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1 Executive Summary 
Probabilistic Tsunami Hazard Assessment (PTHA) is a fundamental tool for producing time-
independent forecasts of tsunami hazards at the coast using data from tsunami generated by 
local, regional and distant earthquake sources. If high resolution bathymetry and topography 
data at the shoreline are available, local tsunami inundation models can be developed to 
identify the highest risk areas and derive evidence-based evacuation plans to improve 
community safety. Moreover, significant improvements in tsunami modelling have been 
observed in the past years. This refers to modelling methods, numerical codes, 
implementation of codes on GPUs (Graphics Processing Units), and validation of modelling 
results using controlled test cases. The much higher computational speed achievable with 
GPUs, in comparison to CPUs, allows for a probabilistic treatment of uncertain slip 
distribution in rupture scenarios. This is an important step forward for tsunami hazard 
assessment in the near field context especially, where the distribution of the fault slip can 
have a significant impact on the nearshore wave propagation. 
This work aims at making significant scientific updates of some elements required for the 
Probabilistic Safety Assessment (PSA), focusing on tsunami. 
In this framework, the options for fast GPU computations and their implications for 
Probabilistic Hazard Assessment are scrutinized and decommissioned Nuclear Power Plant 
(NPP) sites at hazard of tsunami are identified. A PTHA approach is also developed to 
estimate the tsunami hazard along the French Mediterranean coasts at a local level. Various 
uncertainties from the determination of the tsunami sources to the simulation of the 
propagation of the tsunami to the coast are discussed. Preliminary results of tsunami hazard 
in the city of Cannes (French Riviera), considering earthquakes generated along the North 
Algerian margin, are presented. The focus is on the investigation of the relationship between 
the fault slip spectrum and the tsunami initial waveform spectrum. If a smaller truncation is 
possible for the initial waveform, an accurate metamodel could be built in order to compute 
rapidly the water height at an NPP site. The metamodeling strategy could be an alternative to 
the aforementioned Monte-Carlo/GPUs computations. This strategy is tested on a simple 
one-dimensional problem and then on the 1755 Lisbon tsunami case. 
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2 Background and Introduction 

2.1 Scope and Objectives of the Deliverable 

Probabilistic activities have become very popular for tsunami hazard assessment (e.g., Lorito 
et al., 2015), and more and more evoked in worldwide tsunami hazard working groups, but 
the existing approaches still need improvements. At the same time, significant improvements 
in tsunami modelling have been observed in the past years. This refers to modelling 
methods, numerical codes, implementation of codes on GPUs (Graphics Processing Units), 
with speed-ups of a factor of 100 and more, and validation of modelling results with test 
cases (e.g. Schäfer & Wenzel, 2017). The much higher computational speed achievable with 
GPUs, in regard to CPUs, allows for probabilistic treatment of uncertain slip distribution in 
rupture scenarios. 
This task proposes on one hand, to scrutinize the options for fast GPU computations and 
their implications for PHA. On the other hand, a general probabilistic approach will be 
developed for earthquake-triggered tsunamis to assess tsunami hazard along the French 
Mediterranean coastlines. The methodology allows for the estimation of the annual 
probability of exceeding a given tsunami amplitude at any coastal location along the French 
Mediterranean coasts by applying a Monte Carlo based technique (e.g. Sorensen et al., 
2012). Earthquake activity rates would be estimated from the observed seismicity, and 
tsunami impact would be derived from deterministic tsunami wave propagation scenarios 
modelled from the faults database (Gailler et al., 2013) of the CENALT (French Tsunami 
Warning Center).  
Finally, the impact of fault rupture's heterogeneity on probabilistic tsunami hazard 
assessment (PTHA) is explored. In fact, it has been shown that for near-field tsunami 
simulations, the distribution of the fault slip can have a significant impact on the nearshore 
wave propagation and ultimately on quantities of interest such as the wave height at some 
sensible location, the flooded area in coastal cities or the runup (e.g., Yasuda et al., 2014). 
The objectives are thus to: 

• Present fast GPU computations for PHA; 
• Identify decommissioned sites at hazard of tsunami; 
• Develop a general probabilistic hazard framework assessment for earthquake-

triggered tsunamis; 
• Provide examples of analyses for case studies on European coastlines using detailed 

tsunami modelling (deterministic and probabilistic). 

 

2.2 Organisation of the deliverable 

The first part of the deliverable (section 3) is dedicated to the choice of sites around Europe 
for case studies in Europe. Here, care is taken to examine decommissioned and current sites 
as a NPP would not make sense to be sited anywhere, and thus creating a generic set of 
locations is considered outside of the scope of this project for the tsunami analyses. For a 
generic analysis the reader is referred to the existing guidance section below. To this end 
present or past NPP sites are considered around Europe. Large scale tsunami studies and 
macro-level assessments are given in this section.  
The second section (section 4) then examines at a local scale the probabilistic tsunami 
hazard assessment methodology pertaining to singular sites including the end-to-end 
analyses with an application to Cannes (France). Here the earthquake catalogue is first 
defined, and the source discretisation is built. Then, tsunami simulations allow for PCTA 
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aggregations. In addition, the distributions, uncertainties and sensitivities of the study are 
explained. 
Another study on Lisbon (Portugal) is performed, taking into account the impact of fault 
rupture's heterogeneity (section 5). The fault configuration and the earthquake Magnitude are 
fixed, and the relationship between the slip spectrum and initial waveform spectrum is 
investigated. Based on metamodels, the probability and quantiles at the site of interest are 
estimated. 

2.3 Existing Guidance: Key Documents 

There exist a large number of documents which are key reading for this analysis pertaining to 
the various hazard models and PSA applications for tsunami.  
Tsunami event definition in NUREG/CR-2300. 
 
ANS and IEEE, 1982. PRA Procedure Guide-A Guide to the Performance of Probabilistic 
Risk Assessments for Nuclear Power Plants. US NRC, NUREG/CR-2300. 
ASAMPSA_E D10.3 Report on external hazards with high amplitude that have affected NPP 
in operation (in Europe or in other countries) ASAMPSA_E / WP10 / D10.3 / 2016-13 - 
Reference IRSN PSN/RES/SAG/ 2016- 00031  
ASAMPSA_E, 2017, Guidance document on practices to model and implement 
EARTHQUAKE hazards in extended PSA AS AMPS A_E/D50.15/2017-33-vol 1&2. 
ASAMPSA_E, 2017, Guidance document on practices to model and implement FLOODING 
hazards in extended PSA, ASAMPSA_E/D50.16/2017-34-, January 2017. 
Downes L. G. and Stirling W. M., Groundwork for development of a probabilistic tsunami 
hazard model for New Zealand, 2001.  
FEMA P646, 2008. Guidelines for Design of Structures for Vertical Evacuation from Tsunami. 
Geist, E.L., Parsons, T., 2006. Probabilistic analysis of tsunami hazards. Natural Hazards 37, 
277–314 
Ghosh A.K. Assessment of earthquake-induced tsunami hazard at a power plant site. 
Nuclear Engineering and Design 2008;238(7):1743–9. 
Government of India, Actions Taken for Indian NPPs Subsequent to Fukushima Nuclear 
Accident. National Report to the Convention on Nuclear Safety, 2nd Extraordinary Meeting of 
the Contracting Parties, Government of India (2012), 
http://www.aerb.gov.in/AERBPortal/pages/English/t/documents/CNS2012.pdf 
IAEA (2012) Protection against extreme earthquakes and tsunamis in the light of the 
accident at the Fukushima Daiichi Nuclear Power Plant. Vienna. 
IAEA Safety Standards Series SSG-18, Meteorological and hydrological hazards in site 
evaluation for nuclear installations, Vienna, 2011.  
IAEA, 1995. Treatment of External Hazards in Probabilistic Safety Assessment for Nuclear 
Power Plants. Safety Reports Series No. 50-P-7, Vienna, Austria.  
IAEA, 2003. Extreme External Events in the Design and Assessment of Nuclear Power 
Plants. IAEA TECDOC Series No. 1341, Vienna, Austria.  
IAEA, 2004a. External Events Excluding Earthquakes in the Design of Nuclear Power Plants, 
Safety Guide. Safety Standards Series No. NS-G-1.5, Vienna, Austria. 
IAEA, 2004b. Flood Hazard for Nuclear Power Plants on Coastal and River Sites, Safety 
Guide. Safety Standards Series No. NS-G-3.5, Vienna, Austria.  

http://www.aerb.gov.in/AERBPortal/pages/English/t/documents/CNS2012.pdf
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IAEA. IAEA international fact-finding expert mission of the Fukushima Dai-ichi NPP accident 
following the great east japan earthquake and tsunami. Available from: /http://www-
pub.iaea.org/MTCD/meetings/ PDFplus/2011/cn200/documentation/cn200_Final-Fukushima-
Mission_Re port.pdfS; 2011 [cited 2012–08–20]. 
JSCE. Tsunami assessment method for nuclear power plants in Japan. Japan Society of 
Civil Engineers: Tokyo; 2002 
KHNP, 2006. Safety Assessment against Tsunami caused by Offshore Earthquakes for NPP 
Sites. TM.A05NJ18.S2006.28. 
Locat, J., Lee, H.J., 2002. Submarine landslides: advances and challenges. Can. Geotech. J. 
39, 193–212.  
NUCLEAR POWER CORPORATION OF INDIA LIMITED, Safety Evaluation of Indian NPP 
PHWRs at Madras Atomic Power Station and Scenario Progression at MAPS–1&2 Under 
Severe Natural Event (2011), http://www.npcil.nic.in/pdf/A3.pdf 
OECD, 2009. Probabilistic Safety Analysis (PSA) of Other External Events than Earthquake. 
Nuclear Energy Agency Committee on the Safety of Nuclear Installations. 
NEA/CSNI/R(2009)4. 
Rikitake, T., and Aida, I., 1988, Tsunami hazard probability in Japan: Bulletin of the 
Seismological Society of America, v. 78, p. 268-1278.  
TEPCO. Fukushima Nuclear Accident Analysis Report (Interim Report). The Tokyo Electric 
Power Company, Inc.: Tokyo; 2011. 
UNESCO, Tsunami Glossary, Intergovernmental Oceanographic Commission, Technical 
Series 85, 2013.  
USNRC, 2008. Tsunami Hazard Assessment at Nuclear Power Plant Sites in the United 
States of America, NUREG/CR-6966, PNNL-17397. Office of New Reactors, Washington, 
DC. 
 
 
  

http://www.npcil.nic.in/pdf/A3.pdf
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3 Large-Scale methodologies for Tsunami 

3.1 Finding test cases for tsunami effects on NPPs in Europe 

 
Figure 1: Framework for choosing NPP sites which are relevant for analysis and could be used within 
Europe for test cases. 

The NPPs were examined as part of D1.6 in order to create a list of decommissioned and 
relevant sites for analysis. Through this analysis, it became apparent that in all cases wave 
impacts had been considered given various site settings. A pure join to a European 25m 
DEM (EU-DEM), identified a number of relevant sites.  

 
Figure 2: Elevations of the decommissioned and shutdown NPPs above sea level 

Identification of NPP sites 
around Europe including 
current, decommissioned 
or shutdown reactors and 

research reactors
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potential for the remaining 

NPP sites including 
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but vulnerable zones

Choice of case study 
locations and analysis.
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The following table includes a list of these locations which could be impacted by a tsunami 
directly and adhere to criteria (i.e. not Hunterston A etc.). 

Table 1: Overview of decommissioned/siting location heights at NPPs relevant in the Mediterranean and 
the European Atlantic coast, as well as the 10000 year extreme sea level in still water as well as 
protection from various stress test and NPP documentation 

Name of NPP Country Height above MSL 10000-yr 
extreme 
Ht. 

Protection? 

Vandellos NPP Spain 22 mAOD   
Lemoniz NPP Spain 6-11 mAOD   
Latina NPP Italy 6.4-10.45 mAOD   
Calder Hall NPP England >18 mAOD 12.9 Platform level, 

passive drain and 
topography 

Chapelcross NPP Scotland 76m Not 
applic. 

