these 

stations. 
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Figure 4 ς Histograms of station-╜╛ residuals for 4 stations of the Belgian seismic network with no obvious problems. Colors 

correspond to different deployments of each station. 

Figure 5 shows PSD plots of the noise windows for 6 successive deployments of station BE.RQR. In 

these plots, individual records can be recognized as lines where they are not lumped together. It can 

be seen that the noise levels during deployment 0 (top left) are significantly lower, and those during 

deployment 3 (middle right) significantly higher than in the other deployments, which are otherwise 

consistent. We therefore consider instrument response for these 2 deployments to be unreliable. 
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Figure 5 ς Power spectral density (PSD) plots of the noise windows for 6 successive deployments of station BE.RQR. Deployments 0 and 

3 (indicated with red boxes) are clearly lower and higher, respectively, than the other deployments 

Figure 6 shows histograms of station-ὓ  residuals for one deployment of station BE.SKQ. The colors 

indicate results obtained with instrument responses that were constructed following different 

approaches. It is clear in this case that the alternative methods are in agreement with each other 

and give a result that is more acceptable (mean close to 0) than that obtained with the authoritative 

dataless information (mean close to 1.0). This points to an error in the dataless file, which we 

subsequently fixed. 

 

Figure 6 ς Histograms of station ML residuals obtained with instrument responses constructed using different approaches for a 

deployment of station BE.SKQ 

Figure 7 shows the identification of a problem with the instrument response for one deployment of 

station BE.STI. The histogram of station-ὓ  residuals shows a bimodal distribution in which the 

residuals for deployment 6 are clearly lower (at least 0.5 magnitude units) than the distributions for 

the other deployments. PSDs also indicate that the noise level during this deployment is significantly 

lower than in the other ones. Both findings are consistent, and indicate that the instrument response 

for deployment 6, which represents almost 18 years of operation, was incorrect by a factor of ͯ2.5. 
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This problem appeared to be due to a wrong value of the shunt resistance and has now been 

corrected. 

 

 

 

Figure 7 ς Identification of instrument response problems for one deployment of station BE.STI. Left: histograms of station ML residuals 

for individual deployments of this station. Right: PSD plots for deployments 5 (top) and 6 (bottom). 

Finally, Figure 8 illustrates the identification of a problem with the instrument response of 

deployment 0 of station BE.SNF. The histogram of station-ὓ  residuals (bottom left) shows a 

distribution that is much broader (and possibly bimodal) than usual. Similar results are obtained with 

instrument responses constructed using other approaches, so the problem cannot be easily fixed. 

Considering the evolution through time of noise energies in different frequency bands (top), it can 

be seen that the noise energies during deployment 0 are in line with the other deployments since 

1994, but show a wide spread before that time. Flagging responses for the period before 1994 as 

unreliable, we obtain a much narrower distribution with mean close to 0 (bottom right), which is 

clearly an improvement. 
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Figure 8 ς Identification of instrument response problems for one deployment of station BE.SNF. Top: evolution through time of noise 

energies in different frequency bands; Bottom left: histograms of station-╜╛ residuals obtained with instrument responses constructed 

using different approaches for deployment 0; Bottom right: histogram of station-╜╛ residuals for deployment 0 after elimination of the 

unreliable period before 1994 

3.1.5. SIGNAL WINDOWING 

Following visual quality control, all records in the BELSHAKE database with reliable instrument 

response were processed using a semi-automated workflow. An important part of this workflow is 

windowing, which is the division of an earthquake record into portions corresponding to the P-wave, 

S-wave, coda wave and noise. Although final windowing occurs at the end of the processing flow (to 

compute window-specific intensity measures), it is also needed earlier in the flow to determine the 

valid frequency range from the signal-to-noise ratio (SNR), which is the ratio between the Fourier 

Amplitude Spectrum (FAS) of the signal window (P + S) and that of the noise window. 

We investigated two windowing algorithms, one by Goulet et al. (2014), which was applied in the 

PEER NGA-East database (Goulet et al., 2014, 2021), and another by Perron et al. (2018), which was 
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applied in the RESIF/EPOS-France database (Traversa et al., 2020). We will refer to these as the 

Goulet and Perron methods, respectively. Comparison of both methods applied to records in the 

BELSHAKE database shows that: 

¶ The P-window is very similar in the two windowing methods; 

¶ The S-window length in the Goulet method is based on the Lg-wave duration, while in the 

Perron method it is based on the S-P interval; this generally results in longer S-windows with 

the Goulet method; 

¶ The Perron method sometimes results in separation between S-window and coda window, 

while in the Goulet method these windows are always contiguous; 

¶ The Goulet method uses fixed tapering margins, whereas in the Perron method the tapering 

margins are variable because they are defined as a percentage of the window length. 

Based on this comparison, we selected the Goulet method for the signal windows. However, the 

noise-window selection is more sophisticated in the Perron method, and more adapted to records 

with only short pre-event windows, as is the case in the KiK-net dataset used by Perron et al. (2018). 

This is also true for the BELSHAKE database, where many records have incomplete or missing pre-

event noise windows due to trimming during data archival of older records, late triggering, 

disturbances and occasionally the presence of foreshocks. To take advantage of their respective 

strengths, we decided to combine both methods, and apply the Goulet method for signal (P, S) and 

coda windows, and the Perron method for the noise window. 

The Perron method considers two duration thresholds for noise window selection: the target 

duration (Ὀ), which is the ideal length equal to the longest seismic signal requested (in general the 

S-window), and the minimum duration (Ὀ ) to ensure a good spectral resolution according to the 

ratio ὔ Ὢϳ , where Ὢ  corresponds to the minimum reliable FAS frequency, and ὔ to the number 

of wavelengths required. In practice, Ὀ  is chosen as 10 s, which corresponds to Ὢ πȢσ Hz for 

ὔ σ. In addition to the pre-event noise window (N1), the Perron algorithm evaluates two post-

event noise windows, a long one (N3, with length at least equal to Ὀ) and a shorter one (N2, length 

at least equal to Ὀ ). Selection of one of these windows is based on their duration and energy 

level, according to the diagram in Figure 9 (blue boxes). The algorithm also returns a noise flag, 

indicating which noise window has been selected and how. Seven noise flags are defined, which are 

listed (in black) in Table . 

