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Abstract

We present the transverse coherence minimization method (TCM)—an approach to estimate
the back-azimuth of infrasound signals that are recorded on an infrasound microphone and
a colocated three-component seismometer. Accurate back-azimuth information is impor-
tant for a variety of monitoring efforts, but it is currently only available for infrasound arrays
and for seismoacoustic sensor pairs separated by 10 s of meters. Our TCM method allows for
the analysis of colocated sensor pairs, sensors located within a few meters of each other,
which may extend the capabilities of existing seismoacoustic networks and supplement
operating infrasound arrays. This approach minimizes the coherence of the transverse com-
ponent of seismic displacement with the infrasound wave to estimate the infrasound back-
azimuth. After developing an analytical model, we investigate seismoacoustic signals from
the August 2012 Humming Roadrunner experiment and the 26 May 2021 eruption of Great
Sitkin Volcano, Alaska, U.S.A., at the ranges of 6.5-185 km from the source. We discuss back-
azimuth estimates and potential sources of deviation (1°-15°), such as local terrain effects or
deviation from common analytical models. This practical method complements existing seis-
moacoustic tools and may be suitable for routine application to signals of interest.
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Introduction location (Assink et al, 2016) as well as Earth structure at the

Infrasound waves, sound waves with frequencies below ~20 Hz,
induce ground motion when they impinge on the Earth’s
surface. These signals are commonly observed on vertical and
horizontal components of seismometers (Johnston, 1987), in
which they are sometimes called ground-coupled airwaves
(GCAs). Acoustic waves at grazing incidence couple into the
ground along the vertical and radial components of the propa-
gation path, and analytical models predict a —7/2 phase shift
between the incident acoustic wave and the vertical component
of the seismic velocity (e.g., Sorrells, 1971; Ben-Menahem and
Singh, 1981; Anthony, Ringler, et al., 2022). Acoustic-seismic
energy transfer is complex and dependent on many factors,
including arrival angle and elastic medium parameters
(Bishop et al, 2022). GCAs have been recorded from a variety
of natural (McKee et al, 2018) and anthropogenic phenomena
(Edwards et al., 2007), and further development of GCA analysis
methods may provide additional constraints on acoustic source
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sensor locations (Anthony, Ringler, et al., 2022).

After an infrasound signal is detected on a collection of
sensors (Fee et al, 2016), accurately estimating the signal
back-azimuth is an important step for a variety of monitoring
frameworks (Matoza et al., 2017; Blom et al., 2020). Multiple
methods have been developed to identify GCAs in seismic data
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using an infrasound sensor and a nearby seismometer
(Ichihara et al, 2012; Matoza and Fee, 2014; Mendo-Pérez
et al., 2021). These methods complement seismic polarization
analysis and better enable wavefield separation (Haney et al,
2020). For example, ground motion from volcanic eruptions
may be due to seismic tremor or sustained infrasonic signals
(Matoza and Fee, 2014). The coherence between the infra-
sound data and the vertical component of the seismometer
is crucial for identifying frequencies that are from air-to-
ground coupled waves instead of pure seismic waves. For
nearly colocated infrasound and seismometer sensor pairs, in
which seismometers and infrasound sensors are located within
tens of meters from each other, the GCA-BAD determination
method can be used to estimate the back-azimuth of the inci-
dent infrasound wave by leveraging the sensor separation and
associated phase offset (McKee et al., 2018). This method is
useful but relies on sensors being separated by at least a few
meters (5-212 m in the previous work)—a distance the infra-
sound signal propagates over several sample increments. In
addition, a relatively high sample rate is required to accurately
estimate the back-azimuth from time shifting, with the opti-
mum recommended as =100 Hz (McKee et al., 2018). To lev-
erage a broader range of sensor configurations for signal back-
azimuth estimation, such as data from the former USArray
Transportable Array (TA; Busby and Aderhold, 2020), we seek
a method for processing approximately colocated infrasound
microphone and seismometer pairs.

Here, we introduce the transverse coherence minimization
(TCM) method. We first briefly describe our approach and
provide a derivation. We then analyze seismoacoustic signals
from the August 2012 Humming Roadrunner (HRR) trials and
the 26 May 2021 eruption of Great Sitkin Volcano, Alaska,
U.S.A. Finally, we discuss some limitations to this technique
and future work.

