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Executive Summary

Tsunamis can be a dangerous and destructive natural hazard. Pacific nations are particularly
exposed and tsunami risk is a serious concern. Tsunami and disaster risk reduction is
recognised as a cornerstone of sustainable development by the Australian Department of
Foreign Affairs and Trade (DFAT) who co-funded this work with the World Bank.

This document provides guidance on how to assess earthquake-generated tsunami
inundation hazards for Pacific Island nations. The methods described leverage the 2018
Probabilistic Tsunami Hazard Assessment (PTHA18) developed by Geoscience Australia. The
PTHA18 provides a global database of modelled earthquake-tsunami scenarios and
frequencies that is shared under a Creative Commons License for the benefit of the global
community. When used with tsunami inundation models, the PTHA18 can be used to assess
the inundation hazard. The PTHA18 and these guidelines only consider tsunamis generated
by undersea earthquakes, which cause the majority of tsunamis worldwide. Other
geophysical processes such as landslides and volcanoes can also generate hazardous
tsunamis, but require quite different modelling techniques beyond the scope of this work.

The intended audience for these guidelines includes scientists, academic institutions, and
technical specialists responsible for assessing the tsunami hazard in the Pacific. Concepts are
explained within the text and additional detail is provided in both the appendices and through
links to online tutorials. We also encourage familiarisation with the relevant research.

Two methods are presented to assess the tsunami inundation hazard for a given location:

1. Scenario-based: This is a very flexible method that involves the selection of a subset
of tsunami scenarios from the PTHA18. A variety of criteria can be used to guide the
scenario selection, including the tsunami frequency estimates in the PTHA18. This
method is less computationally intensive than the Monte Carlo sampling method.

2. Monte Carlo sampling: This method allows for rigorous translation of the tsunami
frequencies and uncertainties in the PTHA18 to the onshore site of interest. It is less
subjective than the scenario-based approach, and can give a more comprehensive
representation of the hazard uncertainties implied by PTHA18. This method requires
the modelling of hundreds of scenarios and can be very computationally demanding.

Both of these methods are widely applicable to the Pacific region, and case studies of tsunami
hazard assessments from Pacific Island nations are included. We acknowledge that research
into other methodologies is ongoing (e.g. Chock, 2016) and we expect the standards of best
practice to evolve with advances in technology and science. We further encourage the open
licensing of datasets used to support collective efforts towards community safety in the
region.

An additional resource providing instruction on how to procure a tsunami hazard study is
provided in Appendix G.
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Key Terms

Key terms are bolded in the text at the first occurrence and definitions are provided below
in alphabetical order. Definitions are provided in terms of their use in this document and

relation to tsunami hazard science.

average recurrence intervals (ARls)
computational effort

deaggregation

deformation grids

exceedance-rate curves

fault area

Gutenberg—Richter b-value

hazard points

high-performance computing (HPC)

heterogeneous slip

hydrodynamic modelling

inundation

logic-tree mean

magnitude—frequency

maximum magnitude (Mmax)

maximum stage

non-parametric bootstrap

The average time period in years between
tsunami events that satisfy given criteria.

The amount of computing resources required to
carry out a task.

The separation of different source-zone
contributions to the overall tsunami hazard.

A geographical xyz grid showing the amount of
vertical movement due to an earthquake and the
locations it occurs.

A graphical depiction of how frequently tsunamis
that exceed a given parameter occur.

The area between two tectonic plates that slips
during an earthquake.

A parameter of the Gutenberg—Richter
earthquake frequency model that determines
the relative frequency of large and small
earthquakes.

Location points that store tsunami wave and
frequency data for the PTHA18.

Any computing system that enables much higher
performance than with a standalone desktop or
similar.

Earthquake slip that varies spatially over the fault
area (see Appendix A).

The simulation and study of water motion such
as tsunamis.

When the tsunami floods the land.

A quantity derived by averaging over all
alternative models that are used to represent
epistemic uncertainties.

The relationship between an earthquake’s
magnitude and its frequency.

The maximum possible magnitude of an
earthquake for a given source zone. This is often
poorly constrained.

The maximum tsunami water level above the
background sea level.

A resampling method used to compute
confidence intervals.



non-uniform sampling

offshore

onshore

percentiles

probabilistic

Probabilistic Tsunami Hazard

Assessment (PTHA)

PTHA18

risk

root-mean-square error

scenario

seismic coupling

sensitivity analysis

slip

source zone
stage

stratified/importance sampling

Sampling such that the sampling effort is
deliberately varied in different parts of a
population.

In the ocean some distance from the shore. In
this document this often describes the locations
of hazard points.

On land.

Used to describe uncertainty in exceedance rate
curves. For example, the 84th percentile curve
gives an exceedance rate that we are 84% certain
is larger than the true value.

Use of probability theory to represent
randomness and uncertainty. Probabilistic
tsunami hazard models provide estimates of the
tsunami hazard, frequency and associated
uncertainties.

A comprehensive tsunami hazard assessment
that attempts to model all possible tsunami
events and provide estimates on the tsunami
hazard, frequency, and uncertainty.

The 2018 Australian Probabilistic Tsunami Hazard
Assessment, developed by Geoscience Australia
for public use. It can be used for local
earthquake-tsunami hazard assessments in much
of the Indian and Pacific Oceans.

Risk is a combination of hazard, exposure, and
vulnerability. How dangerous is the tsunami?
How likely is it that a location will be affected?
How likely is it that people and structures will be
harmed?

The square root of the mean square of a set of
errors.

One specific hypothetical earthquake and the
resulting tsunami.

The fraction of plate tectonic movements due to
earthquakes (noting slow slip events are not
classed as earthquakes).

An analysis to determine how much a model
output changes with changes in input variables.
The amount of relative displacement between
tectonic plates during an earthquake.

A region in which earthquakes occur.

The water level above the background sea level.
Sampling within different magnitude bins with
different importance criteria applied to reduce
the overall number of scenarios required for
modelling.



stratified sampling by magnitude

subduction zones

uncertainty

validation

variable-area-uniform-slip

wave train

wave time series

weighted mean

random sampling with replacement

Sampling scenarios within different magnitude
bins. For example, 30 scenarios for every 0.1 Mw
bin.

A tectonic plate boundary where one plate is
riding over the other. This is the type of plate
boundary where most tsunamis are generated.
The degree to which the information is imperfect
or unknown.

An approach to check that a model achieves its
intended purpose. This may involve comparing
model results against real-world observations.
Representation of an earthquake that uses a
constant slip across a randomly varying rupture
area (see Appendix A).

The sequence of waves that make up a tsunami.
A sequence of tsunami waves presented as time
and water level data.

A mean where some values are weighted to
contribute more than others.

Sampling tsunami scenarios by randomly drawing
from the available scenarios, recording that
scenario, and then returning that scenario before
drawing the next sample. Scenarios may be
drawn multiple times but are always drawn from
the same set of scenarios.



1. Tsunami Risk in the Pacific

The Pacific experiences more tsunamis than any other ocean in the world. Most tsunamis are
generated by undersea earthquakes but they can also be caused by landslides, volcanoes,
atmospheric pressure waves and asteroid impacts (NGDC/WDS, 2021). While a variety of
mechanisms can generate hazardous tsunamis, these guidelines are limited to hazard
assessment for earthquake-generated tsunamis on major subduction zones.

Earthquake-generated tsunamis represent an important fraction of the hazard; around 75%
of historical tsunamis were generated by earthquakes (NGDC/WDS 2021). Historic
earthquake tsunamis in the Pacific region include the 2007 Solomon Islands tsunami, which
killed 52 people (Fritz and Kalligeris 2008), and the 1960 Chilean event, which killed over 1000
(Johnston et al., 2008) (Figure 1). The latter included over 200 deaths at distant locations in
Japan, Hawaii, and the Philippines, highlighting that tsunamis can be hazardous even many
thousands of kilometres from their source region (NGDC/WDS, 2021).

The methodologies in this document aim to facilitate the use of Probabilistic Tsunami Hazard
Assessment (PTHA) in the Pacific, to assist Pacific Island countries and territories in
understanding and mitigating their risk. PTHA is a family of methodologies used to estimate
the average frequency of tsunamis matching criteria of relevance for risk management
(Grezio et al. 2017). For example, we might want to estimate the average frequency of
tsunami inundation exceeding some depth (such as >1m) at a specific coastal site of interest,
where people or infrastructure will be located. Because tsunamis are rare, there is usually
limited data available to constrain the hazard, and the frequency of inundation is often
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Figure 1: Modelled tsunami wave heights above sea level similar to historic events: a) 2007
Solomon Islands earthquake tsunami; b) 1960 Chile earthquake tsunami. These events show how
tsunamis can create an ocean-wide hazard. Both scenarios were sourced from the PTHA18
(Davies and Griffin, 2018).



uncertain. A benefit of PTHA methodologies is that there is scope to quantify these
uncertainties and integrate them into the results, which is important because uncertainties
should have an influence on robust risk-management decision-making (Behrens et al. 2021).

Methodologies for PTHA are much better established for earthquake tsunamis than for
tsunamis from other sources (Behrens et al., 2021). That is why these guidelines are limited
to earthquake sources. In particular, for earthquake tsunamis, large-scale PTHAs exist that
provide a basis for earthquake-tsunami scenario design for site-specific tsunami inundation
hazard assessments (e.g. Chock 2015; Power et al. 2017; Davies and Griffin 2018; Basili et al.
2021). The current guidelines focus on how to leverage large-scale PTHAs for site-specific
earthquake tsunami inundation hazard studies.

Although not treated in this document, it is clear that landslides and volcanic processes are
also significant sources of tsunami hazard in the Pacific. While apparently less common than
earthquake tsunamis, they are also more prone to under-representation in historic databases
(Goff, 2011). Notable examples include the 1998 Aitape tsunami in Papua New Guinea
(generated by a landslide; Synolakis, 2002) and the 1888 Ritter Island tsunami (generated by
a volcanic sector collapse; Ward and Day, 2003). More recently the Hunga Tonga—Hunga
Ha'apai volcanic eruption generated a globally significant tsunami (15 January 2022). This was
caused, in part, by a volcanic explosion that generated a horizontally propagating atmospheric
pressure wave (Lamb wave), which applied a pressure force to the ocean as it travelled the
globe at the speed of sound. The tsunami generated by the Lamb wave was observed globally,
even in the Mediterranean Ocean. In addition the volcanic eruption generated a local tsunami
that travelled through the ocean, causing inundation in Tonga. At the time of writing, details
of the local tsunami generation mechanisms remain unclear, but may reflect water
displacement by the explosion, associated volcanic mass movements, or some combination
of factors.

PTHA methodologies for such non-earthquake sources are much less advanced than for
earthquakes (Lovholt et al., 2019; Behrens et al., 2021). Some progress in this area has been
made for landslides (Power et al., 2016; Lane et al., 2016; Clarke et al., 2019) and for some
volcanic mechanisms (Paris et al., 2019; Pakoksung et al., 2021). But to the authors’
knowledge there are no corresponding large-scale PTHA databases that can support tsunami
scenario design for inundation hazard assessments. Many Pacific nations are of volcanic
origin, such that landslide and volcanic processes are expected to significantly contribute to
the tsunami hazards in many cases (Goff 2011; Goff and Terry 2016). Although beyond the
scope of this report, we encourage further research on methodologies for assessing those
hazards.



2. What is Probabilistic Tsunami Hazard Assessment?

Probabilistic Tsunami Hazard Assessments (PTHAs) are designed to estimate the frequency
with which tsunamis of any given size may occur in the future. Although we cannot predict
the timing of future tsunamis, nor precisely how often they occur, PTHA enables their average
frequency to be estimated with quantified uncertainties. This is useful to support emergency
management planning and risk mitigation.

It is known that the largest and most destructive tsunamis occur with the lowest frequency
and as they are rare, coastlines with significant tsunami hazard may not have a historical
record of tsunamis comparable to a credible worst case (e.g. Atwater et al., 1995; Jankaew,
2008; Lovholt et al., 2014). Because tsunamis are often not well represented historically, the
tsunami hazard is often very uncertain (Grezio et al., 2017; Behrens et al., 2021). For example,
prior to the 2004 Sumatra—Andaman earthquake which generated the Indian Ocean tsunami,
the historical record did not suggest that such large earthquake tsunamis were possible in the
Sumatra—Andaman region (Satake and Atwater, 2007). However, there had been some
speculation that very large earthquakes and tsunamis might be possible, based on
consideration of uncertainties in the regional historical record (Cummins, 2004). PTHA
provides a framework where such uncertainties can be integrated into the analysis. This is
advantageous because it can facilitate more robust hazard assessment to inform risk
mitigation (Grezio et al., 2017; Behrens et al., 2021).

In principle, PTHAs involve the simulation of a large set of tsunami scenarios that are intended
to represent the full diversity of tsunamis that may occur in the future. This is a significant
undertaking and in practice, PTHAs may limit the scope to regionally significant earthquake
sources (e.g. Burbidge et al., 2008; Li et al., 2016), or to major earthquake sources at ocean-
basin or global scales (e.g. Chock et al., 2015; Davies et al., 2017; Yuan et al., 2021; Basili et
al., 2021).

The intention of PTHA is to estimate the frequency of tsunamis of any given size, and to
represent the uncertainty in these frequencies.

These guidelines focus on using offshore PTHAs to support site-specific tsunami inundation
hazard assessments in the Pacific. Offshore PTHAs are concerned with the size and frequency
of tsunamis in the deep ocean. For earthquake-generated tsunamis, several existing offshore
PTHAs provide databases of modelled deep ocean tsunami scenarios and frequencies (Chock,
2015; Power et al., 2017; Davies and Griffin, 2018, 2020). These offshore PTHAs cannot be
used directly to represent tsunami inundation because they represent tsunamis at relatively
coarse spatial scales (several kilometres). By combining their tsunami scenarios and
frequencies with a site-specific tsunami inundation model, the tsunami inundation hazards
can be assessed at specific sites of interest.

