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Abstract Pressure changes in the atmosphere couple to the solid Earth, producing ground motions that

contain information about local crustal elastic parameters. This type of air-to-ground coupled wave was ob- H”Te‘moe‘ ‘Tan
served globally following the largest explosion of the instrumental age, the climactic eruption of the Hunga Cyi\jrgyE)l—iiété\ny‘i
Tonga-Hunga Ha’apai volcano on 15t January, 2022. We utilize this unprecedented source, along with the Copy & Layout Editor:

presence of colocated seismometers, infrasound sensors, and barometers in Alaska, to examine coupling and Hannah F. Mark
reveal elastic parameters beneath the stations. We derive coupling spectra by forming seismic-to-pressure

amplitude ratios as a function of frequency, and identify passbands of high coherence between the pressure Signed reviewer(s):
and seismic records. By relating coupling spectra in high-coherence bands to elastic parameters, we estimate Tosgro Tanl_'mBOtO
mean shear wave velocities under stations to a depth encompassing much of the upper crust. Our velocity es- onantenrEs
timates from low-frequency coupling exhibit good agreement with a previously existing tomographic velocity Received:
model from Berg et al. (2020), while estimates from high-frequency coupling show considerable scatter when January 17,2025
compared to proxy Vsso, even though the overall values are reasonable. In addition to providing velocity esti- Accepted:
mates, our results also indicate that, for the broadband pressure signals from the Hunga Tonga-Hunga Ha’apai May 15,2025
eruption, microseismic noise exerts a strong effect on the frequency bands where coupling is observed, and Jr)"l“'é*z“SZ;
that the air-to-ground coupled waves exhibit significant complexity not necessarily described by theory. Our e
results show that coupling observations provide a simple forward observation of mean seismic velocities be-

neath seismoacoustic stations, without the need to resort to complex inversion schemes. Itis remarkable that

pressure waves generated thousands of kilometers away are able to reveal the seismic velocity structure of

Alaska to several kilometers depth.

1 Introduction rells (1971) describing the response of an elastic half
space to a plane pressure wave illustrated that coupled

When a pressure wave in the atmosphere interacts with waves decay rapidly with depth, indicating that plac-

the solid earth, a fraction of the energy from that wave
is transferred to the ground as seismic waves—a pro-
cess known as air-to-ground coupling (Sabatier et al.,
1986). This phenomenon, which we refer to simply as
“coupling” below, has been considered as both a source
of noise to be mitigated or as signal to be exploited,
depending on the perspective of the observer (Dugick
et al., 2023). Coupling has long been of interest to seis-
mologists from the perspective of data quality. Atmo-
spheric pressure variations are detectable on broad-
band seismometers, and these so-called pressure ef-
fects typically present at long periods (>100 sec), par-
ticularly on horizontal channels, and are generally con-
sidered by seismologists to be noise (Sorrells, 1971;
Beauduin et al., 1996; Alejandro et al., 2020). There has
been considerable effort undertaken to understand and
mitigate these effects. The theory developed by Sor-

*Corresponding author: kamacpherson@alaska.edu

ing seismometers in boreholes can effectively mitigate
this source of noise. Tanimoto and Valovcin (2016)
used pressure perturbations from two tropical cyclones
recorded on colocated pressure and seismic sensors to
define a threshold pressure below which the vertical
component of a broadband seismometer is unaffected.
Additional mitigation efforts include removing the long-
period pressure-induced noise in processing via the ap-
plication of a pressure-to-seismic transfer function and
insulating seismic installations from pressure changes
(Beauduin et al., 1996; Ringler et al., 2019).

While coupled waves can be a source of seismic noise,
they may also be considered signal, and the coupling
phenomenon has been leveraged to use seismic net-
works as ad hoc low-frequency acoustic networks (An-
glin and Haddon, 1987). For example, Langston (2004)
used three-component seismic stations in the south-
eastern United States (US) to study coupled waves in-
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duced by atmospheric shockwaves associated with the
3" November, 2003 bolide. The deployment of the
EarthScope USArray Transportable Array (TA) to the
contiguous United States and Alaska, beginning in 2004,
resulted in a relatively dense grid of stations across the
region, which have been used to study low-frequency
acoustic waves (Meltzer et al., 1999; Tytell et al., 2016).
For example, Walker et al. (2011) used coupled waves
recorded on TA stations in the western US to compile
a catalog of infrasound (acoustic waves with frequen-
cies below 20 Hz) sources using reverse time migration.
In addition to regional studies, coupled waves recorded
on seismic networks local to volcanoes have been used
to enhance detection and characterization of volcanic
eruptions (Fee et al., 2016). The AlpArray seismic net-
work in Germany recorded coupled waves from a 2018
refinery explosion, and these observations were used
along with ray-tracing to identify different infrasound
phases (Fuchs et al., 2019). Seismoacoustic stations,
that is, stations equipped with colocated seismic and
pressure sensors, are of particular utility for studying
coupled waves. Three-component seismic sensors colo-
cated with pressure sensors that record coupled waves
have been used to estimate the back azimuth to the pres-
sure source. This has been accomplished by examining
the phase shift imposed by the small spatial offsets be-
tween the sensors (McKee et al., 2018), or by minimizing
the coherence with the pressure time series by rotating
a horizontal seismic component until it is at a direction
transverse to the source (Bishop et al., 2023).

Coupled waves are intrinsically related to the ma-
terial parameters of the ground. The theory for the
displacement of an elastic half space in response to a
pressure source moving at typical wind velocities (<20
my/s) derived by Sorrells (1971) was generalized by Ben-
Menahem and Singh (1981) to include sources moving
near the speed of sound, provided the source velocity is
below the local shear-wave velocity. The theory shows
that the displacements are dependent on the elastic pa-
rameters of the half space, making it a useful construct
for estimating material parameters (Langston, 2004).
Using wind as the pressure source, Tanimoto and Wang
(2019) extended the theory to a layered half space and
presented a scheme to invert seismic-to-pressure am-
plitude ratios, referred to as coupling ratios, for the elas-
tic parameters of the layers beneath stations with colo-
cated pressure sensors and seismometers. Coupling ob-
servations were used along with a simplified version of
the Ben-Menahem and Singh (1981) theory to estimate
mean material rigidity to a depth of 30 m beneath colo-
cated stations in the eastern US and Alaska (Wang and
Tanimoto, 2020). The dependence of coupling ratios
on geological conditions has also been indicated by a
relationship between the degree of coupling and topo-
graphic elevation, which is likely acting as a proxy for
the near-surface shear-wave velocity (Wills et al., 2022).
The global pressure waves induced by the 2022 climac-
tic eruption of the Hunga Tonga-Hunga Ha’apai volcano
were used by Anthony et al. (2022a) to model coupling
at long periods (90 sec) on the Global Seismographic
Network (GSN). Their study demonstrated that seismic
waves were efficiently excited at this period, vibrating
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the upper crust to a depth of at least five kilometers.