 

Wylfa NPP Wales 12 mAOD 9.4 6.1m defence, 
Platform level, 
passive drain and 
topography 

Berkeley NPP England 10m 9.2 9.72m sea 
defence 
embankment 

Oldbury NPP England 9.3 mAOD 9.2 Sea wall, 10.5m 
Hinkley Point A 
NPP 

England 11 mAOD 8.3 (still) 
+ 2.1 
(tsunami) 

Concrete sea 
wall (8.5m) and 
gabion wall (12m) 

Winfrith NPP England Inland   
Bradwell NPP England 5.5m  4.8-5m, high sea 

wall and gully 
Trawsfynydd NPP Wales Inland (196m)   
Dounreay NPP Scotland >11.0 mAOD (ca. 20m) 6.14 Platform level, 

passive drain and 
topography 

Unterweser NPP Germany grade elevation: +1.8 m 
MSL dike: +7.34…+8.04 
m MSL protected 
components at +4 m 
MSL flood protection 
doors  

 7.1m sea dike 
(+1.8m vs. tidal 
high) 

Brunsbüttel NPP Germany grade elevation+3 m 
MSL 
access of safety related 
buildings at a 
height of > +6 m MSL 
dyke: +8.45 m MSL 

 7.3m sea dike 
(protection 8.45m 
(dike in front of 
plant) 

KBR (Brokdorf) Germany Grade elevation: +1.5 m 
MSL protection height of 
safety-related buildings: 
+4.3 m MSL dyke: +8.7 
m MSL dyke in front of 
the plant is more robust 
than nearby dykes 

 8.7m MSL 
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Flood protection doors and on-site components differ between the different sites. Most sites 
on the North Sea have been designed for a wave surge of 0.75m, stability of dykes during 
earthquake and a tsunami risk of 1m. Problems can come from abrupt dyke failure, and 
blockage of cooling water intakes, failure of main heat sinks and loss of offsite power, 
however for tsunami unless in combination with other effects, this is likely reasonable given 
the protection and size of sources for a 10,000 year event. This will now be tested.  
Vandellos NPP is the lowest of these, however it can be seen that this is usually accounted 
for in design, where they place all the alternative sinks and pumping system, cooling towers 
etc., at heights of 24m and above, although the pump house is at 4.8m above sea level. Here 
the EMODNET Bathymetry resolution of 115m is quite different to the onshore LIDAR data 
available (and 2m DEM data).  
For other decommissioned or shutdown plants, Hunterston and Greifswald are all likely well 
shielded from seismically induced major tsunamis. Swedish plants have been excluded from 
the study, as well Lubiatowo-Kopalino (Poland) and Greifswald (Germany) given that the 
analysis did not extend to these locations (and the hazard is very low).  
Brunsbüttel on the Elbe River in Germany, has a height of 2.5m for some components, but is 
shielded via the 8.45m dike, where a 10000 year event is measured to be 7.5m from storm 
surge (6.7m for 10000 years, with 0.8m wave height) – calculated via KTA 2207/L-57. 
Indeed, it has been decided that the modelling of these sites cannot be assessed with the 
simple 30m DEM data and other global models adequately and thus for this scoping study, 
hazard curves only be presented as peak coastal amplitudes before more detailed modelling 
examples. Here we can look at a couple of models around Europe such as TSUMAPS-
NEAM and TsuPy. 
Thus, it was decided that analyses should also be done for case studies on non-NPP 
locations to allow for direct examination where detailed topography and bathymetry data is 
available. 
These can be seen in Chapters 4 and 5. 
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Figure 3: Elevations of the Vandellos 2 NPP – a current NPP (bottom) vs. the decommissioned Vandellos 

1 NPP (top) using LIDAR, 2m DEM and 115m resolution Bathymetry from IGN. 
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3.2 Existing PTHA Results for Tsunami 

There are a number of datasets covering the locations across Europe. Models have been 
developed by various entities over the last few decades taking into account the faults and 
uncertainties close to NPPs, such that they are usable for analysis, however many offshore 
sources have not been characterised as part of this given the fact that they do not affect the 
earthquake shaking hazard onshore. 
The SHARE model as part of the Global Earthquake Model is the most common of these 
models, which can be used as part of site-specific studies. Important at the sites is of course 
the site effects data, where it is only possible to use Vs,30 (shear wave velocity in the first 
30m of the soil) as a proxy without much more detailed data. The PGA and spectral 
ordinates have been derived for each of the locations for the various return periods (73, 102, 
475, 975, 2475, 4975 years) along the same modelling.  

 
Figure 4: Spatial distribution of 95th percentile of expected ground motions with a return period of 5000 
years based on the SHARE model 

 
Beyond the scoping analysis for tsunami around Europe done in D1.6, more details will now 
be given as to the macro-scale studies to determine that there are no sites where significant 
impacts will occur.  
As explained in D1.6, this was undertaken using two models – 1) the model of Schäfer 
(2018), and 2) the model using the TSUMAPS NEAM project.  
The NEAM Tsunami Hazard Model 2018 (NEAMTHM18) is a probabilistic hazard model for 
tsunamis generated by earthquakes. It covers the coastlines of the North-East Atlantic, the 
Mediterranean, and connected Seas (NEAM). The hazard results are provided by hazard 
curves calculated at 2,343 Points of Interest (POI), distributed in the North-East Atlantic 
(1,076 POIs), the Mediterranean Sea (1,130 POIs), and the Black Sea (137 POIs) at an 
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average spacing of ~20 km. For each POI, hazard curves are given for the mean, 2nd, 16th, 
50th, 84th, and 98th percentiles.  
 

 
Figure 5: The TSUMAPS-NEAM project model portal where hazard curves are produced based on the 

model showing the 84th percentile of 10,000 year events. 

 
Maps derived from hazard curves are Probability maps for Maximum Inundation Heights 
(MIH) of 1, 2, 5, 10, 20 meters; Hazard maps for Average Return Periods (ARP) of 500, 
1,000, 2,500, 5,000, 10,000 years. These have been then extrapolated to onshore locations 
to check the hazard compared to the plant height. The TSUMAPS NEAM project modelled 
inundation height around Europe from 2016-2018 allowing for inundation heights (peak 
coastal amplitudes). 
A comparison can be made here from the work of TSUMAPS-NEAM to the Mmax definitions 
above in Schaefer (2018), where it can be seen the uncertainty of such source modelling and 
the need for detailed case studies. In each zone, the rate and the maximum magnitude of 
earthquakes allow for the derivation of a probabilistic wave height derived from each event in 
the catalogue. 
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Figure 6: A) Mean annual rates of the non-modelled PS seismicity in each tectonic region. The numbers 

indicate the Log10(mean annual rate), expressed in yr-1. B) Maximum magnitude modelled in each region. 
(Basili et al., 2018, CC-BY4.0) 

 
For each of the key coastal sites, the TSUMAPS-NEAM offshore probabilistic results are 
presented below where the color indicates the percentile of hazard curve, and the x = water 
depth, and y = probability of exceedance.  
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Figure 7: TSUMAPS-NEAM hazard curves for offshore wave heights for A) Bristol Channel (Berkeley, 
Oldbury, Hinkley; B) Wylfa, C) Dounreay, D) Latina, E) Vandellos, F) Worst case North Sea, G) Averaged 

curve on North Sea, H) Lemoniz NPP, I) Planned NPP in Hellenic Arc (Turkey) 
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Table 2: Overview of maximum tsunami run-ups at NPPs relevant in the Mediterranean and the European 
Atlantic coast, from TSUMAPS-NEAM (2018) 

Name of NPP Country 10000yr (50th 
percentile) 

100000yr (98th 
percentile) 

Vandellos NPP Spain 0.92m 2.75m 
Lemoniz NPP Spain 0.41m 1.05m 
Latina NPP Italy 0.59m 4.3m 
Calder Hall NPP England Minimal Minimal 
Chapelcross NPP Scotland Minimal Minimal 
Wylfa NPP Wales 0.3m 0.91m 
Berkeley NPP England 1.0m 2.8m 
Oldbury NPP England 1.0m 2.8m (same as above) 
Hinkley Point A NPP England 1.0m 2.8m (same as above) 
Bradwell NPP England 0.25m 0.76m 
Dounreay NPP Scotland 0.65m 2.35m 
Unterweser NPP Germany 0.84m (worst case) 5.51m (worst case) 
Brunsbüttel NPP Germany 0.84m (worst case) 5.51m (worst case) 
KBR Germany 0.84m (worst case) 5.51m (worst case) 
Planned Site Turkey 2.94m 8.8m 

 
The TSUMAPS-NEAM modelling will not be discussed in greater detail in the context of this 
project, however the key references to the project are included here in order to direct the 
reader to this probabilistic model. 
It can be seen from this analysis that it is likely that no scenarios will affect existing 
decommissioned sites. 
http://webservices.tsunamidata.org/geoserver/web/ = Web Map Service 
The links are included here below for the datasets, for ease of extraction of the key datasets 
associated with TSUMAPS-NEAM (Basili et al., 2018, 2019). 
 
Appendices to Phase 1 (zip, 43Mb) 
Appendices to Phase 2 (zip, 19 Mb) 
 
Supplementary Data 
Repository 1 Checks period polarity extraction (zip, 7 Mb) 
Repository 2 Disaggregation (zip, 22 Mb) 
Repository 3.1 Sensitivity tests amplification North-eastern Atlantic (zip, 72 Mb) 
Repository 3.2 Sensitivity tests amplification Mediterranean (zip, 75 Mb) 
Repository 3.3 Sensitivity tests amplification Black Sea (zip, 9 Mb) 
Repository 4 Sensitivity tests MFD (zip, 13 Mb) 
 
Comparative models will now be explained which are complementary to such analyses and 
checks for the magnitudes and source zones used, given that this is the most important 
component of tsunami assessment on a macro scale (Schäfer, 2018). 
 
 
 
 

http://webservices.tsunamidata.org/geoserver/web/
http://www.tsumaps-neam.eu/wp-content/uploads/2018/09/Appendicesto_P1.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/Appendicesto_P2.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository1_Checks_period_polarity_extraction.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository2_Disaggregation.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository3_SensitivityTests__Amplification_resized_hc_poi_nea.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository3_SensitivityTests__Amplification_resized_hc_poi_med.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository3_SensitivityTests__Amplification_resized_hc_poi_blk.zip
http://www.tsumaps-neam.eu/wp-content/uploads/2019/09/DocP2S5_Repository4_SensitivityTests_MFdistributions.zip
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3.3 Source Models and Analysis 

Schaefer (2018) took out a detailed assessment of global subduction zone interfaces using 
machine learning and multi-variate statistics to identify similarity among them to help quantify 
both maximum magnitude and return periods. This was especially useful for subduction 
zones where only limited data on its earthquake history, either due to long return periods or 
short time recorded time windows, was available. The similarity of subduction zones based 
on their physical characteristics like geometry, crustal thickness, gravity anomalies and many 
more can be seen in Figure 8.  
 

 
Figure 8: Similarity matrix of global subduction zones based on their physical characteristics by Schaefer 
and Wenzel (2019). 
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Figure 9: Characteristic groups of subduction zones. Each group shares common empirical 
characteristics, from Schaefer (2018). 

 
 

 
Table summarizing an overview of data sources considered for the assessment of subduction zone 
parameters. 
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Such similarity can be converted into discrete groups of common characteristics as shown in 
Figure 10. Here, the Hellenic Arc and the Calabrian Arc share the same group together with 
subduction zones like the Andaman, Seram or Hikurangi Trenches, which are all known for 
their unique yet frequent strong seismic activity of magnitudes up 9.1 historically. On the 
other hand, the subduction and thrust interfaces in the Adriatic, along the Algerian coast and 
around Cyprus can be found in a group of smaller subduction interfaces which are more 
commonly known for intermediate strong seismic activity between magnitude 7 and 8. Due 
only except, where this classification should be treated carefully around the Mediterranean is 
the seismic source of the 1755 Lisbon earthquake for which, even today, only insufficient 
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tectonic constraints are known despite assuming to be linked to the onset of a subduction 
zone generation (Duarte et al., 2013).  
Those findings were used to provide estimates for maximum magnitudes based on similarity 
assessments, geometric and tectonic constraints and of course the so-far known historic 
record. The findings for tsunami-genic sources within the Mediterranean can be found in 
Table 3. Estimates on average return periods and their uncertainties have also been 
provided by Schaefer and Wenzel (2019) resolved from a tapered Gutenberg-Richter method 
based on instrumental and historic seismic records. 
 

 
Figure 10: Characteristic groups of subduction zones. Each group shares common empirical 
characteristics, from Schaefer (2018) 

The methodology allows for the “filling in” of unknowns about tsunami sources, allowing for a 
more robust and likely more accurate definition of the source Mmax. These can be compared 
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to TSUMAPS-NEAM below. In both cases, M9.0 for the Hellenic Arc, and many of the other 
sources are very comparable, thus showing that the macro models are in good agreement. 
 

Table 3: Overview of maximum magnitudes for earthquakes sources relevant in the Mediterranean and 
the European Atlantic coast, from Schaefer (2018) 

Interface Historic Mmax Year of Historic Mmax M1 M2 Mpref 

Calabrian 7.4 1693 7.5 8.4 8.0 

Hellenic Arc 8.3 365 8.5 9.0 8.6 

Algeria 7.3 1867 7.3 8.6 8.0 

Cyprus > 7.0 1222 7.3 8.3 8.0 

Lesser Antilles 8.3 1843 8.3 9.1 8.9 

Puerto Rico Trench 7.7 1943 7.7 8.7 8.1 

 

Table 4: Summary of available return period estimates for magnitude 8 and maximum probable 
magnitudes to be exceeded within a given probability in 50 years, from Schaefer and Wenzel (2019). 

Interface Mmax of 10% exc. prob. 
in 50 years 

Mmax of 2% exc. prob. 
in 50 years 

M8 return period 

Calabrian 7.4 8.0 1674 (117 – 2448) 

Hellenic Arc 8.0 8.6 514   (443 – 597) 

Algeria 7.2 8.1 1910 (1272 – 3278) 

Lesser Antilles 8.4 8.9 230    (140 – 381) 

Puerto Rico Trench 7.8 8.1 784    (365 – 2004) 

 

 
Figure 11: Tapered Gutenberg-Richter distributions for the Hellenic Arc and the Lesser Antilles from 
Schaefer (2018) 
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Figure 12: Depth profile of the Hellenic Arc from Schaefer (2018). 

