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Abstract

The principal magnitude type calculated by Geoscience Australia’s National Earthquake Alerts
Centre (NEAC) in real-time monitoring of Australian earthquakes is the Australian local
magnitude (M.a). However, successive changes to seismic analysis systems and methods of
pre-processing seismic waveforms over the years have led to changes in how My, has been
calculated. These changes in M., estimation have led to biases for the Australian earthquake
catalogue. The waveforms of 862 confirmed earthquakes between August 2023 — August 2024
were prefiltered to three high-pass corner frequencies (0.10 Hz, 0.50 Hz, and 0.75 Hz) from
which the M, was recalculated. Quality selection criteria were applied targeting signal-to-noise
ratios (SNR), minimum number and the maximum distance of contributing stations to select
high-quality waveforms for My, estimation.

The number of network M. estimates that met the quality selection criteria increased with
increasing high-pass corner filtering (445 earthquakes for the unfiltered M. versus 695 for M,
filtered to 0.75 Hz), which is attributed to the improvement of the SNR where prefiltering
dampens background noise. The removal of background noise and slight dampening of the
earthquake signal also resulted in a predominant decrease in magnitude estimates. Although
this study does not consider potential ML, biases due to the measurement of large amplitude
surface waves (Rg phases), the study does provide recommendations for waveform pre-
processing for magnitude estimates in the future. The recommendations provide more robust
and consistent ML, estimates that will be ingested into the national earthquake catalogue. This,
in turn, will yield improved seismic hazard assessments in Australia.
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1 Introduction

Geoscience Australia (GA) undertakes real-time monitoring of Australian local earthquakes in
its National Earthquake Alert Centre (NEAC) for which the Australian local magnitude (M.,) is
primarily used and subsequently shared with stakeholders and ingested into the national
earthquake catalogue. At GA, successive upgrades in seismic processing software have led
to changes in the way local magnitudes over time have been calculated. This has largely been
due to changes in pre-processing seismic waveforms used in magnitude calculations, and the
use of different Wood-Anderson displacement seismometer calibrations (e.g.,Uhrhammer and
Collins, 1990).

These changes in observatory techniques have inadvertently incorporated biases into My,
estimates, for which the causes are not always known for each earthquake (Cummins et al.,
2021). These biases can therefore compromise the robustness and consistency of M.,
estimates that are provided to stakeholders and become the basis of the Australian earthquake
catalogue and seismic hazard assessments. This paper explores the effects of filtering
waveforms to high-pass broadband frequencies and specific quality selection criteria, as
proposed by (Cummins et al., 2021) and applied through GA’s 2023 National Seismic Hazard
Assessment (Allen et al.,, 2023) to determine a more robust and consistent means of M.,
calculation.

2 Current Practice for Mz Estimation

Local magnitude scales require estimates of the peak trace amplitudes, synthesised on a
standard Wood-Anderson displacement seismometer (Anderson and Wood, 1925). This
requires that modern digital velocity seismograms are convolved with the frequency response
of a typical Wood-Anderson seismometer. Experimental studies over the decades have
identified discrepancies in the Wood-Anderson instrumental parameters defined in the
manufacture’s technical information and literature (e.g., Richter, 1935). The originally
published static magnification of 2800 has been determined to be closer to 2080 (Uhrhammer
and Collins, 1990; Bormann and Dewey, 2014) and the critical dampening value of 0.8 closer
to 0.7 (Uhrhammer and Collins, 1990). The Wood-Anderson displacement amplitudes are
presently simulated in the NEAC’s standard operating practice assuming the parameters
proposed by Uhrhammer and Collins (1990).

Three regions are currently defined in NEAC’s routine event analysis for ML. estimation, with
different MLa algorithms being applied within each zone (Figure 1). These algorithms are Gaull
and Gregson (1991) for western and central Australia, Greenhalgh and Singh (1986) for South
Australia, and Michael-Leiba and Malafant (1992) for eastern Australia. Each algorithm
accounts for region-specific attenuation in the local magnitude calculations (Leonard et al.,
2014). All three algorithms calculate M. on the vertical-component peak amplitude on
unfiltered Wood-Anderson displacement waveforms in the SeisComP event-handling software
(Weber et al., 2007). For any given earthquake, the median of the available single-station
magnitudes is taken as the event magnitude. However, Allen (2021) demonstrated that there
is still considerable uncertainty in GA’s present-day magnitude estimates for local events due
to the sparse seismic network of Australia.

