communications
earth & environment

ARTICLE (B crock o pstes

Remotely imaging seismic ground shaking via
large-N infrasound beamforming

Jacob F. Anderson® '™, Jeffrey B. Johnson', T. Dylan Mikesell® 2 & Lee M. Liberty!

Seismic ground motion creates low-frequency atmospheric sound (infrasound) that is
detectable at remote sensor arrays. However, earthquake infrasound signal analysis is
complicated by interference between multiple waves arriving at sensors simultaneously,
reducing the accuracy and detail of ground motion detection. Here we show that individual
waves in complicated wavefields can be resolved by recording infrasound on large-N arrays
and processing with CLEAN beamforming. Examining both a local (ML3.5, purely tropo-
spheric infrasound propagation) and regional earthquake (ML6.5, upper-atmospheric
returns), we detect infrasound from tens of km away and up to several hundred km away
respectively. Source regions span arcs of approximately 90°, indicating that although
detection bias does occur (most likely from atmospheric winds) the recorded infrasound
sources are widely dispersed and not simply epicentral. Infrasound-based remote detection of
ground motion over wide areas can complement point measurements by seismometers and
spur innovations in earthquake research and real-time hazard monitoring.
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round shaking exerts normal tractions on the atmosphere,

exciting infrasound waves; due to the strong wave speed

contrast between the ground and air, this seismic-coupled
infrasound propagates at steep incidence angles to the ground
surface (Fig. 1). In this paper, we use slowness (time to travel a
horizontal distance across a sensor array) as an observable indi-
cator of a wave’s direction and origin: earthquake infrasound
detections can be due to either (1) “primary” or “local” infra-
sound that converts from seismic to infrasound at the recording
site and propagates upward (often escaping atmospheric wave-
guides) with low slowness (high horizontal trace speed), or (2)
diffracted “secondary” infrasound that converts from seismic to
infrasound at topographic features and propagates to recording
sites subhorizontally (i.e., with high slowness around 3 skm~1,
the inverse of the speed of sound in air)!-3.

A single infrasound array can record secondary infrasound
from nearby or distant ground shaking, making secondary
infrasound a promising low-latency ground motion monitoring
and research tool. Infrasound waves that travel distances as far as
tens of km (“proximal” secondary infrasound?) follow simple,
nearly linear paths; however, waves traveling longer distances are
influenced by refractions in the troposphere® or upper
atmosphere®, which depend on time-variable atmospheric wind
and temperature structures. Although atmospheric models can be
used to predict infrasound arrival patterns, unresolvable short-
time-scale atmospheric variability affects their accuracy®. Prox-
imal infrasound, confined to the troposphere, experiences milder
atmospheric path effects, but effects from topographic obstruc-
tion and diffraction can be noticeable’.

The potential value of secondary infrasound in ground motion
monitoring motivates efforts to backproject it to its sources®S.
Key steps in the backprojection process include (1) calculating the
backazimuth of secondary infrasound, (2) estimating seismic/
infrasound travel times from the earthquake hypocenter to can-
didate conversion points to the infrasound array, and (3) iden-
tifying seismic-to-infrasound conversion points considering the
total travel time and infrasound backazimuth. The backprojection
results can be complicated by ambiguity in the type (and speed)
of seismic waves and potential multipathing.

The first step of the backprojection process-finding the
direction toward infrasound sources-requires beamforming
analyses of data from infrasound arrays (multiple sensors
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Fig. 1 Generation of earthquake infrasound. The earthquake infrasound
begins with upward-propagating primary infrasound converted at the
recording site's ground surface, followed by secondary infrasound arrivals
that propagate sub-horizontally from the two hills and arrive at the array
almost simultaneously. Slowness component labels describe horizontally-
diffracted secondary infrasound (3 s km™ horizontal slowness) and vertical
primary infrasound (near-zero horizontal slowness).

separated by approximately tens of meters). Beamforming with
infrasound arrays is a common method for locating diverse
phenomena, e.g. volcanic explosions, nuclear tests, ocean swells,
lahars, and avalanches®~13. Usual beamforming methods identify
a single best-fit propagation direction per time interval analyzed,
which is acceptable when the wavefields being analyzed have one
dominant signal and minor background noise. However, sec-
ondary earthquake infrasound arrives from many directions
simultaneously and it cannot be fully described using single-
solution beamforming. We present two methodological
improvements that enable beamforming of simultaneous arrivals
from multiple directions, enabling scientists to more fully exploit
information on infrasound sources and atmospheric structure
contained in the wavefield.