 
 

 
Figure 13: Depth profile of the Cyprus Arcs from Schaefer (2018). 
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Figure 14: 3D model of subduction zone interfaces in the Caribbean, from Schaefer (2018). 

 

3.4 TsuPy: Methodology and Analysis 

TsuPy is a numerical wave simulation tool developed for PTHA analysis, this analysis was 
described in detail by Schaefer (2018) and applied in a variety of global and regional studies. 
It was initially built for risk assessment, yet it is mostly applied for pure hazard modelling. 

For hazard, the expected annual number of occurrences 𝐻𝐻𝐼𝐼(𝑖𝑖|x) at site x can be considered 
where the inundation depth I is greater or equal to i of tsunamis from source n of 𝑁𝑁 sources 
and event occurrence rate 𝑣𝑣1

(𝑛𝑛). The inundation depth I can be computed through the 
numerical tsunami propagation and inundation simulation. In other representations, I could 
be replaced e.g. by wave velocity, inundation time or hydrostatic pressure. Here, inundation 
depth was found to be the most commonly used. The hazard from a specific source with 
base event rate vl, magnitude distribution 𝑓𝑓𝑀𝑀 and area source 𝐴𝐴𝑆𝑆, and �⃗�𝑥𝑠𝑠 the vector in the 
area source, the inundation exceedance probability 𝑃𝑃𝐼𝐼

(𝑛𝑛)[𝐼𝐼 > 𝑖𝑖, x|𝑚𝑚, �⃗�𝑥𝑠𝑠] can be summarized by 
the following equation. 

 
The reader is referred to Schäfer (2018) for an extended description. 
In Tsupy, the source mechanism of an earthquake-tsunami is represented by a 
heterogeneous slip distribution. Those rupture models can be retrieved from various 
publications or the SRCMOD database. With more than 400 slip distributions from about 190 
earthquakes of the last few decades, their geometric characteristics have been quantified in 
a set of magnitude-dependent relationships. Those findings were in line with previous studies 
like Wells and Coppersmith (1994), Leonard (2010) or Goda et al. (2016), from which the 
latter one used almost the same data, however with different preprocessing, thus leading to 
slightly different results. The characteristics were used to stochastically compute random slip 
distributions depending on a given moment magnitude. 
The numerical simulation of tsunami wave propagation is a task which has been 
methodologically solved previously by many other studies. However, the main problem of this 
component is its computation speed. The simulation of an individual tsunami, especially 
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when also considering inundation processes of sufficient resolution (<250m grid size), can 
take very long, sometimes several hours, which is a serious problem when several hundreds 
of events need to be calculated. So far, the only option was to use high performance 
computing to get results within a reasonable amount of time. However, such supercomputing 
power is expensive and not easily available. Thus, the whole system of wave propagation 
was implemented within a GPU computational framework, called Tsupy. It is compared to the 
usual approaches of CPU-based computation by a factor of 10-100 faster (depending on the 
problem to solve and on the number of cores). 
For the simulation of tsunami wave propagation, bathymetry and topography data is 
necessary on sufficient resolution. As a basis, the 1km GEBCO bathymetry (GEBCO, 1977) 
is used and overlaid with 90m SRTM topography data (Jarvis et al., 2008). Even though, 
there are higher resolution models available, 90m was found to be the best trade-off between 
resolution and calculation speed.  
Yet, the simulation of high-resolution inundation patterns is still the most time-consuming 
element. Thus, an empirical prediction system has been developed which is using low 
resolution peak coastal amplitude results to extrapolate the inundation patterns statistically. 
This process is again several magnitudes faster than a numerical simulation, but also less 
precise. It is increasing the uncertainty of the result, however, with a sufficiently large set of 
events to extrapolate, the errors are compensating each-other and linear correction factors 
become sufficient to reduce the modelling bias. 
When moving to probabilistic analysis, the Bayesian analysis for uncertainties in PSHAs may 
allow for increased understandings of the variability (van Gelder & Varpasuo, 2001, Kwag et 
al., 2018). 
 

 

Figure 15: Tsunami scenario example for a Mediterranean earthquake. 
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Figure 16: Schematic overview of Tsupy and its modelling components including necessary data inputs, 
and simulation methods 
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4 New Methodologies for Site Specific Cases: an application to 
Cannes, France 

4.1 Current Work 

An objective for groups such as CEA is to develop an efficient PTHA method to quantify the 
tsunami hazard from earthquakes down to the coastal level. We choose to target the French 
Riviera as first test case, because this region can be threatened by tsunamis and hosts many 
inhabitants and tourists. Furthermore, the French Riviera is not part of the targeted places in 
TSUMAPS-NEAM project despite the historical event on February 23, 1887. Our method 
could also be applied to any area around NPPs if accurate bathymetry is available. The 
probable tsunamis that can occur in the French Riviera are not as large as tsunamis that can 
be generated by large subduction zones in the Pacific Ocean. However, the damages and 
casualties can be important due to the lack of preparedness (buildings not designed for such 
a threat, alert system and evacuation plans to be tested and improved, lack of prevention 
and exercises). 

Our method follows the classical scheme that is used to perform PTHA (e.g. Sorensen et al., 
2012; Grezio et al., 2012; Glimsdal et al., 2019). The annual probability of a triggering-event 
is given to the generated tsunami. The effects of the tsunami, i.e. the PCTA, are combined 
with those of other tsunamis and weighted by the annual probability of the triggering-event. 
We choose not to approximate the PCTA from the peak offshore in this method but to 
perform full tsunami modelling down to the coastal scale, which means running high-
resolution simulations using nested grids with resolution from 3700 m to 10 m at the coastal 
site (See appendix 8.1). This gain in resolution leads obviously to an increase of the 
computational time. We will try to reduce that computational time by the pre-computation of 
the tsunami on a coarse grid and a threshold (to be defined) to evaluate the tsunami as 
significant or not significant for a region of interest. The threshold could be found by the 
maximum wave height on the coastline as a function of the azimuth, distance and the 
maximum water elevation somewhere offshore. Then we would simulate only tsunamis that 
are classified as significant. We therefore need a reference series of full computed simulation 
to determine which threshold should be used and which value to apply on tsunamis triggered 
by earthquakes from some seismogenic zones such as the Ligurian Sea. Basin scale 
simulations for other seismogenic zones can be enough (Events in the Sicily area should not 
threaten the French Riviera because the Messina strait and Corsica play as a barrier).  

We identified various uncertainties due to data input and methods all along the process. 
These uncertainties are summarized in red at the end of each section.  
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4.2 Earthquake catalogues 

In this section we explain how we built the reference catalogue necessary to PTHA and we 
list all sources of uncertainties and possible future work. We also explain how we constrain 
the synthetic catalogue of earthquakes that is used to the probabilistic analysis. 

4.2.1 Region of Interest 
A global analysis of the tsunami hazard along the Mediterranean coastlines was performed 
by Sorensen et al. 2012. They simulated tsunamis on the GEBCO maps (2’’ accuracy) using 
long-wave models to get the peak offshore tsunami amplitude (water depth >50-100m) and 
extrapolated it to PCTA using Green’s law. Their results show that Sicily plays as a barrier 
between the Western part and the Eastern part of the Mediterranean Sea. The location of 
most of the earthquakes that can trigger a significant tsunami along the French 
Mediterranean coastlines is then limited to the Western part of the Mediterranean Sea. 
Additionally, earthquakes from the Hellenic arc of moment magnitude 7.7 or above can 
trigger significant tsunamis along the French coastlines (Gailler, et al., 2016) and will be 
taken into account later. 

4.2.2 Available catalogues 
Several earthquake catalogues exist, such as USGS or EMEC catalogues, which are big 
databases that concatenate earthquake records from several institutes all over the world and 
with various magnitude estimates (moment magnitude, body wave magnitude, surface wave 
magnitude, local magnitude…). These catalogues mostly cover instrumental earthquakes 
(earthquakes since ~1960). Larger earthquakes, which are less frequent, might not have 
occurred during this instrumental period, creating a gap in the synthetic catalogue. 

We thus need to add significant historical earthquakes. Catalogues such as FCAT-17 (for 
France only) and SHARE contain these historical events. Furthermore, these two catalogues 
were compiled giving access to the moment magnitude. Note that the date and time of the 
historical earthquakes can be slightly inaccurate. However, this should not have a great 
influence on the results because we are looking for annual rates at long time scale. We 
cannot use only FCAT-17 and SHARE catalogues because they stop in 2009 and 2006, 
respectively. Here again, the occurrence of stronger earthquakes during the remaining period 
until now might bias the synthetic catalogue. Thus, we need synchronized earthquake 
datasets from several earthquake catalogues. 

Table 5 List of the selected databases used to create the catalogue of reference. 

Catalog Dates Ref. URL

CMT 182 1977—2017 [1] www.globalcmt.org

EMEC(ext) 1005—2006 [2] emec.gfz-potsdam.de

EMEC(online) 2005—2019 [3] www.emsc-csem.org

ISC 1904—2015 [4] www.isc.ac.uk

NOAA 97 1783—2018 [5] www.ngdc.noaa.gov

SHARE 1000—2006 [6] ht tp://www.share-eu.org/;ht tp://www.efehr.org

USGS 1905—2019 [7] earthquake.usgs.gov

FCAT-17 463—2009 [8] 10.1007/s10518-017-0236-1

Number of 
events within 

the R.O.I.

5 442

40 261

42 870

3 508

46 650

25 214

[1] Dziewonski, et al., 1981, Ekström, et al., 2012; [2] Giardini D. et al., 2013; [3] European-Mediterranean 
Seismological Centre, 2020; [4] Internat ional Seismological Centre, 2020; [5] Nat ional Geophysical Data 
Center NOAA, 2020; [6] Stucchi, et al., 2013; Grünthal, et al., 2012; Grünthal, et al., 2013; Giardini D. et 
al., 2013; [7] U.S. Geological Survey, 2020; [8] Manchuel, et al., 2018
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We also have to keep in mind that moment magnitudes given for historical earthquakes are 
quite subjective. Indeed, these magnitudes are mostly derived by experts from macro-
seismicity (observed damages and/or local people feeling). Moreover, the moment 
magnitude is rarely given/calculated for the smallest earthquakes. 
Uncertainties 1. Time, location and depth; Magnitude; Completeness. 

4.2.3 Concatenation and synchronization of the catalogues 
The concatenation and synchronization of earthquake catalogues must be as accurate as 
possible. Indeed, this step is the foundation to build a synthetic catalogue as it allows the 
calculation of the annual rates. Unfortunately, no recent and complete earthquake catalogue 
exists for our region of interest. We downloaded the earthquake catalogues from several 
databases up to the December 31, 2018 (Table 5). A crude concatenation is first done for a 
preliminary study, keeping only earthquakes in our primary region of interest (i.e. Western 
Mediterranean basin, 6°W to 17°E, 34°N to 45°N) for which the moment magnitude is known. 
We need to keep all magnitudes to have truth-full distributions, but we keep only earthquakes 
occurring above 100 km depth because lower earthquakes will not trigger a large enough 
vertical motion of the water column even with predominant dip slip mechanisms. We select 
earthquakes that are located offshore or less than 100 km inland (Figure 17) as defined by 
the Western Mediterranean basin decision matrix for tsunami warning (Schindelé et al., 
2015). This corresponds to locations where a large enough earthquake can potentially trigger 
at least a local tsunami. The last step consists in removing duplicated records. We first 
automatically look for duplicated records that are closer than 60 s in time and 10 km in 
distance and keep only the most complete record. We then refine manually the selection 
looking for duplicated records in smaller regions of interest in order to be more efficient 
(seismogenic zones, section4.2.4). We choose to keep all earthquakes (main shocks and 
after-shocks) because a strong enough after-shock can also trigger a tsunami. The impact of 
keeping the aftershocks for the Gutenberg-Richter laws should be analyzed at a later stage. 
However, for a probabilistic analysis it is noted an important requirement is that the data is 
i.i.d. (independent and identically distributed), which means that aftershocks need to be 
deleted (or treated separately from the data with the main shocks). 

 

Figure 17: Earthquakes synchronized from the various catalogues. 
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We just use earthquake records that are given into moment magnitude for now. The resultant 
catalogue has 7,630 records located offshore or less than 100 km inland over the period from 
463 A.D. to 2019. There are 98 earthquakes of moment magnitude of 6.0 or above. An 
analysis of the addition of earthquakes with converted magnitudes in the synchronized 
catalogue is necessary to increase the completeness of the catalogue. This will be done 
later: i) convert all magnitudes despite the place and time, ii) convert only magnitudes fitting 
place and time, iii) comparison of the different relationships. 

One should keep in mind that old events might not be written in archives or that archives of 
these old events might have disappear (i.e. fires). For example, no record of earthquakes is 
older than 200 years in the Tunisian zone (z04), while we can find an 830-year-old recorded 
earthquake in the Ligurian zone (z05, Table 4). Then the accuracy of the distribution law 
might not be similar from a seismogenic zone to another. 
Uncertainties 2. Time; Location; Completeness. 

