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Abstract

Geoscience Australia, together with contributors from the wider Australian seismology
community, have produced a new National Seismic Hazard Assessment (NSHA23),
recommended for inclusion in proposed updates to Standards Australia’s AS1170.4. NSHA23
builds on the model framework developed for NSHA18, and incorporates scientific advances
and stakeholder feedback received since development of that model. Key changes include:
further refinement and homogenisation of the earthquake catalogue; revisions to the fault
source model through inclusion of newly identified faults and revised activity rates on some
faults; assessment of ground motion models through quantitative comparison against
observations; and inclusion of a specific ground motion model for shaking from plate-boundary
earthquakes in northern Australia. Expert elicitation was used to capture epistemic uncertainty
surrounding model choices. The elicitation focused on decision points that sensitivity analysis
had shown were more important for hazard, where new models had been developed, and
where model choices had been controversial in NSHA18. Key questions included which
catalogue to use as the basis for calculating hazard, the weighting of different source model
classes (background, regional, seismotectonic, smoothed seismicity and smoothed seismicity
with faults), and the selection and weighting of ground motion models for different tectonic
regions. NSHA23 hazard results for capital cities show moderate changes compared with
NSHA18, with the exception of Darwin. Here the ground motion with a 10% probability of
exceedance in 50 years increases significantly, a result that is attributed to inclusion of a new,
more realistic ground motion model for plate-boundary earthquakes in this unique tectonic
setting.
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1 Introduction

The 2023 National Seismic Hazard Assessment (NSHA23) updates the model developed in
2018 (NSHA18; (Allen et al., 2018b; Allen et al., 2020), addressing the feedback received
about NSHA18 and incorporating new fault data, a revised earthquake catalogue and new
ground motion models. Some aspects of NSHA18 were not changed, as they were neither
controversial nor shown to have a significant impact on the hazard results during sensitivity
testing. As such, while NSHA23 revises NSHA18 it does not constitute a whole-scale change
in modelling approach and philosophy.
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The model was developed with the primary goal of informing a revision to Standards Australia’s
Structural Design Actions, Part 4: Earthquake Actions in Australia, AS1170.4—2007 [R2018]
(Standards Australia, 2018). Despite this focus, user feedback workshops held as part of the
revision process identified the diverse applications of NSHA18, including for the development
of loss models in the insurance industry and as a benchmark for site-specific studies for
engineering projects.

Whilst the NSHA23 was intended to be a modest update to the 2018 model, there was
considerable effort placed into updating several model components, including: 1) updating and
extending the earthquake catalogue; 2) updating the fault-source model; 3) the augmentation
of the Australian Ground-Motion Database (Ghasemi & Allen, 2021, 2023) with new and legacy
data for ground-motion model (GMM) evaluation and ranking; and 4) review and revision of
the seismic-source and ground-motion characterisation model logic trees through expert
elicitation.

In this paper, we present an overview of the NSHA23 development process and results, and
discuss the key changes to the model compared with NSHA18. We describe the decision-
making processes and how these were designed to address the primary sources of
uncertainty. Full details of model implementation and results are presented in the NSHA23
report (Allen et al., 2023).

2 The earthquake catalogue

Earthquake catalogues are fundamental inputs into any probabilistic seismic hazard
assessment (PSHA) and are used to establish earthquake occurrence rates for a given source
region (e.g., Leonard, 2008; Dimas et al., 2016) or spatially varying smoothed seismicity model
(e.g., Stewart, 1984, Griffin et al., 2017). The updated National Seismic Hazard Assessment
Earthquake Hypocentre Catalogue (NSHA23-Cat) of historical earthquakes is the authoritative
catalogue underpinning the NSHA23 (Allen et al., 2023; in prep) and is used to determine
earthquake rates for all of the area and gridded seismicity source models for continental
Australia. The NSHA23-Cat is compiled from Australian and international sources and
combines the highest quality hypocentres and magnitudes for the assessment of earthquake
hazard in Australia. As with the NSHA18-Cat, earthquake magnitudes are uniformly expressed
in the moment magnitude (Mw) scale, using Australian-specific magnitude conversion
equations updated for the NSHA23 (Allen et al., 2023; in prep). These conversions are
appropriate for several common magnitude types, including: local magnitude M.; surface-wave
magnitude Ms, and; body-wave magnitude me.