The fact that the shallow elastic parameter estima-
tion achieved by Tanimoto and Wang (2019) and Wang
and Tanimoto (2020) utilized wind as a source restricted
the depth sensitivity of the calculation to a few tens of
meters. However, the work of Anthony et al. (2022a)
demonstrated the depth sensitivity of the pressure per-
turbations induced by the 2022 Hunga Tonga-Hunga
Ha’apai eruption to be two orders of magnitude deeper.
In this study, we leverage the unprecedented pressure
source from the Hunga Tonga-Hunga Ha’apai eruption,
recorded by a regional seismoacoustic network thou-
sands of kilometers away in Alaska, to estimate the
mean seismic shear wave velocities (V;) of the upper
crust to a depth of five kilometers. We believe that cou-
pling observations have not been used to estimate ve-
locities to such a depth by previous studies. We show
that the frequencies at which coupling is most readily
observed for this event are controlled by the ambient
seismic background noise level. By isolating three dif-
ferent frequency bands where we will show that strong
coupling was observed, spanning 0.007 to 1.6 Hz (142 to
0.625 sec), we can obtain mean V; estimates for three
different depths, including much of the upper crust. We
assess the accuracy of our estimates by comparing them
to a previously computed model of V5 and to an upper
crustal model of V; from tomography. Finally, we dis-
cuss some unique features of the Hunga Tonga-Hunga
Ha’apai coupled waves in Alaska, and demonstrate that
the theory of Sorrells (1971), Ben-Menahem and Singh
(1981), and Tanimoto (2024) may not be adequate to de-
scribe the observed complexity.

1.1 The climactic
Ha’apai eruption

Hunga Tonga-Hunga

The largest atmospheric explosion of the instrumen-
tal age began at approximately 04:00 Coordinated Uni-
versal Time (UTC) on 15" January, 2022, with an ini-
tially submarine eruption of the Hunga Tonga-Hunga
Ha’apai volcano in the Kingdom of Tonga (below, we re-
fer to this event as “HTHH”) (Matoza et al., 2022). This
was the climactic event of an eruptive episode that be-
gan on December 19, 2021, and was extremely ener-
getic, generating a suite of pressure waves across an
exceptionally broad spectrum. These included acous-
tic waves into the audible range (> 20.0 Hz) at source-
receiver offsets in excess of 10,000 km and broadband
infrasound (0.01 to 20 Hz) that were globally detected.
Perhaps the most salient phase generated by the erup-
tion was the Lamb wave—an acoustic gravity wave that
propagates in the solid earth-atmospheric waveguide
at mean lower-atmospheric wave speeds (Lamb, 1881).
Lamb waves are associated with exceptionally large at-
mospheric explosions and have periods longer than 100
sec. The Lamb wave from the HTHH eruption was ob-
served to make four full passages of the earth, the same
number recorded for the Lamb wave produced by the
enormous Krakatau eruption in the 19" century (Ma-
toza et al., 2022). Pressure waves from the HTHH erup-
tion in both the infrasonic and Lamb frequency bands
induced coupling and were recorded on seismometers
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(Matoza et al., 2022; Anthony et al., 2022a).

1.2 The seismoacoustic network in the

Alaska region

The Alaska Earthquake Center and the Alaska Volcano
Observatory operate regional networks (network codes
AK, and AV, respectively) of colocated broadband seis-
mometers, infrasound sensors, and long-period baro-
metric transducers (barometers) (Alaska Earthquake
Center, Univ. of Alaska Fairbanks, 1987; Alaska Vol-
cano Observatory/USGS, 1988). Many of these are for-
mer temporary TA stations that were adopted into the
permanent regional networks (IRIS Transportable Ar-
ray, 2003; Meltzer et al., 1999; Busby and Aderhold,
2020). On 15%™ January, 2022, when pressure waves from
the HTHH eruption arrived in the region, 150 stations
were operating colocated pressure sensors and broad-
band seismometers. These included 106 network AK
stations operating all three sensor platforms of a seis-
mometer, infrasound sensor, and barometer. Network
AV provided 44 stations with seismometers and infra-
sound sensors, ten of which also included barometers.
The seismometers are either three-component Kine-
metrics Streckeisen STS-5A or Nanometrics Trillium 120
sampling at 40.0 or 50.0 samples per second (sps). All
AK network infrasound sensors and 10 network AV sen-
sors were Hyperion Technology Group IFS-4132 mod-
els sampling at 40.0 sps with a flat response from 0.02
Hz up to the Nyquist frequency (Merchant, 2015). The
Hyperion infrasound sensors are ported to the atmo-
sphere through a diffuser, which is a polyvinyl chloride
cap with small holes around its circumference. The re-
mainder of the network AV infrasound sensor were a
variant of the Chaparral 64, either the UHP, UHP2, or
Vx2. These have a flat response from 0.02 Hz to the
Nyquist frequency, and were sampling at 50 sps. Be-
cause TA stations were deployed in Alaska to conform
to a geographic grid with roughly 80 km spacing, many
are situated in exposed areas and are subject to signifi-
cant wind-induced noise affecting the infrasound sen-
sors, which are not equipped with wind noise reduc-
tion systems (Macpherson et al., 2022). However, the
large amplitudes of the HTHH pressure waves allowed
them to be well-recorded at the majority of these sta-
tions, although several did not record in real-time as
they were in their winter power-saving mode. Many of
these have since been manually backfilled. The outside
ambient pressure at 116 of these stations is recorded by
Setra 278 barometers. These are sampled at 40.0 sps and
have a flat response below 5.0 Hz. The Hyperion and
Setra pressure sensors in former TA stations were cho-
sen to provide a very broadband sampling of the pres-
sure field, as the flat portion of their responses overlap
(Tytell et al., 2016).

The combination of the pressure sensor-equipped
stations from AK and AV provide a relatively dense,
regional seismoacoustic network with extensive geo-
graphic coverage of the Alaska region, as can be seen in
Figure 1. The figure shows the station distribution, with
isolines noting the approximate distance to the HTHH
volcanic complex. Stations are colored by the maxi-
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mum peak-to-peak amplitude of the HTHH pressure
wave recorded on the infrasound sensors, filtered be-
tween 0.015 to 0.035 Hz. The inset globe shows the ap-
proximate location of the volcano and its relation to the
Alaska region. Note the high pressure amplitudes, some
in excess of 60 Pa, despite the very large distance to the
source. The network recorded high-quality time series
of HTHH pressure waves and the resulting coupled seis-
mic waves. This is demonstrated by the high degree of
correlation, visible by inspection, between the pressure
and vertical seismic time series; we show record sec-
tions of waveforms from HTHH recorded on the net-
work in Figure 2a, with vertical seismic channels in red,
and infrasound in blue in Figure 2b, filtered between
0.015 and 0.035 Hz. Note the remarkable similarity of
the infrasound and seismic waveforms, indicating the
latter is indeed the coupled wave. These high-quality
recordings of the HTHH eruption provide a unique op-
portunity to estimate seismic velocities of the upper
crust in the Alaska region using coupling observations.