Noise flag  Description  

0 no noise window selected 

0b no noise window selected, but no possibility to evaluate post-event noise windows 

1 pre-event noise window selected 

1b pre-event noise window selected, but shorter than target length 

2 short post-event noise window selected 

3 long post-event-noise window selected 

-1 pre-event noise window selected without possibility to take post-event window 

-1b pre-event noise window selected, but shorter than the minimum duration to ensure 

good spectral resolution 

-2 short post-event noise window selected without possibility to take pre-event window 

-3 long post-event noise window selected without possibility to take pre-event window 

Table I - Noise flags and their definitions. Red rows correspond to additional flags defined for BELSHAKE 
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For application in BELSHAKE, we refined the Perron procedure (red boxes in Figure 9) in order to 

minimize the number of rejected records (without noise window) and to favor the pre-event noise 

window. These modifications involved the definition of three additional noise flags, which are 

indicated in red in Table : 

¶ If N1 has the required target length (Ὀ) and its energy is lower than or comparable to that 

of N3 (Ὁ ὊυȢὉ , with Ὂυ ρȢςυ), then it is always selected; 

¶ Noise flag 0b: window N1 is shorter than the minimum duration (1 s) required to compute a 

FAS; as a result, it is not possible to compare its energy with the post-event noise windows 

N2 and N3, so that these cannot be selected either. However, because these may still be 

acceptable and could be selected based on visual inspection, we defined this separate 

category, keeping 0 only for those cases where the post-event noise windows are also too 

short ( Ὀ ); 

¶ Noise flag 1b: N1 is selected, even though it is shorter than Ὀ (but still longer than Ὀ ); 

this occurs when N2 and/or N3 have the required duration, but their energy is too high 

compared to N1; 

¶ Noise flag -1b: In order to further reduce the number of records with noise flag 0 or 0b, we 

defined an additional duration threshold (Ὀ ͺ ), which is the absolute minimum noise-

window duration allowed (2 s). This only applies to N1, when N2 and N3 cannot be selected, 

and the duration of N1 is shorter than Ὀ . For these records, it is not possible to compute 

SNR over the entire frequency range that is required, but they may still be useful for 

computing ground-motion values. 

We applied the modified Perron noise windowing procedure to all BELSHAKE records and compared 

the final distribution of selected noise windows with that obtained for the KiK-net dataset by Perron 

et al. (2018). Figure 10 shows that the pre-event noise window (noise flag 1) is selected for most 

records and the long post-event noise window (noise flag 3) is the second largest category in both 

cases. The percentages are slightly different: compared to the KiK-net dataset, BELSHAKE has less 

records with noise flags 1 and 2, and more records with noise flags 0 and 3. 
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Figure 9. Scheme of the noise window selection algorithm, modified from Perron et al.(2018). Blue boxes correspond to original 

scheme, red boxes indicate modifications made in the frame of BELSHAKE. Legend: DNn = duration of noise window n; ENn = energy of 

noise window n 

 

  

Figure 10. Comparison of noise flag distributions for the KiK-net dataset used by Perron et al. (2018) and for the BELSHAKE database 
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3.1.6. WAVEFORM PROCESSING 

Before ground-motion parameters can be computed, the waveform data must be processed in a 

uniform way to obtain correct acceleration time series. First, we conducted a literature review of the 

processing schemes applied in existing ground-motion databases, such as RESIF/EPOS-France 

(Traversa et al., 2020), PEER NGA-East (Goulet et al., 2014, 2021), ITACA (Paolucci et al., 2011; Puglia 

et al., 2014) and ESM (Luzi et al., 2016). These processing schemes are relatively similar, but show 

differences in the details. One of the main differences is that in RESIF the windowing occurs at an 

early stage (after removal of the instrument response) and all further processing steps are applied to 

each window separately, whereas in PEER NGA-East windowing is only used to compute FAS and 

determine the SNR; in ITACA and ESM windowing is not mentioned specifically. Other differences 

are smaller, e.g. the order of the bandpass filter, the post-processing to ensure that pad-stripped 

time series give the same results as zero-padded time series, etc. 

Based on this comparison, we designed the processing scheme that is summarized in Table . We 

developed a semi-automated workflow in Python to process all waveform data in the BELSHAKE 

archive according to this scheme. The code is based on the widely used open-source ObsPy toolkit 

for processing seismological data (Megies et al., 2011). This processing flow has been applied to all 

records with reliable response information in the BELSHAKE database. All processing parameters are 

stored in a separate table in the database. In addition, the main intermediate processing steps are 

stored with a particular tag in the ASDF files for each event and station. The processing flow can 

easily be reapplied for a particular event and station, should the original data or the instrument 

response have to be corrected or should a problem be discovered in the procedure. It is also possible 

to rerun only part of the processing flow, starting from a particular intermediary step (tag). 

Step  Processing  ASDF waveform tag  

0 
Raw data 

(optional trimming, timeshift, é) 
00raw 

[1]  

Manual correction 

(baseline correction, spike 

removal, é) 

[01corr] 

2 

Window definition 

(combination of Goulet method 

for P-, S- and coda windows, and 

Perron method for noise 

window(s)) 

 

3 Demeaning / detrending (linear)  

4 

Tapering 

(using fixed lengths instead of 

taper rates) 

 

5 

Restitution to native ground-

motion type 

(velocity or acceleration) 

02rest 

[6]  
Differentiation (freq. domain) to 

acceleration 
 

7 
Compute signal/noise FAS to 

determine SNR and fmin/fmax 
 

8 Tapering  

9 
Zero-phase bandpass filtering 

with zero padding 
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Step  Processing  ASDF waveform tag  

10 
Re-establish initial time scale 

(trimming) 
03filt 

11a 

Integration (time domain) to 

velocity and displacement, and fit 

6th-order polynomial with 0th and 

1st coefficients constrained to 0; 

subtract fit from displacement 

04dis 

11b 
Subtract 1st derivative of 

polynomial fit from velocity 
04vel 

11c 

Subtract 2nd derivative of 

polynomial fit from acceleration in 

step 10 

04acc 

12 

Windowing, tapering and zero-

padding to length of P- or S-

window (whichever is longest) 

05acc_noise, 

05acc_p, 05acc_s, 

05acc_coda, 

05acc_signal, 

05acc_full 

Table II - Summary of processing steps, associated parameters, and corresponding waveform tags in BELSHAKE. Square brackets denote 

optional steps 

The different processing steps are described in more detail in Vanneste & Onvani (2024). We 

illustrate the most important steps using the waveform data recorded by station BE.MEMH for the 

ὓ σȢχ earthquake of 2007-08-03 near Ochtendung (Germany), shown in Figure 11 to Figure 17. 