First, we use the CLEAN beamforming algorithm, which
identifies distinct wavefield components by iteratively deconvol-
ving the array response from the slowness spectrum (Fig. 2).
CLEAN has been applied to various physical problems, e.g.,
microseism seismic signals'4 and microbarom infrasound!®, but
has seen little use for studying rapidly changing wavefields like
secondary earthquake infrasound.

Second, we improve the resolution of CLEAN beamforming by
recording data with an unprecedented “large-N” infrasound
array. We define large-N functionally as being many more sen-
sors than the minimum needed to identify a source direction or
location (3 and 4, respectively), enabling source analyses to
identify multiple sources and perform well even with poor signal-
to-noise ratio. The number of sensors described as large-N varies
(as much as hundreds!® or thousands!” of sensors in seismology,
where the method is more established), and sensor counts will
probably increase as technological improvements make installing
large networks more feasible. Large-N arrays benefit from having
a compact array response enabling distinction of signals arriving
from different directions, (Fig. 3) while avoiding issues with
spatial aliasing and loss of coherence between sensors!'8, with
ancillary benefits of noise reduction and redundancy in case of
sensor failure.

The utility of large-N infrasound arrays, likely to include
enhanced detection of weak sources and changes in atmospheric
structure, remains largely untested. However, the related field of
seismology has recently been transformed by the ability to dis-
tinguish weak signals and multiple sources through the use of
large-N seismometer arrays, leading to revolutionary improve-
ments in seismic imaging at local'®!” and continental!® scales,
with benefits scalable to array size up to at least thousands of
Sensors.

Despite its benefits, the large-N strategy (in this paper,
N =17-22 sensors) is difficult because of the lifetime costs and
installation/maintenance effort for instrumentation. Passive-
source seismology overcame similar challenges through the use
of low-cost, low-effort “nodal” seismometers!®. In infrasound, the
Gem infrasound logger?? fills a similar niche with its low cost, low
power needs, and rapid cable-free deployment; its use in our
large-N array made installation and maintenance of this site
feasible.

Results

We examine two earthquakes recorded during low-noise night-
time conditions at the PARK infrasound array (Fig. 3), which we
installed to monitor local aftershocks following the M;6.5 2020-
03-31 Stanley, Idaho earthquake2l:22. The first earthquake we
study is a M; 3.5 aftershock?3-24 that occurred beneath PARK and
produced more than 1 min of correlated infrasound, beginning
with primary infrasound and followed by proximal secondary
infrasound from many backazimuths. The second earthquake we
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Fig. 2 Demonstration of the iterative CLEAN method. a In each iteration, identify the maximum power of the slowness spectrum and its slowness
coordinates (sx,sy). b Add a delta function with the corresponding slowness coordinates and power to the clean spectrum. ¢ Define the component to
remove as the array response centered at that slowness coordinate with power equal to the spectrum’s max power times a factor phi (we used phi= 0.1
when analyzing earthquakes in this paper, but use a larger value in this figure for demonstration clarity). d The new slowness spectrum is calculated by
subtracting panel ¢ from panel a, which may result in a new slowness vector having the maximum power. e-l Repeating this process many times removes
coherent signals from the slowness spectrum and accounts for them as discrete waves in the clean spectrum instead. Although the component to subtract
and the results are shown as slowness maps in this figure, the actual subtraction is performed in the cross-spectral domain.

study is a M16.5 regional earthquake?>26 (“Monte Cristo”) that
occurred 718 km away with a backazimuth of —160°. The
regional earthquake includes tens of minutes of infrasound,
including primary infrasound, proximal secondary infrasound,
and distant secondary infrasound. Of the 22 sensors originally
deployed in PARK, 20 recorded the local aftershock and 17
recorded the regional earthquake.

Local M; 3.5 event. With the local earthquake example (0.6 km S,
7.5km deep, ~1 km uncertainty via relocation analysis?3), pri-
mary infrasound from incident seismic waves is detected in the
seconds after the earthquake onset, and is followed by tens of
seconds of secondary infrasound (Fig. 4). Results from the
CLEAN analysis are plotted as image colors and show initial low-
slowness primary infrasound followed by a longer phase domi-
nated by high-slowness secondary infrasound. Secondary infra-
sound waves come from multiple directions that converge over
time toward the northwest. Standard beamforming analyses only
identify the slowness with maximum semblance or power for
each time window; such results are plotted over the CLEAN

results as dots. Considerably more details can be observed in the
CLEAN results than with standard beamforming.

