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Abstract The 15 January 2022 submarine volcanic eruption of Hunga Tonga-Hunga Ha'apai released
immense energy throughout the ocean, solid Earth, and atmosphere. We analyze mid-oceanic column acoustic
pressure recordings from 24 freely drifting Mobile Earthquake Recorder in Marine Areas by Independent Divers
sensors, and from 11 moored hydrophones in the International Monitoring System. We focus on the pulsed
hydroacoustic phase which propagated horizontally through the ocean as a 30-min 7 wave with energy around
2.5-10 Hz. The records show high correlation between some receivers, significant variation among others, and
varying amplitudes that cannot be explained by distance alone. We investigate the origin of this heterogeneity via
the influence of bathymetric features that may block, or occlude, 7-wave propagation, affecting both shape and
amplitude of the records received. We count the number of seafloor obstacles within the horizontal plane of the
first (ray-theoretical) Fresnel zone at a depth of 1,350 m, where the fundamental-mode T-wave eigenfunction is
maximal. Adjusted for geometric spreading, the cross-correlations and sound pressure level differences between
receivers systematically relate to differences in occlusion count. Our model of signal loss due to seafloor
interactions predicts a 5.6 dB reduction in sound pressure level per logarithm of occlusion count, explaining 88%
of the T-wave sound pressure variance across the ocean. Source characterization requires adequate path models.
Our findings describe how to correct signal amplitudes for seafloor roughness. This is important for constraining
volcanic or explosive yield estimates and earthquake magnitudes, and useful to model detectability through
various oceanic corridors when designing hydroacoustic monitoring networks of the future.

Plain Language Summary Anunderwater volcano in the South Pacific named Hunga Tonga-Hunga
Ha'apai erupted spectacularly on 15 January 2022, generating the loudest sounds heard on Earth in nearly

150 years. We recorded the eruption across the Pacific deep in the ocean, using freely drifting robots called
Mobile Earthquake Recorder in Marine Areas by Independent Divers, equipped with underwater microphones
called hydrophones. We supplemented this novel data source with acoustic waveforms from tethered
hydrophones in the International Monitoring System network. Our data contain a telltale sign of the eruption in
the form of “Tertiary” or “T” waves: hydroacoustic pressure waves that move horizontally through the ocean at
the speed of sound in water. The 7-wave signals received vary in ways that are not just due to distance effects. We
assess whether seafloor interactions—literally, underwater sound being distorted and dampened due to running
into mountains on the seafloor—are to blame. To account for these effects we derive a metric we call “bathymetric
occlusion,” an assessment of the number of obstacles in a 7-wave's path, to be understood as a measure of path
blockage. Ultimately, our model is able to explain almost 90% of the signal variability in our data set.

1. Introduction

The 15 January 2022 Hunga Tonga-Hunga Ha'apai (HTHH) event, a subaqueous phreatomagmatic explosion,
was the largest submarine volcanic eruption in nearly 150 years (Terry et al., 2022). It generated seismic dis-
turbances with cumulative magnitude My, 6.5 (Thurin & Tape, 2023), triggered a megatsunami throughout the
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Pacific (Purkis et al., 2023), set off exceptionally intense and abundant lightning flashes (Yuen et al., 2022),
produced atmospheric gravity waves that circled the planet multiple times (C. J. Wright et al., 2022), and excited a
broad spectrum of oceanic pressure waves and solid-Earth normal-mode phenomena (Ringler et al., 2023).

Analysis of a wealth of geophysical data from many types of sensors (barometers, infrasound and pressure
sensors, hydrophones and seismometers) spanning multiple Earth domains (atmospheric, oceanic, solid-Earth)
has shed light on the detailed chronology of the HTHH sequence of events, identifying at least four distinct phases
that occurred in the time span of a few hours (Donner et al., 2023; Thurin et al., 2022, 2023; Thurin & Tape, 2023;
Zheng et al., 2023). Matoza et al. (2022) and Le Bras et al. (2023) reported a suite of seismoacoustic observations
including hydroacoustic time series from the International Monitoring System (IMS). While what can be learned
about submarine volcanism and associated phenomena from seismometers and distant hydrophones is remarkable
(e.g., Caplan-Auerbach et al., 2001; Dietz & Sheehy, 1954; Latchman et al., 2023; Metz et al., 2016; Matsumoto
et al., 2023; Talandier & Okal, 1987; 1. C. Wright et al., 2008), overall limited observation of seismo-hydro-
acoustic 7' (and H, Wilmut et al., 2010; Dall'Osto et al., 2023) phases has stood in the way of providing a full
picture of this uniquely important event. Submarine volcanism worldwide is widespread (Tepp & Dziak, 2021)
but challenging to observe directly and in real time (e.g., Mittal & Delbridge, 2019; Walker & de Ronde, 2024),
which puts a premium on understanding the acoustic record, whether atmospheric (e.g., Maher et al., 2021; Le
Bras et al., 2025) or underwater (e.g., Wech et al., 2018, 2025). In particular, we have yet to quantify how
hydroacoustic records are shaped by interactions with the rough seafloor.

In this paper we exploit a novel data set of hydroacoustic data from the HTHH event recorded by Mobile
Earthquake Recorder in Marine Areas by Independent Divers (MERMAID) sensors (Simons et al., 2009). These are
freely drifting robotic floats (Hello & Nolet, 2020) designed primarily to autonomously detect (Sukhovich
et al., 2011) and transmit (Hello et al., 2011) teleseismic P waves (Simon et al., 2020) for the purpose of con-
ducting whole-Earth seismic tomography (Nolet et al., 2019, 2025; Simon et al., 2022). Over the years, they have
revealed themselves to be useful for other purposes as well (Pipatprathanporn & Simons, 2022, 2024; Simon,
Simons, & Irving, 2021; Sukhovich et al., 2015; Yu et al., 2023). The 24 instruments used in this study were
deployed as part of the South Pacific Plume Imaging and Modeling (SPPIM) project (Hello, 2018) under the
banner of the international EarthScope-Oceans consortium (www.earthscopeoceans.org). Their serendipitous
proximity to HTHH, quantity, and quality make them a valuable new data source on this once-in-a-lifetime event,
while holding the continued promise of increasing coverage globally.

As a “known” source, the 15 January 2022 eruption sequence will help us understand how submarine volcanic
events are being recorded by mobile marine sensors (Matsumoto et al., 2011) at the basin scale, for which there is
no precedent. The hydroacoustic phase that contains information about HTHH is the T wave: a transient of
ambient acoustic pressure that is generated either directly in the water column by the eruption, or after conversion
at the rock-water interface. The phase is recorded in the ocean by hydrophones, again possibly after multiple
interactions with the ocean surface and the solid Earth (Talandier & Okal, 1998).

From their earliest detection and labeling (as Tertiary arrivals) and correct identification (as hydroacoustic
phases) on land seismometers (Tolstoy & Ewing, 1950) or on oceanic pressure sensors (Norris & Johnson, 1969),
whether from earthquakes, earthquakes associated with volcanism, or from volcanic sources (Kibblewhite, 1966),
it has been clear that ocean-bottom interactions play a major role in determining transmission fidelity. Figure 1
makes clear that the data collected for this study traversed a great variety of bathymetric environments on their
way from HTHH to the receivers, and that propagation effects may be largely responsible for reshaping and
attenuating the signal received.