An earthquake catalogue based on Mw is a prerequisite for global best practice seismic hazard
analyses (SSG-9; IAEA, 2022). Mw provides a physics-based measure of the size of an
earthquake. In contrast to the local magnitude scale, the moment magnitude scale does not
saturate with magnitude (Kanamori, 1977). Because all modern ground-motion models
(GMMs) are now calibrated to Mw, it is necessary for a coherent model that earthquake rates
for hazard calculations are also expressed in terms of Mw (e.g., Baker et al., 2021).

The NSHA23 (Allen et al., 2023) has updated orthogonal distance relationships (e.g.,
Castellaro et al., 2006) between M., m, and Ms and Mw. The most important of these is the
relationship between M. and Mw due to the relative abundance of local magnitudes in the
Australian earthquake catalogue. For the NSHA23, this relationship was updated given the
change in the preferred Wood-Anderson magnification applied to the simulated data. These
local magnitudes are referred to here as My2s00), referring to the Wood-Anderson gain factor
of 2800 applied. A comparison of the NSHA18 and NSHA23 M.-Mw conversions is shown in
Figure 1. The preferred quadratic relationship (Allen et al., 2018c; 2023; in prep), demonstrates
that Mw is approximately 0.3 magnitude units lower than M, for moderate-to-large earthquakes
(4.0 <Mw <6.0).
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Figure 1: Relationships between calculated moment magnitudes Mw for Australian earthquakes (from
the sources listed in the lower right legend) and the preferred local magnitudes M. (corrected for
inappropriate M. algorithms). The dashed line represents a 1:1 relationship with M 2s00. The preferred
model, and that used for conversion of local magnitudes to moment magnitudes is the quadratic curve
based on simulated data (solid orange line).

3 Seismic source characterisation model (SSCM)

The NSHA23 SSCM uses the same suite of seismic source models (SSMs) as used in the
NSHA18 (Allen et al., 2018a). However, these SSMs were recalibrated with the updated
NSHAZ23-Cat and the fault source model (FSM) from NSHA18 (Clark et al., 2016) was also
updated. Furthermore, the relative weights of the SSMs were modified through the expert
elicitation.

As with the NSHA18 (Allen et al., 2018b), the NSHA23 considers five different seismic source-
model classes. These include:

e Background area source zones that use broad zones within which large earthquakes
can occur anywhere with equal probability;

e Regional area source zones that assume the spatial distribution of seismicity is non-
uniform at the scale of background source zones and that the distribution of historical
seismicity is useful to forecast future earthquake occurrence;

o Smoothed seismicity data-driven models that yield spatially-varying earthquake
occurrence rates by smoothing the observed rates of earthquake occurrence with a
given smoothing kernel (e.g., Frankel, 1995). These models assume that historical
seismicity is a good predictor of future seismic hazard,;

e Seismotectonic models combine regional zones with a fault-source model (Clark et al.,
2016), and;

e Smoothed seismicity with faults combined the smoothed seismicity models with with
the fault-source model.

NSHA18 used 19 different source models across the five different model classes. Alternative
models were given a relative weight within each model class, and each model class was also
given a relative weight (Griffin et al., 2018) . Sensitivity testing (Griffin et al., 2020) showed that
hazard results were sensitive to the interclass weight, but not the intraclass weight (i.e. the
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weights of alternative models of the same class). It was therefore proposed for NSHA23 to
revisit the interclass weights, but not the intraclass weights (see Section 5).

3.1  The Fault Source Model (FSM)

Updates between the FSM18 and FSM23 include parameterisation changes to a moderate
number of features, modification of the geometries of a few existing features, and the addition
of a small number of new features (https://neotectonics.ga.gov.au/). In order to visualise where
parametrisation updates have changed the moment rate between the FSM23 and FSM18, we
plot a proxy in Figure 2, which is an interpolated surface of the residual of displacement rate x
fault area between the two FSMs. Fault rupture area was estimated from fault length using the
Leonard (2010; 2014) scaling relationships. Three regions (the Adelaide region, south-eastern
Australia and the North-West Shelf) are responsible for the majority of changes in moment
rate, and are indicated by red squares in Figure 2.
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Figure 2: Comparison of 2018 and 2023 fault source models expressed as the residual of slip rate (SR)
x area (A) as a proxy for change in seismic moment.

