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ABSTRACT

Earthquake ground motions in the vicinity of receivers couple with the atmosphere to gen-
erate pressure perturbations that are detectable by infrasound sensors. These so-called
local infrasound signals traverse very short source-to-receiver paths, so that they often
exhibit a remarkable correlation with seismic velocity waveforms at collocated seismic sta-
tions, and there exists a simple relationship between vertical seismic velocity and pressure
time series. This study leverages the large regional network of infrasound sensors in
Alaska to examine local infrasound from several light to great Alaska earthquakes. We
estimate seismic velocity time series from infrasound pressure records and use these con-
verted infrasound recordings to compute earthquake magnitudes. This technique has
potential utility beyond the novelty of recording seismic velocities on pressure sensors.
Because local infrasound amplitudes from ground motions are small, it is possible to
recover seismic velocities at collocated sites where the broadband seismometers have
clipped. Infrasound-derived earthquake magnitudes exhibit good agreement with seismi-
cally derived values. This proof-of-concept demonstration of computing seismic magni-
tudes from infrasound sensors illustrates that infrasound sensors may be utilized as
proxy vertical-component seismometers, making a new data set available for existing seis-
mic techniques. Because single-sensor infrasound stations are relatively inexpensive and
are becoming ubiquitous, this technique could be used to augment existing regional seis-
mic networks using a readily available sensor platform.

Infrasound phases are generally identifiable from their travel

KEY POINTS times. Local infrasound, with its negligible source-to-receiver
® This study converts recordings of local infrasound to path arrives first, is well separated from epicentral infrasound
vertical seismic velocity. arrivals, which have long paths from the epicentral region to
®* We show that earthquake magnitudes can be the receiver. This is because seismic wavespeeds are generally
estimated from infrasound recordings. an order of magnitude faster than sound speeds, so that ground
® Infrasound can recover clipped seismic waveforms and motions will occur at receivers before epicentral infrasound
can be used as a proxy vertical seismic channel. arrivals even at small epicentral distances. Diffracted infrasound

from source regions between the epicenter and receiver will

arrive between local and epicentral infrasound. However, dif-
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radiator (Che et al., 2021). These travel-time differences between
the three earthquake infrasound phases imply that local infra-
sound recordings are unlikely to be contaminated by later arriv-
als. The local infrasound source zone can be thought of as a
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in the near-source region couple with the atmosphere to
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circular area with a radius of four times the wavelength of the
dominant seismic period (Cook, 1971). This means that for a
10 s surface wave with a group velocity of 3.5 km/s, the source
zone has a radius of 140 km. Therefore, a secondary infrasound
radiator at the source boundary would require around 7 min
travel time to arrive at the receiver and would arrive after
the most vigorous local shaking.

Both epicentral and diffracted infrasound have been investi-
gated for their potential to constrain earthquake source param-
eters. Epicentral infrasound has been studied by Arrowsmith
et al. (2012) to understand the ground-to-air coupling mecha-
nism and how it may relate to earthquake source parameters,
although this is difficult due to the dynamic nature of the
atmosphere and long source-to-receiver atmospheric path.
Backprojection of epicentral infrasound has been used to esti-
mate the shaking intensity of the 2010 Haiti earthquake due
to the paucity of seismometers in the epicentral region
(Shani-Kadmiel et al, 2018). Yang et al. (2021) used an earth-
quake doublet in Alaska to show that the energy from diffracted
infrasound exhibits similar spatial distributions to seismic
energy, indicating that it is sensitive to the seismic source.

The very short source-receiver path of local infrasound, on
the order of centimeters to tens of kilometer, results in a
remarkable correlation in waveform shape between the vertical
seismic velocity and the infrasound pressure record, particu-
larly at surface-wave periods, which are typically longer than
around 10 s. Donn and Posmentier (1964) analyzed the group
velocities of pressure perturbations induced by local Rayleigh
waves following the 1964 Alaska earthquake to show that the
pressure waves conform to standard oceanic and continental
dispersion curves. The similarity of local infrasound recordings
to vertical ground motion has also been exploited to extract a
transfer function from seismic to infrasound signals at sites
with collocated infrasound sensors and broadband seismom-
eters (Kim et al, 2004; Watada et al., 2006; Fee et al,
2023). If the response of the seismometer and local atmos-
pheric conditions are known, the transfer function may be used
to calibrate the infrasound sensor. This technique has added
utility for wind-noise reduction system (WNRS) equipped
infrasound stations, where the actual instrument response is
known, but the response of the WNRS is less understood.

The purpose of this study is to exploit the similarity between
local infrasound and vertical seismic velocity to use infrasound
sensors as proxy ground-motion instruments. By leveraging the
simple relationship between vertical ground motion and pres-
sure time series of collocated seismoacoustic stations, we esti-
mate seismic velocity from local infrasound observations.
Because the technique results in a waveform that is equivalent
to a broadband recording of vertical velocity, we give examples
of the utility of this unique data type. First, we show how local
infrasound from collocated stations may be employed to recover
the vertical seismic time series at stations where the broadband
seismometer has clipped. Then, we show several examples of
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how local infrasound converted to vertical seismic velocity
may be used to scale earthquake magnitudes. Magnitudes are
computed for eight light-to-great earthquakes (M 3.7-8.2) in
the Alaska region that were recorded on the hundreds of infra-
sound sensors in the state (see (Lay and Wallace, 1995) for
earthquake categories). The effectiveness of the technique dem-
onstrates that infrasound stations may be used as a proxy for
broadband seismometers when the conventional seismic record-
ings have gone off scale or are otherwise not available. The pur-
pose of these examples is not to exhaust the utility of local
infrasound for earthquake source scaling but to give a proof
of concept of the potential for infrasound to be used as a proxy
for vertical seismic recordings. We also note that a companion
study is published in this issue by Fee et al. (2023) that uses local
infrasound recordings of large Alaska earthquakes and collo-
cated broadband sensors to characterize the frequency response
of infrasound sensors.

