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Abstract Ground motions recorded at one location are often extrapolated to nearby regions within a Production Editor:

. . . . . . Yen Joe Tan
given radius. We explore the appropriateness of spatial extrapolation using data from seven small aperture Handline Editor:
(diameters <3km) seismic networks in southern California that were operational for a year or more. Five of the " Pablo Heresi

seven arrays traverse the San Jacinto fault, and two locate off-fault. From our base catalog (4038 M2.5+ earth-
quakes; September 2010 - June 2023), we remove temporally overprinted waveforms from nearby events (<
5 km) in quick succession (< 5 minutes) and data with non-viable waveforms. These 200 samples per second
data are filtered at 0.5-25 Hz and must have signal-to-noise ratios 2.5+. Peak ground acceleration and ground Received:
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forms. We compare ground motion observations with empirical estimates from (Abrahamson et al., 2014).
On average, arrays deployed across fault zones consistently record ground motions above empirical expecta-
tions, whereas off-fault arrays record ground motions at or slightly below empirical expectations. For all seven
networks, the coefficient of variation shows large standard deviations at 26-38% of the mean, suggesting ex-
trapolation should be done with caution even within small regions (< 3km).
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Non-technical summary Commonly, if ground motions are not known at one location, the ground
motions recorded at a nearby location are assumed to be representative of the extended region. Here, we
test if this type of spatial extrapolation is valid using data (4038 M2.5+ earthquakes; September 2010 - June
2023) recorded by seven small aperture arrays with spatial footprint diameters of 3 km or less. Five of these
networks traverse portions of the San Jacinto Fault Zone in southern California, and two of the networks are
located off-fault. We refine these data by removing non-viable signals, including overprinting of waveforms
from nearby earthquakes in quick succession (within 5 km and 5 minutes of each other). Ground motions
within the assumed fault zones are larger than the empirical estimates, whereas ground motions outside of the
assumed fault zones are as expected or smaller than the empirical estimates. Surprisingly, we find deviations
from mean ground motions across each network are large at 26%-38% for each channel. This suggests spatial
extrapolation of ground motions should be done with caution even within these very small spatial footprints
(array diameters in km: 0.15, 0.18, 0.37, 0.46, 1.10, 1.10, 2.90).

1 Introduction natively, apply a damping factor that reduces the am-

plitude by a factor that scales with distance (Tamhidi

Ground motion data are essential for a range of geo-
science topics, including but not limited to earthquake
early warning (Allen and Stogaitis, 2022), seismic haz-
ard estimates (Iervolino et al., 2022), and identification
of earthquake source directivity features (Kurzon et al.,
2014; Hirakawa et al., 2023). In regions with sparse
station coverage, researchers typically use extrapola-
tion techniques, assuming they can estimate ground
motions within a certain radius of a station based on
the recordings from that station (Cochran et al., 2022).
There are various ways to extrapolate measurements
from one location to nearby regions. One option is to
assume that the ground motions will be similar when
extended to a given radius from the station or, alter-
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etal., 2023). These simplified extrapolations can be mis-
guided in regions of variable geological features, com-
plex fault geometry, or pore pressure variability (Graves
et al., 2008).

Ground motions within 3D sedimentary basin struc-
tures can generate surface waves at the basin edge,
creating reverberations and significantly increasing
ground motions (Vidale and Helmberger, 1988). The-
oretical simulations of ground motions within the Los
Angeles basin found that the scale factors for ground
motion amplification depend on basin depth. For re-
gions near Los Angeles, California, where the basin
depth extends to 9 km, an amplification factor as large
as six can be produced (Olsen, 2000). These types of
basin resonance are well known, and current work is
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exploring how amplification, or alternative attenuation,
occurs within and around fault zones, which is the aim
of this work.

How ground motions are elevated or diminished can
be categorized by three terms: source, path, and site
terms (Douglas and Edwards, 2016; Parker et al., 2020;
Zhang et al., 2022; Nye et al., 2022; Chang et al., 2025).
An example of a source term effect is when an earth-
quake source has a strong directivity, producing more
seismic energy in one direction than another (Kilb et al.,
2002; Kurzon et al., 2014; Hirakawa et al., 2023). Path
terms, on the other hand, are generated along the path
from the earthquake source to the station. If the seis-
mic wave path traverses only hard rock materials, the
path term is typically minimal and does not substan-
tially increase or decrease ground motions. In con-
trast, the ground motion typically increases if the path
traverses primarily unconsolidated material or variable
material strengths (Yang and Zhu, 2010; Sahakian et al.,
2018). Influences near the recording station create site
terms. Examples of site terms are small basin reso-
nances or wind-generated signals created by the move-
ment of trees in response to high winds (Johnson et al.,
2019).

In regions where recording stations are located only
a few kilometers apart, source and path effects are ex-
pected to be nearly identical, so observed differences
in ground motions primarily reflect site effects (Ander-
son and Hough, 1984; Steidl et al., 1996; Sahakian et al.,
2018; Nye et al., 2022). The reason for this assumption
is that the path terms will be almost identical because
the azimuth variations between the station/source span
a small azimuth range, and in turn the source terms will
be similar as well. This is the case for the seven small
aperture arrays that we study in this work. Here, we in-
vestigate how variable site terms can be within seven
small aperture (<3 km diameters) arrays and assume for
a single quake that the source and path terms are essen-
tially identical.

Site terms often modeled using Vs30 scaling, where
Vs30is the time-averaged shear-wave velocity within the
top 30 meters of material at a site (Borcherdt, 1994).
High values of Vs30 suggest the site lacks a large sedi-
ment layer, and the site is assumed to have low amplifi-
cation factors. In comparison, low Vs30 values indicate
thick sediment layers and, in turn, high amplification
factors. Of course, there are exceptions to these the-
ories where ground motions are either much larger or
smaller than expected (Minson et al., 2020).

When direct Vs30 measurements are unavailable, ad-
ditional information can be used as a proxy. One ap-
proach is to estimate Vs30 from topographic slope prox-
ies (Wald and Allen, 2007), which use quantitative met-
rics, typically derived from digital elevation models
(DEMs; Iwahashi and Pike, 2007). These slope-based
methods broadly assume that flatter topography corre-
sponds to thick basin sediments, whereas steeper to-
pography is associated with hard-rock regions with min-
imal sediment cover (Heath et al., 2020). However, as-
suming a simple linear relationship between Vs30 and
topography can be misleading. This concern is partic-
ularly relevant for engineering applications, as simpli-
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fied site terms do not account for near-surface soil con-
ditions that can experience nonlinear and permanent
deformations (Trifunac, 2016). Alternatively, the terrain
proxy assigns general class labels such as flat, hilly, or
mountainous to specific regions (Yong et al., 2012; Yong,
2016) and the geology proxies uses mapped age and
type of surface materials such as granite, alluvium, vol-
canic rock, or marine sediment (Wills et al., 2015). Each
method has advantages and limitations. Many studies
show that collectively integrating multiple data sources
(e.g., DEM, slope, terrain class, and geology) produces
more accurate Vs30 maps. These are termed Vs30 patch-
work mosaics that enhance both spatial coverage and
site-condition accuracy (Allen and Wald, 2007; Thomp-
son et al., 2014; Parker et al., 2017; Heath et al., 2020;
Huddleston et al., 2021; Li et al., 2022; Petersen et al.,
2024).

Increasing the number of seismic stations in a re-
gion reduces the inter-station spacing lengths and al-
lows for an increased understanding of ground motion
variability. EarthScope’s USArray deployment aimed to
have station spacings of 70 km (IRIS Transportable Ar-
ray, 2003), and the ShakeAlert earthquake early warning
system deployed within western USA (California, Wash-
ington, and Oregon) strives to have ~10 km inter-station
spacing (Given et al., 2014; Kohler et al., 2020; Lux et al.,
2024). Small aperture arrays, a network of stations de-
ployed 10’s of meters apart, can explore nuances in
ground motion variability within even smaller spatial
footprints (e.g., Vernon etal., 1991; Ben-Zion et al., 2015;
Share et al., 2017; Qiu et al., 2017; Zigone et al., 2019,
Anthony et al., 2020; Qiu et al., 2021; Share et al., 2023,
2018).