TCM

Analytical models suggest that acoustic waves only couple into
the ground along the propagation path of the wave in the ver-
tical and radial directions (Ben-Menahem and Singh, 1981).
Because of the spatial symmetry in the pressure wave, there
is no differential ground motion along the wavefront for flat
ground and a horizontally layered Earth model. This also
means that there is no differential displacement along the
wavefront. Thus, the seismic velocity and displacement com-
ponents normal to the vertical and radial directions, that is, the
transverse component, are zero. Motivated by this theory, our
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TCM method works by estimating the signal direction such
that the coherence between the infrasound and transverse
component of the seismic data is minimized. In practice, both
the azimuth and the back-azimuth minimize this coherence. In
an effort to resolve this ambiguity, we choose the back-azimuth
such that the resulting seismic particle motion is retrograde
(McKee et al., 2018).

Our method is based on the magnitude-squared coherence
between an infrasonic signal (I) and seismically coupled trans-
verse displacement (7):

B |TI*|2

= 1
EFETTE .

For a given frequency, we denote the complex conjugate of
the infrasound signal Fourier coefficient as I*. We further
develop this model by assuming that the infrasound wave
and seismic displacement recorded on the north (N) and
east (E) components of the seismometer can be expressed as
harmonic plane waves with uncorrelated noise.

I = AIei(wt+¢,) + np,
E = Agsin ye'@+9 4 ng,
N = Agcos ye' @9 + ny, ()

in which Aj is the infrasound amplitude; Ay is the amplitude of
the radial seismic displacement; #; is the infrasound noise; ng is
the east component seismic noise; ny is the north component
seismic noise; ¥ is the infrasound back-azimuth; w is the angular
frequency; t is time; and ¢ is a phase angle. Although they are
uncorrelated, we assume that the ng and ny have the same
expected value, which we refer to generally as seismic noise (n).
Moreover, we decompose the transverse seismic component into
N and E components from a wave with a trial back-azimuth (6):

T = Nsin(6) — E cos(6). 3)

Substituting equations (2) and (3) into equation (1) (see the
supplemental material, available to this article), we simplify to
obtain:

sin?(0 - )
14 :—) (sin2(9 —y)+ A—)

Equation (4) describes the transverse seismoinfrasonic

Cri(0) = ( )

magnitude-squared coherence as a function of the trial

back-azimuth (0). This transverse magnitude-squared
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Figure 1. Magnitude-squared coherence model (C(8)) for different
infrasound and radial seismic signal-to-noise ratios (SNRs; equation 4).
The hypothetical signal back-azimuth (y) is 0°, so the transverse coher-
ence has minima at 0° and 180° (black vertical lines). The corresponding
radial coherence maxima occur at 90° and 270° (gray vertical dashed
lines).

coherence (Cr;(8)) is zero when 6 equals the back-azimuth (y)
of the incident infrasound wave, and we note that equation (4)
lacks an explicit frequency dependence. For computational
speed, we use tensor rotations to form the spectral density
matrices of the transverse component in equation (4) from
spectral densities of the N and E seismic components.
Throughout this work, we also use the magnitude-squared
coherence between the infrasound microphone and the vertical
seismic displacement (Z) both as a heuristic to denote relative
quality in the arrival of the infrasound wave as well as a fre-
quency-dependent weighting function:

12
2= ©

Example values of equation (4) with different signal-to-noise
(SNR) levels (using peak-to-peak amplitudes) for the infrasound
(':—g) and the radial seismic component (':—z‘) are shown in
Figure 1. We see that the transverse coherence minima become
sharper for larger SNR on the radial seismic component (com-
pare red and green lines), thus the uncertainty in the estimate of
the true back-azimuth decreases. We also note that the maxima
of the curves (radial magnitude-squared coherence) in Figure 1
are much broader and more poorly defined than the minima
(transverse magnitude-squared coherence). Furthermore, for
the same seismic SNR, lowering the infrasound SNR appears
to lower the peak radial coherence (compare red and orange
lines), but it has no affect on the transverse minimum, because
it acts as an overall scale factor in equation (4). For these reasons,
we advocate for TCM instead of radial coherence maximization
(Anthony, Ringler, et al., 2022).

https:/www.seismosoc.org/publications/the-seismic-record/

Downloaded from http://pubs.geoscienceworld.org/ssaltsr/article-pdf/3/4/249/5979003/tsr-2023023.1.pdf

DOI: 10.1785/0320230023

Data

To illustrate our method, we investigate seismoacoustic signals
from the August 2012 HRR experiment and the 26 May 2021
explosive eruption of Great Sitkin Volcano.