2 Methods

While the large amplitudes of the HTHH pressure waves
in the Alaska region generally resulted in recordings
with good signal-to-noise ratios (see Fig. 1), we need
to identify frequency bands where efficient coupling oc-
curred. To do this, we compute the magnitude squared
coherence, referred to as “coherence” below, between
recorded pressure amplitudes and the corresponding
seismic velocity from the vertical components of colo-
cated seismometers. The coherence is given by

-
2 GPS
_— :)
GppGss

gl (1)
where G pg is the the cross spectral density of the pres-
sure and seismic data, Gpp is the auto spectral den-
sity of the pressure data, and Gsg is the auto spec-
tral density of the seismic data (Gabrielson, 2011). We
assume frequencies with high (> 0.8) coherence be-
tween pressure and seismic indicate robust coupling
(Tanimoto and Wang, 2019; Wang and Tanimoto, 2020;
Anthony et al., 2022a). We compute power spectral
densities (PSD) from the HTHH pressure and seismic
waveforms to further investigate the relationships be-
tween frequency, amplitudes, and coherence, and to
help identify bands with strong coupling. To window
the HTHH waveforms for computing coherence and
PSDs, we estimate the arrival time by 1) using the ori-
gin time of 15% January, 2022 04:14:45 UTC from Matoza
et al. (2022); 2) computing the source-receiver offset
using the World Geodetic System 1984 ellipsoid (Slater
and Malys, 1998); and 3) finding the approximate arrival
time at each station assuming a mean celerity of 320 m/s
(Matoza et al., 2022). We then take a 2-hour window
from this arrival time for analysis. For both the PSD
and coherence calculations, we divide the data into 5
segments for frequencies higher than 0.015 Hz or 3 seg-
ments for frequencies below 0.015 Hz, and use an over-
lap of 75% (Welch, 1967). Before computing PSDs, we
remove the instrument response of each waveform so
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Figure1l Map of Alaska showing stations with colocated broadband seismometers and pressure sensors that recorded sig-
nal from the HTHH eruption with high (> 0.8) coherence between the vertical seismic and infrasound in a 0.015 to 0.035 Hz
passband. The approximate location of the HTHH volcano is shown by the red star in the inset. Contours show approximate
distance from the volcano. Stations with high coherence are colored by maximum pressure peak-to-peak amplitude. Station
symbol sizes correspond to average coherence for the band. Stations mentioned explicitly in the text are annotated.

that seismic data are in velocity with units of m/s, and
pressure data have units of Pa.

We show the output from the coherence and PSD cal-
culation for all stations in Figure 3. The seismic PSDs
are shown in red, the pressure in blue, and the coher-
ence in gray. Bright red, blue, and gray lines are the
stacked seismic PSDs, pressure PSDs, and coherence,
respectively. Pressure data from the infrasound sen-
sors for frequencies between 0.01 and 2.0 Hz are shown
in Figure 3a, while pressure data from the barome-
ters for frequencies between 0.007 and 0.013 Hz are
shown in Figure 3b. The seismic data in both Figures
3aand 3b are from the vertical component of the broad-
band seismometers. This figure provides a broadband,
network view of coherence and amplitudes from the
HTHH pressure waves, and several features stand out.
There is an obvious coherence peak at 0.025 Hz, in-
dicating strong coupling at this frequency. Addition-

4

ally, there is a modest coherence plateau above 1.0 Hz,
where some stations exhibit high coherence while oth-
ers do not. This large scatter in high-frequency co-
herence across the network results in modest (=~ 0.5)
values for the stack of network coherence. Coherence
drops to nearly zero in a band centered around 0.2 Hz
(5.0 sec), corresponding to the secondary microseism;
likely a result of the microseismic amplitudes exceed-
ing those of the coupled wave. There is also a local min-
imum of coherence around 0.08 Hz (12.5 sec), likely im-
posed by the relatively high seismic amplitudes from
the primary microseism (McNamara and Buland, 2004).
These dips in coherence indicate that bands where cou-
pling is observed for this event, even though pressure
amplitudes are large, are predominantly controlled by
the ambient seismic noise level. This supports the ob-
servation of Anthony et al. (2022a) that maximum ob-
served coupling occurred on the GSN on the quietest
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Figure2 Record section of waveforms from the HTHH explosion recorded on the Alaska regional seismoacoustic network
(see Fig. 1). All waveforms have been filtered between 0.015 and 0.035 Hz and the amplitudes of each trace have been nor-
malized. (a) Recordings from vertical seismic channels in red. (b) Recordings from infrasound channels in blue.

portion of the seismic noise spectrum. It also may be
the case that the band near 0.025 Hz is dominated by
the crustal Airy phase, where Rayleigh wave amplitudes
are enhanced by constructive interference imposed by
a crustal waveguide (Aki and Richards, 2002). Below the
0.025 Hz peak, coherence gradually decreases with de-
creasing frequency, but there is still good coherence be-
low the infrasound band (< 0.01 Hz). There is a modest
local maximum in coherence at 0.00975 Hz (102.0 sec),
indicating strong low-frequency coupling in the Alaska
region. Based on this coherence analysis, we investigate
three different bands in which strong coupling is indi-
cated; 1.2 to 1.6 Hz (0.83 to 0.625 sec), 0.015 to 0.035 Hz
(66.6 to 28.6 sec), and 0.007 to 0.0125 Hz (142.85 to 80.00
sec) (Fig. 3).

Tanimoto and Wang (2019) provide a general “rule
of thumb” expression for the average depth sensitivity
of elastic parameters to pressure-seismic coupling as a
function of frequency, allowing us to interpret these fre-
quency bands as proxies for depth. The depth sensitiv-
ity is given by

h=015-¢c-T, 2)

where h is depth in meters, c is the mean pressure
source speed in m/s, and T is the period in seconds.
Here we assume that the pressure source speed is equal
to the local sound speed, which may be estimated as a

5

function of temperature. We use a linear approximation
of the speed of sound in an ideal gas, valid for tempera-
tures between -33 and 77 degrees Celsius (°C), given by
¢ = 331.3 m/s + 0.6 m/s/°C x Temp where Temp is the
local air temperature in °C (Kinsler, 2000).

We downloaded mean hourly surface temperature
data for the Alaska region from the ERA5 reanalysis
product from the European Centre for Medium-Range
Weather Forecasts (Zippenfenig, 2023; Hersbach et al.,
2023). These data indicate that the mean tempera-
ture across the state of Alaska around the time of the
HTHH arrivals was ~ —13.6 °C, which corresponds to a
mean sound speed of 323.0 m/s. To estimate the depths
to which we are computing average velocities, we use
equation 2 with a mean sound speed of 323.0 m/s and
the mean frequency of each pass band. This results
in approximate depths of 35 m (1.2-1.6 Hz), 1,900 m
(0.015-0.035 Hz) or 2 km, and 4,900 m (0.007-0.0125 Hz)
or 5 km. Itis remarkable that the crust is sensitive to an
atmospheric pressure wave to a depth of nearly 5 km,
particular since the theory of Sorrells (1971) shows that
the coupled wave attenuates exponentially with depth.