The advantage of leveraging offshore PTHAs for onshore hazard assessment is that the site-
specific studies do not need to re-implement their own analysis of tsunami scenarios and



frequencies. This saves time and promotes greater consistency between different studies. In
these guidelines the offshore PTHA we focus on is the 2018 Australian Probabilistic Tsunami
Hazard Assessment (PTHA18). The advice provided is also relevant to other offshore PTHAs.

Below we provide further information on how tsunami frequencies and uncertainties are
represented in PTHA, followed by a brief overview of PTHA18.

3. Tsunami Frequency

In PTHA, tsunami frequency information is often represented using exceedance-rate curves.
These model the average frequency (events/year) of tsunamis for which some quantity of
interest, such as a maximum water level, exceeds a threshold (Behrens et al., 2021). In the
context of tsunami inundation, the quantity of interest might be the water depth at a
particular site. When considering deep-ocean tsunami sizes in offshore PTHAs, the maximum
water level above sea level is more often used (e.g. Figure 2).

Modelled tsunami maximum water-level exceedance-rates
at a deep-ocean site (lon=158.45, lat=-15.66)

1.0000

Exceedance-rate (events/year)
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Tsunami maximum water-level (m above sea-level)

Figure 2: Exceedance rate curve example: Exceedance rates for tsunami maximum water-level above
sea-level at a given location (sourced from the PTHA18).

In these guidelines when equations are presented, exceedance-rate curves are denoted as
A(Q > Q7). Here Q is the quantity of interest, Q7 is the threshold, and A is the exceedance-
rate. Calculation of exceedance-rate curves in PTHAs requires that:



e The tsunami has been simulated for each scenario e in the set of all PTHA scenarios E.

— for each scenario one can determine whether the quantity of interest exceeds
the threshold (Q(e) > Q7).

e The scenario occurrence rates r(e) (events/year) have been modelled for all PTHA
scenarios e € E.

— in large-scale earthquake-tsunami hazard assessments, this is often achieved
by first modelling earthquake magnitude—frequency relations for each source
zone, and then partitioning the occurrence rates among the modelled
scenarios from that source (e.g. Power et al., 2017; Davies and Griffin, 2018;
Basili et al., 2021).

The modelled exceedance-rate curve 1(Q > Q7) is then:

2@ > QM = ) 1(guysen)

e EE

where 1(,,)>qm)is an indicator function which takes the value 1 if Q(e) > Q7, and 0

otherwise.

Exceedance rates are often transformed into alternative representations of the tsunami
frequency. Below we present several representations that are particularly common in PTHA:

e Average recurrence intervals ARI (Q > QT) give the average time between
repeated exceedances of the threshold in units of years. These are also often called
“Return Periods”, and are computed as:

1
SRR T

e Annual exceedance probabilities AEP(Q > Q) give the chance of one or more
exceedances in any year. The following equation assumes the events occur
independently:

AEP(Q > Q™) = 1 —exp[-1(Q > QT)]

e The exceedance probability over a specified time-frame 11, denoted
EP(Q > QT | 1), is similar to the AEP but uses a different time period (e.g. T = 50
years). The following equation assumes the events occur independently:

EP@Q > Q"|1) = 1 — exp[-A(Q > QM) 1].

All these different representations of tsunami frequency are widely used in PTHA. For
calculation purposes it is often mathematically easier to work directly with exceedance rates,
rather than the alternatives, because exceedance rates are additive.



4. Tsunami Hazard Uncertainty

Tsunami hazards can in principle be modelled at any site, even if few nearby tsunami
observations exist, assuming sufficient elevation data is available for hydrodynamic
modelling. However, the results will inherit any uncertainties in the representation of
tsunamis, their source processes and frequencies.

For example, models of earthquake tsunamis must represent the earthquake scenario
magnitude, geometry, rigidity, rupture area and slip. If exceedance-rate information is
desired, then decisions must also be made on the representation of earthquake frequencies.
These modelling decisions are not standardised, and different choices can have a large impact
on tsunami hazard assessments (e.g. Cardno, 2013; Li et al., 2016; Sepulveda et al. 2019;
Behrens et al. 2021). It is useful to distinguish between two kinds of uncertainty affecting
tsunami hazard assessment.

Epistemic uncertainties reflect our knowledge gaps and may be reduced with future
scientific advances.

Aleatory uncertainties reflect irreducible randomness that will not be reduced with
future scientific advances.

A key epistemic uncertainty affecting earthquake-tsunami hazards is the maximum
magnitude earthquake possible on a given fault (Mmax). Current-day scientific knowledge
offers little consensus on how Mmax should be estimated, and surveys of expert opinion
suggest large uncertainty on many subduction zones (Berryman et al., 2015). These
uncertainties are epistemic because, in future, they might be reduced by advances in paleo-
tsunami research or earthquake mechanics (e.g. England, 2018; Pilarczyk et al., 2021).

To illustrate the significance of present-day Mmax uncertainties for tsunami hazard assessment
in the Pacific, consider the case of the Kermadec—Tonga subduction zone, a key south-west
Pacific earthquake source:

e The Global Earthquake Model’s Faulted Earth Subduction Interface Characterisation
Project Version 2 suggests Mmax could be anywhere in the range 8.1-9.6 (Berryman et
al., 2015)

e A survey of experts at the 2018 Expert meeting on tsunami sources, hazards, risk and
uncertainties associated with the Tonga—Kermadec Subduction Zone found that
experts’ preferred Mmqax values were in the range 8.7-9.8, with an average of 9.4
(UNESCO/I0C, 2020).



These Mmax values suggest the largest earthquake tsunamis generated on the Kermadec—
Tonga trench might vary anywhere between:

e (Lower limit) An event comparable in size to the recent 2009 Samoa earthquake
tsunami (Mw 8.1)
e (Upper limit) An event larger than the 1960 Chile earthquake tsunami (Mw 9.5).

In this circumstance a “worst-case” earthquake tsunami scenario cannot be defined with any
confidence, and it is similarly difficult to estimate tsunami frequencies. Large uncertainties in
Mmax €Xxist on many other subduction zones (Berryman et al., 2015). Figure 3 shows how this
epistemic uncertainty is represented on different source zones in the 2018 Australian
Probabilistic Tsunami Hazard Assessment (Davies and Griffin 2018).

Range of the uncertain maximum-magnitude in PTHA18
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Figure 3: The range of maximum magnitudes used to represent Muyax uncertainty in PTHA18 (Davies and
Griffin, 2018). The x-axis labels reflect the source zone, and names containing underscores represent
segments (noting PTHA18 gives partial weight to unsegmented and segmented source-zone
representations). For example, “izumariana” refers to the full Izu-Mariana source zone, and the
associated segments are “izumariana_izubonin” and “izumariana_marianas”.

Maximum magnitudes are not the only epistemic uncertainty affecting tsunami hazard
assessments. Modelled exceedance rates are also affected by epistemic uncertainties in the
seismic coupling and Gutenberg—Richter b-value, and these uncertainties are substantial on
many subduction zones (Berryman et al., 2015).

Another class of uncertainties affects the relationship between the earthquake magnitude
and the resulting tsunami. In general this is modulated by the earthquake geometry. For
example, although a general positive correlation exists between the magnitude and fault area
of historical earthquakes, it is only approximate (Allen and Hayes, 2017). Figure 4 highlights
that some earthquakes exhibit a relatively compact fault area for their magnitude (e.g.
Tohoku 2011) while others cover a relatively large fault area (e.g. Sumatra 2004). This affects
the average earthquake slip, and thus the size of the resulting tsunami (Butler et al., 2017; An
et al., 2018). Natural variations in the spatial distribution of earthquake slip over the fault can



have a similar effect on the tsunami. These effects are important both near to the tsunami
source (e.g. Mueller et al., 2015; Melgar et al., 2019; Sannikova et al., 2021) and at trans-
oceanic distances (e.g. Gica et al., 2007; Li et al., 2016; Butler et al., 2017; Davies, 2019;
Sannikova et al., 2021).

Hazard assessments often represent this geometric variability as an aleatory uncertainty. In
practice, this is achieved by simulating a large number of random scenarios to represent the
intrinsic variability of earthquakes (Geist and Oglesby, 2014). The hazard results will also
depend on how these random scenarios are generated, which is an epistemic uncertainty (e.g.
Geist et al., 2007; Murphy et al., 2016; Scala et al., 2019).

a) Subduction Interface Earthquakes: Magnitude vs Length b) Subduction Interface Earthquakes: Magnitude vs Width

< Sumatrai2004 =>® | : : §. o ©
9_ 7Y B AT I S B R TR (S AR e s i 2 = L H ) H :
Sl Mo b B et B
" I M

(=] 1 i
3 o ® :. :
£ L = & |
= s E | & Bree e e
£ & . e 2 e s
2 8 = T i —
@ R [ W B LU SO SO i
@ . .
P N e® ®_: Ay
s = .'1 o r
[ ] ; : y ] :
0 . s .
!_ e Ry e 1"”””Wﬁ'f””f””ﬁf”f”””% 77777777777

| o

I ] ] I I 1 | 1 1 |
T8 8.0 8.5 9.0 9.5 7.5 8.0 85 9.0 9.5

Moment magnitude Moment magnitude

Figure 4: Relationships between earthquake magnitude and (a) rupture length, and (b) width for
subduction interface earthquakes in the database of Allen and Hayes (2017).

Tsunami risk-management actions should aim to robustly account for these uncertainties.
One strategy is to use hazard assessments that focus only on extreme scenarios, such as Mw
9.6-9.8 earthquakes on the Kermadec—Tonga trench (based on the higher end of expert-
opinion estimates above). If this is done while using earthquake properties optimised to
produce inundation at the site of interest, the results will provide a “probable upper-bound”
on future tsunami inundation from near-field earthquakes. While potentially useful, this
approach suffers the shortcoming of being very conservative. Furthermore, uncertain
decisions will still be required; for example, how concentrated is the earthquake slip
permitted to be?

An opposing alternative is to simulate a range of tsunamis with magnitude and geometry
comparable to known nearby historical events. These scenarios are credible and may give a
useful indication of the most exposed regions. However, this approach discounts the
possibility that future tsunamis could be much larger. Recent history illustrates the danger: in
the Honshu region of Japan, prior to the 2011 Tohoku tsunami, most hazard assessments used
Mmax of 7.9-8.5, based on imperfect knowledge of historical earthquakes (Kagan and Jackson,



2013). These hazard assessments substantially under-estimated the size of the 2011
earthquake (magnitude 9.1) and resulting tsunami. It is likely that consideration of larger
scenarios could have prevented the Fukushima nuclear accident and reduced the 19,000
fatalities (Koshimura and Shuto, 2015; Okal, 2015; Synolakis and Kanoglu, 2015).

4.1 Representing tsunami hazard uncertainty in PTHA

PTHA offers a framework for finding the middle ground between the “extreme” and the
“historically derived” types of scenarios discussed above, while accounting for epistemic and
aleatory uncertainties that affect the hazard information produced. A key benefit of PTHA is
that it provides a structured approach to including “known unknowns” in tsunami hazard
assessment. In risk management applications, judgments need to be made about how the
uncertainties should influence risk-mitigation measures. These decisions will involve trade-
offs that depend on the criticality of the application at hand; they are not simply modelling
decisions. Although this can be approached without formal reasoning (e.g. using expert
judgement to select scenarios appropriate to the application of interest) PTHA has the
potential to make the reasoning explicit. Furthermore, as compared with ad hoc scenario
construction, the assumptions underlying PTHA methodologies can be tested (at least
partially) by comparing the statistical properties of model predictions with observations for
multiple tsunamis. This is feasible at sufficiently large spatial scales (e.g. Davies, 2019; Davies
and Griffin, 2020; Selva et al., 2021).

To represent uncertainties in hazard calculations, PTHAs can use a set I of scenario
occurrence-rate models 7;(e),i € I, rather than relying on a single scenario occurrence-rate
model r(e) (used to define the exceedance rate in Equation 1). These alternative models
make different assumptions about the scenario occurrence rates. For example, one model
might assume a maximum magnitude of 8.1 on the Kermadec—Tonga source zone, resulting
in a zero occurrence rate for scenarios with higher magnitudes, while another model might
use the value 9.6, and thus assign a positive occurrence rate to the same scenarios. The
alternative occurrence-rate models can similarly represent other uncertain parameters, like
the seismic coupling or Gutenberg—Richter b-value, or even the way that earthquake
scenarios should be generated.

In PTHA these alternatives can be weighted within a probabilistic framework (Grezio et al.,
2017; Behrens et al., 2021). This provides a structured way to represent the epistemic
uncertainties. Different PTHAs vary greatly in the number of alternative models used. For
example, Li et al. (2016) considered 2 alternative models on the Manila trench, whereas
Davies and Griffin (2018) used at least 32,000 alternatives per source zone. The exact number
of models is not particularly important; rather it is important that they give a reasonable
description of the uncertainties that exist.



Because PTHAs use multiple scenario occurrence-rate models ;(e), they also produce
multiple exceedance-rate curves A;:

Equation 1

2@ > QM = D 1@ (gerson

e €EE

where each model i € I has an associated weight w;; more likely models will have higher
weights and the weights sum to one. The set of models and their weights lead to a distribution
of exceedance-rate curves which represents uncertainties in the true exceedance rate. The
latter distribution can be summarised, for example by using the weighted mean or a set of
percentiles (Power et al., 2017; Davies and Griffin, 2020). The model derived from the
weighted mean is often also called the logic-tree-mean exceedance-rate model, and is
computed as:

A= zwiﬂi(Q >Q7)

i€l

assuming weights w; are normalised to sum to one. An example depicting uncertainties in the
exceedance-rate curves using the logic-tree mean and a set of percentiles is shown in Figure
5.

