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Abstract

The importance of catastrophe risk modeling has significantly increased in Japan due to a series of devastating events,
the rapid evolution of exposure and the diverse usage of risk models in the insurance and reinsurance industries over
recent decades. lorder to quantify the dynamically changing seismic risk, we developed a probabilistic seismic risk
model of Japan including a probabilistic tsunammponenusing a simulatiofbased, higkdefinition (HD) modeling
framework. The model introduces new sceninnovations and important lessons learned from recent major earthquakes

in Japan, including the 2011 Tohoku and 2016 Kumamoto earthquakes.

We present the outline of the HD modeling framework, component development with underlying information used, loss
calibration and its results focusing on model validation. This paper consists of five major sections.

1 First, the advantages of the simulatimsed HD framework are discussed: temporal and spatial sampling,
stochastic exposure disaggregation, four parameter secondary uncertainty distributionugrosiktbvel loss
simulation, and enhanced financial loss module to accommodate Japan spegfiex policy structures.

1 Second, the main elements of the source model feature the latest research from the Japanese Headquarters for
Earthquake Research Promotion (HERP) combined with our own Japan megathrust recurrence models, in
particular a Bayesiaview on timedependent rates for Nankai Trough events.

1 Third, a new study on the applicationlo€ally derivedground motionsite amplification and sedimentary basin
models was conductetligh-resolution geographical data layers were created for sefswmard and secondary
perils. The model utilizes these components that vary by tectonic settings (e.g., subduction interface versus active
crustal), hypocentral depth (e.g., shallow versus deep), moment magnitude, fault geometry parameters, and site
condtions based on the calibration with extensive number of strong ground motions recorded in Japan.
Comparisons of modeled vs observed JMA intensity footprints for key events are in€ladedar surface site
amplification and liquefaction, 90m base resolution data layers, such aawersged shear wave velocity to
30m depth (¢sg, Multi-resolution Valley Bottom Flatness (MrVBF), and groundwater depth are implemented
for a more accuratrepresentation of perils with a high hazard gradient in areas of concentrated exposure.

91 Fourth, a suite of vulnerability functions was developed by comparing modeled numbers of damaged buildings,
economic and insured losses, and regional distributibdaroage based on field observations (e.g., Tohoku and
Kumamoto earthquakes). Incremental dynamic analyses have been performed as well using multiple
representative building models designed by local engineers with more than 13k observed ground motions
between 1996 and 2017.

1 Lastly, we demonstrate the fitness of the model with comparisons to recent events including comparisons for
more than 15 historical major events, key government scenarios such as Toshin Nanbu] dlzardeai events,
ground shaking veus tsunami loss contribution ratios and the General Insurance Rating Organization of Japan
(GIRQJ) industry losses. Exceedance probability loss metrics and loss costs by region and by lines of business
are examined.

Details of the tsunami model componespatial loss correlation associated with source characteristics and nonlinear
site/basin amplification modeling are presented in separate pgh2}s.
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1. Introduction

The Japanese Islands lie in one of the world's most seismically active areaspdinélye boundary between
the Eurasian Plate and the Okhotsk Plate, andareded to the east by the Pacific Plate and to the south by
the Philipine Sea Plate. Subduction of the Pacific and Philippine Sea plates beneath the Blassian
accounts for most earthquakes in Japan, as well as for the extensive votbathisreated the Japan Islands.

RMS aims to provide a comprehensive viewpoftfolio risk for insurance markets dapanThe earthquake
model provides a comprehensive solution to capture earthgisikacross Japan from earthquake ground
shaking(accounting for liquefaction and landslidinggunami, and fire followingarthquée (FFEQ)

The importance of catastrophe risk modeling has significantly increased in Japan due to a series of devastating
events, the rapid evolution of exposure and the diverse usage of risk models in the insurance and reinsurance
industries over recemtecades. In order to quantify the dynamically changing seismic risk, we developed a
probabilistic seismic risk model of Japan including a probabilistic tsunami model using a siriodesiah
high-definition (HD) modeling framework. The model introducesvrezience, innovations and important
lessons learned from recent major earthquakes in Japan, including the 2011 Tohoku and 2016 Kumamoto
earthquakes.