The processed data, consisting of acceleration, velocity and displacement time histories and 

corresponding Fourier spectra, are also stored in the ASDF files for each event and station. 

 

 

Figure 11 ς Z component of raw waveform recorded by station BE.MEMH for the earthquake with event_ID = 2648 in BELSHAKE. Note 

offset with respect to zero line 

 

Figure 12 ς Mean removal and linear detrending applied to the example waveform (step 3) 
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Figure 13 ς Example waveform after restitution (removal of instrument response, step 5) 

 

Figure 14 ς Acceleration record of the example waveform transformed from velocity (step 6) 

  

Figure 15 ς Left: Fourier amplitude spectra of the vertical and horizontal components of the example record. Right: corresponding SNR 

curves (step 7). wŜŘ ŀƴŘ ƎǊŜŜƴ ǾŜǊǘƛŎŀƭ ŘŀǎƘŜŘ ƭƛƴŜǎ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ŦǊŜǉǳŜƴŎȅ ōƻǳƴŘǎ ǿƘŜǊŜ {bw җ оΣ ōƭǳŜ ǾŜǊǘƛŎŀƭ ŘŀǎƘŜŘ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ 

minimum and maximum reliable frequencies of the instrument, black vertical dashed line corresponds to minimum frequency that is 

not affected by microseismic noise, horizontal black line indicates SNR=3.  
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a) 

 

d) 

 

b) 

 

e) 

 

c) 

 

f) 

 

Figure 16. Integration of pad-stripped, acausally filtered acceleration (top) to velocity (middle) and displacement (bottom). Left (a-c): 

before post-processing; Right (d-f): after post-processing (step 11) 

a) 

 

b) 

 

c) 

 

d) 

 

e) 

 

f) 

 

Figure 17. Tapered and zero-padded windows of the acceleration waveform (step 12): a) noise window; b) P-window; c) S-window; d) 

coda window; e) signal window (P+S); f) full window (P+S+coda) 

3.1.7. CALCULATION OF INTENSITY MEASURES 

The next step is to compute various ground-motion intensity measures (IMs) in a uniform way from 

the processed data. These IMs are computed for individual components. The two orthogonal 

horizontal components can be combined into a single intensity measure in different ways. A 

common way is to take the geometric mean (GM) of the intensity measures for each horizontal 

component Ὄ : 

Ὃὓ ὍὓὌ ὍὓὌ  
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However, this geometric mean is not invariant to the orientation of the instrument. To avoid this 

potentially important drawback, Boore (2010) proposed a new measure of the spectral intensity 

(denoted as ὙέὸὈὴὴ) that is independent of sensor orientation and encompasses the full range of 

spectral amplitudes over all possible rotation angles. This new measure is obtained by combining the 

two orthogonal horizontal components into a single time series Ὄ   corresponding to a rotation 

angle — using the equation: 

Ὄ — ὌÃÏÓ— ὌÓÉÎ— 

The response spectrum for Ὄ — is computed, and the process is repeated for a range of rotation 

angles from 0° up to, but not including, 180°. From the resulting set of spectral values, the ppth 

percentile can then be computed at each oscillator frequency. The rotations corresponding to a 

given ὙέὸὈὴὴ thus depend on frequency. We computed two percentiles, ὙέὸὈυπ and ὙέὸὈρππ, 

which have also been considered in NGA-East (Boore, 2010). 

 

3.1.8. CALCULATION OF MOMENT MAGNITUDES 

If we want to compare the ground-motion parameters derived from the processed waveforms in the 

BELSHAKE database with existing ground-motion databases, we also need to determine the moment 

magnitude (ὓ ) of the corresponding earthquakes. Although it was not initially foreseen in our 

project, the consensus evaluation of our project proposal recommended that άLǘ ǿƻǳƭŘ ōŜ ǿƻǊǘƘ 

contacting representatives of neighbouring countries to discuss methodologies related to moment 

ƳŀƎƴƛǘǳŘŜ ŜǎǘƛƳŀǘŜǎ ŀƴŘ ŎƻƴǾŜǊǎƛƻƴ ǎŎƘŜƳŜǎΣ ΦΦΦέΣ ƘƛƎƘƭƛƎƘǘƛƴƎ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ ǘƘƛǎ ǇŀǊŀƳŜǘŜǊΦ 

ὓ  is indeed the standard magnitude scale in ground-motion databases and in ground-motion 

prediction equations, but it is not routinely determined at ROB. It is only available for a few (mainly 

the largest) events which have been studied in more detail, but in most cases hitherto we had to rely 

on empirical magnitude scale conversions (based on ὓ  or surface-wave magnitude ὓ ) published in 

literature. 

We conducted a study of the different approaches to determine MW, and of the available software. 

The most widely used method is based on fitting of displacement spectra of the P- or S-wave. This 

method is illustrated in Figure 18. The displacement spectrum is computed for the initial part of the P- 

or S-wave, and a theoretical spectrum given by a source and attenuation model is fitted to that. The 

shape of this theoretical spectrum is defined by 3 parameters: 

όὪ
 

ρ ὪὪϳ ϳ
Ὡ ϳ  

with: 

-   : displacement corresponding to the horizontal plateau of the spectrum at low frequency; 
- Ὢ: corner frequency 
- ὗ: anelastic attenuation factor 
- ὲ (usually 2) and ‎ (1 for Brune (1970) source model, 2 for Boatwright (1980) source model) 

describe the curvature of the theoretical spectrum 
 

The most important parameter is   , which is directly related to the seismic moment ὓ : 
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ὓ
τ“”ὺ  

Ὓ Ὑ
 ὶ 
”ὺ

”ὺ
 

with: 

- ”ȟὺ: density and seismic velocity (P or S) at the hypocenter 
- ”ȟὺ: density and seismic velocity at the station 
- ὶ: hypocentral distance 
- Ὓ: surface amplification (usually 2 for surface stations) 
- Ὑ : radiation pattern (if focal mechanism is known, otherwise averaged over the focal 

sphere) 

Finally, seismic moment can be converted to moment magnitude ὓ  with the formula: 

ὓ  ςσÌÏÇὓ φȢπφσσ 

 

Figure 18 ς Illustration of MW estimation based on fitting of displacement spectra. Top: first 5 seconds of the P-wave on the 
vertical component, restituted to displacement. The orange interval corresponds to the portion of the signal for which the 
analysis is performed. Bottom: displacement spectrum of the signal (black) and noise (green), and fitted theoretical source 

spectrum (red). Blue vertical lines indicate reliable frequency range of the instrument. 