Most stations in the Australian National Seismograph Network (ANSN) are now comprised of
broadband seismometers which are more sensitive to longer-period motions (Figure 1). While
broadband seismometers have their benefits in applications, the trade-off is recording long-
period components, including that of noise and surface wave (Rayleigh [Rg]) phases, both of
which can be exaggerated and picked as the peak-displacement amplitude in M., calculations
(Allen et al., 2023). These background components and surface waves may then bias
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magnitude estimates. The problem of Rg phases used in M., estimates can be approached
with in the recently released SeisComP software (Version 6) update with more customisable
adjustments to the calculation window prior to Mia calculation rather than simply relying on
station distance in previous versions. This can prevent surface waves being incorporated and
potentially picked as the peak-displacement. This paper does not explore adjustments to the
M. calculation windows and instead aims to provide a new approach in M., estimation in the
use of prefilters and quality selection criteria prior to calculation.
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Figure 1. Locations of seismic stations used in the NEAC and the geographic regions for the three local
magnitude formulae used in Geoscience Australia’s present-day National Earthquake Alerts Centre (in
red): WCA, western and central Australia; EA, eastern Australia;, SA, southern Australia.

3 Recalculating Local Magnitudes

The local magnitudes for 862 Australian earthquakes occurring between August 2023 — August
2024 with magnitudes between 1.0 — 5.1 were reviewed. The Australian earthquakes are those
that occurred within the red boundaries in Figure 1 and are mapped in Figure 2. The local
magnitude recalculations were based on confirmed and reviewed earthquakes in GA'’s
earthquake catalogue that had been obtained by an officer on duty or a senior analyst to ensure
the magnitude recalculations were based on the best available location.
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3.1  Filtering Waveforms

Three high-pass corner frequencies (0.10 Hz, 0.50 Hz and 0.75 Hz) were used to prefilter the
waveforms prior to magnitude calculation on single stations, as proposed by Cummins et al.
(2021) and Allen et al. (2023). These frequences may be too low to remove Rg phases, which
typically have periods of ~1 second (Somerville and Ni, 2010), but are considered more
appropriate than potentially over-filtering the Wood-Anderson amplitude and consequently
removing the signal from earthquake body waves.

The filtered network M., was determined from the median of the station magnitudes, as is
current practice, resulting in three separate magnitude estimates per earthquake, from here
on referred to as Ma(0.10), MLa(0.50), and M a(0.75). The unfiltered M. estimate for each
event was also determined in using the same method. In total, each earthquake has four M.,
estimates. The aim of prefiltering is to improve the signal-to-noise ratio (the difference between
the amplitude of the earthquake signal and the amplitude of background noise) of a simulated
Wood-Anderson time-history. Peak-amplitude Wood-Anderson traces are susceptible to long-
period background noise which is amplified in integration of velocity seismograms to
displacement. This contributes to magnitude over-estimation if longer period arrivals are
erroneously picked for the maximum amplitude.

3.2 Quality Selection Criteria

The four median network magnitudes for each earthquake were calculated where the following
recommended criteria were met, as outlined by Cummins et al. (2021) and Allen et al. (2023):

1. Post-filter station signal-to-noise ratio (SNR) = 2.0 (for Wood-Anderson amplitude);
2. Station distance within 800 km of the epicentre; and
3. Total number of contributing stations per event = 3.

Station data were rejected from the median magnitude calculation if criteria 1 or 2 above were
not satisfied. In the case where the total number of contributing stations was less than three
(i.e., not enough stations in the magnitude solution met the above criteria), this would become
an unusable event.
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3.3 Usable and Unusable Magnitudes

The total number of earthquakes with magnitudes considered ‘usable’ and ‘unusable’ per M.,
variant is shown in Figure 3. The number of earthquake magnitudes that met the quality
selection criteria increased with higher high-pass frequencies, which demonstrates that
stronger prefilters enable earthquakes to meet the quality selection criteria more frequently.
Approximately 52% of earthquakes met the three criteria for Mia(0.10), compared to 70% for
Mia(0.50) and 81% for MLa(0.75). This is also reassuring that there will not be a significant
negative impact on the NEAC’s operations to alert on and/or publish earthquakes to their
community-facing website.
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With prefiltering, the SNR of 6,916 individual recordings within 800 km of the epicentre
exceeded the minimum requirement of 2.0 more frequently with higher-pass corner
frequencies. For example, SNR of individual recordings exceeded the prescribed threshold
approximately half the time for the unfiltered M. and Mia(0.10) (both 53%), compared to 71%
and 81% of the time for Mia(0.50) and M.4(0.75), respectively. This resulted in the increase in
station count to meet the third selection criteria. Therefore, the increase in usable network
magnitudes is attributed to the improvement of SNRs with higher frequency high-pass
prefiltering.