Using the approach above, PTHA provides a framework in which observations, theory and
expert opinion can inform how scenarios are modelled and how alternatives are weighted.
Expert opinion has a particularly important role in data-limited situations that often
characterise tsunami hazard assessment (e.g. Basili et al., 2021). For example the Global
Earthquake Model’s Faulted Earth Subduction Interface Characterisation Project (Berryman
et al., 2015) suggests lower, preferred and upper limits for a range of parameters relevant to
magnitude—frequency estimation on subduction zones. Using PTHA the analyst can
simultaneously consider extreme scenarios, scenarios comparable to historical events, and
those in between, while quantitatively keeping track of the scenario credibility.



Modelled tsunami maximum water-level exceedance-rates
at a deep-ocean site (lon=158.45, lat=-15.66)
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Figure 5: Representation of epistemic uncertainties in exceedance-rate curves by using the mean

and a set of percentiles. A key feature of PTHA is that these uncertainties can be integrated into the
analysis in a structured way.



5. The 2018 Australian Probabilistic Tsunami Hazard
Assessment (PTHA18)

PTHA18 is a large-scale PTHA that simulates earthquake-generated tsunamis from major
earthquake source zones in the Pacific and Indian Oceans, with a focus on Australia (Figure
6). It estimates the frequency that earthquake tsunamis of any given size occur at
approximately 20,000 offshore locations referred to as hazard points. The hazard points are
globally distributed, including around large land masses in the Pacific. Major Pacific Ocean
earthquake sources are represented (Figure 6). PTHA18 models tsunamis with a relatively
coarse resolution (1 arcmin?) and so does not provide information on tsunami inundation.
However the PTHA18 offers a regionally consistent resource to support earthquake-tsunami
scenario design for hazard assessment.
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Figure 6: PTHA18 hazard points and earthquake source zones: (a) Hazard points where tsunami size
and frequency information are stored. Hazard points are coloured according to tsunami maxima
(normalised to 100 m depth using Green’s law) with an Average Recurrence Interval (ARI) of 500 years;
(b) The earthquake source zones used in the PTHA18 (Davies and Griffin, 2018, 2020).



Detailed information on the PTHA18 is available in the project report (Davies and Griffin,
2018) and subsequent publications (Davies, 2019; Davies and Griffin, 2020). The source code
and associated tutorials are available under a permissive open-source licence. The PTHA18
database is openly available and can be interrogated in many ways to extract earthquake
scenario initial conditions, wave time series at hazard points, exceedance-rate curves with
guantified uncertainties, and hazard deaggregation information (Figure 7). Specific tutorials
will be referred to throughout this document.

Further information on the PTHA18 is provided in the Appendices. Appendix A provides
earthquake source details and Appendix B provides a summary of PTHA18 testing.
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Figure 7: lllustration of products that can be extracted from the PTHA18 database (see tutorial
here): (a) The vertical co-seismic deformation field for a hypothetical Tonga-trench earthquake-
tsunami scenario, which can be used as a tsunami initial condition. Red arrows show the
heterogeneous-earthquake slip distribution (note PTHA18 also includes two varieties of uniform-slip
earthquake sources); (b) Example wave time series at a hazard point near Hawaii for three different
PTHA18 earthquake scenarios. The modelled scenarios produce waveforms that are similar to the
2006 Tonga earthquake (observations in black); (c) Hazard deaggregation plot associated with the
red hazard point, showing source zones that are more likely to generate tsunami maxima with an
exceedance rate less than 1/100; (d) Tsunami maxima (stage) vs exceedance-rate curve including
epistemic uncertainty information.
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Although these guidelines focus on use of the PTHA18, much of the advice is also directly
applicable to other offshore PTHAs. Modellers are encouraged to use such alternatives if
judged appropriate for their application.

e For example in the western USA, the ASCE tsunami standard provides a PTHA that is
mandated for use in certain design processes (Chock, 2015).

e In New Zealand, the development of much evacuation mapping has been based on a
separate national-scale PTHA (Power et al., 2017).

At any site, scientists should also consider the consistency of whatever large-scale PTHA they
use with other locally available information (such as historical and paleo-tsunami
observations). Although large-scale PTHAs use observations to constrain the modelled
hazard, there are technical challenges in comprehensively integrating all available
information. For example, direct use of onshore tsunami observations is difficult when models
do not explicitly resolve inundation (although subjective approaches exist; Butler et al., 2016).
If the offshore PTHA implies a hazard that is substantially inconsistent with inferences from
local data, then modellers should carefully consider whether it is appropriate to rely on that
offshore PTHA for their study. Furthermore, any such issues should be clearly communicated
with end users.

6. Tsunami Inundation Assessment Methods in the Pacific

Tsunamis are generally most destructive when they inundate the land. Tsunami inundation
hazard assessments are designed to estimate how deep the water may get, and how often
this might be expected to occur.

Offshore PTHAs, including the PTHA18, only provide information about the offshore tsunami
hazard (i.e. wave heights and frequencies). This document describes two methods to leverage
the offshore PTHA18 data to determine the onshore inundation hazard, by combining
scenarios and frequencies from the offshore PTHA with an inundation model.

The most complete way to understand the implications of the offshore PTHA18 for the
onshore hazard at any site would be to simulate inundation for every single offshore PTHA18
scenario. By combining these modelled onshore depths with the scenario frequencies in the
offshore PTHA, one could compute exceedance-rate curves at any site in the inundation
model domain.

Unfortunately, it is usually impractical to simulate inundation for all tsunami scenarios in the
offshore PTHA, because it requires too many high resolution inundation simulations, which
are computationally costly. As a practical alternative we suggest two different methods that
enable the number of scenarios to be significantly reduced. The two methods presented in
this document are as follows, with pros and cons summarised in Table 1:

1. Scenario-based: Simulation of a limited number of tsunami scenarios with nominal
return periods, which are inferred from offshore PTHA results at one or more nearby
hazard points.



2. Monte Carlo sampling: Simulation of a large number of tsunami scenarios (>100) in a
manner that can approximate the results that would be obtained by modelling all
PTHA18 scenarios, and fully represent the associated uncertainties.

Table 1: Pros and cons of the scenario-based and Monte Carlo sampling methods.

Pros Cons

Scenario-based

e s flexible

e (Can target specific events

e User judgement can easily influence
the scenario selection.

e The number of scenarios can be
kept low and reduce computational
costs.

Involves subjective judgement
Does not formally approximate the
inundation hazard that would be
obtained by simulating all offshore
PTHA scenarios.

Uncertainties are not rigorously
represented.

Monte Carlo sampling

e Formally approximates the
inundation hazard that would be
obtained by simulating all offshore
PTHA scenarios.

e Uncertainties can be represented in
the same way as in the offshore
PTHA.

e s less subjective than the scenario-
based approach.

Has high computational cost
because many scenarios must be
modelled.

Is more technically challenging to
implement than scenario-based
approach.

Is more difficult to integrate user
judgement into the methodology.



6.1 Method 1: Scenario-based methodology and application in
Samoa

Scenario-based approaches to tsunami hazard assessment involve simulating inundation for
a limited set of scenarios. Of the two methods in this document, the scenario-based approach
is the easier to implement. It also allows for greater control over which scenarios are selected
for modelling. For example:

- Knowledge of the local tsunami history can be incorporated into the scenario
selection, by ensuring that scenarios comparable to historical events are selected.

- The modelling team might focus on scenarios consistent with their own judgements
about the most plausible earthquake magnitudes (irrespective of the PTHA18
predictions).

These decisions involve some subjectivity and so should be implemented with care. We highly
recommend they are made in consultation with key end-users. But so long as they are
carefully justified and communicated, this flexibility represents a great strength of the
scenario-based approach.

In the scenario-based methodology, the scenario source zone(s) are first specified by the user,
with the PTHA18 source deaggregation helping to guide this choice. The user also specifies a
range of exceedance rates of interest for their study. For each source zone, tsunami scenarios
with maximum stage values corresponding to these exceedance rates at one or more hazard
points are identified. For each exceedance rate, multiple scenarios are selected. These will
produce different inundation footprints because the offshore wave heights used to identify
the scenarios are an imperfect predictor of inundation. By using multiple scenarios, we reduce
the chance of this leading to underestimation of the hazard.

A feature of this approach is that we simultaneously use offshore wave height information at
multiple PTHA18 hazard points. This makes it easier to apply the method to small regions
(islands or groups of islands) where multiple relevant hazard points are affected by similar
scenarios. This situation holds for many small Pacific Island nations, such as in Samoa, where
we are interested in tsunami hazards all around the islands. If only a single hazard point could
be used to select scenarios, then we would need to select different scenarios for each hazard
point. We would also need to decide which set of scenarios should be used to create the final
inundation maps (and this might vary for each onshore location). The latter decision might
not be obvious and could introduce artificial discontinuities into the inundation maps. To
circumvent this issue, we search for PTHA18 scenarios that individually satisfy the
exceedance-rate criteria at one or more selected hazard points, while always producing
smaller waves at the others. By combining multiple such scenarios, we create a set of
scenarios for which the largest waves meet the exceedance-rate criteria at every hazard point
of interest. We then simulate inundation for this set of scenarios and use their maxima to
create the nominal inundation map with the specified exceedance rate.



An advantage of the use of multiple hazard points is the reduction in computational cost that
arises when the same scenarios are applicable to multiple hazard points. However, if very
large areas are to be modelled, then this benefit will no longer hold, and different scenarios
will be appropriate in different regions. In such cases it is preferable to partition the region of
interest into well-separated zones (e.g. distinct island groups) and apply the method
separately to each zone.

Checklist — what do | need?

U
U
U

O

0
U

PTHA18 report

PTHA18 source code

An understanding of the relevant source zones for my area of interest
(see PTHA18 report)

Tsunami history for the area

PTHA18 global hazard point locations

The source deaggregation plot code to see which sources contribute most to the
hazard at the selected hazard points
The multi-hazard point scenario selection script, which implements the workflow

High performance computing resources are helpful

Outcomes — what will this method provide me with?

Inundation depth maps for a composite of scenarios with selected ARls.

Limitations

The onshore hazard results do not formally approximate the results that would be
obtained by simulating all scenarios in the offshore PTHA.

Due to the need for subjective judgement, different users are likely to obtain different
answers when applying the technique.

Uncertainties that are represented in the offshore PTHA are not comprehensively
represented in the onshore hazard results.
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Steps — how to do it

The workflow is similar to that presented in this tutorial on multi-gauge-scenario-selection
using the PTHA18 database. Modellers applying this methodology are encouraged to consult
the tutorial to aid the practical implementation of each step.

A summary of the scenario-based approach is provided in Figure 8. This section describes
the steps below in further detail alongside the Samoan case study. A separate report for the
Samoa tsunami hazard assessment is also available (Giblin et al. 2022).
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Find candidate scenarios matching ex-
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Figure 8: Summary of the PTHA18 scenario based methodology. The blue steps indicate the
researcher needs to access the PTHA18 database and the white shapes indicate requirement for
user/expert decision making.

Step 1: Hazard point selection

The PTHA18 hazard points store site-specific information including tsunami wave time series
for every earthquake scenario. The modeller should identify the PTHA18 hazard points near
to their study site (e.g. Figure 9). The number of hazard points to be considered will depend
on the scale of the assessment. Even for very localised studies where only one hazard point
could be considered, it is worth including multiple nearby hazard points (if they exist) so the
scenario selection is not unduly reliant on a single site. We suggest avoiding points in shallow
water (e.g. less than 100 m) or points that are very close to the coast, because the coarse-grid
linear tsunami solver used in PTHA18 is not well suited for modelling waves at such sites.
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Figure 9: Locations of the selected hazard points surrounding Samoa.

For our case study, 11 hazard points surrounding Samoa were identified (Figure 9, Table 2).
Global hazard point locations in PTHA18 (in .csv and .shp format) can be found as described
here.

Table 2: Selected hazard point details for the Samoan case study. Text is coloured according to
locations specified in Figure 9.

Hazard Point ID Longitude Latitude Elevation
3097.3 187.029 -13.46 -3599.16
3098.3 187.354 -13.32 -3581.93
3099.3 187.746 -13.26 -1153.97
3100.3 187.990 -13.58 -1622.93
3101.3 188.341 -13.68 -2565.69
3012.3 188.698 -13.85 -3599.46
3103.3 188.658 -14.21 -2318.08
3093.3 188.274 -14.22 -3149.01
3094.3 187.898 -14.09 -1733.98
3095.3 187.553 -13.97 -2896.96
3096.3 187.212 -13.79 -2585.94

Once relevant hazard points are identified, they can be specified in the multi-gauge scenario

selection script which will provide the hazard point data that is used for scenario selection.

Different earthquake slip types are supported, see Appendix A for more information.

The PTHA18 database sometimes contains repeated points with the same location but
different gauge IDs. Any duplicates should be removed as shown in the script, to ensure that
each site is only counted once.
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Step 2: Source zone selection and earthquake slip type

The PTHA18 models the contribution of each major tsunami source zone to the offshore
tsunami hazard for every hazard point. These model results can be accessed through the
hazard point source deaggregation plots.

Figure 10 provides the source deaggregation plots for Samoa hazard point ID 3101.3. After
reviewing each source deaggregation plot for the 11 hazard points, a total of 8 sources were
subjectively identified for further investigation. These sources were Alaska Aleutians, Izu
Mariana, Kermadec Tonga, Kurils Japan, Mexico, New Hebrides, Outer-rise Kermadec Tonga,
and South America (most sources shown in Figure 11).

We stress that modellers can apply some judgement at this stage of the analysis; source zones
may be included even if the PTHA18 deaggregation suggests they are unimportant. The
PTHA18 source-zone deaggregation can vary from hazard point to hazard point, and only
reflects the logic-tree-mean scenario occurrence-rate model. We encourage modellers to
combine the PTHA18 information with their own experience when selecting source zones to
include; final decisions on which scenarios to include will be made later in the workflow, so if
in doubt, it is better to include source zones at this point. The capacity for modellers to make
these judgements highlights the flexibility of scenario-based approaches, which is one of their
most important advantages.