To characterize the relationship between the seafloor and the signal, we construct an algorithm to count bathy-
metric highs impinging upon the first-Fresnel zone of the T wave. From there we are able to understand signal
variability, in particular in shape and total energy, of T waves produced by the HTHH eruption. Accounting for
epicentral distance, we argue that the main factor driving signal differences across a large-aperture hydroacoustic
array is a path-propagation effect, namely, how underwater sound waves interact with oceanic bathymetry.

2. Instrumentation, Data, and Waveform Analysis

MERMAID is primarily designed to return minutes-long segments of data that contain earthquake arrivals from
distant seismic events. To understand the full range of signals received from HTHH, immediately after the event,
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Figure 1. Hydroacoustic receivers used in this study to detect the 15 January 2022 Hunga Tonga-Hunga Ha'apai (HTHH)
volcanic eruption (red triangle). Mobile Earthquake Recorder in Marine Areas by Independent Divers instruments are
represented by triangles numbered with their station suffix, and International Monitoring System triad pairs are marked by
diamonds labeled by station prefix. Colors denote our categorization of the T-wave signal received from the main HTHH
eruption: A (“well defined”) in blue, B (“diffuse”) in black, and C (“undetected”) in gray (see Figure 2). Great-circle paths
connecting HTHH to each receiver are drawn as black lines overlain on map of bathymetry and topography from GEBCO
(Weatherall et al., 2015).

we began directly requesting MERMAID buffer data from all instruments operating in the Pacific, via IRibium
satellite communication, supplementing them with data available from the IMS. As our timing and location
reference we use the United States Geological Survey (USGS) event us7000gc8r with an origin time, #, of
04:14:45 UTC on 15 January 2022, located at 20.546°S, 175.390°W and 0 km depth. We begin our analysis by
classifying the data based on visual inspection of the time series containing the arrival of waves traveling at the
non-dispersive acoustic wave speed in water, counting from the time of the HTHH eruption.

2.1. Mobile Marine Sensors and Tethered Hydroacoustic Stations

As MerMAIDS drift freely with the ocean currents, they record data at parking depths (in this study) between 500
and 1,500 m (accurate to within ~50 m), out of GPS range. Location at the time of recording is interpolated
between multiple surfacings (Joubert et al., 2016) using automaid (Simon, Bonnieux, et al., 2021). MERMAID
latitudes and longitudes in Table S1 in Supporting Information S1 are given to three decimal places (approxi-
mately 100 m), which is within the same order-of-magnitude range for the average location errors derived for
MermaD by Nolet et al. (2024) and sufficient for the purpose of this study.

IMS stations are moored (Oliveira et al., 2025; Pulli & Upton, 2002), and may be better located than our MERr-
MAIDS, Vvia acoustic ranging (e.g., Harben et al., 1999). Each IMS installation comprises two hydrophone triads,
spaced 40—140 km apart in a north-south configuration, with sensors individually spaced about 2 km apart within
each triad. Individual receiver locations are given in Tables S1 and S2 in Supporting Information S1. At the time
of the eruption HO3N3 was malfunctioning, so the two diamonds together in Figure 1 represent 11 closely spaced
hydrophones.

2.2. The Data Set

MErMAID waveforms were requested via two-way IRIDIUM satellite communication in 30-min segments, with 5 s
overlap, of 20 and 40 Hz sampled data, and stitched together using the merge command in the SAC software
(Goldstein et al., 2003; Helffrich et al., 2013). The resulting MERMAID traces used in this study all start at least
14.9 min before the first P wave, as computed in the ak135 model (Kennett et al., 1995), and end at least
58.9 min after the predicted T wave. The common Nyquist frequency of all MERMAID data presented in this paper
is 10 Hz. Any data gaps were filled using piecewise cubic interpolation. We removed the mean and linear trend
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Figure 2. Hydroacoustic records of HTHH recorded by Mobile Earthquake Recorder in Marine Areas by Independent Divers
floats (outside left labels) and International Monitoring System stations (outside right labels), normalized for visual clarity,
with local events removed. Waveforms are ordered from top to bottom by azimuth (inside right label) clockwise from P0023.
Timing is relative to the predicted arrival time of a 1.48 km/s wave originating from USGS event us7000gc8r. Colors
denote signal category as in Figure 1.
and applied a SAC default taper prior to instrument-response removal following Burky et al. (2021), with corner
frequencies [0.2, 0.4, 10, 19.8] Hz, and poles and zeros from Simon et al. (2022), which yielded time series of
pressure (in Pa).
IMS data were retrieved from the virtual Data Exploitation Centre (VDEC) system (Gibbons, 2022), with sam-
pling frequencies initially at 250 Hz. The mean and linear trend were removed, and the data tapered using SAC
defaults. The instrument response was removed by the SAC transfer command within the corner frequency
limits [0.1, 0.5, 100, 115] Hz, which yielded time series of pressure (in Pa).
Unless noted otherwise, all hydroacoustic records analyzed in this study were band-pass filtered using a one-pass
four-pole Butterworth filter within the 2.5-10 Hz frequency band. In each trace we focus on a segment that
begins 5 min before and ends 25 min after the expected first-arriving HTHH acoustic phase, which we term the
“30-min T wave.”
2.3. Time-Domain Analysis
We introduce 77 as the time of the expected first arrival at each station of a pure 7 wave emanating from HTHH
and traveling horizontally at the non-dispersive acoustic wave speed in water of 1.48 km/s. No adjustments were
made to 77 to account for higher-speed (e.g., body) wave propagation to a potential 7-wave conversion point away
from HTHH (i.e., along the trench for stations to the east).
Figure 2 is a record section of our data set for all of the 24 MerMAIDS and 11 IMS hydrophones from which we
recovered data. Signals that we judged to arise from events local to a receiver and unrelated to HTHH were
removed, leaving white-filled gaps in the waveforms. We took a very conservative approach whereby signals
within our 30-min time windows of interest were only removed if their amplitudes exceeded the biggest T-wave
pulses around those expected arrival times, and if they did not appear at other MERMAID or IMS receivers with
moveout times that could be linked to HTHH. See also Figure S1 in Supporting Information S1 for a version of
SIMON ET AL. 4 of 20
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Figure 3. Time-domain and time-frequency behavior of the hydroacoustic signature of the HTHH eruption, illustrated with
the record from Mobile Earthquake Recorder in Marine Areas by Independent Divers float P0045. This record demonstrates
the defining features of all Category A signals: two clear arrivals around the expected T-wave time, 7. They are separated by

a minutes-long lull and followed by a long-duration “rumble.” The corners of the upper panel show, clockwise from top left, the
receiver name, epicentral distance, azimuth from HTHH, and station depth. The light gray lines S1—4 correspond to predicted
T-wave arrivals from the four subevents identified by Thurin and Tape (2023). The spectrogram reveals strong and sustained
HTHH signal at frequencies up to the 10 Hz Nyquist.

Figure 2 with stations reordered by epicentral distance, and Figure S2 in Supporting Information S1 for an
expanded record section that retains local events and is timed relative to the eruption.

For context, Figure 2 shows 60-min traces, though for the remainder of the paper we focus on the 30-min 7 wave
colored here, and in all subsequent figures, according to our subjective classification of signal quality: well
defined (Category A), diffuse (Category B), or undetected (Category C), with blue and black highlighting the
presence of clear T waves, and gray traces denoting waveforms with no discernible signal. By ignoring distance
and instead plotting against direction from the source, Figure 2 visually suggests a relation exists between signal
quality and propagation path. Stations that recorded Category B and C traces are generally clustered within a
narrow azimuthal range to the east of HTHH (and bottom of Figure 2), while Category A signals left the source
along relatively more northern and southern paths, see Figure 1.