3.4  Unusable Magnitudes

It is not unexpected that there is a percentage of earthquakes that are classified as ‘unusable’,
particularly for earthquakes of low magnitude. These events are small and are those that are
less likely to be well located due to the sparse station distribution across the Australian
continent. These unusable earthquakes with an unfiltered M., < 2.5 predominantly occurred in
seismically active regions (e.g., South-West Seismic Zone of Western Australia, Flinders
Ranges region in South Australia) where the seismic station network is typically denser and
where more frequent smaller earthquakes can be detected, but are often not well resolved.
Therefore, the presence of high numbers of unusable earthquake magnitudes in active, well-
monitored regions, is due to the selection criteria (specifically, SNR resulting in too few
contributing stations) that aim to provide only the most reliable magnitude solutions.
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4  Sensitivity of Local Magnitudes with Distance

Individual stations may bias the M. network magnitude towards higher or lower values for an
earthquake. These station biases may be caused by their distance from an earthquake source,
background noise, instrument metadata, as well as their local geology (Cummins et al., 2021).
Distant stations are susceptible to larger variability in station magnitudes due to low SNR or
through poorly calibrated attenuation models (Leonard et al., 2014; Allen, 2021; Love and
Love, 2021). Here, we look at the biases in station magnitudes with prefiltering in the context
of the distance criterion. Despite the sparse monitoring network, a strict maximum epicentral
distance of 800 km is maintained for contributing stations in Australian M., magnitudes. This
criterion can be limiting for small-magnitude earthquakes, which dominate the Australian
earthquake catalogue (Allen, 2021; Cummins et al., 2021).

The station residuals (station M. — network M) for every instance a station was used in an
earthquake’s network magnitude are plotted in Figure 4 against the distance from an
earthquake source. These are usable stations (SNR 2 2.0, distance < 800 km) in usable
network magnitudes. The mean and standard deviation of the residuals for every 20 km is also
plotted, and the graphs are separated by prefilter and by magnitude range (Mia < 3.0 and M,
> 3.0).

The stations in smaller events have the most noticeable change in residuals over distance with
changing prefilters. The larger station magnitudes (positive residuals) approximately >400 km
from a source for Mi4(0.10) are dramatically reduced for earthquakes of M < 3.0 for M_.(0.50)
and M4(0.75) (Figure 4). More stations also became usable over greater distances with
improved SNR. For example, an earthquake in Coolgardie, WA (M= 2.4, on 25/12/2023) had
five (5) usable stations for its unfiltered M.. estimate, which were located within ~115 km of
the earthquake source. The station count more than doubled for M 2(0.50) (12 stations) and
M.a(0.75) (15 stations) where more stations over distance gradually became usable.

There is minimal change in the residuals over distance for larger earthquakes (M., > 3.0),
which is statistically demonstrated with a consistent standard deviation across the three M,
variants. This is another confirmation that there is little effect of prefiltering on larger magnitude
events, while also noting that there are fewer events with M, > 3.0 than there are M, < 3.0.

A commonality across the subplots is a slight increase in the station residuals observed
between ~100 — 200 km. This may be due to a crustal reflection causing a slight amplification
of the Wood-Anderson amplitude, and therefore, a slight increase in magnitude for stations at
that epicentral distance (e.g., Allen et al., 2007). Additionally, the consistent transition from
negative residuals in the near source (<100 km) region to near zero residuals at larger
distances suggests that the near-source attenuation assumed by the commonly used M.,
formulae in Australia may need to be reviewed.
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Figure 4. Residuals for usable stations in usable M., magnitudes as a function of distance, for a)
M. 2(0.10), b) M12(0.50) and c) M. 4(0.75). On the left-hand side are events with M., < 3.0 and on the
right-hand side are events with a M, > 3.0. The median and standard deviation of the residuals every
20 km are plotted in dark blue, with an overall median and standard deviation for the plotted residuals
also provided.

5 Network Magnitude Changes

Magnitude values can be expected to change with the removal of long-period background
noise and slight dampening effects of the earthquake signal through filtering waveforms prior
to magnitude calculation. The network M, residuals (the difference between the unfiltered and
filtered MLa values) in Figure 5 show an overall decrease in the M., values with increased
corner frequency of the prefilter, where positive residuals indicate the unfiltered M., was larger.
On average, prefiltering to the low 0.10 Hz resulted in a change of 0.02 magnitude units,
compared to 0.14 magnitude units at 0.50 Hz and 0.20 magnitude units at 0.75 Hz where
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background noise was removed more effectively. The observations from this study are
consistent with recent work undertaken by the Swiss Seismological Service (Altindal et al.,
2025).