In the multi-gauge scenario selection script, we search each identified source zone for

scenarios with a given slip type. In this study heterogeneous-slip (HS) scenarios were used,
but the script also supports the use of variable-area-uniform-slip (VAUS) scenarios.
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Figure 10: PTHA18 source deaggregation plot for hazard point 3101.3 near Samoa. The top 6 sources
identified were Alaska Aleutians, South America, Kurils Japan, Kermadec Tonga, Mexico, and Outer-
rise Kermadec Tonga.
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Figure 11: Source zones identified to provide the most tsunami hazard to the 11 hazard points
surrounding Samoa. In our study the sources were Alaska Aleutians, Izu Mariana, Kermadec Tonga,
Kurils Japan, Mexico, New Hebrides, Outer-rise Kermadec Tonga, and South America. The pink cross
shows the location of Samoa.



Step 3: Candidate scenario selection: matching the exceedance-rate and stage tolerance
criteria

The hazard point source deaggregation plots in Step 2 show the tsunami maximum-stage
exceedance-rate curves and the associated uncertainty. Figure 12 provides an example. This
information helps define the offshore tsunami sizes that are likely to be of interest.

The selection of exceedance rates should be made in consultation with relevant stakeholders
and decision-makers in accordance with the intended application. For the Samoa case study,
four exceedance rates were chosen (Table 3).

Table 3: Exceedance rate and corresponding ARl values selected for the Samoa scenario-based
tsunami hazard assessment.

Exceedance Rate (events/yr) Average Recurrence Interval (yr)
0.01 100
0.002 500
0.001 1000
0.0004 (84th percentile) 2500 (84th percentile)

A note on uncertainty: The PTHA18 hazard point data is derived from modelling tsunamis from
earthquake sources with uncertain frequencies. The uncertainties from these methods are
guantified using logic trees and stored with the tsunami frequency and size information for the
hazard point. Different percentiles of uncertainty are available to the user. It is generally
advised to use the logic-tree-mean exceedance-rate curves. For a more conservative approach,
the 84th percentile may be used.

At rare return periods, we are likely to be considering earthquake scenarios that do not have a
100% chance of being possible according to the PTHA18 (because of uncertainties in maximum
magnitudes). Rather, the various exceedance-rate curves provided in PTHA18 represent an
attempt to characterise uncertainties in the frequency of large tsunamis from multiple source
zones.
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Figure 12: Maximum-stage exceedance rate curve for one of the hazard points used in the Samoa study
(gauge ID 3101.3).

For each exceedance rate, we select multiple scenarios from multiple source zones, such that
all the offshore gauges of interest have at least one scenario with tsunami maxima close to
the desired exceedance rate, without going too far over. The idea is that collectively the
maximum inundation from these scenarios should give an indication of the inundation depths
at the target exceedance rate. However, we stress that the procedure is necessarily heuristic
given the non-monotonic relations between offshore and onshore wave heights, as noted
above.

It is unlikely that scenarios exist that exactly match the desired exceedance rate, particularly
when multiple gauges are used. Thus a user-defined tolerance is specified to determine how
much the included scenarios can deviate from the desired stage level. In the current study we
used a value of 4%; this could be increased (or decreased) to generate more (or fewer)
candidate scenarios, although it should not be increased too much (to ensure the offshore
tsunami maxima is close to the target value). For instance, hazard point ID 3093.3 has a
tsunami stage of 0.962 m at a 1/500 year exceedance rate event, and with a 4% tolerance, so
we consider a scenario “close” to this if it is between 0.924 m and 1.000 m at that point (Table
4). The code will find scenarios matching the desired stage interval at some specified number
of the hazard points simultaneously (which was set to 3 herein), while being smaller at all the
other hazard points.



The latter two parameters (tolerance and number of hazard points that must be satisfied
simultaneously) affect the number of scenarios that are identified. In practice one can obtain
more scenarios by increasing the tolerance or reducing the number of gauges, and vice versa.
This should be done to obtain a manageable number of scenarios for further analysis. The
code to implement these steps is presented in this section of the associated tutorial.

Table 3: Samoa case study stage interval of 4% for the exceedance rate of 0.002 events/yr or a return
period of 500 years for the selected hazard points.

Hazard Point ID Exceedance Return Period Stage (m) +4% Stage
Rate (yr) Interval
(events/yr)
3093.3 0.02 500 0.962 0.924-1.000
3094.3 0.02 500 1.004 0.964-1.044
3095.3 0.02 500 0.949 0.911-0.987
3096.3 0.02 500 0.866 0.831-0.901
3097.3 0.02 500 0.737 0.708-0.766
3098.3 0.02 500 0.772 0.741-0.803
3099.3 0.02 500 0.748 0.718-0.778
3100.3 0.02 500 0.941 0.903-0.979
3101.3 0.02 500 0.803 0.771-0.835
3102.3 0.02 500 0.767 0.736-0.798
3103.3 0.02 500 0.903 0.867-0.939

Once the above parameters are set, the multi-gauge scenario selection script can be used to
filter the PTHA18 scenarios based on the chosen criteria. It will also generate a graphical
summary with various statistics describing the scenarios (Figure 13, details explained in the
online tutorial). At any hazard point, by construction the scenarios will not greatly exceed the
desired stage level (assuming the tolerance specified above is small). However, some
scenarios may produce waves much smaller than the desired stage level at some gauges; this
is depicted in two different ways in the right-hand panels of Figure 13 (see also the online
tutorial).

At this stage of the analysis, the intention is that the modeller has derived a reasonable set of
candidate scenarios. However, not all of these scenarios will typically be used for inundation
modelling; rather the modeller should select from among these using subjective judgement.
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Figure 13: The PTHA18 scenarios from the Alaska Aleutians sources matching the selection
criteria for a 500-year return-period event; (a) Probability for the selected scenarios’ event
magnitudes to occur, Mw 9.1-9.5; (b) Peak stage at all hazard points for all events. The hazard
points 3083.3, 3099.3, 3100.3, and 3101.3 have peak stages within the interval; (c) Events
magnitude against peak slip; (d) Events that have gauges/hazard points within the target stage
interval, there are 21 events with a majority satisfying stage interval criteria for hazard points
3083.3, 3099.3, 3100.3 and 3101.3.

Step 4: Final scenario selection

Selecting the tsunami scenarios that were filtered in Step 3 requires some judgement. It
should be done so that:

e the selected scenarios produce tsunami maxima that collectively reach the desired
exceedance rate at the hazard points of interest. Outputs such as Figure 13d can be
helpful to identify scenarios meeting the criteria at particular hazard points.

e the modeller and end-users are otherwise comfortable with the selected scenarios,
considering their own subjective judgements as well as the PTHA18 scenario
occurrence-rate models.

This step is very flexible. Some factors that modellers may want to consider are shown
below.



Is the scenario likely to be possible?

Each scenario has a likelihood that it is possible. This is a different concept to the exceedance
rates of the wave heights at offshore locations. Modellers should be careful about over-
emphasising scenarios that are unlikely to be possible according to the PTHA18, unless the
intention is to run very conservative scenarios.

To understand this concept, recall that PTHA18 treats the maximum magnitude on each source
zone as uncertain. Thus, although PTHA18 includes scenarios up to the largest allowed
maximum magnitude, they are increasingly unlikely to be possible according to the PTHA18’s
own scenario occurrence-rate models. Figure 13a depicts the probability that some candidate
scenarios can occur according to PTHA18, and similar plots are created in the online tutorial.
The probability will be a decreasing function of magnitude because higher magnitudes are more
likely to exceed the maximum magnitude. For source zones that include a segmented
treatment it will also depend on the earthquake location. All else being equal, scenarios that
are likely to be possible should be preferred.

What is the relative likelihood of each scenario occurring?

In general the candidate scenarios will cover a range of earthquake magnitudes. Each PTHA18
earthquake is prescribed an occurrence rate and the largest magnitudes are relatively rare. The
selection script online tutorial includes plots that depict the cumulative distribution of
earthquake magnitudes for the selected scenarios, weighted by their occurrence rate.

All else being equal, scenarios with typical magnitudes (i.e. contributing most to the
exceedance rate) should be preferred to scenarios with rare magnitudes.

What is the initial potential energy?

A measure of the overall size of the tsunami generated by each earthquake scenario can be
inferred by comparing its initial potential energy to that from other scenarios and historical
tsunamis (e.g. Nosov et al., 2014; Titov et al., 2016; Davies et al. 2020). For example, if the
energy is far greater than that of the 1960 Chile tsunami, then the scenario is clearly very large.
If an event is similar to another historical event (e.g. 2010 Maule tsunami) but on a different
source, we might describe the scenario as “similar to the 2010 Maule event but in a different
location”. Such information can help the user make judgements about the plausibility of
different scenarios.

The selection script online tutorial includes a plot with potential energy information. Note that
potential energy does not indicate the size of the tsunami at the hazard points of interest, which
also depends on the earthquake scenario location.
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What is the maximum slip?

In the PTHA18, maximum slip varies for each earthquake scenario. For variable-area-uniform-
slip scenarios (see Appendix A), it will depend on the magnitude and rupture area, while for
heterogeneous-slip scenarios it will depend on these factors as well as the spatial distribution
of slip. In addition, scenarios are not permitted to have slip maxima >7.5 times the average slip
expected for that magnitude. Such scenarios can be generated but are assigned an occurrence
rate of O; full details are in Section 3.2.3 of Davies and Griffin (2018). The factor 7.5 permits slip
maxima that are consistent with some of the higher published values for finite fault inversions
for large tsunamigenic earthquakes. In reality such limits on slip maxima are very uncertain.

The selection script online tutorial creates a plot with information on slip maxima (see also
Figure 13c).

Does the tsunami maxima occur many hours after tsunami arrival?

The largest tsunami wave may not be the first wave in the tsunami wave train. To check when
the largest wave occurs, the wave time series can be extracted from the hazard points (Figure
14). Code for doing this is presented in the scenario selection online tutorial.

In general it is preferable to focus on scenarios where the wave maximum occurs within a few
hours of the tsunami arrival, perhaps less than eight. This is advantageous because the
inundation model will not need to be run for so long. Furthermore, the PTHA18 models
tsunamis without applying friction, meaning that global-scale tsunami dissipation is not well
represented. This will reduce the accuracy of very late arriving waves (Davies et al., 2020).
Although the latter study presents an approach to correct for this that can be used, it is simpler
and computationally cheaper to focus on scenarios where the largest waves occur soon after
tsunami arrival.
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For the Samoa case study, the scenario selection initially focused on the probability that each
scenario is possible according to the PTHA18. For example, based on Figure 13(a) for Alaska
Aleutians RP 500 year, magnitudes from 9.1 to 9.4 were considered plausible (>50%), whereas
scenarios with magnitude 9.5 were less favoured as the PTHA18 suggests they have <50%
chance of occurring. While the latter probabilities refer to the chance of different earthquake
magnitudes being possible (over any time frame), it should be noted that the return periods
reflect the wave heights for the logic-tree-mean exceedance-rate curve, and do not reflect
the return periods of the earthquakes themselves.
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Figure 14: Wave time series plots for the Alaska Aleutians 500 year event number 57981 for the
hazard points of (a) 3098.3 and (b) 3101.3. These are derived from the PTHA18’s frictionless linear
solver.

We also consider the scenario’s peak-slip and magnitude. Figure 13(c) has coloured lines used
for comparative purposes: the blue line (bottom) shows the average slip for a hypothetical
uniform-slip earthquake with the specified magnitude and median scaling-relation area, with
orange (middle) and red (upper) lines showing the latter multiplied by 3 and 6 respectively.
For variable-area-uniform-slip earthquakes (VAUS), high peak slip values correspond to
compact earthquakes and vice versa. For heterogeneous-slip earthquakes (HS), high peak slip
values are often associated with compact earthquakes but can more generally indicate that
the slip is concentrated on an asperity. We chose to select scenarios with slip maxima
between the scaling-relation-based value for a uniform-slip earthquake (blue line, bottom)
and 6 times greater (red line, top). For example, this would allow a magnitude 9.1 earthquake
to have a peak slip value of at most 65 m. The latter is in the vicinity of slip maxima inverted
for the 2011 Tohoku earthquake, an event known for its relatively compact rupture (Lay,
2018).



Subject to the above constraints, a set of scenarios was manually selected for each return
period. When combined, the scenarios met the stage interval criteria for most hazard points
near sites of interest. For example, the Alaska Aleutians 500-year return period scenarios
covered four hazard points (Table 5). Scenarios from other source zones were used to meet
the exceedance-rate criteria at other sites. Ultimately 68 tsunami scenarios were selected for
inundation simulation in the study. Deformation grids for all scenarios were then extracted
for use in hydrodynamic modelling (Figure 15).

Step 5: Tsunami inundation modelling

Alaska Al i .
500 year return period Once the scenarios have been selected,
Event ID: 57981 Magnitude: 9.1
; % 180 they can be modelled through to
M ’f inundation. For guidelines on tsunami

modelling methodologies we refer to
12.0 Lynett et al. (2016) and AIDR (2018).
There are several key factors to consider.

In the Samoan case study, the tsunami
so . was simulated from the earthquake
~ i source through to inundation, using the
”°* PTHA18 deformation grids to define the
0.5 earthquake-induced ocean surface
- perturbation for each scenario. The

km I3'° model BG-Flood (Bosserelle et al., 2020)
-6.0

LI was used to solve the nonlinear shallow
T e ‘ water equations in spherical coordinates
on a series of nested grids, with grid-
Figure 15: Earthquake scenario deformation grid sizes ranging from 5km (in the deep
for Alaska Aleutians 500 year event number 57981
overlaid on World Imagery. Note that the return
period describes the tsunami maxima at sites of
interest, not the return period of the earthquake. town of Apia).

ocean) through to 50 m (around all of
Samoa), and 5 m at a site of interest (the

Further information on the Samoa
hydrodynamic model can be found in the SPC PCRAFI Samoa tsunami hazard assessment
report (Giblin, 2022 - in preparation). This covers the model used, the sensitivity analysis and
validation, and the choice of the background sea level to reflect the effects of the tide and
sea level rise.