Here, we explore data from seven small aperture ar-
rays with spatial footprint diameters of 3 km or less.
The aim is to understand better when ground motions
recorded at one location can be reliably extrapolated
to nearby regions and when they cannot. This work
allows us to assess how variable ground motions can
be within a well-defined small area sufficiently instru-
mented within and outside fault zones.

2 Seismic Networks and Data Selec-
tion

The seven small aperture network arrays were selected
because they have 3-component data and were active for
at least one year (Figures 1-2; Table S1). Array names
use two-letter codes that represent the geographic re-
gion: BB = Blackburn Saddle, DW = Dry Wash, JF = Jack-
ass Flat, PY = Pinyon Flat, RA = Ramona, SG = Sagebrush
Flat, and TR = Transect. Two of these seven networks
(PY and TR) are located away from the primary fault sys-
tem, and five span the San Jacinto fault (BB, DW, JF, RA,
and SG). All arrays are linear except for the PY array,
which is two-dimensional (Table S2; Appendix A, Fig-
ures A1-A7).

We start with a base catalog of reviewed earthquakes
spanning ~13 years, 2010-09-20 through 2023-06-30 (Kilb
and Vernon, 2025a), including 4038 local magnitude
(M7}) 2.5+ events. From this base catalog, we create sub-
catalogs limited to events within 150 km of the network
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centroid for each of the seven networks. Because of the
spatial differences in the network centroids, these sub-
catalogs differ from network to network (see Table S1;
Figures 1-2), but this is not a concern because the cata-
logs are vast (each contains over ~11,000 waveforms that
have passed the data quality restrictions) and can ade-
quately provide general ground motion trends.

3 Data Preprocessing & Method

Data from the seven networks (Figure 3) are processed
similarly, and the seismic data pre-processing includes
four steps (Kilb and Vernon, 2025b). First, to eliminate
waveform overprinting, which could result in mislead-
ing elevated ground motion measurements, we remove
all earthquake pairs in the base catalog that are spa-
tially (<5 km) and temporally (<5 minutes) close. We
purposely process data in the base catalog, not the indi-
vidual catalogs, to avoid introducing errors at the edges
of the sub-catalog spatial boundaries. Using the en-
tire base catalog is also time efficient as this processing
is applied only once to the base catalog (i.e., not indi-
vidually for each of the seven sub-catalogs). The over-
printing removal process iteratively repeats until no ad-
ditional data are flagged for removal, indicating all re-
maining data are more than 5 km and 5 minutes apart.
This overprinting removal requirement is essential to
ensure our derived ground motion values are measur-
ing ground motions produced by a single earthquake,
not multiple quakes. Overall, this process primarily
flags events during the Salton Sea swarms in 2012, 2016,
2020, and 2021 (Kilb et al., 2021). Because our catalog
includes only M}, 2.5+ events, some smaller event over-
printing likely remains within these data. But, for cases
when additional smaller events exist within the wave-
train, these smaller events are unlikely to substantially
bias the results.

The data overprinting vetting is relatively harsh, re-
moving 16% of the base catalog (649 of 4038 removed,
3389 retained; see Table S1). The overprinting test re-
moved five of the six M5+ events. The event not re-
moved was an M5.41 (ID ¢i15200401) from the Salton Sea
region on 26 August 2012, which, according to our M,
2.5+ catalog, was followed 7 minutes later by a nearby
M, 3.18 event. Although not flagged by the overprint-
ing method because the 7-minute differential exceeded
the 5-minute threshold, out of an abundance of cau-
tion, we remove this M, 5.41 mainshock from consid-
eration for two reasons. First, this event was the sec-
ond of two My 5+ events during the 2012 Salton Sea
swarm, which occurred ~1.5 hours after an earlier M|,
5.32 event (ID ci15199681) in the same region and thus
occurred within a time frame of active aftershocks. Sec-
ond, this event is the largest in our catalog, and un-
doubtedly, its large waveforms obscured many of the
smaller earthquakes within the first 5 mins of the se-
quence (e.g., Kilb et al., 2007).

The second step in the data pre-processing applies
an instrument response correction, removing the mean
from the data traces and band-pass filtering for each
waveform remaining after the overprinting tests. For
these 200 samples per second data, we apply 4th-order
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bandpass Butterworth filters of 0.5 - 25 Hz. The low-pass
level avoids low-frequency artifacts, and the high-pass
avoids spurious high-frequency signals. The seismic
waveform data is obtained through the IrisFetch Mat-
lab interface (see Data and Code Availability section).
In some cases, the returned data contains multiple data
segments. When this occurs, we remove the mean from
each sub-trace before combining the sub-tracesinto a fi-
nal trace. This processing is essential, especially for the
older data, because the DC offset can differ from sub-
trace to sub-trace.

In the third data pre-processing step, we select robust
waveforms requiring a signal-to-noise ratio (SNR) of 2.5
or above (see supplemental Figure S1). To measure SNR,
we rely on theoretical P-wave (V,; 6.5 km/s) and S-wave
(Vs; 2 km/s) speeds and estimate theoretical P- and S-
wave arrival times at each station using linear relation-
ships:

P,rrivar = Disthypo/V, (1)
Sar'rival = DZSthy]JO/‘/S (2)

Prrival and Sgriva; are the theoretical P-wave and
S-wave arrival times, respectively. Disthypo is the
hypocentral distance in kilometers between the earth-
quake and the station, calculated using the GRS80 refer-
ence ellipsoid. These simplistic linear estimates are not
exact as they do not account for the earth’s curvature
or velocity depth differences. However, these estimates
are appropriate for our purposes as the aim is simply to
select the data of interest, a noise window, and estimate
a SNR, so exact values are not required.

The noise waveform snippet is ten seconds long, ex-
tending from 12 seconds before P,y through 2 sec-
onds before P,,,iyq. This two-second gap between the
end of the noise trace and the expected P-wave arrival
is precautionary and allows for errors in the theoreti-
cal seismic wave arrival time estimates. The data win-
dow encompasses data from two seconds before Py;.ivai
through 30 seconds after S,;ivai- In this way, the dura-
tion of each data window is variable, resulting in longer
durations for more distant events when the P- and S-
wave separation times are larger (see supplemental Fig-
ure S2). We calculate SNRs by dividing the maximum
absolute amplitude of the data snippet by the maximum
absolute amplitude of the noise snippet (Kilb and Ver-
non, 2025b).

The SNR criterion removes most of the bad data, but
additional non-viable signals, those unrelated to a sin-
gle earthquake, may still be retained. Given this, a
fourth data quality test is implemented to vet how the
observed ground motion amplitudes statistically differ
from empirically expected values. Empirical estimates
are derived using the Abrahamson et al. (2014) NGA-
West2 ground-motion model, which provides predic-
tions of horizontal peak ground acceleration (PGA) and
peak ground velocity (PGV) for shallow crustal earth-
quakes in active crustal regions such as California. All
empirical estimates are computed assuming a reference
rock site condition (Vs30 = 760 m/s), rather than using
variable site-specific Vs30 values. Although this model
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Figurel Studyregioninsouthern California. Abase catalog of 4038 events (red square region; M, 2.5+; 2010-09-20 through
2023-06-30; latitudes 32.0 to 35.1; longitudes -118.5 to -114.75; Kilb and Vernon, 2025a) is used to identify and remove over-
printed events (events within 5 km and 5 mins) that have the potential to elevate ground motions misleadingly. Earthquake
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seven network centroids and network codes. The final data of interest are sub-catalogs that contain events within 150 km of
each network centroid (circular regions), events outside of these circles, but inside the red box were only used in the over-

printing evaluation (Kilb and Vernon, 2025a).

was formulated for horizontal components only, we ex-
tend its use to vertical motions in this study to pro-
vide a more complete representation of the ground-
motion field. The observed PGA and PGV are de-
rived from the acceleration (HN* channels) and veloc-
ity (HH* channels) data, respectively (Kilb and Vernon,
2025b). PGA primarily captures high-frequency motion,
whereas PGV is more sensitive to intermediate frequen-
cies, making both robust measures of ground-motion
intensity used in seismic hazard studies (Wald et al.,
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1999).

