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ABSTRACT
Precise knowledge of earthquake magnitudes is vital for accurate characterization of seismic
hazards. However, the estimation of earthquake magnitude, particularly for small events, is
complicated by differences in network procedures and completeness. This produces dispa-
rate magnitude estimates for the same event and emphasizes the need for a consistent and
transportable magnitude estimation procedure. Here, we investigate the use of the relative
magnitude method, which measures earthquake magnitude from a least-squares inversion
of interlinked waveform amplitude ratios. Our results show that that the relative magnitude
method can establish both local and moment magnitudes for many events in the 2019
Ridgecrest sequence. The method also provides constraints on moment magnitude
estimates for M <3 events, which are not routinely available using current methods.
Although the relative magnitude method is advantageous because it can be applied uni-
formly in various regions and does not require empirical distance or attenuation corrections,
there are several parameters that require subjective decision making and may introduce bias
in the resulting magnitude estimates. These include acceptable thresholds for signal-to-noise
ratios and cross correlation, filtering procedures, sampling windows, and station selection.
Here, we not only calculate magnitude but also investigate how the subjective decision mak-
ing affects the resulting magnitudes. Based on our analysis, we present recommendations to
enhance the utility of this method for future users.

for a particular waveform and corrected for source-receiver

KEY POINTS

® We use the relative magnitude method to recalculate
local and moment magnitudes for the 2019 Ridgecrest
earthquake sequence.

® \We evaluate potential sources of bias introduced by sub-
jective decision making for various input parameters.

® \We present recommendations for procedures aimed at
reducing uncertainty and variability of relative magnitude
results.

distance and path attenuation. This method may be applied to
all earthquakes measured at a particular station, and reported
network M} magnitudes are often the mean of M; measure-
ments across all available stations. However, amplitude
measurements made for a particular frequency band are likely
to be underestimated for large earthquakes that are not filtered
appropriately. This is known as magnitude saturation
(Howell, 1981).

Moment magnitude (M,,) is often the preferred magnitude
measure because it is directly related to the seismic moment
(M) and not subject to saturation (Kanamori, 1977). M, is
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INTRODUCTION

Magnitude is one of the most ubiquitous and important source
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parameters in any seismic network operation. Routine estima-
tion of earthquake magnitudes by seismic networks is com-
monly characterized by local magnitude (M) for most, if not

all, events. The My scale was first developed by Richter (1935)
and adjusted afterward so that the peak amplitude is measured
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commonly measured from moment tensor inversions of
long-period waves, which are not greatly affected by shallow
structural variations (Ristau et al, 2003). However, due to
low signal-to-noise ratios (SNRs) of long-period waves, M,,
is usually not estimated directly for small events (M <~3;
Edwards et al, 2010; Atkinson et al., 2014).

Previous studies have investigated the relationship between
My and M, for different regions (Hanks and Boore, 1984;
Ristau, 2009; Bethmann et al., 2011; Gasperini et al., 2013).
However, the estimation of both M; and M, by seismic
networks often encounters systematic error that arises from
the application of velocity models and distance corrections
developed for very broad regions (Deichmann, 2006). This
leads to uncertainty in magnitude estimates, which results
in (1) differences in magnitude reported for a particular event
as measured by multiple networks or methods (Shelly et al,
2022; Gable and Huang, 2024a) and (2) differences between
M,, and M for the same event, both of which are amplified
for small earthquakes (M <3). Accurate estimations of magni-
tude are vital for computation of earthquake hazard statistics,
such as the magnitude-frequency distribution and their result-
ing a- and b-values (e.g., Castellaro et al., 2006; Herrmann and
Marzocchi, 2021), understanding of catalog completeness (e.g.,
Woessner and Weimer, 2005), and the derivation of empirical
ground-motion relationships (e.g., Bindi et al., 2018). In each
of these applications, differences in magnitude and incorrect
merging of multiple magnitude types may bias the resulting
analysis significantly. A common solution for problem (2) is
to convert M; to M,, for small events using an established con-
version relationship for a particular region. However, scaling
relationships between M,, and M are also biased due to a lack
of M,, estimates for small events (Deichmann, 2017; Shelly
et al., 2022). Therefore, a reliable method of measuring M,,
for a wide range of earthquake size, applicable to a variety of
tectonic environments and geographic regions, is needed to
solve both problems and establish routine earthquake
magnitudes.