The inundation generated by a tsunami can vary significantly depending on the tide level and
other meteorological processes (e.g. sea level anomaly). A common practice is to use a static
tide level (e.g. MSL or some other value). As the joint probability of tsunami wave and water
level is not considered in this methodology, the modeller should consider using relatively high
water levels such as the Mean High Water Spring (MHWS) or even the Highest Astronomical
Tide (HAT) to add a degree of conservatism and make it less likely that the model will under-

predict the inundation from real tsunamis. We also recommend that inundation hazard
assessments consider the intensification of the hazard due to climate change. Sea level rise



(SLR) scenarios, informed by the latest IPCC report and consultation with relevant
stakeholders, should be integrated into such assessment.

Further considerations:

Tsunami inundation modelling — what to consider:

1. Isthe model you are using well tested/validated?

2. Are you using a grid resolution that will resolve the information you need?

3. Do you have historical data with which to test your model?

4. Do you have sufficient elevation data for a seamless topography/bathymetry grid?
(Make sure you know what the vertical reference datum is for all datasets used.)

5. Have you considered tide and other changes to local water levels? Are you using a
static or dynamic water level?

6. Have you considered sea level rise due to climate change?

7. Have you consulted local stakeholders about their interests?

Step 6: Results aggregation

After inundation models have been run for all scenarios, the results can be aggregated for
each exceedance rate. The various inundation output parameters that are commonly used
include maximum flow depth, maximum velocity, and maximum flux. Figure 17 shows an
example of aggregated maximum inundation flow depths for Samoa. Other inundation hazard
products can be derived from the scenario-based approach, and we refer to the SPC PCRAFI
Samoa tsunami hazard assessment report discussed by Giblin (2022, in preparation).

It is important to note the conservative nature of aggregating inundation parameters for each
exceedance rate, which is a feature of the scenario-based method. This is a consequence of
the fact that offshore wave heights are not a perfect predictor of onshore impacts, as noted
above. For example, the wave period and direction will also contribute to variations in the
inundation along a given coastline. If the scenarios are combined by taking their point-wise
maxima, then if many scenarios are included, we are likely to have at least one that is
conservative. This implies that the combined result is also likely to be conservative. Examples
of variation in inundation results for different tsunamis with similar offshore wave heights are
provided in Appendix C.



*A note on elevation datasets:

Input data quality can significantly affect results (e.g. Griffin et al., 2015) and both data
resolution and accuracy must be considered. Global datasets such as GEBCO can be suitable
for regional scale tsunami modelling but are not suitable for modelling at a local scale.

Higher resolution datasets may be required and can often be obtained from online databases
such as AusSeabed. Multiple datasets can then be compiled, and gaps can be interpolated
(e.g. Wilson & Power, 2018). If no data is available, elevation data collection can be
commissioned. We encourage the release of elevation data under creative commons licensing
to facilitate further study.

In general terms, a grid size of less than 5 m can be considered high resolution; 5-50 m, mid-
level; and greater than 50 m, low resolution.

Elevation data grid resolution must also be reflected in the model setup. Figure 16 shows an
example of tsunami modelling at different resolutions:
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Figure 16: Comparison of maximum inundation depth resulting from tsunami modelling using different
elevation data and model resolution (Picard et al., 2019).
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(a) Samoa at 50 m resolution national scale, and (b) Apia at 5 m resolution.



6.2 Method 2: Monte Carlo sampling and application in PNG and
Tonga

The scenario-based method presented above (Method 1) provides a practical approach to
onshore tsunami hazard assessment. The main shortcoming is that results will not necessarily
match those that would be obtained if we simulated every scenario in the offshore PTHA (the
“all-scenarios solution”). Further it is difficult to know how large the differences could be.
Such limitations are fundamental to scenario-based approaches; they are not specific to
tsunami hazard assessment. For example, the same issues arise in flood hazard assessment
(Ball et al. 2019).

In this section we present an alternative approach to using offshore PTHA for onshore hazard
assessment, based on Monte Carlo sampling. The Monte Carlo approach enables rigorous
approximation of the “all-scenarios solution”. It also enables uncertainties in the offshore
PTHA to be fully represented onshore. In this regard it is superior to the scenario-based
approach.

But these benefits of Monte Carlo methods come at significant cost. The number of scenarios
for which inundation modelling is required will vary from case to case, but the range is in the
order of 100 to 10,000 (e.g. De Risi and Goda, 2017; Williamson et al., 2020; Gonzalez et al.,
2021). Thus, the method will typically require access to high-performance-computing (HPC)
resources and associated technical skill sets, making it infeasible in some situations. But for
applications that warrant rigorous translation of the offshore PTHA results onshore, with full
representation of uncertainties, it is worth considering a Monte Carlo approach.

Monte Carlo methods approximate the onshore hazard by using a large random sample of
scenarios. Inundation is only simulated for the random scenarios. If the entire Monte Carlo
sample represents just a small fraction of all the offshore PTHA scenarios, then the technique
is much more computationally efficient than simulating all scenarios (while approximating the
same result).

The key challenge is that, because not all scenarios are simulated, there is some
approximation error (or Monte Carlo error) in the exceedance rates that needs to be
controlled. The statistical properties of these errors are well understood for a variety of
Monte Carlo methods, making it possible to control the errors in practice (Davies et al., 2021).
The root-mean-square error can always be reduced by simulating more scenarios, and
typically scales with the inverse square-root of the number of random scenarios. For example,
to halve the expected error, we should increase the number of scenarios by a factor of four.

While effective, the management of Monte Carlo errors by using larger random samples
quickly becomes computationally prohibitive. However, a range of Monte Carlo sampling
methods exist, and in the context of PTHA, some have much greater accuracy than others for
equivalent sampling effort.

For offshore-to-onshore PTHA, the most common Monte Carlo sampling techniques are
synthetic catalogues, and stratified sampling by magnitude. We recommend that modellers
use variants of stratified sampling by magnitude, including the techniques discussed below



to better represent scenarios with large waves near the site of interest. Although not
recommended here, discussion of synthetic catalogues is provided in Appendix D. Further
detail and equations for all methods are provided in Davies et al. (2021), and a tutorial that
shows how to implement the calculations is available online here.

Checklist — what do | need?
{1 High performance computing resources
[l PTHA18 report
0 PTHA18 source code
[0 Anunderstanding of the relevant source zones for my area of interest

(see PTHA18 report)

Tsunami history for the area

PTHA18 global hazard point locations

[0 The source deaggregation plot to see which sources contribute most to the hazard at
the selected hazard points

[0 This tutorial explaining how to perform various kinds of stratified sampling by
magnitude in the context of PTHA18

[l This tutorial explaining how to calculate the variance that would result from repeated
Monte Carlo at PTHA18 hazard points.

O

OJ

Outcomes — what will this method provide me with?

e Estimates of the tsunami inundation depth and frequency at all locations in the
model domain.

e Quantified uncertainty for the onshore tsunami hazard results, similar to that
available in the offshore PTHA.

Limitations of Monte Carlo sampling for onshore PTHA

Compared with scenario-based methods, Monte Carlo methods are less flexible because they
aim to approximate the “all-scenarios” PTHA result. This means it is more difficult to integrate
user judgements about tsunami sources (e.g. maximum magnitudes) that are not already implicit
in the offshore PTHA.

Monte Carlo sampling tends to be computationally expensive, and the calculations are more
technically challenging to implement than are scenario-based approaches.

The tutorials linked in these guidelines show how to implement scenario sampling, so modellers
do not need to write their own sampling code; however, we cannot provide code to run all the
inundation models or integrate their results. This component will vary with the specific
inundation model used in each study and modellers need to be able to implement this
themselves.
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Steps —how to do it

The steps below describe stratified sampling by magnitude, which is a common Monte Carlo
technique for estimating exceedance rates in offshore-to-onshore PTHA (e.g. De Risi and
Goda, 2017; Williams et al., 2020). A tutorial explaining how to perform stratified sampling by
magnitude, optionally with modifications that improve the representation of large tsunamis
near the site of interest, is available online here. For a more detailed explanation see
Appendix E and Davies et al. (2021).

In practice we suggest that modellers employ modified variants of stratified sampling
(discussed in the next section), which can more efficiently represent large tsunamis near the
site of interest. These are modifications of the basic stratified sampling technique, which is
described below.

Step 1: Stratify the PTHA18 scenarios

The PTHA18 scenarios are first stratified (or grouped) into separate magnitude bins, denoted
M,, p. In PTHA18 the scenario earthquake magnitudes range from 7.2 to 9.6 in increments of
0.1, and the online tutorial calculations use these magnitudes as unique bins.

Each magnitude bin M,, ,, should be thought of as representing a set of scenarios (containing
all the offshore PTHA scenarios with the associated magnitude).

Step 2: Sample the scenarios from each magnitude bin.

A chosen number of scenarios N(MW,,,) is randomly sampled from each magnitude bin using
weighted random sampling with replacement. Within each magnitude bin the chance of
sampling each scenario should be proportional to the scenario occurrence rate. The latter
constraint will be relaxed in the modified sampling methods below, to facilitate better
representation of large waves near the site of interest.

For example, we might sample 12 scenarios per magnitude bin (i.e. N(Mw,b) = 12). AsPTHA18
contains 25 magnitude bins, this will lead to 300 random scenarios in total. We denote the
set of random scenarios that were sampled from magnitude bin M,, , as E}, ss.

Often the number of selected scenarios N(M,, ;) is the same (uniform) in each magnitude bin.
But this is not essential, and below we suggest non-uniform sampling methods that can be
more efficient.

Step 3: Calculate exceedance rates from the Monte Carlo sample

The exceedance-rate calculation requires knowing the quantity of interest Q(e) for each
random scenario, and the overall occurrence rate of earthquakes in each magnitude bin M, ;,,
denoted Al-(MW,b). The latter can be calculated directly from PTHA18 by summing the
occurrence rates of all earthquakes in that bin (including all scenarios, whether or not they
were randomly sampled). The quantity of interest can be calculated from the inundation
model results, or at offshore hazard points by using the PTHA18 wave time series.
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The exceedance rates can then be approximated from the Monte Carlo sample as:

Equation 2

1 T
AL(Q > QT) - AL(MW,b) [N(Mw,b)

My p € { All magnitude bins } e €Epss

where the notation in Equation 2 follows that used in Equation 1. The calculations are
demonstrated in the online tutorial.

Figure 18 illustrates one Monte Carlo approximation to an exceedance-rate curve, computed
using stratified sampling and Equation 1. While there is clearly some approximation error, the
advantage is that for inundation hazard assessment we only need to simulate inundation for

a limited number of random scenarios (300 in this case).

PTHA18 tsunami-maxima exceedance-rate curve
and Monte-Carlo approximation
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Figure 18: A PTHA18 exceedance-rate curve (black) can be approximated with a random sample of
scenarios constructed with stratified sampling (red). The differences between the curves depicts the
Monte Carlo error, and is visually clear because a limited number of random scenarios were used.
This example only uses thrust scenarios from the Kermadec-Tonga trench, and the associated logic-
tree-mean scenario—frequency model from PTHA1S.
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Managing approximation errors by selecting an appropriate sample size

The key challenge of Monte Carlo methods is in managing the approximation errors, such as
those visible in Figure 19. How much error is acceptable will vary depending on the
application. The significance of approximation errors should be considered in comparison to
the epistemic uncertainties (Figure 5). If approximation errors are much smaller than
epistemic uncertainties, then so long as the epistemic uncertainties are accounted for when
interpreting the model results, the approximation errors will be of minor significance and can
largely be ignored.

The simplest way to reduce Monte Carlo errors is to increase the number of random samples.
Figure 19 compares the results using sample sizes of 12 and 120 per magnitude bin. It is clear
that use of 120 scenarios per magnitude bin has substantially reduced the Monte Carlo error.
But in practice, the sample sizes that are used will be constrained by the efficiency of the
inundation model and available computational resources.

Demonstration that using more random
scenarios improves the accuracy
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Figure 19: A comparison of Monte Carlo approximation errors, which can be reduced by using more
Monte Carlo samples.

To help choose the Monte Carlo sample size, we suggest that modellers pick a range of
feasible sizes and then check the associated Monte Carlo accuracy at PTHA18 hazard points,
as outlined below. This does not require inundation modelling because PTHA18 provides the
modelled waves. It allows modellers to quantify the approximation errors that are expected



for a given Monte Carlo sample size, at the hazard points. If the errors are found to be large
at offshore hazard points close to the onshore site of interest, they are likely also to be large
at the onshore site of interest. In that case the modeller should revise the sampling scheme.

One way to compute the approximation errors is to generate many Monte Carlo samples and
examine the spread of the exceedance-rate curves (e.g. Figure 20). This spread gives an idea
of the errors that will be expected from a single Monte Carlo sample. A useful fact is that, at
offshore hazard points, the variance of these curves can be calculated from theory without
doing Monte Carlo sampling. This provides a fast method of quantifying approximation errors
at offshore sites. Full details are provided in Davies et al. (2021), and calculations using
PTHA18 are demonstrated in this online tutorial (specifically this section).
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Figure 20: Assessment of Monte Carlo errors due to stratified sampling at an offshore site. Repeated
Monte Carlo sampling can be used to understand the magnitude of errors that are expected in
practice. Alternatively, the Monte Carlo variance can be analytically computed (and here was used
to calculate the orange confidence intervals). Such analyses can be conducted at offshore sites prior
to detailed inundation simulation.