Time-slowness analysis and vespagrams (Davies et al., 1971) that prove the dominant energy in our data set are T’
waves originating from HTHH may be found in Supporting Information S1 (Section S1 and Figure S3).

2.4. Time-Frequency Analysis

To understand the hydroacoustic signature of the HTHH eruption we focus on an hour-long record from MERMAID
P0045, which recorded the loudest 7 wave in our data set. Figure 3 shows its time-domain (referenced to 77) and
time-frequency behavior. The bottom panel shows the spectrogram within the band-pass of the panel above,
constructed using 6 s-long sliding windows with 70% overlap.

Our annotations in black text on the time-domain signal in Figure 3 first identify two distinct “peaks” that are
major diagnostic features of what we label as Category A signals across our data set. The first peak reaches its
maximum around 2 min before the expected 7T-wave arrival time, and the second peak is maximal some 45 s after
tr. This relative delay between what we label as “peak 1" and “peak 2” varies (see Figure 2). Additional energy
arriving between those initial bursts adds complexity to this overall picture. However, these two peaks stand out
prominently in the time series for the majority of our receivers. Next we call out a nearly two-minute “lull”
separating those initial peaks from a long and energetic arrival, which we describe as a “rumble.” The latter
emerges more gradually than either of the preceding peaks, but it does eventually ramp up to an amplitude similar
to, or in some cases exceeding, that of the two initial pulses.
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Also labeled in the time domain in Figure 3, with gray vertical lines, are S1 through S4, which correspond to the
timings of four subevents identified and named by Thurin and Tape (2023). Those times are based on a best-fit
force model that used lower-frequency P-wave data as input. Our own “peak 2" aligns with the onset time of their
S1; what we call the “Iull” matches the time gap between their first and second subevents S1 and S2; and the
buildup of our “rumble” overlaps with the rapid succession of onset times of their subevents S2—S4. The spec-
trogram, however, does show the strong and sustained energy between what we label “peak 1 and “peak 2,”
implying a timing mismatch with respect to a 7 wave propagating with reference to the USGS origin time. Near-
source or near-receiver interactions, multipathing, and bathymetric or sound-speed refraction (e.g., Heaney
et al., 1991, 2017; Oliveira et al., 2021; Talandier & Okal, 1998) all could help explain such timing differences.
For example, if the signal left HTHH as a relatively faster P wave that was subsequently converted to a slower T
wave at the Kermadec-Tonga trench, the predicted arrival times in Figure 3 could shift left (relatively earlier) on
the order of ~1 min (see Section S2 in Supporting Information S1). This could potentially align S1 of Thurin and
Tape (2023) with an intermediate peak between what we label “peak 1”” and “peak 2.” However, similar reasoning
cannot explain the 3 min shift that would be required to align S1 of Thurin and Tape (2023) with our “peak 1.”
Therefore, interpreting our “peak 2 to be the first subevent of the HTHH eruption as identified by Thurin and
Tape (2023) using body waves implies alternatively that what we labeled “peak 1” may be generated by earth-
quake foreshocks or other activity (e.g., small/partial explosions, tremor bursts), as have been reported around
another eruption (in March 2009, by Bohnenstiehl et al., 2013). In summary, HTHH may have kicked off in
earnest a few minutes earlier than reported by the USGS.

The hypothesis of an earlier eruption time compared to the USGS origin is bolstered by a signal in the spectrogram
of Figure 3 that begins about 6 min before #7. There we see what we interpret to be a precursory “glide” (Tepp &
Haney, 2019), a tremor whose frequency changes with time, climbing in frequency before settling around 4 Hz as
a monochromatic tremor that persists for about 1 min. After a pause of around another minute the eruption
seemingly kicks into full swing and we see the arrival of “peak 1” coming in at 2 min before #;. Glides that
immediately precede eruptions are often interpreted as a sign of magma migration or pressure building in a
resonant conduit (Tepp & Dziak, 2021). A similar series of events including a (6-10 Hz) glide and brief (1 min)
pause before the main eruption was also identified for the May 2010 eruption of the South Sarigan submarine
volcano (Green et al., 2013; Searcy, 2013). Figure S4 in Supporting Information S1 provides an enlarged image of
this precursory signal.

To further appreciate the richness of the hydroacoustic record documenting HTHH we show, in the left column of
Figure 4, a collection of time-domain and time-frequency plots, in the same format as in Figure 3 but with reduced
annotation. Three more examples of Category A signals are shown. As argued, their defining feature is the clear
expression of two separate time-domain peaks, followed by a lull and then a rumble. The first two examples lie
along approximately the same azimuth from HTHH as PO045, shown earlier, and see Figure 1. The third example,
in the lightest blue, is from an entirely different azimuth. One Category B signal that lacks that clear expression,
and which is more diffuse, smoothed, and subdued, and one Category C example spanning the same relative time
window but without discernible recorded activity, round out the set.

2.5. Envelopes and Cross-Correlation Analysis

Category A and B signals as shown in Figure 3 and the left column of Figure 4, reveal consistent and recognizable
features and an overall similar structure that we should like to quantify. To this end we compute cross-correlations
between their 30-min 7-wave envelopes, displayed in right column of Figure 4. There are two signal envelopes in
each panel, with the lower one mirrored about the horizontal axis for visual clarity. The top curve in each panel is
the 30 s sliding root mean square (RMS) envelope of the waveform in the left column. The blue curve in the
bottom of every panel is the similarly constructed envelope for MERMAID float PO045 (Figure 3). MERMAID and
IMS data were decimated to 10 Hz sampling before cross-correlation.

As we are only interested in the shape similarity of the waveforms, the envelopes are normalized and thus am-
plitudes cannot be compared. Time gaps corresponding to local events left blank in Figure 1 were replaced by the
average of the envelope in the minute before and after the relevant interval. The horizontal axis in all panels of the
right column is relative to #; for MERMAID float P0045, marked by a blue vertical line in the bottom half of every
panel. The corresponding predicted arrival time for the correlating receiver in the top half of each panel is marked
by a vertical line in the appropriate color.
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Figure 4. (Left column) Time-domain and time-frequency renditions of three Category A (blue shades; well-defined
features), and one each of Category B (black; diffuse) and Category C (gray; no detectable signal), plotted relative to their
predicted 7-wave arrival times, t7, marked by vertical lines. (Right column) Envelopes of the corresponding records shown in
the left column (top curve in each panel), and from Mobile Earthquake Recorder in Marine Areas by Independent Divers float
P0045 (Figure 3; bottom blue curve, and flipped upside down). Vertical lines mark #; relative to each envelope, and their offsets
and corresponding correlation coefficients are quoted within each panel.

The cross-correlations were carried out after an initial examination of the waveforms focused on a five-minute
window around #;. Waveform envelopes were then shifted to effectively align on the main eruptive pulse,
labeled “peak 2” in Figure 3. In Figure 4, the time shift (“offset”) between respective #; (vertical lines) required to
align on the main pulse, and the resulting correlation coefficient, is shown within each panel. We preferred aligning
on the main peak, as allowing for arbitrary lags produced preferential alignment of maxima within the rumble at the
expense of misaligning the main pulse and subsequent lull, especially for Category B signals; for example, the black
envelope of P0026 in Figure 4, whose global maximum is actually reached some 14 min after #7. We note that the
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29% correlation for the gray Category C P0049 envelope is a result of the sliding RMS function being a positive-
valued lowpass operation, and does not imply the presence of actual, detectable signal in that trace.