Infrasound sensors and seismicity in the Alaska
region

Alaska is an ideal region for observing local infrasound due to
its high seismicity rate and ubiquity of infrasound sensors.
Several networks operate infrasound stations and/or arrays
in the state, including the Alaska Earthquake Center (network
AK), the Alaska Volcano Observatory (network AV), the
Global Seismographic Network (GSN; network IU), and the
International Monitoring System (IMS; network IM; Scripps
Institution of Oceanography, 1986; Alaska Earthquake
Center, University of Alaska Fairbanks, 1987; Alaska Volcano
Observatory/USGS, 1988). However, a relatively dense,
regional-scale network was established beginning in 2014 with
the deployment of the USArray Transportable Array (TA),
where most stations were equipped with a single Hyperion
IFS-4132 infrasound sensor (Melter et al, 1999; IRIS
Transportable Array, 2003; Busby and Aderhold, 2020).
Although the TA ceased operating in Alaska in 2021, over
100 of the former TA stations have been adopted into the per-
manent regional networks AK and AV. All former TA infra-
sound sensors are collocated with a broadband seismometer,
either a Streckeisen STS-5A or Nanometrics Trillium 120
(Busby and Aderhold, 2020). The TA and former TA infra-
sound sensors are not equipped with WNRS, and were located
to conform to the TA geographic planned grid, so that may
experience high levels of wind-induced noise (Macpherson
et al., 2022). About 11 TA stations were adopted into the
AV network. These stations are near volcanic centers and con-
sist of similar equipment as the other TA stations. Other
existing AV stations had similar installation configurations
but generally consist of Chaparral Model 64 sensors and a
few have modest WNRS systems. The IMS array in Alaska,
I53US, is an eight-element array equipped with Hyperion
5313/A sensors. The array has an approximately 2 km aper-
ture, and each element is equipped with a WNRS. A GSN
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Figure 1. Map of the Alaska region showing infrasound stations and earthquakes considered in this study. Not all
stations were operational contemporaneously, but all were operational for some period between 2018 and October
2022. Inset at top right indicates the position of Alaska at a global scale. The color version of this figure is available

only in the electronic edition.

The 23 January 2018,
Kodiak earthquake struck the
Gulf of Alaska and was a result
of complex intraplate faulting of
the Pacific plate. With a magni-
tude of 7.9 and depth of around
10 km, this event prompted a
tsunami warning and was felt
throughout the state of Alaska.
The mechanism was primarily
strike slip on a complex set of
faults, with  backprojection
analysis indicating rupture of
at least four faults with strikes
both to the northwest and east
(Krabbenhoett et al., 2018; Lay
et al, 2018; Ruppert et al.,
2018). The M 6.4 Kaktovik
event was the largest earth-
quake of the instrumental age
to occur in the North Slope area
of Alaska and occurred on 12
August 2018. It was a result
of crustal strike-slip faulting
on a complex set of at least
three easterly striking faults at
a depth of around 10 km (Xu
et al, 2020). The M 71

broadband seismic station, COLA, is essentially collocated with
the H1 element of I53US. This station is equipped with a
Streckeisen STS-5A broadband seismometer in a 10 m deep
borehole. A map showing the distribution of infrasound-
equipped stations in the Alaska region is shown in Figure 1.

Since 2018, the state of Alaska has experienced five earth-
quakes in excess of magnitude 7, providing several seismic
sources that produced region-wide local infrasound at times
when large numbers of infrasound stations were available.
The event dates, magnitudes from National Earthquake
Information Center (NEIC), and epicenters are shown in
Figure 1. Throughout this article, we refer to NEIC-published
magnitudes generically as “M.” However, for all event consid-
ered in this study with M >6.4, the NEIC magnitude is from a
centroid moment tensor derived by inverting the w-phase, is
denoted as M,,,, and uses stations from local out to the maxi-
mum of 90° epicentral distance. The NEIC magnitudes for the
two smaller earthquakes considered in the study are local mag-
nitudes (M) computed using the regional network. The events
considered here represent a diversity of source types: shallow
crustal, subduction zone interface, intraplate and intraslab, and
intermediate depth events. Subsequently, we provide some
details on the eight events considered in this study.
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Anchorage earthquake struck

densely populated Southcentral
Alaska on 30 November 2018. This earthquake prompted tsu-
nami warnings despite its onshore location, was widely felt, and
caused considerable damage. The event was a result of reverse
faulting within the subducting Pacific slab (West et al., 2020).
Damage was limited somewhat due to the intermediate depth
(43 km) of the event.

Three earthquakes with M > 7.0 struck in the vicinity of the
subduction zone south of the Alaska peninsula between July
2020 and July 2021. An M 7.8 event struck near Simeonof
Island south of Perryville, Alaska, on 22 July 2020. This event
was likely a result of thrust faulting at the subduction interface
at a depth of around 28 km and was tsunamigenic. This event
was notable due to its location in a seismic gap that had not
produced a sizable earthquake since 1917 (Crowell and Melgar,
2020; Xiao et al., 2021). A few months later, on 19 October
2020, an M 7.6 earthquake occurred approximately 80 km
to the southwest of the 22 July 2020 epicenter, south of the
village of Sand Point, Alaska. This event was a result of
strike-slip intraslab faulting within the downgoing Pacific plate
and is considered an aftershock of the July event. The magni-
tude is large for a strike-slip mechanism not situated in an
outer rise area and produced a tsunami with similar amplitudes
to the M 7.8 event (Herman and Furlong, 2021). On 29 July
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2021, a great earthquake with a magnitude of M 8.2 struck east
of the M 7.8 and 7.6 epicenters near the Alaska community of
Perryville. This earthquake had a thrust mechanism and was a
result of a rupture at the interface of the North American and
Pacific plates (Elliott et al., 2022).

Finally, we consider two light earthquakes that occurred
within 10 days of each other near the Alaska village of
Minto. The first occurred on 9 September 2022 and had a local
magnitude (M) of 3.5 with a depth of around 16 km. It was
followed by an My 4.9 event 1.5 km to west on 19 September
2022 with a depth of around 19 km. Both of these events were a
result of crustal strike-slip faulting (A. McPherson, personal
comm., 2022). The M; 4.9 was clearly felt in the city of
Fairbanks, around 60 km away.