Relative measurements have been shown to improve upon
the precision of certain earthquake source parameters includ-
ing magnitude (Schaff and Richards, 2014) and location
(Waldhauser and Ellsworth, 2000). We can use this idea to
derive relative earthquake magnitudes for a catalog of events
by measuring the relative amplitude differences between pairs
of highly similar, interlinked waveforms (see the Methods sec-
tion for more details). This method avoids traditional sources
of error in distance and attenuation corrections by assuming
that highly correlated events are located close together and
share similar path effects. Thus, the difference in amplitudes
between two waveforms is attributed to the difference in mag-
nitudes of the two earthquakes.

The 2019 Ridgecrest, California, earthquake sequence is of
particular interest for understanding seismic hazard in
southern California due to the size of the earthquakes as well
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as the complexity of faulting and rupture processes. Despite
being located in one of the most seismically active regions
in Southern California (Cheng and Ben-Zion, 2020), the
M,, 7.1 mainshock was the largest earthquake to occur in this
region since 1999. The mainshock was followed by thousands
of aftershocks (Shelly, 2020), and the sequence was found to
rupture a set of unmapped orthogonal faults (Liu et al., 2019).
Fortunately, the density of instrumentation and data quality
available in southern California has allowed for rich investiga-
tions into the source processes of these earthquakes including
those that focus on stress drop (Trugman, 2020, Baltay et al.,
2024), seismic moment and moment tensors (Cheng et al,
2021), and magnitude (Bindi et al, 2021), as well as the effects
of these source parameters on seismic hazard and ground-
motion estimates (Kuehn and Abrahamson, 2018). The
Ridgecrest sequence is particularly useful for this study due
to its wide magnitude range and densely located earthquakes,
leading to many interlinked pairs of events with high cross
correlation (CC).

Although the relative magnitude method provides a valu-
able avenue for magnitude determination, there are a number
of parameters that must be subjectively chosen, which include
(but are not limited to) acceptable signal-to-noise ratio (SNR),
minimum thresholds for acceptable CC, band-pass filtering
range, and station selection. In this study, we explore the vari-
ability of relative magnitude estimates based on different
choices of the aforementioned parameters. This allows us to
establish moment magnitude estimates for small earthquakes,
for which direct measurement is very difficult or impossible. In
addition, we use these results to recommend procedures for
future users of the relative magnitude method.

DATA

We apply the relative magnitude method to a template-
matched catalog of 34,091 events developed by Shelly (2020).
The catalog includes events that occur between 4 and 16 July
2019, which encompasses the main Ridgecrest sequence and
early aftershock sequence (~11 days after the mainshock),
including a M 6.4 foreshock on 4 July 2019 followed by the
M 7.1 mainshock on 5 July (Fig. 1). We download velocity
waveforms for five selected stations (Fig. 1) from the
Southern California Earthquake Data Center (SCEDC). These
waveforms are demeaned, and 8 s signal windows are cutat 1 s
before to 7 s after the theoretical P- and S-wave arrival times
for the vertical and horizontal components, respectively.
Similarly, noise windows for each waveform consist of 8 s of
noise ending 5 s before the P-wave arrival. Station response is
not removed because we only compare waveforms that are
measured on the same station.

METHODS
Rather than measuring magnitude from the maximum ampli-
tude and correcting for source-receiver distance and path
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attenuation, this approach measures the amplitude ratios
between many interlinked waveform pairs and utilizes a
least-squares inversion to compute best-fit magnitudes for a
group of events.

The relative magnitude method used here is modified from
previous methods (Cleveland and Ammon, 2015; Gable
and Huang, 2024a). For each waveform, we apply an SNR
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Figure 1. Map of 2019 Ridgecrest Sequence events. Color of circles corre-
sponds to magnitude as determined by Shelly (2020). Red and dark red stars
represent locations of the M 6.4 foreshock and M 7.1 mainshock,
respectively. Orange triangles represent stations used to calculate relative
magnitudes. Black lines represent surface fault ruptures produced by the
Ridgecrest sequence (Ponti et al., 2020). Inset map shows the location of
the Ridgecrest sequence in Southern California. The color version of this
figure is available only in the electronic edition.
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TABLE 1

Summary of Each of 24 Parameter Cases Including Changes of Frequency Band, CC Threshold, SNR Threshold, and Station

Configuration
SNR Figure
Case Frequency Band (Hz) CC Threshold Threshold Station Configuration Reference
Base 0.5-12 0.6 3 Five stations Figure 2
Case 1 0.5-12 0.6 5 Five stations Figure 3
Cases 2-8  0.5-12 Varies between 0.45 3 Five stations Figure 4
and 0.8
Cases 9- 0.5-12 0.6 3 Four stations: one original Figure 5
13 station
dropped in each case
Cases 14— 0.5-12 0.6 3 One station per case Figure 6
18
Case 19 0.5-12 0.6 3 Minimum three stations Figure 7
Case 20 0.5-12 0.6 3 Minimum four stations Figure 7
Case 21 0.5-12 0.6 3 Minimum five stations Figure 7
Case 22 0.1-12 0.6 3 Five stations Figure 8
Case 23 0.5-20 0.6 3 Five stations Figure 8
Case 24 Magnitude-dependent frequency band 0.6 3 Five stations Figure 8

