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Summary 
This deliverable describes the activities that have been carried on for the development of techniques 
aimed at the fast characterization of the shaking and the resulting impact on population and 
infrastructures. These activities leverage software developments that span from fast earthquake 
location to rapid earthquake impact assessment. The activities described rely on (near) real-time 
crowdsourced and ground shaking instrumental data and onto various databases and datasets that 
describe population, lifelines, infrastructures and buildings.  

After a concise introduction in which it is described the relevance of the activities as bridge between 
earthquake specialists and disaster risk managers, there are described the recent developments  
deriving from the implementation of the most recent version of the USGS ShakeMap software. This 
includes a methodology to validate the accuracy of the regional configuration (i.e., ground motion 
models and site characterization),  and web portal developments for shakemaps rendering dynamically 
and statically.  The shakemap implementation at national level fosters upstream the development  of 
improved  ground motion models to achieve more accurate maps of ground shaking and, downstream, 
the development of improved methodologies for impact assessment. Sideways to these shakemap 
related developments, efforts have been made for the fast quantification of the fatalities following large 
earthquakes through improvements of the Earthquake Quality Impact Assessment tool. Finally, during 
the course of the project there has become ever more evident the need for reference data sets that 
can be used for various means. One of these being the use of machine learning techniques to extract 
non-linear hidden relationships between ground shaking and reported damage to the goal of fast 
impact assessment.   

1 Introduction 
In recent years, it has become ever more important for the seismological centers to provide very 
rapidly after major earthquakes informative and thorough local/regional assessments. The advent of 
smartphones and the capillarity of internet coupled with the rise of social media in its various forms 
has modified and leveraged people’s expectations.  If until a few years ago the provision of 
earthquake magnitude and location for a widely felt earthquake could “wait” 20-30 minutes, now it is 
not longer the case since it falls far below the citizens’ expectations. New methodologies which trade-
off between earthquake early warning (EEW) and the “classic” earthquake automatic detection, 
analyst review and publication of the information require revision and upgrade. The revision entails 
two main aspects. First, the information needs to be provided quicker. Secondly, the operational 
centers must provide authoritative, informative and concise assessments of what has occurred. This is 
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a process which has been already occurring to great extent although it has not been defined 
completely in all its parts considering the differentiated needs of various several stakeholders. 

Figure 1: Cartoon evidencing the need for information immediately after a catastrophic event versus the 
actual availability of information. The light blue area corresponds to the time span covered by the expert 
assessment based on seamless streaming  of information provided by the Early Warning System automatic 
products and to some extent by the real-time news. The ARISTOTLE (All Risk Integrated System Towards 
Trans-boundary hoListic Early-warning) funded by the EC DG-ECHO was designed to this purpose  (Source 
Emergency Response Coordination Centre – DG ECHO). 

Perhaps the first stakeholders to be included are ourselves citizens that, because of the fast diffusion 
of news onto our smartphones and/or because we have effectively felt the earthquake, are eager to 
know more. Parallel and tied to these citizen expectations are the disaster risk managers (DRMs) who 
need authoritative accurate information as quickly as possible in order to respond to the emergency by 
calibrating the actions according to the event effective impact. This last is often a challenge since it is 
often difficult to provide rapid thorough assessments in the immediate aftermath of an earthquake (or 
any natural disaster generally) since this first phase is characterized by lack of information which indeed 
conditions the decision making process and the promptness of the actions to be taken.   
Figure 1 summarizes concisely the need versus information availability in the first hours after important 
events.  The ARISTOTLE1 (All Risk Integrated System TOwards Trans-boundary hoListic Early-warning) 
project funded by the EC DG-ECHO (2016-18, 2018-) is an attempt to respond to the need of 
information by the DRMs.  ARISTOTLE provides a multi-hazard impact assessment service to the 
Emergency Response Coordination Centre (ERCC, https://ec.europa.eu/echo/what/civil-
protection/emergency-response-coordination-centre-ercc_en) of the DG ECHO 
(https://ec.europa.eu/echo/).  In practice, ARISTOTLE provides a 24/7, expert advice service to ERCC by 
operating a multi-hazard board, composed by experts of the different natural hazards (6 currently). The 
hazard expert rely on the information provided by different products (e.g., for the earthquake  and 
tsunami hazards: event locations, shakemaps, felt reports, exposure of population, major 
infrastructures and lifelines, tsunami modeling) that are promptly gathered to provide the expert 
assessment service to the ERCC. In this context, the development of ever more refined and accurate 
products that can serve for the rapid assessment is crucial.  In particular, the SERA project and this work 

1 The ARISTOTLE project has been funded through the Service Contracts N° ECHO/SER/2015/722144 and ECHO/SER/2018/783059. The 
first one is a pilot which has been used to implement and verify the relevance of the service. The second contract was awarded to 
continue the implementation of the service. Both contracts did not involve any research activity.  
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package and task specifically should be viewed as main contributors to the innovation of the ARISTOTLE 
service.   
The activities of the task focused on the rapid and accurate estimation of the earthquake impact 
assessment. The primary goal is thus to obtain estimates as accurate as possible of the true ground 
shaking. Once this goal is achieved, it becomes possible to elaborate further on actual, realistic impact 
scenarios.  While grossly simplifying, this task involves two complementary initial actions – gathering 
information from people in the area affected by the earthquake and gathering the instrumental data.  
These initial actions are followed by the implementation of tools that “intersect” the just acquired data 
with past data information gathered in databases, datasets and catalogues. The resulting products are 
expected to provide more refined tools that can be used for the assessment. In this schema, the 
software ShakeMap developed by the USGS (http://usgs.github.io/shakemap/sm4_index.html) plays an 
important role since its capacity to serve as a platform where instrumentally recorded and crowd 
sourced data (i.e., macroseismic data acquired through various means) are gathered in order to 
produce maps of ground shaking very rapidly. ShakeMap has been recently redesigned adopting the 
versatile python script language and implementing the OpenQuake2 library which includes more than 
100 of ground motion models (GMMs). Efforts in this task of the SERA project have been made to 
implement and best configure in terms of site amplification parameters and GMM models the new 
software in Italy, Greece and Romania.  
The maps of ground shaking are also the main ingredient for the determination of the impact through 
various means.  The PAGER developed by USGS to determine the impact in terms of expected fatalities 
and damages  was  recalibrated for Romania with the final intention of having it adopted for Europe.  
Parallel to these developments relying on ShakeMap, attention has been focused onto the rapid 
quantification of earthquake impact through other tools such as EQIA developed by EMSC for rapid, 
gross estimates of fatalities, and of the damage assessment by exploiting  newly compiled data sets that 
include both damage and level of recorded or predicted ground shaking. The NDE1.0 (new database of 
earthquake data recordings from buildings for engineering applications) provides a compilation of 
measurements in buildings in USA and Japan.  For Italy, the damage values collected in the “Database 
del Danno Osservato” (DaDO) have been merged with the ground motions observed or predicted 
through shakemaps with the final purpose of discovering its intricacies using machine learning 
techniques.  
With regard to the crowdsourced data, the development of the EQIA (Earthquake Qualitative Impact 
Assessment) software is another complementary way for rapid impact characterization of the area. 

2 ShakeMap v4 implementation 
Maps of ground shaking of significant events are of foremost importance to provide rapid assessments 
of potential damages and population exposure for disaster risk managers and civil protection 
authorities. To this purpose, the ShakeMap® software, developed since the late 1990s by the United 
States Geological Survey (USGS), has been found very effective and was adopted by several network 
operators worldwide and it has become the “de facto” standard for representing the strong ground 
motion. 
In essence, ShakeMap (Wald et. al, 1999) is a ground motion interpolator that avails of recorded data 
and seismological and geotechnical knowledge to produce maps of ground shaking. Ground-motion 
models (GMMs) are used to predict as accurately as possible the ground motion where no recordings 
are available. Proxies of site amplification, such as the time-averaged S-wave velocity in the uppermost 
30 m (Vs,30), are used to account for local site conditions.  Full detail on the methodology is provided 

                                                
2 OpenQuake (https://www.globalquakemodel.org/openquake) is developed by the Global Earthquake Model foundation 
(https://www.globalquakemodel.org/)  
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by Worden et al. (2017). Downstream, tools have been developed to provide estimates of population 
and infrastructures exposed to risk and estimate roughly the financial losses within the areas affected 
by the seismic event (e.g., Earle et al., 2009; PAGER, https://earthquake.usgs.gov/data/pager/). 
The USGS-ShakeMap software is open source and has been installed by several operational centers 
having national or regional competences for earthquake monitoring (e.g., in Europe at NIEP Romania, 
http://atlas2.infp.ro/~shake/shakemap/, Sokolov et al., 2009; ITSAK Greece, http://shakemaps.itsak.gr, 
Savvaidis et al., 2014 and Theodoulidis et al., 2019; ETH Switzerland, http://shakemapa.ethz.ch, Cauzzi 
et al., 2014; BCSF-RENASS France, http://www.franceseisme.fr/english.php, Schlupp and Grunberg, 
2018 and Schlupp, 2017; the Sispyr in the Pyrenees http://www.sispyr.eu/shakemap/index.html, and 
tentative list for Europe with additional information is provided at 
https://polybox.ethz.ch/index.php/s/cU9ynzqQBsDgqSu). The shaking scenarios are provided in terms 
of maps of macroseismic intensity and five Intensity Measures (IM hereinafter) - peak ground 
acceleration, PGA, peak ground velocity, PGV, and acceleration spectral ordinates, SA, at 0.3, 1.0 and 
3.0 s. 
Since 2016, the USGS developers started a complete redesign of the entire ShakeMap software and 
very recently it was released the version 4 developed adopting the python script language (Worden et 
al., 2017). 

2.1 Italy 

The sections below describe the configuration and the validation of the ShakeMap installation 
performed by INGV and described fully in Michelini et al. (2020) with the exception of the web portal 
developments.  

2.1.1 Motivations 
In Italy, the shakemaps produced routinely by INGV for earthquakes with M≥3.0 (Michelini et al., 2008) 
are part of the products requested by the Italian Civil Protection (“Dipartimento per la Protezione 
Civile”, DPC, http://www.protezionecivile.gov.it/department).  DPC has been using these maps together 
with other independent information for assessments of the areas affected by the causing earthquakes. 
In addition, the maps are used by several other stakeholders spanning from the general public to 
researchers and private professionals.  
The initial ShakeMap configuration adopted by INGV in 2007 was the version 3.1 of the software.  This 
was progressively updated as new versions were released by the USGS developers.  The version 3.5 was 
implemented at INGV in 2015. Concomitantly, there has been a constant upgrade of the strong motion 
networks in Italy (RAN, “Rete Accelerometrica Nazionale”; RSN, “Rete Sismica Nazionale” and other 
local networks). Following the significant sequences that occurred in L’Aquila (2009, M6.1), Emilia 
(2012, M5.8) and Central Apennines (2016, M6.0, M5.9, M6.5), the Italian networks provided a large 
amount of high quality data that have been used for calibrating new GMMs (e.g., Bindi et al., 2011; 
Bindi et al., 2014; Faccioli et al., 2010; Emolo et al., 2011 among others). Concurrently, work has been 
done to improve knowledge of local site conditions. This modified scenario led us to undertake a 
reconfiguration of the ShakeMap software installed at INGV while keeping inter-consistency with the 
GMMs used for the new Italian seismic hazard map (Meletti et al., 2017) and adopting the new, recently 
released version 4 of the USGS ShakeMap software (http://usgs.github.io/shakemap/sm4_index.html). 
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2.1.2 Ranking of the GMM and Vs,30 
In order to rank the GMMs, the Italian territory has been subdivided into four zones, according to the 
prevailing tectonic regime (Figure 2) and earthquake depth, following the GMM zonation of the new 
Italian seismic hazard map (Meletti et al., 2017). The zones are: 

1) Shallow Active Crustal Region (SACR) characterized by shallow (< 35 km) events;   
2) Volcanic Areas (VA) including the Mount Etna, Aeolian Islands and the Campania volcanic 

complex that includes the Ischia island, the Phlegrean fields and the Vesuvius; 
3) Subduction Zone (SZ) corresponding to the southern Tyrrhenian and Ionian sea and 

characterized by deep earthquakes (from 35 to ~500  km) within the Calabrian slab; 
4) Deep Events (DE) with focal depths ≥ 35 km occurring mainly in Northern Apennines. 

 
Figure 2 shows three out of the four zones, that partially overlap in map view, and the events used for 
testing the new configuration. According to this zonation a shallow earthquake (depth < 35 km) can 
occur in SACR throughout the entire Italian territory except in the VA.  
Eleven GMMs, calibrated on different data sets (Italian, European, global), are tested for SACR. No 
GMMs are available for Italian SZ and the GMMs derived for the Hellenic arc (Skarlatoudis et al, 2013; 
HEL13) and for worldwide subduction zones (Abrahamson et al, 2016; HYDR15) are selected. 
The candidate models for VA are those by Tusa and Langer (2016), TL16, calibrated for the Mount 
Etna, the Faccioli et al. (2010), FAC10 and ITA10. Despite the last ones are not calibrated for VA, we 
select the FAC10 since it has been used as a reference model for volcanic zones in the European 
seismic hazard map (Delavaud et al., 2012) and ITA10 because it represents the reference predictive 
model for Italy. 
The candidate models to estimate the ground motion for events with depth ≥ 35 km in the Northern 
Apennines are selected among the SACRs models (Table 1) that adopt the hypocentral or rupture 
plane distance metrics, to include a focal depth dependency. 
The following GMMs have been selected: 

- Bindi et al. (2011) for SACR (<35 km), VA at depths larger than 5 km and the SZ between 5 and 
35 km of event depth; 

- Tusa and Langer (2016) for shallow (< 5 km) earthquake depth in VA; 
- Bindi et al (2014) for events deeper than 35 km in the DE and for events between 35 and 70 

km in the SZ; 
- Abrahamson et al. (2016) for deep events ( > 70 km) in the SZ. 

In ShakeMap the local site amplifications are accounted using an equally spaced grid of Vs,30 values 
(e.g., usually 30s or 60s along latitude and longitude). To generate the Vs,30 map, we have started 
from the geologic map of Italy at 1:100,000 scale provided by ISPRA 
(http://www.isprambiente.gov.it/it/ispra). The map resolution allows to discriminate with a certain 
confidence only the categories A, B and C, since classes D and E can be evaluated only at a very 
detailed scale or through local field investigations. 
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Figure 2: Tectonic zonation of the Italian territory for the application of GMMs. The colored 
polygons indicate the volcanic areas (VA, pink), the subduction zone (SZ, gray) after applying the 
extension boundaries by Maesano et al. (2017) to the recent slab2 model by Hayes et al. (2018). 
The shallow active crustal region (SACR) covers the entire Italian territory. The deep earthquake 
region (DE) extends throughout Italy although the events occur primarily in the northern 
Apennines. The solid circles indicate the earthquakes  used for the cross-validation analysis (blue: 
depth < 35 km ; orange: 35 km ≤ depth < 150 km; red: depth >150 km). 

The values of Vs,30 have been selected in agreement with the EC8 Vs,30 value ranges (Eurocode 8, 
2004). In addition and in order to condition the Vs,30 map values at the recording stations, we have 
included the Vs,30 values obtained from geophysical tests and from the topographic slope available 
for the recording sites in the ESM database 
(http://esm.mi.ingv.it/esmws/shakemap/1/masterstationlist.txt). To generate the Vs,30 map we have 
assigned Vs velocities to the EC8 A-C site classes inferred from the geologic map and merged this file 
with the Vs,30 values of the station file of the ESM database. 