Regional M;6.5 Monte Cristo event. With the regional earth-
quake example?>26 (720 km, -160° backazimuth), we observe a
lower signal-to-noise ratio than the local event, with pervasive
background noise before and during the event (e.g., the 90°-180°
quadrant, and around —135° to —115°, Fig. 5¢). The noise around
—135° to —115° is attributed to a waterfall 8 km from the array
and is frequently present at this array?’; we lack specific candidate
sources for the 90°-180° noise. We suppressed the noise by cal-
culating the pre-event power distribution at each azimuth and
plotting only the signals that significantly exceed background
noise (Fig. 5d). Because all arrivals travel at minimum the full
distance from the hypocenter to the array, converting from
seismic to infrasound waves en route, and because seismic waves
travel much faster than infrasound, we expect waves that con-
verted near the array to arrive earliest, waves that converted more
distantly to arrive at intermediate times, and waves converted
near the epicenter to arrive later still.
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Fig. 3 Effect of large-N arrays in conventional beamforming (not CLEAN). a Array geometries used in this and other figures: the PARK 22-element large-
N array and a three-element subset. b The three-element array’s response has a broad main lobe and close sidelobes, compared to ¢ the compact response
of the large-N array. Dashed circles in (b, €) are wavenumbers corresponding to infrasound with frequency of 2 Hz (inner) and 10 Hz (outer). d The
slowness spectrum of secondary earthquake infrasound calculated using the three-element array is blurry and less detailed than (e), the slowness
spectrum of the same data calculated using the large-N array. Dashed circles in (d, e) indicate 3 s km™ (the slowness of sound).
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In contrast to the local event’s minute of detectable signals, waves
from the regional event arrive in a complicated pattern spanning
over 40 min (Fig. 5). Like the local event, we interpret the first
signals as primary infrasound. Body wave arrivals modeled using
the 1-D TASP91 Earth model range from 95-214s, in approximate
agreement with the primary infrasound arrival times of 120-280s.
Secondary infrasound follows the primary infrasound, and due to

its early arrival time (150-500s after earthquake), we infer it
originated locally (within tens of km of the array). During an
ensuing gap in secondary infrasound from the regional earthquake,
two local signals are detected: primary and secondary infrasound
from a small local earthquake between 670-710s, and an inferred
vehicle at 910-935s (whose rapidly changing backazimuth agrees
with highway speeds on nearby ID-21). Secondary infrasound from
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Fig. 4 Analysis of the M,3.5 local event (2020-04-14 03:27 UTC, 0.6 km S of the station, 7.5 km below the surface). a Infrasound waveform (from
PARK.14). Subsequent panels show CLEAN results as an image and traditional beamforming results as dots; traditional beamforming results necessarily
agree with CLEAN results but only give a single solution and fail to show the wavefield's complexity. Inset shows three traces (subarray: PARK.09,
PARK.14, PARK.17) with amplitude magnified by 30x, showing that coherent signal continues to arrive after amplitude drops. b CLEAN beamforming of
20 sensors shows that the wavefield is dominated by low-slowness primary infrasound for the first ~5s and by secondary infrasound subsequently,
although low-power primary infrasound is still detected for tens of seconds afterward as different seismic waves continue to arrive. The low-slowness
feature around time 67-70 s is weak but coherent primary infrasound, perhaps from a different small aftershock. The dashed line at 2 s km™, corresponding
to an infrasound incidence angle of 42°, indicates the boundary between inferred seismic-coupled primary infrasound and other infrasound. ¢ Coherent
ambient noise before the primary infrasound is visible with traditional beamforming (dots with consistent backazimuth of -90 to -100); it is also present in
the CLEAN results, but the image colors in this plot do not show it due to its low power. Secondary earthquake infrasound arrives from many directions
initially, whereas the latest-arriving infrasound comes strictly from the northwest. Repeating the analysis using only three stations yields consistent but
less-precise results for both (d) horizontal slowness and (e) backazimuth. A comparison of single-source beamforming between the three-element sub-
array and the full array in horizontal slowness (f) and backazimuth (g) shows that the three-element sub-array tends to have slownesses that differ more

from the expected 3skm™, as well as greater scatter in both slowness and backazimuth.