These eight events span a wide variety of locations, tectonic
regimes, source mechanism, and magnitudes. The greater than
magnitude six events were well recorded on both seismic and
infrasound in the Alaska region out to at least 1500 km,
whereas the two Minto earthquakes were well recorded locally
on the I53US array, providing a robust data set for the inves-
tigation of local infrasound.

METHODS

Our goal is to use local infrasound observations to estimate ver-
tical seismic velocity and illustrate how such estimates have util-
ity as a proxy for seismic data, including computing earthquake
magnitudes. To do this, we leverage the simple relationship
between pressure change and vertical ground velocity given by

AP = pcv,, (1)

in which AP is the perturbation pressure, p is the air density, c is
the speed of sound in the air, and v is the vertical ground velocity
(Donn and Posmentier, 1964; Kim et al., 2004). This expression
is defined for planar wave generation, and this assumptions
holds due to the order of magnitude difference between acoustic
and seismic wavespeeds. The vertical component of the plane
acoustic wave matches that of the seismic surface wave at the
air-ground interface. The angle of propagation is a function
of the wavespeeds and is approximated by arctan(c/c)
~arctan(1/10), in which c is the sound speed, and c; is the seis-
mic wavespeed (Cook, 1971). This means the angle is <6° so
that any horizontal component is negligible. By assuming a
constant air density of 1.225 kg/m?, we estimate the vertical
seismic velocity from the local infrasound perturbation simply
as follows:

vty = 220 @)
pc

for time t. Many of the infrasound stations in Alaska are
equipped with meteorologic sensors; so if outside temperatures
are available at a particular station, we approximate the sound
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speed as ¢ = 331.3 + 0.606 T, m/s, in which T, is the aver-
age temperature in Celsius from one hour of data beginning at
the start of the recording. If no temperature data are available at
a station, we set the sound speed to 334 m/s, corresponding to an
air temperature of 5°C. The acoustic parameters of sound speed
and density are assumed to be constant over the entire acoustic
propagation path. Although there are certainly variations, these
should be minimal over the short centimeter to tens of kilometer
source-receiver offsets of local infrasound. Our procedure for
estimating vertical seismic velocity from local infrasound con-
sists of deconvolving the instrument response from the infra-
sound time series so that we have a pressure record in
Pascals (Pa) and then converting the pressure time series to
meters per second via equation (2). We refer to data thus con-
verted as converted local infrasound (CLI).

An example of this procedure is shown in Figure 2 using the
local infrasound generated by the 19 October 2022 M 7.6 Sand
Point earthquake. Figure 2a shows the vertical ground-motion
trace from the broadband seismometer at station F18K, located
at an epicentral distance of 1300 km. The trace in Figure 2b is
the pressure record from the infrasound sensor at the same
station.

For both seismic and infrasound, we removed the instrument
response and applied a high-pass filter with a 20.0 s corner to
eliminate background pressure fluctuations in the infrasound
(Watada et al., 2006). The remarkable correlation between the
seismometer-recorded ground motion and the local infrasound
is clearly apparent in Figure 2c. Although local infrasound is
often described as resulting from the vertical ground motion
induced by the Rayleigh wave (e.g., (Donn and Posmentier,
1964), body-wave phases are clearly visible in the infrasound
time series—a phenomenon previously noted by Kim et al
(2004) and by Fee et al. (2023) (see this issue). The P, S, and
first surface-wave arrivals, as estimated using the IASP91 velocity
model and a surface-wave group speed of 3.5 km/s, are indicated
by vertical lines in the figure. The brown trace in Figure 2c is the
CLI estimate using the procedure described earlier, with a sound
speed of 330 m/s. Cross correlating the seismic recording with
the CLI results in a correlation coefficient of 0.98. The CLI ampli-
tudes do not match the seismic amplitudes exactly. Because we
have an observation of temperature at this site, we investigated
the effects of modifying the air density values. We found that by
increasing the density considerably, we were able to achieve
closer agreement in the amplitudes, but that the differences
are negligible for reasonable values of density.

To demonstrate the efficacy of using CLI to calculate seis-
mic source parameters, we compute the source magnitude for
the eight earthquakes considered in the study. Because we con-
sider earthquake sizes from light to great, more than one type
of magnitude estimator is required. For the three crustal earth-
quakes with magnitude less than 6.8, we compute the vertical
local magnitude (M), which is appropriate for earthquakes of
this size. All the remaining events have magnitudes in excess of
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7, s0 we use a broadband surface-wave magnitude estimator for
them. Both of these magnitude estimate techniques are
discussed subsequently.

Vertical local magnitude (M)

The local magnitude is the modern variant of of the original
Richter magnitude, in which maximum amplitudes, usually of
an S wave, are read from modern instruments adjusted to uti-
lize the response of a Wood-Anderson seismograph (Richter,
1935). Typically, horizontal components are used; but the M,
variant uses the vertical component only and is thus well suited
for use with CLI, for which the infrasound sensor acts as a
proxy for a vertical seismic channel. There exists a plethora
of local magnitude formulas, but we use the ObsPy magnitude
estimation tool, which is an implementation of the Bakun and
Joyner (1984) version (Beyreuther et al, 2010; Krischer et al,
2015). The formula is given by

Myv =logA + 1.11logr + 0.00189r — 2.09, 3)

in which r is the epicentral distance, usually with r < 600 km,
and A is the maximum amplitude measured on a vertical dis-
placement waveform that has been convolved with the
response of a Wood-Anderson instrument. Because the ObsPy
tool expects a waveform that has not had the instrument
response removed, after converting pressure records to veloc-
ity, we band-pass filtered between 1.0 and 5.0 Hz and convolve
the converted pressure record with the response of either the
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Figure 2. The M 7.6 Sand Point earthquake recorded at station F18K.
(a) Deconvolved vertical seismic channel. (b) Deconvolved infrasound
pressure record. (c) Vertical seismic trace in black, along with the infrasound
converted to seismic velocity in brown. Vertical lines labelled “P" and “S”
denote the P- and S-wave arrivals, respectively, as estimated using the
IASP91 velocity model (Kennett and Engdahl, 1991). The vertical line
labelled "R1" denotes the first surface-wave arrival, assuming a group
velocity of 3.5 km/s. The color version of this figure is available only in the
electronic edition.