4.2.4 Seismogenic zones 
The occurrence of earthquakes depends on the seismotectonic context, i.e. the Sicily region 
triggers more earthquakes and stronger earthquakes than the Ligurian region. Then, we split 
the main earthquake catalogue into sub-catalogues depending on seismogenic zones in 
order to determine an accurate and consistent annual rate of a moment magnitude in each 
seismogenic zone. These seismogenic zones must be determined consistently with the 
seismic rate and the faulting regime of each zone. Indeed, the seismic activity in North 
Algeria triggers more great magnitude earthquakes than the seismic activity in Ligurian Sea 
(Table 6). 

Table 6: Number of earthquakes recorded in the seismogenic zones proposed by Sorensen, et al., 2012. 
See Figure 18 for the location of the seismogenic zones. 

 
We use the seismogenic zones proposed in Sorensen et al. (2012) (Figure 18). These zones 
are defined such that they are small enough to represent regions of homogeneous activity 
(rates and faulting regime) They are also large enough to contain sufficient earthquakes to 
characterize the activity (Sorensen et al., 2012) i.e. to build a distribution law (Table 6). 
Of course, one can question these seismogenic zones: 

• the delimitation of the zones given by Sorensen et al. (2012) does not always go as 
far inland as the 100 km chosen for this study (Figure 18). Even if earthquakes 
located far inland have low probability to trigger a significant tsunami, they are part of 



NARSIS Project (Grant Agreement No. 755439) Del 1.2 

 

36 - 

 

 

the seismic activity and must be taken into account to determine truthful seismic 
rates. 

• additional zones should be defined for spatial completeness: 
◦ Eastern Spain 
◦ Southwestern French (Gulf of Lion area) 
◦ Balearic Islands 
◦ Corsica and Sardinia Islands 
◦ Strait of Sicily 

Uncertainties 3. Zone boundaries; Spatial completeness. 

 
Figure 18: Earthquakes associated to the seismogenic zones proposed in Sorensen et al. (2012). 

4.2.5 Magnitude conversion 
The conversion from any magnitude type to the moment magnitude (Mw) depends on the 
time, place and magnitude range. We find in the literature several laws for global, regional 
and local conversions. 

Wason et al. (2012) used General Orthogonal Regression (GOR) on data from 1976 to 2007 
to convert surface wave magnitude (MS) and body wave magnitude (mb) to moment 
magnitude (Mw) at global scale such that: 

 
Lolli et al. (2014) proposed Exponential Regression Models to convert MS and mb to Mw at 
global, regional and local scales: 

 
where a, b and c depend on spatial scales (Error! Reference source not found.). 
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Table 7: Regression parameters of the Exponential Regression model (Lolli, et al., 2014) 

Mag. Dataset a b c
Validity

Time Magnitude
GBL -0.109 ± 0.047 0.229 ± 0.005 2.586 ± 0.065 1976--2011 5.5—8.7
MED 2.133 ± 0.343 0.063 ± 0.017 -6.205 ± 3.013 1976--2011 3.3—7.7
GBL 0.741 ± 0.170 0.210 ± 0.017 -0.785 ± 0.520 1976--2011 3.6—7.2
MED 0.719 ± 0.329 0.212 ± 0.034 -0.737 ± 0.938 1976--2011 3.6—6.2

MS

mb

 

Cara et al. (2015) proposed conversion relationships from local magnitude ML,LDG recorded 
by the LDG (Laboratoire de Détection et de Géophysique of CEA, Commissariat à l’Energie 
Atomique et aux Energies Alternatives) to moment magnitude Mw: 
Between 1962 and 1975: 

 
Between 1975 and 2009: 

 
These laws are plotted in Figure 19. The linear law from Wason et al. (2012), in red, are well 
recognizable close to the exponential regression models of Lolli et al. (2014), in blue and 
dashed-yellow. Exponential regression models look very similar when comparing the global 
scale and the Mediterranean scale. The local magnitude recorded by the LDG is quite 
different from MS and mb magnitudes. 

 

Figure 19: Magnitude conversion. Wason: Wason et al. (2012). Lolli: Lolli et al. (2014). Ml_LDG: Cara et al. 
(2015). GBL: global scale, MED: Mediterranean scale. 

Uncertainties 4. Location, time, magnitude range; Method to determine the conversion 
relationship. 
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4.2.6 Distribution law 
We assume that the cumulative distribution of the earthquake magnitudes within a 
seismogenic zone follows a Gutenberg-Richter law, such as 

 
where N is the number of earthquakes having their magnitude m greater than or equal to the 
magnitude of exceedance M. This relationship can also be expressed in term of annual rate 
λ, such as 

 
The determination of the distribution law mainly depends on the completeness of the dataset 
but also on the methods chosen to determine: 

• The magnitude of completeness, 
• The distribution law itself. 

Uncertainties 5. Magnitude, magnitude type, conversion of magnitude; Completeness of the 
catalogue; Period of observation. 
 

4.2.6.1 Magnitude of completeness 
Records of historical earthquakes are hard to find, especially for small magnitudes which 
were hardly felt by people. Historical earthquakes are most of the time described by the 
dispersion of the intensity felt by people, from which experts can deduce a moment 
magnitude. The establishment of seismic monitoring networks on one hand and the 
improvement of instruments and methods on the other hand make possible to detect smaller 
and smaller events (Figure 20). 

 

Figure 20: Evolution of the detectability of earthquakes over the years in the region of interest. Based on 
50-year statistics using the catalogue of reference. 

The magnitude of completeness is a key parameter while determining the distribution law 
because it sets up the magnitude for which we are sure to count every event that really 
occurred. The completeness magnitude corresponds to the earthquake detection threshold 
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and depends on time and location. Several methods exist in the literature to determine the 
magnitude of completeness. 

Maximum curvature method 

The maximum curvature (MAXC) method assumes that the maximum of the first derivative of 
the cumulative magnitude distribution curve gives the completeness magnitude (Woessner & 
Wiemer, 2005). 

Remark: The first derivative of the cumulative magnitude distribution is equivalent to the non-
cumulative magnitude distribution; however, we prefer using the first derivative of 
the cumulative distribution as it has a smoothing effect. 

Goodness of fit method 
The goodness of fit method (GFT) looks for the best fit between the cumulative magnitude 
distribution of an earthquake catalogue with synthetic distributions designed by estimated a- 
and b-values of the Gutenberg-Richter law using the catalogue partially with increasing cutoff 
magnitude. The magnitude of completeness is defined by the cutoff magnitude for which 
90% (or 95%) of the observed data is modelled by the straight line of the Gutenberg-Richter 
law (Wiemer & Wyss, 2000). 

Magnitude of completeness by b-value stability (MBS) 
The magnitude of completeness Mc can be found by an analysis of the b-value stability 
(MBS) (Woessner & Wiemer, 2005; Cao & Gao, 2002). We calculate the b-values of the 
distribution for various cutoff magnitudes Mco. The b-values should ascend when Mco <  Mc, 
remain constant if Mco ≥ Mc and ascend again for Mco >> Mc. We use the δb stability criterion 
to determine for which cutoff magnitude the b-value is constant (Shi & Bolt, 1982): 

 
where M is the mean magnitude and N the number of events. The completeness magnitude 
is determined where Δb =│bave-b│≤ δb. bave is the arithmetic mean, calculated from the b-value 
of successive cutoff magnitude in half a magnitude range such that 

 
for a bin size equal to 0.1. 

Stepp’s method 

For each bin of magnitudes, we plot the standard deviation σλ of the mean seismic rate λ(T) 
as a function of the duration T during the observed period (Stepp, 1972). The standard 
deviation σλ is defined as: 

 
where λ(T)=Nevents/T. 

When the annual rate λ(T) is constant over several periods T, the standard deviation σλ(T) is 
inversely proportional to √T and on a log-log plot, σλ values are aligned with the slop -0.5 
(Figure 21). The period is complete when the σλ values go far from the slop -0.5 (Figure 21). 
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Moreover, the beginning of the alignment shows the minimum period that is representative of 
the magnitude (Figure 21). 

The variable A=10a, calculated as it, should be constant when data points are aligned with 
the line of gradient -0.5 (Stepp, 1972): 

 
The period of completeness and the minimum representative period are calculated for every 
magnitude. We can then also define the magnitude of completeness as a function of time. 

 

Figure 21: Stepp's method: standard deviation of the mean seismic rate as a function of the duration. 

Choice of the method 
All these methods can give similar or different results depending on the selected dataset and 
the values used for the magnitude step (and the time step). This reflects that uncertainties 
exist and must be taken into account. In this scope, we do not want to choose any method 
for the final results and try every solution in order to keep this uncertainty in the final results. 
Uncertainties 6. Magnitude, magnitude type, conversion of magnitude; Period of 
observation; Choice of the method to determine the completeness magnitude; Parameters of 
the method to determine the completeness magnitude. 

4.2.6.2 Distribution laws 
There are several methods to determine the coefficient values of the distribution law. The 
method of Weichert (1980) generalizes the methods of Aki (1965), Utsu (1965, 1966) and 
Page (1968) and is based on the maximum likelihood. This method includes seismic rates 
determined for periods of time that depend on the magnitude such that: 
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Where t is the period of completeness of the magnitude Mi   with ni 

events and N the number of all events . The value β is found by iterations. 
Uncertainties 7. Magnitude, magnitude type, conversion of magnitude; Magnitude of 
completeness; Period of observation; Choice of the method, parameters of the method. 

Example 
 

 
Figure 22: Best distribution law of the earthquakes in the Ligurian seismogenic zone. 

We collected 2172 earthquakes in the Ligurian seismogenic zone from 1182 A.D. to 2009. 
There were 18 and 4 earthquakes of moment magnitude equal to or greater than 5.5 and 6.0, 
respectively. The biggest earthquake is a Mw6.7 that occurred on February 23, 1887 and 
triggered a tsunami with wave elevation locally higher than 1m in the French Riviera (Eva & 
Rabinovich, 1997; Larroque, et al., 2012). 

We find that the distribution law of the magnitude using the MBS and Weichert’s method to 
define the magnitude of completeness per period gives the best compromise to fit both 
trends for the low (<4.0) and high (>4.0) magnitudes (Figure 22 ; Appendix 8.5). The 
correlation coefficient between the model and the data is 97.6% for β=1.5 and λM0=1.8=2.1 
(Figure 22). The two trends are due to the use of historical and instrumental catalogues that 
have a different magnitude of detectability. 

4.2.7 Synthetic catalogue 
We construct a synthetic catalogue of earthquakes spanning over 10,000 years for each 
seismogenic zone. The associated seismic ruptures are taken from the fault database of the 
French Tsunami Warning Center (CENALT), which consists in a unit source function system 
following the major structural trends of the Western Mediterranean basin seismotectonic 
context (Gailler et al., 2013). Then, we apply a weight to each rupture scenario depending on 
the annual rate λMw and the number of probable scenarios NMw of the magnitude Mw: 
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4.2.7.1 Rupture scenarios 
The rupture scenarios within a seismogenic zone are built combining one or several unit 
sources of the CENALT fault database (20km wide, 25km length, 1m slip, Gailler et al., 
2013). Lengths and widths of combined unit sources follow Wells and Coppersmith (1994) 
laws (fixing L=200 km for Mw=8.0) and slip is scaled by a factor Fs in order to fit the moment 
magnitude Mw (Table 8): 

 
The combination of unit sources is controlled geometrically by the distance between two unit 
sources and the azimuth difference between these two sources (Figure 23). The distance 
between two faults is set between 18.5 and 37.5 km and the azimuth difference is set lower 
than 40° (Gailler et al., 2013). 

 

Figure 23: Example of a probable combination of unit-segments to trigger a 6.8 earthquake. 

All rupture scenarios within a 30 km radius around each earthquake location are considered 
(Figure 23). The distance of 30 km stands for the uncertainties on the earthquake location. 

It is assumed that any earthquake smaller than those having a moment magnitude of 6.0 or 
above does not trigger significant tsunamis in the Western Mediterranean Sea. We then 
focus on magnitude 6.0 or above. Additionally, we add the scenarios of Mw between 5.5 and 
6.0 in the Ligurian seismogenic zone in order to demonstrate our choice of the Mw 6.0 as the 
minimum magnitude to trigger significant tsunamis along the French Mediterranean 
coastlines. This is necessary because tsunami simulations are computationally intensive and 
because of the numerous scenarios (more than 1,000 scenarios with Mw ≥ 6.0 for the 
Ligurian seismogenic zone, Table 10). 

As the database of unit sources used in our case study is a simplified model of the complex 
fault system of the Western Mediterranean basin, some regions might need further 
investigation to be completed. We assume that the model is quite complete for the Ligurian 
and North Algerian seismogenic zone. Moreover, this model of unit sources considers only 
homogeneous slip. 

 
Uncertainties 8. Completeness of the model of faults. 

 
 



NARSIS Project (Grant Agreement No. 755439) Del 1.2 

 

43 - 

 

 

Table 8: Scaling factors (Fs) required to produce a composite scenario of magnitude Mw ("comp") from the 
existing 25 × 20 km² unit source (Gailler, et al., 2013) 

 
Example 

Table 9: Rupture scenarios from the North Algerian margin. The distance between the two faults of 
scenario z03_003676_68_2u is 21km and the azimuthal difference is 12°. 