In the analysis below, we express seismic-
to-pressure coupling ratios as functions of frequency
by taking ratios of PSDs. We refer to these ratios as
coupling spectra. Specifically, we define the coupling
spectra as the square root of the ratio of the seismic
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Figure 3 Network view of pressure and vertical seismic amplitudes and pressure-seismic coherence as functions of fre-

quency for two hours of data starting a few minutes before the
shown in red, pressure PSDs are shown in blue, and coherence

HTHH arrivals. Seismic power spectral densities (PSDs) are
is shown in gray for individual stations. The thick traces are

stacks of all station PSDs and coherence curves. The microseism band and target bands of good or moderate coherence are

shown by red, green, and blue boxes, respectively. (a) The top pa

nel shows from 0.01 to 2.0 Hz and uses the pressure recorded

on infrasound channels. (b) The lower panel shows from 0.007 to 0.013 Hz and uses the pressure recorded on the barometer
channels. Note that the horizontal axis of panel a) is a log scale while panel b) uses a linear scale.

PSD to the pressure PSD; i.e.

_ | PSDs(f)

PSD,(f)’
where f is frequency, PSD; is the seismic PSD (veloc-
ity), and PSD, is the pressure PSD (Wills et al., 2022)
and has units of m/(Pa - s). The coupling ratio for the

band pass of interest is simply the mean of the coupling
spectra in that band,

I'(f) (3)

I' = mean(T'[f1, f2]), (4)
where f; and f5 are the frequency bounds.

6

In order to estimate the mean seismic velocity to the
depths associated with the three bands outlined above,
we use the theory of Sorrells (1971) for the response of
an elastic half space that relates the coupling ratio of
vertical seismic velocity to pressure with the Lamé pa-
rameters,

(A +2p)
C2u(A+p)

where c is the source velocity, or the sound speed in our
case, )\ is the first Lamé parameter, and p is the rigidity.
Note that p and A both have units of Pa, so that equa-
tion 5 has units of m/(Pa - s), identical to equation 3.

]|

(5)
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Although there is a companion expression relating the
coupling ratio of radial seismic velocity and pressure to
the elastic parameters, we do not use this expression
due to weaker and more variable coherence between ra-
dial seismic and pressure, which we discuss in more de-
tail below. Consequently, with only equation 5, we have
a single equation with two unknowns. To simplify this,
we follow the method of Wang and Tanimoto (2020), in
which they define a “modified” rigidity, i1, under the as-
sumption that A > p in the upper crust. The modified
rigidity is given by

A+
I
A+ 2u

H= (6)
By substituting equation 6 into equation 5, solving for f,
and assuming that the modified rigidity approximates
the true rigidity, we obtain a simplified expression for
rigidity as a function of pressure-seismic coupling,

= (7)

H=or
This provides a simple, intuitive expression in which
rigidity is inversely proportional to the coupling ratio
via the sound speed. The equation illustrates that larger
coupling values occur in material that is less rigid and
thus less resistant to pressure-induced ground motion.
Finally, using an independent estimate for mean ma-
terial density, we can convert our rigidity estimate to
shear wave velocity using the well-known expression

V, =/, (8)
Pest

where p.5; is a density estimate of the material (Shearer,
2019).

2.1 Existing velocity models for comparison

In order to evaluate the effectiveness of our V; estimates
derived from coupling observations, we compare our
results to existing velocity models for the Alaska region.
For our high-frequency band corresponding to an ap-
proximate depth of 35 m, the most appropriate exist-
ing models are of V39, which is the depth-averaged V;
for the upper 30 m of material. Specifically, we use
the Alaska portion of the U.S. Geological Survey’s global
Vsso map, referred to below as “VizoModel” (Wald and
Allen, 2007; Yong et al., 2016; Heath et al., 2020). This
map primarily uses topographic slope as a proxy for
Vss0, but also smoothly integrates survey data for areas
where they are available. Survey data for Alaska are lim-
ited to 15 sites, so the bulk of the map for our study area
is from the proxy slope value. The original grid has a
spatial resolution of 30 arc-seconds, so to compare the
model V30 values to our coupling estimates, we use a
bicubic interpolation to sample the model grid at sta-
tion coordinates.

For our lower frequency bands corresponding to
depths of approximately 2 km and 5 km, we compare
our estimates to the tomographic model from Berg et al.
(2020). Their study utilized TA data to construct a V;
model for the Alaska region by jointly inverting receiver
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functions with Rayleigh wave ellipticity and phase ve-
locity data compiled from earthquakes and ambient
noise. The model is particularly well-suited for com-
parison to our estimates due to its ability to resolve shal-
low crustal structure, such as basins, along with its good
depth resolution. The model consists of 156 layers rang-
ing from the surface to a depth of 144 km. Below 5
km, the layers are 1 km thick, but have 250 m thick-
ness for shallower layers. To find the mean V; from
this model corresponding to our velocity estimates from
coupling, we find the average of the layers, weighted by
layer thickness, to the layer depth closest to our target
depth. Thus, for our 2 km estimate, we depth-average
the model down to the 2 km layer, and for our 5 km es-
timate, we depth-average down to 5 km. We create new
depth-averaged grids of mean V for these depths, and
then use bicubic interpolation to sample the grids at sta-
tion coordinates. We note that original 0.2°by 0.1°grids
were interpolated from observations and station loca-
tions in order to approximate a 3D model.

The conversion from our modified rigidity calcula-
tion to V; requires an estimate of material density (see
eq. 8). For the estimates to 2 km and 5 km depth, we
use a density estimate from a third existing model in or-
der not to bias our V; estimate towards the model used
for comparison, and because the Berg model does not
provide independent estimates of density. For this pur-
pose, we use the CRUST1.0 model, which is a global
crustal model with 1° spatial resolution (Laske et al.,
2013). The model consists of 8 layers from the surface,
including ice and water, down to the lower crust and in-
cluding the upper mantle. Unlike the Berg et al. (2020)
tomographic model, CRUST1.0 provides independent
estimates of velocity and density. To find the density
we need for use in equation 8, we discretize the model
into 100 m slices, following Anthony et al. (2022a), and
depth-integrate the density to the appropriate depth.
For the 35 m estimate, we use densities from the top
layer of the Berg tomographic model, as we expect it to
have superior near-surface resolution.

The models introduced above are useful for compar-
ison and provide an indication of the efficacy of using
coupling observations from the HTHH pressure waves
to estimate mean V. It is important to note that they
are models, and should not be considered ground truth.
However, we believe it is reasonable to expect at least
first-order agreement, and they are therefore useful in
assessing our technique’s utility.