collocated seismometer, if available, or a nearby seismometer.
The ObsPy tool will then remove the provided instrument
response before simulating the Wood-Anderson response.
We then measure the maximum peak-to-trough amplitude
(in counts) and peak-to-trough period, and pass these values
as well as the seismometer response to the ObsPy tool. The tool
performs the Wood-Anderson simulation and computes the
magnitude. To compute source-receiver offsets, we use origin
information from the Advanced National Seismic System
(ANSS) Composite Catalog and use the ObsPy geodetics
library to compute distance (Beyreuther et al, 2010; U.S.
Geological Survey, 2017). We estimate P-wave arrival time
from the ANSS origin time and the IASPA91 velocity model
(Kennett and Engdahl, 1991). We window data from origin
time to 3 min following the P arrival for the the two interior
Alaska earthquakes recorded on I53US. For the 12 August
2018 Kaktovik earthquake, we window each station from
2 min prior to P arrival to 5 min following. It is well known

www.bssaonline.org Volume 113 Number 4 August 2023



that the local magnitude saturates around M 6.8, limiting its
use in this study to the M 3.7, 4.9, and 6.4 earthquakes.

Broadband surface-wave magnitude (M;_BB)

The broadband surface-wave magnitude (M_BB) is an ideal
method for estimating the magnitude of the five magnitude
greater than seven earthquakes using CLI. The M;_BB estimator
does not saturate, except for the largest earthquakes, relies on the
vertical component of velocity only, and is valid for a large range
of distances, including offsets as small as 2° (Karnik et al., 1962;
Bormann et al., 2009; Bormann and Dewey, 2012). In addition,
the NEIC-reported origins of all the five events have source
depths less than 60 km, making them suitable for surface-wave
magnitude analysis. The magnitude is given by

M, BB = log(VzL:) + 1.66log(A) + 3.3, (4)

in which V., is the maximum zero-to-peak amplitude mea-
sured on the vertical component of a broadband velocity seis-
mogram, and A is the epicentral distance in degrees. Our
procedure for calculating M BB consists of converting the
infrasound pressure record to velocity, band-pass filtering
between 3 and 60 s, and measuring the zero-to-peak amplitude.
As in our M;, calculations discussed earlier, source-receiver off-
sets are computed from the ANSS origin information. We com-
pute the window for the amplitude measurement starting with
the P arrival until 10 min past the estimated surface-wave
arrival, assuming a group velocity of 3.5 km/s. All network mag-
nitudes are computed by finding the 12% trimmed mean of all
available magnitudes.

RESULTS

In this section, we provide examples of the appropriateness and
utility of CLI. First, we show how local infrasound recordings can
be used to recover seismic waveforms that have clipped. We then
show results of using CLI to scale earthquake magnitudes.

Recovering clipped waveforms at collocated sites
A problem for many seismological algorithms that utilize broad-
band data is the presence of amplitudes that exceed the dynamic
range of the instrument—a phenomenon known as clipping
(Kleckner et al., 2022). If peak amplitudes are not reliably repre-
sented in a waveform, then the data are not useful for tasks such
as estimating earthquake magnitude. Clipping may also occur
when the instruments response becomes nonlinear, even if its
dynamic range is not exceeded. Strong-motion seismic instru-
ments and high-rate Global Positioning System sensors are able
to record large ground motions without clipping, although they
record in acceleration and displacement, respectively.

Because of the onshore, Southcentral Alaska location of the
2018-11-30 M7.1 Anchorage earthquake, there were many
broadband stations located in the near-source region (see
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Fig. 1). This resulted in a large number of broadband waveforms
that clipped following the event. The TA station RCO1 provides
a good illustration of the loss of information that occurs from
clipping. It is located at around 36 km from the M 7.1 epicenter.
The raw waveform from the vertical channel is shown in the top
panel of Figure 3a. It has clearly gone off scale, as indicated by
the “squared-off” appearance of the extreme values, as well as
experienced nonlinear effects, probably from tilting. This chan-
nel was also clipped by the M 5.8 aftershock that occurred about
6 min later. The middle panel in Figure 3a shows the raw data
from the collocated infrasound sensor at RCO1. The local infra-
sound for both the mainshock and the aftershock are well
recorded in the raw infrasound. Comparing the CLI with the
deconvolved seismic data (bottom panel of Fig. 3a), it is clear
that the CLI waveform is useful for algorithms requiring an
amplitude measurement, whereas the seismic channel is clearly
compromised. Also plotted in the bottom panel is the integrated
waveform for the collocated Episensor accelerometer at this sta-
tion, the maximum amplitudes of which are largely in agree-
ment with the CLIL

To determine the number of broadband stations that
clipped following the M 7.1 event, we examined the maximum
value in counts of all available regional raw seismic waveforms
following the S-wave arrival. We estimate the dynamic range of
the digitizer as 2V7!, in which N is the the digitizer bit-weight.
Assuming that all digitizers in the AK, TA, and AV networks
are 24 bit, we conclude that a waveform has clipped if it con-
tains raw values that are >2%%. Using this threshold, we deter-
mined that 35 out of the available 306 regional broadband
instruments clipped (see Fig. 3b). Clipped stations cluster
around the epicenter as expected, but somewhat surprisingly,
clipping occurs out to an epcientral distance of 347 km, and
often clipped stations are in close proximity to stations that
stayed on scale, probably as a result of site effects. Of the
35 clipped broadband stations, 15 have collocated infrasound
sensors. Figure 4 shows the 15 clipped seismic waveforms in
black, along with the collocated CLI recordings in brown.