2.1.3 Leave-one-out analysis 
In order to verify the accuracy in predicting the ground motions at the recording stations, we have 
adopted an iterative cross-validation procedure (also known as leave-one-out analysis; Tomczak, 1998; 
Hofierka et al., 2007, Worden et al., 2010).   In essence, for a selected earthquake and, iteratively, for 
each recording station, the technique performs the following 

a) Remove the station recorded IMs  from the data set 
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b) Use the ShakeMap procedure to predict the IMs at the removed station (i.e., while keeping all 
the others)  

c) Take the difference of the logarithm between observed and predicted IMs at the removed 
station  

We have used the 166 earthquakes  shown in Figure 2. In detail, 106 earthquakes (7335 IMs) occurred 
in the SACR; 6 earthquakes (196 IMs)  in  the DE; 19 earthquakes (471 IMs) in the VA; 35 earthquakes 
(885 IMs) in the SZ.  The IMs for earthquakes with M≥ 4, have been downloaded from the ESM database 
(https://esm.mi.ingv.it//esmws/shakemap/1/query-options.html) and, for events with M<4,  from the 
INGV web services (http://cnt.rm.ingv.it/en/webservices_and_software).  
The results of the cross-validation analysis for all the earthquakes are shown in Figures 3 and 4 
according to the EC8 classification and the regional-tectonic subdivision applied in Italy, respectively. 

 
Figure 3: Boxplot diagram of the differences between the base-10 logarithm of observed and ShakeMap 
predicted values for the entire data set used in the analysis (166 earthquakes).  The units for PGA and SA 
are log(percent-g) and for PGV are log(cm/s). a) all data; b) EC8 A class data; c) EC8 B class data and d) 
EC8 C class data. [Boxplot is a method for graphically depicting groups of numerical data through their 
quartiles. The box  boundaries span the second and third quartile (25 and 75% of the data) and the 
whiskers correspond to 1.5 IQR (interquartile range, Q3-Q1 where Q3 and Q1 are the first and third 
quartile, respectively).] 

In summary, the leave-one-out cross-validation analysis shows that the new configuration predicts 
rather accurately the ground motion for all the IMs. In addition, the standard deviations of the IM 
residual values are of the same order or smaller than the within-event sigma values obtained for similar 
data sets using the selected GMMs.  
Overall, the work presented a general methodology that can be followed to configure USGS-ShakeMap 
for a target region. The methodology involves two main stages. The first consists of identifying the most 
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appropriate GMMs to be adopted and the second of testing the configuration for validation within 
ShakeMap.   
Full detail on the work presented in this section can be found in Michelini et al. (2020). 

 
Figure 4: Boxplot diagrams of results subdivided according to the different tectonic regions. See Fig. 5 
caption for details. a) SACR regime;  b.) DE regime; c.) VA regime  and d.) SZ regime. See main text for 
details. 

2.1.4 Web Portal development 
The new version of the USGS ShakeMap does not include the web portal development required to 
visualize and publish the result. This aspect motivated INGV to develop a simple web portal of general 
use for products rendering.  
The main objective was to develop a portal for the visualization of the shakemaps which would benefit 
of the increased interactivity offered by new display technologies such as  Leaflet (https://leafletjs.com) 
while still offering the same products  (e.g., static maps of PGA, PGV, SA(X), IMs ESRI shape files, values 
grids)  present in the previous versions of the ShakeMap portal. Another aspect that was taken into 
account when designing the new product was of developing and offering a product that could be 
installed and used upon different platforms from laptops (when visualizing shakemaps for research 
purposes) to main servers run by operational centers that publish routinely their shakemaps as part of 
their activities.   In any event, the underlying idea was that of complementing the development made 
by USGS with the new version and offer an open access, public software tool which could be valuable 
to all.   
The project development is publicly available on the INGV github site 
(https://github.com/INGV/shakemap4-web).  The development has been made using HTML and 
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JavaScript adopting the Leaflet open-source JavaScript library (https://leafletjs.com). In addition, to 
foster distribution and facilitate maintenance, the docker technology (https://www.docker.com) is 
used. 

 
Figure 5: This picture assembles together four snapshot taken from the new INGV prototype ShakeMap 
web portal. (Top left: portal entry with the list of the earthquakes; the remaining panels show the 
shakemaps zoomed at different level of detail for the same earthquake; the bottom right panel overlaps 
also the intensity layer).  

Figure 5 shows a snapshot of the dynamic part of the portal. In Figure 6, we present the double view 
modality which can be when comparing e.g. different IMs for the same area and zooming level.  In 
Figure 7, we present examples of the standard “static” maps that can be both visualized and 
downloaded.    
The functionalities of the new web portal are presented in the video available at 
https://drive.google.com/file/d/1YLwhJxJACtCDnEYcHNH4CQc1oPNM_tpF/view?usp=drive_web. 
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Figure 6: Example snapshot of the double view functionality. There are rendered the MCS intensity to the 
left and the PGV to the right. 

 
Figure 7: Example snapshots of the ‘static’ standard display generated by the new version of ShakeMap 
(top left: MCS intensity; bottom left: PGA) and to the right the products download page. 
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2.2 Greece 

2.2.1 ShakeMap service at NOA 
NOA operates a service and produces routinely shakemaps for earthquakes in Greece with magnitude 
M≥4.0. Parametric results and maps are available to the GSCP in Greece and the general public. For 
strongly felt events, ShakeMaps are used in the official routine reports, combining also macroseismic 
intensity data and maximum observed peak ground acceleration (PGA), information useful to 
engineers, researchers and private professionals. 
The ShakeMap service was initiated in 2015, using the available open USGS version 3.5, incorporating 
data form all seismic stations (broad band, short period and strong motion) available in real time at 
NOA. In more detail, the Hellenic Unified Seismic Network was used under SeisComP3 and with the use 
of the scwfparam module, parametric data were extracted as input to the ShakeMap application 
software. Thus, an automatic service was developed, producing ShakeMaps and using default 
topographic slope proxy and GMICEs as described in Worden et al. (2012), that was found to fit 
empirically well for shallow depth earthquakes in Greece. 
A similar ShakeMap service was also available at ITSAK in Thessaloniki for Greece, where only the strong 
motion data available in real time from the ITSAK strong motion network was used. NOA combined 
through an RSS service, the ITSAK parametric results of their ShakeMap service as a later stage update 
(about 10 minutes delay) and thus, produced a combination ShakeMap for Greece including all available 
real time and later available parametric ITSAK data. 
In SERA, a new interface / portal for the upgraded ShakeMap application for Greece to version 4.0 was 
developed. The new interface was developed using the existing SeisComP3 service, which hosts all 
available seismic stations operating in real time in Greece (broad band, weak motion and strong 
motion), the Hellenic Unified Seismic Network, which includes broad band and short period seismic 
stations from NOA and the Universities of Athens, Thessaloniki, Patras and Crete, as well as the NOA 
and ITSAK strong motion seismic stations that cover the whole Greece. SCWFPARAM SC3 module was 
used to automatically compute peak ground acceleration (PGA), peak ground velocity (PGV), pseudo 
absolute acceleration elastic response spectrum (PSA), and relative displacement elastic response 
spectrum (DRS). The Vs30 profile database proxy for Greece after Stewart et al. (2012) was 
incorporated in the service. The Caprio et al. (2015) resulted global information was used for the GMPEs 
and GMICEs as they cover Greece in a good averaging approach. 
EMSC intensities via the main testimonies system were also introduced to the service. A modern DYFI 
service is under development at NOA and at this stage it was considered of great importance to include 
available DYFI data input. The EMSC LastQuake application as well as the main testimonies system was 
considered for use. As the data were made available through the EMSC portal, they were introduced 
to the NOA ShakeMap service, updating the information every hour. 
Last, the scwfparam service with its resulted parametric data was also used to feed data to a RRSM 
(Rapid raw strong motion) service / portal, compatible to the ORFEUS service that can share data to EU 
research community. 

2.2.2 Web portal development 
The portal was developed within NOA services produced to inform GSCP in Greece, local CP agencies 
and Municipalities, as well as the general public and the researchers after every strongly felt earthquake 
in the country. Urban areas also triggered the procedure with smaller magnitude earthquakes, but 
within the hours of common resting, when the events are felt mostly in a wider area, by a large number 
of population. These events were also included in the portal and the general database of automatic 
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approach, sometimes triggered also manually because of the importance of the felt event. The portal 
appearance is shown in Figures 8-12. 

 
Figure 8: Web portal front page, presenting the earthquake database of ShakeMaps developed at NOA in 
Greece. Stations used to reporting through SCWFPARAM module or parametric data input are also shown. 

 

 
Figure 9: After the event selection the user has the option for each event to select a variety of further 
presentations (i.e. Description of event, ShakeMap output results, RRSM results, DYFI data inputs). 
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Figure 10: Intensity map (left) and web interface example showing the list of products that can be selected 
for viewing and the list of stations in a table (bottom) reporting values used to the ShakeMap application. 

 

 
Figure 11: RRSM example presentation of the event presented in previous figures. 

 



SERA    Seismology and Earthquake Engineering Research Infrastructure Alliance for Europe
   

 
 

Report on methodologies performance analyses of qualitative impact assessment methods
  16 

 
 

 
Figure 12: ShakeMap presentation example of Intensity map, where EMSC testimonies are also in use and 
incorporated with measurements at seismic stations in the process to compute/estimate Intensity 
contours at the epicentral area. 

The portal is using open software Leaflet and geojson files for presenting maps and parametric data in 
combination with constructed tables of the data used and the produced results. Moreover, a RRSM 
compatible database is also in the making, thus data can be automatically exchanged with the ORFEUS 
RRSM in a centralized EU Shake Map process and RRSM, ESM strong motion database. 
 

2.3 Romania 

The objectives of the NIEP team in this deliverable were aimed at the improvement of the rapid impact 
assessment methodologies both nationally and at European scale.   This objective was accomplished by 
developing new GMM for intermediate-depth earthquakes and by improving the SeisDaRo 
(quantitative loss assessment) system. This gave the opportunity to enhance the very rapid qualitative 
assessment of losses procedure immediately after the earthquake and to run off-line tests for events 
M>6 in Romania and in Greece (see Annex 1 for detail). 

2.3.1 Ground motion model 
In order to develop a new GMM for Romania, it was first compiled a good-quality ground-motion 
database of the Vrancea (Romania) intermediate-depth earthquakes. This has been used to develop 
local empirical equations for the prediction of PGA, PGV and 5%-damped SA up to 10 s. The ground 
motion database comprise ~20000 records from 210 Vrancea intermediate-depth events with moment 
magnitude (Mw) ranging between magnitude 4 and 7.4. The database contains all the records available 
at the Romanian Seismic Network (RSN) of the National Institute for Earth Physics (NIEP/INCDFP), and 
the ones within the BIGSEES database(http://bigsees.infp.ro/Results.html). The Mw=4 lower threshold  
was selected as the lower limit of data based on the minimum magnitude from which the ShakeMap 
triggers in case of VRI events and is linked with the measured feedback intensity.  
The quality of four relevant ground motion models proposed for active subduction zones (Sokolov et 
al., 2008;  Vacareanu et al., 2015;  Abrahamson et al., 2015;  Skarlatoudis et al., 2013) was tested first 
using the data of this database. Comparison between model predicted and recorded intensity 
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measurements (IMs) shows that the ground motion models fit relatively well the PGA data within the 
model’s magnitude validity range (Mw>5) whereas they tend to overestimate the values below this 
one. To address this problems, a new GMM was proposed using the actual database and introducing 
the fundamental frequency of resonance for a better characterization of site response variability.  The 
proposed functional form of the new GMM is 
 
ln(Y) = c1 + f+,-./0(M2;M.04) + f05067_90:7;<M2;R;>:,; h@ + f:A7;<R;>:,, ARC@ + f+E70(fF, f.04, S) 
 
where M.04 = 5.7 , ARC =0,1,2 (back-, along-, forearc), fF fundamental frequency computed from H/V 
noise records, f.04=15Hz for rock conditions; S =site class according EC8. The new GMM is found to 
lower the differences between the predicted and the observed values as it can be observed in Figure 
13 from the comparison between the PGA residuals vs Mw of the four analyzed models (plotted in blue) 
and compared with those of the new GMM represented against Mw, Rhypo, ARC and f0 (grey plots)  

 
Figure 13: Comparison of the residuals calculated with the four GMM ((Sokolov et al., 2008;  Vacareanu 
et al., 2015;  Abrahamson et al., 2015;  Skarlatoudis et al., 2013) as function of magnitude plotted with 
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blue symbols and those calculated using the new GMM as function of different functional parameters 
plotted in grey. 

 
This parameter fF was assessed at all the stations where such estimations were not available from 
previous studies (143 sites).  
In summary, the work addressed the rapid estimation of the seismic ground motion induced by Vrancea 
intermediate-depth source. The accuracy of four selected GMM’s to simulate ground motion 
parameters (PGA, PGV, SA) was assessed and an empirical ground motion model was proposed for the 
actual VRI database (Mw>4). An important particularity of the proposed GMM is the fact that soil 
conditions at recording stations (and amplification effects of local geological structure) are included 
using a term depending on fF - the fundamental frequency of resonance. This supplementary constrain 
(f0 parameter) -connected with the depth of the sedimentary cover- significantly reduces the residuals 
of the proposed model, specifying that these residuals (Figure 13) were not computed within the 
ShakeMap. The different attenuation patterns of the seismic waves generated in Vrancea at 
intermediate depths are also taken into account. Results of the new GMM can be seen in Figure 15. 

2.3.2 The SeisDaRo (quantitative loss assessment) system 
Seisdaro represents a system for the rapid estimation of damage generated by an earthquake in 
Romania, in terms of affected buildings and socio-economic losses. Its first two versions were 
developed by INFP with support from NORSAR or UTCB, starting with 2011. Considering the availability 
of new exposure data and new methodologies and fragility functions capable of a better rapid loss 
estimation, the system needed an upgrade, which came within SERA WP28 Task 5. 
Seisdaro (version 3, developed and implemented by INFP, also with the support of SERA Project 
partners) allows the rapid estimation of damage generated by earthquakes ≥ 4.0 ML in Romania and 
nearby, using two methodologies: 

- PAGER: estimates at national level the probability of casualties for a certain severity interval, 
based on instrumental intensity values and correlations with previous earthquake casualty 
records; it is an adaptation of the USGS PAGER methodology (Jaiswal et al. 2009), using specific 
coefficients for Romania (θ=17.5, β=0.24 and stdev = 2.6) but new Intensity Prediction 
Equations (IPE) specific for Vrancea intermediate-depth earthquakes (Sorensen et al., 2007 and 
Sokolov et al., 2008) and more recent national population exposure data. 

- SELENA: estimates, at commune/city/sector level (3186 units in total), the number of 
residential buildings affected (more or less) and based on this the number of casualties (from 
slight injuries to potential deaths) and direct economic losses. The estimation is based on 
fragility functions for more than 49 representative building typologies (taking into account 
building material, construction period and height), acceleration values, analytical methods such 
as I-DCM or MADRS and consequence models. The computation can be adapted also to 
individual structures, also in conjunction with structural monitoring procedures. 