We evaluated two Python packages implementing the spectral ὓ  estimation method and that 

could be integrated in our work flow: SourceSpec by Claudio Satriano 

(https://github.com/SeismicSource/sourcespec) and moment magnitude calculator (mmc) by Lion 

Krischer (https://github.com/krischer/moment_magnitude_calculator). The former is an automated 

script that requires data to be prepared beforehand and stored in a particular format, but the results 

can be evaluated from the optional plots. An example is shown in Figure 19. The latter is a program 

with a graphical user interface, in which the time window used to fit the spectrum can be manually 

selected (as opposed to SourceSpec, which uses fixed windows), and the spectral fitting is done 

ἮἫ

Ἕ

https://github.com/SeismicSource/sourcespec
https://github.com/krischer/moment_magnitude_calculator
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interactively. Both programs have their pros and cons, but ultimately we preferred SourceSpec 

because it is actively developed and has more potential to run in a semi-automated way. For that 

purpose, we wrote Python code to run SourceSpec directly from data in the BELSHAKE database 

without the need for storing intermediary data in a different format and creating a configuration file. 

We also modified the source code of this program to improve the success rate with our specific data, 

which contain single-component records, records with short or missing pre-event noise windows, 

etc. These improvements included: 

¶ Bug fix in smoothing of spectra; 

¶ Bug fix for SV waves ; 

¶ Allowance for different hypocentral and station velocities; 

¶ Allow using P waves instead of only S waves ; 

¶ Implementation of a run ID to discern multiple runs for the same input data; 

¶ Relaxation of the requirement to have a sufficiently long noise window (see noise 

windowing in §3.1.5); 

¶ Variable window length for calculating displacement spectra as a function of travel time 

(equivalent to distance); 

¶ Implementation of a segmented geometrical spreading function instead of the simple ρὙϳ  

model; 

¶ various other changes. 

These code changes were shared with the author and merged in the main development branch. As a 

result, one of the authors of this report (KV) has become an official co-developer of the SourceSpec 

package. Thanks to all these developments, it has become possible to compute moment magnitudes 

for all events with sufficient records in BELSHAKE in a semi-automated way, taking advantage of the 

metadata (component/window quality, (station-specific) reliable frequency range, response 

reliability, etc.). 

 



Project  B2/202/P1/BELSHAKE ς Final Report 

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks) 34 

 

Figure 19 - Example of fitted displacement spectra for a particular earthquake in the BELSHAKE database. Note that the spectra of 2 

stations (NL.HGN and BE.SNF) could not be fitted. Red shading indicates station yielding a MW value that is too low and is discarded 

 

3.1.9. DATA VALIDATON 

To ensure the quality and reliability of ground-motion intensity measures in the BELSHAKE database, 

we applied different consistency checks to identify anomalous records. Outliers were examined, and 

those considered as problematic were either corrected and reprocessed or removed from the 

database. The following evaluations were performed: (1) evaluation of horizontal component ratios; 

(2) evaluation of horizontal/vertical ratios; (3) analysis of total residuals with respect to a generic 

GMM; (4) residual analysis based on mixed-effects regression; (5) comparison of co-located stations; 

(6) comparison with common events in the RESIF database. Part of the residual analysis based on 

mixed-effects regression is described in the results section (§4.1.8). Below, we provide more details 

about the other analyses. 

3.1.9.1. Comparison of different horizontal components 

First, we evaluated PGV ratios of different horizontal components, e.g. GM/RotD100, for the 

different signal windows, as shown in Figure 20. All records with GM/RotD100 ratio < 0.4 were 

inspected. The outliers in the S, signal and full windows were mostly related to records where one of 

the horizontal components has an anomalously low amplitude. We removed the derived IMs from 

the database and flagged these components as problematic, so that they will be skipped when IMs 

are recomputed. Some outliers in the P window correspond to records where the vertical 

component was swapped with one of the horizontal components. This appeared to be the case for 

several events recorded by station BE.HRK. For these records, we swapped the vertical and 

horizontal components, reprocessed them and recalculated the IMs. 
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Figure 20 - PGVGM/PGVRotD100 ratios for records in the BELSHAKE database, computed for different windows. Left: P-window; Right: S-

window. Outliers are indicated by red ovals 

3.1.9.2. Comparison of horizontal and vertical components 

Secondly, we calculated the PGV ratio between horizontal and vertical components, e.g. GM/Z, for 

the different signal windows, as shown in Figure 21. We examined records featuring large and small 

H/V ratios. The majority of records associated with high H/V ratios appear to be short-distance 

records (Ὑ ςπ Ὧά). These were not removed because high H/V ratios may be a characteristic of 

short-distance records. Fewer records show anomalously small H/V ratios. Most of them correspond 

to records where one of the horizontal components has an anomalous amplitude, and these were 

already identified in the previous step. A suspicious case is station BE.MOLA where a number of 

records have very small H/V ratios in the P-window. This appeared to be an effect of resonance, 

caused by bad emplacement, as suggested by a peak between 20 and 30 Hz in the FAS of the vertical 

component. These records were flagged as problematic and the associated IMs were removed. 

  
 

 

Figure 21 - PGVGM/PGVZ ratios for records in the BELSHAKE database, computed for different  windows. Left: P window; Right: S-

window. Outliers with high ratios are indicated by red ovals, outliers with low ratios by blue ovals 
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3.1.9.3. Analysis of total residuals with respect to an ad hoc GMM 

This analysis involved a comparison between PGA/PGV in the database and PGA/PGV predicted by a 

generic GMM fitted to the observations. The advantage of an ad-hoc GMM compared to a published 

model is that its median is centered on the dataset, which allows identifying inconsistencies with 

higher sensitivity (Traversa et al., 2020). We used the same functional form as Traversa et al. (2020) 
in their analysis of the French RESIF/EPOS-France database: 

ὰέὫὣ Ὂ Ὑȟὓ Ὂ ὓ Ὡ ρ 

where: 

Ὂ Ὑȟὓ ὧ  ὧ ὓ ὓ ÌÏÇ
ЍὙ Ὤ

Ὑ
ὧ Ὑ Ὤ Ὑ ς 

is the distance scaling component; 

Ὂ ὓ ὦ ὓ  ὓ σ 

is the magnitude scaling component; 

and Ὡ is the global offset or total residual. 