HRR analysis

The HRR experiment consisted of a series of controlled chemi-
cal explosions at the White Sands Missile Range in New
Mexico, U.S.A,, from 14 to 31 August 2012 (Fig. 2a; Kim
and Rodgers, 2017). The resulting infrasound was recorded at
local-to-regional distances (Kim and Rodgers, 2017; Green et al.,
2018). We use the TCM method to estimate the back-azimuth
of the infrasound signals recorded on TA station 121A
(32.532398°, —107.785103°) from the HRR-1 and HRR-3 explo-
sions in the series. This station is located 160 km from HRR-1
and 173 km from HRR-3. HRR-1 (33.41902°, —106.42937°)
was an 18,140 kg trinitrotoluene (TNT)-equivalent explosion
that occurred on 16 August 2012, and HRR-3 (33.68042°,
-106.52276°) was a 9070 kg TNT equivalent explosion that
occurred on 19 August 2012. For additional analysis of the infra-
sound recordings and propagation conditions from this experi-
ment, we refer the reader elsewhere (Kim and Rodgers, 2017;
Green et al., 2018). An additional example showing TCM results
for the HRR-1 signal recorded on TA station W18A is also
provided in the supplemental material. TA station 121A had
a Hyperion microbarometer, a Quantera 330 linear phase
composite digitizer, and a colocated Streckeisen STS-2 G3
three-component seismometer. We filtered the infrasound
and seismic waveforms from 10.0 to 17.0 Hz for HRR-1 and
from 8.0 to 16.0 Hz for HRR-3. We process both the HRR-1
data and the HRR-3 data in 5 s windows with 90% overlap.
For our back-azimuth estimation, we smooth the coherence over
four adjacent windows as a form of regularization on the param-
eter estimates.

Great Sitkin Volcano eruption analysis

Seismic and infrasonic signals from the 26 May 2021 eruption of
Great Sitkin Volcano (05:03:55.84 UTC) were recorded at multi-
ple stations across the Alaska Volcano Observatory (AVO)
monitoring network. Here we focus on seismoacoustic station
pairs GSMY, GALA, KOWE, and KONW (Fig. 2b), which are
located ~7 km (GSMY), 185 km (GALA), 132 km (KOWE), and
136 km (KONW) away from Great Sitkin Volcano. Each station
pair is equipped with a Chaparral 64-UHP?2 infrasound sensor, a
Nanometrics Centaur digitizer, and a Trillium Compact 120 s

three-component seismometer. The infrasound microphone
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Figure 2. Map of the colocated infrasound and seismometer sensor pairs
used in this study. (a) TA station 121A (gray marker) is shown to the
southwest of Humming Roadrunner (HRR1; red triangle) and HRR3 (blue
triangle). (b) Alaska Volcano Observatory (AVO) stations GSMY, GALA,
KONW, and KOWE (gray markers) are shown in relation to Great Sitkin
Volcano (red triangle).

and the three-component seismometer are located within
~10 m of each other for these stations. Data from GALA
and GSMY are filtered from 13.0 to 18.0 Hz, and data from
KOWE and KONW are filtered from 14.0 to 18.0 Hz. Data from
all the four stations are processed in 5 s windows with 90% over-
lap. We again smooth the coherence over four adjacent windows
for our back-azimuth estimation.

Results

HRR analysis

TCM processing results for the HRR-1 and HRR-3 explosions
recorded on TA station pair 121A are shown in Figure 3. An
impulsive infrasound signal from HRR-1 is visible at 18:19:28
UTC (Fig. 3a) and lasts for~5 s; notably the signal arrives in an
otherwise noisy window (Fig. 3a,e). An impulsive seismic dis-
placement signal with high coherence between the vertical
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seismic component and the infrasound signal is also observed
(Fig. 3c,i). The TCM-derived back-azimuth estimates during
this time start at ~55° with low coherence (C,; = 0.47)
migrates to 53° at the maximum mean weighted coherence
(Cz; = 0.85) and then returns to ~57° with decreasing coher-
ence (Cz; = 0.48; Fig. 3k). The back-azimuth estimate at the
maximum mean weighted coherence (53°) is deviated ~1°
from the source back-azimuth (52°).