A detailed timing analysis and comparison of the precise onset of the 7-wave wavetrain between receivers is not
our focus, though we do note the nearly 80 s signal advance required to align H11S1 and P0045 in Figure 4.
Nearly 50 s of this timing difference can be explained by the first-order travel-time correction briefly discussed
last section, which posited that the seismic energy started its journey toward PO045 as a (faster) P wave, only to be
converted to a (slower) T wave at the Kermadec-Tonga trench, at around 100 km into its trajectory. Conversely,
the near-source bathymetry for the path to H11S1 shows that 7-wave energy could have been easily injected
directly into the water column off the northwestern flank of HTHH, and therefore would have traveled at the
T-wave velocity for a greater proportion of its path (see Section S2 and Figures S5 and S6 in Supporting
Information S1).

Figure 4 shows how well correlated some 30-min 7-wave envelopes are. The top panel shows that receivers
P0045 and P0053 are 97% correlated. The next panel below that P0045 and HO3S1, whose paths lie at nearly the
same azimuth from HTHH, are still 91% correlated despite the 7 wave completing a nearly 90 min and 8,000 km
journey between those two stations.

We have demonstrated that waveforms recorded by MerMAID and IMS hydrophones are often very highly
correlated, even when their traces appear noisy or diffuse at first glance. However our envelope cross-correlations
provide crude measures at best. For example, H11S1 remains 63% correlated with P0045 despite showing sig-
nificant differences in the time-domain waveforms throughout, while P0026 is 76% correlated with PO045 despite
the former not showing any sharp arrivals. When computing correlation coefficients on the entire 30-min
wavetrains, the highly correlated and long-duration rumble appears to outweigh any cross-correlation gains or
losses that may depend on the presence or absence of the two initial peaks.

2.6. Path Bathymetric Effects

Interpreting differences in HTHH signal expression at different stations simply in terms of their azimuth or
distance from the source is unsatisfactory, and from the data shown, it is unclear how to explain them by pure
source effects, although these might include anisotropic and directed mechanisms of energy release (Thurin &
Tape, 2023; Zheng et al., 2023) or conversion (Piserchia et al., 1998). As to the receivers, their identical
instrumentation (for all MErRMAID floats and among all IMS stations) and free placement in the water column do
not afford much interpretative wiggle room.

What then explains the presence of different signal reception categories, and what is the possible source of the
sometimes strong similarities, and sometimes stark differences, between them? We pivot toward a quantitative
description of propagation effects along the hydroacoustic travel path, augmented by considerations of the
ambient noise field in the vicinity of the receivers.

Our basic premise is that when seeking to explain signal quality and quantity originating from a known isotropic
T-wave source and propagating in a dominantly vertically stratified ocean, distance effects arising from
geometrical spreading can be approximately accounted for. After that, our main task is to quantify seafloor in-
teractions along the propagation path, which we conceptualize as chiefly leading to signal transmission loss,
neglecting possible gains (e.g., De Caro et al., 2021).

3. Methods

We are interested in quantifying the effect of bathymetric occlusion on various signal characteristics. By “oc-
clusion” we mean obstacles (guyots, seamounts, ocean islands, and mid-ocean ridges, etc.) encountered by the T
wave during propagation from source to receiver. To define “encounter” we must discuss what a T wave “feels”
during propagation from source to receiver; that is, we must characterize the geographic region that encapsulates
the likely volume within which bathymetric features may act to reduce propagation efficiency.

3.1. Depth of Influence: The Fundamental Mode

T-wave propagation along a presumed great-circle path is influenced by the depth to the ocean bottom and
modulated by the sound speed which is dominantly varying as a function of depth below the ocean surface.
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Table 1 Whether we take a ray-theoretical or a modes-based viewpoint (Heaney
Maximum Fresnel Radii, F,(R/2) (Equation I at the Path Midpoint), of et al., 1991, 2017; Okal, 2008), the bulk of the energy transport is explained

Sound Waves Traveling at a Nominal ¢ = 1.48 km/ s, at Various Frequencies by the presence of the oceanic low-velocity zone: the SOund Fixing And
(f), Recorded at Different Stations

Ranging (SOFAR) channel. This channel acts as a horizontal waveguide in

Receiver

2.5Hz

5.0 Hz 7.5 Hz 10.0 Hz the ocean that traps and focuses acoustic energy (Ewing & Worzel, 1948). In

P0054
P0021
HO3N1

12 km
27 km
37 km

8 km

deeper waters, a well-expressed SOFAR channel allows T waves to effi-
7 km 6 km

ciently propagate across vast distances with minimal attenuation from lossy

19 km 15 km 13 km
26 km 22 km 19 km

interactions with the abyssal seafloor.

Generally, at low- to mid-latitudes, the SOFAR channel is well expressed in
the upper 3,000 m of the ocean (Munk, 1974), though its actual structure and
depth extent vary with latitude and season (Forget et al., 2015). Oceanic temperature and salinity profile together
control the sound speed (Del Grosso, 1974; McDougall & Barker, 2011; Millero & Li, 1994; Roquet et al., 2015).
In high latitudes the axis may even shoal to the surface (Johnson & Norris, 1968; Northrop & Colborn, 1974).
Figure S7 in Supporting Information S1 shows a profile through ocean sound-speed model GDEM-V 3.0
(Carnes, 2009) in our study area.

Figure 3 displays frequencies above 2.5 Hz, where we observe the acoustic fundamental mode. At the frequencies
used in our study, the majority of 7 wave energy resides in the fundamental mode, and less is partitioned among
higher modes that are more prone to attenuation due to their interaction with the seafloor (de Groot-Hedlin &
Orcutt, 2001). In Section S3 in Supporting Information S1 we discuss fundamental-mode pressure eigenfunctions
(Dzieworiski & Anderson, 1981; Porter, 1992) derived for specific ocean depths at individual receiver locations,
and for average depths (Amante & Eakins, 2009) in the regions around them. Ocean depths averaged along every
propagation path yield 2.5 Hz fundamental acoustic pressure mode eigenfunctions whose maxima cluster tightly
around 1,350 m depth. Eigenfunctions for near-receiver regional average-ocean depths for all 29 stations that
recorded Category A and B signals also reach their maxima around 1,350 m. Since no meaningful differences in
regionally averaged ocean-depth mode shapes or amplitudes exist between any of our receivers (Figures S8 and
S9 in Supporting Information S1), we will maintain a single depth of 1,350 m as the dominant depth of T-phase
propagation when counting occlusions, as detailed next.

We choose not to individually correct signal amplitudes based on ocean-depth eigensolutions computed at the
receiver, as we lack the ability to model the path-dependent mode-transmission coupling properties required for
meaningful scaling of mode amplitudes.

3.2. Width of Influence: The Fresnel Zone

Having considered the dominant sensitivity of fundamental-mode 7-wave propagation with depth in order to
develop a scheme to quantify bathymetric blockage that may help explain signal loss, we now turn to the lateral
dimension to establish the horizontal extent of the region within which 7" waves may propagate between the
source and receiver, that is, the three-dimensional Fresnel volume (Cerveny & Soares, 1992). We desire a rule of
thumb to understand the width of the Fresnel zone around the dominant path at depth.

