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Abstract

Spatially heterogeneous ground motions generated by earthquakes are partially attributed to
near surface conditions (i.e., site response), quantification of which enables the selection and
calibration of region-specific ground-motion models (GMMs) used in seismic hazard
assessments. The 21 September 2021 Mw 5.9 earthquake, the largest magnitude earthquake
instrumentally recorded in Victoria, was well recorded across the University of Melbourne’s
seismic network (UMSN) in eastern Victoria, providing a rare opportunity to assess the utility
of published GMMs for large-magnitude earthquakes, and thereby improve seismic hazard
assessment in the region. To benchmark these ground-motion recordings, estimating seismic
site response is required, in support of which we present results of site characterisation for 12
UMSN.

The analysis of surface wave components of ambient noise using microtremor surveys can
provide well constrained shear-wave velocity models for the uppermost few hundred metres
of the subsurface. By combining spatially averaged coherency (SPAC) and frequency-
wavenumber (FK) array techniques, we retrieve multimode Rayleigh and Love phase velocity
dispersion curves and Rayleigh-wave ellipticity, which we jointly invert for site-specific, near-
surface shear wave velocity models. Previous studies demonstrate that incorporating
dispersion of Love waves in the inversions provide stronger constraints of the uppermost
shear-wave velocity structure. These inversions produced a set of representative 1-D shear
wave velocity profiles for each site, which will contribute to the Australian Ground-Motion
Database - a national repository of earthquake ground-motion data and site metadata for
engineering applications.

Keywords: shear wave velocity; joint inversion, ellipticity curve; dispersion curve; site effects.

1 Introduction

The assessment of earthquake ground motions faces significant challenges, particularly those
influenced by local site effects attributed to near-surface rock or soil characteristics. Therefore,
characterising the near-surface response at seismic stations plays an important role in
benchmarking recorded data with a reference site condition. This serves as a foundation for
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the evaluation and choice of ground-motion models (GMMs) for application in both
deterministic (scenario-based) and probabilistic seismic hazard assessments, which enables
mitigating risks to humans and property from large magnitude earthquakes.

The Mw 5.9 Woods Point earthquake on September 21, 2021 (henceforth WPE) (Mousavi et
al, 2023), is the largest magnitude seismic event instrumentally recorded in Victoria. Despite
occurring in a remote region within Victoria's High Country, the event led to insured losses
amounting in excess of $100 million with a total claim count exceeding 18,000 (Insurance
Council of Australia, 2023). Seismic waves radiated from the earthquake were recorded by
local, regional, and teleseismic networks. The mainshock and its largest aftershock were well-
recorded on 16 University of Melbourne Seismic Network (UMSN; see Figure 1).
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Figure 1 Map showing the spatial distribution of 16 UMSN seismic stations (white triangles) that recorded
the 21 September 2021 Mw 5.9 Woods Point, Victoria, earthquake (yellow star). The basemap colour
corresponds to the elevation in metres.

Ground-motion data recorded from WPE and possible seismic events of similar magnitudes in
the future in southeastern Australia will be key to establishing operationally valuable ground-
motion attenuation characteristics and for updating ground-motion models for national-scale
and site-specific seismic hazard assessments. Given the significance of WPE and its data
recorded by the UMSN seismic network to seismic hazard assessment, there is a need to
comprehensively characterise these monitoring sites so that engineering seismologists can
interpret data more meaningfully and establish attenuation characteristics in southeastern
Australia. However, owing to access challenges (particularly for the one site installed on a
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remote Bass Strait Island) and the permits required to run surveys at some UMSN sites,
microtremor surveys were conducted at only 12 of the 16 stations.

This paper employs three microtremor survey methods to extract dispersion characteristics of
Rayleigh and Love phase velocities. They are: (1) the modified spatially averaged coherency
method (MSPAC), (2) the high-resolution frequency-wavenumber (HRFK) method, and (3) the
Rayleigh-wave three-component beamforming (RTBF) method. Furthermore, Rayleigh wave
ellipticity curves are extracted from the recorded data using the RayDec technique (Hobiger et
al., 2009). By jointly inverting the ellipticity and dispersion curves of both the fundamental mode
and potential detectable higher modes of Rayleigh and Love waves, we aim to obtain the shear
wave velocity profile of the subsoil structure at each site.

The parameter Vs3p represents the time-averaged shear-wave velocity in the top 30 meters of
the ground. it is widely used in building codes for seismic soil classification, as well as in GMMs.
For a given Vs profile, the Vssg is estimated as (Foti et al., 2018):

Vszo = 30 m/Zév=1 VH_SLL (1)
where N is the number of layers of the Vs profile down to the depth of 30 m, while H; and Vs;
are the thickness and the shear-wave velocity of each layer respectively.

