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ABSTRACT 

 

Earthquake-triggered Tsunami (EtT) has been threatened the coastlines of the globe. The impact of the EtT 

is expected to be worsening due to the contribution of climate change related Sea Level Rise (SLR). 

Estimation of the probable hazard levels for the future years is extremely significant for the countries that 

are frequently exposed to earthquake hazards. The aim of this study is to reveal clustering and importance 

sampling methods along with Monte Carlo simulations for stochastic tsunami hazard analysis. These 

methods help to reliably determine the representative hypothetical earthquake events among a large number 

of Monte Carlo Simulations for the projected years (i.e. 2020, 2050, and 2100).  

 

INTRODUCTION 

 

Global warming has been one of the main concerns among the scientists due to its remarkably adverse 

effects on natural hazards (Landsea, 2005; Raper and Braithwaite, 2006; Mousavi et al., 2011; Alfonso et 

al., 2021). Drastic increase of carbon emissions after the industrial revolution causes climate change that is 

resulted in glacier melting around the poles and thermal expansion of the oceans (Kont et al., 2003; Solomon 

et al., 2009; Hurlimann et al., 2021). Therefore, next generations are heavily expose the SLR due to rapid 

climate change all around the globe.  

 

Tsunamis, on the other hand, have been causing destructive economic, social, and environmental 

damages along the densely populated coastlines of the countries (Srinivas and Nakagawa, 2008; Mori et 

al., 2011; IAEA, 2015; Itoi and Sekimura, 2017; Drápela et al., 2021; Lane et al., 2021) that includes an 

accident at the Fukushima Daiichi Nuclear Power Plant occurred on March 11, 2011. Nonetheless, 

significant improvement on tsunami disaster mitigation systems has been developed by the scientists and 

the authorities (Gonzalez et al., 1998; Osti et al., 2009; Imamura et al., 2012; Yamazaki et al., 2013). 

    

Despite the several scientific investigations on SLR and tsunami hazards, combined hazard 

evaluation of these two natural hazards should be investigated in more depth (Dall’Osso et al., 2014; Li et 

al., 2018; Yavuz et al., 2020; Nagai et al., 2020). In this study, two methodologies on progressive climate 

change impact on tsunami hazard evaluation is presented considering the nuclear power plants and the area 

along the Sea of Japan. Monte Carlo (MC) simulations are applied to generate random earthquake 

parameters considering historical earthquake records along the study area. Epistemic uncertainty is also 

taken into consideration for SRL predictions. MC simulations are conducted to get probabilistic hazard 

curves of the EtTs for the projected years. Finally, clustering and importance sampling methods are 

implemented to determine the representative earthquake sources along the Sea of Japan.  
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METHODOLOGY 

 

Two approaches are revealed to combine SLR and EtT hazards for the 21st century. Previously, 100000 MC 

simulations are performed by validating the assigned distribution on moment magnitude (Mw) of the 

historical earthquakes. 113 years of historical earthquake records are acquired from ISC-GEM ver. 8.0 

catalogue (Di Giacomo et al., 2018). 1000 locations of the historical earthquakes are compiled from Japan 

University Network Earthquake Catalogue (JUNEC) as shown in Figure 1. Earthquake Data Set (EDS) is 

generated for probabilistic hazard analysis of SLR and EtT combinations using MC simulations. Using the 

source parameters given in ISC-GEM catalogue, MC samples for moment magnitude are generated and 

randomly assigned to the locations retrieved from JUNEC.  

 

 
 

Figure 1. Locations of the historical earthquakes are compiled from JUNEC 

 

Tsunami wave heights are empirically calculated by considering aleatory variabilities which is 

significant to determine the exceedance probabilities of hypothetical tsunami wave heights along the 

coastline. The empirical equations previously proposed and applied by Cornell (1968), Aida (1978), Burton 

(1978), Ishikawa and Kameda (1988), McGuire (1995), Fukutani et al. (2018), Papadopoulos et al. (2020), 

and Katsumata et al. (2021) are used to determine tsunami hazard curves for the selected regions. Since 

MC simulation method can only be implemented for the independent parameters, dependent parameters of 

the earthquake source (i.e. fault length (L) and fault width (W)) are calculated using the empirical equations 

given by Irikura & Miyake (2001), Otake (2002), and Tajima et al. (2013). Generation mechanism of EDS 

using MC simulations is shown in Figure 2. 
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Figure 2. Generation mechanism of the EDS by MC simulations 

 

SLR Estimations 

 

Currently, the most comprehensive investigation on climate change has been performed by the International 

Panel on Climate Change (IPCC). In this study, epistemic uncertainty in sea level rise predictions is 

considered based on the different IPCC scenarios. NASA (2022) developed a SLR prediction tool based on 

the Shared Socioeconomic Pathway (SSP) scenarios released in the IPCC 6th assessment report (AR6). The 

tool developed by NASA is used in this study to estimate the SLR levels from 9 different locations (i.e. 