Both methodologies use as input enhanced exposure data from the Romanian National Census in 2011 
and intensity measures and earthquake parameters from REWS or Shakemap systems of INFP, which 
use data from the stations of the Romanian Seismic Network. Seisdaro also has a custom Shakemap 
module allowing direct scenario simulation and new methodologies for ground motion estimation 
(Toma-Danila and Cioflan, 2017). This custom Shakemap module can currently use data from three 
different GMMs developed specifically for the Vrancea Area: Sokolov et al. (2008), Vacareanu et al. 
(2015) and Manea et al. (paper in revision) – developed within WP28 task 4 of SERA Project (see 2.3.1). 
When real recordings are available, for a specific azimuth (of 450 to be representative for the Vrancea 
kidney-shape intensity values distribution) or for custom defined regions (considering geo-tectonic 
settings), the custom ShakeMap module can check which GMM fits best with recorded values and chose 
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different weighting schemes for points in that area (Toma-Danila and Cioflan, 2017), also creating a 
smoothing effect around edges (in order to not reflect an improbable abrupt shift in ground motion). 
This testing can be used for further dynamic weighting scheme adjustments. As in ShakeMap, offscale 
real recordings are identified based on comparison with GMPE estimates and removed. Further work 
is still however required for this experimental module dedicated to providing more emphasis on real 
recorded data, recorded by more and more stations of the Romanian Seismic Network. The differences 
this module can bring are shown in Figure 15 (reflecting promising results in terms of PGA, in parallel 
with NIEP’s ShakeMap 3 implementation based on just Sokolov GMPE). 
 
Results of Seisdaro (maps, graphs and GIS data, see Figures 14-20) are generated, after receiving input 
data from REWS or Shakemap, in: 

- 10-15 seconds (PAGER module) 
- 2-3 minute (SELENA module) 

 
 

 
Figure 14: Implementation scheme for Seisdaro (version 3) (Toma-Danila et al., 2018). 
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Figure 15: Results of classical ShakeMap methodology (top left) and custom Shakemap module (mix 
between Sokolov and Vacareanu GMM) (top right) and custom Shakemap module (the new Manea et al. 
GMM) (bottom) for the 1986 scenario (Mw 7.1, 131 km depth) (Toma-Danila et al., 2018). 

 

 
Figure 16: Intensity maps for the 1940 earthquake (Mw 7.7, 150 km depth): interpolated observed 
intensities from Kronrod et al. 2013 (left) and mean of two IPEs, used within the SeisDaRo PAGER-RO 
module, generated by the custom ShakeMap module without the contribution of observed intensity 
values (right) (Toma-Danila et al., 2018). ). As it can be seen, the difference between prediction and 
observation is considerable, leading to the conclusion that the NIEP’s ShakeMap or custom Seisdaro 
ShakeMap module would benefit from validated observed intensities or new IPEs for a better estimation 
of casualties with the PAGER module. 
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Figure 17: Fatality estimates obtained with PAGER-RO and SELENA modules, for earthquake scenarios of 
previous major earthquake. PAGER-RO module used mean intensities between Sokolov and Sorensen IPE, 
as it would in real-time (Toma-Danila et al., 2018). 

 
Figure 18: Seisdaro (version 3) loss estimations for the 1940 (left) and 1977 (right) scenarios computed 
with the custom Shakemap module, in terms of percentage of completely damaged buildings from total 
per city/commune (left) and fatalities for the worst-case scenario (all people inside) (right)  (Toma-Danila 
et al., 2018). 

Figure 17 shows the differences between PAGER-RO and SELENA casualty estimates (worst-case 
scenario), for representative scenarios comparable more or less with casualties occurred during the 
time of these events (which happened with the exception of 1990_1 during night time). Results for 
the 1940 and 1977 scenarios show that IPEs developed for Vrancea could underestimate intensity 
values at higher magnitudes, these aspect propagating also in PAGER-RO estimates. In the case of the 
1940 scenario, intensity values of IX and even X are reported in Kronrod et al. (2013) in LAU2 located 
SW and E from the epicenter, but these are not reproduced by the IPEs (Figure 17). In the case of 
other scenarios, observed and estimated intensities are much more related. Still, as expected, PAGER-
RO shows clear and valid distinctions between fatality ranges of Vrancea earthquakes with Mw>7.1, 
earthquakes between 6.9 and 7.1 Mw and smaller earthquakes. For all scenarios, it is notable that 
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SeisDaRo 3 provides lower estimates than SeisDaRo 2, with the SELENA module. SeisDaRo 3’s SELENA 
results are in general not within the most probable fatality range provided by PAGER-RO, but they 
mostly fit in the second most probable range. SELENA module seems to overestimate fatalities, 
especially for the 1986, 1990(1) and 1990(2) scenarios, when the building stock was more 
representative to actual times and for which there were no considerable human losses. The 1986 
earthquake happened soon after midnight, so most people were inside, and still no fatal losses 
occurred, because most buildings did not collapsed completely. Since also for the 1990(2) scenario, 
with a much smaller magnitude (Mw 6.4), the SELENA fatality estimation is high, we need to perform 
sensitivity analysis and a disaggregation of the results. Figure 18 reflects results for the 1940 and 1977 
scenarios, in terms of percentage of estimated completely damaged residential buildings and 
consequences in terms of severe injured people – a distribution comparable with observed damage 
patterns (Georgescu and Pomonis, 2012). 
 

Examples of Seisdaro applications: 
- Assistance in emergency decision making and intervention planning (e.g. contribution in 

preparation of SEISM 2018 and 2019 exercises conducted by General Inspectorate of 
Emergency Situations in Romania). 

- In the elaboration of seismic risk maps (deterministic or probabilistic) and the development of 
more efficient seismic risk reduction strategies. 

- Contribution to risk modelling and business continuity planning, for companies in industry or 
insurance and reinsurance. 

- Adaptation to specific facilities and assets, allowing also for integration with other 
methodologies (such as the analysis of debris impact or network performance indicators – as 
implemented and tested for Bucharest road network also within this task, through the 
Network-risk toolbox - Figure 20 and Figure 21). 

 

 
Figure 19: Example of Operational webGIS Dashboard created for a scenario of the 4 March 1977 
earthquake (7,4 Mw, 94 km depth), bringing together decision support products from Shakemap and 
Seisdaro. 
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Figure 20: Integration of SeisDaRo results in a methodology for the estimation of emergency intervention 
delay times and implications - the Network-risk toolbox for ArcGis (Toma-Danila et al., 2020). 

 

 
Figure 21: Graphical representation of the proposed methodology for evaluating the implications of 
transportation network damage due to natural hazards, integrated in the Network-risk toolbox; Seisdaro 
provides information necessary for estimating affected structures/areas and evaluation of socio-economic 
losses – as also destinations for emergency intervention (Toma-Danila et al., 2020). 

2.3.3 Development of a custom PAGER module adaptable to other European 
countries 
Within this task, INFP adapted Seisdaro’s PAGER module to another country in Europe – Greece. NOA 
provided data in the form of intensity values for two relevant scenarios (the 1999 and 2005 major 
earthquakes) and the following casualty estimates, presented in Figure 22 and Figure 23, were 
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generated, showing a good fit with observed casualty distribution. For population exposure, Eurostat 
recent data was used, at LAU2 level. The module is capable of implementation in near real-time, 
requiring input preparation from NOA. The module (written in Matlab) can be also easily implemented 
in other European regions of interest were Shakemaps are available. The module implementation in 
near real-time is still ongoing at NOA. 
 

 
Figure 22: Intensity map of the 1999-09-07 11:56, Z=10 km M6.0 (USGS/NEIC) (left) and results from the 
custom PAGER module (right). 

 

 
Figure 23: Intensity map of the 2006-01-08 11:34 Z=66 km, M6.7 (USGS/NEIC) (left) and results from the 
custom PAGER module (right). 
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3 Simplified methodologies for impact assessment 

 

3.1 Earthquake Qualitative Impact Assessment (EQIA) 

EQIA (Earthquake Qualitative Impact Assessment) was developed by Roger et al. (2009) and Gilles et al. 
(2010) within the NERIES/JRA-3 project. Since 2007, it has provided fast and automatic impact 
assessment for crustal earthquakes (depth ≤ 40km) with a magnitude of 5 or higher. The purpose of 
EQIA is to quickly detect a potentially damaging earthquake from its magnitude and the density of 
population in the affected region, using very simple models; a GMM is used to define the impacted area 
(Akkar and Bommer, 2007) and an empirical relation relates the population density to the fatality rate 
(Samardjieva and Badal, 2002). Its results are only meant to be used for an internal alert and are not 
intended for public release. 
 
As part of the SERA JRA-6 project, EQIA, has been rejuvenated in Python as well as improved in several 
ways. This chapter of the deliverable describes the main improvements to EQIA and follows an earlier 
report that describes its performance (see Annex n. 2).  The improvements to EQIA  include: 

• The possibility to use an additional population database 
• A new rupture length evaluation 
• A new approach for uncertainties 

We remind that, in view of the large uncertainties, EQIA does not aim at providing an accurate estimate 
of the number of casualties due to too large uncertainties but only a range of possible impact. The 
different impact categories used in EQIA are listed in Table 1. 
 

IMPACT CATEGORY  FATALITIES 

NONE 0 

LIGHT 1 to 39 

MODERATE 40 to 99 

HEAVY 100 to 999 

VERY HEAVY 1000 to 9999 

EXTREME > 10000 

Table 1: EQIA impact categories. 

The first part of this report will present the new population database introduced in EQIA. Then, the 
upgrades related to the evaluation of the rupture length will be detailed. The new uncertainties 
approach proposed for EQIA will be discussed afterwards. The last part of this report will be devoted to 
the results of the performance evaluation of the new version of EQIA. 
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3.1.1 New population database 
Currently, EQIA uses the LandScan database (e.g., Bright et al., 2016, available years: 2007, 2011 and 
2015) for evaluating the population distribution around the earthquake epicenter. Since LandScan is 
not free, we wish to move to  an open access database. The Global Human Settlement database, by the 
European Commission, seems a suitable choice. 
The Global Human Settlement (GHS) (Freire et al., 2016; Schiavina et al., 2019) produces global spatial 
information describing the human presence around the globe over time (1975, 1990, 2000 and 2015). 
It is an open and free database, supported by the Joint Research Centre (JRC) and the DG for Regional 
Development (DG REGIO) of the European Commission, and by the international partnership GEO 
Human Planet Initiative. 
Population data is available at different spatial resolutions (WGS84): 9 arcsec (around 250m near the 
equator) and 30 arcsec (around 1km near the equator). So far, only the last was tested. 
The results of EQIA, for the September 28th, 2018 M7.5 earthquake in Sulawesi, Indonesia, are 
displayed Figure 24 (with LandScan 2015) and Figure 25 (with GHS 2015). 
As one can see from Figure 24 and Figure 25, there are quite big discrepancies between the two 
databases. In overall the GHS population is much denser. Since judging the quality of these databases, 
elaborated on different methods, is beyond the scope of our work, we’ll keep both to account for our 
lack of knowledge and the potential uncertainties it induces. Thus, for each earthquake triggering EQIA, 
2 computations are launched, one with LandScan, the other one with GHS and both impact predictions 
can be considered. 
It is important to note that GHS aims at making one release per year, which would be a very interesting 
feature to improve the reliability of the impact prediction. 
The execution time of EQIA with the two different databases as input is presented in the Appendix A. 
 

 
Figure 24: EQIA results with the LandScan2015 database for the September 28th, 2018 M7.5 earthquake 
in Sulawesi, Indonesia (event 715248). The displayed scenario corresponds to a unilateral rupture 
propagation. On the left, a map of the earthquake location with the population density, as well as the 
modelled rupture (red line) and the iso-PGA boundaries (in black or red). On the right, the corresponding 
impact range, the red line indicates the most probable impact. 2256: solid lines represent the model at 
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different population densities, the red point and rectangle the fatalities mean value and uncertainties. 
2256 fatalities were recorded for this event (very heavy impact). 

 
Figure 25: EQIA results with the GHS2015 database for the September 28th, 2018 M7.5 earthquake in 
Sulawesi, Indonesia (event 715248). The displayed scenario corresponds to a unilateral rupture 
propagation. On the left, a map of the earthquake location with the population density, as well as the 
modelled rupture (red line) and the iso-PGA boundaries (in black or red). On the right, the corresponding 
calculated impact range, the red line indicates the most probable impact. 2256 fatalities were recorded 
for this event (very heavy impact). 

 

3.1.2 Rupture length equation 
The rupture length evaluation is key in EQIA since it monitors the size of the impacted zone.  For small   
to medium size earthquakes (M<7) a point source model is enough to represent the rupture. For 
larger earthquakes (M≥7), up to now, the rupture length is taken as Equation (1), based on Wells and 
Coppersmith (1994). 

M = 2.44 + 0.59 log(L) ⟺ L = 10(STU.VV)/F.XY (1) 
 
This equation has been updated with more recent work Leonard (2014), taking into account the fault 
type. There are now 4 relations between the rupture length and the magnitude, depending on the 
fault type. If the fault type is unknown, by default we consider a dip slip since they are the most 
common slips: 

• Inter-plate dip slip: 

M = 4.24 + 1.667 log(L) ⟺ L = 10(STV.UV)/[.\\] (2) 

 
• Inter-plate strike slip 

M = 5.27 + log(L) ⟺ L = 10(STX.U]) (3) 

 
• Intra-plate (SCR: Stable Continental Region) dip slip 

M = 4.32 + 1.667 log(L) ⟺ L = 10(STV._U)/[.\\] (4) 
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• Intra-plate strike slip 

M = 4.25 + 1.667 log(L) 	if	L < 60	km) ⟺ L = 10(STV.UX)/[.\\] if 
M<7.2 

(5) 

M = 5.44 + log(L)otherwise	 ⟺ L = 10(STX.VV) otherwise  

 
The rupture length for these 4 cases as a function of the magnitude is represented Figure 26, the 
equation used so far in EQIA, Eq. (1) is also displayed for the sake of comparison. 
 
 

Figure 26: Rupture length computed for the different equations from Leonard (2014). For the sake of 
comparison, the equation used so far in EQIA 

3.1.3 Towards reduced uncertainties 
Currently, EQIA takes into account uncertainties on the epicenter location and on the earthquake 
magnitude. Typical uncertainties are respectively 15km and 0.2, but can be conservative, for example 
when seismological stations are numerous and well spread around the epicenter. For instance, in the 
EMSC database, over 85% of the earthquakes magnitude are defined within 0.1 of their final magnitude 
20 minutes after they occurred. In the new version of EQIA, EQIA is launched with uncertainties on 
epicenter location and magnitude of 15km and 0.2 about 10 minutes after the earthquake. At 20 
minutes after the earthquake, EQIA is relaunched with reduced uncertainties of 10 km and 0.1. 
 
Needless to say that the impact assessment precision is much better with reduced uncertainties in 
inputs. However, this improved precision will decrease EQIA’s reliability in predicting the correct 
impact: with increased accuracy, some errors that have been blurred so far become obvious.  
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Furthermore, we plan to add on the visual outputs created with EQIA information on the parameters 
that could play a major role on the impact assessment (violent earthquake days before inducing 
population displacement, earthquake occurring during night time etc.) to give a comprehensive view 
on the limitations of quick impact assessment. 
Moreover, as part of the RISE project, a new collaboration with the ETH Zürich, around the FinDer 
algorithm is starting, to exploit the felt reports gathered by the EMSC. This collaboration aims at quickly 
constrain the finite rupture as well as the shaking levels from crowd-sourced data.  
In particular, it seems very promising to quickly get the fault rupture orientation and propagation 
since we would be able to promptly evaluate the most realistic scenario when it comes to large 
earthquakes (when M≥7 we consider in EQIA a 1D finite rupture model,  for each nodal plane 
obtained from the Global Centroid Moment Tensor (GCMT ; Dziewonski et al., 1981; Ekstrom et al., 
2012) database, there are 3 end member scenarios: 2 unilateral ruptures from epicenter and one 
bilateral, please refer to the previous report in Annex n. 2). 