4  Ground motion characterisation model (GMCM)

The aleatory variability within, and epistemic uncertainty between ground-motion models is
often considered to contribute some of the largest uncertainties in PSHAs (Bommer &
Abrahamson, 2006; Al Atik et al., 2010). This is particularly true of stable continental regions
such as Australia with few data recorded from moderate-to-large earthquakes. Nevertheless,
ground-motion models (GMMs) that predict the intensity of ground shaking for a given
magnitude and distance (on a given site class) form an essential component to modern
PSHAs.

An updated and extended suite of ground-motion data from small-to-moderate magnitude
Australian earthquakes (Figure 3; Ghasemi & Allen, 2021; 2023) was used to assess the
suitability of the candidate models for use in the Australian context. Spectral intensities
recorded in Australian stable crust are compared with those predicted by the candidate GMMs
using both qualitative and quantitative approaches (e.g., Figure 4). The goodness-of-fit results
vary significantly among different GMMs, spectral periods and distance ranges; however,
overall, the Australian-specific GMMs seem to perform well in estimating the level of ground
shaking for earthquakes in Australia for available data.
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Figure 3: Moment magnitude versus epicentral distance distribution selected records in the Australian
Ground-Motion Database up to a maximum distance of 300 km.
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Figure 4: An example of model residuals at a response spectral period of 0.1 sec for the Allen (2012)
GMM for the southeastern Australian dataset. (Top-left) Histogram of the normalised residuals.
Comparison between fitted normal distribution (black curve) and standard normal distribution (red curve)
are also presented. Distribution of the GMMs residuals with respect to Vsso (top right), magnitude
(bottom-left) and epicentral distance (Repi; bottom-right), respectively.
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5 Model weights and structured expert elicitation

In probabilistic seismic hazard modelling, the epistemic uncertainty (i.e., modelling uncertainty
due to a lack of understanding of the underlying physical processes) is usually captured
through the use of alternative, scientifically defensible models in a weighted logic tree
framework. Experts will propose alternative models for the distribution of earthquake
occurrence in space, time and magnitude (i.e., seismic source characterisation), and how
ground shaking is propagated through the crust (i.e., ground motion characterisation). In most
cases, there is insufficient data to independently and quantitatively determine a “best” model.
Therefore, it is unreasonable to expect, or force, experts to agree on a single consensus model.
Instead, seismic hazard assessments should capture the variability in expert opinion, while
allowing that the strength of the subject matter experts will vary from subject to subject. Logic
trees, with branches representing mutually exclusive models weighted by expert opinion, can
be used to model this uncertainty.

In order to weight alternative logic tree branches in the model, expert opinion was sought from
the Australian seismological community. Formal structured expert elicitation was implemented
using the approach developed by Gerstenberger & Christophersen (2016) (see also
Christophersen and Gerstenberger, 2021), which provides a streamlined framework for
implementing Cooke’s Classical Method (Cooke, 1991). This approach was previously used
for NSHA18 (Griffin et al., 2018; Griffin et al., 2020), and also recent seismic hazard models in
New Zealand (Gerstenberger et al., 2016; Gerstenberger et al., 2022). In this method, experts
first undertake a calibration exercise that assesses their ability to quantify their own
uncertainties. The results of the calibration exercise are used to give each expert a weight,
which is then used to scale the weights provided by the expert for the alternative branches of
the logic tree.

The elicitation for the NSHA23 was undertaken in two virtual workshops on 17-18 April 2023.
As part of the elicitation, experts were asked to provide a minimum ‘cut-off weight’ that a
particular model should achieve in order to be included. This was done to reduce model
complexity and computational load by avoiding running lowly weighted logic tree branches that
did not contribute significantly to the hazard results.

Following initial implementation of the hazard model, a follow-up workshop was held on 2
August 2023 to discuss sensitivity of hazard results to the decisions made through the
elicitation process, and to also consider feedback received following presentation of initial
results to the external review panel and Standards Australia subcommittee BD-006-11
responsible for updating earthquake loading standards in AS1170.4 (Standards Australia,
2018). Based on this feedback and the sensitivity analysis, the experts were invited to provide
revised weights for a limited number of logic-tree branches. Providing an opportunity to update
model weights following review of the hazard results represented a philosophical departure
from the implementation in 2018 (Griffin et al., 2020), and recognised that for a complex model
like the NSHA the sensitivities of the hazard results to model parameterisation may not be
readily apparent prior to seeing the hazard results, even to experts in the field.