Lon Lat Depth Slip Strip Dip Rake ½ Length Width
[°] [°] [km] [m] [°] [°] [°] [m] [m]

z03_003590_68_1u
1.272853 36.404087 27 1.14 251 45 90 12500 20000

z03_003676_68_2u
-1.104556 35.666565 28 0.57 247 55 90 12500 20000
-1.086974 35.763670 28 0.57 235 55 90 12500 20000  

A Mw 6.8 earthquake in the Western Mediterranean sea can be produced by one unit source 
with a displacement of 1.14 m (Fs=1.14, Table 8 and Table 9) or by combination of two unit 
sources with a displacement of 0.57 m (Fs=0.57, Table 8 and Table 9). 

Table 10: Annual rate and number of scenarios per moment magnitude in the Ligurian seismogenic zone 
(z05) using the distribution law from figure 22 (β=1.5 and λ0=2.1 and for M0=1.8). a) Forcing a same type of 

fault per combination (1048 scenarios). b) Allowing several types of fault per combination (1109 
scenarios). Lambda: annual rate; Nsce: number of scenarios. 
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A first series of scenarios was built forcing the fault type (i.e. thrust, normal, strike-slip) to be 
the same for each unit source of the combination. This gives most of the probable scenarios 
(Table 10a). Combinations were also constructed allowing various fault types (Table 10b). 
This leads to the combination of strike-slip faults with normal or thrust faults; and thus, to less 
tsunamigenic earthquakes because the vertical movement of the rupture is then smaller than 
when considering pure normal or reverse faults. 

4.2.7.2 Probability of each scenario 
The annual probability P of each scenario i, during the period T, is given by the annual rate of 
its moment magnitude Mw which is determined from the distribution law and by the number of 
probable scenarios that can generate an earthquake of magnitude Mw, such as: 

 
Example 
There are 93 scenarios that can produce earthquakes of moment magnitude 6.0 in the 
Ligurian seismogenic zone. The annual rate of Mw 6.0 in that seismogenic zone is:  

3.95x10 -3,  

the annual probability of each scenario of moment magnitude 6.0 in z05 is then:  

3.95x10 -3/93=4.25x10 -5.  

A Mw 6.8 has an annual probability of 1.19x10 -3/(93+20)=1.05x10 -5 when considering only 
scenarios with unique fault types (Table 10b), and 1.19x10 -3/(93+28)=9.83x10 -6 when 
considering various fault types (Table 10b). 

Remark 
We could have followed an exclusive approach where we would have generated several 
synthetic catalogues (>100) and choose one rupture scenario per event instead of 
considering all scenarios for each event and giving a weight to each scenario. This would 
have led to numerous hazard curves from which we would have retrieved, for example, the 
mean hazard curve. However, this exclusive approach is longer than our method. 
Uncertainties 9. Completeness of the model of faults; Accuracy of the annual rates. 
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4.3 Tsunami simulations and PCTA aggregation 

This section explains how we obtain the maximum water elevation along the coastlines. 

4.3.1 Tsunami simulation and PCTA extraction 
The tsunami simulation is performed using CLIONA (CEA code, e.g. Poupardin, et al., 2018), 
solving the shallow water equations and using nested-grid resolution down to coastal 
resolution (see appendices 8.2 and 8.3 for grid resolutions and CPU times, respectively). The 
finest grid focuses on the French Riviera (City of Cannes, resolution: 10 m, Figure 4646) 
from which we collect the peak coastal tsunami amplitude (PCTA) every 100 m along the 
shoreline associated to each single scenario rupture. 

The version of CLIONA used to run these simulations does not include the Boussinesq 
equations to manage the frequency dispersion at long distance nor the modified transfer 
function to calculate the initial wave surface due to the earthquake; these two options still 
being at the test stage. 
Uncertainties 10. Bathymetry, Tide, Model of generation and  propagation of the 
tsunami. 

The annual probability of each PCTA is equal to the annual probability of its rupture scenario. 
The annual probability of exceeding a PCTA, at each place, is computed by aggregation of 
any rupture scenario that can exceed a given PCTA, such that the annual probability is the 
sum of the annual probability of each rupture scenario triggering a tsunami that exceeds the 
chosen PCTA at the chosen place (x,y)ref: 

 
The PCTA from each seismogenic zone will then be combined to build the global PTHA. 
Uncertainties 11. Annual probability of each scenario 

At the time of the redaction of this report, the 1577 scenarios of the Ligurian zone (z05) are 
simulated and 2420/4420 of the Northern Algerian zone (z03). 

4.3.2 Probabilistic Tsunami Hazard Assessment 
Once the probability of each PCTA is computed at each site (x,y), we can extend the 
probability to the period of observation. Here we choose a period of observation of 10,000 
years. This period is long enough to experiment the strongest tsunami in the current 
geometry and also short enough to maintain this geometry (bathymetry, basin geometry). 

We can then format the results depending on what we want to show: 
• The maximum water elevation that can impact a site (x,y) during a return time is 

shown on hazard maps (all sites in one map) or on hazard curves (one site per 
curve). 

• The probability of exceeding a given water elevation in a given return time is shown 
on probability maps. 

The results depend on several uncertainties and how we decided to take them into account. 
Uncertainties 12. All uncertainties written above, from the earthquake information to the 
aggregation of the PCTAs. 
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4.4 Results 

This section presents the results of our processing to perform the PTHA along the French 
Riviera from sources from the Ligurian seismogenic zone. First, we show the necessity to 
enlarge the period of observation (Section4.4.1). Secondly, we discuss about the minimum 
magnitude to consider for the PTHA (Section4.4.2). Thirdly, we compare the results from 
several distribution laws (Section4.4.3). 

4.4.1 Necessity to enlarge the period of observation 
We propose to compare the results of tsunami hazard when considering the earthquake 
catalogue of reference of the Ligurian seismogenic zone and the results of the tsunami 
hazard when considering an earthquake catalogue extended to a 10,000-year period of 
observation for the same zone. 

 

Figure 24 Historical earthquakes, of moment magnitude equal to or above of 6.0, from the Liguria 
seismogenic zone. 

The catalogue of reference has four records of earthquakes, only, having a moment 
magnitude of 6.0 or above in a 827-year period of observation (Figure 24). Four other events 
are too small to consider that the tsunami hazard is fully representative from these events. 
There are eleven probable rupture scenarios that can be found to trigger these earthquakes 
(Table 11). 

Table 11: Probable scenarios in the Ligurian seismogenic zone. 

> 0001: 7.217 43.950 6.1 (1644) #2
6.1 0.1 z05_000582_61_1u
6.1 0.1 Z05_000583_61_1u

> 0002: 7.217 43.295 6.3 (1344) #3
6.3 0.2 Z05_000750_63_1u
6.3 0.2 Z05_000809_63_1u
6.3 0.2 Z05_000827_63_1u

> 0003: 8.000 43.833 6.7 (1887) #4
6.7 0.81 Z05_001120_67_1u
6.7 0.81 Z05_001121_67_1u
6.7 0.81 Z05_001173_67_1u
6.7 0.81 Z05_001174_67_1u

> 0004: 8.153 43.343 6.3 (1963) #2
6.3 0.2 Z05_000812_63_1u
6.3 0.2 Z05_000830_63_1u

z05, recorded EQ of Mw≥6.0
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There are 36 earthquakes of magnitude 6.0 or above when extending the period of 
observation to 10,000 years using the distribution law in section4.2.6.2; there are 80 
earthquakes of magnitude 5.5 or above for the 10,000-year observation period. 

The maximum water elevation at the coastlines, within a 500-year return time, is very similar 
when looking at the recorded earthquakes and the synthetic earthquakes of magnitude 6.0 or 
above (Figure 25 a1 and b1). However, we observe that for a 2,500-year return time, the use 
of the synthetic earthquakes gives higher water elevation than the recorded earthquakes 
(Figure 25 a2 and b2). Indeed, the results of the PTHA is limited by the period of observation 
which is about 800 years in the case of the recorded earthquakes. The extension of the 
period of observation using the distribution law allows us to look at larger return times and in 
the present case to larger magnitudes (the unit source model allows to trigger earthquakes 
having moment magnitude up to Mw 7.4 in the Ligurian seismogenic zone, Table 10). We 
have chosen 2,500 years because it matches the 2%-probability of occurrence in 500 years 
which is the value of reference in several countries for hazard and risks assessment. 

The highest point is always located 7.048820°E, 43.5059°N. This is due to the local 
bathymetry and coastline geometry which greatly amplify the waves. 

 

Figure 25: Results of the PTHA when considering a) recorded earthquakes of Mw6.0 or above, b) 
synthetic earthquakes of Mw6.0 or above and c) synthetic earthquakes of Mw5.5 or above and return 

period of 1) 500 years and 2) 2500 years. The gray bars are out of the color scale. 
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Be aware that despite the improvement of the hazard analysis by the extension of the period 
of observation using synthetic catalogues, this analysis remains biased by all the existing 
uncertainties across the process. However, the synthetic extension of the period of 
observation is necessary to take into account rare and huge events that potentially can occur 
and/or that had occurred in longer time than human memories. 

Complementary sensibility analyses are necessary to evaluate the validity of this hazard 
analysis. The error on the magnitude, the method to determine the magnitude law are some 
parameters among others that can be tested in sensibility analyses. 

4.4.2 Minimum magnitude to take into account 
The determination of the minimum magnitude to take into account is very critical. A too low 
minimum magnitude unnecessarily increases the number of simulations because most of the 
low magnitudes do not generate a significant tsunami. A too high minimum magnitude may 
lead to miss a local event that can generate a significant local tsunami. We assume that 
earthquakes of magnitude below 6.0 cannot trigger a significant tsunami in the French 
Riviera. 

 

Figure 26: Maximum water elevation triggered by Mw5.9 in the French Riviera as a function of the source 
location. 

In fact, the maximum water elevation at the coastline that can occur in a 500-year return 
period, using synthetic catalogues with earthquakes of magnitude equal to or greater than 
5.5 and 6.0 is very similar (Figure 265 b1 and c1). The results are also similar when looking 
at a 2,500-year return period (Figure 265 b2 and c2). The minimum magnitude to consider in 
the Ligurian seismogenic zone can be set to 6.0 (maximum water elevation below 40 cm for 
Mw5.9, Figure 26). Remember that the highest point is always located at the same place and 
that the amplification is important and may be biased. By looking at the preliminary results of 
the PTHA along the French Riviera, we are confident in this minimum magnitude as the 
annual rate of the maximum water elevation of 20 cm triggered by a Mw5.9 does not exceed 
10 -6(Figure 27). 

We recommend computing the tsunami propagation, for a seismogenic zone, by descend 
order of magnitude and ascend order of distance from the source. One can then check for 
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which magnitude it is still necessary to compute the tsunami propagations. Remember that 
small and close source can trigger a higher tsunami at a given place than a strong but far 
source. 

4.4.3 Sensibility of the distribution law 
The distribution law deduced from the data can vary depending on the choice of the method 
to determine the magnitude of completeness and the distribution itself or depending on the 
uncertainties of the earthquake moment magnitude. The objective of this section is not to 
provide results but to show how we can investigate the sensibility of the distribution law. 

 

Figure 27: Annual probability as a function of the moment magnitude and the maximum water elevation at 
any place along the French Riviera. Seismogenic zone: Ligurian Sea (z05) 

4.4.3.1 Uncertainties on the moment magnitude 
 

 
Figure 28: Distribution of the distribution laws found for Ligurian events considering a moment 

magnitude uncertainty of 0.2 (MBS-Weichert, dM=0.2, dy=1). 
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Numerous catalogues of earthquakes can be generated, introducing an error on the 
magnitude, based on the catalogue of reference. The error of the moment magnitude is 
added randomly following a normal distribution where the mean is the moment magnitude 
given by the catalogue of reference and the standard deviation is 0.2. We use the MBS and 
Weichert’s methods (dM=0.2, dy=1) to compute the distribution law associated to every 
catalogue (Figure 28). We then aggregate the PCTAs for each catalog and retrieve the 
associated hazard curve. We can then estimate the mean hazard curve considering the 
uncertainties on the moment magnitudes (Figure 29). 

 

Figure 29: Hazard curve dispersion when considering the magnitude uncertainty (MBS--Weichert, dM=0.2, 
dy=1, catalogue of reference z05, error on the magnitude: 0.2). 

4.4.3.2 Choice of the method(s) 
 

 
Figure 30: Exploration of the methods to find the distribution law: hazard curves (dM=0.2, dy=1, catalogue 

of reference z05). The statistics are not given for weighted hazard curves. 



NARSIS Project (Grant Agreement No. 755439) Del 1.2 

 

51 - 

 

 

The various methods to determine the magnitude of completeness are explored. The 
magnitude and time steps are kept (dM=0.2, dy=1) constant and we use MBS and Weichert’s 
method to get the β and λ0 values. We can then aggregate the PCTAs for each distribution 
law and calculate the mean hazard (Figure 30). There is a 25% probability to experiment a 1-
meter water elevation somewhere in the gulf of La Napoule each year when considering the 
Ligurian seismogenic zone. This probability is increased by the wrong-fitting distribution laws. 
The weight adjustment is crucial here as some methods give bad looking distribution law 
compared to our data (Figure 31). 

 

Figure 31: Exploration of the methods to find the distribution law: hazard curves (dM=0.2, dy=1, catalogue 
of reference z05). The statistics are given for weighted hazard curves. 