The objective of this study is to thus estimate the shallow shear wave velocity profile of 12
UMSN sites using microtremor survey methods and then using the 1-D inverted Vs profiles to
estimate the Vs3 values specific to the UMSN seismic recording stations. The core objective
is to comprehensively characterise the site condition through these estimations.

2 Microtremor Survey Methods

Seismic ambient noise analysis has gained significant attention in recent years as a valuable
approach for modeling subsurface shear wave velocity structure and assessing site effects
(Bonnefoy-Claudet et al., 2006; Foti et al., 2011). To explore various aspects of seismic
ambient noise, a diverse range of array and single-station methods has been introduced.
Notably, array analysis methods offer insights into surface-wave characteristics like dispersion
and ellipticity. In this study, we employed well-known array methods, including the vertical
High-resolution Frequency-Wavenumber (HRFK) method (Fah et al. 2008; Poggi & Fah 2010),
the Modified SPatial AutoCorrelation (MSPAC) method (Bettig et al. 2001), and the Rayleigh
three-component beam-forming (RTBF) (Wathelet et al., 2018), implemented through the
Geopsy software (http://www.geopsy.org; Wathelet et al., 2007) to extract phase velocity
dispersion curves.

When considering the evaluation of ellipticity, both single-station and RTBF array methods can
be utilized to quantify the elliptical behaviour of Rayleigh wave motion. The primary approach
for this involves the standard horizontal-to-vertical spectral ratio (HVSR) method (Nakamura
,2019). This method is used to identify the site's resonance frequency, considering that the
energy of Rayleigh waves is nearly zero around the predominant frequency (f;), gradually
increasing to a maximum at around 2f,, and then maintaining that value. Given that earthquake
motion or microtremors encompass various types of wave motion, the HVSR derived from
observed waveforms naturally contains characteristics of not only Rayleigh waves but also
other surface waves including energy from fundamental and higher modes of surface waves
(i.e. Rayleigh and Love waves), and also, body waves, with the assumption that the surface
waves dominate the ambient noise wavefield (Fah et al., 2001). Consequently, a key challenge
arises in excluding the energy contributed by Love waves present in seismic ambient noise
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recordings. Several methods have been proposed to mitigate the effects of Love waves when
retrieving Rayleigh wave ellipticity curves. Among these methods, the horizontal-to-vertical
time-frequency analysis (HVTFA) method (Fah et al., 2009) and the RayDec method (Hobiger
et al., 2009) stand out as preferred approaches. These methods are less susceptible to the
distribution of noise sources, making them well-suited for assessing ellipticity curves
(Moghadasi & Shabani, 2022).

Microtremor array methods involve deploying multiple three-component sensors within a two-
dimensional array configuration, such as circular, triangular, or L-shaped layouts (Foti et al,
2018). These arrays effectively capture ambient surface wave propagation. The choice of array
geometry often involves a trade-off between theoretical principles and practical constraints.
While various ideal configurations are possible, geometries with uniform directional response,
such as circular arrays, are preferred for frequency-wavenumber (FK) analysis.

However, limitations imposed by available space and site access can lead to irregular and
suboptimal array configurations, as observed in L-shaped layouts. The array geometries
employed for acquiring ambient noise at stations CLIF and MARD are shown in Figure 2.
Station CLIF employs circular arrays composed of 15 nodes arranged in a two-circle pattern
with radii of 17 meters and 50 meters, respectively. In contrast, station MARD employs an L-
shaped array configuration, with each linear segment measuring 56 meters. Additionally, the
centres of the arrays are positioned at distances of 70 meters and 12 meters from the CLIF
and MARD seismic station locations, respectively.

Figure 2. The two main array geometries used to acquire ambient vibrations at the UMSN sites at
stations CLIF and MARD. In station CLIF (a), the layout encompasses nested circular arrays of varying
sizes featuring radius of 17 metres and 50 metres respectively. Conversely, at station MARD (b), the
array adopts an L-shaped layout, with each leg measuring 56 metres. The red circles on the diagram
indicate the precise locations of the respective stations.

2.1 Quality Assurance and Processing

In our site characterisation process, we use HVSR as a preliminary quality assessment tool.
By analysing spectral ratio curves across all array installation stations, we can map the range
of soil responses within the bounds of the array. This enables gauging the validity of the
assumption of a 1-D layered structure, which is vital for employing microtremor survey
methods. Clustering of HVSR values across the array is considered a required condition
(though not solely sufficient) for the application of these 1-D methods (Foti et al, 2018).