2. Simulation-Based HD Framework

The HD modeling framework delivers groungd simulation of riskosses byoverage antly sub-peril based
on observed damage distributions. This underlpagadigm of the HBsimulation framework thus calculates
realistic loss distributions #te highest level necessary to generate accurate losses. This approatss@ovi
significant modeling advantage, in particular for modeling tsunkapiefaction andandslide risk, as these
subperils require detailed geographical information to generagalstic loss resultRMS HD framework
include following key components:

1 Temporal simulation of hazard eventslD temporal simulation involves defining possible event
occurrences on a timeline, or period. Each period is a-yedti realization of event occurrences over a
specific time period. The outcome of temporal simulat®othe weighted period event table (WPET),
which contains the full set of simulated periods. Temporal simulation allows users to drploite
hundreds ofhousands of realizations within specified time windows and prdigsibility in the choice
and gplication of occurrence modeRefer to more details iRitzenzet al, 2020[2].

1 New severity distribution uncertainty approacheésampling event losses from the damage distribution
provides modelers with the flexibility to choose the most realisttdlgigion to describe the damage ratio
of event severities for a given peril. HBodelsusefour-parametersecondaryuncertainty distributions,
enabling the model to explicitly capture the probability of zertotal damage from a given level of
hazard.

1 Greater financial modeling capabilityWith the HD financial moduleusers can express all possible terms
and conditions in an insurance or reinsurance contract and use the HD financial model to analyze losses
from any desired contract specificatiodapanspecific complexpolicy structures such and step policy
and franchise deductible ayrisk levelare available

1 Auto disaggregation functionalityWhenmodelusers only have Prefecture or CRESTA exposure, the
disaggregation engireutomatically distributethe exposureglowntot he ¢ h 0 me (in regi
tsunami, liquefaction risk or in the central business disjriotenable the model to continue to run at the
required resolutioy aggregatingosses frondisaggregatebtbcatiors.

1 Subperil aggregationshake FFEQ andsunamj—In the HD-simulation framework, the model samples
damage ratio for each syderil for each buildingand thenhe subperil aggregation module defines the
rules on how the model adjusts tbaeses for each syeril to reflect how the claims may be distributed
across the superil coverages.
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3. Source Modeling

The RMS earthquake rupture forecast model is based on the database of earthquake sources and underlying
data of the 2017 National Map of Earthquake Prediction of the Earthquake Research Committee (ERC) of the
Headquarters for Earthquake Research Prom@i&iRP) under the Japanese ministry of Education, Culture,
Sport, Science, and Technolo@fyRC, 2017). These maps and related products (including tables and map
objects from the Japan Seismic Hazard Information St&lioHIS website) are referred to 8£RP 2017n

the remainder of this document. In addition, RMS reviegach component and moplemented or revised

them where more information could be brought to bear. In that cotitex@013 report by ERB]on “ L ong
term evaluation of seismicity along Nankai Trough
Trough regiorand Satake (20134] were very useful in pointing out that there are very different estimates

for the 30yea conditional probabilities for large events, for example on the Nankai trough. The time
predictablemodel with uncertainties (ERC, 201f5] yields 60%-70%. The longerm evaluation report on

the Nankai interface (ERC, 20180 reports a 3@ea BPT conditional cumulative density functions (CDFs)

of 6%6-30% and a Poisson CDF of 20%he existence of theseery different perspectives motivated to

revisit this question.