3.1.4 New performance evaluation 
An analysis of the upgraded version of EQIA has been done, similarly to Julien-Laferrière et al. (2019) 
(see Annex 2). EQIA’s performance was assessed by comparing EQIA’s impact predictions  to the NOAA 
database (https://www.ngdc.noaa.gov/hazard/), considered as the reference. We make the distinction 
between M<7 events where the rupture is considered a point source and M≥7 events where the 
rupture is modelled by a line (if at least one nodal plane is known).  For M≥7 events, 3 end member 
rupture propagation scenarios are considered for each nodal plane: 2 unilateral ruptures from the 
epicenter and one bilateral. We distinguish the ”unfavorable” case, when at least one of the rupture 
scenario does not match the reference impact and the ”favorable” case, when at least one matches the 
reference impact. 
Four results categories can be distinguished: 

• “Correct”: when the predicted impact range includes the reference impact 
• “Overestimation”: when the predicted impact range is higher than the reference impact 
• “Underestimation”: when the predicted impact range is lower than the reference impact 
• “Uncategorizable”: for M≥7 events, when some scenarios are higher and other lower than the 

reference impact 
 
Four distinct cases are analyzed in order to evaluate the performance depending on the options 
available: 
 

• GHS classic: GHS database population with classic uncertainties (15km for the epicenter location 
and 0.2 for the magnitude). 

• GHS reduced: GHS database population with reduced uncertainties (10km for the epicenter 
location and 0.1 for the magnitude). 

• LandScan classic: LandScan database population with classic uncertainties. 
• LandScan reduced: LandScan database population with reduced uncertainties. 

The Table 2, Table 3, Table 4 and Table 5  summarize the results of the performance analysis for these 
cases, while Table 6 presents the results before the upgrade (using the LandScan database and classic 
uncertainties). 
 

Result All 
unfavourable 

 
favourable 

M<7 M≥7 
unfavourable favourable 

Correct 99.3% 99.5% 99.6% 76.3% 90.7% 
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≥ 

Overestimation 0.2% 0.2% 0.1% 3.1% 3.1% 
Underestimation 0.3% 0.3% 0.3% 6.2% 6.2% 
Uncategorizable 0.2% 0.0% - 14.4% 0.0% 

Table 2: EQIA’s performance (GHS classic) for 7291 earthquakes (7194 M<7 and 97 M 7) from January 
2010 to May 2019. 
 
As already noticed in the previous report, EQIA present very good performance. The different cases 
discussed here have similar to slightly better results than the previous version of EQIA, especially 
reducing the cases of overestimation for M≥7 events. 
As expected, when uncertainties are reduced, the forecasted impact presents a narrower range, 
resulting in lower performance while remaining excellent. 
Concerning the use of different population database, while we do not know which one best represents 
the actual population density, the use of the GHS database lends slightly better results, especially when 
it comes to M≥7 earthquakes. As already mentioned, EQIA will produce visual outputs for both 
databases, in order to include this lack of knowledge in its impact assessment. 
Due to the low statistics for M≥7 earthquakes, it is hard to say whether the rupture length new 
evaluation is a compelling upgrade in terms of performance. However it seems a more suitable 
approach since it benefits from a more recent work, based on a bigger data-set. 
 

Result 
All 

unfavourable 
 
favourable 

M<7 M≥7 
unfavourable favourable 

Correct 98.7% 99.0% 99.2% 67.0% 86.6% 
Overestimation 0.6% 0.6% 0.5% 5.2% 5.2% 

Underestimation 0.4% 0.4% 0.3% 8.2% 8.2% 
Uncategorizable 0.3% 0.0% - 19.6% 0.0% 

Table 3: EQIA’s performance (GHS reduced) for 7291 earthquakes (7194 M<7 and 97 M 7) from January 
2010 to May 2019. 

 
Result All 

unfavourable 
 
favourable 

M<7 M≥7 
unfavourable favourable 

Correct 98.9% 99.1% 99.3% 72.2% 84.5% 
Overestimation 0.7% 0.7% 0.5% 10.3% 10.3% 
Underestimation 0.2% 0.2% 0.2% 5.1% 5.1% 
Uncategorizable 0.2% 0.0% - 12.4% 0.0% 

Table 4: EQIA’s performance (LandScan classic) for 7291 earthquakes (7194 M<7 and 97 M 7) from 
January 2010 to May 2019. 

 
Result All 

unfavourable 
 
favourable 

M<7 M≥7 
unfavourable favourable 

Correct 98.0% 98.2% 98.4% 66.0% 79.4% 
Overestimation 1.4% 1.4% 1.3% 14.4% 14.4% 
Underestimation 0.4% 0.4% 0.3% 6.2% 6.2% 
Uncategorizable 0.2% 0.0% - 13.4% 0.0% 
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Table 5: EQIA’s performance (LandScan reduced) for 7291 earthquakes (7194 M<7 and 97 M 7) from 
January 2010 to May 2019. 

 
Result All 

unfavourable 
 
favourable 

M<7 M≥7 
unfavourable favourable 

Correct 98.6% 98.7% 98.9% 74.5% 82.7% 
Overestimation 1.0% 1.0% 0.8% 15.3% 15.3% 
Underestimation 0.2% 0.2% 0.2% 2.0% 2.0% 
Uncategorisable 0.1% 0.0% - 8.2% 0.0% 

Table 6: EQIA’s performance before the upgrade (LandScan database, classic uncertainties) for 7268 
earth- quakes (7171 M<7 and 97 M≥7) from January 2010 to May 2019. 

3.1.5 Summary 
In addition to its transcription and update into the Python programming language, EQIA has been 
improved in various way to asses a more realistic impact as well as account for new sources of 
uncertainties. In particular, an additional population database is considered in order to account for our 
limited knowledge of the population density around the epicenter. 
This new version of EQIA has excellent performance, slightly better than the previous version with 99% 
correct impact estimations, especially when using the GHS population database (99.5% of correct 
impact predictions with 76.3 to 90.7% for M≥7 event depending on the rupture scenario). 
As mentioned elsewhere in this report, as part of the RISE project some work will be conducted on the 
estimation of the fault rupture parameters from crowd-sourced data using the FinDer algorithm in 
collaboration with ETH Zürich and this could be useful as input for EQIA. 
 

Appendix A - Note on Execution Time 
In Figure 27 is displayed the execution time as a function of the magnitude for the same epicenter 
coordinates. As the area impacted by the earthquake greatly increases with the magnitude, requests in 
the population databases are more and more costly. Since the GHS database suggests a denser 
population than the LandScan database, it has less entries. As a consequence, the database queries on 
GHS are much faster than on Land- Scan. For smaller magnitudes (roughly M < 7.0), creating the visual 
outputs is the most time-consuming part (thus we have a plateau at low amplitudes). The execution 
time depends mainly on the magnitude and on the region (populated or not). 
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Figure 27: Average EQIA execution times (over three executions) for the same epicenter coordinates (i.e. 
the same population distribution) with different magnitude and population databases. These numbers 
highly depend on the population distribution. 
 
 

4 Datasets 

 

4.1 ShakeDaDO (1.0) – a new database for ground shaking and 
damage in Italy 

The publication of the Da.D.O. database (Dolce et al., 2019) has made available a large amount of 
information on damage data for individual buildings for nine strong sequences that have affected Italy 
since 1980.  At the same time, Michelini et al. (2020, see section 2.1) published the new release of 
ShakeMap for the Italian territory which is based on the new code architecture implementing a new 
and more sophisticated strategy for the integration of real ground motion data and that from ground 
motion models.  Also, it adopts the latest ground-motion models and an updated map of Vs,30 as proxy 
to account for site effects. Michelini et al. (2020) describe the new approach and quantify the best 
performance of this implementation compared to the previous one. 
In light of this, in this task we have worked, in collaboration with JRA4, to create a unique database that 
would include information about the damage and characteristics of the individual building, with 
associated shaking parameters. 
The work was divided into the following three parts: 

1. refinement of the Da.D.O. Database; 
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2. creation of the ShakeMap for all M >= 5.0 earthquakes belonging to the sequence under
examination;

3. database assemble.
The following sections summarize the work done whereas the annexed report provides full detail on 
the steps and the reasoning that led to the creation of the joint damage and shakemap database. The 
report provides also shows all the maps that have been generated and a first statistical analysis of the 
data distribution. 
The starting points are i.) Da.D.O., the Database of Observed Damage, compiled using damage 
assessment forms from sequences of earthquakes in Italy, available at 
http://egeos.eucentre.it/danno_osservato/web/danno_osservato and ii.) the newly configured 
ShakeMap implementation for Italy. 

4.1.1 Refinement of Da.D.O. 
This part of the analysis has been done in collaboration with JRA4 (Risk Modelling Framework for 
Europe) and EUCE.  
The damage data in the Da.D.O. database has required additional processing as it does not include all 
of the undamaged buildings (except for the Irpinia event which included all buildings in the region). The 
ISTAT census data from 1991, 2001 and 2011 has been used to estimate the total number of reinforced 
concrete and masonry buildings in each municipality and then the number of damaged buildings from 
Da.D.O. has been removed to estimate the number of undamaged buildings. So far, only those 
municipalities where the inspection forms made up at least 80% of the number of buildings in the 
municipality have been considered in the calculations herein (as it cannot necessarily be assumed that 
municipalities with few damage forms had few damaged buildings). This led to the exclusion of data 
from three of the nine sequences contained in Da.D.O. database (Friuli 1976, Abruzzo 1984 and Emilia 
2003). It follows that the historical earthquake sequences that have been analyses are six: Irpinia 1980, 
Umbria-Marche 1997, Pollino 1998, Molise 2002, L’Aquila 2009 and Emilia 2012. 
From Da.D.O. Database the following fields were extracted: location (latitude and longitude of the 
building), the number of floors, age of construction, structure (masonry or reinforced concrete) and 
damage (in classes from DS0 to SD5). We also added as a parameter the year in which the municipality 
first entered the seismic classification. 
The calculation of undamaged buildings as proposed by comparison with the total structures derived 
from ISTAT census data adds a significant number of missing buildings for DS0 class. Using the same 
technique, however, we found that some (few) data were also missing in the other damage classes. For 
the latter buildings, the only information available is the type of structure and the level of damage. To 
be able to enter these new buildings into the database, we adopt the following strategy to generate 
the missing data. The number of storeys and the age of construction are sampled on the basis of the 
frequency from the same municipality as available in Da.D.O. database; the location is sampled from 
the normalised density of population provided by LandScan 2015 within the territory of the 
municipality. 
The results of this integration are presented in the Table 7. 

Sequence Damage 
Class Structure  Buildings 

Added 
Total 

Buildings  

Total 
Buildings 
added  

% of Total 
Buildings 
added  

Irpinia 1980 DS0 
masonry 163 

38095 211 0.6% 
reinforced concrete 48 

Umbria 
Marche 1997 

DS0 
masonry 172 

6980 1660 23.8% 
reinforced concrete 345 
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DS1 
masonry 270 

reinforced concrete 22 

DS2 
masonry 136 

reinforced concrete 2 

DS3 
masonry 307 

reinforced concrete 2 

DS4 
masonry 141 

reinforced concrete 1 

DS5 masonry 262 

Pollino 1998 

DS0 
masonry 313 

6981 330 4.7% 

reinforced concrete 6 

DS1 masonry 6 

DS2 masonry 1 

DS3 masonry 2 

DS4 masonry 2 

Molise 2002 
DS0 

masonry 789 

14111 903 6.4% reinforced concrete 110 

DS1 reinforced concrete 4 

L’Aquila 2009 

DS0 
masonry 520 

52679 1599 3.0% 

reinforced concrete 781 

DS1 
masonry 102 

reinforced concrete 37 

DS2 
masonry 55 

reinforced concrete 7 

DS3 
masonry 59 

reinforced concrete 12 

DS4 
masonry 14 

reinforced concrete 2 

DS5 
masonry 7 

reinforced concrete 3 

Emilia 2012 

DS0 
masonry 174 

1867 335 17.9% 

reinforced concrete 154 

DS1 masonry 2 

DS2 masonry 1 

DS3 masonry 1 

DS4 masonry 2 

DS5 masonry 1 

           
TOTALS       120713 5038 4.2% 

Table 7: Summary of the data points added to the Da.D.O. for consistency with the buildings in the ISTAT 
census data from 1991, 2001 and 2011. 

4.1.2 Shakemaps 
The second stage of the procedure for preparing the database involved the calculation of the 
shakemaps.  This section shows how the criteria that were used to generate the ground shakemaps to 
be associated to the historical sequences in the Da.D.O. Database. 
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Some of the sequences for this study are complex, consisting of several earthquakes with comparable 
magnitudes, and spatially very extended. This complexity could influence the shaking suffered by the 
different zones. Our strategy called for the calculation of all the shakemaps of the events with M ≥ 5.0, 
which occurred during the sequence in addition to the mainshock. For the seismological information, 
we used the Engineering Strong-Motion database (ESM, Luzi et al. 2016). ESM has a web service that 
provides the peak ground motion parameters in the format suitable for ShakeMap. The ground motion 
variables we considered are macroseismic intensity in MCS scale and PGA, PGV, SA 0.3s, SA 1.0s and SA 
3.0s. In addition, ESM gives the possibility to download the extended fault if it is available in the 
literature. Michelini et al. (2019) describe the adopted ground-motion models and the new site effects 
map.  
The ground motion was calculated to all the location points of the “integrated” Da.D.O. .  The list of the 
earthquakes we have used is shown in Table 8. 

Sequence Origin Time Magnitude Fault 
Number of 

Stations 

Irpinia 1980 

11/23/80 18:34 6.9 Ameri et al. (2011) 21 

11/24/80 0:24 5 - 4 

11/25/80 17:06 5 - 2 

Umbria-
Marche  1997 

9/26/97 0:33 5.7 
Hernandez et al. 

(2004) 
15 

9/26/97 9:40 6 DISS Working Group 21 

10/3/97 8:55 5.2 - 11 

10/6/97 23:24 5.4 - 17 

10/12/97 11:08 5.2 - 13 

10/14/97 15:23 5.6 
Hernandez et al. 

(2004) 
28 

3/21/98 16:45 5 - 11 

4/3/98 7:26 5.1 - 14 

Pollino 1998 9/9/98 11:28 5.6 - 5 

Molise 2002 
10/31/02 10:33 5.7 DISS Working Group 11 

11/1/02 15:09 5.7 DISS Working Group 10 

L’Aquila 2009 

4/6/09 1:32 6.1 Ameri el al. (2012) 62 

4/6/09 2:37 5.1 - 18 

4/6/09 23:15 5.1 - 23 

4/7/09 9:26 5.1 - 26 

4/7/09 17:47 5.5 Gallovic et al. (2014) 56 

4/9/09 0:52 5.4 - 50 

4/9/09 19:38 5.2 - 44 

4/13/09 21:14 5 - 48 

Emilia 2012 

5/20/12 2:03 6.1 Pezzo et al. (2013) 270 

5/20/12 3:02 5.1 - 125 

5/20/12 13:18 5.2 - 96 

5/29/12 7:00 6 Paolucci et al. (2015) 280 

5/29/12 10:55 5.5 RCMT 198 

5/29/12 11:00 5.5 Global CMT 71 
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Table 8: List of the earthquakes used for the calculation of the ground shaking using ShakeMap. 

4.1.3 Assemble Damage and Ground Motion 
The last step consists of associating the building damage to the level of the ground shaking experienced 
at the same location. To this end, we have implemented the following strategy. For each point of the 
Da.D.O database, we have associated the maximum shaking that occurred during the whole sequence 
as determined by the calculated shakemaps. In this way, we have tried to take into account the 
cumulative damage due to the occurrence of several ground shakings following and caused by the 
larger earthquakes of the sequence.  
The variables quantifying the ground shaking are treated separately and independently of each other. 
This choice implies that the same point of Da.D.O. can be associated with the shaking resulting from 
more than one of the six variables describing the ground motion. Each ground motion variable is 
associated with the epicentral distance and the magnitude. It is to be noted that the new ShakeMap 
configuration allows for the calculation of the ground motion values directly at the sought target point, 
including its uncertainty. In practice, each building contained in the Da.D.O database has associated, in 
addition to the damage class description, the maximum ground shaking values  of the six shaking 
parameters as derived  from the largest events of the sequence. Table 9 provides the list of parameters3. 
 