The processing of continuous ambient noise recordings for each station followed the
procedures and criteria outlined by the SESAME Project (2004). Figure 3 presents an
illustrative HYSR measurement for nodes at stations CLIF and MARD. The signal processing
steps employed to derive HVSR estimates from the microtremor data are as follows:
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(1) continuous raw ambient noise data in each component were cut in to 100 s long time
windows. The aim is to avoid the contamination with transients (i.e., local human activity).

(2) the amplitude spectra of the two horizontal components and the vertical component were
estimated by applying the Fast Fourier Transform (FFT), following which spectra were
smoothed by using the algorithm of Konno and Ohmachi (1998) with cosine tapering 5% and
smoothing constant of 40. The smoothing procedure stabilizes estimation of HVSR curves and
minimizes the effects of transient noise (Bindi et al., 2000; Picozzi et al., 2005).

(3) the two horizontal spectra were summed, and their geometric mean was taken to estimate
an average horizontal spectrum, which was then divided by the vertical spectra to obtain the
HVSR curve over the entire 100 s time window. Finally, all the windows were stacked to
produce the final outcome.
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Figure 3. Example of HVSR performed at the nodes within the arrays for MARD and CLIF stations. Upon
comparing the HVSR curves, MARD array exhibits a consistent frequency peak of moderate amplitude
across all nodes (left panel). In contrast, at the CLIF array, the frequency peak demonstrates irregular
variations across the area. This irregular pattern reflects the geological complexity beneath the station
and possible deviation from the 1-D layered model assumption.

As can be seen from Figure 3 at the CLIF station, the variability of the HVSR curves suggests
the presence of a laterally heterogeneous substrate. This 3-D subsurface complexity would
not have been discernible through a single-station-based analysis, but instead emerged from
assessing all available measurement locations collectively. In such cases, the propagation of
surface waves is complex, and it is important to exercise caution when using methods based
on the 1-D model assumption. However, Roten and Fah (2007) highlights that when
subsurface heterogeneity is weak, surface wave propagation can be approximated to that in a
1-D medium, allowing the use of standard analysis techniques, albeit with certain limitations.
They demonstrated that at the investigated sites with heterogeneous media, the ambient noise
wavefield is predominantly influenced by 2-D/3-D structures at lower frequencies.
Consequently, attempting to invert dispersion curves could result in poor resolution and an
overestimation of shear wave velocities at depths around or below 300 meters due to the 2-
D/3-D nature of the site's structure. However, the reliability of inversion results remains
acceptable for near-surface layers. Conversely, the HVSR curves estimated for MARD array
displayed a more uniform distribution indicative of lateral homogeneity in the subsurface.
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2.2 HRFK Method

The HRFK method operates with sliding time windows and narrow frequency bands, yielding
wave propagation parameters such as azimuth and slowness as a function of frequency for
the most coherent plane wave arrivals. This method allows measurement of wave propagation
on vertical and transverse components, enabling the retrieval of Rayleigh and Love wave
phase velocity dispersion curves, respectively.

2.3 RTBF Method

RTBF is a high-resolution frequency-wavenumber array processing technique introduced by
Wathelet et al. (2018). This method uses multicomponent beam-forming to quantify ellipticity
and phase-velocity dispersion. It combines information from all station components into a
single cross spectral matrix to derive dispersion curves for both Rayleigh and Love waves,
along with the ellipticity angle of Rayleigh waves. Unlike HRFK, which employs cross spectral
matrices with N x N elements (where N is the number of three-component sensors), RTBF
benefits from using 2N x 2N elements comprising vertical and radial components. This
approach enhances the identification of higher modes of phase-velocity dispersion, particularly
at higher frequencies where traditional methods may struggle. Figure 4 shows the combined
outcomes of both HRFK and RTBF methods, presenting normalized histograms of phase
velocity estimates relative to frequency for Rayleigh (vertical) and Love (transverse) modes.
The measurable phase velocities consistently fall within the resolution (Amax = 3dmax) and
aliasing (Amin = 2dmin) limits of the array, where dmnax and dmin represent the maximum and
minimum interstation distances, respectively.
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Figure 4. Normalised density distribution of surface-wave signals identified using HRFK and RTBF analysis
for the vertical and transverse components of motion. The top section illustrates the results for station CLIF,
while the bottom section depicts station MARD. The dispersion patterns for Love waves (transversal) are
showcased on the left, and for Rayleigh waves (vertical) on the right. Subscript O corresponds to the
fundamental mode, while subscript 1 represents the first higher mode. The interpreted dispersion curves are
highlighted in black, while dashed lines denote the array's resolution limits.
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2.4 MSPAC Method

The next method employed in this study is the MSPAC method. Initially designed by Aki (1957),
the traditional SPAC method represents the variation with frequency of the autocorrelation
coefficient (coherence) between two signals recorded at two stations spaced by a distance d.
The SPAC technique is based on the fact that the azimuthal average of the spatial
autocorrelation function has the shape of a Bessel function, whose argument depends on the
phase velocity frequency and receiver spacing distance.