Because the pressure perturbation induced by the vertical
ground motion is relatively small relative to the dynamic range
of the sensor, the CLI signal is on scale for all the 15 stations.
This allows for the recovery of a vertical ground-motion wave-
form that has not been compromised by clipping. There are
much larger amplitudes represented in the CLI compared to
the deconvolved seismic waveforms. Even station K24K, at
almost 350 km epicentral distance, exhibits clipped amplitudes
that are fully available in the CLI. Although the CLI recordings
generally have larger amplitudes than the clipped seismic, sta-
tions CAPN, CUT, and HARP are clear exceptions. Upon
investigation, we discovered that the infrasound sensors at
CAPN and CUT were installed as part of an upgrade associated
with the deployment of the TA. Therefore, they do not con-
form to the standard TA hut design, for which the infrasound
is ported to the atmosphere via a diffuser on the side of the hut
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Figure 3. (a) The 30 November 2018 M 7.1 Anchorage earthquake recorded
at station RCO1. Top panel shows the raw seismic data from the vertical
channel, whereas the middle panel shows the raw pressure record from
the collocated infrasound sensor. The bottom panel shows the seismic data
with the instrument response removed in brown, whereas the converted
local infrasound (CLI) recording is shown in black. The integrated waveform
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from a collocated accelerometer is shown in red. (b) Map of the available
regional broadband seismic stations on 30 November 2018, denoted by
hexagons. The stations that were determined to have clipped waveforms are
shown as red hexagons, whereas stations that remained on scale are shown
in gray. Inset at top right indicates the position of Alaska at a global scale.
The color version of this figure is available only in the electronic edition.
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(Busby and Aderhold, 2020). At CAPN and CUT, the sensor
resides inside a cooler, and it has been determined that the sen-
sor was not properly ported to the atmosphere and has an
atypical response (Macpherson et al., 2022; Fee et al., 2023).
The physical cause of the response issue at HARP has not been
determined, but the issue was identified by a seismoacoustic
calibration techniques presented in the current issue (Fee
et al., 2023). Although this means that the local infrasound
recorded at these two stations are compromised, it does indi-
cate that comparing CLI to collocated seismic recordings has
potential as a data quality tool.

To illustrate how clipping can affect magnitude estimates
and how these may be improved by incorporating CLI, we
computed the M, for the M 7.1 Anchorage earthquake from
the 12 stations shown in Figure 3 that do not have known
response issues. Although the magnitude of this event is at
or above the saturation level for My,, we chose this estimator
for comparing magnitudes between clipped seismic and CLI
due to the fact that the passband required for M, BB limits
the effects of clipping. The results for the 12 stations are shown
in Table 1. Magnitudes computed from infrasound and seismic
data are shown in columns one and two, respectively. Column
3 shows the ratio of of the maximum observed seismic ampli-
tude to the maximum observed infrasound amplitude in the 1-
5 Hz passband. As we would expect, all stations have higher
magnitude estimates from the unclipped CLI than from the
compromised seismic, with the exception of K24K. This station
does not appear to have been clipped severely (Fig. 3), so that
magnitudes from seismic and CLI are similar.
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Figure 4. All collocated broadband and infrasound stations with clipped seis-
mic following the 30 November 2018 M 7.1 earthquake. For each station,
the vertical velocity from the broadband seismometer is shown in black,
whereas the vertical velocity from the infrasound sensor is shown in brown.
Station name and epicentral distance is indicated above each trace.
Waveforms have been filtered with a 2 s high-pass filter to remove
background pressure fluctuations in the infrasound. The infrasound sensors
at stations CAPN, CUT, and HARP have known response issues. The color
version of this figure is available only in the electronic edition.

Magnitude of a light earthquake recorded on an
infrasound array

Local infrasound from the 19 September 2022 M 4.9 earth-
quake was well recorded on the IMS array I53US at about
62 km epicentral distance. We converted the local infrasound
recording of this earthquake to seismic velocity at all eight
array elements and then convolved the results with the instru-
ment response from the seismometer at COLA. The waveforms
from I53US and COLA, along with the picked peak-to-trough
amplitude and computed earthquake magnitude for each
element, are shown in Figure 5b. The single-station magnitude
computed from the vertical channel of COLA is 4.84, resulting
in good agreement with the M 4.9 magnitude computed by the
Alaska Earthquake Center. The trimmed mean magnitude
from the eight elements of the I53 array is 4.98. There are con-
siderable differences in maximum amplitude and resulting
magnitudes between the elements, with a standard deviation
of approximately 0.28 magnitude units. The H1 element exhib-
its the highest magnitude at 5.54, whereas H6 is the lowest at
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TABLE 1

Magnitude Results for the M 7.1 Anchorage Earthquake
from the 12 Stations with Clipped Seismometers and
Collocated Infrasound Sensors

Station M,,, Infrasound M,,, Seismic Amplitude Ratio
RCO1 6.16 5.38 0.16
M22K 6.50 5.90 0.25
KNK 6.41 6.33 0.82
022K 7.05 6.47 0.26
SKN 6.50 6.32 0.65
N20K 6.67 6.49 0.67
M23K 6.59 6.51 0.83
M20K 6.57 6.54 0.93
020K 6.81 6.72 0.80
HOM 7.17 6.82 0.44
M24K 6.92 6.85 0.86
K24K 7.25 7.30 1.13

Three stations were with known response issues are not included. First column shows
local magnitude computed from converted local infrasound (CLI), the second column
shows local magnitude computed from the clipped seismic waveforms, and the third
column shows the seismic to infrasound maximum amplitude ratio.

4.59. We speculate that these large differences over small dis-
tances is a result of highly local site conditions at the elements
and the relatively high-frequency 1-5 Hz passband, and we
expect more consistency across the array at lower frequencies,
as demonstrated by a seismoacoustic calibration technique
(Fee et al., 2023).

Magnitudes for two large earthquake from a
regional infrasound network

In this section, we show detailed results from the computation
of network magnitudes from the regional network of infra-
sound sensors in the Alaska region for two large earthquakes
using the broadband surface-wave magnitude estimator.
Because of the lack of WNRS on the majority of these stations,
and the fact that former TA station were sited without regard
to infrasound performance, many of them have high levels of
background noise and do not record local infrasound as reli-
ably as the regional seismic network records ground motions
(Macpherson et al., 2022). For this reason, we consider only
stations with collocated broadband seismometers, and we cross
correlate the vertical seismic trace with the CLI. Stations with a
greater than 66% correlation are considered to have recorded
usable local infrasound and are retained. We also retained sta-
tions with clipped seismic waveforms, assuming that, although
correlations may be low, there is likely to be a large infrasound
signal as a result of the strong ground motion.