5.1 Earthguake catalogue consensus

Key amongst the concerns regarding the NSHA18 hazard results when it was first published
was that different hazard modelling practitioners were producing considerably different hazard
results for the same site. This was largely due to the catalogue chosen to underpin the SSCM.
In the development of the NSHA18, the Geoscience Australia modelling team made the
assumption that the use of an earthquake catalogue uniformly expressed in terms of moment
magnitude was scientifically established and best practice for PSHA. Thus, this component
was not considered in the NSHA18 expert elicitation workshops, which were held to calibrate
the uncertainty model for the NSHA18 source and ground-motion logic trees (Griffin et al.,
2018; 2020). However, what later became clear was that not all experts agreed on the
boundary between established scientific results and those still subject to epistemic uncertainty.
Of particular note was work undertaken by Geoscience Australia—independently from the
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expert elicitation process—to revise and homogenise the magnitudes of the underpinning
earthquake catalogue (Allen et al., 2018c; Allen, 2021).

Since the release of the NSHA18, Geoscience Australia has worked diligently to persuade
Australian seismologists on the merits of an Mw-based catalogue for use in PSHA. During the
expert elicitation for the NSHA23, the experts were asked which catalogue should be used to
constrain the source-rate model. The options were: (a) only the Mw-based catalogue; (b) only
the M_-based catalogue, or (c) a weighted combination of both catalogues. The overwhelming
response from the experts was the use of the Mw-based catalogue only, with a calibrated
weight of 0.985 (Figure 5). No experts opted for the M_-based catalogue only. Thus, the use
of a Mw-based catalogue is almost uniformly accepted by the expert panel.

B Calibrated expert weighting

Weight

Cut-off weight

Mw catalogue only Weighted c'ombination
of Mw and Ml
catalogues

Figure 5: Results from the NSHA23 expert elicitation on which catalogue to use to constrain the source-
rate models. The options were: (a) only the Mw-based catalogue; (b) only the M.-based catalogue (not
selected by any expert), or (c) a weighted combination of both catalogues. The calibrated weight for
Mw—only catalogue is 0.985, meaning that the consensus amongst expert panel is almost uniform.

5.2  Seismic source model inter-class weights

Griffin et al. (2020) explored the impact of epistemic uncertainty on the seismic source
characterisation model (SSCM) by varying weights for both intra- and inter-class weights.
Applying uniform weights to all model classes (i.e., uniform inter-class weights), Griffin et al.
(2020) observed a relatively large deviation from the final NSHA18. This observation contrasts
with the relatively small hazard changes when the expert-derived class weights are preserved
but each model within a class is given an equal weight (i.e., uniform intra-class). This result
underscores one of the first-order epistemic uncertainties associated with characterising
seismic sources in Australia: what is the appropriate spatial scale over which to integrate
seismicity rates? Given the sensitivity in the hazard results to the inter-class model weight,
experts were asked to re-weight the inter-class model weights (Figure 6). This process
resulted in a relative increase in the weights of the smoothed-seismicity and smoothed-
seismicity with faults source-model types relative to the NSHA18. By contrast, the relative
weights of the background SSMs decreased. The regional seismic-source model type weight
fell below the SSCM cut-off threshold and was subsequently ignored in the final SSCM. Given
the relatively modest impact of varying the intra-class source model weights on consequent
hazard estimates (Griffin et al., 2020), these weights were left unchanged from the NSHA18,
except for when individual model weights fell below the cut-off threshold, in which case they
were removed.
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Source-Model Class Intra-Class Models

Regional
(0.0)
Seismotectonic
(0.39)
0.16
(0.16) Class Sub-Type

Smoothed Seismicity (FSM) Fixed Kernel Cuthbertson (2023) Classical
(0.32) (0.63) (0.33) (0.52)

N/A

Declustering
Various SSMs Classical
(see Table 7-2) (1.0)

Various SSMs Classical
[CEERE I en) (1.0)

GA Fixed Kernel Truncated
(0.26) (0.48)

Smoothed Seismicity Risk Frontiers
(0.13) (0.41)

Adaptive Kernel GA Adaptive Kernel Classical
(0.27) (1.0) (0.52)

Truncated
(0.48)

As above

Figure 6: SSCM logic tree following the expert elicitation characterisation, including adjustments in
weights for the smoothed seismicity sub-classes and the use of classical or truncated declustering
approaches.