The simplest way to reduce approximation errors is to increase the sampling effort, if that is
computationally feasible. It is also likely that the errors can be reduced without additional
computational effort by using the techniques in the next section.

Once the offshore errors have been checked and judged reasonable, the onshore analysis
proceeds by simulating inundation for all sampled tsunami scenarios.
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Step 4: Results aggregation

Once inundation has been simulated for the random scenarios, the exceedance-rate
calculations can then be implemented anywhere in the inundation model domain using
Equation 2. This enables depth-vs-exceedance-rate curves to be computed at any site. By
doing this at multiple sites we can map the exceedance rate for any inundation depth, or the
inundation depth for any exceedance rate. Figure 21 provides an example for Vanimo in
Papua New Guinea, which was derived using stratified sampling via the workflow above. In
this case 660 scenarios were used, with 30 scenarios in each magnitude bin from magnitudes
7.5t09.6.

A note on high performance computing (HPC)

The computational resources needed for inundation hazard assessment tend to be dominated
by the time required for inundation simulation. If N scenarios are to be simulated, and each
takes T CPU-core hours, then the computational resources will be approximately NT. The time
required for one inundation simulation will vary greatly from study to study. It is sensitive to
the spatial and temporal extent for which high-resolution simulation is needed, and the grid
size in the inundation zone. For most models if the grid size is coarsened by a factor of 2, the
CPU time will decrease by (roughly) a factor of 8. Considering that inundation models use grid
sizes as fine as 1 m, or as coarse as several tens of metres, the model run times can vary
enormously.

For example in the Tongatapu inundation study (presented later), the majority of the island
was simulated with a 7.5 m grid resolution. Each inundation simulation took approximately 1.5
hours when using four CPUs (96 cores) of the NCI Gadi supercomputer. Given the Monte Carlo
sample size of 1200 scenarios (containing some repeated samples), about 150,000 CPU-core
hours were needed. This would be difficult to implement without supercomputing. However
the time could be substantially reduced by using a coarser grid in the inundation zone, or a
smaller high-resolution area, if testing indicated this was adequate for the study purpose.
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Figure 21: Example of probabilistic inundation results for the site of Vanimo, PNG (Wilson et al., in
preparation). The figure shows inundation depths with an average recurrence interval (ARI) of 2500
years. These results were computed with stratified sampling by magnitude, using 30 samples per
magnitude bin.

After the tsunami simulations have been completed and onshore hazard results have been
derived (Figure 21), it is good practice to estimate the remaining Monte Carlo errors at sites
of interest. This gives an indication of how much the results might change if we had simulated
all scenarios in the PTHA18, rather than just the random Monte Carlo sample.

One approach is to use a non-parametric percentile bootstrap (e.g. Davison and Hinkley,
1997) to derive an approximate confidence interval for the true exceedance-rate curve
(Figure 22). With this approach, one repeatedly resamples N(M,,,) scenarios with



replacement from the sampled scenarios in each magnitude bin. Each repetition produces a
new “bootstrap sample”. For each bootstrap sample the exceedance-rate curve is
recomputed. When repeated many times this leads to a family of bootstrap exceedance-rate
curves that reflect the Monte Carlo uncertainties (blue curves in Figure 22). The interval
containing 95% of these curves is an approximate 95% confidence interval for the true
exceedance rate and gives an indication of the Monte Carlo errors that remain.
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Figure 22: Example of using a non-parametric bootstrap to provide an indication of Monte Carlo
errors in tsunami exceedance rates (Wilson et al., in preparation). These errors could in principle
be reduced to zero by simulating more random scenarios. Maximum stage and maximum depth
exceedance curves are provided for a single location in Vanimo, PNG. Maximum stage is defined
as maximum water level above MSL.

Another approach to calculating onshore confidence intervals involves using the random
scenarios to estimate the variance of the Monte Carlo exceedance rate (Davies et al., 2021).
Assuming the exceedance-rate errors are approximately normally distributed, an
approximate confidence interval for the true exceedance rate can be constructed without
resampling. A tutorial on this technique is available here while the theory and equations are
presented in Davies et al. (2021).

We stress that the above uncertainty calculations only quantify the approximation errors that
are due to use of a limited Monte Carlo sample. This is important for quality control (to ensure
that enough scenarios have been simulated), but the confidence intervals do not quantify the
epistemic uncertainties (which cannot be reduced by simulating more tsunami scenarios).

Improving the efficiency of stratified sampling

In the stratified sampling technique presented above, only the earthquake magnitudes and
scenario occurrence rates were used to inform the sampling method. The sampling was
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independent of the offshore PTHA tsunami wave heights. In some situations this technique
will sample many scenarios with small tsunamis at the site of interest. Such scenarios are
usually unimportant for disaster risk management. This can be a source of inefficiency
because, for a given computational budget, it reduces the number of scenarios that have
hazardous waves near the site of interest and are simulated through to inundation. As a
result, the hazard is less accurately characterised.

Several techniques can increase the efficiency by leveraging offshore PTHA wave-height
information near the site of interest (Davies et al., 2021). The idea is to better focus Monte
Carlo sampling on scenarios with large waves near the site of interest, without introducing
bias. There are two basic strategies, described here, which can be applied in combination or
separately: Stratified/Importance sampling within each magnitude bin and Non-uniform
sampling of different magnitude bins. These are both covered in the online tutorial, along
with methods to guantify their uncertainties. An additional method that involves ignoring
small events is presented in Appendix F. In practical applications these techniques should be
seriously considered to help manage the computation effort.

Stratified/importance sampling within each magnitude bin

This Monte Carlo method alters Step 2 of stratified sampling to over-represent some
scenarios, such as those with large waves at the nearest hazard point. In practice we select a
hazard point near the site of interest, and adjust the scenario sampling weights in Step 2 in
proportion to the scenario tsunami maxima. As a result, scenarios with large tsunamis are
more likely to be sampled. On its own this would introduce bias, but the theory of importance
sampling enables weighting of the scenarios to produce unbiased exceedance-rate estimates.
This leads to a modified equation for the exceedance rate in Step 4 (in place of Equation 2).

Stratified/importance-sampling shares all the key properties of stratified sampling discussed
above, but can greatly reduce the Monte Carlo approximation errors near a site of interest.
This is because it can better represent tsunamis that are large (and thus of more relevance to
the hazard) near the site of interest.

A tutorial on demonstrating stratified/importance sampling is provided here, in particular in
this subsection, while the theory is presented in Davies et al. (2021).
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Non-uniform sampling of different magnitude bins

Non-uniform sampling can be used to better resolve magnitude bins that are more important
for a hazard assessment.

For example, if small magnitudes contribute little to the hazard at the site of interest, they do
not have to be sampled, or may be assigned very few scenarios. That will increase the errors
associated with those magnitude bins, but if their contribution is known at the outset to be very
small, then the errors do not matter in practice. The sampling effort is better spent on
magnitude bins that do contribute.

Some judgement is required to choose a good non-uniform sampling effort. A theoretically
optimal solution can be computed at an offshore hazard point for a given tsunami maxima
threshold and source—frequency model (Davies et al., 2021). In practice a range of such
optimal solutions should be considered at offshore sites near the site of interest. These can be
combined to determine non-uniform sampling effort, although the final choice remains
somewhat subjective.

A tutorial on non-uniform sampling of different magnitude bins is provided here, in particular
in this subsection. This technique can be applied in conjunction with stratified/importance
sampling. In applications, that combination is likely to be the most efficient of all the
approaches discussed here.

Below we present an application of non-uniform stratified/importance-sampling (i.e. the
combination of both of the above techniques) to Tongatapu, the main island of Tonga. The
main purpose is to illustrate the efficiency improvements that can be obtained. Full details of
this example are presented in Davies et al. (2021), and a tutorial demonstrating the
calculations is here.

The first step is to check the performance of the Monte Carlo scheme at offshore sites. Figure
23 compares the performance of uniform stratified sampling with non-uniform
stratified/importance-sampling at a PTHA18 hazard point near Tongatapu. Given the
computational resources available for our study, it was feasible to simulate inundation for
1200 scenarios, and so we tested the Monte Carlo techniques using this many scenarios. For
large tsunamis Figure 23 shows that non-uniform stratified/importance-sampling
substantially reduces the Monte Carlo errors, compared with the basic approach. At a
maximum stage of 2 m it reduces the variance of the Monte Carlo errors by a factor of about
six (Figure 23). Similar results were obtained at other nearby sites. This highlights the
efficiency improvements that can be obtained in practice (Davies et al., 2021).
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Figure 23: Comparison of the Monte Carlo accuracy of stratified sampling (top panel) with the modified
sampling techniques (bottom panel) at a deep-ocean site south of Tongatapu (results at other sites are
shown in Davies et al., 2021). Only thrust earthquake scenarios on the Kermadec-Tonga source zone in
PTHA18 are used. The grey regions in each figure represent 500 different Monte Carlo samples so give
an idea of the typical Monte Carlo errors. The black line represents the solution obtained using all
scenarios in the PTHA, which the Monte Carlo technique is trying to estimate. The 95% confidence
interval (in orange) was computed using the analytical variance of the Monte Carlo exceedance rates
and captures the random variability of the Monte Carlo results well.

Tsunami inundation hazard results derived using non-uniform stratified/importance Monte
Carlo sampling are presented in Figure 24. The tsunami simulations considered thrust
scenarios on the Kermadec-Tonga trench and assume a background sea level matching the
mean sea level. In practice we should also consider higher sea levels, but that is not
depicted here. Figure 24a shows the estimated inundation depths with a 2% chance of
exceedance in 50 years (Davies et al., 2021).



Figure 24b shows depth-vs-exceedance-rate curves at one onshore site in the model domain
with a 95% confidence interval for the logic-tree-mean exceedance-rate curve. The 16th and
84th percentiles of the epistemic uncertainty distribution are also presented. It is clear that
the epistemic uncertainties are far greater than the Monte Carlo errors. The epistemic
uncertainties are large because the potential of the Kermadec-Tonga trench to host large
magnitude thrust earthquakes is very uncertain, which is also reflected in the literature and
surveys of expert opinion (e.g. Berryman et al., 2015; UNESCO/IOC, 2020).
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Figure 24: Probabilistic inundation hazard results for Tongatapu. Results were derived using the
Monte Carlo stratified/importance-sampling with non-uniform sampling of magnitude-bins
approach. Only Kermadec-Tonga thrust scenarios are considered, and the background sea level is
assumed to be mean sea level; (a) Inundation depth in Tongatapu with a 2% chance of
exceedance in 50 years; (b) Depth exceedance-rate curves at an onshore site near the coast.
Monte Carlo errors are much smaller than epistemic uncertainties.

7 Summary and Conclusions

These guidelines are designed to support Pacific island countries in using the PTHA18 to
produce tsunami inundation hazard information. The document provides strategies for using
the PTHA18 for scenario design in tsunami inundation hazard assessments. Guidance is
provided on two practical approaches with different strengths and weaknesses.

Scenario-based: This approach is less computationally demanding than Monte Carlo
sampling and is very flexible. While offering useful information, the approach does not
provide probabilistic onshore results.

Monte Carlo sampling: This approach allows for mathematically rigorous translation
of the offshore PTHA18 to onshore results. Outputs provide onshore tsunami hazard
data with exceedance rate and uncertainty information. It is, however, more
challenging to implement due to the significant computational expense of modelling
a large number of scenarios.

We hope this contribution facilitates further work to reduce tsunami risk across the Pacific.



We stress that these guidelines are not intended to be overly prescriptive, or restrict the
application of innovative methodologies to offshore-to-onshore PTHA, which remains a
subject of research. In the longer term there is a need for further research into PTHA
methodologies, coupled with efforts at standardisation that involve a broader cross-section
of the community of scientists working on tsunami hazard assessment. Thus we expect the
guidelines should evolve as technology advances and scientific knowledge increases.
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Appendix A: PTHA18 earthquake source details

The PTHA18 database contains around 750,000 hypothetical scenarios, all generated by major
earthquake source zones in the Indian and Pacific Oceans. Three alternative methods are
provided for representing earthquake scenarios (Figure 25):
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Figure 25: The PTHA18 contains three varieties of earthquake scenarios. FAUS scenarios (a,b) have
uniform slip, with area that is a deterministic function of the magnitude. VAUS scenarios (c,d) have
uniform slip, with area that is a random function of the magnitude. HS scenarios (e,f) have variable
rupture area combined with a heterogeneous slip model. Source: Davies (2019)

1. Fixed-area-uniform-slip (FAUS) scenarios have uniform slip and a rupture area that is
a deterministic function of the magnitude, based on the scaling relation of Strasser et
al. (2010).

2. Variable-area-uniform-slip (VAUS) scenarios have uniform slip but a stochastic rupture
area, which aim to represent the observed variability in earthquake magnitude-vs-
area relationships (Figure 4). For a given earthquake magnitude a range of scenarios
exist, varying between compact-area-high-slip scenarios, to large-area-low-slip
scenarios.



3. Heterogeneous-slip (HS) scenarios have a variable rupture area (like VAUS) as well as
spatially variable slip. Real earthquakes exhibit spatially variable slip, and the HS model
aims to simulate that.

Only the HS and VAUS scenarios are recommended for use in any applications. The FAUS
scenarios play an important role in the implementation of the PTHA tsunami modelling, but
based on the testing shown in Appendix B are not recommended for general use.

For all scenarios, the resulting tsunami is modelled globally for 36 hours of propagation time
on a1 arcmin? grid and the wave time series are stored at the hazard points in Figure 2a. Time
series can be extracted from the PTHA18 database. The initial water surface deformation is
also provided for all scenarios, which enables the tsunami to be simulated from source. A
family of scenario occurrence-rate models is provided, along with associated source
deaggregation and average recurrence interval information.