The coefficients ὦ, ὧ, ὧ and ὧ are determined from the regression. We used the same magnitude 

scale (ὓ ), reference distance (Ὑ ρ Ὧά) and reference magnitude (ὓ σȢχ) as Traversa et 

al. (2020).  

In a first step, we computed total residuals using ordinary least-squares regression for the full 

window and different components, including GM, RotD50 and RotD100. This serves as a basic check 

for identifying outliers. Figure 22 shows the standardized residuals as a function of ὓ  and epicentral 

distance for PGA and PGV, in both cases for the GM component. The majority of standardized 

residuals fall within the range of ±2 standard deviations, with nearly all of them between ±3. The 

presence of outliers (residuals > 3) is minimal. A few of them could be attributed to poor-quality 

recordings and have been deleted. 
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Figure 22 ς Standardized total residuals with respect to ad hoc GMM as a function of ╜╛ (color-coded by distance, left) and distance 

(color-coded by ╜╛, right). Top: PGA, GM component, full window; Bottom: PGV, GM component, full window 

Further insight could be gained by analyzing the temporal evolution of the total residuals for each 

station individually. During this analysis, we identified anomalies for three specific stations, namely 

BE.UCCS, BE.HRK, and BE.HUM, which exhibited notable shifts within a specific time period (Figure 

23). In the case of BE.UCCS, the affected period corresponds to a particular station deployment and 

the shift is due to a problem with the instrument response. We have corrected and reprocessed 

these records. For the two other stations, the outliers appear to be associated with a particular 

earthquake source, i.e. events from a seismic sequence or swarm originating in the same region 

close to the station. These records have not been corrected or removed. 
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Figure 23 - Evolution of total residual for PGA (GM component) recorded at BE.UCCS. Colors are function of the record epicentral 

distance and circle sizes are function of event ML magnitude. Red squares indicate periods with notable shifts 
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Figure 24 - Evolution of total residual for PGA (GM component) recorded at BE.HRK. Colors are function of the record epicentral 

distance and circle sizes are function of event ML magnitude. Red squares indicate periods with notable shifts 

3.1.9.4. Residual analysis using mixed-effects regression 

In a next step, we performed the GMM fit using mixed-effects regression (using the python 
statsmodels module, Seabold & Perktold, 2010), which allows to decompose the total residual 

into different components: 

ὰέὫὣ Ὂ Ὑȟὓ Ὂ ὓ ὄ‏ ὛςὛ‏ ‭ τ 

ὣ is the ground-motion parameter, in this case PGA or PGV; Ὂ Ὑȟὓ  and Ὂ ὓ  are the distance 

and magnitude scaling components of the GMM (see previous section), which are considered as the 

fixed effects; ‏ὄ and ‏ὛςὛ are random effects corresponding to between-event and between-

station residuals, respectively; ‭ is a lognormally distributed residual term, representing the left-over 
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or event- and station-corrected residual. This separation gives better insight in the origin of possible 

ƛƴŎƻƴǎƛǎǘŜƴŎƛŜǎ όŜΦƎΦΣ ǊŜƭŀǘŜŘ ǘƻ ǎƻǳǊŎŜ ǇŀǊŀƳŜǘŜǊǎΣ ǎǘŀǘƛƻƴκǎƛǘŜ ǇŀǊŀƳŜǘŜǊǎΣ ΧύΦ Note that we used 

ὓ  instead of ὓ  in this analysis. 

The between-station, between-event and left-over residuals are discussed in the results section 

(§4.1.8). In addition, plots of the time evolution of left-over residuals for each station allowed 

identifying anomalies that are consistent over a particular period of time. These may indicate 

problems with the instrument response or important changes of the instrument emplacement. Two 

examples are shown in Figure 25: station BE.LCH (left panel) shows a clear negative bias for the Z 

component during the first deployment. We have not been able to find the cause of this problem, so 

we flagged the instrument response as unreliable for this period. For station BE.BRQ (right panel), all 

residuals during the first deployment show a positive bias with respect to subsequent deployments. 

This shift can be explained by the migration of the station into a 30-m deep borehole from the 

second deployment onwards. We solved this by assigning different location codes to the surface and 

borehole emplacements. 

 

 

Figure 25 - Time evolution of left-over ǊŜǎƛŘǳŀƭǎ όtD±Σ ½ ŎƻƳǇƻƴŜƴǘΣ άŀǳǘƻέ ǿƛƴŘƻǿύ ŦƻǊ ǇŀǊǘƛŎǳƭŀǊ ǎǘŀǘƛƻƴǎΦ Left: BE.LCH; Right: BE.BRQ. 

Red dashed lines correspond to changes in the station configuration. Note shift of residuals between first (counting from top to 

bottom) and second periods in both cases 
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3.1.9.5. Comparison of co-located stations 

In a few places, different instruments are located next to one another. We can check the consistency 

of these co-located stations by comparing the IM values for common events and by evaluating the 

spectral ratio of Fourier amplitude spectra from both instruments, for the same component. 

Stations with co-located broadband seismometers and accelerometers 

In three locations, a broadband seismometer is situated in proximity to an accelerometer. This is the 

case in Uccle (BE.UCCS and BE.UCCA), in Mol at the surface (BE.MOLS and BE.MOLA) and in an 

underground tunnel (BE.MOL5 and BE.MOLB). For the latter pair, which are only 1 m apart, 

agreement is quite good for all intensity measures (Figure 26, top row). This is confirmed by the 

spectral ratios (Figure 27, left panel), which are close to 1 over the entire frequency range, except for 

the first two records, which appear to be disturbed by high-frequency noise. This is no longer the 

case for more recent events, suggesting that the emplacement of one of the instruments has been 

improved in between. The older records were flagged as unreliable and the corresponding IMs were 

removed. Between the surface stations BE.MOLS and BE.MOLA, agreement for PGA and PGV is poor 

Figure 26, bottom row). Spectral ratios (Figure 27, right panel) are close to 1 between 1 and 10 Hz, 

but above 10 Hz, BE.MOLS shows clearly higher amplitudes than BE.MOLA. This is probably because 

the two instruments are too far apart (135 m) and in proximity to different buildings. 