For an acoustic wave of frequency f propagating in a medium with phase speed c, the first Fresnel zone, modeled
around the geometrical ray, has a radius F; that depends approximately on the distance r from the source as (e.g.,
Baig et al., 2003; Skarsoulis & Cornuelle, 2004; Spetzler & Snieder, 2001),

() = /r(RR— r); _ /r(RR— r)L o

whereby R is the entire distance from source to receiver, and 4 the wavelength. For context and intuition, Table 1

lists maximum Fresnel radii for three representative stations at frequencies ranging from 2.5 to 10 Hz. In this
study we count occluders exclusively within the broadest 2.5 Hz Fresnel zone in order to capture the full extent of
seafloor interactions affecting our 7" waves.

We computed great-circle tracks between the source and every receiver, and Fresnel radii using Equation 1 for
every point along those paths. Drawn perpendicularly to the great-circle path in the horizontal plane, bathymetry
within this two-dimensional area was sampled from the GEBCO_2014 bathymetry model (Weatherall et al.,
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Figure 5. Counting bathymetric occlusion along the T-wave propagation path. (a) Cross-section with great-circle bathymetric
profile (red) and bathymetry range within the 2.5 Hz T-wave Fresnel zone (gray) between HTHH and International
Monitoring System station H11S3. The black line at 1,350 m marks the depth of the maximum of the fundamental-mode
pressure eigensolution broadly applicable to all of the propagation paths in this study. In map view, (b) shows the edges
(magenta) of the first Fresnel zone, within which we render oceanic bathymetry. The direct path is shown in red, and the
orange lines bound the zone defined by the 0.6 clearance ratio. Green contours encircle bathymetric regions shallower than
1,350 m, which we count as occluders. Our counting algorithm is schematically illustrated in (c), which shows one half of the
symmetric Fresnel zone using the same colors as in (b) to mark clearance ratios F(r,z)/ F;(r). Bathymetric occluders are
drawn generically as gray rectangles, and the clearances at two points on the great circle path are marked by black vertical
arrows. Clearance ratios are listed below the figure panel at their corresponding position. Note that the clearance ratio and the
vertical figure coordinate have different denominators except at the path midpoint. The lowermost three lines exemplify the total
occlusion counts Ag, of Equation 4, for ® = 0, 0.6, and 1.0, and their individual contributions from each of the four obstacles.

2015) with an equal-area discretization in latitude and longitude commensurate with that model, which is
available at a resolution of 30 arc-s (about 900 m at the equator and roughly half that length at 60° latitude). We
chose a Fresnel-zone grid with 600 m spacing, resulting in each grid cell being sampled roughly once by a
2.5 Hz T wave propagating at the nominal acoustic sound speed of 1.48 km/s.

At nearly 34°S, HO3S2 is the highest-latitude station in our set, where the GEBCO grid is smallest at ~770 m,
while at NOOO1, the station nearest the equator, it is ~926 m. For all latitudes in our study, the bathymetry grid is
larger than a single wavelength of the 2.5 Hz T waves of interest, resulting in our model oversampling occluders
along all paths. Hence, while we are oversampling the GEBCO model, we are doing so on an equal-area grid.

3.3. Counting and Accounting for Bathymetric Occlusion

In our simplified treatment the T wave propagates along a great circle at the depth of the maximum of the pressure
eigenfunction of the fundamental acoustic mode for the average ocean depth and sound speed structure along the
path, and within a lateral zone of influence defined by the width of the first Fresnel zone at the dominant 2.5 Hz
frequency. We now count as obstacle any bathymetric feature that penetrates this two-dimensional area of
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influence and devise a scheme to translate this number into a relative “occlusion factor” whose influence on signal
amplitude we will attempt to quantify.

Figure 5a shows a bathymetric cross-section along the great-circle path between HTHH and IMS station H11S3 as
a solid red line, with the gray shading encompassing the minimum and maximum elevations within the first
Fresnel zone about the direct path, defined by F,(r) as given by Equation 1. In map view, Figure 5b, the first
Fresnel zone is an ellipsoidal area bounded by the magenta curve. The direct path is represented by the red line.
Also marked, in orange, is the area bounded by the zone defined by 0.6F, () which, to cite Levis et al. (2010), is
the zone outside of which (in radio wave theory, at least) it might be reasonable to ignore occlusions—a
“clearance ratio” of 0.6 that must be maintained in order for signal attenuation to approximate “free-space
loss,” that is, attenuate due solely to geometrical spreading along an unobstructed path (Bullington, 1957; Maher
et al., 2021). This 0.6 clearance ratio is often given as a rule-of-thumb minimum clearance in reference materials
for telecommunications standards (Coleman & Westcott, 2021) because it provides a simple metric to determine,
for example, how high above a tree line transmitters and receivers should be to maintain levels approximating free
space. In other words, paths that see obstacles intruding more than 40% into the first Fresnel zone should be
avoided to maintain signal integrity.

We define an occluder to be any bathymetric obstacle within the first Fresnel zone that has an elevation greater
(depth shallower) than some test elevation of interest, z. We define clearance, F(r,z), at some distance from the
source, r, and for a test elevation, z, as the perpendicular distance from the direct path to the first occluder, on
either side. We further define

F(r,2) [Fy(r) 2

to be the clearance ratio, with respect to the radius of the first Fresnel zone at that same location.

Atevery point r along the direct path from source to receiver, we search for possible occluders on either side of the
direct ray, and, if any such occluders exist, we count,

1, if clearance ratio < @,
Oy(r,2) = ) (3)
0, otherwise.

A single distance r can only contribute 1 to the count at a single test depth z, for a given test clearance ratio ®. Our
count makes no mention of the material properties of the seafloor or the shape of the occluder, it only asks whether
an obstacle exists—or not. Note that ® in Equation 3 is a fixed test clearance ratio used to specify the clear-path

berth, to be distinguished from the actual clearance ratio F(r,z) / Fy(r).

Our final occlusion count, Ag,, is the sum of all bathymetric obstacles at all distances from source to receiver,
R

Aoz =D, O0o(r.2), )
r=0

where z = 1,350 m, that is, taken near the average depth of the maximum of the pressure eigenfunction for the
average ocean depth and sound speed profile (as explained in Section 3.1). Figure 5c is a schematic of our
counting algorithm.

Expressions that take into account a range of elevations,

Ko =W Ao, 5)

i=l

where w; are appropriately normalized weights, were tested for a variety of scenarios but proved to be more
general than needed. For example, we tested weighting occluders based on fundamental-mode acoustic eigen-
functions (e.g., Figures S8 and S9 in Supporting Information S1) and found the added complexity did not result in
performance gains. Alternative algorithms that properly weight based on occluder and receiver depths, and
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illustrated in Figure 5. A single sensor from each pair of moored hydrophone
triads is included. Examples of envelope correlations are shown in the right
column of Figure 4. The overall trend is one of progressive signal decorrelation

with increased bathymetric occlusion.
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Figure 7. Sound pressure levels (SPL, Equation 6) as a function of distance

for the 29 stations that recorded Category A and B signals, with cylindrical

(pxl/ \/7, Equation 7) and spherical (p « 1/r) geometric attenuation curves

superimposed, relative to PO045. Signal losses for most receivers are greater

than can be explained by distance considerations alone, revealing the
importance of bathymetric path occlusion effects that sap the propagating

signals of their energy.

additionally consider occluder contiguity and proximity to the great-circle
path, remain alternatives that should be tested in the future.

Figures S10-S44 in Supporting Information S1 combine portions of
Figures 3-5, displaying waveforms and spectrograms, and bathymetric cross-
sections and maps, for all 35 sensors used in this study.