Between 2001 and 2004, the European SESAME project (Site EffectS assessment using
AMbient Excitations, see Bard, 2004) was conducted to provide guidelines and
recommendations for various ambient noise analysis techniques. This encompassed the
vertical Modified SPatial AutoCorrelation (MSPAC) method, which was introduced as a
refinement. Unlike FK (frequency-wavenumber) methods, regular array configurations were
prerequisites for using the traditional SPAC method. To overcome this limitation, Bettig et al.
(2001) introduced the MSPAC method, which allows for arbitrary array layouts. This extension
accommodates arrays with non-circular shapes, as long as they maintain satisfactory inter-
station azimuthal and spacing coverage.

This extension is especially valuable in urban settings, where building structures often prevent
the installation of regular circular arrays, especially when broader coverage is required.
Moreover, it was demonstrated that the SPAC technique is better suited for lower frequencies
compared to the FK technique, exhibiting enhanced resolution capabilities. In the case of a
circular array, the MSPAC method is capable of resolving longer wavelengths in the order of
Amax ~ 15-16r, where r represents the array radius. In contrast, the FK methods have a
resolution capability in the order of 1.5-2*r (Bard, 2004). Figure 5 provides an illustration of
how an experimental dispersion curve can be extracted from the MSPAC data.
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Figure 5. Manually picked dispersion curves with MSPAC technique at Station MARD, black dashed line
with error bars.

To construct a comprehensive dispersion curve, we merged the results obtained from both
MSPAC and FK methods. Specifically, we integrated the FK results within the array's resolution
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limit, while incorporating the MSPAC results beyond this limit. This approach allowed us to
construct a dispersion curve that spans a wide frequency range and provides a more
comprehensive representation of the subsurface characteristics (Figure 6e).

2.5 RayDec Method

In this study, we use the RayDec method to retrieve the Rayleigh wave ellipticity curve (Figure
6f). This choice is influenced by the method's reduced sensitivity to the distribution of noise
sources (Moghadasi and Shabani, 2022). Hobiger et al. (2009) introduced the RayDec method
as a single station technique to derive the ellipticity curve of Rayleigh waves, using the random
decrement (RD) technique (Asmussen, 1997). The RD technique transforms a stochastic
signal into a RD function based on some triggering conditions. In this method, the vertical
component serves as the triggering signal, prompting the stacking of a large number of
horizontal and vertical signals. This emphasis on Rayleigh waves effectively suppresses
contributions from other wave types like Love and body waves (Hobiger, 2011). The two
horizontal components are then combined into a single horizontal component, optimising
coherence with the vertical component and accounting for the quarter-period time shift
characteristic of Rayleigh waves. Subsequently, the retrieved signals are stacked, and the ratio
between horizontal and vertical signals is assessed by analysing the energy content of the
stacked signals. This process is repeated across the entire frequency range. Here, the RayDec
method is employed to extract the Rayleigh wave ellipticity curve for the central station of the
arrays, subsequently integrating it with the extracted Love and Rayleigh waves for each array.
This combined information facilitates an inversion process, ultimately resulting in the derivation
of velocity profiles at the respective sites.

3 Inversion Approach

The surface-wave dispersion curves (Rayleigh and Love) acquired through array analysis of
ambient noise along with the ellipticity curve are used to estimate the site's 1-D shear wave
velocity structure (Figure 6). To achieve this, an inverse problem is solved using the Dinver
software (www.geopsy.org), which employs a direct search approach based on a conditional
version of the neighbourhood algorithm (Sambridge 1999; Wathelet 2008). This method
enables the derivation of the subsurface velocity profile from the dispersion curves, facilitating
a comprehensive understanding of the site's seismic properties.

In this study, we followed the inversion approach outlined by Vantassel and Cox (2020). The
first step involves defining inversion targets and refining the representation of dispersion data.
Dispersion data is typically presented in linear-frequency format, potentially biasing results
toward shallow structures. To mitigate this, log-wavelength resampling is introduced as an
alternative, capturing trends without increasing computational costs. This technique aids in
setting inversion parameters like minimum layer thickness and maximum investigation depth.