the regional earthquake arrives from the south and east between
900-2200 s; its arrival times indicate that it originated far from both
the array and the earthquake epicenter. Finally, infrasound arrives
from the epicenter’s backazimuth at times similar to the 2470s
arrival time predicted using the infraGA atmospheric ray-tracing
model. A subsequent signal from 2600-2800s with variable
horizontal slowness and rapidly changing backazimuth is attributed
to an aircraft. The full array is required to see most of these features
(Fig. 5d); pervasive noise obscures them with the 3-element array
(Fig. 5g).

Sources of secondary infrasound. Backprojected possible sec-
ondary infrasound sources correspond partly to topographic
features (Fig. 6). For the local event (beneath PARK), secondary
infrasound generation strictly occurs on the near side of moun-
tain crests, suggesting that topographic obstruction prevents
infrasound radiated on the far side of crests from reaching the
infrasound array (Fig. 6a). In the regional event, non-local sec-
ondary infrasound is first observed from ranges south and
southeast of PARK and not from the nearer lowlands (Fig. 6b). In
both events, mountains and basins both appear within source
regions, possibly due to uncertainty from seismic waves propa-
gating at multiple speeds. Source regions do not strictly coincide
with mountain ranges in either event. We credit the detection of a
wide range of secondary infrasound sources to the superior
resolving capabilities of CLEAN beamforming with a large-N
array.

In both earthquakes, secondary infrasound overwhelmingly
arrives from ~90°-wide sectors that coincide with the dominant
backazimuths of diffuse background noise (excluding noise from
a nearby waterfall), suggesting that both noise and secondary
infrasound may be ducted by favorable atmospheric conditions
(Figs. 4c, 5¢, d). In the regional earthquake, the region of
candidate infrasound sources includes many seismic stations
(Fig. 6b, c), whose amplitudes during the earthquake do not
explain whether infrasound was detected from nearby, supporting
the inference that the region from which infrasound could be
detected (Fig. 6b) is determined by infrasound propagation effects
rather than by seismic amplitude. Importantly, the direction
toward the epicenter is not strongly related to the backazimuths
of secondary infrasound: the local earthquake epicenter approxi-
mately coincides with the array, and the regional earthquake
epicenter is on the edge of the detected source region.

Effectiveness of advanced array analysis. For both the local
(Fig. 4) and regional earthquakes (Fig. 5), the large-N array
provides much more detailed information about earthquake and
ambient noise infrasound wavefields than the three-element sub-

array, regardless of whether single-solution or CLEAN beam-
forming is used (Fig. 4). In particular, the large-N array provides
excellent horizontal slowness resolution, indicated by peak
slowness matching sonic slowness (3skm~1) for most time
windows during the aftershock’s secondary infrasound period
starting at 5s (Fig. 4b). By contrast, estimates of horizontal
slowness using the three-element array have considerable scatter
during the secondary infrasound period (Fig. 4d), resulting in
many signals with lower slowness estimates being misclassified as
primary infrasound (seismic arrivals) and omitted from the sec-
ondary infrasound image (Fig. 4e). The superior performance of
the large-N array is clear when their single-source beamforming
results are overlain (Fig. 4f, g). The poor horizontal slowness
resolution of the three-element array is even more pronounced
for the regional event (Fig. 5b), probably due to its low signal-to-
noise ratio (Fig. 5a), which complicates the separation of primary
infrasound. Even a compact source like the aircraft, obvious with
the large-N array, is nebulous with the 3-element sub-array.
Additionally, the process of identifying and removing likely
background noise is less effective with the sub-array than with the
large-N array (Fig. 5d, g). These performance trends hold for
intermediate numbers of sensors (e.g., N=6, shown in Supple-
mentary Figs. 1-2). Finally, large-N arrays have the considerable
benefit of redundancy; the loss of 2-5 sensors in a 22-element
array had little effect on its resolving capabilities, whereas
3-element arrays lose their ability to calculate a wave’s back-
azimuth with the loss of a single sensor.

The benefits of CLEAN vary between our two case studies. In
the high signal-to-noise ratio local earthquake, the traditional
beams (dots in Fig. 4) yield an incomplete representation of the
wavefield, but do capture major features revealed by CLEAN
(Fig. 4b, c). However, in the low signal-to-noise ratio regional
earthquake, CLEAN is required for a step that we found essential
—calculating the background noise distribution at each azimuth
and plotting only the signals that significantly exceed background
noise (Fig. 5¢, d).