Izuhara, Tonoura, Sakai, Maizuru, Wajima, Kashiwazaki, Nezugaseki, Oshoro and Wakkanai) along the 

Sea of Japan for the optimistic, medium, and extreme SSP scenarios given in IPCC AR6. The average SLR 

estimations of 3 different SSP scenarios are illustrated in Figure 3.  
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Figure 3. (a) Locations and (b) SLR predictions for the different SSP scenarios throughout the 21st 

century 

 

By determining the SLR predictions for the projected years, bathymetric levels can be revised 

accordingly. Tsunami simulations can be conducted using the revised bathymetries for each projected year 

considering the SLR predictions.  

 

Tsunami Hazard Curves 

 

In advance of the determination of representative earthquakes from MC simulations, the accuracy of the 

tsunami model has to be satisfied for a reliable probabilistic tsunami hazard evaluation. To achieve a reliable 

tsunami hazard curve from the generated hypothetical earthquake sources using MC simulations depending 

on the commonly used methods proposed in the literature (Aida, 1978; McGuire, 1995; Fukutani et al., 

2015, 2018). In this study, several tsunami hazard curves are generated by referencing the location of 

Niigata, Japan using the earthquake magnitudes obtained from MC simulations (see Figure 4). As clearly 

shown in Figure 4 that tsunami hazard analysis is reliable up to 10-4/year according to the coincidence of 

the hazard curves. The following combined hazard analyses are proposed according to the coincidence of 

the hazard curves for the selected region. 
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Figure 4. Coincidence of the tsunami hazard curves generated for probabilistic hazard analysis 

 

It is stated by US Geological Survey (USGS, 2022) that earthquakes of 6.5 magnitudes and below 

this magnitude are unexpected to trigger a tsunami. Therefore, hypothetical earthquakes having 6.5<Mw 

are considered for the tsunami hazard evaluation in this study. Thus, the number of the magnitudes should 

be considered for tsunami simulations are obtained as 20136 out of 100000 to get a reliable convergence 

for tsunami hazard evaluation.  

 

Determination of Representative Hypothetical Earthquakes using Clustering Method 
 

The numerical simulation of 20136 hypothetical earthquakes in the study area will be incredibly demanding 

even for a single location in the study area. Moreover, many of the hypothetically generated earthquake 

events would result in quite similar inundation levels and patterns. Therefore, clustering the events probably 

having the same patterns and wisely chosen representative hypothetical earthquakes can be a good solution 

to reduce the number of numerical simulations and get a tsunami hazard curve for a single site. The 

framework of the proposed method is given in Figure 5. Clustering of events having a similar pattern can 

be possible by using box-whisker analysis of the hypothetical earthquakes generated by MC simulations.  
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Figure 5. Clustering method to determine the representative earthquake events in the study area 
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Determination of Representative Hypothetical Earthquakes using Importance Sampling Method 

 

Importance sampling method is widely used in stochastic analysis of natural hazards and also applicable 

for probabilistic tsunami hazard analysis. The method has some additional advantages like manually 

determination of representative data number depending on the convergence of the representative tsunami 

hazard curve to the curve generated from MC simulations. The details about the methodology is given in 

the flowchart as shown in Figure 6. Thanks to the importance sampling method, a consistent tsunami 

hazard curve can easily be obtained wıth far fewer numerical simulations.  

   

 
 

Figure 6. Application procedure of the Importance sampling method in the study area 

 

RESULTS AND DISCUSSIONS 

 

Combined hazard evaluation of SLR and EtT can be conducted for projected years with either clustering or 

importance sampling method. In clustering method, Mw of the hypothetical earthquake events are clustered 

using the box-whisker analysis according to empirically calculated tsunami wave heights at Niigata 

coastline. In Figure 7, the convergence of the Mw values can be seen clearly. By inspecting the convergence 

of the Mw values, around 1500 event is sufficient to represent a reliable tsunami hazard curve as obtained 

from 100000 MC simulations. 
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Figure 7. Convergence of the Mw values in clustering method 

 

Tsunami hazard curve obtained from 1500 representative event is compared with the hazard curve 

obtained from MC simulations and the result of the comparison is shown in Figure 8. As shown in the 

related figure, there is a perfect match between two tsunami hazard curves of the analyses. Thus, similar 

hazard values can be obtained with clustering method just by simulating 1500 representative events out of 