Applying this criteria, the 19 October 2020 M 7.6 Sand
Point earthquake generated well-recorded infrasound at 74 sta-
tions. Figure 6a shows a record section of both seismic and CLI
waveforms, whereas Figure 6b shows retained stations colored
by station magnitude. The 12% trimmed mean magnitude for
the 74 stations yields M;_BB = 7.67—a value similar to the
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M 7.6 NEIC magnitude. Examination of Figure 6 reveals that
there is some spatial bias in the distribution of magnitudes,
with station in the Aleutians and southeastern Alaska reporting
low values, whereas northern Alaska stations generally report
high values. This spatial pattern is present in magnitudes com-
puted from both seismic and CLI, indicating it is likely due to
the radiation pattern or local site conditions. The waveform
plots show the good agreement between the seismic and CLIL
While seismic waveforms are shown for comparison, only CLI
time series were used for the M 7.67 magnitude calculation.
Using the seismic data alone, we obtain M, BB = 7.62, just
marginally better than the CLI relative to the NEIC magnitude
of 7.6.

The 23 January 2018 Kodiak earthquake generated well-
recorded local infrasound at 85 stations. Figure 7a shows both
seismic and CLI waveforms, whereas Figure 7b shows retained
stations colored by station magnitude. The 12% trimmed mean
magnitude from these 85 stations using CLI vyields
M, BB = 7.78. This value is a modest underestimate of the
M 7.9 NEIC magnitude. Our magnitude estimate using seismic
is actually poorer for this event, at M;_BB = 7.69.

To summarize our magnitude results, we show our com-
puted magnitudes for all eight events in Table 2. The table lists
the 12% trimmed means computed from both seismic data and
CLI data, and the number of stations used in each trimmed
mean. There is generally broad agreement between our infra-
sound-derived magnitudes and the catalog values from the
NEIC. However, there is even better agreement between our
magnitudes computed with infrasound data and with seismic
data, indicating the efficacy of CLI as a proxy for a vertical
seismic channel. All waveforms and amplitude picks used to
compute magnitudes for this study are shown in the
Appendix (Figs. A1-A7).

DISCUSSION

The examples given earlier illustrate the potential of CLI data as
a proxy for conventional broadband vertical ground-motion
recordings. Infrasound may be used to augment available seis-
mic data or if seismic data are compromised, as in the case of
clipping, to replace it. Near-source broadband instruments rec-
ord important information that is often lost to clipping, and
considerable effort is made to recover such information
(Zhang et al., 2016). The example given earlier for station
RC01, at a distance of around 31 km from the 2018
Anchorage earthquake, illustrates how clipping can render a
broadband channel unusable for computing magnitudes or
other amplitude-dependent source parameters. However, the
collocated infrasound sensor allows us to recover the uncompro-
mised vertical seismic velocity (see Fig. 4). This allows for
improved magnitude estimates, as we show by computing
M,, for the Anchorage earthquake using clipped seismograms
and comparing the results to M),; computed from local infra-
sound. The results in Table 1 show an improved magnitude
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Figure 5. The 19 September 2022 M 4.9 Minto earthquake recorded at epicenter. Insets at right show the regional context of the source and

International Monitoring System (IMS) array 153US and at Global receivers. (b) The waveforms at each infrasound element as well as the seismic
Seismographic Network (GSN) station COLA. (a) Map view of the array, with station. The maximum peak-to-trough picks are indicated by a vertical red
each element represented by an inverted triangle colored by the station line. Element names and individual station magnitudes are shown above each
magnitude. The broadband seismic station COLA is denoted by a circle trace. Waveforms have been band-pass filtered between 1 and 5 Hz. The color
colored by station magnitude. Green lines denote the backazimuth to the version of this figure is available only in the electronic edition.
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estimate for 11 of the 12 stations. Although there is often strong-
motion data available (e.g., RC01 is equipped with a strong-
motion instrument), the integrations required to convert these
data to velocity or displacement can be problematic if the
ground motion has induced tilt, although this issue is more acute
for horizontal channels (Melgar et al., 2015). Even in the case of
the largest earthquake we considered in this study, the great 29
July 2021 M 8.2 near Perryville—the nearest infrasound station,
S15K, remained onscale at an epicentral distance of =111 km.
This station recorded a peak pressure of just over 75 Pa. If we
estimate the infrasound clipping level from the Mach number,
the ratio of peak velocity to sound speed, then the 75 Pa value is
well below the clipping level estimate of 100 Pa. Therefore,
because the maximum amplitudes of the pressure perturbations
associated with local infrasound are small, even for near-source
stations and large earthquakes, CLI constitutes an essentially
clipless and tiltless vertical seismic channel.

The results from our earthquake magnitude estimation
shown in Table 2 indicate that robust earthquake magnitudes
may be calculated from infrasound stations. Although our
magnitude estimates from CLI underestimate the NEIC mag-
nitude for the larger events (e.g., M;-BB = 7.92 for the M 8.2
Perryville earthquake), the fact that there is generally good
agreement between our magnitudes computed from seismic
data and from CLI data indicate deficiencies in our magnitude
estimators rather than with the use of CLI as the input data
type. Seismic observatories routinely tune their algorithms
to local conditions and networks, but no such tuning has been
applied to our estimators. Further, we endeavored to compute
magnitudes purely from infrasound, but clearly, infrasound
could be combined with available seismic data to produce even
more robust magnitude estimates.
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Figure 6. Broadband surface-wave magnitude results for the 19 October
2020 M 7.6 Sand Point earthquake. (a) The record section of wave-
forms from all stations that were used in the magnitude calculation. For
each station, the vertical velocity from the broadband seismometer is shown
in black, whereas the vertical velocity from the infrasound sensor is shown in
brown. Stations are organized by hypocentral distance. (b) Infrasound
stations used in the magnitude calculation are shown by inverted triangles
colored by individual station magnitude. Gray hexagons denote available
infrasound stations that did not record local infrasound adequately to
estimate magnitude. The earthquake epicenter is from the Advanced
National Seismic System (ANSS) catalog (U.S. Geological Survey, 2017).
Inset at top right indicates the position of Alaska at a global scale. The color
version of this figure is available only in the electronic edition.