3 Results

Coupling spectra (eq. 3) for stations in the Alaska region
that recorded air-to-ground coupled waves from the
HTHH explosion are shown in Figure 4. Specifically, the
figure shows frequency as a function of coupling ratio
(units of m/Pa - s) with the dots colored by coherence.
We consider coupling values with a coherence less than
0.8 to have low coherence. These values are indicated
as small gray dots and are not used in our calculation
of V. The two panels in Figure 4 cover a broad spec-
trum from 0.0065 to 2.0 Hz, covering much of the in-
frasound spectrum and below (<0.01 Hz). Coupling cal-
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culations displayed on the higher-frequency panel (Fig.
4a) use infrasound channels, while the lower-frequency
panel (Fig. 4b) uses barometer channels. The vertical
axis labels on the right-hand side of each panel indicate
the depth sensitivities corresponding to the frequencies
and were computed via equation 2. The blue squares are
theoretical coupling values computed via equation 5 us-
ing elastic parameters for a central Alaska site (150°W,
65°N) from CRUST1.0.

There are several salient features evident from in-
specting the coupling spectra. There is a clear lack of
high coherence along with elevated seismic amplitudes
in a band corresponding to the secondary microseism,
similar to what is observed in Figure 3. This further il-
lustrates the dependence of observable coupling from
this event on the ambient seismic noise levels. There
is a band of high coherence for almost the entire net-
work between approximately 0.015 and 0.04 Hz, also
in agreement with Figure 3. At frequencies above 0.9
Hz there is considerable spread, with some stations ex-
hibiting high coherence and others not, along with a
large range of coupling ratios. This likely reflects the
large diversity of site conditions for the Alaska regional
seismoacoustic network (see Fig. 1), including stations
on hard rock, coastal areas, basins, and alluvial val-
leys, along with variable pressure amplitudes across the
state. More generally, for high-coherence values be-
tween 0.01 and 2.0 Hz, we observe an approximately log-
linear relationship between frequency and coupling ra-
tio. This likely reflects the depth-attenuation implied by
Sorrells (1971), as well as indicating that deeper, likely
more rigid material is more resistant to coupling, while
shallower, seismically slower material is more readily
excited by the pressure waves. This supports the sim-
ple relationship assumed in equation 6. Observed cou-
pling values are similar in shape to theoretical values,
although they tend to be lower. We hypothesize that this
is likely due to the poor shallow layer resolution of the
CRUST1.0 model. For frequencies below 0.01 Hz shown
in Figure 3b, the coupling spectra are generally simpler
and match theoretical values more closely. There is gen-
erally good coherence below 0.013 Hz, continuing to at
least 0.007 Hz.

We use equations 6 and 8, along with coupling values
from equation 4, to compute mean V; below the Alaska
seismoacoustic network to depths of 35 m, 2 km, and
5 km, corresponding to band passes of 1.2 to 1.6 Hz
(0.83t0 0.63 sec), 0.015 to 0.035 Hz (66.6 to 28.6 sec), and
0.007 to 0.0125 Hz (142.85 to 80.00 sec), respectively. We
find 46 stations with good coherence (> 0.8) for the 35
m depth, 82 stations with good coherence for the 2 km
depth, and 67 stations with good coherence for the 5 km
depth.

The results for the V; calculation to 35 m are shown
in Figure 5. We find a range of reasonable velocities
for the upper 35 meters of materials across both soft
soil and hard rock sites of between 120 m/s and 2,332
m/s. We show a scatter plot of our V; values from cou-
pling as a function of the V30 M odel values in Figure 5a.
The best fit line is plotted in purple, and the gray dot-
ted line indicates equality between the independent and
dependent variables. Note there is considerable scatter

and a lack of a linear relationship, with an R? value of
0.02. Also, our estimates are systematically faster than
the V30 M odel values, and many of our V; estimates are
above the maximum V,39M odel value of 900 m/s. The
right panel shows a map view of this data set, with sta-
tions indicated with inverted triangles colored by the
coupling V; estimate and the symbol size scaled by co-
herence. The background color map is the V 30 M odel,
using the same colorbar as the coupling V; estimate.
Again, itis clear from this map that the V; from coupling
is generally faster, and at some stations significantly so.

The results of estimating mean V to a depth of 2 km
using acoustic-seismic coupling are shown in Figure 6.
We find generally realistic values for the shallow crust
of between 630 m/s and 3600 m/s. This figure setup
is similar to Figure 5 with the scatter plot on the left
and a spatial view on the right. We observe generally
good agreement between our estimates and the Berg
et al. (2020) model, depth-averaged to 2 km. We ob-
serve a modest correlation between our estimates and
the model values, with an R? of 0.30. The best-fit lines
and the line indicating equality have similar slopes, but
indicate that the coupling-derived values are modestly
slower. This may be due to the fact that coupling ob-
servations are more sensitive to slow, near-surface lay-
ers (Tanimoto and Wang, 2019). Our estimates agree
with the Berg model on some broad features, such as
the slower material of the North Slope basin (north of
~ 68°) and another low-velocity zone in the vicinity of
Cook Inlet basin (near 151°W, 60°N). Note that the very
low velocity (630 m/s) station, station A21K (see Fig. 1),
is in the North Slope basin area and is a known soft-
soil site. The regional network typically excludes tim-
ing from this station in their earthquake locations due
to highly delayed arrival times. Further note that this
station is excluded from the scatter plot, as there is no
corresponding value from the Berg model.

We show similar plots for the 5 km depth V; results in
Figure 7. Our estimates provide generally realistic val-
ues for the upper crust of between approximately 2,300
m/s and 3,500 m/s. For this depth we again observe
lower V, values from coupling than those of the Berg
model, but we see a modest relationship between the
observations and model, with an R? of 0.37. Our esti-
mates again capture some large-scale features that are
present in the Berg model, such as low velocity zones
associated with the North Slope basin, the Cook Inlet
basin, and the Cape Yakataga region (145°W, 60°N). Sta-
tions in the North Slope Basin area exhibit velocities
around 2,400 m/s while Cook inlet and Cape Yakataga
sites are moderately faster at around 2,600 m/s. These
are in contrast to many interior sites, which exhibit ve-
locities in excess of 3,000 m/s.