4.5 Conclusive remarks 

One should remember that many uncertainties exist through the whole process to compute 
the PTHA. Especially, the list of earthquakes to calculate the distribution law and the list of 
unity faults of the fault system to create the rupture catalogue are not exhaustive. The 
earthquake database should be updated frequently; it does not increase the number of 
scenarios to account for. Furthermore, our rupture scenarios actually use homogeneous 
slips. 

Most of PTHA that exists in the Mediterranean Sea extrapolate an offshore peak to the 
PCTA. We propose here to calculate the tsunami propagation down to the coastal level using 
multigrid resolution in order to get a PTHA as accurate as possible with the CLIONA code. 
This process does not include the tide influence which can be neglected at a first order in the 
Western Mediterranean Sea. The time of propagation of the tsunami and the minimum 
magnitude of earthquakes that can generate a significant tsunami at a given place must be 
adjusted depending on the seismogenic zone in order to reduce the computational time. 
Remember that small and close source can trigger a higher tsunami at a given place than a 
strong but far source. This must lead to sort the computations of tsunami simulations from 
large to low magnitudes and from short to long distances. TSUMAPS-NEAM project does not 
propose any hazard curve for the French Riviera. Our work can complete their map. Be 
aware that TSUMAPS-NEAM extrapolates the peak offshore to the PCTA when computing 
the tsunami down to the coastal level using Green’s law, which means that maximum wave 
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heights values they provide along the shoreline must be consider with an error of a factor two 
at best. 

5 New Methodologies for Site Specific Cases: an application to 
Lisbon 

5.1 Methodology: evaluation of the fault slip heterogeneity influence on PTHA 

In WP1.2, explores the impact of fault rupture's heterogeneity on probabilistic tsunami hazard 
assessment (PTHA). (Yasuda et al, 2014) showed that for near-field tsunami simulations the 
distribution of the fault slip can have a significant impact on the nearshore wave propagation 
and ultimately on quantities of interests called hereinafter 𝑌𝑌, such as the wave height at 
some sensible location, the flooded area in coastal cities or the runup, see Figure 32. 
Random Fields (RF) has emerged in the past as a powerful tool to parametrize the 
complexity of the fault rupture kinematics. Typically, the random slip field is obtained as a 
Fourier series (Pardo and Chica-Olmo, 1993), although (LeVeque et al., 2016) has recently 
used other kind of spectral expansion, namely a Karhunen-Loeve (KL) expansion of the RF. 
The main concern, when including slip heterogeneity in PTHA, is that each term added in the 
RF expansion corresponds to a random variable that should be taken into account in the 
computational model. In the context of PTHA, uncertainty is already associated to many 
random variables, such as the moment Magnitude and the geometrical properties of the fault 
(width, length, slip rake and the Euler angles of the fault– strike and dip). If many terms are 
retained to parametrize correctly the slip heterogeneity, the modeller could have to deal with 
a large number of random variables (>40). With a Monte Carlo method, this is not a problem, 
at least if the probability of interest is not very small (e.g. 𝑃𝑃 > 0.001). However, if one seeks 
to compute probability for rare events (or to build a metamodel approximation of the output 
quantity 𝑌𝑌), it could be beneficial to deal with a smaller number of regressors, or a smaller 
number of terms retained. (LeVeque et al., 2016) showed for a simple 1D fault that, to 
reproduce properly the slip field, more than 20 terms are needed, while the initial tsunami 
waveform is well represented by using only a few terms in the expansion. The reason is that 
the initial waveform is the Okada solution of an elastic dislocation model, which takes as 
initial condition the slip field. The Okada solution is an integral transform that filters the terms 
with a higher wavenumber. In WP1.1.2.1 we fix the fault configuration and the earthquake 
Magnitude, and we investigate the relationship between the slip spectrum and initial 
waveform spectrum. We show that, for PTHA purposes, we can effectively reduce the 
number of terms retained in the slip expansion. Finally, using a smaller truncation, we build 
an accurate metamodel which allow to compute rapidly the water height at an NPP site, once 
the random coefficients of the RF expansions have been sampled. Based on the metamodel, 
we estimate probability and quantiles at the site of interest. This strategy is tested on a 
simple one-dimensional problem and then on the 1755 Lisbon tsunami case study. 
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Figure 32: Figure taken from (Yasuda et al, 2014), influence of the slip heterogeneity for the 2011 Tohoku 
tsunami. Left: examples of three different slip inversions. Right: water height computed by numerical 
modelling for the different model sources. 

5.1.1 Computational model 
We consider 𝑌𝑌, being the wave height at a site along the coast, as a random output of a 
deterministic model called 𝑀𝑀(𝑋𝑋) with 𝑋𝑋 a random vector with prescribed probability density 
function 𝑓𝑓(𝑥𝑥). The physical model accounts for fault rupture, elastic seafloor deformation, 
free-surface wave propagation and flooding. It will be represented hereinafter compactly as 
𝑌𝑌 = 𝑀𝑀(𝑋𝑋). Please note that capital letters denote random variables 𝑋𝑋(𝜃𝜃) while lower case 
letters denote either non-random variable or fix a specific realization 𝑥𝑥 = 𝑥𝑥(𝜃𝜃). Input 
randomness, for us, is associated only to the underlying earthquake characteristics. 
Moreover, we restrict to the case of fixed fault configuration and fixed magnitude scenario, 
thus randomness depends only on the slip patterns. The computational model is detailed in 
the next sections. 
 
Stochastic fault rupture 
Fault's rupture is a complex phenomenon that depends on pre-rupture stress condition, 
geometrical setting and frictional property of the fault that are largely unknown (Mai and 
Beroza, 2002). Following the approach of Mai et al. (2014), the slip field on the fault is 
assumed to be a random field 𝐷𝐷(𝒙𝒙,𝜃𝜃):𝛺𝛺 × 𝛩𝛩 → ℝ where 𝛺𝛺 is the fault plane and 𝜃𝜃 is the 
outcome space. The RF has expected value 𝐸𝐸[𝐷𝐷(𝒙𝒙)] = 𝜇𝜇𝐷𝐷(𝑥𝑥) and autocorrelation function 
(ACF): 𝐸𝐸[(𝐷𝐷(𝑥𝑥) − 𝜇𝜇𝐷𝐷)2] = 𝐶𝐶𝐷𝐷𝐷𝐷(𝑥𝑥, 𝑥𝑥′). It is easy to show that the mean 𝜇𝜇𝐷𝐷 is computed from 
the Magnitude and it is thus homogeneous on the fault. Different ACF can be used, here we 
consider the simple exponential ACF: 

𝐶𝐶𝐷𝐷𝐷𝐷(𝑥𝑥, 𝑥𝑥′) = 𝜎𝜎𝐷𝐷𝐷𝐷𝑒𝑒
−|𝑥𝑥−𝑥𝑥′|

𝑏𝑏  

with 𝑏𝑏 the correlation length. A widely used approach in order to decompose a RF is the 
Karhunen-Loeve (KL) expansion, only recently applied to fault ruptures by (LeVeque et al, 
2016). Then, the RF reads as follows: 

                                    𝐷𝐷(𝑥𝑥,𝜃𝜃) = 𝜇𝜇𝐷𝐷 + � √𝜆𝜆𝑖𝑖
𝑁𝑁𝑁𝑁𝑁𝑁

𝑖𝑖=1
𝑢𝑢𝑖𝑖(𝑥𝑥)𝜂𝜂𝑖𝑖(𝜃𝜃)                                                           

where 𝜂𝜂𝑖𝑖(𝜃𝜃) are normal random independent coefficients and 𝜆𝜆𝑖𝑖, 𝑢𝑢𝑖𝑖 are respectively the 
eigenvalues and eigenfunctions of the kernel 𝐶𝐶𝐷𝐷𝐷𝐷(𝑥𝑥, 𝑥𝑥′). The KL expansion is optimal in the 
mean square sense with respect to the Fourier series currently used in PTHA methodology.  
 
It is well known that Gaussian RF pose some problems in random earthquake generation. 
The physical process is bounded while Gaussian RF are not. In particular 0 < 𝑑𝑑 < 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 
where 𝑑𝑑𝑚𝑚𝑚𝑚𝑥𝑥 is a maximum admissible slip that can be linked to the Magnitude by mean of the 
scaling relationships, see for example (Yasuda et al, 2016). On the contrary, Gaussian 
synthetic slips, for large variance, may be negative on some sub-faults. Since the work of 
(Yasuda et al., 2014), the attention was turned to non-Gaussian RF, which could also 
reproduce skewness of the RF distribution. As in (LeVeque et al, 2016) we model random 
slips by a joint log-normal distribution. A log-normal random RF can be synthetized from a 
Gaussian RF (1) followed by the application of the exponential operator 𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙𝑁𝑁 = exp(𝐷𝐷𝑁𝑁). 
Finally, in order to generate physically meaningful synthetic earthquakes, the slip field is 
tapered, so that it decreases smoothly to zero at the down-dip edge. In Figure 33 we report 
an example of slip realizations computed with the aforementioned method, for different 
correlation lengths and different truncatures 𝑁𝑁𝑁𝑁𝑁𝑁. 
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Figure 33: Example of random slip realizations for a Gaussian slip distribution with different correlation 
lengths. Left column: b = 20 km. Middle column: b = 40 km. Right column: b = 60 km. 

 
Okada dislocation and Shallow Water tsunami propagation 
Once we have computed numerically the slip field, we can also compute the ocean free 
surface displacement, which is the solution of an elastic dislocation problem on a half space. 
The free-surface displacement, or initial tsunami waveform, 𝜁𝜁 is obtained from an integral 
relationship as  

                                  𝜁𝜁(𝜒𝜒,𝜃𝜃) = ∫ 𝑜𝑜(𝑥𝑥,𝜒𝜒)𝐷𝐷(𝑥𝑥,𝜃𝜃)𝑑𝑑𝑥𝑥𝛺𝛺 = 𝑂𝑂(𝐷𝐷(𝑥𝑥,𝜃𝜃),𝜒𝜒)                                                    

where 𝜒𝜒 is the position vector on the water plane. In practice the vertical seafloor 
displacement 𝑂𝑂, for us, will be the well-known Okada solution of the dislocation problem.  

 
We give an illustrative example of the aforementioned method that generates the free 
surface for the case of a simple one-dimensional fault model. In Figure 34, Figure 34: Three 
random slip realizations and their corresponding initial free surface. The effect of NKL 
truncation is analyzed. On the left we report three slip realizations computed from the KL 
expansion. On the right side of the picture, we plot the corresponding initial waveforms 
obtained after the application of the Okada operator. 
In practice relations (1) and (2) are solved numerically by discretizing the fault domain and 
the tsunami computational grid. At a discrete level we have to deal with the fault slip vector 
𝑫𝑫 ∈ ℝ𝑁𝑁, where the components correspond to the slip on each subfault, and with the initial 
free surface vector 𝜻𝜻 ∈ ℝ𝑀𝑀, where 𝜁𝜁(𝜒𝜒) is evaluated at the nodes of the tsunami grid. The 
discrete Okada solution of (2) is computed as 𝜻𝜻 = 𝐎𝐎𝒛𝒛𝑫𝑫  , with 𝐎𝐎𝒛𝒛 ∈ ℝ𝑀𝑀×𝑁𝑁  the Okada matrix.  
 
Then, the relationship between the slip and initial waveform autocorrelation matrices, 
respectively 𝐂𝐂𝐷𝐷𝐷𝐷 ∈ ℝ𝑁𝑁×𝑁𝑁, 𝐂𝐂𝜁𝜁𝜁𝜁 ∈ ℝ𝑀𝑀×𝑀𝑀, reads: 
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𝐂𝐂𝜁𝜁𝜁𝜁 = 𝐸𝐸 � �𝜻𝜻 − 𝝁𝝁ζ��𝜻𝜻 − 𝝁𝝁ζ�
𝑇𝑇� = 𝐸𝐸� 𝐎𝐎𝒛𝒛(𝑫𝑫− 𝝁𝝁𝐃𝐃)(𝑫𝑫− 𝝁𝝁𝐃𝐃)𝐎𝐎𝒛𝒛

𝑇𝑇� 

                                                          =  𝐎𝐎𝒛𝒛E[(𝑫𝑫− 𝝁𝝁𝐃𝐃)(𝑫𝑫− 𝝁𝝁𝐃𝐃)𝑇𝑇]𝐎𝐎𝒛𝒛
𝑇𝑇 

                                                                                            = 𝐎𝐎𝒛𝒛𝑪𝑪𝑫𝑫𝑫𝑫𝐎𝐎𝒛𝒛𝑻𝑻                                                                  1 
Thus, the spectrum of the initial waveform depends on (and coincides with) the slip spectrum 
and on the Okada matrix.  
 

                           
Figure 34: Three random slip realizations and their corresponding initial free surface. The effect of NKL 
truncation is analyzed.  

Finally, nearshore wave propagation is performed by solving the Non-Linear Shallow Water 
equations (SWEs) together with the random initial conditions obtained from the previous 
steps. In this work tsunami simulations are realized with FUNWAVE-TVD (Shi et al., 2012), 
an efficient SWEs solver on structured meshes that employ a high-order Finite Volume 
method. 
 