Parameter  
- earthquake code 
- the number of storeys 
- age of construction 
- structure 
- year of seismic classification of the municipality 
- classification-age of construction code (as: 0 - building constructed before the seismic regulations; 1 - building 

constructed after the seismic regulations; 2 - building constructed after 2000) 
- Vs,30 
- MCS max 
- Standard deviation of MCS max 
- Distances between earthquake and Da.D.O. datapoint  for the MCS couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for the MCS couple 
- Magnitude for the MCS couple 
- PGA max [ln(%g)] 
- Standard deviation of PGA max [ln(%g)] 
- Distances between earthquake and Da.D.O. datapoint for PGA couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for PGA couple 
- Magnitude for PGA couple 
- PGV max [ln(cm/s)] 
- Standard deviation of PGV max [ln(cm/s)] 
- Distances between earthquake and Da.D.O. datapoint for PGV couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for PGV couple 
- Magnitude for PGV couple 
- SA 0.3 max [ln(%g)] 
- Standard deviation of SA 0.3s max [ln(%g)] 
- Distances between earthquake and Da.D.O. datapoint for SA 0.3s couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for SA 0.3s couple 
- Magnitude for SA 0.3s couple 
- SA 1.0 max [ln(%g)] 
- Standard deviation of SA 1.0 max [ln(%g)] 
- Distances between earthquake and Da.D.O. datapoint for SA 1.0s couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for SA 1.0s couple 
- Magnitude for SA 1.0s couple 
- SA 3.0 max [ln(%g)] 

                                                
3 The actual location of the point in terms of latitude and longitude is not provided for reasons of privacy.  
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- Standard deviation of SA 3.0 max [ln(%g)] 
- Distances between earthquake and Da.D.O. datapoint for SA 3.0s couple 
- Distance Code  (Rjb if the fault is available, Repi otherwise) for SA 3.0s couple 
- Magnitude for SA 3.0s couple 

Table 9: List of the fields of the ShakeDado dataset. 

The final assembled dataset consists of more than 127,000 data points. Figure 28 summarizes the data 
set according to some of the building characteristics and Figure 29 according to some of the ground 
shaking parameters included in the database.  

  
Figure 28: The panels show the distribution of the ShakeDaDO data points according to the year of 
construction (top left), the damage level (top right), the seismic classification legislations (bottom left) 
and the number of storeys of the buildings (bottom right). 
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Figure 29: The panels show the distribution of the ShakeDaDO data points according to the earthquake 
sequences (top left), the MCS intensities (top right), the PGA (bottom left) and the PGV (bottom right). 

A first preliminary study on the database was done using machine learning techniques for multi-class 
classification. The work aims to provide the probability of the different classes of damage based on the 
information on building and shaking. Some very first analysis using 80/20 for train/test stratified 
splitting, showed an accuracy ranging from 41% to 48% depending on the algorithms used (Gaussian 
Naive Classifier, Gradient Boosting Classifier and Forest Classifier).  The confusion matrix ( 
Figure 30) shows encouraging results, with good performance, especially for the lowest damage classes, 
which are also the most populated.  In any event, a more thorough analysis which should address the 
importance of the different features, the testing of different pre-processing techniques, and exploring 
the use of other Neural Networks techniques. 

 
Figure 30: Example of confusion matrix from a preliminary machine learning analysis performed on the 
ShaDaDO dataset. 

 

4.2 NDE1.0 – a new database of earthquake data recordings from 
buildings for engineering applications 

Over the last two decades, seismic ground motion prediction has been significantly improved thanks to 
the development of shared, open, worldwide databases (waveform and parametric values). Unlike 
seismic ground motion, earthquake data recorded in buildings are rarely shared. However, their 
contribution could be essential for evaluating the performance of structures. Increasing interest in 
deploying instrumentation in buildings gives hope for new observations, leading to better 
understanding of behavior.  
NDE1.0 is fully described in the publication by Astorga et al. (2019). The work presents a flat-file 
containing information on earthquake responses of instrumented buildings. The NDE1.0 flat-file 
contains structural response parameters (i.e. drift ratio, peak top values of acceleration, velocity and 
displacement, pre- and co-seismic fundamental frequencies) computed for several intensity measures 
characterizing ground motion (i.e. peak ground values of acceleration, velocity and displacement, 
spectral values, Arias intensity, strong motion duration, cumulative absolute velocity, destructive 
potential). The data are from real earthquake recordings collected in buildings over the years. Some 
building, site and earthquake characteristics are also included (i.e. structural design, shear wave 
velocity, magnitude, epicentral distance, etc.). This 1.0 version contains 8520 strong motion recordings 
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that correspond to 118 buildings and 2737 events, providing useful information for analyses related to 
seismic hazard, variability of building responses, structural health monitoring, nonlinear studies, 
damage prediction, etc (Figure 31).  

 
Figure 31: The panels show the provenance and the main features of the dataset composing the NDE1.0 
database.  

 
A complete description of the DB can be found in Astorga et al. (2019) whereas the DB can be found at 
https://www.isterre.fr/philippe-gueguen/new-earthquake-data-recorded-in-buildings-nde1-0/ and 
downloaded from https://www.isterre.fr/IMG/xlsx/flat_file_nde1.0_march2020.xlsx.  
 

5 Discussion and Concluding Remarks 
This deliverable describes the activities carried out within the Task 5 of the JRA6 - Real Time Earthquake 
Shaking work package. The studies target the rapid determination of impact and loss estimation in 
various ways. Core to the presented developments is the accurate estimation of the earthquake ground 
shaking. The shakemap implementation at national level fosters – upstream - the development of 
improved ground motion models to achieve more accurate maps of ground shaking and – downstream 
- the development of improved methodologies for impact and loss assessment.  

The organization of the chapters was chosen to privilege the work done within the participating 
institutions rather than applying a clear subdivision between Shaking Assessment (hazard) and Impact 
Assessment (loss estimation).  This choice can lead to some confusion since the chapter ShakeMap 
Implementation includes loss assessment in Romania and a custom PAGER module. Nevertheless we 
think that the work done should be clear enough to the reader.  

The deliverable, describes activities and products that have different levels of maturity. To this regard, 
the ground motion developments and the work within ShakeMap are found, in general, to be more 
mature since they benefit of the longer experience matured by the partners on these topics at national 
scale in the previous years.  In contrast, the rapid determination of impact and the loss estimation is a 
topic that is complex, needs interaction with fields outside seismology (e.g., access to databases of 
population and infrastructures gathered by other entities), is certainly less mature and, in Europe, at its 
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beginning when compared to the work done by the USGS since PAGER was introduced (Earle et al., 
2009).  

In summary, for the shaking assessment, the cross-validation methodology that has been implemented 
to identify the most appropriate ShakeMap configuration (i.e., GMM and Vs,30) for Italy can be used as 
calibration tool also for other regions. In Greece, the new ShakeMap version was also implemented as 
in Italy and efforts were made for the  portal development. In practice, the project efforts resulted into 
two similar but complementary approaches for Italy and Greece which, once integrated, could lead to 
standardization of EU ShakeMaps in conjunction with USGS’s ShakeMap team.  

For the rapid impact assessment (loss estimation), the Earthquake Quality Impact Assessment tool was 
improved but it still requires to be fully described in a peer-reviewed article before its estimates can be 
made public and possibly compared with other similar tools (a publication is under preparation). 
Relevant developments were made in Romania for the impact assessment within the SeisDaRo 
procedure which implements both the USGS-PAGER methodology (Jaiswal et al., 2009), based on the 
past record of instrumental intensity values and correlations with previous earthquake casualty records,  
and SELENA based on fragility functions and the past record of casualties. The PAGER-RO efforts appear 
promising and a first application was made in Greece but additional calibration work is needed in order 
to achieve a reliable European PAGER.   

Finally, during the course of the project it became ever more evident the need for reference data sets 
that can be used for various means. One of these being the use of machine learning techniques to 
extract non-linear hidden relationships between ground shaking and reported damage to the goal of 
fast impact assessment.  The developments made in assembling of ShakeDaDO are a first instance 
towards datasets that can be explored to find possible nonlinear relationships between building 
construction properties, ground shaking and resulting damage. To this regard, the very preliminary 
analysis using simple machine learning tools showed accuracies ranging between 43% and 49% in 
classifying the damage according to 6 classes.  Similarly, a new database of earthquake data recordings 
from buildings for engineering applications (NDE1.0) was developed during the project. This database 
(a flatfile) can be similarly used to providing useful information for analyses related to seismic hazard, 
variability of building responses, structural health monitoring, nonlinear studies, damage prediction.  
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Summary 
This report describes the  activities of the NIEP team for the development and testing of new GMPE’s 
for intermediate-depth earthquakes (off-line tests) and for the improvement of the SeisDaRo 
(quantitative loss assessment) system. Both activities aims at enhancing very rapid qualitative 
assessment of losses immediately after the earthquake. In conjunction with the implementation in real-
time,  some off-line tests for events M>6 in Romania have been also carried out. 

 

1 Homogenized seismic ground-motion dataset 
In the absence of a homogenized seismic ground-motion dataset of the VRI events, we built a high-
quality database comprising over 20000 records (222 stations) of 207 VRI events with moment 
magnitude (Mw) between 4 and 7.4. This database contains all the records available at the Romanian 
Seismic Network (RSN) of the National Institute for Earth Physics (NIEP/INCDFP), and the ones within 
the BIGSEES database( http://infp.infp.ro/bigsees/New/Results.html). The 4 Mw was selected as the 
lower limit of data based on the minimum magnitude from which the ShakeMap triggers in case of VRI 
events and is linked with the measured feedback intensity.  

This newly compiled database is used to test the efficiency of relevant ground motion models proposed 
for subduction zones (Sokolov et al., 2008; Skarlatoudis et al., 2013; Vacareanu et al., 2015; 
Abrahamson et al., 2016 ) and to develop local empirical equations for PGA, PGV, 5%SA up to 10 s.  

 

Table 1:  General features of Empirical Ground-Motion Predictive Models used in this study. 

 GMPE name Abbrevia
tion 

IMT [SA, 
PGV] 

Mw  
range 

Maximum 
distance 
coverage 

Parameters Data sets 

Abrahamson 
et al., 2016  

Aetal16 SA(<10s) 5 - 7.9 < 300 km Mw, Rhypo 
ARC, Vs30 

Global 

Skarlatoudis et 
al., 2013 

Sketal13 SA(<4s), 
PGV 

4.5 –6.7 
 

< 1000 km Mw, Rhypo, 
ARC, EC8 soil 

classes 

Hellenic arc 
- Greece 

Sokolov et al., 
2008 

Setal08 SA(<3s), 
PGV 

6.4 - 7.4 < 300 km  Mw, Rhypo 
 

Romania 

Vacareanu et 
al., 2015 

Vetal15 SA(<3.5s), 
PGV 

5.1 - 7.4 < 400 km  Rhypo 
 ARC 

 EC8 soil 
classes 

Romania 
and other 

regions 

 

2 Efficiency test applied to evaluate GMPEs for VR 
Intermediate-depth events 
An exploratory analysis was performed in order to select ground motion models proposed for 
subduction zones following the set of criteria applied by Bommer et al., 2010. The efficiency of several 
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GMPE’s was tested (see Table 1) for PGA, PGV, spectral accelerations (SA) at 0.05 - 10 seconds in order 
to be calibrated for the ShakeMap near-real time estimation of the ground motion. We select recent 
models developed for Cascadia, Mexico, Taiwan and Greece data (Abrahamson et al., 2016; 
Skarlatoudis et al., 2013), one based just on local events (Sokolov et al., 2008) and another one built 
using Vrancea and worldwide events (Vacareanu et al., 2015). General features of these models can be 
seen in Table 1. These four models were selected after a first testing of 30 GMPE’s published at 
international level and available within the OpenQuake Hazard Library of Global Earthquake Model (e.g. 
Pagani et al., 2014).  

In order to quantify their applicability, two types of tests were done within this study: one related to 
the computation (and analysis) of the relative residuals and another one related with statistical 
goodness-of-fit parameters. In the first step, the relative residuals were computed as the natural 
logarithm of the ratio between the predicted parameter and the recorded one, in order to comprehend 
the predictability capacity of each GMPEs.  

In line with international practice of selecting GMPEs (e.g. Douglas & Edwards, 2016, Zafarani & Farhadi, 
2017, Danciu et al., 2018), in the second step, the selected models (Table 1) are ranked using two 
statistical methods: the likelihood (LH, Scherbaum et al., 2004) and log-likelihood (LLH, Scherbaum et 
al., 2009). The LH goodness-of-fit method testing is based on LH measure and assumes that the 
logarithmic predictions of the GMPE have a normal distribution (Scherbaum et al., 2004). Under a set 
of observed data, the ground-motion model performs well, only if the residuals are normally distributed 
with zero mean and unit variance (Zafarani & Farhadi, 2017). The LH model varies between 0 and 1, 
where the value of 1 is assumed that the observation coincides with the mean value of the model. The 
LLH method (Scherbaum et al., 2009) is an improvement over the LH method by decoupling the 
dependency of the results on the sample size and the ad hoc assumptions assumed to judge a group of 
GMPEs. Moreover, the LLH values give the opportunity to assign suitable weights to a set of candidate 
models. The LLH relies on the log-likelihood approach to obtain a model selection index. This method 
calculates the average log-likelihood of the observed dataset with respect to the considered predictive 
model. The smaller values of LLH indices represent higher performances of the GMPEs under the 
considered ground-motion database (Danciu et al., 2018).  

Table 2:  Ranking of GMPEs based on LH and LLH classification for PGA, PGV and SA at three main spectral 
periods used in ShakeMap application; R is the rank by Scherbaum et al., 2004. 

GMPE 
name 

Parameters 

PGA PGV SA(0.3s) SA(1s) SA(3s) 

 LH R LLH LH R LLH LH R LLH LH R LLH LH R LLH 

Aetal16 0.3 B -0.43 - - - 0.38 B -0.44 0.32 B 0.25 0.31 B -0.38 

Sketal13 0.4 A -0.72 0.48 A -0.2 -  - 0.37 B -0.68 -  - 

Setal08 0.45 A 0.60 0.28 C 0.73 0.44 A 0.42 0.40 A -0.02 0.43 A -0.71 

Vetal15 0.5 A 0.44 0.16 D 1.2 0.45 A 0.45 0.39 B -0.34 0.42 A -0.95 

 

The results of these data-driven tools on the selected GMPE’s were considered when the new ground-
motion model was constructed.  
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3 Proposed functional form for a new GMPE 
 

The proposed functional form of the new GMPE is 

ln(𝑌) = 𝑐1 + 𝑓+,-./01𝑀3;𝑀.056 + 𝑓07089_;0<9=1𝑀3;𝑅=?<,; ℎ6 + 𝑓<A9=1𝑅=?<,, 𝐴𝑅𝐶6
+ 𝑓+E90(𝑓F, 𝑓.05, 𝑆) 

 

where 𝑀.05 = 5.7 , 𝐴𝑅𝐶 =0,1,2 (back-, along-, forearc), 𝑓F fundamental frequency computed from H/V 
noise records, 𝑓.05=15Hz for rock conditions; 𝑆 =site class according EC8.  

Each parameter included in the proposed eq was first correlated and after fitted with the actual 
database using mixed effects random regression analysis (Bates et al., 2015).  