4 Discussion

4.1 Observational departures from theory

The theory expounded in Sorrells (1971) and Ben-
Menahem and Singh (1981) makes several predictions
that have been studied by other researchers and can
be further investigated via the seismoacoustic waves
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from HTHH that were recorded in the Alaska region. versely proportional to the rigidity of the material (we
These predictions include that coupling amplitude is in- rely on this for our V; estimates); vertical seismic veloc-
9
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ity should be correlated with the 90° phase-delayed pres-
sure record; radial seismic velocity will be correlated
with the pressure record, indicating retrograde parti-
cle motion; radial velocity amplitudes should be around
half of the vertical velocity amplitude; and seismic ve-
locity amplitudes will vanish on the tangential compo-
nent (Matoza and Fee, 2014; Anthony et al., 2022bh,a;
Bishop et al., 2023). We investigated these predictions
by examining all three components of ground motion
excited by the HTHH pressure wave. We assumed a
source location for the HTHH eruption of 175.39°W,
20.546°S as reported by U.S. Geological Survey Earth-
quakes Hazards Program (2017) to rotate the horizontal
components into a radial-tangential orientation, and we
note many discrepancies between the theory and our
observations. For example, we show HTHH waveforms
in Figure 8a, recorded at station M26K in central Alaska
(see Fig. 1) that violate several of the conditions that we
expect from theory. The vertical, radial, and tangential
velocity waveforms are shown in the top three panels,
respectively, along with the pressure record. Seismic
and infrasound PSDs and coherence are shown in the
lower panel. All waveforms have been filtered between
0.015 and 0.035 Hz. We observe good coherence near
0.025 Hz for this station, as we generally do for the net-
work, and also good high-frequency coherence. In the
top panel showing the vertical velocity and pressure,
the pressure record has been phase delayed by 90° via
a Hilbert transform. We show zoomed-in details of the
time domain plots of four minutes of data in Figure 8b,
with the background color of each panel corresponding
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to the region indicated by shading in 8a. Note that the
top two panels of 8b both show a comparison of vertical
seismic velocity and infrasound, but that the infrasound
has been phase-delayed by 90° via a Hilbert transform
in the lower panel. We have cross-correlated the pres-
sure waveforms with the velocity waveforms for both
the vertical and radial components without time shifts,
and the correlation coefficients are noted at the top of
the plot. We observe that the phase-delayed pressure is
highly correlated with the vertical velocity, with a corre-
lation of ~ 0.99 as predicted by theory. However, unex-
pectedly, we observe that the radial component of veloc-
ity is out of phase with the non-phase-delayed pressure
record, with a correlation value of ~ —0.04, indicating
prograde particle motion. Further, velocity amplitudes
of the radial component are actually larger than the ver-
tical component, and we observe significant energy in
the tangential component. These observations indicate
that some of the assumptions included in the theory of
Sorrells (1971) are not valid for the coupled waves from
HTHH eruption recorded at M26K. In fact, these fea-
tures are widespread for HTHH observations on the re-
gional network. Of the 82 stations with high coherence
in the 0.015 to 0.025 Hz passband, all have correlation
coefficients between phase-delayed pressure and verti-
cal velocity above 0.7, with a mean correlation of 0.96,
while 43 stations have correlation coefficients between
pressure and radial velocity below 0.7, with a mean cor-
relation of 0.49. This is similar to the low radial corre-
lations observed by Anthony et al. (2022a) in their study
of HTHH waveforms on the GSN. There are also 68 sta-
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tions where the maximum amplitude on the radial ve-
locity component is in excess of half of the maximum
amplitude on the vertical component. To determine if
these observations are a result of uncertainty in source
location or path effects, we performed a grid search be-
tween 0° and 360° to find the back azimuth that mini-
mized the tangential velocity amplitude, but did not ob-
serve an improvement in the number of stations with
low radial correlations (Bishop et al., 2023). However,
it remains plausible that this simple test does not cap-
ture the effect of different multi-pathed arrivals from
this distant source on the observed complexity.

Another possible explanation for the lack of correla-
tion between radial components and pressure at many
stations, and one suggested by Anthony et al. (2022a)
in their study of the GSN, is that the seismic hori-
zontal components are contaminated by tilt noise. In
their study, Anthony et al. (2022a) noted that the only
GSN stations exhibiting high correlations between ra-
dial seismic and pressure were at deep borehole sites
that are likely to be less susceptible to tilt. Tilt would
also explain the apparent random distribution of low-
correlation stations across the region that we observe,
as it has been shown that tilt susceptibility is a function
of highly local site conditions that can operate at scales
oflessthan 10 m (Alejandro et al., 2020). We show in Fig-
ure 9, that while high vertical correlations are observed
over the entire study region (Fig.9a), stations with poor
radial correlation appear to be somewhat randomly dis-
tributed (Fig.9b), and this indicates that complex site
conditions might be inducing tilt at some station but not
at others. To explore this possibility, we examine HTHH
waveforms at the GSN station COLA, in interior Alaska
(see Fig. 1). This station is equipped with a broadband
seismometer at the surface, a broadband seismometer
in a 117 m deep borehole, and a Setra barometer. We
show waveforms details in the 0.015 to 0.035 Hz pass-
band from station COLA, with Figure 9c showing radial
seismic from the seismometer at the surface and Fig-
ure 9d showing radial seismic from the borehole seis-
mometer. While both locations show high vertical cor-
relation between the pressure and vertical seismic, only
the deep sensor shows high radial coherence. This sup-
ports the theory that many of the stations exhibiting
low radial correlations are being affected by tilt con-
tamination. If this is indeed the case, the variability
of the degree of tilt susceptibility across the network
is remarkable, as these are former TA sites with very
similar 2-3 m posthole installations (Busby and Ader-
hold, 2020). Another possibility is that low V; at soft-
soil sites or shallow seismic velocity inversions may be
inducing prograde motion resulting in low radial cor-
relation. To investigate this, we plotted the pressure-
radial cross-correlation as a function of our V; estimate
(see Fig. 10a). The figure indicates that there is no clear
relationship between V; and radial channel correlation
values. While this evidence indicates that tilt contam-
ination on horizontal channels is most likely causing
the low infrasound-radial correlation, more work is re-
quired to show this definitively.

The simplification of equation 5 derived by Wang and
Tanimoto (2020) that we follow in this study is required
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because there are two unknown Lamé parameters, A
and u, in a single coupling equation. However, Sor-
rells (1971) also provides the following equation for the
response of the half space in terms of the seismic-
to-pressure ratio from the radial component of a seis-
mometer,

= C

Fradial = 2(

) )

By using this expression along with equation 5, it is
theoretically possible to solve for the Lamé parameters
directly, without the need to neglect A\. We initially
adopted this approach, but due to the high number of
stations with large radial amplitudes relative to the ver-
tical amplitudes, equation 9 was of limited use, so we
abandoned this approach. As discussed above, the hor-
izontal components of many stations are likely contami-
nated by tilt noise, making them unsuitable for use with
equation 9. While it may be possible to use horizon-
tal channels for higher-frequency analysis, where tilt is
negligible, we reiterate that the simplification derived
by Wang and Tanimoto (2020) that we follow here is
simple, effective, and supported by the prediction that
seismic amplitude be inversely proportional to material
rigidity.

4.2 Limitations

It should be noted that the velocity estimates from this
study are mean velocities from the surface to the respec-
tive depths, rather than velocity profiles. In order to de-
velop profiles of layer velocities, the inversion method
of Tanimoto and Wang (2019) could be employed, or a
joint inversion scheme using an additional data set such
as seismic receiver functions. However, simple mean
velocities are useful for applications such as crustal cor-
rections for tomography or individual station correc-
tions for routine earthquake location, and of course, the
mean velocity to a depth of 30 m is applicable for seismic
hazard assessment. Further, the method here avoids
the complexity of inversion schemes that are typically
ill-posed with non-unique solutions (Rawlinson et al.,
2014).