The infrasound data and TCM processing for 121 A show up
to four arrivals that may be associated with HRR-3 (Fig. 3). A
low-amplitude signal first appears on the infrasound and seis-
mic traces at 23:35:49, followed by an impulsive, higher ampli-
tude signal at 23:36:01. Two other potential arrivals appear at
23:36:40 and 23:37:00 (Fig. 3b,f). The infrasound and vertical
seismic traces have broad, high-magnitude-squared coherence
(Cyzp) across this time period (Fig. 3Lp). Back-azimuth esti-
mates starting at 23:35:49 are between 53° and 56°, with a peak
at coherence (C,; = 0.55) at ~49°. For the signal beginning at
23:36:01, the back-azimuth estimates start at ~38° and migrate
to 54° with a relatively high coherence (C;; > 0.70). This sig-
nal has the highest vertical coherence (Cz; = 0.85), and the
associated back-azimuth value (39°) is deviated ~3° from
the ground-truth back-azimuth to the HRR-3 explosion.
The signal at 23:36:40 has back-azimuth estimates that range
from 53° to 34° with a mean vertical magnitude-squared coher-
ence of 0.47, and the back-azimuth estimates for the signal at
23:37:00 ranges from 55° to 33° with a mean vertical magni-
tude-squared coherence of 0.51.

To more directly connect our time-frequency processing
with our analytical model (Fig. 1), Figure 30,p shows the trans-
verse coherence (equation 1) calculated by rotating a 5 s win-
dow of infrasound and horizontal seismic data for HRR-1 and
HRR-3. These data were filtered in the same frequency band
as the TCM processing, and the time windows are marked by
the blue shaded regions in (Fig. 3a-d). As suggested by our
analytical model (Fig. 1), both the plots have transverse min-
ima that are narrower than their radial coherence maxima.
However, the coherence plot for HRR-3 also has local minima
in the transverse coherence at 67° and 247°. When looking at
the time-frequency plots of transverse coherence (Fig. 3m,n),
we likewise see that the transverse coherence for HRR-1 is low
across the frequencies of interest, but HRR-3 data has higher
(>0.50) transverse coherence across some frequencies. When
the seismic data are rotated using the ground-truth back-azi-
muth, the spectrograms for the transverse components show
little energy (Fig. 3gh). The transverse coherence does not

The Seismic Record 252


https://www.seismosoc.org/publications/the-seismic-record/

—
[
~

HRR1 - infrasound (1)

e
=

(Pa)

Pressure

(¢
~

HRR1 - vertical seismic (Z)

Displacement
(nm)

—
D

~

- ’

<

5
PSD
(dB re 20uPa?/Hz)

Frequency
(Hz)

—

Frequency &
&3

(Hz)
5 R
|
dBrelnm

=
o

—~
~

e
o<

E [ | [ [T
o o o o o
& o W ® © o
. Maximum
weighted coherence

>
2
TN 14
T
o 12
'S
(k) 10
2 60
L
=
-
£ 55
N
©
3
3
& 50 0.4
(m)
> 16 % 8
2 o<
N Q
IN 14 05 28
XS 2o
g 12 5%
= (=]
10 0.0
(O) UTC time: 16 August 2012
1.0
I HRR-1
c
[
<
7}
e -
o
o
[
w
4
o
>
2 02
o
F oo

o s 10 1o 0 B0 %0 w0
Backazimuth (°)

go to zero, as suggested by our analytical model (equation 4). In

deriving our model, we assume that our infrasound and hori-

zontal seismic noise variables are uncorrelated. However, corre-

lation between infrasound and horizontal seismic components

can occur for ground tilt (Dybing et al., 2019).