Quantitative measurements are made using the ratio
of the empirically predicted ground motions to the ob-
served values. Ratios below (above) zero indicate the
observed ground motions were greater than (less than)
expected. These ratios are evaluated using Matlab’s
isoutlier routine, using the ‘mean’ method that flags ele-
ments that are three or more standard deviations from
the mean.
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Earthquake locations of M <5 and My, 5+ are depicted with the blue squares and stars, respectively.

4 Results

4.1 Network-Wide SNR Distributions

The SNR restriction (SNR 2.5+) retains a high percentage
of the data, ranging from 94.1% for the SG network to
above 99% for the BB, DW, and PY networks (see supple-
mental Figure S3). These high percentages suggest that
these data are of high quality. Although not shown here,
we found that examining the SNR as a function of time
can confirm times of instrumentation issues. Specifi-
cally, a step change in the SNR temporal behavior indi-
cates an instrumentation change. We did not use the
temporal evolution of SNR to identify problematic sta-
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tions, but we did use it to confirm that instrumentation
issues were at play when examining suspect data.

The SNR histograms from the seven arrays have dif-
ferent distributions (see supplemental Figure S3). His-
tograms from networks SG, RA, and PY have a simi-
lar distribution, showing a general tapering trend, with
substantially more smaller SNR measurements than
larger ones. Differing from that, histogram distribu-
tions for the other four networks (TR, JF, BB, and DW)
are more rectangular. These differences stem from
the fact that the SG, RA, and PY arrays recorded fewer
events at close distances than the other four arrays.
The larger number of small event-station distances for
the other four arrays results in an elevated number of
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Figure 3 Deployment durations for this study’s seven small aperture arrays (temporal durations indicated by orange bar
lengths; numbers in parenthesis are duration days and years, respectively). All networks have a deployment span of a year or
more. Although some networks are still running, in this study, we limit the collective temporal extent of data to 20 September
2010 through 30 June 2023. Blue vertical lines indicate times of M4+ earthquakes within the study region. Interestingly, in

2017, there were no M4+ earthquakes.

higher SNR ratios and, in turn, the rectangular-shaped
histogram distribution.

4.2 Station-Level Variability in SNR within
each Network

Next, we investigate the variability of the SNR distribu-
tions between individual stations within each network.
For arrays BB, DW, JF, and PY, the SNR distributions are
similar for all stations within the network, as expected
for such small-footprint networks. Three arrays (RA,
TR, and SG), however, show significant differences in
the SNR distributions. The SNR distribution differences
for the SG stations are the most pronounced, showing
spikes in low SNR values at stations SGBFA, SGBN1, and
SGBS3 (see Supplementary Figure S4), which stem from
instrumental problems. These issues arose for stations
SGBFA and SGBN1 in late 2011 and early 2012 and were
subsequently corrected. The SGBS3 issues are less prob-
lematic, beginning in ~2021. For the RA and TR net-
works, stations RA09 and TR01 have a much larger num-
ber of flagged SNR measurements (i.e., SNR < 2.5) than
the other RA and TR station reports, respectively (see
Supplementary Figures S5-S6). The low SNR values at
RAO09 are caused by a relatively short-lived instrumen-
tal issue at the end of 2015, extending through a por-
tion of 2016. Similarly, the low SNR values at TR01 were
also caused by instrumental issues, primarily during
portions of 2015 and portions of 2017. In all cases, the
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SNR threshold tests successfully flagged these bad data,
which we removed from the catalog.

Implementing our non-viable waveform tests flags
less than 1% of these data (1020 waveforms out of
213,163 that passed the overprinting and SNR tests). We
qualitatively examine each flagged waveform and as-
sociated spectral signal (see supplementary S7). This
vetting process identified and removed 350 nonviable
waveforms (350 out of 1020 or 34%; Table S3; Kilb
and Vernon, 2025c, see Data and Code availability sec-
tion). Regardless of the network, we find no depen-
dency between discarded waveforms and depth or mag-
nitude. These discarded signals contain clipped data,
low-frequency energy contamination, or SNR just above
the 2.5thresholds (i.e., ~2.5-5). The BB network data was
the only array that did not flag waveforms for removal.
This likely resulted because this array was deployed for
the shortest duration (see Figure 3) and was not opera-
tional during most of the robust Salton Sea swarms.

4.3 Characteristics of Discarded Waveforms

Most of the non-viable waveforms were from the RA
network. There were 234 RA waveforms discarded,
whereas only 41 or less were discarded for the other
six arrays (see Table S3). In all cases, the discarded
RA waveforms were reporting higher than expected am-
plitudes. The primary reason for the large amount of
corrupt RA waveform data is twofold. First, most of
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these waveforms are from smaller events at epicentral
distances of ~85 km or more, and therefore the max-
imum amplitudes generated by these earthquakes are
relatively small (acceleration <0.14 g). For the RA net-
work configuration, these small amplitudes can be over-
printed by larger signals generated by cars and trucks
from the nearby roadway (See Supplementary Figure
S8). This is particularly true for stations near the road-
way: RA08 had 93 discarded waveforms, and RA07 and
RAO09 both had 47 discarded waveforms. Collectively,
discarded waveforms from these three stations made
up 80% of the non-viable RA data. Secondly, many of
the RA discarded events occurred during prolific Salton
Sea swarms, in particular, the swarms in 2012, 2020, and
2021. Elevated ground motions during these swarms are
not a surprise, as these swarms contained many events
below M2.5, which were not accounted for in our over-
printed removal processing.

4.4 Observed vs. Empirical Ground Motions

Although the arrays are spatially compact, small varia-
tions in source-to-site distance, radiation pattern, and
site conditions can still dominate absolute peak am-
plitudes. Comparing observations to empirical esti-
mates provides a reference frame for identifying resid-
ual ground-motion behavior that is spatially coherent
across each array. To that aim, we next evaluate the
distribution of peak ground motions across each array
compared to empirical estimates (Abrahamson et al.,
2014). The first thing we investigate is if there are any
obvious differences between ground motions recorded
at arrays that traverse faults (BB, DW, JF, SG, and RA)
in comparison with ground motions recorded by arrays
deployed in regions that lack a well-developed fault sys-
tem (TR and PY). We find that arrays deployed within
the fault zone tend to record larger PGV and PGA than
expected, and arrays not deployed within the fault zone
(TR and PY) show PGV and PGA values as expected or
slightly smaller than expected (Figure 4). Specifically,
networks BB, JF, and SG observe ground motions larger
than expected, as do RA and DW, but to a lesser ex-
tent. Data from TR report values closest to the empiri-
cal results. Notably, PY is the only network that records
ground motions smaller than empirically expected.

4.5 Intra-Array Variability in Maximum

Ground Motions

Using our refined data, individually for each earthquake
and each channel within an array, we compute the mean
and standard deviations of the PGV and PGA values. We
calculate the coefficient of variance (COV) from these
values, namely, the standard deviation divided by the
mean. The COV measures how variable the findings
are across the array, where large percentages indicate
greater variability than smaller percentages. For proper
comparison, we limit these values to only those from
earthquakes recorded by all stations and all three chan-
nels within a network. We find the coefficients of vari-
ance range from 26% to 38%, with an assumed mini-
mum uncertainty of 4% (Figure 5). The largest variabil-
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mean results (green dashed line). Histograms of log(mod-
el/observed) ground motions for each network ordered
from smaller than expected motions (top; BB array) to larger
than expected motions (bottom; PY array). Notice that the
two bottom histograms show the least deviation from the
expected value (dashed vertical green line close to the verti-
calred line), and both these arrays are off-fault. The top five
histograms are from arrays within the fault zone and show
more deviation than the off-fault arrays.
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ity is found within the SG array at 38%, which is con-
firmed by the much wider histogram distribution in the
SG data in Figure 4. The SG array is the shortest of all
the arrays at 0.15 km in length. Therefore, the stations
are closer together than in other networks, which sug-
gests its COV might be smaller than the others, but that
is not what we observe. We posit that this large variabil-
ity stems from the multiple basin structures within this
region that produce signal reverberations that can po-
tentially increase ground motion variability.