A parameter needed within the study is the location of the seismic station with respect to mountain 
arc. This parameter (ARC) is used in case of Skarlatoudis et al., 2013, Vacareanu et al., 2015 and 
Abrahamson et al., 2016 GMPE’s having values of 0 if the station is located inside the Carpathian arc 
and 1 for fore-arc sites. The ARC term attempts to integrate observed features of the asymmetric 
pattern of seismic waves attenuation beneath the Carpathian Arc (e.g. Popa et al., 2005; Radulian et 
al., 2006; Ivan, 2007). The analysis of the current dataset shows that a distinct pattern of the seismic 
wave attenuation can be observed not only for backarc sites but also for the ones along it. We can see 
an amplitude reduction of records in average by a factor of 2 to 5 along the Carpathian arc and by 20 
inside the arc (Radulian et al., 2006). The ARC term was then set as 0 for the recording sites located 
inside the Carpathian arc, as 1 for the ones along it and as 2 for the ones located in front of it. 

Local site response variability is described in above mentioned models (GMPE’s tested for Vrancea data) 
either by Vs30 or by site classification according EuroCode(2004) that is also based on Vs30. This 
parameter is not relevant in case of deep sedimentary basins (e.g. Pitilakis, 2004; Castelaro et al., 2008 
and references therein) as it is the case of many sites located in the extra-Carpathian area of Romania 
(eg. Focsani Depression “a 13 km deep basin in the Carpathians bend zone”  Tarapoanca et al, 2003). 

Many recent GMPE studies (e.g. Abrahamson et al., 2014; Boore et al., 2014, Chiou and Youngs, 2014) 
implement the depth of the sediments or the depth where the shear-wave velocity is 1000 and/or 500 
m/s. Due to lack of reliable velocity profiles at each seismic station of RSN, we propose the use of the 
fundamental frequency of resonance (f0) as a proxy for local site response variability within the new 
GMPE. This parameter is retrieved by computing the horizontal-to-vertical Fourier spectral ratio 
(Nogoshi and Igarashi, 1971; Nakamura, 1989) on ambient vibration and offers essential information 
about the local structure as it is directly linked with the seismic bedrock depth (e.g. Parolai et al., 2005; 
Poggi et al., 2012) and was assessed at all the seismic stations of the Romanian Seismic Network (paper 
in revision at PAGEOPH). The main advantage of using f0 consists in the fact that it doesn’t need 
additional computation as in the case of sediments depth retrieval and in this way doesn’t include large 
epistemic uncertainties within ground motion computation. The fref was set to 15 Hz and is attributed 
to rock condition. This study represents the first trial on incorporating local parameters, other than 
Vs30, on a GMPE for the Vrancea region in order to constrain local variability and to increase the 
accuracy of predicting ground motion parameters for near-real time purposes/uses. 

Concerning the site conditions for all the stations, a site classification was made according to Eurocode8 
(2004, EC8), which is based on Vs30 (class A - Vs30 > 800 m/s; class B - Vs30~360 − 800 m/s; class C - 
Vs30 180 −360 m/s; class D - Vs30 < 180 m/s). The Vs30 at each seismic station is extracted from USGS 
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Vs30 worldwide map (e.g. Allen and Wald, 2009) used also by the Antelope localization system that 
operates at NIEP.  In this database, 122 sites are in class C, 96 in class B and only 8 in class A.  

All the coefficients of the proposed equation were fitted at all spectral periods by nonlinear mixed 
effects regression (e.g. Pinheiro & Bates,1995; Harring & Liu,2016), using lme4 package (Bates et 
al.,2015) of the statistical software R.  

The PGA residuals vs Mw of the 4 analyzed models can be observed in figure below (plotted in blue) 
and compared with the ones of the new GMPE represented against Mw, Rhypo, ARC and f0 (grey plots) 

 

 
 
The present work is addressed to the rapid estimation of the seismic ground motion induced by Vrancea 
intermediate-depth source. The efficiency of 4 selected GMPE’s to simulate ground motion parameters 
(PGA, PGV, SA) was assessed and an empirical ground motion model was proposed for the actual VRI 
database (Mw>4). An important particularity of the proposed GMPE is the fact that soil conditions at 
recording stations (and amplification effects of local geological structure )are included using a term 
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depending on f0 - the fundamental frequency of resonance. This supplementary constrain (f0 
parameter) -connected with the depth of the sedimentary cover- significantly reduces the residuals of 
the proposed model. The different attenuation patterns of the seismic waves generated in Vrancea at 
intermediate depths are also taken into account.  

 

4 Seisdaro version 3 development and implementation 
Seisdaro represents a system for the rapid estimation of damage generated by an earthquake in 
Romania, in terms of affected buildings and socio-economic losses. Its first two versions were 
developed by INFP with support from NORSAR or UTCB, starting with 2011. Considering the availability 
of new exposure data and new methodologies and fragility functions capable of a better rapid loss 
estimation, the system needed an upgrade, which came within SERA WP28 Task 5. 

Seisdaro (version 3, developed and implemented by INFP, also with the support of SERA Project 
partners) allows the rapid estimation of damage generated by earthquakes ≥ 4.0 ML in Romania and 
nearby, using two methodologies: 

- PAGER: estimates at national level the probability of casualties for a certain severity interval, 
based on instrumental intensity values and correlations with previous earthquake casualty 
records; it is an adaptation of the USGS PAGER methodology (Jaiswal et al. 2009), using specific 
coefficients for Romania (θ=17.5, β=0.24 and stdev = 2.6) but new Intensity Prediction 
Equations specific for Vrancea intermediate-depth earthquakes (Sorensen et al., 2007 and 
Sokolov et al., 2008) and more recent national population exposure data. 

- SELENA: estimates, at commune/city/sector level, the number of residential buildings affected 
(more or less) and based on this the number of casualties (from slight injuries to potential 
deaths) and direct economic losses. The estimation is based on fragility functions for more than 
49 representative building typologies (taking into account building material, construction 
period and height), acceleration values, analythical methods such as I-DCM or MADRS and 
consequence models. The computation can be adapted also to individual structures, also in 
conjunction with structural monitoring procedures. 

 

Both methodologies use as input enhanced exposure data from the Romanian National Census in 2011 
and intensity measures and earthquake parameters from REWS or Shakemap systems of INFP, which 
use data from the stations of the Romanian Seismic Network. Seisdaro also has a custom Shakemap 
module allowing direct scenario simulation and new methodologies for ground motion estimation 
(Toma-Danila and Cioflan, 2017). This custom Shakemap module can currently use data from three 
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different GMPEs developed specifically for the Vrancea Area: Sokolov et al. (2008), Vacareanu et al. 
(2015) and Manea et al. (paper in revision)– developed within WP28 task 4 of SERA Project. 

Results (maps, graphs and GIS data) are generated, after receiving input data from REWS or Shakemap, 
in: 

- 10-15 seconds (PAGER module) 

- 2-3 minute (SELENA module) 

 

 
Figure 1. Implementation scheme for Seisdaro (version 3) (Toma-Danila et al., 2018) 

 

 
Figure 2. Results of classical ShakeMap methodology (left) and Custom Shakemap module (right) for 
the 1986 scenario (Mw 7.1, 131 km depth) (Toma-Danila et al., 2018) 
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Figure 3. Intensity maps for the 1940 earthquake (Mw 7.7, 150 km depth): interpolated observed 
intensities from Kronrod et al. 2013 (left) and mean of two IPEs, used within the SeisDaRo PAGER-RO 
module (right) (Toma-Danila et al., 2018) 

 

 
Figure 4. Fatality estimates obtained with PAGER-RO and SELENA modules, for earthquake scenarios in 
Table 2. PAGER-RO module used mean intensities between Sokolov and Sorensen IPE, as it would in 
real-time (Toma-Danila et al., 2018) 

 
Figure 5. Seisdaro (version 3) loss estimations for the 1940 (left) and 1977 (right) scenarios computed 
with the custom Shakemap module, in terms of percentage of completely damaged buildings from total 
per city/commune (Toma-Danila et al., 2018) 

Examples of Seisdaro applications: 
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- Assistance in emergency decision making and intervention planning (e.g. contribution in 
preparation of SEISM 2018 and 2019 exercises conducted by General Inspectorate of 
Emergency Situations in Romania). 

- In the elaboration of seismic risk maps (deterministic or probabilistic) and the development of 
more efficient seismic risk reduction strategies. 

- Contribution to risk modelling and business continuity planning, for companies in industry or 
insurance and reinsurance. 

- Adaptation to specific facilities and assets, allowing also for integration with other 
methodologies (such as the analysis of debris impact or network performance indicators – as 
implemented and tested for Bucharest road network within this task. 

 
Figure 6. Example of Operational webGIS Dashboard created for a scenario of the 4 March 1977 
earthquake (7,4 Mw, 94 km depth), bringing together decision support products from Shakemap and 
Seisdaro. 

 

 
Figure 7. Integration of SeisDaRo results in a methodology for the estimation of emergency intervention 
delay times and implications - the Network-risk toolbox for ArcGis (Toma-Danila et al., 2020) 
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Figure 8. Graphical representation of the proposed methodology for evaluating the implications of 
transportation network damage due to natural hazards, integrated in the Network-risk toolbox; 
Seisdaro provides information necessary for estimating affected structures/areas and evaluation of 
socio-economic losses – as also destinations for emergency intervention (Toma-Danila et al., 2020). 

 

5 Development of a custom PAGER module adaptable to 
other European countries 
Within this task, INFP adapted Seisdaro’s PAGER module to another country in Europe – Greece. NOA 
provided data in the form of intensity values for two relevant scenarios (the 1999 and 2005 major 
earthquakes) and the following casualty estimates, presented in the following figures, were generated, 
showing a good fit with observed casualty distribution. For population exposure, Eurostat recent data 
was used, at LAU2 level. The module is capable of implementation in near real-time, requiring input 
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preparation from NOA. The module (written in Matlab) can be also easily implemented in other 
European regions of interest were Shakemaps are available. 

  
 

Figure 9. Intensity map of the 1999-09-07 11:56, Z=10 km M6.0 (USGS/NEIC) (left) and results from the 
custom PAGER module (right) 

  
 

Figure 10. Intensity map of the 2006-01-08 11:34 Z=66 km, M6.7 (USGS/NEIC) (left) and results from 
the custom PAGER module (right) 
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Abstract

EQIA (Earthquake Qualitative Impact Assessment) has been developed by Gilles et al. [1, 2] within the

NERIES/JRA-3 project. It provides fast and automatic impact assessment for world crustal earthquakes

(depth < 40km) with a magnitude of 5 or higher, in order to quickly detect a potentially damaging

earthquake. EQIA does not provide a number of expected fatalities due to too large uncertainties but

only a range of possible impact.

EQIA is based on two empirical formulas. The first one proposed by Samardjieva and Badal [3] relates

the number of fatalities to the earthquake magnitude and the population density, taken from Land-

Scan [4], in the affected area. The second one, suggested by Akkar and Bommer [5] is the GMPE

(Ground-Motion Prediction Equation) used to define the impacted area. This document is an analysis of

EQIA’s performance on 7268 earthquakes (7171 M<7 and 97 M≥7) from January 2010 to May 2019.

EQIA’s performance was assessed by comparing EQIA’s impact predictions to the NOAA database [6],

taken as a reference. The geographical distribution of EQIA’s earthquakes in the appendix B summarises

these comparisons. EQIA offers excellent performance with more than 98% of correct predictions.

However, it is slightly lower when it comes to specifically deadly earthquakes with an 83% success rate.

For M≥7 events, several extreme scenarios are considered to account for the rupture size and propaga-

tion. Currently, for M≥7 events, EQIA provides a right impact in 74% to 83% of the cases depending

on the scenario. In the appendix A, the list of all EQIA’s incorrect impact predictions is given, Tab. A.1

and A.2.

Most incorrect predictions are for light impact earthquakes since these events are more complex to

predict due to being ruled by single events. The only way to tackle this issue would be to have extended

and continuous information on the building quality for each region, which is not achievable currently.

Some regional biases have been brought to light and will be addressed in the following developments of

EQIA along with other improvements that should make EQIA more reliable. Also, additional research

leads will be investigated to lower the predictions uncertainties.

Target Audience

This document is intended for all of SERA members, the seismological community and ARISTOLE

partners.

Disclaimer

The European Union and its Innovation and Networks Executive Agency (INEA) are not responsible for any

use that may be made of the information any communication activity contains.

The content of this publication does not reflect the official opinion of the European Union. Responsibility for

the information and views expressed in the therein lies entirely with the author(s).
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Introduction
As part of the JRA-3 project, the EMSC (European-Mediterranean Seismological Centre) developed a tool

capable of rapidly predict human losses due to an earthquake: EQIA (Earthquake Qualitative Impact As-

sessment). This document is an analysis of EQIA’s performance on earthquakes from January 2010 to May

2019.

In the first part of this document, the methodology and equations behind EQIA will be presented. Afterwards,

the performance analysis procedure will be explained. Finally, the last part of this report will be dedicated to

the results of EQIA’s performance assessment and its future improvements.
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1 EQIA: a quick description
EQIA (Earthquake Qualitative Impact Assessment) has been developed by Gilles et al. [1, 2] within the

NERIES/JRA-3 project. Since 2007, it provides fast and automatic impact assessment for crustal earthquakes

(depth < 40km) with a magnitude of 5 or higher. This chapter provides a rapid description of EQIA, for more

details, refer to [1, 2].

The purpose of EQIA is to quickly detect a potentially damaging earthquake, depending on its magnitude and

on the density of population in the affected region. EQIA does not provide a number of expected fatalities,

due to large uncertainties, but only a range of possible impacts.

EQIA has several intrinsic limits. It does not intend to properly estimate the impact of low impact earthquakes

where the death toll is controlled by individual accidents. This is for instance the case for the May 1st, 2003,

M6.4 earthquake in Bingol, eastern Turkey, which killed over 170 people, 85 whom were killed in the collapse

of the dormitory of a primary school.

Likewise, EQIA is rather imprecise concerning moderate magnitudes (from 5 to 6) where the impact zone

is comparable to the epicentre location uncertainties. For example, by moving the earthquake epicentre

location of the M5.9, September 7th, 1999 in Athens, by 10km, the population impacted by a PGA (Peak

Ground Acceleration) over 0.25g raises drastically from 1000 to 300000 and the estimated impact from Light

to Heavy (see Tab. 1.1).

Furthermore, in the case of an earthquake sequence, it is hard to determine the casualties related to the

aftershocks since the population density and the vulnerability may change significantly after the first shock.

1.1 Method of impact estimate
EQIA is mainly based on the empirical formula suggested by Samardjieva and Badal [3] linking the number

of casualties to the earthquake magnitude and the population density in the impacted area.

In order to use this formula one has to define the affected area by computing the PGA as a function of

magnitude and radius, using the GMPE (Ground-Motion Prediction Equation) from Akkar and Bommer [5].

1.1.1 Impact categories

In view of the large uncertainties, EQIA does not aim to provide an accurate estimate of the number of

potential victims. The Tab. 1.1 presents the different impact categories used in EQIA.

Impact category Fatalities

None 0
Light 1 to 39

Moderate 40 to 99
Heavy 100 to 999

Very Heavy 1000 to 9999
Extreme > 10000

Table 1.1: EQIA impact categories.
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1.1.2 Defining the impacted area

We first consider the PGA evolution as a function of the distance from the epicentre (in km), R, and the

magnitude, M , as formulated by Akkar and Bommer [5]:

log10(PGA) = 4.185− 0.112 ·M + (−2.963 + 0.0290 ·M) · log10
(√

R2 + 7.5932
)

+ 0.099SS + 0.020SA − 0.034FN + 0.104FR

(1.1)

Where SS and SA are binaries variables taking values of 1 for soft and stiff soil sites and 0 otherwise.