While the focus is primarily on inverting fundamental-mode Rayleigh-type surface wave
dispersion data, the potential for joint inversions with supplementary information like higher
modes can also be considered. This additional data could come from various sources,
enhancing the accuracy of Vs profiles by addressing non-uniqueness. However, caution is
advised when incorporating extra data to avoid compromising results with poor-quality
information.

The second step of the inversion process involves defining the parameter space within which
potential layered earth models are considered. Typically, this space is discretised into layers,
each assigned values like thickness (H), density (o), shear velocity (Vs), and compression
velocity (Vp). This discretised parameter space is referred to as the “inversion's
parametrisation." Developing a high-quality parametrisation can be challenging and time-
consuming. Incorporating additional site information is recommended to enhance
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parametrisation quality, but caution is necessary to avoid over constraining the inversion. The
challenge arises when this additional information is not available, requiring the development
of potential parametrisations based solely on theoretical dispersion data. This procedure
involves two stages: selecting the number of layers and their potential thicknesses, and
choosing a range of values (Vs, Vp, etc.) for those layers.

Following the procedure suggested by Vantassel and Cox (2020), we used two layering
schemes: Layering by Number (LN) and Layering Ratio (LR). The LN method involves
selecting a certain number of layers with specified thickness ranges. The LR method
establishes the bottom-depth range of each layer based on a user-defined layering ratio.
Typical values used in this study for LN, include 3, 4, 5 and 7, and LR values include 1.2, 1.5,
2.0, 3.0. Both LN and LR parametrisations can be used flexibly for various parameters (Vp,
Poisson's ratio, Vs, density), considering user preferences. The maximum and minimum
depths are determined based on wavelength considerations to strike a balance between
constraint and flexibility.

Upon finalising the inversion's targets and parametrisations, the inversion analysis is executed
using Dinver software. The essential tuning parameters for the Dinver inversion algorithm must
be determined. These include the number of initial models (NsO), the number of models
examined through the NA (Ns), and the quantity of models considered during resampling (Nr).
Considering NsO has a limited impact on the inversion result, it is advised to set NsO greater
than Nr to ensure an adequate number of starting models for the NA initiation (Vantassel and
Cox ,2020).

For each generated model intended for inversion, specific parameterisation is adopted. Vp was
limited between 100 and 5000 ms™' with layering equal to that of Vs. To reduce complexity,
the thickness of each Vp layer was linked to that of Vs. Vs was limited between 80 and 3500
ms™', utilizing designated LNs and LRs. Density remains constant at 2000 kg m=. Poisson's
ratio in all layers varies from 0.2 to 0.5, without a depth-related constraint. The inversion for
each parametrisation involves Ntrials = 3, NsO = 10,000, Nr = 100, and Ns = 40,000 (i.e.,
50,000 models per trial; 150,000 per parametrisation). This results in 1.2 million explored
models for the eight parametrisations per model. The choice of NsO = 10,000 is motivated by
the fact that Dinver handles NsO models approximately 10—100 times faster than those
processed with Ns using the neighbourhood algorithm. Opting for a larger NsO ensures that a
solid set of models is evaluated before the initial NA iteration, reducing the risk of getting stuck
in a local minimum at minimal computational expense.

Given the non-uniqueness of the inverse problem in surface-wave inversion, expecting a single
unique result that exactly matches the true profile is unreasonable. Therefore, quantifying
uncertainty in the derived Vs profiles is crucial. To address this, an approximate method is
proposed to quantify Vs uncertainty post-inversion, after rejecting low-quality input
parametrisations.
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Figure 6. Inversion results for station MARD are presented to address Vs uncertainty using approximate
methods through three approaches: (a) considering the best model from each accepted inversion
parametrisation, (b) considering the 10 lowest misfit models (across all attempts) from each accepted
inversion parametrisation, and (c) considering the 100 lowest misfit models (across all attempts) from
each accepted inversion parametrisation. Panel (d) shows the corresponding om,vs for each previously
mentioned panel. Parametrisations that have been rejected are denoted with an "R" in the legend, the
black dashed line showing the median of the accepted 100 lowest misfit models, range of the misfit
values are also mentioned in the square brackets. (e) Example of fitting the best inversion solutions on
the observed Love and Rayleigh dispersion curves, array limits using FK method are shown by black
dashed line, red dashed line illustrating the MSPAC method resolution limit. (f) Example of fitting
observed ellipticity curve with the best inversion solutions.