5.1.2 Metamodel computed with sparse Polynomial Chaos Expansion 
Typically, in PTHA, a failure probability is computed with a Monte Carlo method. To 
overcome the computational burden related to this estimate, we propose to construct a 
metamodel to replace the long-running hydrodynamic simulator. To do so, we test a p-th 
order polynomial chaos expansion (gPCE) 𝑀𝑀�𝑝𝑝(𝑋𝑋) to predict the computational model. The 
polynomial coefficients are computed with a Least Angle Regression approach to take 
advantage of the sparsity of the basis, see (Blatman and Sudret, 2011) and references 
therein. The gPCE is particularly fitted to our purposes since it provides directly the sensitivity 
indices (Sobol’ indices, see e.g. (Saltelli, 2002)), and thus a quantitative information criterion 
to select a level of truncation of the RF.  
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5.2 Results 

5.2.1 Proxy a of 1D tsunami generated by dip-slip fault mechanism 
We consider an analytical one-dimensional fault configuration that describes the occurrence 
of an earthquake with fault of reverse type. The rectangular fault plane is 100km wide and 
1,000km long with dip angle of 13°, strike of 180° and rake of 90°. The fault has been 
discretized with 200 subfaults. The fault is relatively shallow with the up-dip edge located at a 
depth of 1km with respect to the local bathymetry. This is, in some sense, a worst-case 
scenario to test our method since a smaller filtering effect is expected at the shallower 
asperity region. The slip is uniform in the strike direction so that the problem reduces to a 
one-dimensional rupture. We have taken a correlation length 𝑏𝑏 = 40 𝑘𝑘𝑚𝑚. The process 
variance 𝜎𝜎𝐷𝐷𝐷𝐷 = 400 𝑚𝑚2 is tuned such that the expected value for the maximum slip coincides 
with the output of a simple linear regression model fitted by Goda (Yasuda et al., 2016) and 
based on the database of (Mai and Thingbaijam, 2014). We recall that minimum slip is 
always positive due to the assumption of log-normal joint PDF.  
For this toy model, we make use of a cheaper proxy of the SWEs that consists in a static 
projection of the initial wave at the coast. The quantity of interest, which should represent the 
maximum wave height at the coast, is computed as: 

𝑌𝑌 = max (𝜁𝜁(𝜒𝜒𝑠𝑠ℎ𝑙𝑙𝑜𝑜𝑜𝑜) + ∆𝑏𝑏(𝜒𝜒𝑠𝑠ℎ𝑙𝑙𝑜𝑜𝑜𝑜)) 

where 𝜁𝜁(𝜒𝜒𝑠𝑠ℎ𝑙𝑙𝑜𝑜𝑜𝑜)) is the initial water free surface and ∆𝑏𝑏(𝑥𝑥𝑠𝑠ℎ𝑙𝑙𝑜𝑜𝑜𝑜) is the vertical floor 
displacement at the shoreline. We do not claim this to be a realistic approximation for 
tsunamis where multiple peaks may propagate in different directions and wave 
transformation on the break shelf is a fundamental process. However, this simple model 
contains the stochastic tsunami generation mechanism and it allows computing a reference 
Monte-Carlo solution, otherwise very expensive with CFD tsunami simulations. 
 
First, starting from the relation (3), we study the RF spectrum. In Figure 35, we report the 
eigenfunctions and the eigenvalues of slip and of the initial waveform RF. Please note that 
the eigenvalues are scaled by their sum. If we neglect all the eigenvalues that represent less 
than 1% of the total sum (i.e. less than 1% of the  𝜆𝜆𝑗𝑗/ ∑𝜆𝜆𝑗𝑗 <  0.01, 20 terms needs to be 
retained in the slip KL expansion while only 12 terms are needed for KL expansion of the 
initial waveform. Interestingly, the spectrum decay is exponential for the tsunami initial 
waveform. We check also the difference between the eigenvectors. While slip eigenvectors 
coincides almost with Fourier modes, the free-surface eigenvectors show a peak in 
correspondence of the fault up-dip edge and a much smoother wavy profile in 
correspondence of the deeper segment of the fault.  
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Figure 35: 1D tsunami proxy. Top: Eigenvalues of the slip and initial waveform field. Middle: Eigenvectors 
of the slip field. Bottom: Eigenvectors of the free-surface field 

 
We compute a sparse gPCE approximation of our proxy model. Based on the model 
truncated at 𝑁𝑁𝑁𝑁𝑁𝑁 =  20, named shortly 𝑌𝑌 =  𝑀𝑀(𝑋𝑋20), we generate a sampling set 𝒳𝒳 =
 (𝑥𝑥 𝑖𝑖 ,𝑦𝑦 𝑖𝑖) of 4000 points with a Quasi Monte-Carlo method. This is divided into a training set, 
composed by the first 800 points and a validation set composed of the last 3200 points. The 
dimension of the training set has been fixed by the maximum number of realistic large-scale 
tsunami simulations that we can afford with our computational platform. They correspond to 
more than 4 months of CPU time. In Figure 36 we study the convergence of the sparse 
gPCE error 𝑌𝑌 −  𝑀𝑀�𝑝𝑝(𝑋𝑋20) computed on the validation set, as the number of training points 
and the polynomial order is increased.  
 

Two error indicators are considered: the mean square error (𝑀𝑀𝑀𝑀𝐸𝐸) and the coefficient of 
determination learning error (𝑄𝑄2). As the polynomial order is increased, convergence is 
slower. For 500 runs, the 3rd order polynomial model seems a good compromise between 
accuracy and convergence rate. Sobol indices are reported in Figure 37. Total Sobol indices 
reveal that the variance is mainly explained by the first 12 terms. This can be easily 
understood with the stronger decay of the ”free-surface eigenvalues” with respect to the slip 
ones. The contribution of the mixed terms (interaction between KL modes) is also relevant 
(as shown by the differences between the 1st and total order). 
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Figure 36: 1D tsunami proxy. Expected prediction error of sparse gPCE for different polynomial orders. 
Left: mean square error (MSE). Right: Learning function Q2. 

 
We use this information to build a parsimonious model, with a smaller number of regressors 
(or KL terms retained in the slip RF), thus 𝑀𝑀�𝑝𝑝=3(𝑋𝑋 < 20 ). In Figure 38 the gPCE with only 12 
regressors 𝑀𝑀�𝑝𝑝=3(𝑋𝑋12) has a faster convergence with respect to the full expansion 𝑀𝑀�𝑝𝑝=3(𝑋𝑋20). 
It outperforms in the small data case, and then as long as the size of the training set is 
increased the LARS algorithm automatically puts to zero the contribution of the high 
frequency terms.  
Once we have fixed 500 runs, in Figure 38 we show the scatter plot model/metamodel. The 
scatter plot shows an acceptable precision of the sparse gPCE. The main concerns are for 
large value of the output 𝑌𝑌 where the sparse gPCE approximates the model poorly. As 
anticipated reducing the terms in the expansion, has a positive effect on 𝑀𝑀𝑀𝑀𝐸𝐸 and 𝑄𝑄2 
(𝑀𝑀𝑀𝑀𝐸𝐸 =  0.60 →  0.49 𝑚𝑚2 and 𝑄𝑄2 =  0.79 →  0.83). Finally, through the sparse gPCE 
approximation, we compute the convergence of the failure probability 𝑃𝑃 (𝑌𝑌 >  𝑦𝑦) with respect 
to the number of simulations. We have considered different thresholds 𝑦𝑦 =  2, 3, 4, 5, 8 𝑚𝑚.  
 
In Figure 39 we compare the sparse gPCE with a Monte Carlo MC solution and with the 
reference value that has been computed with MC on the full sampling set 𝒳𝒳, composed onf 
4000 samples.  

                                        
Figure 37: 1D tsunami proxy. Total and first order Sobol index. 
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Figure 38: 1D tsunami proxy. Left: learning function Q2 for different dimension of the input regressors. 
Right: scatter plot model vs metamodel fitted with 19 regressors and with only 12 regressors. 

 

                                          
Figure 39: 1D tsunami proxy. Convergence of the failure probability for different water heights with 
respect to number of runs. In gray the MC solution and in black the reference value obtained with MC and 
4000 runs. 

 

5.2.2 Lisbon Case Study 
The first of November 1755 an earthquake with estimated Magnitude 𝑀𝑀𝑀𝑀 = 8.5 ± 0.3 
damaged the city of Lisbon. This earthquake triggered the largest tsunami ever occurred in 
western Europe. Many hypotheses on the fault configuration have been proposed in the past. 
We have followed the fault hypothesis of (Terrier et al., 2016) in which a 𝑀𝑀𝑀𝑀 = 8.6 rupture 
occurred on three contiguous segments known as the Horseshoe Fault (Zitellini et al., 2004). 
The fault has been discretized as a very fine structured quadrilateral grid with 1800 subfaults 
each 2.5 𝑘𝑘𝑚𝑚 wide and 2.5 𝑘𝑘𝑚𝑚 long. The geometrical properties of the three segments are 
reported in Table 12. The process variance 𝜎𝜎𝐷𝐷𝐷𝐷 = 75 𝑚𝑚2, as before, has been fixed to have a 
realistic maximum slip of 30 𝑚𝑚. Since we dispose of no data on the correlation lengths, they 
are taken equal to the 50% of the fault width/length. Rock rigidity is 6 × 1010 𝑁𝑁𝑚𝑚 according to 
the average rigidity of oceanic crust and upper mantle. For completeness, we have added 
the contribution of the horizontal floor displacement to the initial waveform, which can be 
important in presence of a steep bathymetry (Tanioka and Satake, 1996). We show that 
horizontal displacement can be taken into account by modifying the Okada matrix with two 
extra-terms  

                                  𝐎𝐎+𝑯𝑯 = 𝐎𝐎𝒛𝒛 +  𝐃𝐃𝐃𝐃𝐃𝐃𝐃𝐃 �𝝏𝝏𝝏𝝏
𝝏𝝏𝒙𝒙
�𝐎𝐎𝒙𝒙 + 𝐃𝐃𝐃𝐃𝐃𝐃𝐃𝐃 �𝝏𝝏𝝏𝝏

𝝏𝝏𝝏𝝏
�𝐎𝐎𝝏𝝏                                        

where 𝐎𝐎𝒙𝒙,𝐎𝐎𝝏𝝏 ∈ ℝ𝑀𝑀×𝑁𝑁 such that 𝐎𝐎𝒙𝒙𝐃𝐃,𝐎𝐎𝝏𝝏𝐃𝐃 are respectively the horizontal Okada solutions, i.e. 
the x and y seafloor displacement. 𝐃𝐃𝐃𝐃𝐃𝐃𝐃𝐃 �𝝏𝝏𝝏𝝏

𝝏𝝏𝒙𝒙
� ∈ ℝ𝑀𝑀×𝑀𝑀 is a diagonal matrix containing the 
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gradient of the bathymetry. We compute the eigenvalues and the eigenfunctions of the slip 
and initial waveform fields. Spectrum decay as shown in Figure 41 is very rapid. If we neglect 
all the eigenvalues that represent less than 1% of the total sum, only 10 terms need to be 
retained in the slip KL expansion. For the free-surface spectrum, roughly half of the terms are 
necessary. The contribution of the horizontal seafloor displacement to the spectrum seems 
minor, for the fault configuration/bathymetry considered. Eigenvectors in Figure 42 exhibit 
sharp profiles in correspondence of the up-dip edge and a smoother behaviour eastward as 
the fault dips in that direction. The first slip mode (constant slip) generates on the water 
surface a N-wave in the dip-direction with a very sharp profile in correspondence of the up-
dip edge.   
Once we have generated the random slip patterns with a high truncation (with 30 terms in 
(1)) we get the initial waveform through (2). 
Tsunami simulations have been performed with FUNWAVE-TVD on a quadrilateral grid with 
a uniform resolution of 1km. The computational domain corresponds to a chunk of the north-
west Atlantic basin, going from 25°N to 54°N and from 0°W to 35°W. Each simulation runs on 
96 cores for less than 8 hours. Due to the high computational cost, we have been able to 
generate only a small sample 𝒳𝒳 =  (𝑥𝑥 𝑖𝑖  ,𝑦𝑦 𝑖𝑖) of 125 points, with 𝑥𝑥 𝑖𝑖 sampled with a Quasi 
Monte-Carlo method. The quantity of interest 𝑌𝑌, as usual, is the maximum wave height 
measured at a site on the coast. In Table 13 the reader can find the 9 sites that we have 
identified for this study. Some of them are near the epicentre, others are located at a 
distance of many hundreds of kilometres, see Figure 40.  

 
Figure 40: Lisbon case study. Tsunami computational domain and gauge position (in red starred dot). 

In Figure 43 we report the water height time series, measured at the different gauge 
locations. The set of all 125 simulations are plotted in blue; the red line corresponds to the 
source model composed only by the first mode, the mean, thus neglecting the slip 
heterogeneity. For nearshore propagation, even if the fault is very deep and the correlation 
lengths are large, the variability associated to the slip heterogeneity seems important. It can 
cause an increase of the wave height up to 1 m, see e.g. the Lisbon gauge. We complete the 
study by the construction of statistical model with a sparse gPCE. A rapid investigation 
shows that a second order polynomial gives the best results almost at all the gauges. The 
expected prediction error is computed with a 4-fold validation. The results are shown in 
Figure 44. Moderate to high values of 𝑄𝑄2 are obtained at most gauge stations at the 
exception of the Faro station. Here the polynomial approximation gives an erratic result. This 
gauge is less than 100 km far from the epicentre (the nearest), the water height shows a very 
complex interaction of the leading wave with reflected/trapped waves. Noticeably, there are 
two peaks (the leading elevation wave and a secondary wave at 2.5 hs) that can provide the 
max wave height, thus causing a small variation of the KL coefficients could lead to very 
different values of maximum wave height. 