The effect of the prefilters become less apparent with increasing earthquake magnitude. The
events with an unfiltered M., of approximately < 4.0 in Figure 5 are impacted the most by the
high-pass prefiltering with the removal of long-period background noise. Meanwhile, larger
events have a greater likelihood of having larger signal-noise ratios across more stations in
the absence of filtering.

There were magnitudes that increased in respect to the unfiltered Mi,, particularly when
prefiltered to 0.10 Hz. Of the 418 usable events for ML.(0.10), 38% had increased in magnitude
before the magnitude decreased to less than or similar to the unfiltered M. with high-pass
prefilters. An earthquake in Mungeranie, SA (13 July 2024) experienced an increase from an
unfiltered ML = 3.2 (five stations) to MLa(0.10) = 3.5 (three stations). The loss of two stations
due to the SNR had increased the median magnitude. The M., filtered to 0.50 Hz and 0.75 Hz
was lower in magnitude (2.5 [six stations] and 2.4 [eight stations], respectively) as more
stations became included with improved SNR. An inspection of the waveforms for the
Mungeranie event found that the 0.10 Hz was also too low to remove background components,
which were removed when filtered to 0.50 Hz resulting in the peak-trace amplitude to be picked
closer to the earthquake signal in the coda of the S-waves (Figure 6). This was accompanied
by a further decrease in station magnitude. Consequently, prefiltering waveforms to 0.10 Hz
will not yield consistent results for events with unfiltered M. < 4.0 where weaker signals can
be masked by long-period background components.
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Figure 5. Comparison between the network MLa residuals (unfiltered M., — prefiltered M.s) when
prefiltered to 0.10, 0.50 and 0.75 Hz.
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Figure 6. An example of the improvement of station magnitude for the Oodnadatta (OOD) recording of
13 July 2024 Mungeranie, SA, earthquake. The figure shows the unfiltered Wood-Anderson trace
yielding a station M., of 2.84, with the 0.10, 0.50 and 0.75 Hz prefilters yielding station magnitudes of
2.78, 2.42 and 2.38, respectively.

6 Conclusions

This paper explored the use of high-pass corner frequency filters and quality selection criteria
to improve the consistency and reliability of M., estimates for 862 Australian earthquakes
occurring between August 2023 — August 2024. The application of the filters to Wood-
Anderson displacement seismograms prior to magnitude estimation greatly improved its
robustness, which was checked against the selection criteria focused on SNR, station distance
and the number of contributing stations in the solution. The improvement of SNR through the
prefiltering enabled an increased number of stations to meet the quality criteria and thereby
increasing the likelihood of a ‘usable’ earthquake magnitude. While the distance of stations
cannot be changed much in well-defined earthquake locations, the variability of event
magnitudes for distant stations, which can commonly be hundreds of kilometres is greatly
improved with higher-corner frequency filters.

Median event magnitude estimates had also decreased with higher-pass filtering due to the
removal of background, long-period components. It is acknowledged that the prefiltering does
not remove the Rg phases prior to M., calculation, which can risk the magnitude to bias
towards over-estimation. Future investigations will explore adjusting duration windows for
picking the peak trace amplitude, particularly with the new features available in recent updates
to SeisComP which allow for more configurable amplitude picking. Additional investigations
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will consider the need to apply station corrections, which were commonly applied in past
observatory practice (e.g., Denham, 1982).

It is proposed that these methods of waveform prefiltering and quality assurance are applied
to MLa estimates for future earthquakes and, also to recent instrumental events in the catalogue
to address the systemic biases in M, estimates introduced due to changes in standard
operating procedures. The application of the proposed prefiltering into real-time earthquake
monitoring in the NEAC and the catalogue is currently under consideration and will likely
involve the use of a stronger prefilter (0.75 Hz) on smaller earthquakes (e.g., Mia < 4.0). A
corner-frequency of 0.50 Hz would be applied to earthquakes between M. 4.0 to M. 6.0, and
the gentler 0.10 Hz to larger earthquakes with M., 2 6.0. This will improve the consistency in
the earthquake catalogue for its application in earthquake-rate estimation for seismic hazard
assessments in Australia.
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