Great Sitkin Volcano eruption analysis

TCM processing results for regional stations GALA and GSMY
are shown in Figure 4. Seismoacoustic station GALA (Fig. 2b)
records a clear infrasound signal and GCA at ~05:14:58 UTC
(Fig. 4a,c,e). The vertical magnitude-squared coherence is
highly variable across the analysis frequency band (Fig. 4i).
Back-azimuth estimates generally point in the direction of
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Figure 3. Transverse coherence minimization method (TCM) analysis of the
HRR-1 (a,c,e,q.i,k,m,0) and HRR-3 (b,d,f,h,j,I,n,p) signals recorded at TA
station 121A. TCM processing results are (a,b) the pressure trace from the
infrasound sensor; (c,d) the vertical seismic displacement; (e,f) the
infrasound spectrogram; (g,h) the spectrogram of the transverse seismic
component; (i,j) the magnitude-squared coherence between the infra-
sound and vertical displacement (equation 5); (k,I) the back-azimuth
estimates; and (m,n) the transverse coherence. The transverse spectro-
gram is calculated using the ground-truth back-azimuth to the source,
and the transverse coherence is obtained by rotating the horizontal
seismic components using the back-azimuth estimates in panels (k) and
(I). For comparison with Figure 1, we show the transverse coherence from
a rotation of the broadband seismic waveforms in panels (o) and (p). The
blue shaded 5 s regions in the infrasound and seismic traces were chosen
for rotation. The gray dotted lines in panels (k,0) and (I,p) indicate the
geographic back azimuths to HRR-1 and HRR-3, respectively.
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Great Sitkin Volcano, but there is large variability (71°-98° for
C,; > 0.60). For our 5 s windows, some back-azimuth values
for the GCA are flipped 180°. However, increasing the window
length used for processing appears to stabilize the back-azi-
muth estimates (see the supplemental material). The transverse
coherence during the signal (Fig. 4m) varies broadly, but
frequencies of high transverse magnitude-squared coherence
appear to occur with low vertical magnitude-squared coher-
ence (Fig. 4i,m).

Local station GSMY recorded an impulsive infrasonic signal
at ~05:04:15 UTC followed by an ~30 s coda (Fig. 4b). The
seismometer recorded both the coeruptive seismic signal at
~05:03:56 UTC followed by the impulsive GCA at the arrival
time of the infrasound wave (Fig. 4d). Both the GCA and coda
have high energy and coherence (Fig. 4f,j). The resulting back-
azimuth estimate is shown in Figure 41 with the geographic
back-azimuth (307°) to Great Sitkin Volcano. The back-
azimuth estimates of the GCA are ~315°, with the back-azi-
muth (315°) at peak vertical magnitude-squared coherence
(Cy; = 0.77) deviated from the back-azimuth to Great Sitkin
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Figure 4. TCM analysis of the 26 May 2021 eruption of Great Sitkin
Volcano recorded on AVO seismoacoustic stations GALA (a,c.e,g,i,k,
m) and GSMY (b,d,f,h,j,I,n). The plot is organized in the same way as
Figure 3.

Volcano by ~9°. The transverse magnitude-squared coherence
during this time is low, except for a brief period during the
GCA at high frequencies (>17.0 Hz, Fig. 4n).

Infrasound and GCA signals recorded at regional stations
KOWE and KONW are more emergent, and arrive at
~05:10:21 UTC and 05:10:33 UTC, respectively (Fig. 5a-d).
Both the infrasonic signals are broadband (Fig. 5e,f) and have
a coherent coda following the peak amplitudes (Fig. 5i,j). The
back-azimuth estimates for KOWE are variable (Fig. 5k), rang-
ing from 260° to 264° for vertical magnitude-squared coher-
ence values greater than 0.80. At peak vertical coherence
(Cy; = 0.90), the estimated back-azimuth is 261°, which is
deviated ~4° back-azimuth to Great Sitkin
Volcano. The coda recorded at this station has lower coherence
(peaking at 0.71) and varies from 280° to 256°. At the

from the
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maximum coherence (Cz; = 0.71), the coda back-azimuth is
approximately the same as the main signal (260°). The back-azi-
muth estimates for KONW are also variable (Fig. 51), migrating
between ~260° and 238°. The back-azimuth estimates sweep
through the back-azimuth to Great Sitkin Volcano near the sig-
nal onset, but the back-azimuth estimate is 241° at peak coher-
ence (Cz; = 0.83). This value is deviated by ~15° from the
back-azimuth to Great Sitkin Volcano. The acoustic coda has
a lower overall coherence (peaking at C,; = 0.66) with back-
azimuth estimates between 245° and 253° until migrating north
with decreasing coherence. Despite having broadband coher-
ence (Fig. 5ij), both KONW and KOWE have relatively high
transverse coherence at various frequencies (Fig. 5m,n).