100000 MC samples.  

 

 
Figure 8. Convergence of the Mw values in clustering method 

 

Importance sampling method is also proposed in this study. As the advantage of this method, the 

number of samples can be defined manually. In this study, uniform distribution is used to generate 250 

hypothetical earthquake magnitude samples that have the identical hypocentre distance and the consistency 

of the tsunami hazard curve of the samples with the curve obtained from MC simulations can be seen in 

Figure 9. The convergence of the tsunami hazard curves shows that this method can also be applicable for 

probabilistic hazard analysis. 
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Figure 9. Convergence of the Mw values in importance sampling method 

 

CONCLUSION 
 

This study summarized a methodology for stochastic tsunami hazard analysis based on Monte Carlo 

simulation. Importance sampling and clustering approaches are proposed to conduct combined hazard 

analyses in the Sea of Japan. Both methods have a reliable convergence with the MC simulations even with 

the far fewer simulations. Considering the result of the clustering method, the convergence of the Mw is 

satisfied with comparatively large number of representative earthquake events. Importance sampling also 

has a reliable match in hazard curve comparison. Both of the methodologies can be applicable in 

probabilistic combined hazard analyses. 

 

REFERENCES 

 

Aida, I. (1978). “Reliability of a tsunami source model derived from fault parameters,” Journal of Physics 

of the Earth, 26(1), 57-73. 

Alfonso, S., Gesto, M., and Sadoul, B. (2021). “Temperature increase and its effects on fish stress 

physiology in the context of global warming,” Journal of Fish Biology, 98(6), 1496-1508. 

Burton, P. W. (1978). “Perceptible earthquakes in the United Kingdom,” Geophysical Journal 

International, 54(2), 475-479. 

Cornell, C. A. (1968). “Engineering seismic risk analysis,” Bulletin of the seismological society of America, 

58(5), 1583-1606. 

Dall'Osso, F., Dominey-Howes, D., Moore, C., Summerhayes, S., and Withycombe, G. (2014). “The 

exposure of Sydney (Australia) to earthquake-generated tsunamis, storms and sea level rise: a 

probabilistic multi-hazard approach,” Scientific reports, 4, 7401. 

Drápela, J., Calisto, I., and Moreno, M. (2021). “Locking-derived tsunami scenarios for the most recent 

megathrust earthquakes in Chile: implications for tsunami hazard assessment,” Natural 

Hazards, 107(1), 35-52. 

Di Giacomo, D., Engdahl, E. R., and Storchak, D. A. (2018). “The ISC-GEM Earthquake Catalogue (1904–

2014): status after the Extension Project”, Earth Syst. Sci. Data, 10, 1877–1899.  

Fukutani, Y., Suppasri, A., and Imamura, F. (2018). “Quantitative assessment of epistemic uncertainties in 

tsunami hazard effects on building risk assessments,” Geosciences, 8(1), 17. 

Gonzalez, F. I., Milburn, H. M., Bernard, E. N., and Newman, J. C. (1998). “Deep-ocean assessment and 

reporting of tsunamis (DART): Brief overview and status report,” In Proceedings of the international 

workshop on tsunami disaster mitigation, 19(2). Tokyo, Japan: NOAA. 

Hurlimann, A., Moosavi, S., and Browne, G. R. (2021). “Urban planning policy must do more to integrate 

climate change adaptation and mitigation actions,” Land Use Policy, 101, 105188. 

0.00001

0.0001

0.001

0.01

0.1

1

0 0.1 0.2 0.3 0.4 0.5

A
n

n
u

al
 E

x
ce

ed
an

ce
 P

ro
b

ab
il
it

y

Tsunami wave height (m)

100000 MC simulations

Sampled data



 

26th International Conference on Structural Mechanics in Reactor Technology 

Berlin/Potsdam, Germany, July 10-15, 2022 

Division IV 

Imamura, F., Muhari, A., Mas, E., Pradono, M. H., Post, J., and Sugimoto, M. (2012). “Tsunami disaster 

mitigation by integrating comprehensive countermeasures in Padang City, Indonesia,” Journal of 

Disaster Research, 7(1), 48-64. 

International Atomic Energy Agency (IAEA). (2015). The Fukushima Daiichi Accident, Non-serial 

Publications. Available at: https://www.iaea.org/publications/10962/the-fukushima-daiichi-accident  

Itoi, T., & Sekimura, N. (2017). “Challenges for Nuclear Safety from the Viewpoint of Natural Hazard Risk 

Management,” In Resilience: A New Paradigm of Nuclear Safety, (pp. 67-78). Springer, Cham. 