It is clear from Figures 6 and 7 that even for large earth-
quakes that would be expected to generate high signal-to-noise
ratios, only a subset of available stations record local infra-
sound that is highly correlated with collocated seismometers.
As noted earlier, this is likely due to high noise levels at many
of these stations. To quantify when a station is likely to record
usable local infrasound without the need to refer to a collocated
seismometer, we compared the pre-event noise, measured as
the standard deviation of 5 min of data preceeding the P-wave
arrival, with our calculated cross-correlation values. The result
is shown in Figure 8a and indicates a reciprocal relationship
between correlation and standard deviation. As expected,
lower noise levels, as represented by lower standard deviations,
result in higher correlations and more likely high-quality
recordings of local infrasound. Somewhat surprisingly,
Figure 8a indicates no relationship between station epicentral
distances and correlation. To verify this, we also plot correla-
tion as a function of source-receiver offset (see Fig. 8b), and
this display does not indicate a dependence on distance, so that
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the low pre-event noise is the most important criteria we found
for predicting well-recorded local infrasound. To automate
magnitude calculations from infrasound, more analysis will
be required to define pre-event noise thresholds to aid decision
making with respect to which stations to retain for use in the
magnitude calculations.

A potential source of error in the magnitude calculations is
the uncertainty in the acoustic parameters p and ¢ in equa-
tion (2) that are used to compute the CLI. To evaluate the effect
these values have on magnitude calculations, we recomputed
the M (BB) for the Sand Point earthquake using extreme
physical values for density and temperature. By assuming that
temperatures between —50°C and 50°C, and densities between
1.1 and 1.6 kg/m? are close to the most extreme plausible val-
ues at ground level in Alaska, we determine the maximum and
the minimum scaling values for equation (2). We then com-
puted M (BB) values from amplitudes using these new

O Infrasound 700/\/
V Mag retained
% Epicenter

M(BB)

Figure 7. Broadband surface-wave magnitude results for the 23 January 2018
M 7.9 Kodiak earthquake. (a) The record section of waveforms from all
stations that were used in the magnitude calculation. For each station, the
vertical velocity from the broadband seismometer is shown in black, whereas
the vertical velocity from the infrasound sensor is shown in brown. Stations
are organized by hypocentral distance. (b) Infrasound stations used in the
magnitude calculation are shown by inverted triangles colored by individual
station magnitude. Gray hexagons denote available infrasound stations that
did not record local infrasound adequately to estimate magnitude. The
earthquake epicenter is from the ANSS catalog (U.S. Geological Survey,
2017). Inset at top right indicates the position of Alaska at a global scale. The
color version of this figure is available only in the electronic edition.

conversion values. The results of this analysis for the Sand
Point earthquake are shown in the scatter plot in Figure 9.
Dots represent magnitudes presented above colored by the
measured v,,, value as a function of epicentral distance.
Vertical bars for each value denote the magnitudes that would

TABLE 2

Magnitude Results for the Eight Earthquakes Considered in This Study

Earthquake NEIC Magnitude  Magnitude (Seismic)
23 January 2018 Kodiak 7.9 7.69
12 August 2018 Kaktovik 6.4 6.32
30 November 2018 Anchorage 7.1 7.02
22 July 2020 Perryville 7.8 7.63
19 October 2020 Sand Point 7.6 7.62
29 July 2021 Perryville 8.2 7.82
9 September 2022 Minto 3.7 3.89
19 September 2022 Minto 49 484

Magnitude (Infrasound)  Number of Stations  Magnitude Type

7.78 85 M;(BB)
6.40 38 M,
7.04 47 M,(BB)
7.70 44 M,(BB)
7.67 74 M;(BB)
7.92 55 M;(BB)
4.09 Eight (single seismic) M,
4.98 Eight (single seismic) M,

The published National Earthquake Information Center (NEIC) magnitude is from the Advanced National Seismic System (ANSS) catalog (U.S. Geological Survey, 2017), whereas

the seismic and infrasound magnitudes are from this study.
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Figure 8. (a) Scatter plot of correlation as a function of pre-event noise. The
pre-event noise is the standard deviation of five minutes of infrasound data
preceding the predicted P-wave arrival. The correlation value is from cross
correlating the converted infrasound waveform with the vertical seismic
waveform. Circles, diamonds, and squares denote the AK, AV, and TA
networks, respectively. Shapes are colored by station epicentral distance in
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kilometers. (b) Scatter plot of the same dataset as in panel (a) but with
correlation as a function of epicentral distance. Shapes are colored by the
log of pre-event noise and show that quieter stations have higher corre-
lations with little relation to distance. The color version of this figure is

available only in the electronic edition.
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be determined, if the CLI conversion had used extreme physi-
cal values for the acoustic parameters. The plot indicates that
using these extreme values would result in changing the mag-
nitude estimate by plus or minus one or two-tenths of a mag-
nitude. This indicates that determining extremely precise
estimates of acoustic parameters is not required for accurate
magnitude estimates.

CONCLUSIONS
We have demonstrated that the simple relationship between
pressure perturbation and vertical ground motion may be used
to convert local infrasound recordings of earthquakes to vertical
seismic velocity that can then be used for earthquake source esti-
mation. A feature of this technique is that absolute pressure
amplitudes associated with local infrasound, even for large
ground motions, are small, so that the vertical velocity recorded
by infrasound sensors will rarely be subject to clipping or non-
linear effects for the maximum pressure values recorded for even
great earthquakes. This technique will be useful for replacing
broadband recordings of large and or near earthquakes that have
clipped. Near-source recordings contain important information
for many algorithms for estimating source parameters and are
the stations most likely to clip. CLI can be used to replace clipped
recordings for input into techniques including waveform inver-
sion and fast magnitude estimators for earthquake early warning
or tsunami warning.