  

  

Figure 26- Comparison of IMs (RotD50 component, S window) computed for common events recorded by co-located station pairs Top 

row: BE.MOL5 (broadband) versus BE.MOLB (accelerometer); Bottom row: BE.MOLS (broadband) versus BE.MOLA (accelerometer). Left 

column: PGV; Right column: PGA 
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Figure 27ς Spectral ratios (S window, E component) for events recorded by co-located station pairs. Left: BE.MOL5/BE.MOLB; Right: 

BE.MOLS/BE.MOLA 

Finally, at Uccle the agreement between accelerometer BE.UCCA and broadband seismometer 

BE.UCCS is quite good for PGV, but the differences are quite large for PGA (Figure 28, top panel). 

Inspection of the waveform data shows that the accelerometer records are affected by high-

frequency disturbances. Spectral ratios (Figure 28, bottom panel) are close to 1 between ͯ2 and 45 

Hz, above which there is a steep increase. Similar to BE.MOLS/BE.MOLA, there is also a divergence at 

lower frequencies. The high-frequency disturbance is due to emplacement of BE.UCCA on a pillar. 

We solved the issue by reprocessing these data with an imposed maximum frequency of 45 Hz. 

  

 

Figure 28 ς Comparison of co-located station pair BE.UCCA/BE.UCCS. Top row: Comparison of IMs (RotD50 component, S window) 

computed for common events recorded. Left: PGV; Right: PGA. Bottom: spectral ratios (S window, E component) for the same events 
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In conclusion, agreement between broadband seismometers and accelerometers in the same station 

should be quite good, but only if they are close to each other and their emplacements are similar. 

3.1.9.6. Comparison of broadband and short-period seismometers 

In the Membach underground gallery, a short-period seismometer (BE.MEMS) has been operating 

next to two broadband seismometers: BE.MEMB (1994-2005) and BE.MEMH (2006-present). The 

agreement between BE.MEMS and BE.MEMH is quite good (Figure 29, top panel). This is an 

important result, demonstrating that short-period and broadband seismometers provide equivalent 

results over a relatively broad frequency range, at least for the moderate-magnitude seismicity in 

Belgium. The agreement between BE.MEMS and BE.MEMB is mostly good (Figure 29, bottom panel), 

except for some events (for all IMs). There likely is a problem with the instrument response of 

BE.MEMB for these events, so we flagged them as unreliable and removed the corresponding IMs 

from the database. These findings are confirmed by the spectral ratio plots (Figure 30), which are 

close to 1 up to 10-20 Hz for the BE.MEMH/BE.MEMS pair, but show larger divergence outside the 1-

10 Hz range for BE.MEMB/BE.MEMS. 

 

 

Figure 29ς Comparison of IMs calculated for common events recorded by different instruments in the Membach underground gallery. 

Top panel: 0.25 s spectral acceleration (RotD50 component, S window) for stations BE.MEMS and BE.MEMH; Bottom panel: PGV (Z 

component, S window) for stations BE.MEMS and BE.MEMB 
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Figure 30ς Spectral ratios (S window, E component) for events recorded by co-located station pairs. Left: BE.MEMH/BE.MEMS; Right: 

BE.MEMB/BE.MEMS 

3.1.9.7. Comparison with the French RESIF/EPOS-France database 

The BELSHAKE database also has 14 events in common with the RESIF/EPOS-France database 

(Buscetti et al., 2025; Traversa et al., 2020). For each event, we have plotted IM values versus 

hypocentral distance for records in BELSHAKE and RESIF (flatfile version 2024-04-02). An example 

(ὓ τȢρ earthquake near Ramsgate, UK, in 2015) is shown in Figure 31. In the majority of cases, 

the agreement is quite good and both datasets exhibit the same trends with distance. This indicates 

that there are no major problems with the instrument response and the processing procedure in 

BELSHAKE. There are, however, some important differences between the two databases in terms of 

source parameters (location, focal depth, magnitude) for these common events, but these are not 

important when we only make a direct comparison of their IM values. 

   

 

Figure 31- Comparison of IMs computed for a common event in the BELSHAKE (red) and RESIF/EPOS-France (blue) databases. Left 

column: PGV, Z component; Middle column: PGA, GM component; Right column: SA(T=0.25), RotD50 component 
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3.2. Building the capacity to model earthquake ground motions in Belgium 

 

3.2.1. STUDY OF REGIONAL CRUSTAL ATTENUATION 

The waveform data collected in the BELSHAKE database can be used to study crustal attenuation in 

the main crustal domains in Belgium, more specifically anelastic attenuation represented by the 

high-frequency spectral decay parameter ‖. This parameter was introduced by Anderson & Hough 

(1984) to explain the exponential decay observed at high frequencies in acceleration FAS of shear 

waves, compared to the FAS corresponding to a simple square source model (Brune, 1970). This-‫ 

decay is expressed by: 

ὃὪ ὃὩ  

and is observed for frequencies Ὢ between a lower bound Ὢ (which should be higher than the 

corner frequency Ὢ) and an upper bound Ὢ (where spectral amplitude of the signal approaches that 

of noise). Anderson & Hough (1984) also observed that ‖ values increase with epicentral distance Ὑ, 

and concluded that it can be written as the combination of a path-dependent term due to 

predominantly horizontal S-wave propagation through the crust and a site-dependent term (‖) 

representing the attenuation of S waves traveling vertically through the local bedrock beneath the 

station: 

‖Ὑ ‖ ‖Ὑ ‖ ‖  

 

Here, we describe the methods used to (1) determine whole-path ‖ values for individual records in 

the BELSHAKE database, and (2) estimate the site-specific component ‖ and the regional kappa 

gradient ‖ for stations and crustal domains in Belgium. 