5.3  Ground-motion model selection and weights

The results of the residual analysis of the ground-motion database described in Section 4 were
shared during the expert elicitation workshop. This led to the update of the GMM logic trees
for the cratonic, non-cratonic and subduction tectonic region types, with the final grund motion
characterisation model (GMCM) weights shown in Table 1. In the GMM set for the subduction
tectonic region type, one of the more significant changes was the high weight given to the new
far-field GMM developed specifically for earthquakes occurring in the Banda Sea affecting
northern Australian sites (Allen, 2022).

AEES 2023 National Conference, Nov 23 - 25 8



Table 1: Final ground-motion model weights applied in NSHA23.

Tectonic Integration
Model Name* Region Type Reference Distance
Allen2012_SS14 0.3 Allen (2012)
AtkinsonBoore2006 Non-cratonic, 0.15 ,(’-\Ztlagg)o no & Beae
Extended, 400 km
Oceanic and
DrouetBrazil2015 Active Crust  0-19 Drouet (2015)
Somerville et al.
SomervilleEtAI2009NonCratonic 0.36 (2009)
Allen2012_SS14 0.24 Allen (2012)
. 013 Atkinson & Boore
AtkinsonBoore2006 : (2006)
DrouetBrazil2015 0.14 Drouet (2015)
Weatherill et al.
ESHM20Craton Cratonic 0.1 (2020) 400 km
NGAEastGMPE 0.09 Goulet et al. (2017)
Somerville et al.
SomervilleEtAI2009YilgarnCraton e (2009)
Somerville et al.
SomervilleEtAI2009NonCratonic 0.14 (2009)
Allen2022 0.81 Allen (2022)
AtkinsonBoore2006 Subduction 0.1 g'&g‘g)"” & Boore 1000 km

NGAEastGMPE 0.09 Goulet et al. (2017)

6 Results and changes in hazard

Figure 7 shows the NSHA23 hazard map for the mean PGA (in g) that has a 10% probability
of exceedance in 50-years on AS1170.4 Site Class Be (equivalent to Vs3 = 760 m/s), and
Figure 8 shows the mean PGA that has a 2% probability of exceedance in 50-years. These
maps were developed by enumerating the full SSCM and GMCM logic trees, thereby capturing
the epistemic uncertainty that was quantified through the expert elicitation process.
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Figure 7: NSHA23 hazard map indicating the mean PGA (in g) for 10% probability of exceedance in 50-

years on AS1170.4 Site Class Be (equivalent to Vsso = 760 m/s).
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Figure 8: NSHA23 hazard map indicating the mean PGA (in g) for 2% probability of exceedance in 50-
years on AS1170.4 Site Class Be (equivalent to Vsso = 760 m/s). Note that the colour palette has been
modified from Figure 7.

Figure 9 plots hazard curves for Australian capital cities for both NSHA18 and NSHA23, along
with the current seismic loading in AS1170.4-2007 [R2018]. For most capital cities NSHA23
results in a modest hazard increase. The exception is Darwin, where the increase in hazard is
primarily attributed to inclusion of the Allen (2022) ground motion model specifically developed
to model shaking from plate-boundary earthquakes in the north Australian craton. Figure 10
plots the ratio of NSHA23 to NSHA18 for the mean PGA with a 10% in 50 years probability of
exceedance. Again, this shows modest increases in hazard for most of the country, with
relatively larger increases in hazard in northern Australia, again attributed to introduction of the
Allen (2022) ground motion model.