Japan University Network Earthquake Catalog (JUNEC). Available at: https://wwweic.eri.u-

tokyo.ac.jp/CATALOG/junec/ 

Kameda, H., and Ishikawa, Y. (1988). “Extended seismic risk analysis by hazard-consistent magnitude and 

distance,” Doboku Gakkai Ronbunshu, 1988(392), 395-402. 

Katsumata, A., Tanaka, M., and Nishimiya, T. (2021). “Rapid estimation of tsunami earthquake magnitudes 

at local distance,” Earth, Planets and Space, 73(1), 1-15. 

Kont, A., Jaagus, J., and Aunap, R. (2003). “Climate change scenarios and the effect of sea-level rise for 

Estonia,” Global and Planetary Change, 36(1-2), 1-15. 

Landsea, C. W. (2005). “Hurricanes and global warming,” Nature, 438(7071), E11-E12. 

Lane, E. M., Thomas, K. L., King, D. N., Williams, S., Borrero, J., Power, W., and Gusman, A. (2021). 

“Five years after the 14 November 2016 Kaikōura Tsunami in Aotearoa-New Zealand: insights from 

recent research,” New Zealand Journal of Geology and Geophysics, 1-15. 

Li, L., Switzer, A. D., Wang, Y., Chan, C. H., Qiu, Q., and Weiss, R. (2018). “A modest 0.5-m rise in sea 

level will double the tsunami hazard in Macau,” Science advances, 4(8), eaat1180. 

McGuire, R. K. (1995). “Probabilistic seismic hazard analysis and design earthquakes: closing the loop,” 

Bulletin of the Seismological Society of America, 85(5), 1275-1284. 

Mori, N., Takahashi, T., Yasuda, T., and Yanagisawa, H. (2011). “Survey of 2011 Tohoku earthquake 

tsunami inundation and run‐up,” Geophysical research letters, 38(7). 

Mousavi, M. E., Irish, J. L., Frey, A. E., Olivera, F., and Edge, B. L. (2011). “Global warming and 

hurricanes: the potential impact of hurricane intensification and sea level rise on coastal 

flooding,” Climatic Change, 104(3), 575-597. 

Nagai, R., Takabatake, T., Esteban, M., Ishii, H., and Shibayama, T. (2020). “Tsunami risk hazard in Tokyo 

Bay: The challenge of future sea level rise,” International journal of disaster risk reduction, 45, 

101321. 

Osti, R., Tanaka, S., and Tokioka, T. (2009). “The importance of mangrove forest in tsunami disaster 

mitigation,” Disasters, 33(2), 203-213. 

Papadopoulos, G. A., Imamura, F., Nosov, M., and Charalampakis, M. (2020). “Tsunami magnitude 

scales,” In Geological Records of Tsunamis and Other Extreme Waves (pp. 33-46). Elsevier. 

Raper, S. C., and Braithwaite, R. J. (2006). “Low sea level rise projections from mountain glaciers and 

icecaps under global warming,” Nature, 439(7074), 311-313. 

Solomon, S., Plattner, G. K., Knutti, R., and Friedlingstein, P. (2009). “Irreversible climate change due to 

carbon dioxide emissions,” Proceedings of the national academy of sciences, 106(6), 1704-1709. 

Srinivas, H., and Nakagawa, Y. (2008). “Environmental implications for disaster preparedness: lessons 

learnt from the Indian Ocean Tsunami,” Journal of environmental management, 89(1), 4-13. 

Tominaga, T., Hachiya, M., Tatsuzaki, H., and Akashi, M. (2014). “The accident at the fukushima daiichi 

nuclear power plant in 2011,” Health physics, 106(6), 630-637. 

US Geological Survey (USGS). (2022). “What is it about an earthquake that causes a tsunami?” Available 

at: https://www.usgs.gov/faqs/what-it-about-earthquake-causes-tsunami  

Yamazaki, F., Zavala, C., Nakai, S., Koshimura, S., Saito, T., Midorikawa, S., ... and Bisbal, A. (2013). 

“SATREPS project on enhancement of earthquake and tsunami disaster mitigation technology in 

Peru,” Journal of Disaster Research, 8(2), 224-234. 

Yavuz, C., Kentel, E., and Aral, M. M. (2020). “Climate Change Risk Evaluation of Tsunami Hazards in 

the Eastern Mediterranean Sea,” Water, 12(10), 2881. 