Another limitation of our results is the lack of a re-
lationship between our V; estimates to a depth of 30
m and Vi3 (see Fig. 5). Although our values appear
realistic overall for near-surface V, they are generally
slower than the V3, values, and are not linearly related
(R? is essentially zero). In order to test if the discrep-
ancies are dependent on topography, we investigated
the percent difference between our velocity estimates
and model estimates as a function of station elevation
(see Fig. 10b) but observed no clear relationship, with
the exception that the largest differences occur for the
shallow estimates. The poor relationship between our
estimates and the proxy V3o is similar to what was ob-
served by Wang and Tanimoto (2020) for Alaska, using
coupling from wind as the pressure source to estimate
Vis0, with many values in Alaska being above 900 m/s,
the maximum value of the Vy30Model. Those authors
surmised that permafrost in Alaska may result in high
velocities at stations on flat terrain, indicating a limi-
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Figure 8 Waveforms, spectra, and coherence from the HTHH eruption recorded at station M26K. All waveforms have been
bandpass filtered between 0.015 and 0.035 Hz. (a) Two hours of data with infrasound plotted as dotted blue lines and seismic
velocity plotted as solid red. The top three panels show vertical velocity, radial velocity, and tangential velocity, respectively.
The infrasound record in the top panel has been phase-delayed by 90° by applying a Hilbert transform. Correlation coeffi-
cients for the cross-correlation between the phase-delayed infrasound and the vertical velocity and between the infrasound
(not phase delayed) and the radial velocity are noted at the top. The bottom panel shows the seismic velocity PSD in red, the
infrasound PSD in blue, and the coherence in gray. The bandpass region is denoted by an orange box in the bottom panel.
Colored regions in the time domain indicate the segment that is shown in detail on the right. (b) Zoomed-in detail of four
minutes of data from (a). Panel background colors indicates correspondence with the longer duration waveformsin (a). Note
that the top panel compares the vertical velocity with infrasound, while the second panel shows the same but with a 90°
phase delay imposed on the infrasound.

tation in the proxy Vi3p method for far northern sta- is not surprising.

tions. To further investigate this, we show the percent

difference between our shallow V, estimates and the 4.3 Comparison with coupling from the
VssoM odel plotted as a function of topographic slope in Chelyabinsk bolide

Figure 10c, with symbols colored by our V; estimate. Al-

though there is a lack of a linear relationship (R? =~ 0), The fact that the HTHH eruption is unprecedented in

the figure does show the most scatter for stations in flat- the instrumental age is both fortuitous and a limita-
ter topography. In fact, if we drop stations for which tion. The limitation is that our estimation of V; relies
our V; estimates exceed the maximum V39 M odel value on a single observation at each station. To enhance
of 900 m/s and re-plot Figure 5a, much of the scatter confidence in our method and results, we sought long-
disappears, and we achieve a modest linear relation- period infrasound sources in the region that occurred
ship (R? = 0.38) for 21 stations, as can be seen in Fig- during the operation of the seismoacoustic network.
ure 10d. Other studies have shown considerable scat- The Chelyabinsk bolide was a result of atmospheric en-
ter when comparing proxy V3o values to ground truth. try of a small asteroid over Russia, and generated in-
For example, Lemoine et al. (2012) found that the proxy frasound that was recorded over a wide region, includ-
method only outperformed blind chance for hard rock ing by a few experimental TA-like stations in Alaska (de
sites when comparing with ground-truth data in Eu- Groot-Hedlin and Hedlin, 2014). At the time of the aster-
rope, and recommended that the method not be used oid entry, February 15th, 2013, the TA was only operat-
for sites with any geological complexity, such as small ing two test stations in Alaska: TOLK and POKR (see Fig.
basins, flat hard-rock sites, or coastal sites. Given the 1), which are previously existing stations that were up-
diversity of geological conditions encompassed by the graded with TA equipment, including infrasound sen-
Alaska seismoacoustic network, the absence of a rela- sors. Infrasound generation from bolides is complex,
tionship between our observations and the proxy values as it is generated by a non-linear shock wave as the ob-

ject interacts with the atmosphere at hypersonic veloci-
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(a) Map view of cross correlation values between the phase-delayed infrasound and vertical seismic recordings in

the 0.015t0 0.035 Hz passband. (b) Map view of cross correlation values between the infrasound and radial seismic recordings
in the 0.015 to 0.035 Hz passband. (c) Detail of four minutes of data from station COLA, filtered between 0.015 and 0.035 Hz.
The seismic from the surface seismometer is shown in red, while the pressure record from the colocated barometer is plotted
in blue, and the cross correlations between vertical seismic and phase-delayed pressure and for radial seismic and pressure
for 2 hours of data is indicated at the top. (d) Same as in (c), but the seismic data is from the borehole seismometer at a depth
of 117 m. Note that in the second panel of (c) and (d), the pressure has been phase-delayed.

ties (Edwards, 2009). However, at large offsets the infra-
sound propagates as a plane wave at acoustic velocities,
and IMS array detections of the Chelyabinsk infrasound
confirm this (Le Pichon et al., 2013). Stations TOLK and
POKR are approximately 6,000 km and 6,400 km from
the location of maximum brightness, where the aster-
oid likely broke up. Because the bolide-generated infra-
sound was likely plane waves traveling at acoustic ve-
locities when they reached TOLK and POKR, we can use
this source to estimate seismic velocities beneath the
stations.

We show waveforms and spectra from the bolide
recorded at station TOLK in Figure 11. Waveforms are
filtered between 0.015 and 0.035 Hz, and spectra show
good coherence in this band, supporting the observa-
tion of the dependence of strong coupling on ambi-
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ent seismic noise. Similar to the HTHH waveforms at
M26K, the Chelyabinsk waveforms at TOLK exhibit high
correlation between the phase-delayed pressure and
the vertical velocity, poor correlation between pressure
and the radial component, and significant tangential ve-
locity energy. We apply our method to estimate mean
Vs to a depth of 2 km beneath stations POKR and TOLK
using the Chelyabinsk coupled waveforms and compare
the results with our HTHH estimates. For station POKR,
we get a value of 2,645 m/s from Chelyabinsk, and 2,630
m/s from HTHH, a discrepancy of less than 1%. For
station TOLK, we find 2,156 m/s from Chelyabinsk and
2,158 m/s for HTHH, a discrepancy of much less than
1%. For the higher-frequency passband corresponding
toadepth of 35m, the mean coherence in the band is too
low for POKR to permit a V; calculation (y? < 0.5), and

SEISMICA | volume 4.2 | 2025



SEISMICA | RESEARCH ARTICLE | Alaska Upper Crustal Velocities Measured Using Coupled Waves From the 2022 Hunga Tonga-Hunga Ha’apai Eruption

(@)

pressure-radial cross-correlation

1.00 4 oo — ¢ &
o ":: ° 'lb ? PY
[ ] [ ™
0.75 A e ® as ‘ _,}
° .‘ i ) [ )
'. [ ] [
0.50 A e ® e g1°
°
c L4 °p° ° e » e R
_% 0.25 1 l ) L] e ° P
] ° e, °° o °
5 0.00 ° e ®
v e P o
i [y L4
© -0.251 e °
o ° °
°
e s hd -
-0.50 4 . ce e
) [ ]
~0.75 1 s o ° ® [12, 1.6]Hz
° N ® [0.015,0.035] Hz
~1.001 o [0.007, 0.0125] Hz
0 1000 2000 3000 4000 5000