By design, CLEAN approximates a wavefield as the convolu-
tion of the array response with a finite number of delta functions
in slowness space. Consequently, it is inherently prone to
misrepresenting diffuse sounds as a combination of discrete
waves!%. When studying diffuse wavefields like secondary
infrasound, this weakness can be mitigated by using large-N
arrays because their compact array response leads to diffuse
wavefields being approximated as many closely-spaced points
instead of a few sparse points.

Large-N arrays incur costs including funds for instrument
purchasing, field effort and site footprint, and computational
expense. These can be mitigated by choice of instrumentation
(using low-cost, rapid-deploy, low-maintenance devices) and
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Fig. 5 The M, 6.5 Monte Cristo, NV regional earthquake (2020-05-15 11:03 UTC, 720 km distance, —160° backazimuth). a Infrasound waveform.

b Analysis of 17 sensors shows that the wavefield consists mainly of high-slowness secondary infrasound, except for arrivals of low-slowness primary
infrasound coupled with seismic arrivals from the regional event and a subsequent local event. ¢ Infrasound is dominated by continuous noise from two
backazimuth ranges (90°-180°, and -135° to -115°), though other signals also appear. d Clusters of arrivals are visible after removing background noise and
are attributed to ground shaking and other sources. e With the reduction from 17 to 3 sensors, primary infrasound from the regional earthquake is still clear
but the local earthquake is not. Horizontal slowness is poorly resolved in general; unlike in (b), 3 sensors fail to detect the sustained horizontally-
propagating infrasound. f The 90°—180° backazimuth range is still dominant here, but the —130° to —110° range is not visible. The features seen in (b) are
less visible. g The features that were obvious in (d) are unresolvable.
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Fig. 6 Maps of inferred secondary infrasound sources. Because seismic waves propagate at a range of speeds, backprojections are less certain in
range than in backazimuth; these maps err on the side of inclusion and therefore contain some points that do not radiate infrasound. a Central Idaho
topographic map showing secondary infrasound identified in Fig. 4c for the local Stanley earthquake. The earthquake epicenter coincides with the PARK
station so they are plotted as the same point. Secondary infrasound observed at PARK originates only out to nearby mountain crests, mainly to the
southwest, west, and northwest. b Map of the western US showing secondary infrasound in the regional earthquake identified in Fig. 5d between
1000-2500 s after the earthquake (limits for these arrival times shown in dashed lines); local secondary infrasound (150-500 s) is excluded because of the
very high uncertainty in seismic travel times. Secondary infrasound observed at PARK originates mostly from the southwest, south, and southeast, and the
source region follows some mountain ranges. Amplitudes of select seismic stations are indicated by radii of black dots. ¢ Select vertical seismograms from
stations in (b), with dashed lines indicating average maximum,/minimum seismic wave speeds.

analysis settings (e.g., number and size of analysis time windows).
Researchers must assess their constraints and analytical needs
when determining array size.

The cost of CLEAN is mainly configuration effort (running
tests to optimize tuning parameters) and runtime. For example,
analyzing the 85-s local earthquake on a modern laptop,
traditional beamforming (the array_processing() function in
obspy?8), took 0.6 s (3 elements) and 16's (20 elements), whereas
the CLEAN analysis took 58s (3 elements) and 3368s (20
elements). Computational expense of advanced methods may
restrict their use in real-time applications, or when large amounts
of data must be processed.

Advancing acoustic earthquake monitoring. We distinguish
primary infrasound from secondary infrasound solely on the basis
of horizontal slowness. Co-deploying a seismic array alongside
the infrasound array would reduce the potential for ambiguity
between steeply incident secondary infrasound (with unusually
low horizontal slowness) and primary infrasound coupled to slow
seismic waves (with unusually high horizontal slowness). Addi-
tionally, it would elucidate air-to-ground and ground-to-air
coupling (common in primary earthquake infrasound and for

high-amplitude infrasound waves°); this will reduce ambiguity in
secondary infrasound backprojection by determining conditions
that are favorable to seismic-infrasound conversions. We also
note the value of monitoring ground shaking remotely on other
planets, where installing large networks of seismic sensors is
costly (e.g., Mars) or impossible (e.g., Venus). Ground-based or
balloon-borne30 large-N acoustic arrays may accelerate the study
of tectonics and planetary structure elsewhere in the solar system.