3.2.1.1. Whole-path ⱥ calculation 

We calculated ‖ values for individual records in the BELSHAKE database as the slope of a linear fit of 

S-wave acceleration FAS in log-linear space (Anderson & Hough, 1984; Ktenidou et al., 2014). First, 

we calculated FAS from the processed acceleration time series in the BELSHAKE database. For all 

three components, vertical (Z), east (E), and north (N), the lower and upper bounds of the fitting 

frequency range (Ὢ and Ὢ) were manually selected for each record. These frequencies were chosen 

within the reliable frequency range, determined in a prior analysis based on a minimum signal-to-

noise ratio (SNR) of 3. The frequency range was selected carefully to exclude resonance peaks and to 

ensure it remained above the corner frequency. This visual selection was done on a record-by-record 

basis to ensure appropriate fitting and to maintain consistency across the dataset. The S-wave FAS 

was smoothed, a linear ordinary least-squares (OLS) regression was applied over the selected 

frequency range, and ‖ was cŀƭŎǳƭŀǘŜŘ ōȅ ŘƛǾƛŘƛƴƎ ǘƘŜ ŦƛǘǘŜŘ ǎƭƻǇŜ ōȅ ˉΦ CƻǊ ǘƘŜ ƘƻǊƛȊƻƴǘŀƭ 

component, ‖ was calculated as the arithmetic average of the values derived from the east and 

north components. Figure 32 illustrates this process for an example spectrum, showing the fit  within 

the selected frequency bounds. This procedure yielded a robust dataset of ‖ values for ͯ 7800 

records involving 359 events and 132 stations. 
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Figure 32 - ⱥ determination for an individual record (╜╛=4.3 Goch, Germany, earthquake in 2011, recorded by station BE.BEBN in 

ARD crustal domain). Blue curve: Fourier amplitude spectrum of the S-window for Z component. Red curve: smoothed Fourier 

amplitude spectrum. Green line: fitted line to the smoothed Fourier amplitude spectrum by OLS method. Dashed purple lines show 

the minimum (█□░▪) and maximum (█□╪●) frequency established based on minimum signal to noise ratio equal to 3. Dashed yellow 

lines show selected frequencies for the linear portion to compute ⱥ 

To evaluate the consistency of our ‖ estimates, we compared the ‖ values obtained for the 

horizontal component with equivalent ὸᶻ (t-star) values, which were determined independently as a 

byproduct of moment magnitude estimation from displacement spectra (see §4.1.5), in which 

anelastic attenuation is modeled as Ὡὼὴ̐ Ὢὸᶻ, with the attenuation parameter t*  defined as: 

ὸᶻ  
Ὠὶ

ὗ ὶ‍ὶ

ὸ

ὗ
 

Where ὗ ὶ is the spatially varying shear-ǿŀǾŜ ǉǳŀƭƛǘȅ ŦŀŎǘƻǊ ŀƴŘ ʲὶ) is the shear-wave velocity 

along the ray path (Cormier 1982). 

As the S-wave arrival time is generally known, this can be simplified to travel time ὸ divided by the 

average quality factor over the path ὗ . In principle, ὗ also varies with frequency. However, if ὗ is 

assumed to be frequency-independent, as is the case in the software used to determine moment 

magnitudes (SourceSpec, Satriano, 2025; Satriano et al., 2016), ὸᶻ becomes equivalent to the 

anelastic attenuation parameter ‖; both parameters are expressed in seconds. 

It should be noted that our ὸᶻ values are the result of an automated spectral fitting procedure, 

focused on the low-frequency part of the displacement spectrum, whereas our ‖ values are derived 

from dedicated, interactive fitting of the high-frequency part of the acceleration spectrum. Despite 

these methodological differences, comparison of ‖ and ὸᶻ values for each event recorded by a given 

station show a good agreement, and for most stations, the Pearson correlation coefficient (PCC) 

indicates a strong linear relationship. Figure 33 demonstrates this for station BE.BEBN, where a 

correlation coefficient of PCC = 0.75 demonstrates the reliability of the computed ‖ values in the 

database. 



Project  B2/202/P1/BELSHAKE ς Final Report 

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks) 47 

 

Figure 33. Correlation between horizontal component ⱥ and ◄ᶻ values for different events (vertical axis) recorded by station BE.BEBN  

 

3.2.1.2. Estimation of site and path components of ⱥ 

In a second step, we analyze the variation of ‖ with distance to estimate the site-specific and path-

dependent components ‖ and ‖. As illustrated in Figure 34 (left panel), these are determined as 

the intercept and slope, respectively, of a linear regression through a set of ‖ values obtained for a 

given seismic station or crustal domain as a function of distance. As ‖ represents regional 

attenuation, data from different stations within the same crustal domain are often pooled together 

to obtain a more robust estimate (Figure 34, right panel). In this study, we denote the station-

specific kappa gradient as ‖  ͅand the domain-specific kappa gradient as ‖. 



Project  B2/202/P1/BELSHAKE ς Final Report 

BRAIN-be 2.0 (Belgian Research Action through Interdisciplinary Networks) 48 

 
 

Figure 34. Left: Regression line showing the relationship between ⱥ values and hypocentral distance for station BE.BEBN (in ARD). 

Extrapolating the regression line to zero hypocentral distance yields the site-specific ⱥє value (intercept), and the slope corresponds to 

the site-specific kappa gradient (ⱥ►ͅ▼). Right: Regression line between ⱥpath values and hypocentral distance in the ARD crustal domain 

where station BE.BEBN is located. The slope (ⱥr) is the kappa gradient of the ARD crustal domain 

Different ways can be conceived to determine the regional kappa gradient in a crustal domain, along 

with the station-specific ‖0 values, by combining kappa data from different stations in that domain. 

We have conducted an in-depth analysis of three methods, which we named the free kappa gradient 

method, the joint kappa gradient method, and the mixed effects method. Each method has its own 

advantages and challenges.  

The free kappa gradient (FKG) method is a relatively straightforward approach that estimates ‖0 and 

‖ values for individual stations. In this method, the individual ‖0 values are subtracted from the ‖ 

values at each station, leaving the residual ‖ . The ‖  values from all stations within a crustal 

domain are then pooled together to derive regional estimates of the slope, kappa gradient 

‖ (Figure 34, right). While computationally efficient, it is sensitive to data quality and availability, 

often resulting in unreliable estimates when stations have insufficient or missing data. 

The joint kappa gradient (JKG) method offers a more integrated approach by applying a joint fit of 

the kappa gradient to the observed kappa values across all stations within a given crustal domain. It 

minimizes the root-mean square error between observed and predicted ‖ values by imposing a 

common ‖ to all stations within the domain, while allowing for individual ‖0 values at each station. 