4.6 Earthquakes that generate Maximum
Ground Motions

Next, we track the largest ground motions recorded by
each station (Table S4a-b; Kilb and Vernon, 2025d). The
data considered include only events recorded by all net-
work stations on all three channels. Within the DW
network, stations DW11 and DW12 were installed ~2.5
years after the other stations (DW01-DW10), which re-
duced the potential DW data range to start when DW11
and DW12 were first installed on 2014-10-17. Because
of these networks’ small spatial footprints, the expecta-
tion is that stations within a given array would report the
same earthquake as producing the largest ground mo-
tions across the entire array. That is not what we found.
The percentage of stations that select the same event, if
tracking the PGV and PGA measurements in aggregate,
are 79% (BB), 77% (DW), 71% (SG), 56% (JF), 50% (TR,
PY, and RA). Collectively, these results indicate that ex-
trapolation from one location to regions within only a
few kilometers away could be in error.

If we were to evaluate the PGV and PGA results sep-
arately, only the BB (PGA) and JF (PGA) data show con-
sistent results across all stations (Tables S4a-b). Five of
the arrays are close to consistency, with only one sta-
tion reporting maximum ground motion from a differ-
ent earthquake. Four of these five networks (JF, DW,
TR, and RA) show the outlier station is at the edge of
the array, which is more intuitive than in the middle of
the network, as observed within the SG network (sta-
tion SGBS2 mid-network). A potential explanation for
the oddball SG station is that the SG array sits atop basin
structures (Johnson et al., 2020; Share et al., 2020), so
basin resonance effects might be responsible for this be-
havior as previously mentioned.

Because of the small footprints of these seven small
aperture arrays, we expect that the largest PGA and PGV
reported by each station within an array would be gen-
erated by the same earthquake. Surprisingly, this was
only observed for the BB and JF array’s PGA measure-
ments (Table S4a-b). Differing from this, the maximum
PGA values reported by the 13 stations in the DW ar-
ray were generated by 3 different earthquakes and the
PGA recorded at the 12 stations in RA array were gen-
erated by 4 different earthquakes. For the PY network,
the maximum PGA and PGV were generated by three
different events across the 13 stations, where the same
three events were identified in the PGA and PGV results.
The maximum PGA for the four stations in the TR net-
work identified two earthquakes. The largest PGV mea-
surements at the four stations in the TR array pinpoint

four different quakes. The TR array is the longest (3 km,
compared with less than 0.2 km for some of the other ar-
rays, see Table S2), so it is the most likely array to show
deviations between the results. But it is surprising that
all four stations report different quakes as producing
the largest amplitudes. Collectively, this indicates that
care should be taken when extrapolating large ground
motions recorded at one station to nearby regions, and
that even within a 3 km extrapolation could be in error.

4.6.1 BB array: Ground Motion Dichotomy Across
the Fault

We also find a spatial consistency in the BB (PGV) ar-
ray results, where stations to the southwest of the fault
(BB01, BB02, BB03) report an M3.63 earthquake at az-
imuth 59° as producing the largest ground motions. In
contrast, the northeast stations (BB04, BB05, BB06, and
BB07) report an M3.08 earthquake at azimuth 117°, gen-
erating the largest ground motions. Thus, the largest
ground motions reported on the southwest side of the
fault were from seismic waves arriving approximately
perpendicular to the fault, and those on the northeast
side from seismic waves arriving approximately along
fault. We address the question: Why do ground motions
from an M3.08 earthquake recorded at stations on the
northeast side of the BB array (BB04, BB05, BB06, and
BB07) produce ground motions on par with or higher
than an M3.63 event located at similar depths and dis-
tances, but a different azimuths from the BB array (Fig-
ure 6)?

We first theoretically establish how different the
ground motions should be between the M3.08 and
M3.63 events, which have similar distances and depths.
To do so, we use the seismic moment ratio of the two
events:

1.5%3.63
10¢ ) — 10(1-5%X0.55) _ 10-825 , .68 3)

10(1.5x3.08)
This shows the M3.63 event should, on average, pro-
duce ground motions approximately 6.68 times larger
than the M3.08 event. This is just a first-order estimate,
there are numerous other factors that could alter this es-
timate including data quality, stress drop, source direc-
tivity, site or path conditions, and focal mechanism ef-
fects. Additional smaller events could contaminate the
waveform’s coda and elevate the amplitudes; however,
there is no evidence of such contamination based on the
ComCat catalog (U.S. Geological Survey, 2017).

4.6.2 BB array: signal-to-noise ratio (SNR)

We evaluate signal-to-noise ratio (SNR) across the fit-
ting band (0.5-25 Hz) using the metric snr_pct, which
is the fraction of frequency bins where signal ampli-
tude exceeds noise by a factor of 2.5 (Kilb et al., 2012).
Waveforms with snr_pct < 0.5 are flagged and excluded.
For the M3.63 event, excluded waveforms include all
components at KLCI and TMSP and the vertical compo-
nent at PRAN, seven waveforms in total. For the M3.08
event, exclusions include the vertical components at
KLCI and PRAN, two waveforms in total. Despite being
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observed within the SG array, showing variations of 38%. This means that the peak ground motion measured at one station
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the smaller event, M3.08 achieves high SNR across all achieves zero perfect scores across the same 42 wave-
stations, with 29 of 42 waveforms (69%) reaching per- forms.

fect snr_pct scores (snr_pct=1.0). In contrast, M3.63 At the BB array specifically, the contrast is even more
9
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pronounced. The M3.08 achieves a perfect score for all
21 BB waveforms (7 stations X 3 components, 100%).
Notably, the M3.63 achieves zero perfect scores at the
BB array, with snr_pct values ranging only 0.70-0.99.
The consistently lower SNR of the larger M3.63 event at
comparable distance is consistent with the M3.08 radi-
ated relatively more energy toward the BB array.

4.6.3 BB array: Seismic Moment

We test whether the assigned catalog magnitudes are
in error by examining the seismic moment M, derived
from the low-frequency plateau of the displacement
spectra. Only data with SNR_pct greater than or equal
to 0.5 are used in the analysis. M is related to moment
magnitude M,, by

2
3

where M is in N-m (Hanks and Kanamori, 1979). We
use M, as a proxy for the local magnitude M, as the
two are empirically well-correlated (Hanks and Boore,
1984).

We find the rank ordering is as expected, showing a
larger mean M, for the M3.63 event (2.43 x 10'* N-m,
M, from the spectra = 3.52) than the M3.08 event (1.17 X
10** N-m, M,, from the spectra = 3.31). The spectral M,
estimates are separated by only 0.21 magnitude units,
compared to 0.55 unitsin the M, catalog values. But this
discrepancy is not unexpected, as local and moment

M, = = logy(Mo) — 6.07,
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magnitude are measured by different methods and can
diverge for moderate earthquakes (e.g., Boore, 1989).

The ratio of the spectral mean moments (M, for
M3.63 divided by M, for M3.08 = 2.43 x 104/1.17 x
10 ~ 2.1) is, however, substantially smaller than the
ratio implied by the catalog magnitudes. Applying the
same moment-magnitude scaling relation used above
(My o 10'°M), the catalog M}, values, which differ
by 0.55 units, imply a moment ratio of 10(1:5%0:55) ~
6.7, which is roughly three times larger than the ratio
observed in the spectral moments. This discrepancy
suggests the two events are closer in source size than
their assigned catalog magnitudes indicate. Because
the rank ordering of spectral M is consistent with the
catalog, the M3.08 source moment is not anomalously
large, and magnitude error alone cannot explain why
the smaller earthquake produces larger PGV at most sta-
tions. This suggests the excess ground motion likely
originates above the corner frequency, possibly reflect-
ing differences in stress drop or rupture directivity.