We have also demonstrated that the CLI recordings may be
used to estimate earthquake magnitudes. Our results show that
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Figure 9. Scatter plot showing the range of M,(BB) values for the M 7.6
Sand Point earthquake for each station that would occur if the pressure to
vertical seismic velocity conversion was done using physically extreme values
of acoustic parameters. Circles denote the preferred values used in the study
and are colored by measured seismic velocity amplitude. Vertical lines at
each point show the magnitude range imposed using the extreme values.
The color version of this figure is available only in the electronic edition.

the magnitudes can be calculated effectively using an infrasound
array for a light local earthquake, allowing for an average mag-
nitude value to be computed from the array. The CLI recordings
are also viable for computing network magnitudes on a regional
network for moderate-to-great earthquakes. Although this study
was restricted to earthquakes, large subsurface explosions will
also generate local infrasound, and the technique will be appli-
cable to deriving magnitudes for such events or possibly for yield
estimation (Stevens and Murphy, 2001). This study has focused
on the M), and M (BB) magnitude estimators, but these are
only proof-of-concept examples. Because CLI is effectively a ver-
tical ground-motion time series, any algorithm that uses such
seismic data will be able to leverage the infrasound recordings.
This means that the local infrasound recordings become a viable
data source for such tasks as tsunami warning, source inver-
sions, or explosion monitoring.

Infrasound stations have become more ubiquitous in the
recent years. Many former TA stations, with their single infra-
sound sensor, have been adopted into permanent regional net-
works, both in Alaska and in the conterminous United States.
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The IM network includes a global grid of 53 infrasound arrays,
with an eventual goal of 60 stations (Christie and Campus,
2010). Further, infrasound sensors are typically less expensive
and easier to deploy than broadband seismic equipment. For
example, a popular broadband instrument such as a Trillium
120 Posthole is factor of 2 more expensive than a current
Hyperion infrasound sensor such as an IFS-5313. This study
has demonstrated that infrasound has the potential to augment
seismic data for some aspects of earthquake and seismic source
monitoring using a readily available sensor platform.

DATA AND RESOURCES

All infrasound, seismic, and temperature data used in this study were
produced by the networks of the USArray Transportable Array (TA)
project (doi: 10.7914/SN/TA), the Alaska Earthquake Center (doi:
10.7914/SN/AK), Alaska Volcano Observatory (AV, doi: 10.7914/
SN/AV), the Global Seismographic Network (GSN; doi: 10.7914/
SN/II), and the International Miscellaneous Stations, and these data
are available from the Incorporated Research Institutions for
Seismology Data Management Center (IRIS DMC; http://ds.iris.edu/
ds/nodes/dmc/, last accessed November 2022). This project relied
heavily on free and open-source software packages including ObsPy
(doi: 10.5281/zen0d0.3706479) and PyGMT (doi: 10.5281/zenodo.
5607255; Wessel et al., 2019).
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APPENDIX

This appendix provides plots of all waveforms used for mag-
nitude calculations in the study. Figure Al shows waveforms
from the 23 January 2018 M 7.9 earthquake, Figure A2 the 12
August 2018 M 6.4 earthquake, Figure A3 the 30 November
2018 M 7.1 earthquake, Figure A4 the 22 July M 7.8 earth-
quake, Figure A5 the 19 October 2020 M 7.6 earthquake,
Figure A6 the 29 July 2021 M 8.2 earthquake, and Figure A7
the 9 September 2022 M 3.9 earthquake.
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Figure A1. Waveforms for all stations used to compute magnitudes for
23 January 2018 M 7.9 earthquake. Vertical seismic velocity is shown

in black, whereas CLI is shown is brown, both in meters per second.
Waveforms have been moveout corrected by estimating the surface-wave
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arrival time, assuming a velocity of 3.5 km/s. Picks used for the amplitude
measurement are shown as red vertical line segments. All waveforms have
been band-pass filtered between 3 and 60 s. The color version of this figure
is available only in the electronic edition.
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Figure A2. Waveforms for all stations used to compute magnitudes for
12 August 2018 M 6.4 earthquake. Vertical seismic velocity is shown in
black, whereas CLI is shown is brown, both in counts. Waveforms have been
moveout corrected by estimating the P-wave arrival time, assuming the
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IASP91 velocity model. Picks used for the amplitude measurement are
shown as red vertical line segments. All waveforms have been band-pass
filtered between 1 and 5 Hz. The color version of this figure is available only
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Figure A3. Waveforms for all stations used to compute magnitudes for arrival time, assuming a velocity of 3.5 km/s. Picks used for the amplitude

30 November 2018 M 7.1 earthquake. Vertical seismic velocity is shown measurement are shown as red vertical line segments. All waveforms have
in black, whereas CLI is shown is brown, both in meters per second. been band-pass filtered between 3 and 60 s. The color version of this figure
Waveforms have been moveout corrected by estimating the surface-wave is available only in the electronic edition.
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Figure A4. Waveforms for all stations used to compute magnitudes for
22 July 2020 M 7.8 earthquake. Vertical seismic velocity is shown in
black, whereas CLI is shown is brown, both in meters per second.
Waveforms have been move-out corrected by estimating the surface wave

arrival time, assuming a velocity of 3.5 km/s. Picks used for the amplitude
measurement are shown as red vertical line segments. All waveforms have
been band-pass filtered between 3 and 60 s. The color version of this figure
is available only in the electronic edition.
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Figure A5. Waveforms for all stations used to compute magnitudes for
19 October 2020 M 7.6 earthquake. Vertical seismic velocity is shown

in black, whereas CLI is shown is brown, both in meters per second.
Waveforms have been moveout corrected by estimating the surface-wave

arrival time, assuming a velocity of 3.5 km/s. Picks used for the amplitude
measurement are shown as red vertical line segments. All the waveforms
have been band-pass filtered between 3 and 60 s. The color version of this
figure is available only in the electronic edition.
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Figure A6. Waveforms for all stations used to compute magnitudes for
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29 July 2021 M 8.2 earthquake. Vertical seismic velocity is shown in
black, whereas CLI is shown is brown, both in meters per second.

Waveforms have been moveout corrected by estimating the surface-wave
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Figure A7. Waveforms for all stations used to compute magnitudes for
9 September 2022 M 3.9 earthquake. Vertical seismic velocity is shown
in black, whereas CLI is shown is brown, both in counts. Waveforms have
been moveout corrected by estimating the P-wave arrival time assuming the
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IASP91 velocity model. Picks used for the amplitude measurement are
shown as red vertical line segments. All waveforms have been band-pass
filtered between 1 and 5 Hz. The color version of this figure is available only
in the electronic edition.
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