Methods

Large-N arrays. The main advantage of large-N arrays in signal
processing is its superior array response. An array’s response is
the wavenumber spectrum that would be estimated for a wave
with vertical incidence (ie., k,=k,=0rad/km) without any
noise or other waves present. At a given frequency, the wave-
number spectrum an array would observe can be modeled as the
2-dimensional convolution of the array response with the wave-
field’s true wavenumber spectrum (typically a sparse set of
impulses representing a small number of discrete waves).
Therefore, compact array responses are desirable because they
make it possible to distinguish distinct waves that have slightly
different wavenumber vectors; compact array responses are
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achieved by including sensors spaced very far apart in the array.
Simultaneously, all array responses repeat periodically, and
maximizing the distance between repeated main lobes of the array
response can avoid problems of wavenumber aliasing in narrow-
band signals. Avoiding aliasing is best accomplished by including
sensors spaced close together in the array. These two objectives
can be accomplished together by using a large number of sensors
in an array, with large overall dimensions and small spacing
between adjacent sensors. We used this approach to optimize the
response of our infrasound array used in this paper, which con-
sisted of 22 sensors (Fig. 3). Although sensor loss/dropout and
restoration means this number varied throughout the campaign,
the large number of sensors in the array meant that its array
response was not strongly changed by the loss of a few sensors.

Because infrasound is non-dispersive at the frequencies studied
in this paper, any real wave with broadband spectral content will
have a range of wavenumber vectors but a fixed slowness vector
(s= %); therefore, the frequency-to-wavenumber correspon-

dence 2% = |k| can be shown on array response plots (Fig. 3b, c),
and array analyses of real data are generally shown as slowness
spectra rather than wavenumber spectra (Fig. 3d, e).

CLEAN beamforming. CLEAN is a method to iteratively account
for and remove energy in the cross-spectrum until most of its
coherent energy can be accounted for as plane waves with esti-
mated power spectra and slowness vectors. Although CLEAN is
not an acronym, its spelling in all-capitals is established in the
literature!415, Figure 7 shows the steps in this process as equa-
tions and flow charts.

Before processing any recorded infrasound, the first step is to
calculate array response information for the sensor array over a
grid of slowness vectors (Fig. 7 steps A-C). This only needs to be
calculated once, and can then be used for all data recorded from
the sensor array as long as its geometry remains the same. In this
paper, we assume that our data consists purely of plane waves and
represent the array response using Bartlett weights, which is
appropriate for our dataset because infrasound sources are distant
enough to treat as plane waves and the signal changes rapidly
enough that Bartlett beamforming is warranted. Datasets where
signals can be treated as stationary for long periods of time can
benefit from using Capon instead of Bartlett beamforming!®.

Having calculated Bartlett weights, the next steps are pre-
processing the data (in this paper, band-pass filtering to maximize
signal-to-noise ratio) and calculating the cross-spectrum of a
recording. These steps must be done once per time window that is
beamformed, before the CLEAN iterations begin (Fig. 7, steps
1-2). The cross-spectrum is a third-order tensor that, for each
frequency, contains information on the power spectral density at
all sensors as well as how power and phase differ among sensors.
CLEAN beamforming treats the cross-spectrum as a linear
combination of the array response (in the form of the weights in
step C) and the distribution of infrasound power over
wavenumber vectors (the CLEAN spectrum, which is to be
calculated) and estimates wavefield composition over a series of
iterations. In each iteration, the best-fit slowness vector is
identified via grid search, scaled by phi, and added to the CLEAN
spectrum (Fig. 7, steps 3-5). The result of these steps in the first
iteration is identical to the result that would be found by single-
source beamforming (e.g., the array_processing() function in
obspy). Then, the corresponding component of the cross-
spectrum is modeled using information in the array response
(Fig. 7, step 6, using the beamforming weights calculated in step
C). Finally, that component is scaled by the coefficient phi (in this
paper, phi = 0.1) and subtracted from the cross-spectrum (Fig. 7,
step 7). This process is repeated, with power subtracted from the

cross spectrum and added to the CLEAN spectrum in each
iteration, until some stopping criterion is satisfied, indicating that
most of the coherent energy has been accounted for in previous
iterations (Fig. 7, step 8). In this paper, we use a stopping
criterion using the F-statistic as an indicator of the presence of
coherent signals'®>. The GitHub repository https:/github.com/
ajakef/Earthquake_Infrasound_Paper3! contains our Python
package cleanbf and scripts to download data and to use cleanbf
to produce Figs. 3-6 and supplementary Figs. 1-2.