4.6.4 BB array: Stress Drop

We process data from 14 BB stations (three components:
R, T, Z) to produce M, and fc estimates with uncer-
tainties derived from trade-off curves (Kilb et al., 2012).
We explore trial corner frequencies spanning 0.5-25
Hz, where 25 Hz corresponds to the upper limit of re-
liable signal-to-noise ratio for these data. Displacement
spectra are fit to a (Brune, 1970) omega-squared source
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model with attenuation represented by the parameter
kappa, which is estimated simultaneously with © and
fc at each trial corner frequency. The long-period spec-
tral level is corrected for geometrical spreading, free-
surface amplification, average S-wave radiation pattern
(0.55), and S-wave amplitude partition onto a single hor-
izontal component (1/1/2, assuming equal energy on ra-
dial and transverse).

Independent spectral fitting yields poorly con-
strained corner frequencies for both events. The M3.63
yields no well-constrained fits on either horizontal
component. For the M3.08 event, only 1 of 28 hori-
zontal measurements passes the quality criteria. The
single passing fit (BBO1-T) yields a 75% confidence
interval of ~5-25 Hz, with the upper bound at the edge
of the analysis band and the trade-off curve minimum
poorly defined. This is consistent with fc at or above
25 Hz rather than a well-resolved lower limit. The
dominant failure mode is insufficient spectral roll-off
within the 0.5-25 Hz analysis band. This result is
itself informative, suggesting fc for both the M3.08 and
M3.63 events is likely at or above the upper limit of the
analysis band (25 Hz). Because stress drop scales as
fc®, even modest uncertainty in fc translates to large
uncertainty in stress drop (Brune, 1970). We conclude
that robust fc and stress drop estimates are not possible
for these data.

4.6.5 BB array: Waveforms

Within the BB array, horizontal amplitudes show a clear
southwest-to-northeast gradient. BB01, the only BB ar-
ray station outside the assumed fault zone, is border-
line: M3.63 leads M3.08 by ~21% on R, while the two
are essentially equal on T (<1%). BB02 most clearly fa-
vors M3.63, which exceeds M3.08 by 21-72% on R and
T. From BB03 northeastward, M3.08 exceeds M3.63 on
all horizontal components except BB04 R, where M3.63
leads by 30%, with M3.08 exceedances reaching 3-72%
at individual stations. In no case does any component
pair approach the 6.7 x amplitude ratio expected from
moment scaling alone (see supplemental Figure S9).

At the non-BB stations, PRAN shows M3.63 domi-
nance, with ratios of 0.40 and 0.34 on R and T (-66%; Fig-
ure 7, panel e), broadly consistent with M3.63's greater
seismic moment. RHIL shows component-dependent
behavior: M3.08 barely exceeds M3.63 on the radial
(~3%) while M3.63 dominates on the transverse (~31%j;
Figure 7, panel g), likely reflecting differences in SV and
SH radiation patterns at that azimuth. PSPR is a dra-
matic exception, with M3.08 exceeding M3.63 by +306%
on T (Figure 7, panel a), discussed in detail below.

4.6.6 BB array: Directivity

Earthquake source processes can elevate ground mo-
tions in two fundamentally different ways: anomalously
high stress drop or rupture directivity. If high stress
drop is at play, elevated energy would be distributed
uniformly across all azimuths. The signature of rup-
ture directivity differs from this, showing amplifying
ground motions in the direction of rupture propagation
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while reducing ground motions in the opposite direc-
tion. Next, we investigate which mechanism better ex-
plains the large M3.08 ground motions recorded at the
BB array.

For the M3.08 event, the T-component velocity wave-
forms and displacement spectra reveal a stark ampli-
tude contrast between signals recorded by the BB array
(AZ ~297°) and TMSP (AZ~119°), showing peak ampli-
tudes that differ by roughly an order of magnitude (Fig-
ure 8). This asymmetry is consistent across all seven BB
stations, which track each other closely in both wave-
form shape and spectral level, ruling out single-station
site effects. TMSP shows a weak S-wave arrival with am-
plitudes roughly an order of magnitude below the BB
array. The azimuthal amplitude asymmetry is not ex-
plained by the M3.08 focal mechanism radiation pat-
tern, which predicts nearly equal S-wave amplitudes at
TMSP and the BB array (see Focal Mechanisms section).
We therefore attribute this asymmetry to rupture direc-
tivity of M3.08 toward the BB array.

Although the primary explanation for the observed
amplitude enhancement at BB04-07 relative to BB01 is
forward directivity of M3.08 toward the BB array, a con-
tribution from fault-zone trapped waves (FZTW) can-
not be excluded. The location of M3.08 within the
fault zone makes it an efficient source for guided SH
waves in the low-velocity fault core (Li et al., 1990; Ben-
Zion and Aki, 1990), which would produce preferen-
tial transverse-component amplification at the in-fault
stations BB04-07 relative to the off-fault control station
BBO01. The observed amplitudes, however, show radial
exceeding transverse at most stations, which is incon-
sistent with a dominant FZTW contribution and more
consistent with a P-SV directivity effect. The short aper-
ture of the BB array precludes a more definitive separa-
tion of these contributions.

4.6.7 BB array: Focal Mechanisms

Ground motion amplitudes are modulated by focal
mechanism radiation patterns, which vary across the
focal sphere by up to a factor of ~4 for S waves (Aki
and Richards, 2002). We compute theoretical S-wave
radiation amplitudes at each station using the analyti-
cal double-couple radiation pattern expressions for SV
and SH waves, combined into a single S-wave radiation
coefficient, Fg = +/F3, + F5p), which depends on
the source strike, dip, and rake together with the sta-
tion azimuth and takeoff angle. Both events have sim-
ilar hypocentral distances from the BB network, with
source-to-BB-array azimuths of ~297° for M3.08 and
~239° for M3.63, and takeoff angles of approximately
20° for both events.

For each station, |Fs| is evaluated at the station
azimuth and per-station takeoff angle derived from
hypocentral geometry (see supplemental Table S5). Ob-
served PGVs are distance-corrected and taken as the
mean of the radial and transverse components, where
both predicted and observed values are expressed as
M3.08/M3.63 ratios. Figure 9 shows the per-station ob-
served PGV ratio versus the predicted Fi ratio, where
stations plotting on the 1:1 line are fully explained by

SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Spatial Changes in Earthquake-Generated Ground Motion Observations