Figure 6a displays the inversion results for station MARD, showing the minimum misfit profiles
obtained from each parametrisation post-rejection, with rejected parametrisations marked by
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an "R" in the legend. The variability in the accepted lowest misfit profiles illustrates the inter-
parametrisation uncertainty, which is quantified in Figure 6d using the lognormal standard
deviation of Vs (omvs). To observe the impact of incorporating intra-parametrisation
uncertainty, Figure 6b presents the 10-lowest misfit profiles from each accepted
parametrisation, along with their corresponding oinvs displayed in Figure 6d. Notably, the value
of omvs remains relatively unchanged, indicating that, in this instance, inter-parametrisation
uncertainty holds more significance than intra-parametrisation uncertainty, highlighting the
importance of considering multiple parametrisations. Further exploration involves showcasing
the 100-lowest misfit profiles from each accepted parametrisation in Figure 6¢, alongside their
corresponding oinyvs values in Figure 6d. Collectively, Figures 6a-c offer a qualitative
understanding of the most uncertain sections of the profile (half-space velocity and layer
boundaries) and the well-constrained parts (near-surface velocity and velocity increase with
depth). These observations align quantitatively in Figure 6d, where oinvs is smallest near the
surface and gradually increases with depth. The evident bulges in onvs correspond to the
layer boundary locations, providing quantitative evidence of their lower certainty. While it may
seem that layer boundaries exhibit high uncertainty due to increased oinyvs values, this
perception is a result of the typical calculation of o vs, which mixes layer boundary uncertainty
with that of Vs, thereby exaggerating the uncertainty of these model regions.

4 Results and Conclusion

At 12 UMSN sites, a combination of surface wave dispersion-curve analysis and ellipticity
measurements were conducted. This effort aimed to establish the most accurate 1-D velocity
profiles representing each site. These profiles are then used as inputs for calculating Vsso
values (equation 1), as outlined in Table 1. The process involved deriving shear wave velocity
profiles through a multimode inversion technique that incorporates both Rayleigh and Love
wave dispersion as well as ellipticity data. Notably, the inclusion of ellipticity measurements
allows for the exploration of greater depths, which may otherwise be challenging to resolve
with arrays of limited extension. Additionally, the presence of Love wave dispersion in the
ambient wavefield facilitated better constraint of the inversion process for the uppermost shear-
wave velocity structure.

To validate the reliability of the estimated Vs profiles, we employed the Vs profiles acquired
from the inversion process as inputs. These inputs were used to calculate and subsequently
compare the theoretical ellipticity and SH transfer function peak frequencies with the
fundamental frequency peaks derived from the observed HVSR curve. This comprehensive
approach allowed us to ensure the accuracy and consistency of the estimated Vs profiles.

As an example, in the case of station MARD, we employed the best fitted 1-D inverted Vs
profiles (shown in Figure 6a) to perform calculations. Using the gpsh tool from the Geopsy
package, we generated vertical incidence SH transfer function curves. Additionally, we used
the gpell application from the same package to compute the theoretical fundamental and first
mode of the Rayleigh-wave ellipticity curves (as depicted in Figure 7). All these calculations
were performed across the frequency range of 0.5 to 20 Hz, employing a logarithmic
distribution with 100 samples to ensure the comparability of results. This approach allowed us
to acquire SH transfer function, theoretical Rayleigh-wave ellipticity, and observed HVSR
ellipticity curves that were suitable for analysis and comparison.
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Figure 7. Comparison of observed HVSR ellipticity curve (black line) with (a) SH transfer function and
(b) theoretical fundamental mode and first higher mode of Rayleigh wave ellipticity at station MARD.

Table 1. Results showing measured Vsso values derived from inversion of microtremor survey methods
as well as slope-based (Wald and Allen, 2007) and geological-proxy based (ASSCM; McPherson, 2017)
methods for 12 selected UMSN stations.