Vs (m/s)

(c)

band: [1.2, 1.6] Hz, R?: 0.09

—— m:-559.06, b: 135.7)
400 A
2000
300 A ®
9 1500
o [ )
< o
»
§ 200 e >
3 ® 1000
N
100 A
500
0 -
0.00 0.05 0.10 0.15 0.20 0.25
slope
Figure 10

(b)

observation-model comparison

300{ @ e (12 1.61Hz
° e 1[0.015,0.035] Hz
[0.007, 0.0125] Hz
250 e
[} °
°
= 200
X
o [ ] o
1)
=
9 150 ® o
g
5 ’. °
> 100 ® . LN
- @ o
o o o
50 4 e
[ °
: llﬂ "’ " ‘ °
(: ) ol " S ‘~ A. ~
0 e IR ] A H"\.. I OR o | ®
0 200 400 600 800 1000 1200 1400 1600

elevation (m)

(d)

band: [1.2, 1.6] Hz, R%: 0.38
1000

—— m:0.79, b: 66.7) )

900 m: 1 ° ® o 0.99

[ ]

s
S 800 0.98
2
% 700 - 0.97
o [}
£ 600 0.96 &
) o
g 500 2
£ 0.95S
=
g 400 0.94
w3007 0.93

200 e e

0.92
100 o

100 200 300 400 500 600 700 800 900
V530 [m/s] from USGS model

(a) Scatter plot of the cross-correlation between the pressure and radial seismic waveforms plotted as a function

of V; estimate. The dots are colored by the passband. (b) Scatter plot of percent difference between V; estimate from coupling
and model estimate for each station as a function of station elevation. The dots are colored by the passband. (c) Percent
difference between V; estimate for 35 m and USGS V30 map values (Vi30 M odel) as a function of topographic slope. Symbols
are colored by the V; estimate for 35 meters. (d) Replot of Figure 5a but only plotting stations with V; < 900 m/s. Symbols

are colored by coherence.

is marginal for TOLK (72 = 0.76). In this band for station
TOLK, we get a V value of 1,112 m/s from Chelyabinsk
and 1,257 m/s from HTHH, or about a 12% difference.
We suspect this moderate difference is a result of the rel-
atively poor high-frequency coupling at the station from
the Chelyabinsk event. While ideally we would make
such comparisons for multiple sources and all stations
in the network, sources that generate low-frequency in-
frasound over large geographic regions are exceedingly
rare. However, we feel that the close agreement of V;
estimates at these two stations using very different in-
frasound sources provides a degree of confidence in our
approach.

5 Conclusions

We have leveraged a regional network of seismoacoustic
stations in Alaska along with pressure waves from the
January 2022 HTHH eruption, a source unprecedented
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in the instrumental age, to estimate mean crustal ve-
locities at three depths beneath the seismoacoustic net-
work. Using a simple expression that relates frequency
to coupling depth-sensitivity (eq. 2) in three separate
pass bands of 1.2 to 1.6 Hz (0.83 to 0.63 sec), 0.015 to
0.035 Hz (66.6 to 28.6 sec), and 0.007 to 0.0125 Hz (142.85
to 80.00 sec), we are able to compute mean V to depths
of 35 m, 2 km, and 5 km. Our results produce a reason-
able range of V; for these depths, but do not correlate
well with V3o values from the V,30Model global map.
This is likely due to the fact that Vi30Model estimates
in Alaska are predominantly derived from proxy values,
and it has been shown that direct observations often dif-
fer from these values (Lemoine et al., 2012). Our mean
upper crustal V; estimates to 2 km and 5 km generally
agree with the depth-averaged values from the tomo-
graphic model of Berg et al. (2020). Our estimates show
generally realistic velocities for the depths considered,
and reveal features such as low-velocity zones associ-
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Figure 11 Waveforms, spectra, and coherence from the Chelyabinsk bolide recorded at station TOLK. All waveforms have
been bandpass filtered between 0.015 and 0.035 Hz. (a) 2 hours of data with infrasound plotted as dotted blue lines and
seismic velocity plotted as solid red. The top three panels show vertical velocity, radial velocity, and tangential velocity, re-
spectively. Theinfrasound record in the top panel has been phase-delayed by 90° by applying a Hilbert transform. Correlation
coefficients for the cross-correlation between the phase-delayed infrasound and the vertical velocity and between the infra-
sound (not phase delayed) and the radial velocity are noted at the top. The bottom panel shows the seismic velocity PSD in
red, the infrasound PSD in blue, and the coherence in gray. The bandpass region is denoted by an orange box in the bottom
panel. Colored regions in the time domain indicate the segment that is shown in detail on the right. (b) Zoomed-in detail of
four minutes of data from (a). Panel background colors indicates correspondence with the longer duration waveforms in (a).
Note that the top panel compares the vertical velocity with infrasound, while the second panels shows the same but with a

90° phase delay imposed on the infrasound.

ated with the North Slope basin and Cook Inlet basin.

Coupled seismic waves from this event exhibit com-
plexity that is not predicted by the theory of Sorrells
(1971) or Ben-Menahem and Singh (1981). In particu-
lar, we observe on three component seismometers sig-
nificant tangential energy and radial amplitudes in ex-
cess of vertical amplitudes, in agreement with work by
Wills et al. (2022) and Anthony et al. (2022b). Also, while
vertical velocity is highly correlated for all stations with
90° phase-shifted pressure, many stations exhibit poor
correlations between radial velocity and pressure that
has not been phase shifted. Because stations with poor
radial-pressure coherence are spatially distributed ran-
domly, the mostly likely explanation for this is that some
horizontal channels are contaminated by tilt noise. The
fact that a station with a surface seismometer and a
borehole seismometer shows poor correlation for the
shallow instrument and good correlation for the deep
instrument further supports the tilt hypothesis, as tilt
signal is known to attenuate rapidly with depth (Sor-
rells, 1971). Compromised horizontal recordings sup-
port our use of the simplified theory of Wang and Tan-
imoto (2020) that we employ via equation 7 to estimate
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Vs.

The velocity estimates presented above are from sim-
ple, direct observations and do not require inversion,
with the uncertainties and potentially ill-posed nature
of the schemes associated with that strategy. The fact
that a pressure source with source-receiver offsets on
the order of 10,000 km excited the crust to a depth of
at least 5 km is remarkable (Anthony et al., 2022a). We
have used this unique source to compute V; from cou-
pling to a depth that has not, to our knowledge, been
previously accomplished. The velocity values com-
puted in this study may be useful for ground-motion
modeling, station corrections in regional earthquake
solutions, or crustal corrections for tomographic stud-
ies. Further study of the air-to-ground coupled HTHH
waveforms in the Alaska region may lead to an en-
hanced understanding of the deviation of observations
from the theory of Sorrells (1971), Ben-Menahem and
Singh (1981), and Tanimoto (2024). In particular, under-
standing why some stations exhibit seismic waveforms
with the expected retrograde motion while others do
not, and how this relates to frequency content and site
conditions, promises to be a fruitful avenue of study.
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