M3.08 vs M3.63 — left: M3.08 exceeds | right: M3.63 exceeds

0.24(a) PSPR T (e) PRAN T
M3.63 | 4.99e-02 baz=265° R=20 km | M3.63|5.76e-02 baz=290° R=23 m
4 Ratio = 4.06 (+306%) Ratio = 0.34 (-66%)
E 0.11 0.5-25 Hz t 1 0.5-25 Hz
(S}
2 00 Al P J'ﬁ’\? el oot s et A "WVMJ ]’ W\vn 'W} ~!l’, v wl'ww" e
5 I
L 01
2s 2s
-0.2 T - T T r T T T T
=2 0 2 4 6 8 10 12 =2 0 2 4 6 8 10 12 14
(b) BBO7 R| [(f) BB02 R
0.10 | M3.6317.05e:02 baz=60° R=19 km M3.63 | 6.51e-02 baz=59° R=19 km
= Ratio = 1.72 (+72%) . Rati%= 0.58 (-42%)
g el 0.5-25 Hz 0.5-25 Hz
> b i
& ~ R } ‘
8 000t+—— WW#"MNJ | {? | ‘W W\w‘*’\'\*’ \N\ i ’ 1 » \/“‘V m
e ik
—0.05 1 2s ' 2s
=2 0 2 4 6 8 10 12 2 0 2 4 6 8 10 12 14
(c) BBO4 T| [(g) RHIL T
M3.63 | 5.19e-02 baz=59° R=19 km M3.63 | 3.27e-02 baz=50° R=19 km
% 0.05 Ratio = 1.67 (+67%) { Ratio = 0.69 (-31%)
£ 0.5-25 Hz 0.5-25 Hz
N H 1 m n ' I
> 0.00- ol w~ | ’WW*.;”" Al | s ,‘ h &h "
:§ q u Ll V'F R ‘r law;\u ‘ﬂ ‘m‘v‘m"‘\l/ "'M N&fw’ “W
E |
> -0.051 }
2s 28 |
2 0 2 4 6 g8 10 12 2 0 2 4 6 8 10 12 14
0.06 | (@ BBO5 T (h) BBO1 R
’ M3.63 | 4.05e-02 baz=59° R=19 km 1 M3.63 | 4.57e-02 baz=59° R=19 k
% 0.04 1 Ratio = 1.55 (+55%) Ratio = 0.83 (-17%) '
S 0.5-25 Hz A 0.5-25 Hz |
o A ol
N * Al
o ] i . | ‘,Wﬁ Al
9 | | ‘
< _0.02
28 2s
—0.04 A1

-2 0 2 4 6 8 10 12
Time relative to origin (s)

2 0 2 4 6 8 10 12 14
Time relative to origin (s)

Figure 7 Selected velocity waveform pairs comparing M3.08 (orange) and M3.63 (blue), bandpass filtered 0.5-25 Hz. Left
column (a-d): stations where the smaller M3.08 event anomalously exceeds M3.63, including PSPR and three BB array sta-
tions. Right column (e-h): stations where M3.63 dominates as expected. Panels within each column are ordered from most to
least extreme amplitude contrast. Note that y-axis scales differ between panels. Text insets give peak ground velocity (PGV),
backazimuth (baz), and hypocentral distance (R) for each event at each station.

the focal mechanism.

At the BB array azimuth, the predicted Fgs ratio
(M3.08/M3.63) is 0.55, meaning that M3.63's focal mech-
anism produces ~82% (1/0.55 = 1.818; (1.818 — 1) X
100 = 82%) larger S-wave radiation amplitude toward
the array than M3.08 (Figure 9). The focal mechanism
therefore predicts M3.08 should be the weaker of the
two events at the BB array. Despite this disadvantage,
observed PGV ratios on the horizontal R and T com-
ponents show M3.08 equaling or exceeding M3.63 at
12 of 14 BB station-component pairs (ratio > 0.80; note
that the ~18% hypocentral distance difference between
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events has not been corrected for, but does not change
the qualitative conclusions). The clearest exceptions
are BB02-R (ratio=0.58) and BB04-R (ratio=0.70), both on
the radial component at the southwestern end of the
array. This southwest-to-northeast amplitude gradient
within the array cannot be explained by focal mecha-
nism effects, which are expected to be uniform across
the ~180 m aperture.

At non-BB stations, results are more mixed. PRAN,
RHIL, and FOST plot near the 1:1 line, within the £20%
limits, suggesting their amplitude ratios are broadly
consistent with focal mechanism predictions. BALD

SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Spatial Changes in Earthquake-Generated Ground Motion Observations

Velocity (cm/s)

(a) M3.08 | BB array | Trans component
Az ~297° | A ~17K
0.05 -
0
Ei 0.00 -
>
=
(@]
o
(]
> -0.05 -
g —— BBO3
- —— BBO02
BBO1
-2 0 2 4 6 8 10 12 14
Time relative to true origin (s)
10-5 (c) BB array; T digplacement spectrum
@ 107° 5
€
&
€
U 1077 5
€
(O]
(O}
©
& 10-8
2 1078 4
=)
—— BBO3
107°4 — BBO2
BBO1
10° 10!

Frequency (Hz)

(b) M3.08 | TMSP | Trans component
Az ~119° | A ~17 km
0.05
0.00 ——%«m{w&m\mwwwww—v
—0.05
—-0.10
2 0 2 4 6 8 10 12 14
Time relative to true origin (s)
10-5 (d) TMSP; T displacement spectrum
n 106 4
€
&,
€
U 1077 4
€
(O]
[®]
©
B oad
& 1078 4
10794

10° 161
Frequency (Hz)

Figure8 M3.08directivity investigation usinga station-pair on nearly diametrically opposite azimuths (separated by ~178°).
(a) Transverse component velocity waveforms at the seven BB array stations (BB01-BB07), colored in red hues at the south-
west end (BB01-03) to blue hues at the northeast end (BB04-07). (b) As in (a) but for velocity waveform at TMSP. No distance
correction was applied because the stations are located at similar distances from the source. The BB array amplitudes exceed
TMSP by well over an order of magnitude. (c, d) Corresponding transverse component displacement spectra, showing that
the amplitude disparity persists across the full frequency band. The contrast supports preferential energy radiation from
M3.08 toward the BB array, which cannot be explained by focal mechanism effects.

plots above the +20% limit, indicating M3.08 is some-
what stronger than the radiation pattern alone predicts.
TMSP is an exception in the opposite direction: de-
spite a high predicted F_S ratio (~1.57, favoring M3.08),
the observed PGV ratio (~0.88) falls below the +20%
limit. This is consistent with M3.08 being in the anti-
directivity direction from that station as noted above.
Notably, the M3.08 radiation pattern predicts compa-
rable absolute S-wave amplitudes at TMSP (~119°) and
the BB array (~297°), confirming that the order-of-
magnitude PGV contrast between these azimuths is not
a radiation pattern effect.

PSPR plots far above the +20% limit, with an ob-
served PGV ratio of 3.43, which is more than five times
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larger than the focal mechanism prediction. Radia-
tion pattern effects, therefore, cannot account for the
anomaly. Using four reference earthquakes in the re-
gion (M1.87-2.25; March-July 2013), we compare spec-
trograms from PSPR with those from BALD, located
~9 km to the west. All four events show that the T-
component of PSPR is consistently larger than the T-
component of BALD by a factor of 5-17. This is con-
sistent with persistent site amplification at PSPR. Con-
sistent with that hypothesis, the anomalous T amplitude
(2.03mmy/s) is equivalent to the ground motion expected
from an M, ~2.5 earthquake 0.5 km from PSPR. Yet, no
such event appears in the ComCat catalog (U.S. Geolog-
ical Survey, 2017), and there is a lack of a subsequent
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earthquake signal at any of the nearby stations, which
confirms the energy is not coda contamination from a
nearby microearthquake.
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Figure 9 S-wave radiation pattern analysis for the M3.08
(strike=295°, dip=39°, rake=132°) and M3.63 (strike=146°,
dip=61°, rake=-150°) events (SCEDC, 2013). PGV values
are distance-corrected, and the predicted Fg ratio uses
per-station takeoff angles computed from event geometry.
Agreement with the 1:1 line indicates that the difference in
radiation pattern between the two focal mechanisms fully
accounts for the observed amplitude ratio. Deviation above
the 1:1 line indicates M3.08 is relatively stronger than the
focal mechanism predicts, whereas deviation below indi-
cates it is relatively weaker. BB array stations (blue trian-
gles) plot well above the 1:1 line (observed ratio 1.01 vs.
predicted 0.55), indicating M3.08 ground motions at BB are
nearly twice as strong as the focal mechanism alone pre-
dicts. PSPR has an observed PGV ratio of 3.43, well above
the plot range (an upward-pointing marker at the top of the
figure indicates its clipped position). KLCI is included here
but has low signal-to-noise ratio for M3.63 and is excluded
from waveform comparisons. No stations were excluded for
proximity to a nodal plane.