Site Longitude Latitude \{Z?S(Cr:nléls)) V?gfo(pr:;s) (VMs:aosLT(leZ))
BRIG 147.0531 -37.7537 1100 917 945+ 6
CLIF 146.1736 -38.0115 1100 748 394 +7
CRJIN 146.7034 -38.4291 1100 904 1040 + 6
DDSW 147.2806 -38.2552 270 280 345+5
DDWB 147.2771 -38.2217 270 355 334+5
MARD 146.1693 -38.4619 1100 660 3795
NARR 146.2023 -38.2496 1100 901 3513
SCMB / SCM2 147.4389 -38.1158 270 303 234+3
STBK 147.0552 -38.3045 270 409 276 1
TYHS 148.1194 -37.8364 560 520 398+2
WDSD 146.8701 -38.5798 270 306 3309
WPSH 146.3816 -39.0976 1100 749 73816

As depicted in Figure 7, the observed HVSR ellipticity curve at the centre of the array exhibit
a single frequency peak at 4.2 Hz. This peak corresponds to the natural frequency of the
deepest sediment-based interface present at the station. Notably, the SH transfer function
peaks span from 4.0 Hz to 4.2 Hz, while the Rayleigh-wave ellipticity peaks range from 3.9 Hz
to 4.0 Hz. A comparison between the observed HVSR ellipticity curves and both the SH
transfer function and Rayleigh-wave ellipticity curves reveals that the frequency fsy aligns more
closely with fuy than fe.

Furthermore, the secondary observed peak in the SH transfer function at 9 Hz can be
juxtaposed with the first higher mode of the theoretical ellipticity curve, which occurs at a similar
frequency of around 8.6 Hz. The congruence between the fundamental peak frequency of the
observed HVSR ellipticity curve and the theoretical fundamental ellipticity curve, along with the
SH transfer function peak frequencies, suggests that the estimated Vs profile appropriately
estimated for the depth to impedance boundaries at station MARD. The same procedure was
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applied to the remaining 11 stations, and the reliability of the derived VS profiles was
corroborated through this process.

The estimated VS30 values reveal the presence of hard rock sites at BRIG, CRJN, and WPSH
stations. A distinct region with mid to low VS30 values (VS30 < 400 m/s) is noticeable, primarily
running parallel to the shoreline and central part of the study area. This region can be
categorized as very dense soil/soft rock sites, displaying mid-range VS30 values (330 m/s and
398 m/s) at DDSW, DDWB, TYHS, WDSD, CLIF, NARR, and MARD stations (Figure 1 and
Table 1). The two remaining sites, STBK and SCMB/SCM2, situated relatively close to the
shoreline, are also characterised as very dense soil/soft rock sites, with low-range VS30 values
(276 m/s and 234 m/s, respectively) (Figure 1 and Table 1).

Furthermore, we observed substantial disparities between measured Vs30 values and
estimates derived from slope-based and geological proxies. Notably, at the CLIF, NARR, and
MARD sites (Table 1), the measured Vs30 values were smaller than the geological proxy
estimates by a factor of approximately three, and by a factor of two with respect to slope-based
estimates. These disparities can be attributed to the inherent limitations of both slope-based
and geological proxy methods in adequately representing the complexities of subsurface
conditions.

These findings highlight the significant uncertainties associated with the Vs30 parameter.
These disparities underscore the importance of a cautious and site-specific approach when
assigning Vs30 values. Each site's unique geological and geophysical characteristics can lead
to substantial variations in Vs30 values, as demonstrated by the considerable differences
observed in this study.

The results of the study will generate key knowledge to refine Australia’s Ground-Motion
Characterisation Models to future updates of the National Seismic Hazard Assessment. Data
will also contribute to the Australian Ground-Motion Database, a national repository of
earthquake ground-motion data and site metadata for engineering applications.

5 Acknowledgment

The authors acknowledge the traditional owners of the lands upon which this research was
conducted and pay our respects to their traditions and their elders, past, present, and
emerging. This paper is published with the permission of the CEO of Geoscience Australia.

6 References

Aki, K., 1957, Space and time spectra of stationary stochastic waves, with spe-cial reference
to microtremors: Bulle-tin of the Earthquake Research Insti-tute, 35, 415-456.

Bard, P.Y., Bonnefoy-Claudet, S. and Cotton, F., 2004. SESAME: site effects assessment
using ambient excitations.

Bettig, B., Bard, P.Y., Scherbaum, F., Riepl, J., Cotton, F., Cornou, C. and Hatzfeld, D., 2001.
Analysis of dense array noise measurements using the modified spatial auto-correlation
method (SPAC): application to the Grenoble area. Bollettino di Geofisica Teorica ed
Applicata, 42(3-4), pp.281-304.

Bindi D, Parolai S, Spallarossa D, Catteneo M, 2000. Site effects by H/V ratio: comparison of
two different procedures. J Earthquake Eng 4:97-113.

Bonnefoy-Claudet, S., Cotton, F. and Bard, P.Y., 2006. The nature of noise wavefield and its
applications for site effects studies: A literature review. Earth-Science Reviews, 79(3-4),
pp.205-227.