As a result, all stations of a crustal domain have a common ‖  ͅwhich is equal to the ‖ of the 

crustal domain. Our implementation of this approach requires predefined bounds for model 

parameters, which can limit its flexibility and accuracy in certain scenarios. Despite these limitations, 

it offers a more sophisticated and robust framework for estimating ‖ in more data-rich 

environments. 

The mixed effects regression (MER) method adopts a statistical framework that incorporates both 

fixed and random effects, making it well suited for grouped datasets with uneven data distribution. 

In this context, the fixed or global effects represent the overall slope and intercept of the ‖ςdistance 

relationship within each crustal domain. The random effects account for deviations in slope and 

intercept at individual stations from the global values. The sum of the global intercept and a station's 

random intercept corresponds to the station-specific ‖0 value, while the sum of the global slope (‖) 

▓  

  ▓►ͅ▼
▀▓
▀►   ▓►

▀▓
▀► 
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ŀƴŘ ŀ ǎǘŀǘƛƻƴΩǎ ǊŀƴŘƻƳ ǎƭƻǇŜ ǊŜǇǊŜǎŜƴǘǎ the station-specific kappa gradient (‖ )ͅ. The general form 

of the mixed effects model used in this study is: 

ʆὮȟὩ  Ὣὰέὦὥὰ ὭὲὸὩὶὧὩὴὸ
Ὥ
 ὶὥὲὨέά ὭὲὸὩὶὧὩὴὸὮ Ὣὰέὦὥὰ ίὰέὴὩὭ ὶὥὲὨέά ίὰέὴὩὮ

2zὬώὴέὮȟὩ             Ὦצ 

where: 

¶ ‖j,e: The kappa value predicted for station Ὦ in the crustal domain Ὥ and for event Ὡ. 

¶ global intercept Ὥ (fixed effect): representing the average baseline ‖0 across all stations in the 

crustal domain Ὥ. 

¶ random intercept for station Ὦ: reflecting the station-specific deviation from the global 

intercept Ὥ. 

¶ global slope Ὥ (fixed effect): representing the overall gradient of kappa with respect to 

hypocentral distance (‖r) across the crustal domain Ὥ. 

¶ random slope for station Ὦ: representing the deviation in slope from the global slope specific 

to station Ὦ. This term is unique for each station and allows the ‖  ͅto vary for each station. 

¶ 2 ȟ: The hypocentral distance associated with station Ὦ and event Ὡ. 

¶ j: The residual error term for station Ὦ, capturing any remaining left-over variation in kappa 

at that station. 

This method is particularly advantageous for complex datasets where there is varying data 

availability across stations. It optimizes the model to account for differences among stations while 

also capturing the overall trend across each crustal domain. The key outputs are ‖0 and ‖, which 

are obtained by minimizing the combined variance that includes both the random effects variance 

(station-specific deviations) and the residual error variance (left-over variation within stations). 

To better characterise and quantify the station-specific variance and associated standard deviation, 

we explicitly calculated the random-effects variance following the extended approach proposed by 

Johnson (2014) which generalises the widely used framework of Nakagawa & Schielzeth (2013) to 

models with both random intercepts and random slopes. Rather than approximating random-effects 

variance from a simplified intercept-only model, we computed it directly by incorporating the full 

covariance structure of the random effects and averaging over the random-effects design matrix. 

This approach captures not only the variance of the random intercepts and slopes but also their 

covariance, ensuring a more complete representation of between-station variability. 

3.2.1.3. Data filtering 

For each station, the relationship between ‖ and distance was examined, generally showing 

increasing ‖ with distance, as illustrated for the horizontal component at station BE.BEBN (Figure 

35a). However, vertically aligned clusters in the ‖ςdistance plots indicate anomalous behavior, 

primarily associated with induced earthquakes and shallow focal depths. A likely explanation for the 

strong variability of ‖ values for shallow events at similar distances is additional attenuation of 

downgoing waves near the earthquake source, where complex scattering and interaction with near-

surface heterogeneities may amplify the high frequency attenuation. 

To improve the robustness of the ‖ςdistance relationship, a three-stage filtering procedure was 

applied. Filter 1 removed induced earthquake records. Filter 2 additionally excluded events with 
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epicentral distances < 50 km and focal depths < 7 km, along with visual outliers. Filter 3 applied the 

strictest criteria, excluding all events with focal depths < 8 km and remaining outliers, regardless of 

distance. The effectiveness of each filter was evaluated using regression fits and visual inspection. 

While Filter 1 yielded limited improvement and Filter 2 reduced shallow-distance clustering, Filter 3 

ǇǊƻŘǳŎŜŘ ǘƘŜ Ƴƻǎǘ ŎƻƴǎƛǎǘŜƴǘ ˁ ŜǎǘƛƳŀǘŜǎ ōȅ ŜƭƛƳƛƴŀǘƛƴƎ ƴŜŀǊƭȅ ŀƭƭ ǾŜǊǘƛŎŀƭ ŎƭǳǎǘŜǊǎ όFigure 35.b-d). 

Although the strict filtering reduced the number of records at some stations, the gain in reliability 

outweighed the loss of data. Consequently, Filter 3 was adopted for all stations, providing a 

consistent and robust dataset for subsequent estimation of site ‖0 and ‖ gradients. 

a b 

  
c d 

  

Figure 35. Comparison of ⱥ -distance plots for the H component of station BE.BEBN, with three filtering approaches. (a) without any 

filter, (b) after applying filter 1, (c) after applying filter 2; (d) after applying filter 3. Some vertical alignments and outliers have been 

highlighted in red 

 

3.2.2. SELECTION OF GROUND-MOTION MODELS VALID FOR BELGIUM 

In order to make a better informed and up-to-date selection of ground-motion models that are 

appropriate for use in SHA in Belgium, we compare the ground-motion intensities (mainly response 

spectral accelerations, PGA and PGV) in the BELSHAKE ŘŀǘŀōŀǎŜ όƛΦŜΦΣ άƻōǎŜǊǾŜŘέ ƎǊƻǳƴŘ Ƴƻǘƛƻƴǎύ 

with those predicted by a number of recent candidate GMMs.  

In the past two decades, several metrics have been proposed to evaluate the goodness of fit 

between a GMM and observed ground motion: 

¶ The LH (likelihood) measure, proposed by Scherbaum et al. (2004), is based on the absolute 

standardized residuals. It is intended to quantify the model fit, but also how well the 

underlying statistical assumptions are met: if both the mean and variance of the observed 


































































































































