(0.5-20 Hz for M <3.5, 0.1-12 Hz for M >3)

CC, cross correlation; SNR, signal-to-noise ratio.

threshold test for which SNR is calculated by dividing the
maximum amplitude of the signal window by the root mean
square of the noise window. Waveforms with SNR less than the
prescribed threshold are excluded from analysis. The resulting
waveform pairs must then pass a CC threshold test (see Table 1
for SNR and CC threshold values used in this study). For each
waveform pair that passes both tests, amplitude ratios are aver-
aged across all channels (north-south, east-west, and vertical).
Then, measurements for each event pair are also averaged
across each available station. We require amplitude ratio mea-
surements to be available from at least two stations and the
events in each pair must be located within 0.2 arc degrees.
This allows for averaging of potential measurement errors
and reduces the required computational resources to carry
out the inversion.

We measure the amplitude ratio («) between two waveforms
using the ratio of the elements of the largest eigenvector (v1 and
v2) of the waveform’s covariance matrix in the following
equation (Shelly et al., 2016):

a="2 (1)
V1
The logarithm of the amplitude ratio times a scaling coefficient
(¢) then gives the difference between the magnitudes of the two
events (M, and M,) in the following equation:

M, = M, + clog,, . 2)
Previous studies have suggested different values for the scal-

ing coefficient depending on magnitude type. Here, we cali-
brate the relative magnitudes using both local scaling and
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moment magnitude scaling. For local magnitudes M, pre-
vious studies (Huang and Beroza, 2015, Chen et al., 2018)
employ a scaling coefficient of 1 based on the expected direct
scaling of waveform amplitude and local magnitude. When
comparing our results to cataloged estimates of M, we also
use a scaling factor of ¢ = 1 to establish relative M;. When
comparing our results of relative M,, to cataloged M,,, we
choose to use a magnitude scaling coefficient of % to reflect
the expected scaling between earthquake moment and the
logarithm of the waveform amplitude as local magnitude
(or amplitude) versus logarithm of the seismic moment
can be fit with a slope of 1.5 (Hanks and Boore, 1984,
Cleveland and Ammon, 2015).

Once the final amplitude ratio is determined for each event
pair, we can calculate the “best-fit” magnitudes (M,,) from a
least-squares inversion in the following equation:

[ clogg o | 11-10..00 N
clogpay; 11 0 -1..0 0 M
M,

clogan, [=|1 1 0 0 .. 0 =1 |x| 2 [ (3
M aiba 11 0 0 0 0 3
M
M aliv,i (10 0 0 ... 0 0| "

in which «,,, represents the amplitude ratio between events m
and n, My, represents the known magnitudes of a group
of calibration magnitudes and x is a constant term in the
least-squares inversion.

Previous methods (Cleveland and Ammon, 2015; Chen et al.,
2018; Kintner et al, 2018, 2020) utilize the sum of the
originally cataloged magnitudes (or moments) to scale the
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results of the inversion from a dimensionless magnitude quan-
tity to a moment magnitude scale. However, our motivation is to
evaluate magnitudes assuming that ground-truth is unknown.
Thus, we must also consider the total magnitude (or moment
derived from the magnitudes) to be unknown as well. Therefore,
we instead establish a catalog of calibration events with inde-
pendently estimated M,, that is individually input in the inver-
sion (equation 3). Using this method, we form links between
calibration and measured events that calibrate the measured
events to the moment magnitude scale without relying on
knowledge of total earthquake moment. To calibrate the relative
M, estimates in this study, we use the 125 available moment
magnitudes in the Southern California Seismic Network (SCSN)
catalog. All events have M >3.5. For the relative M calibration,
we use M estimates for the same 125 events, which are available
from the U.S. Geological Survey (USGS; contributed by the CI
network). Because this method is dependent on interlinking
waveform pairs with at least one measured event linking to a
calibration event, we recognize that a greater number of calibra-
tion magnitudes would provide more linkages and thus more
relative magnitude results. However, we are not able to test a
higher number of calibration magnitudes because we currently
use all of the available moment magnitudes from the SCSN cata-
log. Future work may seek to independently establish a greater
number of moment magnitudes to test the ideal number of
calibration events.