4.7 Spatial Patterns of Peak Amplitudes
Across Faults

The seven array locations can be categorized as arrays
that do not traverse a fault (TR and PY; Figures 7 and
A4), arrays that traverse a fault that is considered a rela-
tively simple single-strand fault (BB, DW, JF, and RA see
Figures 1, A2, A3, and A5), and arrays deployed within
a complex faulting regime consisting of more than one
fault strand within relatively close proximity (SG; See
Figure 6). We focus on the simple fault strand cate-
gory and assess how the ground motion peak ampli-
tudes vary spatially across these four arrays. We limit
these data to events recorded at all stations in the array
that have all 3-components of data. We eliminate data
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that do not meet these requirements to ensure that our
comparisons are consistent.

Our results show an intriguing feature in the RA and
JF spatial distributions of peak ground motion ampli-
tudes (Figures 10a-b). Data from both arrays show lower
amplitudes within the fault core that increase outward
toward the fault zone edges. These peak amplitudes
then fall off to the smallest amplitudes at distances out-
side the fault zone. These amplitude variations pro-
duce an ‘M’ shape in the peak amplitude distributions.
The peak amplitude distribution for the BB array (Fig-
ure 10c) is challenging to evaluate because the length
of this array is much shorter than the other arrays.
The JF and RA arrays have lengths of 0.37 km and .46
km, respectively, whereas the BB array is only 0.18 km
long (see Table S2). That said, the general trend of the
BB peak amplitudes tends to increase from the most
southwestern station (BB01) toward the most northeast-
ern station (BB07). The exception to this rule is the
vertical BB04 component. However, this difference is
not outside the error ranges and should not be over-
interpreted. The spatial variability in the distribution of
peak amplitudes in the DW array data (Figure 10d) dif-
fers from the patterns found in the other three networks
(Figures 10a-c). The DW distribution is subtle, not show-
ing significant spatial changes across the array.

5 Discussion

Key in this work was data quality control, which in-
cluded removing potentially overprinted signals (i.e.,
event pairs within 5 km and 5 minutes of each other),
SNR restrictions, and tests for potentially non-viable
data that produce signals outside (too high or too low)
of empirically expected values. Our tests for non-viable
data revealed that within the RA array data, ground mo-
tions generated by traffic along nearby roadways, within
~100 meters of the recording station, can swamp sig-
nals from distant, smaller earthquakes (>80 km; ~M|,
2). These road-noise-contaminated waveforms are not
likely to be caught by the SNR tests. Following a precau-
tionary approach, data collected within ~100 meters of
high-traffic roadways should be excluded (Meng et al.,
2021).

For each network, differences in the log of the ob-
served to empirical ground motion ratios are not ran-
dom or skewed, primarily showing a normal distribu-
tion of values (Figure 4). These normal distributions
suggest that the site term is the dominant property dic-
tating ground motions, not the source or path terms.
We expect these normal distributions for two reasons.
First, we do not expect source terms to dominate be-
cause the catalog contains primarily small-magnitude
events, and in turn, most events can be considered point
sources. The second reason is the small footprints of
these arrays that, in theory, should be measuring very
similar ground motions (Johnson et al., 2020; Pischiutta
et al., 2024; Meng and Ben-Zion, 2017).

Our results indicate that even for these small foot-
print arrays (<3 km length), a single earthquake can
produce highly variable ground motions across the ar-
ray. This is substantiated by the results: (1) the same
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Figure 10 Spatial variation of peak ground motions at arrays (a) RA, RA05 assumed to be at fault core (see Figure 5) (b) JF,
JFN1 assumed to be at fault core (see Figure 3); (c) BB, BB05 assumed to be at fault core (see Figure 1); and (d) DW, DW12
assumed to be at fault core (see Figure 2). Distances are measured from the fault core running perpendicular to the fault
strike. These data are restricted to events recorded at all stations in the array that contain all three components of data.
Different components of data are color-coded and show similar behavior. The yellow shading encompasses the approximate
width of these faults, at 100 meters from the fault core (Pischiutta et al., 2024). Note the RA and JF distributions show an
“M” pattern, where the fault core amplitudes are smaller than the fault zone edges, and ground motions are reduced outside
the fault zone. Thereis a hint of the “M” shape in the BB data, but the spatial extent of this array is not wide enough to confirm
thisis a true feature. DW does not exhibit the “M” pattern, differing the most from the distributions presented from the other
three arrays. These are preliminary results as the exact location and width of these faults are estimates.

earthquake does not always generate the largest ground
motions recorded at stations within an array (see Ta-
ble S4), and (2) ground motion variability measured by
the coefficient of variations (standard deviation/mean)
is relatively high for all arrays at ~26%-38% of the mean
(Figure 5). Near the JF, RA, and BB arrays, we expect
the variability to be driven primarily by low-velocity
zone contrasts and structure (i.e., Figure 10; symmet-
rical properties and strength contrasts). Whereas near
the SG array, which traverses a series of faults, we an-
ticipate that ground motion differences are dictated by
basin resonance. Past studies support this resonance
hypothesis (Johnson et al., 2020; Share et al., 2020; Yeh
and Olsen, 2023; Qin et al., 2017), and this theory is also
consistent with the SG data producing the largest coef-
ficient of variations of all arrays.

The data most similar to the empirical expectations
were recorded by the off-fault TR array (see Figure 4),
and the off-fault PY array recorded smaller ground mo-
tions than empirically expected. Conversely, the five
along-fault network arrays (BB, JF, SG, RA, and DW;
listed in order from largest to smallest differences)
recorded ground motions below the empirical expecta-
tions. These findings suggest fault zone influences tend
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to increase ground motions. The reason the BB array
exhibits the largest difference from the empirical expla-
nation might be because it has the largest low-velocity
zone with the largest velocity contrasts. But, we ex-
pect the reason might be more complicated and depend
on the orientation of the incoming waves and their fre-
quency content (Schliwa et al., 2025).

Of the seven networks, the largest PGV and PGA co-
efficient of variation measurements are 38% from the
SG network (Figure 5). Johnson et al. (2020) found de-
viations of 22% for the Sage Brush Flat 2D array, which
is co-located with the SG linear array examined in this
work. The differences in these variations of 38% and
22% for this study and the Johnson et al. (2020) study,
respectively, are not surprising because of the differ-
ence in the durations of the recordings (~13 years vs. ~1
month), the lack of horizontal recordings in the John-
son study, and that the 2D network configuration had
smaller station spacing (1,108 geophones, station spac-
ings 10 - 30 m) that covered multiple basin structures.
In contrast, our study examined data from a linear ar-
ray with only seven stations.

Two events generate the largest ground motions
within the BB PGV data: the M3.63 (southwest sta-
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tions BB01-BB03) and the M3.08 (northeast stations
BB04-BB07), where seismic waves arrived perpendic-
ular to the fault (azimuth ~59°) and along-fault (az-
imuth ~117°), respectively. Peak ground motions at the
northeast stations are larger (20.25 cm/s) than those
at the southwest stations (<0.22 cm/s; Table S4a). A
study by Pischiutta et al. (2024) found that BB stations
northeast of the fault show significant increases in
HVSR amplitude, with amplifications particularly en-
hanced for seismic waves arriving from azimuths of
100-150°, whereas southwest stations do not exhibit
such increases. Our observations are consistent with
this: northeast stations show enhanced amplitudes for
waves arriving at ~117° (within the 100-150° range),
while southwest stations record their largest ground
motions from a different earthquake at a different az-
imuth (~59°).

The BB array results establish that ground motion am-
plitudes are both azimuthally dependent and spatially
asymmetric across the fault. Sections 4.6.2-4.6.7 sys-
tematically rule out several potential causes including
SNR artifacts, magnitude error, anomalous source mo-
ment, and focal mechanism effects. Instead, rupture di-
rectivity of M3.08 toward the BB array is identified as
the primary explanation. An asymmetric low-velocity
zone beneath the BB array, with smaller amplitudes
and shallower depths below the southwest stations and
larger amplitudes and greater depths below the north-
east stations (Share et al., 2019), may also contribute.
The longer Blackburn Saddle array (Share et al., 2018)
could, in future work, provide data to more thoroughly
test these interpretations.