3.1 HERP 201Tomponents

HERP 2017 includes several elements. Crustal faukscharacterizeds planesinformed by geological
mapping Ther earthquake aurrence models are informed Ipaleoseismology andistorical and
instrumentakarthquake recordmd chosen aoming fromtime-dependent, BrowniaRassagdime (BPT)
distribution with very small aperiodicities (qugmriodic models) They are computed a80-yea
probabilities Small to medium rustal, interface and intraslamurceshavetime-independentatesthat are
defined through catalog analysindlocatiors thathonor the geodynamics of the regidimeirgeometry goes

from line sources$or the smallest events (a.k.a., background eveémtsictangular sources of increasing size

as the magnitude increagesk.a., mediunsize events)The line sources use Matsuda (1975) for magnitude
length relationship, which created notably shorter events than most other scaling laws for the samé@emagnit
Note alsothatthe medium size events that are on the Japan trench are chosen tmtilas/erthe whole

Japan trench and do not cover only the location of pastwdBtse.g., Miyagtoki and northern Sanrikaki).

This is a departure froprevious {.e., preTohoku) HERP model&inally, megathrust evenigith magnitudes

up to around M%re considered on the Kuril subduction interface, the Japan trench interface, in the Kanto
region(SagamiTrough, and on the Nankai interfag¢see Fig. 1)The geometryof the sourcess given by
complex point cloudsind their segmentation reflects past seismicity. TB@iyea recurrence probability

relies on date of most recent eveatterage recurrence betwg@to 5) mostecent eventby segmentand a

small aperidicity, except for Sagami and Nank&or Sagami, thenean recurrencand aperidicity come

from maximum likelhoodusing the last 3 events in the Kanto region and assuming the BPT Fard¢ankai,

a timepredictable model with some uncertainty is used and also takes the form of a BPT distribution with a
small aperiodici.

3.2 RMSEnhancements

A) RMS used théength ofcrustal fault sources in HERE)17 to test the scaling relationship and found that
sampling theTakemura(1998) [6] for events smaller than 6.8nd the global Wells and Coppersmith
relationshipfor events larger than 6dlowedbestconsistency

B) JSHIS models crustal faults as planes, with one point defining beginning and end of tiM8ulipdatd
this with the complex traces from internal RMS development, but maintainegtoneetry(dip and depth)
and reoccurrence parameters defined iHBE&P 2017model.

C) RMS reviewed the shape of the likelihood contours for the Sagami megathrust events, as weltlas the
datasetsand modelpresented in the Sagami repdstven tle very broad interevent time distribution obtained
by scientists sampling from the agesha# uplift terraces, the complexity of the scenarios that are folded under
the “Sagami t r overygflat’anddroad tikelibood fa elBPT gammeters obtained using only
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3 events (the 1923dfto eventthe 1703 Genrokaarthquakeandanevent in1293) RMS decided to use the
whole posterior probability to build the recurrence model, not just the maximum likelihood parameters.

D) Finally, many emergency and risk management applications require quantifying a probability for large
events coditioned on the time since the last event. When the seismic source is complex and has either a
geometry or a faulting behavior that does not directly obey the hypotheses of simple renewal models, it is
important to design strategies so that useful infaonatan still be transferred to the stakeholddéapanand

more precisely, the Nank@irough presers a case in which segments of a given source can either rupture on
their own but in clusterere, in pairspr rupture all together in one very large event. Although the region has

a spatial distribution of small to moderate interface events that dossemtto obey any segmentation, the
megathrust events have happened gpesodically since 684 and have either ruptured at least the two central
segments at once (Nankai Y and Tonankai X) or at least the two central segments in two earthquakes a few
hours to a few years apart. A renewal model analysis of the Nankai segment or the Tonankai segment
independently would only provide a recurrence mod
the information on the clustering would be lost.

HERP2017 decided to compute the recurrence of large events and then to apportion this rate to a number of
possible scenarios according to their relative likelihood of occurrence knowing the long history of past events
in that region. The Nankai report showat different methods lead to very different estimates for the budget

for large megathrust events. The method retained in HERP 2017 uses tpesiiiicéable model value for the

time to the next event, plugged into a BPT distribution with a small apatio@iiven that megathrust events

on the Nankai subduction interface cause losses over a wide ar@aparticular in industrial and highly
populated regions (in particular in the eassections), the recurrence of these events contribigagicantly

to the risk landscape of Japah.small aperiodicity leads to very high hazard rates (or small effective
recurrence) when the time since the most recent event becomes close to thecoreamcestime. However,

the smaller the effective recurrence, the larger the required reserves for solvency purposes. How the uncertainty
on recurrence is handled is therefore very important

RMS developed an originahethal to better constrain this budgét usesthe history of past events build
the likelihood of theBPT model parameteréincluding the open intervalfor this purposeeach pair of
adjacent eventis considered asne renewal model event.