Discussion

TCM processing expands the set of sensor configurations for
infrasound signal back-azimuth estimation beyond conven-
tional infrasound arrays or spatially separated seismoacoustic
sensor pairs. This allows us to take advantage of existing
colocated sensor pairs, such as the former TA, to obtain more
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Figure 5. TCM analysis of the 26 May 2021 eruption of Great Sitkin
Volcano recorded on AVO seismoacoustic stations KOWE (a,c,e,g,i,k,m)
and KONW (b,d,f,h,j,I,n). The plot is organized in the same way as
Figures 3 and 4.

back-azimuth estimates for signals of interest. We find that
TCM can accurately estimate back azimuths at local (a few kilo-
meters) to regional (tens to hundreds of kilometers) distances,
although there is some variability in the back-azimuth estimates.

Detailed propagation modeling is beyond the scope of this
article, but we can calculate celerities for the infrasound signals
to better understand the propagation paths for the different
GCAs. Using the explosion source time and distances between
TA 121A and HRR-1 (160 km) and HRR-3 (173 km), we esti-
mate celerities of 0.282 and 0.289 m/s for the impulsive arrivals
in Figure 3a,b. These celerities suggest a stratospheric propa-
gation path (Ceranna et al., 2009). However, for these source-
receiver distances, these arrivals are perhaps partial refractions
from stratospheric altitudes, as noted in the previous analysis
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for the HRR explosions (Green ef al., 2018). For the eruption of
Great Sitkin Volcano, we use the visually picked arrival times
of the infrasound waves at GALA (185 km), GSMY (6.5 km),
KOWE (132 km), and KONW (136 km) to calculate infra-
sound celerities. These values are 0.279, 0.333, 0.344, and
0.343 km/s, respectively. These celerities suggest that the
arrival at GALA is ducted through the stratosphere, the signal
at GSMY is a direct arrival, and the signals at KOWE and
KONW are ducted through the troposphere (Ceranna et al,
2009). These propagation paths will intersect the ground
surface at different incidence angles (Matoza et al., 2011),
which affects the apparent speed of the propagating acoustic
wave and the coupling characteristics (Anthony, Ringler,
et al., 2022; Bishop et al., 2022).

Both TCM analysis of the HRR-1 and HRR-3 explosion
signals (Fig. 3) had less than ~3° deviation between their
back-azimuth estimates at peak coherence and the back-azi-
muth to their source locations. TCM processing of the Great
Sitkin Volcano eruption data, however, displayed wide vari-
ability in back-azimuth estimates, with deviations between
~4° and 20°. Some of this apparent back-azimuth variability
with time may be due to our choice of window length and
interaction of the acoustic coda with background noise. We
uniformly used 5 s windows for processing throughout this
article, but this choice may not be optimal for all the signal
arrivals. One strategy to mitigate these effects would be to
adapt the TCM method to a narrowband, adaptive window
approach (lezzi et al., 2022). Back-azimuth deviation in the
GSMY estimates (9.2°) is possibly due to propagation effects
related to the local terrain (6.5 km distance). Large (>10°)
back-azimuth deviations from infrasound array processing cal-
culations have also previously been reported after propagation
over distances greater than 100 km (Matoza et al., 2011; Green
et al., 2018; Dannemann Dugick et al, 2022) as a result of
atmospheric cross winds (Diamond, 1963) and concurrent
arrival of multiple acoustic wavefronts (Green, 2015).