We first establish a base case with waveform data from
five broadband stations. We choose these stations based on
azimuthal coverage, data quality, and distance to the centroid
of the earthquake sequence. These five stations are located at
distances greater than 0.25 arc degrees (chosen to include
95% of the earthquakes) to increase the opportunity to identify
pairs with similar source-receiver paths. These stations are also
located closer than two times the aforementioned radius (0.5 arc
degrees) to ensure high-SNR quality. The waveforms are band-
pass filtered to 0.5-12 Hz, and CC and SNR thresholds are set to
be 0.6 and 3, respectively, based on prior use of this method
(Gable and Huang, 2024a). With these parameters, we estimate
relative M} and M,, for the 2019 Ridgecrest sequence.

Once we establish a base set of magnitudes using the afore-
mentioned input parameters (summarized in Table 1), we
investigate the variability of the relative magnitude results
by changing each input parameter (Table 1) and comparing
the results in each new case to the base case.

RESULTS

Base case

With the base-case parameters, we estimate magnitude for
19,754 events (Fig. 2). We find that events with M >2 are more
likely to be recalculated because many events with M <1.5 are
excluded due to low SNR. In addition, we find that increased
waveform complexity of large events (M >4.5) also prevents the
formation of many highly correlated pairs.
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We compare our results for both relative M; and M,, from
the base case with magnitude estimations published in various
other catalogs (Fig. 2a-d). Bindi et al. (2021) estimate M; from
a calibrated local magnitude scale (Richter, 1935, Savage and
Anderson, 1995) using the Urlhammer et al. (2011) attenua-
tion function for California. This attenuation function is also
used for the SCSN network magnitudes. Liu et al. follows a
similar approach instead using the Hutton and Boore (1987)
distance and attenuation correction formula for southern
California. Shelly (2020), a template-matching study, estimates
local magnitude for detected events by amplitude ratio com-
parison with template events that have a cataloged SCSN mag-
nitude. This method is the most similar to ours because it
utilizes amplitude ratio to establish magnitude differences
between events. However, Shelly (2020) uses a scaling constant
of 0.831 based on SCSN cataloged magnitudes and amplitude
ratio measurements.

To quantitatively compare how our results agree with the
previously cataloged estimates, we calculate the root mean
square error (rmse) deviation between our relative magnitude
results and other catalog results for each magnitude bin with
width = 0.5 (Fig. 2a-e).

For M <3 events, our relative M is consistently lower than
the cataloged estimates (with rmse values of 0.3-0.6) but agree
the best with the Liu et al. (2020) M; . For larger events (M >3),
the Bindi catalog shows a consistent slope with the relative
My but is biased to be larger than the relative M;. We note
that the Bindi catalog M; is also consistently larger than the
calibration event magnitudes. Thus, the disagreement between
calibration magnitudes and Bindi catalog M is likely to lead to
the bias between Bindi M; and relative M;. We also note a
“turn-down” of the slope between cataloged M; and relative
My in Figure 2a—c. This could be the result of incorrect c-values
in the matrix inversion. However, because this bias is not
observed in the larger events, we attribute this to a difference
in scaling between the small and large earthquakes. For M >3
events, we observe a higher level of agreement between cata-
loged M; and relative M| for the Shelly catalog as magnitude
increases, whereas the level of agreement is fairly consistent as
magnitude increases for the Bindi and Liu catalogs.

Finally, we observe the best agreement between our relative
M, and the Bindi et al. (2021) M,, estimates, although we
cannot make any observations about M,, scaling at smaller
magnitudes because cataloged estimates of M,, for small earth-
quakes are not available from the Bindi catalog or SCSN.

We also compare our results for relative M; and M,, with
each other and find that for M >3.5 events My and M,, agree
well despite the different scaling constants used in the inver-
sions (Fig. 2f). We apply an orthogonal regression to these
events and find a best-fit line with a slope of 1.16, which is
close to the expected slope of 1. For M <3.5 events, we observe
that M,, is consistently higher particularly for the smallest
events. The best-fit line for these events has a slope of 1.49.
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This is expected based on comparisons between moment and
local magnitude in other tectonic regions (Deichmann, 2006;
Edwards et al., 2010; Ross et al, 2016; Holt et al, 2021).
Given the consistency between relative My and M,, results,
we focus on the relative M,, results next to explore the effects
of input parameters of the relative magnitude method
(Table 1). We compare the results of each inversion to the
M, estimates cataloged in Shelly (2020) because cataloged
M,, is not available for most events.