4. Results

In this section we explore to what extent correlation and amplitude differ-
ences between the hydroacoustic records presented in Section 2 are explained
by path propagation effects as postulated in Section 2.6, for which Section 3
developed a quantitative formalism based on bathymetric occlusion. We
focus on the relative shapes and sizes of signals we identified as belonging to
Category A and B.

4.1. Bathymetric Occlusion and 7-Wave Correlations

In the right column of Figure 4 we showcased individual examples of RMS
envelope cross-correlations among and between MErMAID floats and IMS
stations. Figure 6 shows identically computed pairwise correlations for all
receivers reporting Category A and B signals (retaining only a single repre-
sentative record from each IMS station), ordered, from left to right and from
top to bottom, by occlusion count A; o (Equation 4). Accounted for are all
bathymetric obstacles within the full first Fresnel zone of 2.5 Hz hydro-
acoustic waves, for a reference depth of 1,350 m, as illustrated schematically
by Figure 5. Float and station names are listed, as are the logarithms of the
occlusion counts.

In the top left corner of Figure 6, a cluster of highly correlated signals cor-
responds to virtually unimpeded paths with very low occlusion counts. At the
other extreme, in the bottom right corner of Figure 6 cluster stations that lie on
highly occluded paths and are thus poorly correlated with other receivers.

The overall gradient, from highly to poorly correlated (light to dark purple),
from left to right and from lower diagonal to upper right corner in the rep-
resentation of Figure 6, is a first-order validation of the hypothesis that
increasing bathymetric occlusion along the path progressively decorrelates
the hydroacoustic record, although we remain mindful of the limitations
linked to neglecting possible source anisotropy and energy conversion effects
as mentioned in Section 2.6.

4.2. Bathymetric Occlusion and 7-Wave Amplitudes

Having quantified the relative similarities among signal shapes, we now study
how occlusion affects their sizes, that is, amplitudes.

For the 29 Category A and B signals that faithfully recorded the HTHH event,
we explore the extent to which the presence and amount of bathymetric oc-
clusion along the propagation path to the receiving MermMAID float or IMS
station help explain lossy signal transmission with respect to unimpeded
T-wave propagation, whose loss is presumed to be due solely to geometrical
spreading with distance from the source. Intrinsic attenuation in seawater is
known to be negligible (Pulli & Upton, 2002). For a discussion of how
bathymetric occlusion relates to signal observability in general—e.g.,
considering Category C records, and the interplay between local noise en-
vironments, occlusion, and detectability—see Section S4 and Figures S45 and
S46 in the Supporting Information.
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We begin by defining sound pressure level (SPL) in water as

P
L, =20log, <p—0> (6)

in decibel (dB), where we take p to be the RMS acoustic pressure (in Pa), and p, the customary reference sound
pressure of 1 uPa (Ainslie et al., 2022). Sound confined to propagating within the ocean layer spreads cylin-

drically, hence pressure, p, attenuates with distance, r, proportionally to p 1 / \/; In this case, pressures at two
receivers located at | and r, relate as p, = (w/h / \/Z ) p;» which transforms Equation 6 into an SPL difference

between them as,

L, — L, =20log (%) @)

A more rapid fall-off of energy would be expected for geometrical attenuation controlled by spherical spreading,
where the parenthetical term in Equation 7 is replaced by (r; / r).

Figure 7 plots SPL measurements for all Category A and B records from MEerMAID floats and IMS stations using
all of the same data processing and graphical conventions adopted thus far. Superimposed are the cylindrical
(Equation 7) and spherical (in gray, only for reference) SPL curves relative to MERMAID PO045, the largest signal
in the set with its completely unoccluded propagation path. With the exception of the southern triad of receivers at
IMS station HO3, the majority of SPL values lie below those which would be expected from cylindrical
geometrical spreading, that is, free-space loss, alone.

The difference between the relative lack of signal loss at the southern IMS hydrophones H03S1, H03S2, and
HO03S3, compared to the two functioning hydrophones of the northern array, HO3N1 and HO3N2, which show
SPL losses between about 10 and 14 dB, is remarkable, given their 40 km geographical separation. Metz
et al. (2018) noted a similar, albeit smaller, pattern of SPL difference between the HO3 triads while studying
volcanic signals originating from Monowai on the Kermadec trench, which is near the location of our presumed
T-phase origin for the stations to the east of HTHH. In that case the northern hydrophones exhibited lower
coherence and experienced 4-8 dB losses compared to their southern counterparts, a phenomenon that Metz
et al. (2018) suggested may be due to differences in near-station bathymetric environments.

Indeed, those differences in bathymetry between the southern and northern IMS hydrophone triads provide direct
evidence for which depths matter when counting occlusion. For example, in our propagation model, no path to
any of the three hydrophones in the southern HO3 triad includes bathymetry shallower than 1,429 m, just beyond
the 1,350 m counting depth we chose. In those cases, T waves are seemingly unaffected by the seafloor, as
evidenced by Figure 7 which shows their RMS pressures being recorded with losses predicted by free-space
propagation. Adjusted for epicentral distance, H03S1 records the largest T wave in our set. On the other hand,
the corridor from HTHH to the northern HO3 triad is punctured by bathymetry that rises essentially to the surface.
The logarithmic occlusion counts at those sensors are 1.6 and 1.7.

We can now explain the quantitative departure of sound pressure levels from the p o1 / \/; free-space
geometrical spreading trend in Figure 7, for a common source presumed to be isotropic, and recalling that we
forgo attempting a station-depth correction due to the fundamental-mode arguments put forward in Section 3.1.
Removing the effect of geometrical spreading from our pressure measurements following the cylindrical
free-space proportionality allows us to define an adjusted RMS pressure, p; = p\/;, whose substitution into
Equation 6 gives the adjusted SPL,

L, =201log;, (”—). ®)
Po

In Figure 8 we show the relationship between L ., the free-space adjusted SPL of Equation 8, and the occlusion
count, A, defined in Equation 4, for various values of the test clearance ratio @, the fractional width of the zone
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Figure 8. Adjusted sound pressure levels (Equation 8) relative to the maximum of the set (H03S1) as a function of occlusion
count Ag computed for different test clearance ratios: ® = 0.0 (a), ® = 0.6 (b), and ® = 1.0 (c). In each panel a line plots the
best-fitting linear regression model (Equation 9) for the 29 stations recording Category A and B signals, colored to represent the
clearance ratio whose counting domain is illustrated by the Fresnel-zone diagram inset in the lower left corner and explained in
Figure 5. Best-fitting model parameters and the corresponding coefficient of determination, R?, values are provided. Gray lines
plot a random sample of 10 from a set of 1,000 bootstrapped regressions obtained via resampling with replacement (Efron &
Tibshirani, 1994). Dashed black lines are plotted with slopes equal to the colored best-fit data line but offset above and below it
by half the range of the adjusted SPL values recorded by stations with zero path occlusion.

SIMON ET AL.