Then convergence rate and slip per event informatiderred for the Nankailrough area in numerical
simulations of megathst eventare combinedo build an empirical prior for mean recurrence tifde The
weighted average of all BPT
distributions (with weights equal to
posterior probability of the parameters)
is then used together with tliate of
last episode (1944) to compute the
current hazard rateSimilar to HERP
2017, this rate is then apportioned to the
various scenarios according to their
relative likelihood.

Japan Trench The RMS model follows a simulation
methodology. To create time series, the
= last step is to constrain the time
gspaniearibouakeianc between events in a pair.\@&n the few
Tsunami HD Model . .
Subduction Interface Sources  documented times between events in a
[ Nankai Trough H H H H
rital Trongh Al pair, we chose a Iognor'mal distribution
[1Japan Trench such that half of the pairs are complete
SEHTomnch within 1 year, 75% within 2 years and
Fig.1 — Outline of megathrustources 90% within 3 years.
4
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E) The suite of stochastic eventwas enhanced with a magnitude utaiaty around the nominal magnitude
for eachHERP 2017scenario. Note that for the tsunami part of the model, each scemagiatude was
assessed for how likely it was to give rise to a tsunami.

4. Ground Motion Modeling

The sésmic hazard module imur Japan Earthquake HD Model includes tadditionalelements: ground
motion characterization and geotechngail data. Accurate ground motion characterization is very important
in seismic hazard assessments. Strong ground motionddayisarthquakes can be measurediifferent
ground motion intensity measurégaMIMs, such as peak ground acceleration (PGA), spectral acceleration
(SA) and Japan Meteological Agencyintensity (JMA). Ground motion prediction equations (GMPES)
predictthe meangroundshaking levelat a siteas a function oariouspredictor variables, which include
source, path (i.e. siH®-source distance) and site effeatong with the ground motion uncertainty
Additionally, the geotechnicatoil datg i.e. time-averaged shear wave velocity to 30m deptksdVis an
important input for site amplification models that modify treund shakindpy incorporaing the local site
conditions.

JSHIS and HERP use a simple GMPE logic tree that is based on Si and Mido(ka®@@awhose prototype

is Morikawa and Fujiwaré2013 model.Since Japan hame of the mosabundant observed ground motion
recordingsin the world,RMS collected data from KiNet and kNet, perfamed detailed data alysis and
validation with key events to determine the candidate GMPES suitable for Qdgsanvation data flatfile from
Dawood et al(2016 [8] is included toaugmentthe data.Accordingly, he Japan Earthquake HD Model
implementsalogic tree usingectonic regime dependefdgcally derivedJapanes&MPEsto capturelapanese
ground motion characteristiggoperly,and epistemic uncertaintyhe model calculates the ground shaking,
at a location, as a weighted average from the suite of these GMPEs which are applicable to an event within a
given tectonic regim@-ig. 2). The resultingsMIM represents the grousthakingunder the standardizedak
conditions(i.e. Vs3=760 m/s) The model then alters th&MIM usingthe surficial (default sediment depth)
andor subsurficial (within sedimentary basin boundarias)plification modedthat account fogeologic and
site conditionsbasedon the location of the sit@-ig. 3, seedetails in Kwak and Seyhan, 20xx, in prel€})
Regarding thdarge ground motion uncertainty, the modeiplementsalternativeGMPE branches to help
visualize the variability in ground motion uncertainty associated withotie treeGMPEs. These GMPEs
alsovary regionally. This functionality ithe Japan EarthquakéD Model enables users tb) stress testhe
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Active crustal source boundary
Subduction zone source
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Active crustal regions
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e 2

Fig. 3— RMS site period map for entire Jap@neen
Fig. 2 — Tectonic regimespecific GMPE regions ir  to purple color indicates the transition from short
Japan long periods)
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impact of modeledower and upper bounds of the ground motiand2) obtainreasonableange ofinsured
losses around the RMS reference view of.risk

5. Geotechnical Modeling

Geotechnical hazards evaluated in earthquake loss models include modeling of the site parameters to predict
ground motion amplification, liquefaction, and landslide as well as the building response to thesenio
effects.