FN and FR are similarly derived for normal and reverse faulting earthquakes. In our case, rock sites are

considered, SS = 0 and SA = 1 and both FN and FR are set to 0.

This equation is general and applied to different regions with different type of crustal structures. This is a

major hypothesis, it will be addressed in Sec. 3.4.

From 1.1, the iso-PGA boundaries can then be defined by the radius, R:

R =

102·
 log10(PGA)− 4.185 + 0.112 ·M − 0.020SA

−2.963 + 0.0290 ·M


− 7.5932


1/2

(1.2)

1.1.3 Population impacted

Thanks to the iso-PGA circles defined in the Eq. 1.2, one can determine the area, and therefore the population,

impacted by different PGA values. Depending on the region, an empirical parameter is calibrated on past

earthquakes: the population vulnerability. The first damages may appear at different PGA thresholds (defined

empirically):

• 0.30g for low vulnerability zones (e.g. Japan, Taiwan)

• 0.20g for normal vulnerability zones

• 0.15g for high vulnerability zones (e.g. Afghanistan, Iran)

The population data is taken from the LandScan database [4] from the Oak Ridge National Laboratory. Then,

the average density, D, is computed and the number of victims, NV , is obtained from [3]:

NV = 10a+b·M (1.3)

Where a and b are depending on D, see Tab. 1.2 and Fig. 1.1.

1.1.4 Rupture scenario

Up to magnitude 7, the rupture is modelled by a point source (0D). For larger magnitudes, M≥7, the rupture

length is no longer negligible. A 1D finite rupture is chosen to model the earthquake rupture (when at least

a possible strike angle is know). In this case, the rupture length, L (in km) is computed from the magnitude,

c© EMSC 2019 Page 9 of (29)
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Figure 1.1: Log–linear regressions based on worldwide data
for the number of human victims caused by earthquakes in
the 5.0 – 8.0 magnitude interval for different population den-
sities. From [3].

Population density
a b

(people/km2)

D < 25 -3.41 0.66
D = 25-50 -3.00 0.71
D = 50-100 -2.60 0.75

D = 100-200 -2.17 0.77
D > 200 -2.09 0.86

Table 1.2: Regression coefficients for
Eq. 1.2 depending on the population
density.
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Figure 1.2: For the April 12th, 2012, M7.0 earthquake in the gulf of California, on the left, the two bilateral
scenarios (one for each possible nodal plane), on the right, the past seismicity on the vicinity of the earthquake
epicentre. Thanks to this last information the top nodal plane can be considered as non-realistic.

M [7]:

log10(L) = −2.44 + 0.59 ·M (1.4)

Since we don’t have specific information on the rupture propagation, we consider several extreme scenarios.

For each nodal plane, obtained from the Global Centroid Moment Tensor (GCMT) database [8, 9], there are 3

endmember scenarios: 2 unilateral ruptures from epicentre and one bilateral. This is envisaged for both nodal

planes, bringing the total number of scenarios to 6 for M≥7 earthquakes. Not all scenarios are as likely, often,

one nodal plane (3 scenarios) can be ruled out thanks to the history of the rupture and the tectonic setting, see

for example Fig. 1.2.

Among the 102 M≥7 events present in our database, 29 lands scenarios with different impacts. Out of these,

21 can have one nodal plane easily discarded. This will be further developed in Sec. 3.4.

1.2 Uncertainties integration

Our knowledge of the magnitude and the location of the epicentre is not perfect. Typical uncertainties are

about 0.2 on the magnitude and 15 km on the epicentre location. Depending on the area, this can have a

huge impact on the population affected by the earthquake and thus the impact given by EQIA. Thereby, the

impact is assessed for a grid of magnitude and location around the epicentre in order to take into account

these uncertainties. All the possible outcomes are then analysed to give the probability of each impact.
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(a) Bilateral rupture scenario, 1st nodal plane. (b) Associated impact range. The red
line points to the most probable impact.

(c) Bilateral rupture scenario, 2nd nodal plane. (d) Associated impact range. The red
line points to the most probable impact.

Figure 1.3: EQIA results for the October 23th, 2011, M7.2 earthquake in eastern Turkey. The displayed
scenarios correspond to a bilateral rupture propagation. On the left, a map of the earthquake location with the
population density, as well as the modelled rupture (red line) and the iso-PGA boundaries (in black or red).
On the right the corresponding impact gauge. 604 fatalities were recorded for this event (heavy impact).

1.3 Output example
Fig. 1.3, 1.4 and 1.5 show an example of EQIA’s results for the October 23th, 2011, M7.2 earthquake in the

eastern Turkey. The epicentre location is represented by a red star and the rupture by a red line. The black

and red ovals represent the iso-PGA.
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(a) 1st unilateral rupture scenario, 1st nodal plane. (b) Associated impact range. The red
line points to the most probable impact.

(c) 1st unilateral rupture scenario, 2nd nodal plane. (d) Associated impact range. The red
line points to the most probable impact.

Figure 1.4: EQIA results for the October 23th, 2011, M7.2 earthquake in eastern Turkey. The displayed
scenarios correspond to an unilateral rupture propagation. On the left, a map of the earthquake location with
the population density, as well as the modelled rupture (red line) and the iso-PGA boundaries (in black or
red). On the right the corresponding impact gauge. 604 fatalities were recorded for this event (heavy impact).
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(a) 2nd unilateral rupture scenario, 1st nodal plane. (b) Associated impact range. The red
line points to the most probable impact.

(c) 2nd unilateral rupture scenario, 2nd nodal plane. (d) Associated impact range. The red
line points to the most probable impact.

Figure 1.5: EQIA results for the October 23th, 2011, M7.2 earthquake in eastern Turkey. The displayed
scenarios correspond to an unilateral rupture propagation. On the left, a map of the earthquake location with
the population density, as well as the modelled rupture (red line) and the iso-PGA boundaries (in black or
red). On the right the corresponding impact gauge. 604 fatalities were recorded for this event (heavy impact).
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2 Performance assessment methodology
In this part we’ll describe the method adopted for the analysis of EQIA’s performance. The goal of this

analysis is to assess the performance of EQIA by comparing the earthquake impact predicted by EQIA to a

reference impact. The analysis focuses on earthquakes from January 2010 (year of the last report [2]) to May

2019. This represents 11457 earthquakes: 11355 M<7 earthquakes and 102 M≥7 earthquakes.

2.1 Reference data set of impact
The reference impact is taken from the continuously updated NOAA database [6] from the National Centers

for Environmental Information (NCEI, formerly the National Geophysical Data Center NGDC), regrouping

major earthquakes with a reported number of casualties. We select events from the NOAA database depending

on their depth and magnitude to match EQIA scope of application (with a certain uncertainty on magnitude

and depth to account for possible discrepancies between NCEI information and ours), for a total of 412

earthquakes. When the number of victims is not indicated, it is expected to be a non-lethal event, thus, the

reference impact is ”None”.

The NOAA eartquakes are associated to EQIA’s by comparing the magnitudes, the time of the event and the

epicentre location.

2.2 Comparison criteria
Two different comparisons are done:

• In range: the reference impact is between the minimum and the maximum impact predicted by EQIA.

• Exact: the reference impact is the most probable impact predicted by EQIA

In addition, since there are several possible scenarios for M≥7 earthquakes, as seen in Sec. 1.1.4, we consider

two possibilities:

• Most favourable case: when at least one scenario gives a correct impact, the prediction is considered

correct.

• Least favourable case: when at least one scenario gives a wrong impact, the prediction is considered

incorrect .

When a comparison is incorrect, several categories of errors are distinguished:

• Overestimation: the impact predicted by EQIA is higher than the reference impact.

• Positive fake: the impact predicted by EQIA is higher than the reference impact which is ”None”

(particular case of the overestimation category).

• Underestimation: the impact predicted by EQIA is lower than the reference impact.

• Negative fake: the impact predicted by EQIA is ”None” and is lower than the reference impact (partic-

ular case of the underestimation category).
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• Uncategorisable: for events with scenarios leading to different impacts higher or lower than the refer-

ence impact.

2.3 Aftershocks considerations
It is difficult to discern the human losses associated with an aftershock in relation to the main earthquake

(main shock). In addition, various biases affect the quality of the estimate of the number of victims: the

most fragile buildings are already destroyed, the population is more vigilant, a part of the population may

have been evacuated, etc. In order to avoid biases, the aftershocks are removed from the analysis by roughly

grouping them into clusters (without taking into account possible fore shocks) using time-space correlations.

For each cluster only the main shock is analysed. From the initial 11457 earthquakes, 4189 are pulled out of

the analysis (4184 M<7 and 5 M≥7).

Remark: An aftershock could have a main shock with a depth possibly above 40km, which won’t be present

in EQIA. Due to this limit, some aftershocks might not be ruled out.

2.4 Unrealistic ruptures scenarios
As we discussed in Sec. 1.1.4, several rupture scenarios are tested for M≥7 events. In some cases, one of the

nodal planes can be discarded thanks to our knowledge of tectonic. In order to avoid biases, the scenarios

associated with such nodal planes are not analysed.
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3 Results and discussions
In this last chapter, the results of the comparison between NOAA and EQIA are detailed and the impending

improvements are presented.

3.1 General results

The following tables summarise the results for the most and least favourable cases, respectively Tab. 3.1

and 3.2, for the two types of comparison (In range and Exact).

In overall, EQIA presents very good performance and is able to correctly predict the impact of the vast

majority of earthquakes. However, the performance of EQIA for major earthquakes (M≥7), while being very

satisfactory, is well below the general performance, in particular for the ”Exact” case since the uncertainties

for M≥7 events are strongly impacting the output. For M≥7 events, EQIA’s performance lies between the

most and least favourable cases; since several scenarios are analysed for one earthquake. In order to manage

ideally an M≥7 event, only one scenario shall remain, this point will be further discussed in Sec. 3.4

A detailed version of the results for the most favourable case is displayed in Fig. 3.1. For the vast majority

of events, the impact range given by EQIA includes the reference impact and most of the errors are positive

fakes.

This analysis can be compared to the previous study [2], summarised in Tab. 3.3, which shows similar results

considering the lesser statistic.

3.1.1 Deadly events

If we now consider only the deadly earthquakes, the performance of EQIA is presented in Fig. 3.2.

Even though it is lower than the overall performance, it is still enough when acknowledging the major sources

of uncertainties.

3.2 Incorrect predictions

The impact predicted by EQIA compared to the reference impact for incorrect predictions are displayed in

Fig. 3.3. Most of these errors are overestimations (positive fakes): EQIA predicts a ”Light” or ”Moderate”

impact where the earthquake didn’t make any reported victim (impact ”None”).

As we said before, light impact earthquakes are particularly tricky to address, a local very vulnerable zone

Result All M<7 M≥7
(least favourable case) In range Exact In range Exact In range Exact

Correct 98.6% 92.5% 98.9% 92.9% 74.5% 61.2%
Overestimation 1.0% 6.6% 0.8% 6.3% 15.3% 26.5%

Underestimation 0.2% 0.7% 0.2% 0.7% 2.0% 2.0%
Uncategorisable 0.1% 0.1% - - 8.2% 10.2%

Table 3.1: Results for 7268 earthquakes (7171 M<7 and 97 M≥7) from January 2010 to May 2019. For
M≥7 events, the least favourable case is selected.
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Figure 3.1: EQIA performance on the 7268 earthquakes (7171 M<7 and 97 M≥7) and error types when the
most favourable case is taken for M≥7 events.

Result All M<7 M≥7
(most favourable case) In range Exact In range Exact In range Exact

Correct 98.7% 92.6% 98.9% 92.9% 82.7% 68.4%
Overestimation 1.0% 6.6% 0.8% 6.3% 15.3% 26.5%

Underestimation 0.2% 0.7% 0.2% 0.7% 2.0% 2.0%
Uncategorisable 0.0% 0.0% - - 0.0% 3.1%

Table 3.2: Results for 7268 earthquakes (7171 M<7 and 97 M≥7) from January 2010 to May 2019. For
M≥7 events, the most favourable case is selected.

Result
M<7

M≥7
(favourable case) (unfavourable case)

In range In range

Correct 96% 88% 68%
Overestimation 2% 8% 17%

Underestimation 2% 4% 15%

Table 3.3: Precedent study results for 719 earthquakes (671 M<7 and 48 M≥7) before 2010.
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Figure 3.2: EQIA performance for the 158 deadly earthquakes when the most favourable scenario is taken
for M≥7 events (the correct rate goes down to 80.4% with the least favourable case).

Date Region Lat, Lon Mag. Ref. impact EQIA impact

13/04/2010 Southern Qinghai, China 33.2, 96.7 6.9 Very Heavy Light
18/09/2011 Sikkim, India 27.8, 88.2 6.9 Heavy None to Light
11/06/2012 Hindu Kush region, Afghanistan 36.1, 69.4 5.7 Moderate None to Light
02/07/2013 Northern Sumatra, Indonesia 4.7, 96.6 6.1 Moderate None to Light
24/08/2016 Central Italy 42.7, 13.2 6.2 Heavy None to Light
28/09/2018 Minahasa, Sulawesi, Indonesia -0.2, 119.9 7.5 Very Heavy Mod. to Heavy

Table 3.4: Events where EQIA underestimates the earthquake impact, from January 2010 to May 2019.

(e.g.: dilapidated apartment block) can cause severe casualties even for low impact earthquakes.

3.2.1 Underestimations

The worst error EQIA can do is underestimate a moderate to extreme impact event (as we discussed, light

impact earthquakes can’t be well estimated).

Tab. A.1, appendix A, gives the details of all the underestimations. As it can be seen, most of them are light

impact earthquakes (14 out of 20). If these are discarded, 6 cases remain where EQIA gives, in a problematic

way, a lower impact than the reference, Tab. 3.4. Among these, the August 28th, 2018, Minahasa earthquake

is a particular case since it caused a tsunami (EQIA is not meant to predict tsunami casualties). The reported

fatalities are due to the earthquake and the following tsunami, it is very difficult to disentangle the two.

3.2.2 Overestimation

If we follow the same path for the overestimations, from Tab. A.2 in appendix A, we can select the relevant

events, Tab. 3.5. EQIA tends to, proportionally, overestimate especially M≥7 events.

As one can see from Tab. 3.4 and 3.5, only a few events put truly EQIA in default. EQIA turns out to be a

very reliable tool to predict the impact of an earthquake.
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Figure 3.3: Impact predicted by EQIA (with uncertainties) compared to the reference impact for the incorrect
predictions of EQIA for M<7 events (on the left) and M≥7 events (on the right).

Date Region Lat, Lon Mag. Ref. impact EQIA impact

30/01/2010 Eastern Sichuan, China 30.3, 105.8 5.3 None Mod. to Heavy
06/04/2010 Northern Sumatra, Indonesia 2.3, 97.1 7.7 None Mod. to Heavy
20/03/2012 Guerrero, Mexico 16.7, -98.2 7.4 Light Heavy to V. Heavy
25/03/2012 Maule, Chile -35.2, -72.1 7.1 Light Mod. to Heavy
05/09/2012 Costa Rica 10.2, -85.4 7.6 Light Heavy
15/10/2013 Bohol, Philippines 9.9, 124.1 7.1 Heavy V. Heavy to Extr.
28/06/2015 Assam, India 26.6, 90.5 5.5 None Mod. to Heavy
16/09/2015 Offshore Coquimbo, Chile -31.6, -71.6 8.3 Light Heavy to Extr.
12/02/2016 Sumba, Indonesia -9.6, 119.5 6.3 None Light to V. Heavy
15/04/2016 Kyushu, Japan 32.8, 130.7 7 Mod. V. Heavy to Extr.
13/11/2016 South island of New Zealand -42.7, 173.0 7.9 Light Mod. to Heavy
16/02/2018 Oaxaca, Mexico 16.6, -97.7 7.2 Light Heavy to V. Heavy
05/08/2018 Lombok, Indonesia -8.3, 116.5 7 Heavy V. Heavy to Extr.
12/09/2018 Assam, India 26.4, 90.4 5.3 Light Mod. to Heavy
22/04/2019 Luzon, Philippines 14.9, 120.5 6.1 Light Heavy

Table 3.5: Events where EQIA overestimates the earthquake impact, from January 2010 to May 2019.
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Figure 3.4: Geographical distribution of the earthquakes that triggered EQIA from 2004 to 2019 where
EQIA overestimates or underestimates the impact. The colour scale corresponds to the difference between
the reference impact and the most probable impact predicted by EQIA (< 0 if overestimated and > 0 if
underestimated).