14 of 20

ASUADIT suowrwo)) aanear) ajqeordde ay) £q pauraAos aIe sa[oNIE YO SN JO SI[NI 10J AIRIqIT 2uI[uQ AS[IAN UO (SUOTIPUOD-PUE-SULIA)/WI0d KA[1M " AIeIqIjaur[uo//:sdny) suonipuo)) pue suta ], ay) 22§ [9z0z/10/1 1] uo Areiqry auruQ La1p 1891, £q 9662€04STOT/6T01 01/10p/wiod Kapim’ Kreiqraurjuo sqndnSe//:sdny woiy papeoumo( ‘I ‘90T ‘9S€6691T



Fa\ AV

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/20257B032996

relative to the width of the first Fresnel zone. This figure demonstrates the influence of counting bathymetric
obstacles as occluders within this zone, as detailed in Section 3, leading to signal transmission loss and diminished
T-wave amplitude after correcting for propagation distance. For the 29 stations that recorded HTHH T waves
shown in Figure 7, the relationship appears to be linear, as follows,

L, xlogy(Ag + 1), 9)

where the +1 on the right-hand-side of Equation 9 protects against the cases when the occlusion count is iden-
tically zero.

From top to bottom, the three panels of Figure 8 plot the adjusted SPL (in dB relative to the maximum of the set,
HO03S1) against occlusion counts Ag for @ = 0, ® = 0.6, and ® = 1; thatis, Figure 8a only considers obstacles
that directly impede the direct great-circle path at 1,350 m depth, Figure 8b expands the bathymetric search to
include all occluders within the 0.6 Fresnel-zone clearance ratio, and Figure 8c unfurls the dragnet to catch all
seafloor interactions within the full width of the first Fresnel zone.

As the panels in Figure 8 have now fully removed (cylindrically spreading) distance and (bathymetrically
occluded) path effects, differences in 7-wave amplitudes that remain might be attributable to differences in
recording depth and azimuthal inhomogeneities in the source. To appreciate any possible variability due to source
effects, dashed lines are plotted with the same slope as the solid regression line, offset above and below it by one-
half the spread of the zero-occlusion adjusted SPL values.

4.3. Analysis

A simple line count of bathymetric interactions along the source-receiver great-circle path of a propagating T’
wave explains 70% of the variance of sound pressure level losses adjusted for free-space geometrical spreading.
The outliers in Figure 8a show that the count along the great-circle path alone, A, is likely most useful as a bulk
estimate across large-aperture arrays and may be insufficient to estimate signal losses along narrow corridors or at
single stations. Even with this most restrictive occlusion count, Figure 8a explains the discrepancy in SPL
recorded by the northern and southern HO3 triads identified in Figure 7. Adjusted for distance and plotted against
occlusion count it is clear that the southern hydrophones recorded louder 7" waves because of their unoccluded
paths, while the northern hydrophones heard a relatively quieter HTHH eruption due to bathymetric occlusion.
For the majority of their ~9,300 km paths, the Fresnel zones of these closely collocated stations overlap, implying
the difference in bathymetric environments is confined to a region very near the receiver, as apparent from Figures
S40-S44 in Supporting Information S1.

Figure 8b broadens the geographic domain of the occlusion count to consider 60% of the first Fresnel-zone width.
The resulting model predicts losses of 5.9 dB with the logarithm of occlusion count, A ¢, and explains 86% of the
data variance. The greatly improved goodness-of-fit is partially the result of the disappearance of the most
egregious outliers in Figure 8a, notably MErMAID floats NOOO2 and P0028, which lie along unobstructed great-
circle paths with zero occlusion in Figure 8a, but in Figure 8b reveal themselves to be much more occluded
when the obstacle search is expanded off the direct path. This supports the motivation for considering at least
some portion of the Fresnel zone to accurately gauge path effects when modeling transmission loss. Conversely,
the fit is worse for receiver PO021 when considering a broader Fresnel zone. We speculate this is due in part to the
geographic distribution of occluders (mainly clustered within the lower half of the symmetric Fresnel zone, see
Figure S33 in Supporting Information S1), which our algorithm does not take into account.

Finally, Figure 8c widens the domain of the occlusion search to the entire Fresnel zone, with the occlusion count
A, ¢ identifying the most path obstacles. The linear model records the highest goodness-of-fit, R?> = (.88, and the
best-fit regression line is in very close agreement with the average of the bootstrap-resampled models. In other
words, this final model, which predicts a 5.6 dB loss in adjusted sound pressure level per logarithm of the full-
Fresnel occlusion count, is highly stable, and also highly significant, with the probability of spuriously recording

such a high correlation vanishingly small (with a p-value on the order of 10™'4).

The clearance ratio of ® = 0.6 analyzed in Figure 8b validates the nearly 70-year old rule-of-thumb discussed in
Section 3.3 which theorizes that signal attenuation approximating free-space losses may be obtained by keeping
the innermost 60% of the first-Fresnel-zone completely clear of obstacles. Additionally, a comparision
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of Figures 8b and 8c shows that very little additional model strength is gained by expanding the counting region to
include the outer 40% of the full Fresnel radius—a second proof, independent of the concept of free-space loss,
that obstacles within this most important inner volume of the Fresnel zone have the most effect on 7-wave
attenuation. In fact, Table S3 in Supporting Information S1, which provides model performance for ® between
0.0 and 1.0, shows that greater than 90% of the model performance relative to ® = 1.0 is achieved at an even
narrower clearance ratio of @ = 0.4. This has implications for signal detectability and correlation, important
factors in, for example, seismic ocean thermometry (Wu et al., 2020, 2023; Zheng et al., 2023).

5. Discussion

Understanding physical processes of the solid Earth as recorded in the ocean requires comprehending signal
transmission, the influence of a 7-wave path from generation to detection, and how the structure of the ocean floor
along the path—or across an array—shapes what can be observed on hydrophones.

Adjusted for free-space losses, that is, corrected for cylindrical geometrical spreading, bathymetric occlusion is a
significant driver of T-wave signal attenuation. As we have shown for the HTHH eruption sequence observed by
MEermaID floats and IMS stations, sound pressure levels decrease logarithmically with the number of obstacles
encountered by the 7' wave along the propagation path. The strength of this relation grows with the portion of the
Fresnel zone—the clearance ratio—that is being included in counting those obstacles. Obstacles nearer the great-
circle path have a stronger attenuation effect, while expanding the search yields a diminishing rate of return in
terms of explanatory power.

If T-wave signals are to be used to infer source characteristics, whether from volcanoes (e.g., Tepp & Dziak, 2021;
Wech et al., 2025), or indeed any other source (e.g., Okal, 2001; Reymond et al., 2003), we recommend that sound
pressure levels be corrected for bathymetric occlusion within the Fresnel zone. This will reduce the risk of
backprojecting unmodeled path effects onto source attributes.

Taken together, these findings will be useful for designing future ocean-acoustic monitoring networks because
they demonstrate that occlusion within some portion of the Fresnel zone—as determined by an acceptable level of
signal transmission—should be considered when optimizing station placement and sensor specification, whether
in efforts to monitor volcanic eruptions or assess potential explosions.

We do not have perfect knowledge of the seafloor (Mayer et al., 2018; Yu et al., 2024), nor of the ocean acoustic
regime. The prospect of being able to “hear” the roughness of the former (Goff & Arbic, 2010), and sense the
temperature of the latter (Wu et al., 2020) via differential observation of hydroacoustic phases is exciting.

6. Conclusions

A novel hydroacoustic data set from 24 MErRMAID sensors of the 15 January 2022 submarine volcanic eruption at
HTHH illuminates how the seafloor can shape the source signal along the path to the receiver. Supplemented by
hydrophone records from moored IMS stations, we focused on the characteristics of a 30-min window that carries
T waves associated with the main eruptive pulse. Beyond shedding light on the HTHH eruption sequence, we
show that signal variability cannot simply be explained by differences in epicentral distance. We characterized
path effects under the hypothesis that the seafloor environment along the propagation path is the main driver of
mutual decorrelation and individual signal attenuation.