While the site response h&®en correlated to several factors this study proposes a new geostatistical
methodology for mapping one of these parameters Vs30, theatieraged shear wave velocity of the upper

30 meters. Estimating Vs30 in Japan is improved utilizing a new gedstatigtatial prediction model. The

new Vs30 map was focused on improving spatial prediction of Vs30 using a new trend, the spatial variability
in the median value. The new map uses a combination of surface geology and multiple resolution of valley
bottomflatness, MrVBF, for unconsolidated geology units and surface geology for lithified units. The map of
Vs30 for Japan is shown in Fida.

An accurate spatial representatiorited near surface or depth to the first occurrence of groundwater improves
the prediction performance of liquefaction loss models. If groundwater is below a susceptible layer, that layer
is unlikely to liquefy. Monitord groundwater depth, in general, becomes sparse and discontinuous over space,
which leads to inaccurate geostatistical estimation. Fortunately, auxiliary digital elevation model output
(DEM) correlated with the ground water elevation becomes availablermadr of theEa r t shrface. At the

same spatial grids another auxiliary distance to water body (DWB) can be obtaisiabl€1S techniques,
namely a Euclidean distance calculation. Through an external drift model within a geostatistical estimation
framework and local Kriging where monitoring stations @éeasewe predict a groundwater depth for the
specific application in pudiction liguefaction damage as show in Hb.

Groundwater
Depth (m)

i / o <
760 - N 2-10m

g 10-300

1200 ) -

; B >300

Figs. 4a and4db —Vs30 and groundwater depth map of Japan

Vs30 (m/s)

5. Vulnerability Development

The Japan Earthquake HD Model vulnerability functions are spectral redpasesg functions, which RMS
developed using the latest research studipsiformancebased earthquake engineering. RMS calibrated and
validated the vulnerability functions using billions of dollars of claims data from the 2011 Tohoku and 2016
Kumamoto earthquakes in addition to damage statistics from older events such asli®8&d&K2004Aliigata
Chuetsu earthquakeThis section introdus®verall framework and key vulnerability components.
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5.1 Inventory Database Based on Japan Specific Building Classifications

The risk classification scheme and vulnerability functions work in combination with a Japanese building
inventory database, which is explicitly defined within the Japan earthquake vulnerability module. In cases
where a building's occupancy, construction class, age, or height is not specified, the vulnerability module uses
a building inventory database to @éyp a composite vulnerability function for the location of intefeMS
classification schemes include Japan specific fire insuradceme The building inventory is defined at
city/ward resolution and split into seven different regions primarily basdouilding height. Figs shows
inventory region assumptions in city/ward resolution in the vicinity TokyoRagd represents the inventory
distributions by year built and height in high urban area (H7 regibn}.the inventory development, RMS
created and used a building database (including more than 95 percent of building footprints with occupancies
in Japan) and Japanese Construction Year Books to classify city/wards into the seven different inventory
subdivisions and assign the distributionsdonstruction, height, and year built by occupancy type. We also
used the 2009 Housing Survey and the "2@080 Fixed Assets Summary Report,|rtcorporatenore recent
information and more specialized risks.