In general, there are minor changes in the hazard (mostly decreases) due to the NSHA23
SSCM. However, these decreases due to the SSCM are more than offset due to changes in
the GMCM, resulting in a net increase in hazard over the range of exceedance probabilities.
Again, the significant changes in hazard to the City of Darwin are almost exclusively due to the
use of the Allen (2022) GMM, which forecasts significantly higher ground motions than the
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GMMs which contributed to the NSHA18 GMCM. Considering all of the AS1170.4 localities,
the mean percentage increase for the NSHAZ23 relative to the NSHA18 for PGA at the 10%
chance of exceedance in 50 years is 25.8 + 33.5%. Whilst this may seem like a rather
significant change, when the hazard difference is considered across all sites, the mean
difference in PGA hazard is 0.004 £ 0.011 g. The dependence of the NSHA23 hazard on the
changes to the GMCM demonstrate the need to prioritise active research in the development
of improved GMMs for Australia using new (Gorbatov et al., 2018; Miller et al., 2023) and
legacy ground-motion datasets combined in Australian Ground-Motion Database (Ghasemi &
Allen, 2021; 2023).

elaide Canberra Darwin

10t 107 — 10t

—— NSHA18
—— Draft NSHA2023
.|~ = 5-95th Percentile
B AS1170.4 Floor
® AS1170.4-2018

102

Annual Probabability of Exceedance

i H H | H H 3
02 107 107

Melbourne

102

10

Annual Probabability of Exceedance

: : : i T ; L 104 R i i
101 107 1072 101 107 1072 101

Mean PGA Hazard (g) Mean PGA Hazard (g) Mean PGA Hazard (g)

104 R
10 107?

Figure 9: The annual probability of exceeding a given PGA level (in g) for Australian capital cities on
AS1170.4 Site Class Be (equivalent to Vsso = 760 m/s). The plots compare the mean NSHA18 and
NSHAZ23 for several Australian capital cities. The 5-95" percentile curves are shown for the NSHA23,
while the AS1170.4-2007 Z value (red dot) is plotted together with the hazard floor value of 0.08 g (green
square) as used in the AS1170.4-2007 [R2018]. Dashed lines show the 1/475 and 1/2475 AEP.
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Figure 10: Map showing the ratio of the NSHA23 relative to the NSHA 18 for the mean PGA on AS1170.4
Site Class Be with a 10% probability of exceedance in 50 years.
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7 Conclusions

The NSHA23 has used the NSHA18 as a foundation and has built upon the previous
assessment through several key updates and revisions to model components. At a high level,
these include updates to the earthquake catalogue and fault-source model, together with
review and revision of the SSCM and GMCM logic trees. The update of these model
components has led to changes in seismic hazard estimates that are spatially variable across
the nation. Specifically, hazard changes are due to:

1. Updates to the earthquake catalogue, which:

a. Extends the catalogue through to the end of 2022;

b. Recalculates local magnitudes for recent events (2010 onwards) owing to
inconsistent observatory practice and errors with station metadata; and

c. Updates M. to Mw conversion equations, which yield slightly lower estimates of
Mw relative to ML (and consequently earthquake rates);

2. The implementation of a truncated declustering approach (not discussed in this
summary paper), which re-introduces seismic moment (and consequent hazard) to
regions of long aftershock sequences (e.g., Tennant Creek, NT);

3. Updates of the national FSM, which leads to increased seismic moment to neotectonic
features in:

a. The Adelaide region;

b. Southeastern Australia; and

c. The Northwest Shelf;

4. The revision of inter-class weights in the SSCM, that spatially redistribute the seismic
moment. Specifically:

a. The model down-weights the background model class while increasing the
model weights for the smoothed seismicity model. This has the effect of placing
more seismic moment (and consequent hazard) in regions with higher rates of
historical seismicity; and

b. The redistribution of weights between smoothed seismicity model sub-classes
(i.e., fixed kernel and adaptive kernel). The SSCM down-weighted adaptive
SSMs which were found to result in large hazard peaks in regions with high
rates of seismicity, but with no clear dependent events that could be
declustered;

5. Revision of the GMCM, which consistently leads to higher ground-motion forecasts and
consequent hazard, for most localities; and

6. Integration of the Allen (2022) GMM for northern Australia into the GMCM, which was
applied to forecast ground-motions for large plate-boundary earthquakes to Australia’s
north. The integration of this GMM into the logic tree results in the single largest increase
(in terms of absolute difference) in hazard for any one site (Figure 9).

For most of Australia, the model changes result in a relatively small changes in hazard, with a
moderate net increase in hazard. The exception is northern Australia, where more significant
increases in hazard are due to introduction of a more appropriate ground motion model for this
unique tectonic setting.
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