SNR

We first investigate the impact of raising the SNR threshold
from 3, as in the base case, to 5 (case 1). We find that when
raising the SNR threshold, the number of events included in
the inversion is reduced from 19,584 to 15,531. Most events
that are excluded from raising SNR have M <2. This suggests
that very small events experience more noise contamination
and are subsequently excluded when the SNR threshold is
increased.

For the majority of events that are included in both inver-
sions, there is not a significant difference between the relative
M, calculated in the base case and case 1 (Fig. 3b). In fact,
98.3% of events have a magnitude difference less than 0.05
between the base case and case 1 (SNR = 5). Furthermore,
the comparison between base case and case 1 has an rmse val-
ues of 0.001. However, we can observe that the events with sig-
nificant variation between the two cases are small events
(M <2.5). This is evidenced by the difference between base case
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Figure 2. (a—d) Results of base-case relative M, inversion compared with other
estimates of M, for (a) the Ridgecrest Sequence, (b) the Southern California
Seismic Network (SCSN) catalog, (c) Liu et al. (2020), and (d) Bindi et al.
(2021). (e) Results of base-case relative M,, inversion compared with the Bindi
et al. (2021) estimates of M,y for the Ridgecrest Sequence. For panels (a—€),
black dots represent the comparison between catalog M, or M,, and cali-
bration events. Gray line represents a 1-to-1 relationship, and the black-
dotted line represents the root mean square error (rmse) value as a function of
magnitude bin. (f) Comparison between relative M, results and relative M,
results generated using this method. The orange line is a best fit for M <3.5
events, and the green line fits M >3.5 events. The color version of this figure is
available only in the electronic edition.

and case 1 results (Fig. 3b), which are much larger for smaller
magnitudes. This suggests that the inclusion of the 4053 events
with low SNR does not significantly affect the results of the
other events. Therefore, we recognize that future choices for
SNR may be dependent on the goal of the particular end user.
A low SNR would allow for a higher number of events to be
recalculated but potentially sacrifices the accuracy of the mag-
nitude estimates for the smallest events likely due to waveform
contamination by noise. We recommend a low SNR that
ensures the highest number of events to be included as possible
while minimizing potential contamination by noise that is very
close to the amplitude of the earthquake signal. An SNR that is
too low would cause very small magnitude events to be calcu-
lated at the magnitude of the noise level rather than the event
amplitude itself and would be observed as a “leveling-off” of
the relative magnitudes at the smallest end.
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Next, we examine the effects of varying the CC threshold
between 0.45 and 0.8 (cases 2-8, Fig. 4). We also plot the
differences between the base-case M,, and relative M,, results
for each case to examine the variability as a function of mag-
nitude (Fig. 4, inset plots).

Similar to the SNR test, lowering the CC threshold
increases the number of pairs that are included in the inver-
sion and consequently increases the number of events for
which relative M,, is calculated. However, we find that for
CC < 0.6, there are large differences between the base-case
M,, and each case results particularly for M <2. This can
be observed in both the main figures and inset points as
the scatter in the data plots. This effect is likely due to the
inclusion of events that are not closely located and do not
share similar source-receiver paths, thus not ensuring that
the amplitude difference faithfully reflects the difference in
magnitude between the two events.

Conversely, raising the CC threshold would ensure that
only the most highly correlated pairs are included in the inver-
sion while sacrificing the number of events available. Once CC
increases above 0.6, we observe a significant drop in the num-
ber of events included in the inversion (i.e., below 50% of the
total number of events in the catalog). Although we can still
effectively quantify the magnitude differences through the
matrix inversion, the number of recalculated events is impor-
tant particularly for the calibration of the inversion to an abso-
lute scale and for the magnitude-frequency distribution.

When raising the CC threshold above 0.65, we begin to
observe horizontal lineations in the differences between
base-case M,, and the raised CC cases (cases 5-8). This is
caused by the presence of distinct groups of events that share
internal linkages to each other but are not interlinked to other
groups. If these smaller groups contain only a small number or
no calibration events, they will not be accurately calibrated
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Figure 3. (a) Comparison of relative M,, results for the base case (signal-to-
noise ratio [SNR] = 3) and case 1 (SNR = 5). The color of the histogram
represents the number of events in the magnitude bin. The light-gray line
represents a 1-to-1 relationship. (b) Difference between base-case M,, and
case 1 M,, results compared to the base-case M,, value. The color version of
this figure is available only in the electronic edition.

with the rest of the catalog even though the magnitude
differences within each group are evaluated accurately.