AEES 2023 National Conference, Nov 23 - 25 13



Fah, D., Kind, F., and Giardini, D., 2001, A theoretical investigation of average H/V ratios:
Geophys. J. Int., 145, 535-549.

Fah, D., Wathelet, M., Kristekova, M., Havenith, H., Endrun, B., Stamm, G., Poggqi, V.,
Burjanek, J., and Cornou, C., 2009, Using Ellipticity Information for Site Characterisation:
NERIES de-liverable JRA4D4, Final Report, http://www.neries-jra4.geopsy.org.

Foti S, Parolai S, Albarello D, Picozzi M (2011) Application of surface wave methods for
seismic site characterisation. Surv Geophys 32(6):777-825.

Foti, S., Hollender, F., Garofalo, F., Albarello, D., Asten, M., Bard, P.Y., Comina, C., Cornou,
C., Cox, B., Di Giulio, G. and Forbriger, T., 2018. Guidelines for the good practice of
surface wave analysis: a product of the InterPACIFIC project. Bulletin of Earthquake
Engineering, 16, pp.2367-2420.

Hobiger, M., Bard, P. Y., Cornou, C., and Le Bihan, N., 2009, Single station de-termination of
Rayleigh wave elliptici-ty by using the random decrement technique (RayDec): Geophys.
Res. Lett., 36, doi 10.1029/2009GL038863.

Insurance Council of Australia. (2023). Data hub, Retrieved 29 August, 2023, from
https://insurancecouncil.com.au/industry-members/data-hub/.

Kohler, A., Ohrnberger, M., Scherbaum, F., Wathelet, M., and Cornou, C., 2007, Assessing
the reliability of the modified three-component spatial autocorrelation technique:
Geophys. J. Int., 168, 779-796.

Konno, K. and Ohmachi, T., 1998, Ground-motion characteristics estimated from spectral ratio
between horizontal and vertical components of microtremor: Bulletin of the Seismological
Society of America, v. 88, p. 228-241.

Lacoss, R. T., Kelly, E. J., and Toks6z, M. N., 1969, Estimation of seismic noise structure using
arrays: Geophys-ics, 34, 21-38, doi 10.1190/1.1439995.

Moghadasi, N.S. and Shabani, E., 2022. Impact of distribution of seismic ambient noise
sources on surface wave characteristics. 15(4), pp.1-14.

Mousavi, S., Hejrani, B., Miller, M.S. and Salmon, M., 2023. Hypocenter, Fault Plane, and
Rupture Characterisation of Australian Earthquakes: Application to the September 2021
M w 5.9 Woods Point Earthquake. Seismological Society of America.

Nakamura, Y., 2019. What is the Nakamura method?. Seismological Research Letters, 90(4),
pp.1437-1443.

Picozzi, M., Parolai, S. and Richwalski, S.M., 2005. Joint inversion of H/V ratios and dispersion
curves from seismic noise: Estimating the S-wave velocity of bedrock. Geophysical
Research Letters, 32(11).

Poggi, V. and Fah, D. (2010). “Estimating Rayleigh wave particle motions from three-
component array analysis of ambient vibrations.” Geophysical Journal International, Vol.
180, pp. 251-267.

Roten, D. and Fah, D., 2007. A combined inversion of Rayleigh wave dispersion and 2-D
resonance frequencies. Geophysical Journal International, 168(3), pp.1261-1275.

Sambridge, M., 1999a. Geophysical inversion with a neighbourhood algorithm — |. Searching
a parameter space, Geophys. J. Int., 138, 479-494.

Sambridge, M., 1999b. Geophysical inversion with a neighbourhood algorithm — Il. Appraising
the ensemble, Geophys. J. Int., 138, 727-746.

AEES 2023 National Conference, Nov 23 - 25 14



Vantassel, J.P. and Cox, B.R., 2021. SWinvert: a workflow for performing rigorous 1-D surface
wave inversions. Geophysical Journal International, 224(2), pp.1141-1156.

Wathelet, M., 2008, An improved neigh-borhood algorithm: parameter condi-tions and dynamic
scaling: Geophys. Res. Lett., 35, L09301, doi 10.1029/2008 GL033256.

Wathelet, M., Guillier, B., Roux, P., Cor-nou, C., and Ohrnberger, M., 2018, Rayleigh wave
three-component beamforming: Signed ellipticity as-sessment from high-resolution fre-
quency-wavenumber processing of ambient vibration arrays: Geophys. J. Int., 215(1),
507-523. Doi 10.1093/gji/ggy286.

AEES 2023 National Conference, Nov 23 - 25 15