Details of our beamforming application. Before beginning array
processing, we applied a band-pass filter to improve the earthquake’s
signal-to-noise ratio (Fig. 7 step 1). Frequency limits of the filters were
selected after examining spectra of earthquake signals and ambient
noise. When processing data from the local event, we used frequency
limits of 2-25Hz and beamformed cross-spectra calculated for 2 s
windows with 50% overlap. For the regional event, we used frequency
limits of 1-20 Hz; due to the much longer duration, slower rates of
change, greater computational expense, and diminished plot detail
compared to the local event, we beamformed cross-spectra calculated
for 4 s windows with 0% overlap. Additionally, because infrasound at
the frequencies studied is non-dispersive, we imposed the additional
physics-based constraint that each wave component has one slowness
vector (s, sy) that applies to all frequencies; this would not be
appropriate in different settings when waves are strongly dispersive.
In each iteration we searched a slowness grid where s, and s, ranged
from +/-4skm~! with spacing 0.01 skm~!. Because infrasound
propagates with a slowness up to 3skm~! in typical earth-surface
conditions, this grid is large enough to capture all realistic infrasound.

Backprojection. In this paper, “backprojection” refers to the
process of identifying possible source regions for an individual
beamforming result (i.e., the infrasound power associated with a
specific backazimuth-time combination). As in reference?, back-
projections are accomplished by identifying all points on the map
with the correct backazimuth and whose total estimated tra-
veltime (from hypocenter to map point to infrasound array)
matches the observed arrival time. Seismic waves travel at mul-
tiple speeds, so for each backprojection we estimate a minimum
and maximum seismic wave speed. We do the same for infra-
sound waves, although they vary in speed less than seismic waves
do. Because wave speeds are treated as a range instead of a single
value, any individual beamforming result will be backprojected to
a line segment on the map oriented on the observed backazimuth
from the infrasound station, where the nearest point on the
segment corresponds to slow wave speeds and the farthest point
corresponds to fast wave speeds.

For the local event, we followed reference* in using a seismic
wave speed range of 1400-5600 m/s. We set the infrasound speed
range to 328-330 m/s, corresponding to the surface-level tempera-
ture of -3 °C measured by our infrasound loggers (reasonable for the
low-altitude direct-wave propagation for this local secondary
infrasound in low-wind early-morning conditions).

For the regional event, we empirically determined seismic wave
speeds by first calculating cumulative energy at several seismic
stations over the western US during this event, then defined the
maximum and minimum wave speeds corresponding to the times
when cumulative energy reached 1% and 90% of total signal
energy, resulting in a range of 2600-7000 m/s. We set the
infrasound wave speed range to 320-340 m/s (corresponding to
-20 to 14 °C ignoring wind), the wide range reflecting the varying
atmospheric conditions encountered between the surface and the
upper stratosphere, over six degrees of latitude between epicenter
and infrasound station.
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Fig. 7 Flow chart demonstrating the CLEAN method. Steps A-C depend only on array geometry, not on recorded data, and are run only once for
each array. Steps 1-8 show the analysis of a specific data interval and include the CLEAN iterative loop; all of steps 1-8 must be performed for every new

data interval studied.

The backprojection results (Fig. 6a, b) divide the map into a
grid of cells, each having a total energy including the energy from
all beamforming results that can be assigned to the cell, scaled by
the distance. Because of the uncertainty in distance due to the

range of possible seismic wave speeds, any individual beamform-
ing result can be assigned to several map cells; consequently, the
maps show more seismic energy than was actually detected at
PARK.
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Data availability

The infrasound dataset collected and analyzed in this study is available from the IRIS
Data Management Center3? https://doi.org/10.7914/SN/XP_2020, network code XP,
station code PARK.

Code availability

the repository https:/github.com/ajakef/Earthquake_Infrasound_Paper3! contains
Python code used in this paper, including the version of “cleanbf” (a library that
implements CLEAN beamforming), as well as code to reproduce Figs. 4-6 and
Supplementary Figs. 1-2.
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