In addition to factors resulting from the acoustics, ground
motion related to local geology (Anthony, Watzak, et al,
2022; Wills et al, 2022) may also impact TCM estimates.
Notably, stations KOWE and KONW are located ~4.4 km apart
(Fig. 2). Infrasound peak-to-peak amplitudes are approximately
the same at each sensor, but seismic displacements are only one-
fifth as large at KOWE (0.2 pm) compared to KONW (1.0 um).
Station KOWE had not only a higher coherence between the
infrasound and vertical seismic data than KONW (0.90-0.83),
but it also had higher transverse coherence, specifically at 16 Hz.
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The transverse spectrograms for 121A, GALA, GSMY, KOWE,
and KONW are calculated using the ground-truth back-azimuth
to rotate the full length of seismic data. In contrast to signals at
station 121A (Fig. 3gh), stations GALA, GSMY, KOWE, and
KONW all clearly show some energy on the transverse compo-
nent (Figs. 4g,h and 5gh). In fact, station GALA shows larger
displacement on its horizontal components (N and E) than its
vertical component (Z; see the supplemental material). High
transverse energy has previously been noted from GCAs
(Wills et al., 2022), which is not predicted by current analytical
models that assume a homogeneous half-space and flat terrain
(Sorrells, 1971; Ben-Menahem and Singh, 1981). Our method
also uses the assumption of retrograde particle motion to choose
between the two candidate GCA back azimuths. Prograde
ground motion has occasionally been observed for GCAs
(Langston, 2004; Wills et al, 2022), which would result in a
180° back-azimuth difference relative to the retrograde back-azi-
muth. For completeness, both the directions could be checked
when using TCM results in an association algorithm (Matoza
et al., 2017; Blom et al., 2020). A brief comparison of TCM results
with seismic polarization analysis (Haney et al., 2020) is pre-
sented in the supplemental material.

Systematic processing and infrasound propagation model-
ing is required to better understand the effects of seismoacous-
tic sensor installation on parameter estimates. TCM does not
rely on time shifts, so there is not a strict minimum distance
requirement between sensors. The practical outer limit for sen-
sor pair distances also remains to be resolved, and may be some
function of the frequencies of interest and the local noise field.
Evidence from infrasound array processing suggests that
coherence loss with increasing sensor separation is anisotropic
(Green, 2015), and previous seismoacoustic work has shown
that seismometers in boreholes have lower coherence with
infrasound sensors than shallower burials (Ichihara, 2016;
Anthony, Watzak, et al., 2022). We also note in passing that
any misalignment of the seismometer with respect to the car-
dinal directions would also result in a biased back-azimuth
estimate, in which this bias is the rotation offset. Future work
with propagation modeling might further illuminate the rela-
tive amounts of back-azimuth deviation due to propagation
paths through the atmosphere and local coupling effects.

Conclusions

The TCM method adds to a growing suite of analysis methods
for seismoacoustic data by providing an alternative approach
to compute the back-azimuth of an infrasonic wave that is
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recorded on an infrasound microphone and a seismometer.
The resulting back-azimuth estimates from colocated sensors
point in the direction of their source but are deviated to varying
levels (1°-15°). These encouraging results suggest that the
method could be applied to determine the back-azimuth from
a variety of infrasound signals at difference source-receiver
ranges. We assume that the particle motion is retrograde to
determine the back-azimuth, but prograde ground motion
from GCAs is possible (e.g., Langston, 2004; Bishop et al,
2022; Wills et al., 2022), which would lead to a 180° offset in
the back-azimuth. Additional computational and experimental
work are needed to further develop these methods. For exam-
ple, our broadband analysis could be extended to a narrow-
band analysis (lezzi et al, 2022), which may be more
appropriate for capturing frequency-dependent changes within
a signal. It might also be necessary to record GCAs with a vari-
ety of sensor pair separation distances and geometries to deter-
mine optimal configurations for signals of interest, with
deployment of seismometers at existing infrasound arrays
being one approach (Gibbons et al., 2015).

Data and Resources

This work made extensive use of ObsPy (Beyreuther et al., 2010),
and Figure 2 was created using PyGMT (Uieda et al,, 2022). All
infrasound and seismic data analyzed in this work are available
on EarthScope at https://ds.iris.edu/ds under network codes TA
for station 121A and AV for the other stations. The Python
transverse coherence minimization method (TCM) software is
available on Github at https://github.com/uafgeotools/tcm. All
websites were last accessed in August 2023. The supplemental
material is a single pdf with supplemental text and figures.
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