In addition, the lack of events pairs due to high-CC thresh-
olds is a problem for the magnitude-frequency distribution
because a deficiency of events in a particular magnitude range
may influence the slope of the distribution, also known as
the b-value. Here, we show that the magnitude-frequency dis-
tribution for CC = 0.45-0.55 are very similar, whereas a higher
CC threshold (CC > 0.75) begins to lose 3 > M > 5 events dis-
proportionately to the middle magnitudes. For the high-CC
threshold cases (cases 5-8), disproportionate reduction in
the number of small events would lead to an artificially low
b-value. For future users, we would recommend not increasing
the CC threshold above 0.65 or lowering below 0.5, unless the
user is more concerned with accuracy of magnitude differences
rather than statistical products that rely on a complete catalog.

Station selection

Next, we analyze the contributions of each individual station
by systematically removing each station from the inversion.
We compare the results of the base case to each case where
a particular station is omitted (cases 10-13, Fig. 5). The con-
tributions from each station are represented by the difference
in relative M,, between the case where the station is dropped
and the base case. Large differences signify that the results
change significantly when the station is excluded and thus
is important to constrain the inversion. Although all five cases
exhibit similar results, we find that the cases where stations
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CCC and WMEF are dropped (cases 9 and 13) exhibit the least
scatter and retain the largest number of events. Therefore,
the exclusion of these two stations impacts the variability of
the final results the least compared to other stations.
Interestingly, these two stations contribute the largest number
of event pairs to the base case and are located along strike of the
main fault. It is likely that the two along-strike stations con-
tribute more event pairs because there are more event pairs
that share similar paths, and thus high correlation for a station
that lies along strike. However, the small differences between
these two cases and the base-case results suggest that these sta-
tions are not as effective as other stations when constraining
results.
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Figure 4. (a—g). Relative M,, compared to M, cataloged by Shelly (2020) for
seven cases with varying acceptable cross-correlation (CC) thresholds.
Intensity of color represents the number of events in each magnitude bin. N
represents the number of events that are calculated in each case. Inset plots
show the difference between base-case M,, and relative M,, for each case
compared to the base-case M,, alone. Panel (h) shows the distribution of
recalculated relative M,, for each CC threshold case. The color version of this
figure is available only in the electronic edition.

Conversely, stations MPM and WBM (cases 11 and 12),
which lie orthogonal to the main fault, show the largest
differences from the base case when they are removed from
the inversion. Although we do highlight the differences in scatter
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We observe that raising the
number of stations required
accepting an event pair signifi-
cantly reduces the number of
events that are recalculated
and leads to similar horizontal
lineations as those that were
observed in the CC threshold

10*

excluded from the inversion. (c) Box limits represent the first and third quartile for the difference between

base-case M,, and dropped station M,,. The orange line represents the median value. Whiskers represent the limits
of the data points that are outside of the 95% interval. The color version of this figure is available only in the

electronic edition.

cases. In addition, we find that
the variability between base
case and increased station
cases for individual M,, mea-

that the exclusion of a particular station induces, we also note
that in every case, at least 95% of the magnitudes have a differ-
ence of < 0.2 magnitude units from the base case, suggesting that
the exclusion of any one station does not affect the results sig-
nificantly. Despite this we still encourage future users of this
method to consider a station configuration that includes as much
azimuthal coverage as is practical with the available stations.
In addition, we examine the potential for measuring relative
M,, from a single station (cases 14-18), which may be useful
for a seismic region with low station coverage such as the cen-
tral United States (Fig. 6). For stations MPM, SLA, and WBM,
95% of events have a magnitude difference less than 0.5 mag-
nitude units from the base case. A relative M, inversion using
only station SLA shows the smallest difference from the base-
case results. However, for an inversion in which we only use
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surements is mostly below
0.5 magnitude units. Therefore, we suggest that it is accept-
able to use a small minimum number of stations so that a
maximum number of events may be recalculated.

Frequency filtering

The final parameter we investigate is the band-pass filtering pro-
cedures. We compare three cases (22-24) to the base case in
which waveforms are filtered between 0.5 and 12 Hz (Fig. 8).
First, we reduce the lower limit of the band-pass filter to 0.1 Hz
to reduce any potential saturation of large magnitude events (case
22). Then, we return the lower limit to 0.5 and raise the upper
limit of the band-pass filter to 20 Hz to capture energy of smaller
events with high-corner frequencies (case 23). Finally, we intro-
duce a split frequency band in case 24 for which M <3.5 events
are filtered with the 0.5-20 Hz frequency band while M >3.5.

www.bssaonline.org Volume 115 Number 3 June 2025



—
QO
~
()]
—
O
~
()]

When using a higher fre-
quency passband (case 21), we
observe a relationship between
relative M,, and M; that is
more similar to the results in
the base case.