Appendix B: Testing of the PTHA18

The capacity of PTHA18 scenarios to represent real earthquake tsunamis was tested by
comparison with deep-ocean observations of 18 tsunamis in 2006—-2016 (Davies, 2019; Figure
26, Figure 27, Figure 28). To compare the statistical properties of modelled tsunamis with
observations, for each historical event a “corresponding family of model scenarios” was
defined to include all PTHA18 scenarios with earthquake magnitude and location “similar” to
the observed earthquake (technical details in Davies, 2019). The core idea is that if the
“corresponding family of model scenarios” gives an unbiased representation of real tsunamis,
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Figure 26: Location of gauges used in the following figures, and the historic earthquake events used for

PTHA1S8 testing.



then the 18 observed tsunamis should appear statistically like a random sample with one
event drawn from each of these 18 sets of modelled scenarios. This gives a “null hypothesis”
from which statistical tests can be derived to test for biases in the modelled tsunamis.

. 21401 21413 A 21414
—— w%‘wﬂwmvhe%‘t = WW@E
- "’/\gww@“*‘&&w&‘g%l “%ﬁé’ e, jf-o.s Awwﬁiﬁiﬂ’;&
Sl s PPy Pbmmdnlell | <ANA P i
e PADERE | AN Pt BT | A P Tk
46 01 46403 46404, 015
LA AAW%%% P i\ bty N p A

408 e 4 o NRINE o ve WO
";’A\%gmww ‘MMWM B‘J&&w _*AW%MQWM Wwﬁﬂw WWW%US
A “6‘%{” B S . R N WL

\ TR TR Tl N M e
7MV" %#§25 0~1 52402 !f\ y S ﬂo%_ o1
. 52 W 5240b¢‘%§0z§125 E%W “'\7550‘;?}301‘.‘0

= 55023 .03 . N
smm== \7&'3‘4‘ y 3?‘?179) - \Flﬁgg (g%ﬁ Vertical lines denote 1 hour spacing

Figure 27: Comparison of deep-ocean tsunami observations for the 2011 Tohoku tsunami with the best-
fitting PTHA18 scenarios with FAUS, VAUS and HS slip types, which have similar earthquake location and
magnitude. Notice that the best-fitting VAUS and HS scenarios agree quite well with the observations,
whereas in most cases the best-fitting FAUS scenario performs much more poorly. In PTHA18, similar
comparisons were performed for 18 historical tsunamis (Source: Davies, 2019)
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Figure 28: Comparison of a single observed tsunami and the statistical properties of random tsunami
scenarios in PTHA (Davies, 2019). The 2011 Tohoku “tsunami size” is depicted at a range of deep-ocean
sites with a vertical purple line (one site per panel). The tsunami size is defined as the difference
between the observed water-level maxima and minima after removal of tides. The box-plots depict the
modelled distribution (without bias adjustment) for PTHA18 tsunami scenarios in the “corresponding
family of model scenarios” (precisely defined in Davies, 2019). At most sites, the FAUS scenarios predict
tsunamis much smaller than were observed, without overlapping the observations. The VAUS scenarios
overlap the observations but tend to be smaller. The HS scenarios also overlap the observations, and are
not consistently smaller or larger. By repeating analysis like this for 18 historical tsunami events,
PTHA18 tested for bias in the FAUS, VAUS and HS earthquake models (Source: Davies, 2019).

Based on this testing, it was found that both the HS and VAUS models have similar capacity
to represent observed deep-ocean tsunamis, whereas the FAUS model performs poorly in
some cases (such as for the 2011 Tohoku tsunami). This is because it neglects variations in the
earthquake rupture area and average slip. The FAUS scenarios showed a statistical tendency
for downward bias in tsunami wave heights, with the 2011 Tohoku tsunami being a
particularly clear example (Figure 27). For this reason, FAUS scenarios in the PTHA18 database
are not recommended for general use.

The PTHA1S8 testing also identified some biases in the tsunamis produced by random VAUS
scenarios (although these biases were subsequently corrected). The VAUS scenarios that best
matched observed tsunamis tended to be relatively compact (i.e. small area, high slip)
compared to random scenarios, and the latter also exhibited a downward bias in tsunami
wave heights (Davies, 2019). These issues were addressed with a bias adjustment that
increases the occurrence rate of compact VAUS scenarios, with corresponding reductions for
less compact scenarios (Davies and Griffin, 2020). Interestingly, a separate analysis by An et



al. (2018) also favours the use of compact uniform slip for representing real earthquake
tsunamis. Compact scenarios tend to produce larger tsunamis by virtue of their greater
average slip. This bias adjustment is integrated into the PTHA18 scenario-occurrence-rate
models, and leads to better agreement with the statistical properties of observed tsunamis
(Davies, 2019; Davies and Griffin, 2020).

A similar bias analysis was conducted for the HS scenarios. In this case the bias adjustment
was small. With these bias adjustments, testing to date suggests that both the VAUS and HS
scenarios perform reasonably well in practice.

The above testing is restricted to deep-ocean tsunamis. The PTHA18 hydrodynamic model
solves the frictionless linear shallow water equations on a nearly global 1-arcmin? grid, and
while sufficient for simulating long waves in the deep ocean, it cannot directly simulate
nearshore waves or inundation. However, the PTHA18 scenarios can be used to force a high-
resolution nonlinear tsunami model, either using the earthquake coseismic displacement as
an initial condition or using the wave time series at hazard points as a boundary condition.
The initial-condition approach is generally applicable. The boundary condition approach is
only possible when enough hazard points exist near the site of interest. Caution should also
be applied if using the boundary condition approach to simulate tsunamis for many hours
after tsunami arrival, because the frictionless linear solver does not capture late-time tsunami
dissipation (Davies et al., 2020). The latter study compared modelled and observed nearshore
tsunamis at 16 Australian tide gauges, and found the neglect of friction was unimportant for
about 8 hours following tsunami arrival, but slowly grew in importance thereafter, with clear
effects 36—60 hours post-earthquake. However, a simple transformation of the frictionless
model can be applied and leads to better performance even at late times (Davies et al., 2020).

Figure 29 depicts nested-grid tsunami simulations, based on the nonlinear shallow water
equations, which use initial conditions from PTHA18 to simulate nearshore waves. The
hydrodynamic model has high resolution around Tongatapu in Tonga where the model is
compared with nearshore tsunami observations (Figure 29). The PTHA18 scenarios were
selected from among those identified by Davies (2019) as similar to some historical events
(based on deep-ocean tsunami observations), but the scenarios were not otherwise tuned to
force good agreement with data. However, the modelled waves give a reasonable
representation of the observations at Nuku'alofa tide gauge. For the far-field events, we
expect that the model will arrive slightly earlier than the observation, as seen in these



examples. This is due to the neglect of loading and seawater density stratification (Allgeyer
and Cummins, 2014; Baba et al., 2017).
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Figure 29: Simulations of five recent tsunamis in Tongatapu, Tonga (details in Davies et al., 2021).
PTHA18 scenarios were used as initial conditions in a global-to-local tsunami model with high
resolution around Nuku'alofa tide-gauge in Tongatapu (location of star). Time series compare the
model with de-tided observations. The PTHA18 scenarios were selected from among those identified
by Davies (2019) as matching deep-ocean tsunami observations relatively well while having
earthquake location and magnitude similar to the observed earthquake.

The other core component of PTHA18 is the scenario occurrence-rate model. This was derived
by combining models of earthquake magnitude—frequencies at the source-zone level, and
models that relate the scenario conditional probabilities to spatial variations in the tectonic
convergence rate and also implement the aforementioned bias adjustments (details in Davies
and Griffin, 2018, 2020). The scenario occurrence-rate models were constrained with a range
of data, including earthquake catalogues, tectonic-plate convergence rates, and expert
opinion in the 2015 GEM Faulted Earth Subduction Interface Characterisation Project
(Berryman et al., 2015). The latter in part reflects knowledge of historical and paleo-tsunami
data that is otherwise difficult to formally integrate into large-scale PTHAs. Bayesian
techniques were used to weight the alternative models.



The magnitude-frequency models in PTHA18 were tested by comparison against global
integrated seismicity observations (Davies and Griffin, 2018, 2020). This is a useful test
because it can identify systematic biases that are not evident at the level of individual source-
zones due to lack of data (e.g. Bird and Kreemer, 2015). In addition, the scenario occurrence-
rate models were tested separately at seven specific sites where longer-term historical and
paleoseismic data exist. The model exhibited reasonable performance considering the
uncertainties (Davies and Griffin, 2020).

The information above provides only a brief summary of the PTHA18 products and testing;
further details are available in the cited references and source-code repository.

Appendix C: Inundation differences for tsunamis with
similar offshore wave heights.

Figure 30 provides an example that illustrates the variability of inundation between scenarios
with the same offshore wave heights. The two figure panels give the percentage of scenarios
inundating each site at RP 1000 year and RP 2500 year (both 84th percentile); all included
scenarios had maximum stage values within the tolerance interval for hazard point 3101.3
(located offshore Apia, Samoa). Even though the offshore tsunami maxima were similar in
each case, the onshore inundation extents vary. For RP 1000 year, the seven events came
from three source zones: Alaska Aleutians (two events), Kurils Japan (three events) and South
America (two events). The RP 2500 year had three events from Alaska Aleutians and one
event from South America. The difference in the onshore inundation reflects the imperfect
correlations between offshore wave heights and onshore impacts. By aggregating multiple
scenarios from various source zones we expect the combined result to be conservative.

Another specific example is that outer rise normal faults may produce significantly more
inundation than subduction zone sources that have a similar hazard point maximum stage
value. This can happen because outer-rise sources tend to produce particularly prominent
troughs (minimum stage values), which influence the wave run-up but may not be captured
by the deep-water maximum stage.
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Figure 30: Percentage of events that cover Apia, Samoa for 1000 year (left) and 2500 year 84th percentile
(right) return period. The seven events for 1000 year and four events for the 2500 year return period had
a maximum stage within the stage interval for hazard point 3101.3 (hazard point is located offshore
Apia).

Appendix D: Synthetic catalogues

Synthetic catalogues are random time series of scenarios with a given time duration D (e.g.
D =100,000 years). If the occurrence rate of any scenario in the offshore PTHA is R
(events/year), and the scenario timings are independent, then the number of scenarios that
occur in time duration D behaves like a random sample from a Poisson distribution with mean
(RD). Denoting the random number of scenarios as N, the synthetic catalogue may be
constructed by randomly sampling N scenarios from the offshore PTHA using weighted
random sampling with replacement. Here the sampling weights are proportional to the
scenario occurrence rates. This leads to a synthetic catalogue containing a set of random
scenarios, denoted Eg. below.

Once a synthetic catalogue has been created, the inundation can be simulated for each
random scenario. At any site, an estimate of the average number of scenarios in any year that
meets some criteria relevant to the hazard (e.g. inundation depth greater than a given
threshold, such as 1 m, or 5m) can then be computed by counting the number of such
scenarios in the synthetic catalogue and dividing by D:

1@ > Q7 = Y igesqn /D

e €EEgc

where the above equation above gives an estimate of the exceedance rate that would have
been obtained with the “all scenarios” approach. Although it is approximate, the advantage



is that it only requires inundation simulation for random scenarios in the synthetic catalogue
(rather than every scenario in the offshore PTHA).

Synthetic catalogues lead to unbiased estimates of exceedance rates. This means that even
though Monte Carlo errors may be significant in any particular synthetic catalogue, if the
sampling were repeated infinitely many times then the average error would be zero.
Furthermore, if the sampling were repeated many times, the standard deviation of their
Monte Carlo errors would be inversely proportional to the square-root of the catalogue
duration D (Davies et al., 2021). This is equivalent to the errors being inversely proportional
to the square root of the average number of random scenarios in each catalogue, which as
noted above, is typical for Monte Carlo techniques.

In the context of inundation PTHA, synthetic catalogues suffer from a number of inefficiencies
that are not shared by the other Monte Carlo techniques discussed below. In PTHA18 and
most other large-scale PTHAs, earthquake magnitude-frequency distributions have a
Gutenberg—Richter type form, with low-magnitude earthquakes being much more common
than high-magnitude earthquakes. Thus synthetic catalogues tend to be dominated by lower
magnitude earthquakes, and as a result the Monte Carlo errors tend to be relatively large for
high-magnitude earthquakes, although the latter are often more significant for hazard
applications (Sepulveda et al., 2019; Williams et al., 2020). Another weakness of synthetic
catalogues arises in the context of epistemic uncertainty quantification, where we wish to
consider multiple scenario occurrence-rate models i € I. In that case a separate synthetic
catalogue should be simulated for each, which can lead to rapid growth of the number of
scenarios requiring inundation simulation.

These issues are particularly challenging in the context of inundation PTHA because onshore
tsunami simulations are expensive. They are much less of an issue in other contexts where
tsunami simulation is not expensive, such as in some large-scale PTHAs where unit-sources
and other approximations are used for tsunami computation (e.g. Li et al., 2016; Power et al.,
2017). But for onshore hazard assessment, for efficiency reasons we encourage use of the
techniques discussed below in preference to synthetic catalogues.

Appendix E: Stratified sampling by magnitude equations

Stratified sampling by magnitude is another common Monte Carlo approach for estimating
2;(Q > QT)in offshore-to-onshore PTHA (e.g. De Risi and Goda, 2017; Williams et al., 2020).
For site-specific onshore hazard assessments, the basic stratified sampling method can also
be modified to further improve the efficiency (discussed in the next section). This section
presents uniform stratified sampling, because it is common and provides a basis for the other
techniques.

In stratified sampling the PTHA scenarios are first stratified (or grouped) into separate
magnitude bins. This can be done in a variety of ways. While equally spaced bins are often
used, non-uniform spacing can equally well be used (e.g. Basili et al., 2021). In PTHA18 the
scenario earthquake magnitudes range from 7.2 t0 9.6 in increments of 0.1, and these provide
a natural set of 25 different magnitude bins M, ;,:



M,,, € {(7.15,7.25],(7.25,7.35], ... , (9.55,9.65]}

where each magnitude bin contains all the offshore PTHA scenarios with the associated
magnitude; we denote the set of all scenarios in bin M,, , as Ej,.