100 Tall2
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20 :

0 - . mLow2
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Fig. 5—Japan earthquake building inventory Fig. 6— Year built and construction assumption

assumptions in the Tokyo Metropolitan region ~ H7 (High Urban)
H7 (High Urban) H1 (Rural)

5.2 Empirical Approach Using Dama@gatistics

Vulnerability functionsare affected by socioeconomic and cultural factors as well the fragility of the building.
Accordingly, vulnerability function calibration using damage statistics and claims is as important as the
analytical approach which will be discussed in the next section. Japan has a great track record collecting
damage statistics since Edo Era and RMS reconstruatashwide losses for major historical events since
1891 as introduced in Section 6. Vulnerability relativities by constructionpygidand height were primarily
derived based on events after the 1995 Kobe earthquake, which include recent the 2Rt hidioe 2016
Kumamoto earthquakes. BigZ shows examples of damage statistics from the Kumamoto earthfjjke

Wood Steel

100% - — 100% - —_— 100%
80% l m Collapse 80%

RC
80% -
60% Heavy damage| 60% I 60% I
20% 40% 40%
20% Minor damage 20% I I 20% I
. 0% 0%

0% f— m No damage
Before 1981 ~ After Before 1981 ~ After Before 1981 ~  After
1981 2000 2000 1981 2000 2000 1981 2000 2000

Figs. 7— Damage statistics from the Kumamoto earthquakes, Mashiki TwnamotoJapan [4]
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used for yeabuilt relativity. 2,340 buildings in Mashiki Town, Kumamoto Prefecture including undamaged
buildings were studied and figwelearly show unique trends in ydarilt by construction. Damage states

were translated into damage ratios using associated repair costs to drive relativities among different
constructions

5.3 Analytical Approach Using Structural Models

While damage statistics and claims data are useful to validate the core of the vulnerability model, there are
many combinations of construction class, height, and structural characteristics that need to be differentiated.
To fill in the gaps in the observatioratd, RMS creates analytical models to assess structural performance.
Fig. 8 provides a schematic of the provides a schematic of the simulation framework for developing these
"base" vulnerability curves. RMS analyzed incremental, dynamoielinear time histories (IDA11]) for

seven representativeinforced concreteRC) andsteel buildings with four different heights (3F, 6F, 12 and

17F) provided by Japanese engineersNIKT/KIK -Net strong motion data with peak ground accelematio
(PGA) greater than 0.1g from 1996 to 2017 were used across a range of distances, magnitude, source type anc
site conditions (13,600 ground motions in total). We then convert the analytical resukstantelrift, floor
acceleration, and ductility tias to a building damage ratio using the component level (drift and acceleration
sensitive separately) fragility related information provided by local experts, experimental studies and observed
damage statistics primarily from 1995 Kobe earthquake oméntmrmance evaluation of each building
component. Fi@ includesincrementatlynamicanalysisresultsfor RC 12Fbuildings.
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Figs.8— Schematic of the simulation framework for Figs.9 —Incremental Dynamic Analysis
developing seismic vulnerability curves Results for RC 12F Building (Post 1981 Cod

6. Probabilistic Tsunami Model

The devastating tsunami events including the Japan 2011 tsunami and Indian Ocean 2004 tsunami had major
impacts on the coastal communities. Tsunami risk had been previously assessed by the limited number of
scenarios due to the lack of data and the cortglef tsunami hazard and vulnerability modeling. Great
progress in collecting data, scientific improvements of tsunami assessment and modeling, and the huge
technological improvements of parallel computation in recent years now enable us to model tsunami
inundation hazardtvery fine resolutions.

The RMS tsunami model combines the Probabilistic Tsunami Hazard Assessment (Rrbl#gniet al.,
2020)[1] with detailed vulnerabilityexposure and financial models to identify the loss estimation and tsunami
risk. RMS tsunami model includes the following components:

1) Tsunamigenic Seismic Source Identificatidie geometry and magnitudes of the tsunami sources are
derived from the set afourceqFig. 10) that are provided by HERP through the Japan Seismic Hazard
InformationStations lttp://www.j-shis.bosai.go.jp/en/For each tsunamigenic source, a set of stochastic
slip distributions has been modeled as input for deformation modeling.

2) Ocean/land Deformation Modéelrhis component calculates the deformation caused by the tsunamigenic
earthquakes both for the ocean &art. The deformatiorstthe ocean generate the initial tsunami waves
and the deformatioretthe land are used to adjust the land elevation after the earthquake.
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3) High-resolution Numerical Wave ModeNonlinear shallow water equations are numericadlyed to
simulate the wave propagation and coastal inundation. The wave model includes three layers of nested
grids and the finest grids have a resolution of 50and cover both east and west coastlines of Japan.
Variable land friction coefficients areesto accurately model the inundation patterns inland.