However, only 8667 events
have a relative M, estimate.
The of higher
frequencies leads to lower cor-

inclusion

relation between waveform

pairs due to increased wave-
form complexity. Thus, more

waveform pairs are excluded
from the analysis. Because the
majority of events in this cata-
log have M <3.5, these effects
also dominate in case 22
(the split frequency band).

[T
_ = o
; 5 S 5
S c
2 4 S 44
i e
3
2 3 @ 3
C = “,’
% 34 S 21 f
s N F /.
S 14 ¢ 1 :
= =
s ©
2 01 3 0-
_1 T T T _1 T T T
0 2 4 6 0 2 4 6
(c) Base case relative M,, Base case relative M,
z
s 4
5 10
=
©
@ 05 - _
8 —_—
® | |
S 0.0 A | | | l
O e . .
g ITI
(9]
o —0.5 1
(V)] —_—r
c
o
g —1.0 A -1
a

Therefore, we observe a similar
set of results for cases 21
and 22.

Although amplitude satura-
tion is a concern for catalogs
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Figure 6. (3,b) Comparison between base-case M,, results and M,, results using only a single station. (c) Box limits
represent the first and third quartile for the difference between base-case M,, and dropped station M,,. The orange
line represents the median value. Whiskers represent the limits of the data points that are outside of the 95%
interval. The color version of this figure is available only in the electronic edition.

that contain large earthquakes
and one may feel compelled
to use a low-frequency band
to prevent amplitude satura-
tion, we find that the best
choice when using the relative
magnitude method is a moder-
frequency band that
excludes as much high- and
low-frequency noise as possible

104

ate

while still maintaining the

Events are filtered with the 0.1-12 Hz frequency band to capture
the effects of both the low- and high-frequency bands.

For the low-frequency band (case 20), we observe a turn in
the distribution for which relative M, is calculated to be nearly
the same (between 1.5 and 2.5) for all My <2 events. This is a
very sharp deviation from the base case for the smallest events.
Although filtering at a low-frequency band is useful to prevent
saturation for large events, we find that this allows low-fre-
quency noise to contaminate the smallest events. Although
these small events still pass the SNR threshold tests, their
amplitudes are close to the low-frequency noise level, which
results in overestimation of the relative M,,. A potential solu-
tion to this problem would be raising the SNR threshold to
exclude these contaminated events. However, this would result
in these small earthquakes simply being excluded from analysis
rather than being calculated in a more ideal way.
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integrity of the earthquake
waveform. Further, the largest
events in a catalog (M > ~5) are often excluded from the inver-
sion regardless of small variations in the chosen passband due
to increased waveform complexity and lack of events with sim-
ilar magnitudes to form highly correlated pairs (Shelly et al,
2016). Therefore, when working with catalogs that contain
large earthquakes, we suggest not relying on the relative mag-
nitude method and supplementing the relative M,, estimates
with M,, derived from other methods such as waveform mod-
eling and moment tensor inversion.

DISCUSSION AND CONCLUSIONS

Among all the parameters analyzed in this study, it is apparent
that the choice of band-pass frequency range has the largest
influence on the final results of the relative magnitude method
in part because the influence of this parameter is extended to the
other aspects of the analysis. If we choose a wide frequency band
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frequency band case (M <3.5: 0.1-12 Hz, M >3.5: 0.5-20 Hz). (e—q)
Difference between base-case M,, results and results in each case for the same
event. The color version of this figure is available only in the electronic edition.
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that contains more noise, then SNR and CC will be affected or
need to be preemptively changed accordingly. This is particu-
larly true for small (M <2) events. Future users of this method
should carefully consider the frequency band that is most appro-
priate for the individual region and magnitude range. However,
we suggest filtering procedures that prioritize signal from small
magnitude events because the reduced number and inherent
waveform complexity of large magnitude events means that they
influence the results of the inversion less than the small to mod-
erate events. In addition, M,, for large events may be measured
using other common methods, and there are limited methods
that may calculate M,, for events with M <3.