NARSIS Project (Grant Agreement No. 755439) Del 1.2 

 

61 - 

 

 

Finally, we plot in Figure 45  the total Sobol’ indices. A rapid decay of the sensitivity indices is 
observed, for all the sites. Most of the variance can be explained by the first 6-7 terms even 
if, for some sites, an isolated higher mode can be important, e.g. the 8th mode at Kinnealy 
and the 11th mode at Cadiz. The impact of such higher modes should be explained by the 
wave interaction with the local bathymetry and further studies are necessary.  
In general, we can conclude that, for the Lisbon case study, replacing the long-running 
numerical simulator by sparse gPCE is a valid option to overcome the computational burden 
for studying the impact of the slip spatial variability. Concerning the truncation, the sensitivity 
analysis done with the Sobol’ index has shown that some higher modes may become 
important, hence suggesting that additional developments should be conducted to identify 
the truncation level to improve the predictive capability for the sparse gPCE. 

 

Segment Dip 
[deg] 

Depth 
(up-dip 
edge) 
[km] 

strike[deg] Rake 
[deg] 

Fault 
length 
[km] 

Fault 
width 
[km] 

Longitude 
[deg] 

Latitude 
[deg] 

1 70 11.2 46.8 45 121.5 40 -9.1581 37.1047 

2 70 11.2 16.75 45 62.0 40 -9.7579 36.4623 

3 70 11.2 42.3 45 91 40 -10.1998 35.8927 

Table 12: Lisbon case study. Geometrical properties of the three-segment configuration, after (Terrier et 
al., 2016). 

 

 
Figure 41: Lisbon case study. Eigenvalues of the slip and initial waveform field. 
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Figure 42: Lisbon case study. Left. First five eigenvectors of the slip. Right: Corresponding eigenvectors 
of the initial waveform field. The eigenvectors are scaled by their functional L2 norm. 
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Gauge n. Gauge site Lon Lat 

1 Lisbon -9.1898 38.6911 
2 Ceuta -5.7958 35.8391 
3 Cadiz -6.3286 36.5152 
4 Rabat -6.8867 34.0359 
5 Cascais -9.4252 38.6657 
6 Faro -7.9458 36.9725 
7 Kinnealy -8.50012 51.6404 
8 Azores -27.1241 38.5937 
9 Tenerife -16.5452 28.4807 

Table 13: Lisbon case study. Gauge number and location. 

 

 

 

 
Figure 43: Lisbon case study. Time series of water height at the different gauges considered in this work, 
see Table 13: Lisbon case study. Gauge number and location. 
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       Lisbon      Cadiz 

 
        Rabat       Faro 

 
       Kinnealy      Azores 

Figure 44: Lisbon case study. 4-fold Validation, scatter plot model vs sparse gPCE metamodel at different 
gauges. 

 

 
Figure 45: Lisbon case study. Total Sobol indices at the different gauges. 
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6 Conclusions and Recommendations 
The management of the tsunami hazard can be done dealing with two time-scales: i) the 
warning time-scale which starts with a triggering event in real time such as an earthquake 
and the ii) historical time-scale with the study of past events and the extrapolation to future 
events looking for the worst probable scenarios (Deterministic Tsunami Hazard Assessment: 
DTHA) or using Probabilistic Tsunami Hazard Assessment (PTHA). DTHA appears as the 
most conservative approach and is used in most of the forecasting tools in operational 
context. PTHA has the advantage to better target the most affected regions and to determine 
the most dangerous sources for a chosen region and a return period. PTHA aggregates 
numerous scenarios in order to take into account various sources of tsunamis (location and 
intensity). The results of PTHA can inform on the most impacted places (depending on the 
region of interest) but also where are located the most impacting source. 
Most of studies relying on PTHA use regional PTHA approaches, that means PTHA is 
computed at basin scale (offshore) only, to reduce the computational cost. Then PCTAs are 
obtained from empirical amplification laws such as Green’s laws (e.g., Grezio et al. 2020), 
which is ten times faster than a complete high resolution modelling, but provides a crude 
approximation of wave heights at the coast only within a factor of 2 at best (e.g. Gailler et al, 
2018). Moreover all local effects are not taken into account (e.g. resonance in harbors) and 
the assessment of run-up and horizontal inundation are missing.  
The PTHA approaches developed in this work are based on an accurate numerical tsunami 
propagation and inundation modelling by using several nested bathymetric grids, 
characterized by a coarse resolution over deep water regions and an increasingly fine 
resolution close to the shores (down to 10m resolution in the French Riviera test-site). Thus, 
specific coastal responses (i.e. resonant harbors effects and sharp transitions of the seafloor, 
marine infrastructures impacts, dispersive effects,…), and run-up and horizontal inundation 
computation are assessed properly. The availability of high resolution bathymetry/topography 
grids along the coastlines is thus a compelling factor using such an approach.  
The whole process to compute the PTHA includes many uncertainties, which have to be 
integrated into the approach. In particular, the list of earthquakes to calculate the distribution 
law and the list of unity faults of the fault system to create the rupture catalogue are not 
exhaustive. The uncertain distribution of the fault slip, especially in near field context, can 
also have a significant impact on the nearshore wave propagation. This needs to be taken 
into account, as shown by the stochastic slips study of rupture scenarios performed on the 
1755 Lisbon tsunami case.  
For this last case study, the impact of the slip variability on the tsunami wave height has 
been analysed by means of an eigen-decomposition of the fault slip field, known in the 
literature as Karhunen-Loeve expansion. Through a sparse polynomial chaos metamodel 
(sparse gPCE), the sensitivity indices have been computed in order to highlight how the 
different eigenmodes contribute to the wave height and how they interact each other. For this 
case study, we can conclude that: 

(1) A gPCE metamodel of the maximum wave height at the coast gives good 
predictability both for near and far field sites in most of the cases. Thus, replacing the 
long-running numerical simulator by a sparse gPCE is a valid option to overcome the 
computational burden for studying the impact of the slip spatial variability. In 
particular, of the nine sites analysed, only one gives an erratic prediction error due to 
a high non-linearity and complexity of the input-output relation.  

(2) The slip heterogeneity can induce a large variability of the wave height. Neglecting 
such variability can lead to a severe underestimation of the wave height for near-field 
sites. 

(3)  For most of the sites, only a few modes (less than seven) are necessary to describe 
correctly the variance of the wave height at the coast. However, the sensitivity 
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analysis has also shown that some isolated higher eigenmodes may be important, 
suggesting that additional developments should be conducted to identify the 
truncation level and to improve the predictive capability of the sparse gPCE.  

Further study will be devoted to analysing the full spatial maps of the maximum water height 
(not only at some sites as done here), in order to highlight directly the link between fault slip 
patterns and wave amplification patterns. Finally, we mention that further study will also 
include, into the aforementioned methodology, the effect of an uncertain tidal level to the 
tsunami wave.  
In addition, this work shows that a much higher computational speed achievable with GPUs 
allows for a probabilistic treatment of uncertain slip distributions in fault models.  
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8 Annex A 

8.1 Data within seismogenic zones 

This appendix presents the various data we have for each seismogenic zone. The number of 
recorded earthquakes count for which the moment magnitude is given (i.e. no magnitude 
conversion is done). 

(Z1) South Eastern Spain 
There are 282 recorded earthquakes, South Eastern Spain, from 1048 to 2011 with moment 
magnitudes up to 6.8, among which 13 events have a moment magnitude of 6.0 or above. 
There are 403 faults existing in the CENALT database within the South Eastern Spain zone: 

• Normal faults: 96 
• Thrust faults: 54 
• Dextral Strike Faults: 194 
• Sinistral Strike Faults: 59 

(Z2) Northern Morocco 
There are 214 recorded earthquakes, Northern Morocco, from 1518 to 2018 with moment 
magnitudes up to 6.7, among which 5 events have a moment magnitude of 6.0 or above. 
There are 277 faults existing in the CENALT database within the Northern Morocco zone:  

• Normal faults: 84 
• Thrust faults: 59 
• Dextral Strike Faults: 48 
• Sinistral Strike Faults: 86 

(Z3) Northern Algeria 
There are 1,041 recorded earthquakes, Northern Algeria, from 1365 to 2018 with moment 
magnitudes up to 7.3, among which 21 events have a moment magnitude of 6.0 or above. 
There are 259 faults existing in the CENALT database within the Northern Algeria zone:  

• Normal faults: 6 
• Thrust faults: 179 
• Dextral Strike Faults: 56 
• Sinistral Strike Faults: 18 

There are 3129 rupture scenarios for earthquakes of Mw6.0 or above. 

(Z4) Northern Tunisia 
There are 489 recorded earthquakes, Northern Tunisia, from 1850 to 2017 with moment 
magnitudes up to 5.8, among which 0 events have a moment magnitude of 6.0 or above. 
There are 165 faults existing in the CENALT database within the Northern Tunisia zone:  

• Normal faults: 0 
• Thrust faults: 43 
• Dextral Strike Faults: 38 
• Sinistral Strike Faults: 84 

(Z5) Ligurian coast 
There are 2,173 recorded earthquakes, Ligurian coast, from 1182 to 2009 with moment 
magnitudes up to 6.7, among which 4 events have a moment magnitude of 6.0 or above. 
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There are 93 faults existing in the CENALT database within the Ligurian coast zone:  
• Normal faults: 60 
• Thrust faults: 8 
• Dextral Strike Faults: 12 
• Sinistral Strike Faults: 13 

There are 1577 rupture scenarios for earthquakes of Mw5.5 or above. 

(Z6) Western Italy 
There are 201 recorded earthquakes, Western Italy, from 1091 to 2013 with moment 
magnitudes up to 5.8, among which 0 events have a moment magnitude of 6.0 or above. 
There are 113 faults existing in the CENALT database within the Western Italy zone:  

• Normal faults: 104 
• Thrust faults: 8 
• Dextral Strike Faults: 1 
• Sinistral Strike Faults: 0 

(Z7) Sicily 
There are 371 recorded earthquakes, Sicily, from 1125 to 2018 with moment magnitudes up 
to 7.4, among which 10 events have a moment magnitude of 6.0 or above. 
There are 45 faults existing in the CENALT database within the Sicily zone:  

• Normal faults: 32 
• Thrust faults: 3 
• Dextral Strike Faults: 10 
• Sinistral Strike Faults: 0 

(Z8) Calabria 
There are 237 recorded earthquakes, Calabria, from 1172 to 2012 with moment magnitudes 
up to 7.1, among which 16 events have a moment magnitude of 6.0 or above. 
There are 91 faults existing in the CENALT database within the Calabria zone:  

• Normal faults: 25 
• Thrust faults: 48 

8.2 Resolution of the grids used for the tsunami simulation 

We present in this appendix the localization of the nested grids that are used for the tsunami 
simulations (Figure 46). 

• GR00: Western Mediterranean Sea (-6--17°E, 34--45°N), resolution : 0.03333° 
(3,704m) 

• GR01: North-Western Mediterranean Sea from to Hyeres to San-Lorenzo al Mare 
(6—8°E, 42.5—43.9°N), resolution: 0.002778° (309m) 

• GR02: South-Eastern France from Menton to Calvari-sur-Mer (6.5—7.5°E, 43.1—
43.8°N), resolution: 0.001111° (123m) 

• GR03: French Riviera (6.927--7.09998°E, 43.47--43.6°N), resolution: 0.0001° (10m) 
 
 



NARSIS Project (Grant Agreement No. 755439) Del 1.2 

 

73 - 

 

 

 

Figure 46: Location of the nested grids that are used for the tsunami simulations 

 

8.3 Computational time of tsunami simulation 

Tsunami simulations are done on Bull B510 nodes of 12 cores. The computation of a 2-hour 
propagation of tsunami using 24 cores takes about 1 hour when using the four grids that we 
have described above (Appendix 8.2). This time is reduced to about 20min when using 92 
cores. 

 

8.4 Data processing 

Most of the data processing (excluding tsunami simulations) is done using Python. The 
modules that are imported are: argparse, copy, csv, datetime, math, matplotlib, numpy, 
operator, os, pdb, pwd, scipy.signal, shutil, string, sys, time, warnings. 

Maps are done using GMT software through shell scripts. 

 

8.5 Distribution laws 

The Figure 47 show the distribution law in the Ligurian seismogenic zone (z05) that were 
determined using several methods to find the magnitude of completeness. The best fit to the 
data is found using the MBS method. The Figure 48 show the best distribution law obtain for 
each seismogenic zone. The differences between these distribution law highlight the 
necessity to process PTHA using sub-regions. 
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Figure 47: Various distribution law determined from the catalogue of reference in the Ligurian 
seismogenic zone (z05), using A) the goodness of fit method, B) the maximum curvature method, C) the 

b-value stability method and D) the Stepp's method. Red models use a corrected table of magnitude. 

 

 

Figure 48: Comparison of the distribution laws in the seismogenic zones. 
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