4) Tsunami Vulnerability model:Tsunami fragility curves are developed using the comprehensive data of
Japan 2011 event. In the vulnerability model both tsunami height and tsunami velocities have been
considered[12]

5) Tsunami Risk Assessmeiithe probabilistic tsunami hazard is combined with the vulnerability, exposure,
and financial models to deliver tkgunami risk assessment for eastern and western coastlines of Japan.

Japan Seavents

Moderate Interface &
Intraplate events

Large Interface events

Fig. 10— Location of tsunamogenic sources for the RMS Japan Pbdel. Lines displayec
indicate depth contours of the different sources

Daiichi
Nuclear
plant

Daini
Nuclear
plant

b E oW . =i i
Fig. 11 — Inundation depths and extent at Fukushima region corresponding to one of
Tohokulike stochastic events.
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The RMS probabilistitsunamimodel includes roughly 750 stochagbiotprints The inundation maps tfis
stochastic set illustrate a large variety of coastal inundation due to the height of the initial wave generated in
the ocean, thanitial wave direction or their angle of incidence along the coast, the coastal profile, and other
coastal processes such asver reflection and edge wavésg. 11 illustrates the inundation depth and extent

in the Fukushima region corresponding to one ToHi¥a stochastic event and slip distribution. The
histograms of maximum water depth at Fukushima Daiichi nuclear plarffukughima Daini nuclear plant
illustrate and emphasize the necessity of a probabilisticreghiution model to identify the complexity of

the tsunami risk in Japabetailed tsunami hazard curves and return period maps of different regions along
the Japn coastline are provided in a companion paper by Farahani et al..( @@2@ailed description of the
probabilistic model is found in Woessner & Farahani (2028].

7. Model Validation

To validate a model, RMS compares model componentsoatplt with comparabldenchmarks, and
evaluates the results of each test. Catastrophe models repesgiex physical processes to extrapolate
rationally beyond a limited historicakcord. Multiple, independently calibrated component models each
characterize anigue aspect of the overall process. The resulting model extrapolates far beyistbtieal
record, which for Japan earthquake is several hundred years.

To ensure that these extrapolations are feasible and consistent withebquendnce, RMS validates model
components and losses against relevant, recdservations. However, loss benchmarks are not
comprehensive or stationary #pace and time. Losses experienced even 10 or 15 years ago would be very
different if the same event ocaed today, due to ongoing changes to the building stoéigstructure,
mitigation measures (such as building code updates), insumeradration, policyholder behavior, and
insurance policy conditions. In addition, tlss record is relatively shortrfealidating catastrophe losses.
Standaloneomparisons with loss benchmarks therefore cannot conclusively validatedols, particularly

for extremeevents or worstase scenariof\s well as loss validation, RMS therefore validates each model
comporent, using the relevant science and data forcaiponent.

The RMS modelcontains 1&istorical event reconstructions, including the major events in the Tohoku and
Kumamoto earthquakes. Since most of the 18 historical events have limited olzgenved motion data,
RMS models them by reconstructing teeent rupture, anéstimating the hazard using ground motion
prediction equations (GMPEs). The Bi8torical events therefore provide a view of what the losses could be
if the eventhappens again in the futurBarthquake historical events are not frequamiugh to establish
longerterm lossmetrics. To provide additional metrics of reasonableness, RMS calculates thepeziodn

of the modeled historical events based on t . ——HD Model © Event Loss

stochastic exceedangarobability losses for the
RMS 2018 Japan Industry Exposurgatabase
(IED).