Apart from the frequency band variations, we find that slight
changes in other parameters explored in this study—such as SNR,
CC, and station selection—have minimal influence on the results
of the relative M,, estimates. Approximately 95% of events in
each scenario exhibit differences of less than 0.5 magnitude units
from the base-case results except for two cases (14 and 18) for
which only one station was used to recalculate magnitudes. This
is a similar if not better level than the variability between different
local magnitudes estimates for the same event (Shelly et al., 2022;
Gable and Huang, 2024a). Therefore, these parameters may
be adjusted based on the needs and available resources of the
user. For example, low SNR or CC threshold values will allow
the user to establish estimates of M,, for many events, but in
doing so the user may be sacrificing the potential accuracy of
the magnitudes. Conversely, raising the SNR and CC thresholds
enhances the potential for precise measurements of amplitude
ratio, which consequently improves the magnitude difference.
However, this sacrifices the number of resulting magnitudes.
Users should also consider the available computational resources
when making decisions regarding SNR and CC thresholds. The
relative magnitude method is time intensive and computationally
more expensive than traditional magnitude measurement meth-
ods. Therefore, as more events and more stations are included,
more computational resources will be required. However, this
method reduces the need for human interaction and does not
require analysts to manually approve magnitude measurements.
Nevertheless, we recommend that the highest level of accuracy
within practical resource constraints should be strived for in
future relative magnitude studies.

This study aims to mitigate potential error stemming from
subjective decision making during the relative magnitude
method. However, there are other potential sources of bias that
arise from this method that should be investigated further. One
factor is the window length of waveforms used for observa-
tions. Some studies, including this one, focus on specific seg-
ments of the waveform whereas others employ full-waveform
amplitude analysis (Gable and Huang, 2024a). The length of
the time window may affect the type of waves being measured
and may influence the correlation between pairs of events.

Moreover, the optimal number of station measurements nec-
essary to validate an event pair should also be investigated
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further. Not instituting a minimum number of stations allows
for more event pairs to be included but sacrifices accuracy as
more measurements will effectively average out more random
error. However, although more stations may be useful to include
more pairs of events, we must weigh the increased computa-
tional workload of including more stations against the perceived
benefit of more observations. Here, we show that measurements
made on five stations do not show much variability from mea-
surements made on as little as two stations for the same event.

Finally, the minimum number of independently estimated
events required for adequate calibration is an important control
on the final absolute magnitudes, which we do not investigate
further here. Theoretically, more calibration events would
allow for better constraints on the relative magnitudes. However,
we do not investigate this parameter here because the number
of moment magnitude estimates available for the Ridgecrest
sequence is very small compared to the size and magnitude range
of the available catalog. Thus, we do not have very much leeway
to vary the number of calibration events. In addition, we do not
have any moment magnitude estimates for events below M 3.2 to
evaluate the necessary magnitude range and scaling of calibration
events. Future work may seek to independently establish a larger
number of moment magnitude estimates for a wider range of
magnitudes to investigate this. Current and future community
work on standardizing source parameters for the Ridgecrest
sequence may make this possible (Baltay et al., 2024).

In summary, this study provides a method to accurately
characterize earthquake magnitude without the need for the
empirical distance and attenuation relationships or long-
period waveforms that are currently required by common
magnitude calculation methods. We establish a methodology
for the relative magnitude method and investigate the variabil-
ity that certain input parameters may impose on the magnitude
results to make recommendations for future users. Although
we acknowledge that this method may introduce slight biases
that are inherent in the subjective decision making, we show
that it is able to establish both local and moment magnitudes
for many events in the Ridgecrest sequence in a way that is
transportable to other geologic settings. Of most importance
is the ability to establish moment magnitude estimates for
small events (M <3) that are not routinely available using cur-
rent methods. These results offer insights into the evolution of
the Ridgecrest sequence and allow for further investigation into
earthquake sources processes and seismic hazard in southern
California.

DATA AND RESOURCES

Waveforms used in this study were downloaded from the Southern
California Earthquake Data Center (SCEDC) using the International
Federation of Digital Seismograph Networks (FDSN) Dataselect webser-
vice (https://service.scedc.caltech.edu/fdsnws/dataselect/1/, last accessed
October 2023) and were produced from stations in the Southern
California Seismic Network (CI, stations CCC, MPM, SLA, WBM, and
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WMF, doi: 10.7914/SN/CI). The Southern California Seismic Network
(SCSN) earthquake catalog used here was also downloaded from the
SCEDC (https://service.scedc.caltech.edu/eq-catalogs/date_mag_loc.php,
last accessed October 2023). Other earthquake catalogs were obtained
from published sources listed in references. Maps were prepared with
Generic Mapping Tools (GMT; Wessel et al. 2019). The least-squares
inversion and orthogonal regressions were determined using the
Python-SciPy computing package (https://docs.scipy.org/doc/scipy/
reference/odr.html and https://docs.scipy.org/doc/scipy/reference/gener
ated/scipy.sparse.linalglsqr.html, respectively, last accessed June 2024).
The catalog of relative M,, and M estimates presented in this article is
available on the University of Michigan Deep Blue Archive (Gable and
Huang 2024b). The supplemental material contains Figures S1-S4
showing representative examples of waveforms used in this study.
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