In uniform stratified sampling, a chosen number of scenarios N(Mw,b) is randomly sampled
from E;, using weighted random sampling with replacement. We denote this set of random
scenarios in magnitude bin M,, , as E}, ss. The chance of sampling each scenario should be
proportional to the scenario conditional probability within the magnitude bin, or equivalently
the scenario occurrence rate r;(e). The latter are equivalent because the sampling is applied
to each magnitude bin separately. For example, we might sample 12 scenarios per bin to
produce 25 sets of random scenarios E}, g5, leading to 12 x 25 = 300 scenarios in total. Often
the number of selected scenarios N(Mw,b) is the same in each magnitude bin, like in this
example, although this is not essential and below we suggest alternatives that can be more
efficient.

From the offshore PTHA, for any scenario frequency model the occurrence rate of
earthquakes in each magnitude bin (denoted Al-(Mw,b) ) can be computed by summing the
occurrence rates r;(e) over all PTHA scenarios in E,,. This information is readily available in
the offshore PTHA. Using the random scenarios, exceedance rates for any quantity of interest
Q can be approximated at any threshold Q7 as:

1 T
- 2 : . 2 : (ele)>qT)
AL(Q > QT) - AL(MW,IJ) |:N(Mw’b)
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where the equation above approximates the solution that would be obtained by simulating
all scenarios. Although approximate, it has the advantage that we only need to know the
quantity of interest Q(e) for the random scenarios, instead of every scenario in the PTHA. In
the context of inundation hazard assessment this can lead to substantial computational
savings, because inundation only needs to be simulated for the random scenarios.

As compared with synthetic catalogues, a benefit of stratified sampling is that the number of
scenarios in each magnitude bin does not need to mirror the occurrence rates of those
magnitudes. This makes it easier to give a good representation of all magnitude bins in the
analysis, even if lower magnitudes are much more common (as implied by Gutenberg—Richter
type magnitude-frequency relations). Fundamentally this is because in synthetic catalogues,
the sampled scenarios are themselves used to represent the scenario frequencies, whereas
in stratified sampling, the sampled scenarios represent the within-magnitude-bin scenario
conditional probabilities, with each bin being weighted to produce the final result.

A related advantage of stratified sampling arises when representing epistemic uncertainties
using many scenario—frequency models i € I. In the case of synthetic catalogues, it was
noted above that many different random catalogues would be required to represent
epistemic uncertainties. But for stratified sampling the same random sample can be used for



all cases, as long as all alternative modelsi € I imply the same within-magnitude-bin scenario
conditional probabilities (i.e. within each magnitude bin, the relative frequency of each
scenario is the same for all alternative models). This constraint holds for many offshore PTHAs
including PTHA18, except that in PTHA18 the partially segmented source zones need to be
treated on a segment-by-segment basis (full details are presented in Davies et al., 2021). As a
result, for stratified sampling, random scenarios can be reused to a very large extent for
epistemic uncertainty calculations. If epistemic uncertainties should be quantified, this leads
to substantial computational savings compared to synthetic catalogues.

Appendix F: Excluding small scenarios based on offshore
wave heights

Whatever Monte Carlo technique is used, scenarios with “small” offshore wave heights will
probably be selected. In some applications, modellers will be confident that these scenarios
do not contribute to the hazard at onshore sites of interest. To reduce the computational
effort it may be desirable to remove “small” scenarios prior to inundation modelling. After
simulating inundation for the remaining scenarios, exceedance-rate calculations can proceed
by assuming 1(Q(e)> Q) = 0 for the “small” scenarios. The latter is correct if the “small”

tsunamis are always beneath the thresholds of interest.

This requires a strategy to identify “small” scenarios prior to inundation modelling, and needs
to be implemented with care to prevent bias. It is natural to exclude all scenarios with PTHA
tsunami maxima below some threshold at a chosen offshore site; if the latter is near the
onshore site of interest, it should be roughly indicative of the onshore tsunami impacts. The
threshold used to discard scenarios could be specified from judgement, or equivalently
chosen so that only the largest N scenarios are included, such as the largest 100 or 300 (Lane
et al., 2012).

While this can be a useful technique it must be stressed that there are risks of introducing
negative bias in the onshore hazard results, because tsunami maxima at the onshore site of
interest will not be perfectly correlated with offshore wave heights. To illustrate why this can
occur, Figure 31 depicts a hypothetical example with imperfect correlation between offshore
and nearshore tsunami maxima. Suppose that, based on the offshore tsunami maxima, the
largest 300 scenarios are selected for inundation modelling; these scenarios fall to the right
of the solid vertical line in Figure 31a. Although many of these scenarios also have large
nearshore tsunami maxima, they do not represent the largest 300 nearshore tsunamis; there
is a tsunami maxima downward bias due to the imperfect correlation with the offshore wave
heights (Figure 31). For instance, in this example the smallest selected nearshore tsunami
maximum is 1.5 m, whereas the 300th ranked nearshore tsunami maxima is 2.6 m (Figure
31b). Thus, irrespective of the Monte Carlo method used, any nearshore exceedance-rate
calculation for thresholds around these tsunami maxima would have substantial downward
bias. The bias will vanish for sufficiently large nearshore tsunamis (>5 m in this example), once
all nearshore tsunamis above that size are included in the selected scenarios (Figure 31b).
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Figure 31: Hypothetical example of how biases can be introduced by discarding scenarios that are
small at an offshore site: (a) Suppose we select the largest 300 scenarios based on their offshore
tsunami maxima (available in an offshore PTHA). The nearshore tsunami maxima for those
scenarios are generally unknown without detailed modelling, but will be imperfectly correlated
with the offshore maxima;, (b) Comparison of the nearshore tsunami maxima distributions for the
selected scenarios, and the 300 scenarios with the largest nearshore tsunami maxima. The former
differs from the latter in the lower tail. This difference is a potential source of bias in exceedance-
rate calculations.

To mitigate the bias in practice, the offshore threshold must be low enough that all of the
nearshore scenarios of interest are included. Just how low will depend on the degree of
correlation between the offshore and nearshore tsunami size. If the latter exhibit a zero rank
correlation, then any threshold would introduce bias; conversely if they exhibit a perfect rank
correlation there will never be any bias. In real applications this is not known a priori, and so
choosing the threshold requires careful judgement. We recommend using thresholds
substantially lower than the wave heights of interest while accepting that this will come with
significant additional computational expense; that is the price of avoiding biases in the final
results.



Appendix G: Procuring a tsunami inundation assessment

Undertaking tsunami hazard assessments requires significant expert knowledge, and some
countries may procure consultancy services to undertake these assessments on their behalf.
There are known issues in the Pacific, as well as other locations around the world, with data
access and copyright on assessments undertaken by consultants, as well as the difficulty in
determining whether a quality product has been provided. To this end we propose a non-
exhaustive checklist, largely based on the AIDR (2018) guidelines, to support governments
of the Pacific Island countries and territories to procure tsunami inundation hazard
assessment studies that are fit for purpose.

Key points that should be investigated to support the procurement of tsunami inundation
hazard assessment study are given below.

Define the purpose of the study

The purpose of the study should be clearly identified by the procurer to help guide some key
decisions in the formulation of the terms of reference, the methodology used by the
consultant and the treatment of copyright. For example, the purpose of the study should
guide the selection of scenarios and the resolution of the inundation model. If one purpose
of the assessment is to support evacuation planning and establishment of evacuation centres,
the end-user should consider the inclusion of very rare to near-unlikely events (depending on
the end-user’s views on the appropriate level of conservatism). Similarly, it is expected that
the resolution of the inundation model would differ, depending on the risk management
decision that it informs. A coarser inundation product could be procured to broadly
understand tsunami risk at an island or national scale (e.g. for a pre-feasibility study) but may
be less suitable to support evacuation mapping in an urban setting.

Establish an advisory or steering committee group

To ensure that the final product caters to an appropriate range of end-users, we recommend
that a multidisciplinary advisory or steering committee be established to guide the study
design. Whenever relevant, we suggest that governments/procurers call upon a relevant
regional public servant at SPC to provide technical expert guidance through the advisory
committee. Alternatively, a relevant expert from partner agencies (e.g. GA, NIWA, GNS, etc.)
could also be invited.

Determine who will provide third-party Peer review

The procurer should consider seeking third party peer review to validate the quality of the
assessment. This task could be sought from a relevant expert group at SPC or from relevant
development partner agencies (e.g. GA, NIWA, GNS, etc.).

Determine which exceedance rates will be used

Both of the methodologies presented in this document involve the selection of exceedance
rates. While applications exist for which exceedance-rate information is not needed, if it is to
be used, then the choice of exceedance rates should be informed by the purpose of the study.
If the terms of reference do not include a fixed set of exceedance rates to be investigated, it



is expected that a decision will be made in the early phase of the assignment in consultation
with the procurer. If considering very rare exceedance rates, it is important to keep in mind
that, due to maximum-magnitude uncertainties, they will likely describe scenarios that have
a significant chance of being impossible.

Select the appropriate earthquake scenario

The procurer should require the consultant to follow these guidelines (or some other
appropriate methodology) to ensure that the method is clearly communicated and
reproducible. The approach taken (e.g. Monte Carlo or scenario-based approach) should be
clearly specified by the consultant. While the Monte Carlo approach offers a more rigorous
representation of tsunami frequencies and uncertainties, it is expected to be a more
expensive service and could significantly reduce the pool of service providers. Hybrid
approaches (e.g. Camus et al., 2014; Rueda et al., 2019) are not currently addressed in these
guidelines but could also be considered. While these guidelines do not intend to be overly
prescriptive about how this is done, it is important that decisions related to scenario selection
are appropriately communicated by the consultant and understood by key end-users.

Select the appropriate hydrodynamic model

There are various models that can be selected to perform tsunami inundation modelling. A
bid cannot be properly assessed without clear information on the numerical model that will
be used. Hydrodynamic models solving the nonlinear shallow-water equations are commonly
used for such assessment. The model should also enable friction, wetting and drying, and
output parameters tailored to the client’s need (e.g. velocities, and forces on structures).
Importantly, the model selected must have been successfully tested against common
benchmark tests (e.g. NTHMP, 2011). Finally, it is highly recommended for the procurer to
require the use of an open source model, which will help to ensure that future tsunami studies
can be built upon the work.

Validate the model

The model should be compared with historical events to provide the necessary confidence in
its ability to satisfactorily reproduce real events. If nearshore and inundation datasets are
available for the study sites from known tsunamigenic earthquakes, the procurer should
require the consultant to validate the model against these. For sites with no local data, the
client could require that the model be validated against DART buoy data (if the tsunami is
modelled from the source).

Select appropriate model resolution

It is good practice for the consultant to undertake convergence testing to select the most
appropriate resolution. Resolution of the model offshore typically ranges from hundreds of
metres to a few kilometres, whereas it should range from one metre to tens of metres in the
coastal zone. It may also depend on the purpose of the study; for example a coarser
inundation product may be sufficient to broadly understand tsunami risks at an island or
national scale (e.g. for a pre-feasibility study), but may be less suitable to support analysis of



loads on structures. The approach to determining the model resolution should be agreed
upon by the consultant and procurer of the study in the initial study design phase.

Ensure baseline data is available

To ensure the product delivery is fit for purpose, the procurer must ensure that adequate
bathymetry and topography is available for the study site before undertaking such
procurement. Vertical datums must be known to accurately combine different datasets. If
only relatively coarse and low accuracy datasets are available for the study site (e.g. global
elevation datasets), it is expected that the resulting tsunami inundation product would carry
significant uncertainty. In this situation the procurer should carefully consider whether
inundation modelling will add value. Procurers are highly recommended to first invest in the
procurement of appropriate baseline data.

Include structures

The consultant should also consider the inclusion of small-scale structures that could affect
the tsunami inundation assessment, including the natural (e.g. beach berm) and man-made
(e.g. seawall) coastal defences. Structures such as buildings and bridges could also be
included. However, with large uncertainties in their ability to withstand tsunami-driven
forces, these structures are commonly omitted, resulting in a more conservative inundation
product.

Stipulate the friction coefficient

Friction (or roughness) coefficients are used to control how the flow energy is dissipated by
interacting with the landscape and can lead to significant changes in the resulting inundation.
The methodology used to define friction coefficient(s) should be clearly stipulated by the
consultant. Friction coefficients can vary spatially (e.g. depending on land coverage, sea/land
area), or be set as a constant value.

Determine the tide level

The tide level can play a significant role in the resulting tsunami inundation. To account for
the uncertainties inherent in tsunami hazard assessment, the procurer might consider a
conservative approach and require a high tide value (e.g. MHWS or HAT).

Take account of sea level rise projection scenarios and vertical land motion

If the modelling is to be used to inform long-term development strategies or infrastructure
with a long lifetime, we recommend the procurer includes sea level rise scenarios in the
tsunamiinundation hazard assessment. These scenarios could be sourced from the latest IPCC
report. Ideally, there should be a consistent approach to climate change scenario selection
across the various hazard assessment studies to support multi-hazard mapping.

In addition, some Pacific islands are experiencing uplift and/or subsidence due to various
reasons which affect the relative sea level.



Ensure ownership of copyrights and license agreements

Ensure that all deliverables are open access, and that the ownership belongs with the
government/procurer. Government ownership is of paramount importance to ensure future
projects can fully capitalise on the commissioned assessment.

Stipulate delivery formats

Ensure that all the derived products are delivered and in a format that is compatible with
your own systems and following international standards and best practices. This includes:

a. final report (digital and hard copy)
b. all model set-up and input files
c. inundation products (digital format and maps).
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