Fig. 12 shows return periods for key events o
exceedance probability (EP) curvessed on RMS
economic exposure. As observed in the plot, rett
periods of weHknown events in Kanto region suct
as the 1703 Genroku Earthquake, 1923 Gfeato
Eathquake, and ToshiNanbu scenarios are within
expectation in theengineering community. The .,

return periods of 2016 Kumamoto and 2011 Tohol o Ty
events are short, becausealerall exposure within

the footprints of these events ssnaller than the Fig. 12 — Exceedance probability curve: ground
nationwide total exposure for all lines of business on the RM$onomic

Several sets oflapanesgovernment loss estimate ©XPosure database with return periods for key
examine the potential impacteom key scenario historical events and scenarfg®vided inbrackets

2016 Kumamoto (5)

ity

0.1
1995 Kobe (27)

2011 Tohoku (38)
1891 Noubi (53)
0.01
Toshin Nanbu Scenarios (154-178)

1923 Great Kanto(424)

0.001

Occurrence Exceedance Probabili

1703 Genroku (1601)
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events. As part of model validation, RMS compared motidellosses and the distribution of losses to key
government studies. Although, RMS ahd government studies follow different approaches to estimate losses
for givenscenarios, the overall losses and event footprints are compdfahl&3 compares th groundup
economic lossesésidential, commercial and industrial combinedth the economic lossesleased for key
government scenarios by the Cabinet Office.

As one of the final model validation stefike team compared tsunami losses levels thighlosses due to
ground shaking on per event basig:ig. 14 provides this comparison for key events on the major subduction
zones surrounding Japarhis plot shows thashows that Nankai events have high losses for tsunami and
shake. Sagami events have high losses for shake but lower losses for tsunami, besthigg raxposure
cities close to the Sagami trough are protected from high tsunami waves due to the coastline profiles.

8. CO”CIUSlonS = Government Estimate = Modeled Loss

250
The RMS Japan Earthquake and Tsunami HD Mo
incorporates keyresearch advancements from tt
2018 Japan Seismic Hazard Maps, as well as |
lessons learned from the 2011 Tohoku Earthquake
2016 Kumamoto Earthquake.Leveraging a
substantial amount of detailed damage statistics
claims datafrom recent events, ¢hRMS nodel
assesses buildimerformance due to ground shakin
tsunami inundation, fire following earthquake
liquefaction, and landslides. The inclusion of the % ashin Nanbu Chokka 1923 Great Kanto M3.2 Nankai Trough M.0
five_ sources of_potential propertyiamage qnd Fig. 13—G$B3undup economic losses combining
business interruption losses provides a canensive

luti ¢ ) dq diff tiati the risk residentialcomnercialand industrial for key
solution ‘for managing and ditterentialing the ns government scenarios (Source: Cabinet Office)
posed by earthquakes in Japan.

N
8

Trillions)
38

8

Ground-up Economic Loss (JPY
(%))
(=]

Fig. 15 shows magpof loss costgor commercial and bk oo Bousndl .
industrial exposures across Japan. Loss costs a | sgmam oo ses o
calculated by normalizinthe annual average loss by

the exposurevalue The loss cost distribution is
helpful for understanding the key drivessrisk and
the risk relativities across regions and lines of
business. Looking at both majitsis clear the seismic
risk in Japan is driven by the major subduction zone:
along the Pacific coasiThe Tohoku region shows
lower coastal loss cost because the model accounts f
the fact thathere was a very large eventthis region

in 2011 and thtbased on time&lependent recurrence >

modelingthe rate of large events is now lower in this 10 gt 22

region compared the coastlines further to the soutt ol A
The variations between commercial and indushoisg B ﬁ . ::“ ¥
costsare driven by the differences in primary building ‘ Sidhe, L. 2A4e ‘&A:
characteristics (constructiomlasses and buildg oo T 100 :
heights primarily) and how building with these

characteristics are expected to perform in futurd=ig. 14— Tsunami loss versus shake loss for RV
earthquakes. tsunami set calculated the expected mode

35 4

25

20 1

15 4

Tsunami Loss (JPY Trillions)

150 200
Ground Shaking Loss (JPY Trillions)
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Fig. 15— Loss cost maps for commercial and industrial exposures across Japan. Loss costs are calculat
normalizing the average annual loss by the total exposure value and are presented on a per 1k of value
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