The pronounced “M” ground motion spatial patterns
(see Figures 10a-b) are similar within the RA and JF data.
Past studies have identified symmetrical low-velocity
zones within relatively narrow fault zones in these re-
gions (e.g., Qiu et al., 2017; Wang et al., 2019; Zigone
et al., 2019), noting that these configurations can gener-
ate fault zone trapped waves (FZTW). We posit that the
multiple reflections of the FZTW add constructively at
the edges of the fault zone and destructively at the cen-
ter core of the fault zone. The smallest ground motions
observed at stations farthest from the fault are a con-
sequence of being far enough away from the fault core,
and in turn, low-velocity zones, that they are not influ-
enced by these structures. For the DW data, we attribute
the lack of an “M” signature (Figure 10d) to the lack of
a low-velocity zone beneath DW, or perhaps frequency-
dependent or a very muted low-velocity zone in compar-
ison with those beneath the JF and RA arrays (Qiu et al.,
2017; Yang et al., 2014; Wang et al., 2019; Zigone et al.,
2019; Pischiutta et al., 2024).

Low-velocity zones within fault zones tend to in-
crease ground motions (Cormier and Spudich, 1984).
Given this, the observed variability of ground motions
can guide estimations of the strength and symmetry of
low-velocity zones. Comparing spatial ground motions
from the RA, JF, BB, and DW arrays, we can generally
conclude that there are likely symmetrical low-velocity
zones beneath the JF and RA arrays, an asymmetrical
low-velocity zone beneath the BB array, and an absent
or very muted low-velocity zone beneath the DW array.
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One factor that can make spatial extrapolations of
peak ground motions from one location to nearby lo-
cations challenging is that earthquake-generated peak
ground motions can be frequency band dependent (i.e.,
Rathje et al., 1998; Chatterjee et al., 2024). The filter
used in this work is relatively wide (0.5-25 Hz), and
we did not study the intricacies of frequency depen-
dencies. The Pischiutta et al. (2024) work found that
data from the JF and RA arrays had similar amplified
frequency distributions, showing greater amplification
factors for seismic waves less than 1 Hz along fault, and
1-5 Hz across fault, and the BB array amplification fac-
tors were largest in the ranges 1-5 Hz along fault. They
also concluded that the JF, RA, and BB arrays have simi-
lar trapped wave orientations that are absent in the DW
array data. This last conclusion is consistent with our
ground motion findings in Figure 10.

Using a large amount of data to explore geoscience
concepts is a growing field, of which small aperture
seismic arrays are a growing subset of the new projects
(Ben-Zion et al., 2015; Liet al., 2018; Mordret et al., 2018;
Qiuetal., 2021; Arrowsmith et al., 2022; Pischiutta et al.,
2024; Lentas et al., 2026). A study of small-aperture
arrays in Iceland found that in regions of large geo-
logic and topographic variability, ~57% of ground mo-
tion variability can be attributed to site terms alone, and
even in regions where the geologic structure is similar
and topography variations minimal that site terms can
still produce ~13% of ground motion variations (Rah-
peyma et al., 2019). A study from the Sage Brush Flats
region in southern California compared surface ground
motions with ground motions from a 148-meter deep
borehole and found that surface recordings can be 3-10
times larger than borehole recordings (Johnson et al.,
2020). These results are similar to what is found in this
study, suggesting that ground motions generated by a
single earthquake can be spatially very heterogeneous
within a small region.

6 Conclusions

This work measures ground motions (PGV and PGA)
of My, 2.5+ earthquakes within 150 km of the centroid
of seven small aperture arrays in southern California.
Each of these seven catalogs contained a year or more of
data and consecutive events were required to have space
and time separations greater than 5 km and 5 minutes.
The SNRs were required to be 2.5 or higher (see sup-
plemental Figure S3). This data quality vetting flagged
primarily data from the SG network (~6% of the wave-
forms) and to a lesser extent the RA network (~4% of
the waveforms), TR network (~2% of the waveforms),
and JF network (~1% of the waveforms). For the other
arrays (BB, DW and PY) <1% of the waveforms were
flagged. We also compared the SNR histogram distribu-
tions from each station within the individual networks
to identify anomalies at individual stations. The SNR
distributions are similar for DW, JF, BB, and PY net-
work stations, but dissimilar for the RA, SG, and TR net-
works (Figures S2-S3). We found the dissimilar results
resulted from instrumentation problems over relatively
short durations. This data quality vetting is very pow-
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erful, indicating that data quality can easily be assessed
by comparing the SNR distributions for similar earth-
quakes across the different stations within a small aper-
ture array.

The peak ground motions (PGV and PGA) observed
at each station in the seven networks have a consis-
tent trend compared to the empirical estimates (see
Figure 4). Observed ground motions recorded at net-
works within the fault system (BB, DW, JF, RA, and SG)
produce larger-than-expected ground motions. In con-
trast, off-fault networks produce ground motions as ex-
pected (TR) or slightly lower than expected (PY). Consis-
tent with past studies, this suggests that, generally, fault
zone properties tend to elevate ground motions, not re-
duce them (Pischiutta et al., 2024).

We also conducted non-viable waveform tests by flag-
ging and examining data that were either substantially
larger or smaller than empirically expected. These
flagged outliers represent less than 1% of these data,
suggesting that data used in this study are of high quality
and that the overprinting and SNR tests identify most of
the suspect data. Ultimately, only 350 waveforms were
deemed non-viable (Kilb and Vernon, 2025c). Many
of these non-viable data were recorded by the RA ar-
ray for relatively small and distant earthquakes (~M2,
>80 km) that produced relatively small ground motions.
These signals were so small that larger signals from cars
and trucks passing along the nearby roadway (within
~100 meters) corrupted the earthquake signals, suggest-
ing caution should be taken when using data near busy
roadways.

On a more granular level, our work suggests that low-
velocity zones can influence the distribution of ground
motion behavior. For relatively simple faults with low-
velocity zones oriented symmetrically with respect to
a single fault strand, as near the RA and JF networks,
ground motions are reduced directly at the fault core,
elevated at the fault zone edges, and the smallest at
regions more distant from the fault. This creates an
“M” shaped pattern in the ground motion distribu-
tions (Figures 10a-b). In regions with non-symmetrical
low-velocity zones, ground motions become amplified
above the strongest and deepest velocity anomalies, as
observed in the BB array data (Figure 10c). The lack of
strong ground motion variability across an array sug-
gests that if low-velocity anomalies exist in the region,
they are relatively muted. Collectively, these observa-
tions indicate that simply observing the variability in
ground motions across an array can help infer the ex-
istence, strength, and symmetry of low-velocity zones.

One of the most surprising findings in this work was
that the largest ground motions recorded by stations
within a single array were not always generated by the
same earthquake (see Tables S4a-b), as might be ex-
pected for such small aperture arrays. If looking at the
PGV and PGA results separately, only the BB (PGA) and
JF (PGA) show 100% consistency. Many other configu-
rations show only one station out of step with the oth-
ers, and that station is typically at the edge of the net-
work. However, that is not the case for the SG (PGV)
data, where the anomalous station is mid-network. We
attribute this difference in the SG data to basin reso-
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nance within the region. Notably, for the TR (PGV) data,
the four events that produced the largest ground mo-
tions at the four stations all differed.

In summary, we return to our original question - to
what extent can data recorded at one station be extrap-
olated to nearby regions? Past work indicates that the
variability can be quite large, even within small foot-
prints (e.g., Rahpeyma et al., 2019; Johnson et al., 2020).
In this work, for arrays with small diameters of 3 km or
less (Table S2), the variability in PGV and PGA measure-
ments has a variation coefficient between 26% and 38%.
This means that ground motions recorded at one station
in the array can be 26%, or even 38%, different from
those recorded at another station in the array for the
same channel. These differences should be considered
more the norm than the exception, especially within re-
gions that contain basin structures and regions close to
fault zones.
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