3.3 Region systematic effect

One can wonder if there is any regional systematic effect, due in particular to the GMPE used, see Sec. 1.1. In

order to identify a recurrent overestimation or underestimation of the earthquakes impact in a specific region,

the earthquakes from 2004 to 2019 are analysed (in order to increase statistics). The Fig. 3.4 represents the

geographical distribution of EQIA’s incorrect predictions. As a comparison, Fig. B.1, in the appendix B,

displays all the results (correct and incorrect impact estimations).

The Mindanao region, Philippines, is over-represented on this map. It is an example of a systematic regional

effect. There are two solutions to tackle this issue. As a first order correction, the region vulnerability could

be changed. This is illustrated in Fig. 3.5, where the same computation has been done for several earthquakes

in the Mindanao region with a change on the vulnerability parameter. It has a drastic impact on the quality of

the predictions: almost all the events are well estimated after the vulnerability change.

The second solution is more satisfying and is part of the foreseen improvements for EQIA.

3.4 Forthcoming improvements

This section sums up all the planned improvements for EQIA.
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Figure 3.5: Impact predicted by EQIA (with uncertainties) compared to the reference impact for the Min-
danao region, Philippines, for the incorrect predictions from 2004 to 2019. The vulnerability changes from
”Normal” (on the left) to ”Low” (on the right).

Low to medium depth earthquake: we want to extend the scope of EQIA to low and moderate depth

mantle earthquakes (depth < 200km), involving dedicated GMPE.

Region specific GMPE: the upcoming GFZ Ground Motion Predictive Equations web service [10] will

allow to replace Eq. 1.1 by a region determined equation. Such improvements along with the resulting

vulnerability calibration shall remove most systematic effects such as the one seen in the Mindanao region

and reduce the number of incorrect predictions (Tab. 3.4 and Tab. 3.5).

Lowering uncertainties: in order to reduce the uncertainties on the EQIA predictions, EQIA will be

launched 20 minutes after the earthquake, when the magnitude is better constrained. Indeed, in the EMSC

database, over 85% of the earthquakes magnitude are defined within 0.1 of their final magnitude 20 min-

utes after they occurred. This will also avoid multiple launches of EQIA when the magnitude is reappraised

in the first 20 minutes (if the magnitude is reassessed after 20 minutes, EQIA will still update its results

accordingly).

Also, when a reliable institute close to the earthquake site provides us with the epicentre location, it’s expected

to be precise enough to lower the uncertainties from the current 15km to 10km.

Population density information: EQIA will be moving from LandScan to the Global Human Settlement

Population Grid [11], provided by the European Commission. It has the advantage of having a better spatial

resolution (250m or 1km).
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Rupture length: Eq. 1.4 might be update with more recent and comprehensive work on rupture length [12,

13].

Bathymetry and topography: as we have seen in Sec. 2.4, it is mandatory to know the correct scenario

for M≥7 ruptures. In order to select the legitimate scenario with the maximum information, several decision

support mechanisms will be implemented. The topography and bathymetry of the area along the epicentre

will be added to the output maps to facilitate the choice of the most probable nodal plane.

Felt reports integration: for some M≥7 events, the bathymetry and topography are not enough to safely

exclude one rupture orientation.

By merging it with other information gathered by the CSEM (visitors on the website, felt reports collected by

the EMSC LastQuake App), we can expect to be able to exclude every time one nodal plane and in the best

case have only one rupture scenario left.
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Conclusion
EQIA’s performance has been assessed by comparing EQIA’s impact predictions to a reference. EQIA

presents excellent performance with more than 98% of correct predictions and 82% for M≥7 in the most

favourable scenario. When it comes to specifically deadly earthquakes, EQIA remains accurate with an 83%

success rate in the most favourable scenario.

Most failures are for light impact earthquakes since these events are more complex to predict due to being

ruled by single events. The only way to tackle this issue would be to have extended and continuous informa-

tion on the building quality for each region, which is not achievable currently.

Some regional biases have been brought to light and will be addressed in the following developments of

EQIA along with other improvements that should make EQIA more reliable and precise.
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A EQIA incorrect estimations
The tables below regroup all the failed estimation from January 2010 to May 2019, for the underestimations,

Tab. A.1 and the overestimations, Tab. A.2.

Date Region Lat, Lon Mag. Ref. impact EQIA impact

13/04/2010 Southern Qinghai, China 33.2, 96.7 6.9 V. Heavy Light
27/08/2010 Northern Iran 35.5, 54.6 5.7 Light None
18/09/2011 Sikkim, India 27.8, 88.2 6.9 Heavy None to Light
28/10/2011 Near coast of Central Peru -14.5, -76.1 6.9 Light None
11/04/2012 Off west coast of Northern Sumatra 2.4, 93.2 8.4 Light None
11/06/2012 Hindu Kush Reg., Afghanistan 36.1, 69.4 5.7 Mod. None to Light
31/08/2012 Philippine islands Reg. 10.9, 126.7 7.6 Light None
02/07/2013 Northern Sumatra, Indonesia 4.7, 96.6 6.1 Mod. None to Light
01/04/2014 Offshore Tarapaca, Chile -19.7, -70.9 8.1 Light None
24/05/2014 Aegean sea 40.3, 25.4 6.9 Light None
20/04/2015 Taiwan Reg. 24.2, 122.5 6.4 Light None
25/01/2016 Strait of Gibraltar 35.7, -3.7 6.3 Light None
24/08/2016 Central Italy 42.7, 13.2 6.2 Heavy None to Light
25/11/2016 Southern Xinjiang, China 39.2, 74.0 6.6 Light None
31/01/2018 Ecuador -1.7, -77.8 5.2 Light None
17/06/2018 Near south coast of Western Honshu 34.8, 135.5 5.6 Light None
07/09/2018 Southeastern Iran 28.3, 59.4 5.5 Light None
28/09/2018 Minahasa, Sulawesi, Indonesia -0.2, 119.9 7.5 V. Heavy Mod. to Heavy
10/10/2018 Bali sea -7.4, 114.4 6 Light None
12/04/2019 Sulawesi, Indonesia -1.8, 122.6 6.8 Light None

Table A.1: Events where EQIA underestimates the earthquake impact, from January 2010 to May 2019. In
green the low impact earthquakes.
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Date Region Lat, Lon Mag. Ref. impact EQIA impact

30/01/2010 Eastern Sichuan, China 30.3, 105.8 5.3 None Mod. to Heavy
09/02/2010 Oaxaca, Mexico 16.1, -96.6 5.6 None Light to Mod.
11/03/2010 Libertador O’Higgings, Chile -34.2, -71.9 7.2 None Light to Heavy
06/04/2010 Northern Sumatra, Indonesia 2.3, 97.1 7.7 None Mod. to Heavy
26/06/2010 Rajasthan, India 28.1, 73.4 5.4 None Light to Heavy
14/07/2010 Bio-Bio, Chile -37.9, -73.3 6.6 None Light to Heavy
18/07/2010 New Britain Reg., P.N.G. -6.1, 150.5 7.1 None Light
03/09/2010 South island of New Zealand -43.3, 172 7 None Light to Heavy
10/09/2010 Sichuan-Chongqing Bdr. Reg., China 29.5, 105.6 5 None Light to Mod.
15/11/2010 Hindu Kush Reg., Afghanistan 34.5, 70.5 5.2 None Light to Heavy
19/12/2010 Ethiopia 7.5, 37.8 5.2 None Light to Heavy
02/01/2011 Bio-Bio, Chile -38.3, -73.4 7.1 None Light
04/04/2011 Nepal-India Bdr. Reg. 29.8, 80.8 5.6 None Light to Heavy
19/05/2011 Western Turkey 39.2, 29.1 5.8 None Light to Heavy
23/08/2011 Virginia 38, -78 5.8 None Light to Mod.
31/10/2011 Sichuan-Gansu Bdr. Reg., China 32.6, 105.3 5.7 None Light to Heavy
05/03/2012 Haryana-Delhi Reg., India 28.9, 77 5.2 None Light to Heavy
08/03/2012 Mindoro, Philippines 13.8, 121.1 5.4 None Light to Heavy
20/03/2012 Guerrero, Mexico 16.7, -98.2 7.4 Light Heavy to V. Heavy
25/03/2012 Maule, Chile -35.2, -72.1 7.1 Light Mod. to Heavy
27/03/2012 Nepal-India Bdr. Reg. 26.2, 87.8 5 None Light to Mod.
11/04/2012 Michoacan, Mexico 18.3, -102.7 6.7 None Light
11/05/2012 Assam, India 26.2, 92.8 5.4 None Light to Heavy
20/05/2012 Northern Italy 44.8, 11.4 5.2 None Light to Mod.
11/08/2012 Northwestern Iran 38.5, 46.8 6.3 None Light to Mod.
03/09/2012 Mindanao, Philippines 8.0, 125.2 5.6 None Light to Heavy
05/09/2012 Costa Rica 10.2, -85.4 7.6 Light Heavy
07/09/2012 Sichuan-Yunnan-Guizhou Reg., China 27.7, 104.1 5.6 None Light to Heavy
08/02/2013 Santa Cruz islands -10.8, 166.1 7 None Light to Mod.
24/04/2013 Eastern Sichuan, China 28.5, 105.0 5.2 None Light to Heavy
26/05/2013 Eastern Uzbekistan 40.0, 67.4 5.8 None Light to Heavy
01/06/2013 Mindanao, Philippines 7.3, 124.9 5.6 None Light to Heavy
21/08/2013 Guerrero, Mexico 17.1, -99.3 6.2 None Light to Heavy
29/09/2013 Bio-Bio, Chile -37.4, -73.4 5.6 None Light to Mod.
15/10/2013 Bohol, Philippines 9.9, 124.1 7.1 Heavy V. Heavy to Extr.
22/11/2013 Jilin, China 44.6, 124.0 5.4 None Light to Mod.
18/04/2014 Guerrero, Mexico 17.5, -100.9 7.2 None Light to Heavy
29/07/2014 Eastern Sichuan, China 31.6, 105.1 5 None Light to Mod.
23/08/2014 Valparaiso, Chile -32.6, -71.3 6.4 None Light to Heavy
22/11/2014 Romania 45.9, 27.2 5.6 None Light to Heavy
26/02/2015 Pakistan 34.7, 73.3 5.3 None Light to Heavy
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Date Region Lat, Lon Mag. Ref. impact EQIA impact

29/03/2015 New Britain, P.N.G. -4.8, 152.6 7.5 None Light
30/03/2015 Guizhou, China 26.7, 108.9 5.4 None Light to Heavy
05/05/2015 New Britain, P.N.G. -5.5, 152.0 7.4 None Light
28/06/2015 Assam, India 26.6, 90.5 5.5 None Mod. to Heavy
02/07/2015 Pakistan 34.4, 73.8 5.3 None Light to Heavy
07/08/2015 Lac Kivu , Congo -2.2, 28.8 5.5 None Light to Heavy
16/09/2015 Offshore Coquimbo, Chile -31.6, -71.6 8.3 Light Heavy to Extr.
23/10/2015 Pakistan 29.6, 70.4 5.5 None Light to Heavy
07/11/2015 Coquimbo, Chile -30.9, -71.5 6.9 None Light
10/02/2016 Coquimbo, Chile -30.6, -71.6 6.3 None Light
12/02/2016 Sumba, Indonesia -9.6, 119.5 6.3 None Light to V. Heavy
21/02/2016 Nepal 28.1, 84.8 5.5 None Light to Heavy
15/04/2016 Kyushu, Japan 32.8, 130.7 7 Mod. V. Heavy to Extr.
28/04/2016 Vanuatu -16.0, 167.5 7 None Light to Mod.
18/05/2016 Near coast of Ecuador 0.5, -79.8 6.7 None Light
28/05/2016 Northern Algeria 36.4, 3.5 5.2 None Light to Mod.
11/07/2016 Near coast of Ecuador 0.6, -79.7 6.3 None Light
04/09/2016 Mindanao, Philippines 8.4, 125.9 5.7 None Light to Heavy
13/11/2016 South island of New Zealand -42.7, 173.0 7.9 Light Mod. to Heavy
25/12/2016 Isla Chiloe, Los Lagos, Chile -43.4, -73.9 7.6 None Light
27/12/2016 Sichuan-Chongqing Bdr. Reg., China 29.5, 105.8 5 None Light to Mod.
18/01/2017 Eastern Sichuan, China 28.2, 104.9 5 None Light to Mod.
27/01/2017 Eastern Sichuan, China 28.2, 104.9 5.3 None Light to Heavy
11/04/2017 Mindanao, Philippines 7.7, 124.9 5.8 None Light to Heavy
29/05/2017 Sulawesi, Indonesia -1.3, 120.4 6.6 None Light to Heavy
24/06/2017 Mozambique -19.6, 34.5 5.6 None Light to Heavy
23/09/2017 Mindanao, Philippines 7.7, 124.9 5.7 None Light to Heavy
30/09/2017 Sichuan-Gansu Bdr. Reg., China 32.3, 105 5.4 None Light to Mod.
03/12/2017 Near coast of Ecuador -0.39, -80.3 6 None Light
11/12/2017 Iran-Iraq Bdr. Reg. 34.9, 45.8 5.4 None Light
16/02/2018 Oaxaca, Mexico 16.6, -97.7 7.2 Light Heavy to V. Heavy
08/03/2018 Mozambique -16.8, 35.4 5.5 None Light to Heavy
05/08/2018 Lombok , Indonesia -8.3, 116.5 7 Heavy V. Heavy to Extr.
12/09/2018 Assam, India 26.4, 90.4 5.3 Light Mod. to Heavy
10/10/2018 New Britain, P.N.G. -5.6, 151.2 7 None Light to Mod.
16/12/2018 Sichuan-Guizhou Bdr. Reg., China 28.3, 105.1 5.4 None Light to Heavy
22/12/2018 Mozambique -20.7, 32.8 5.5 None Light to Heavy
22/04/2019 Luzon, Philippines 14.9, 120.5 6.1 Light Heavy
12/05/2019 Panama-Costa Rica Bdr. Reg. 8.6, -82.8 6.1 None Light to Heavy
14/05/2019 New Britain, P.N.G. -4.08, 152.6 7.5 None Light to Mod.

Table A.2: Events where EQIA overestimates the earthquake impact, from January 2010 to May 2019. In
green the low impact earthquakes.
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B Geographical distribution of EQIA’s

earthquakes

Figure B.1: Geographical distribution of the earthquakes that triggered EQIA from 2004 to 2019. The colour
scale corresponds to the difference between the reference impact and the most probable impact predicted by
EQIA (< 0 if overestimated and > 0 if underestimated). Circles are displayed when the reference impact is
correctly predicted by EQIA (in range), stars are displayed otherwise (incorrect).
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