Simply counting occluders along the great-circle path at the depth of maximum fundamental-mode pressure
explains 70% of the variance of sound pressure level adjusted for epicentral distance, while a broader tally of all
occluders within the full width of the Fresnel zone boosts that statistic to 88%. While the strength of this relation
increases as a function of the clearance ratio accounted for, the parameters derived from it are stable. In particular
the slope of the regression line is very robust. Our final model predicts a 5.6 dB loss in adjusted sound pressure
level per logarithm of full-Fresnel occlusion count.

Our findings may help explain progressive decorrelation of signals emanating from known or repeating sources
but recorded at different locations, and may be used to adjust signal amplitudes to correct for occluded and lossy
propagation paths. In particular our model has implications for constraining explosive or volcanic yield estimates
and estimating earthquake magnitudes, and will be useful for modeling sound propagation losses through various
oceanic paths when planning the hydroacoustic monitoring networks of the future.
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Preliminaries

Figure S1 is an alternative rendition of the data shown in Figure 2 of the Main Text, sorted
by epicentral distance. Figure S2 is a record section of the data shown in Figure 2 of the Main
Text, with local events included. This document was formatted using the agutexSI2019.cls

IETEXclass file, as required by Journal of Geophysical Research: Solid Earth.

S1. Time-Slowness Analysis

Figure S3 summarizes our data set as vespagrams (Davies et al., 1971) that render summed en-
ergy as a function of slowness and timing relative to the mean 7-wave arrival time, in Figure S3(A),
and to the mean P-wave arrival time, in Figure S3(B), calculated using a mean epicentral distance
of 31.4°. Gaps in the crosshairs represent those hypothetical first arrivals. To cross-reference both
panels: if the axis was expanded, the P wave would lie near (—32.9 min, —66.3 s/deg) in Fig-
ure S3(A). Predicted arrival times for S waves, and for Love (4.33 km/s) and Rayleigh (3.82 km/s)
waves are marked by crosses to locate surface wave velocities identified by Thurin and Tape (2023).
Phase arrival times were computed in the ak135 model (Kennett et al., 1995) using Mat Taup,
written in MATLAB by Qin Li while at the University of Washington in November 2002.

Category A and B signals were filtered as in Figure 2 of the Main Text to generate Figure S3(A),
and within the lower frequency band where MERMAID most strongly records P waves (Simon
et al., 2022) to make Figure S3(B), as noted in the lower-right corner. To suppress noise, we
furthermore used 30 s moving root-mean-squared (RMS) signal envelopes (the same used for cor-
relations in the Main Text) before shifting and summing. Category C traces, which did not record
the T wave were excluded from the vespagram calculation. Only one station from each of the IMS
arrays, H11S1 and HO3S1, was included so as not to bias the results.

Figure S3(A) shows that the majority of energy in our data set arrives with the slowness of a

hydroacoustic phase. We see that energy is first concentrated near the predicted arrival time and
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slowness of the T wave, and then after a minutes-long ‘lull’ reemerges into a longer-duration and
more defocused secondary ‘rumble.’” That rumble reaches its maximum about 15 minutes later
than, but at the same slowness of, the initial burst, and thus likely represents later-arriving 7" waves
associated with the eruption.

Figure S3(B) lacks identifiable body or surface waves. No significant energy is seen to concen-
trate around those expected slownesses and arrival times. Thurin and Tape (2023) observed such
phases at frequencies below 0.067 Hz (15 s period), below the nominal sensitivity of MERMAID

(Simon et al., 2022).

S2. Near-Source Bathymetry and Travel-Time Corrections

To compute predicted first arrival times in this study we assume all waves travel at the speed of
sound in water along the entire great-circle path from source to receiver.

One could imagine a simple travel-time correction that instead presumes that seismic energy
leaves the Hunga Tonga-Hunga Ha‘apai (HTHH) eruption as P waves (e.g., traveling at 5.8 km/s)
before converting to slower 7" waves (1.48 km/s) at the solid-fluid interface. A first-order travel-
time correction could assert that the conversion point lies along the solid-fluid interface where the
seafloor first reaches 1350 m, the median depth of the maximum of the fundamental acoustic mode
that we focus on, and where we count occluders (Section 3.1 of the Main Text, and Section S3 in
the Supporting Information).

We do not claim this first-order travel-time correction captures actual 7T-wave generation for this
event in any meaningful manner. We show it merely provides one reason why arrivals at H11
appear so delayed compared to stations to the east of HTHH when aligned on the predicted pure
T-wave travel time (Figure 2 of the Main Text).

Figure S5 shows near-source bathymetry for stations PO045 and H11S1. If an initial P-wave path

is assumed for both (much longer in the case of PO045) then the predicted arrival time at P0045
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would shift relatively earlier (to the left in Figure 2 in the Main Text). When compared as in the
right column of Figure 4 in the Main Text, where vertical lines mark first arrival times relative to

each envelope, the result is that the perceived offset is substantially shrunk.

Here is a breakdown of that process:

Total distance to P0045: 1110.5 km

Total distance to H11S1: 4761.1 km

P0045:

Travel time for T wave (1110.5 km): 750.3 s

Travel time for P wave (103.2 km) then T wave (1007.2 km): 698.4 s
Time difference between one- and two-leg: 52.0 s

H11S1:

Travel time for T wave (4761.1 km): 3217.0 s

Travel-time for P wave (9.0 km) then T wave (4752.1 km): 3212.4 s

Time difference between one- and two-leg: 4.5 s

Therefore, the predicted arrival time (vertical line) of the upper envelope (H11S1) is only shifted
4.5 s to the left, while it is shifted 52 s to the left for the lower envelope (P0045) compared with

the similar panel in Figure 4 of the Main Text, as shown in Figure S6.

S3. Ocean Depth, Sound Speed Profile, and Acoustic Modes

Figure S7 shows a profile through ocean sound-speed model GDEM-V 3.0 (Carnes, 2009) from
HTHH to IMS station HO3S1 (most distant), with MERMAIDS P0045, P0O041, PO053, P0023, and
P0040 (along similar azimuths, ordered by increasing distance; see Figure 1 in the Main Text and

Table S1) projected onto the path, taken for a ‘typical’ month of January.
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In the Main Text we explain our motivation to focus on the maximum of the 2.5 Hz acous-
tic fundamental mode when determining the depth to count occluders. To obtain modal pressure
eigenfunctions we use the KRAKEN software (Porter, 1992) with specific ocean depths and sound-
speed profiles overlying a halfspace with seafloor properties from the PREM model (Dziewonski
& Anderson, 1981). To choose appropriate input values of ocean depth and sound speed, we use
ECCO (Forget et al., 2015), a time-resolved ocean model with a spatial resolution of 0.5°x0.5°,
approximately 56x56 km? at the equator, and Roquet, Madec, McDougall, and Barker (2015)
to map state variables into sound speed using the gsw—python toolbox (McDougall & Barker,
2011). To mirror this coarse resolution we computed average ocean depths and sound-speed pro-
files along 100 km-long north-south corridors with our receiver locations at their center, employing
a 10-year averaged January sound speed. Regionally averaged ocean depths were computed using
ETOPOI1 (Amante & Eakins, 2009).

Figure S8 plots eigenfunctions of sound pressure for a 2.5 Hz acoustic fundamental mode prop-
agating in one-dimensional ocean models of depths 5580 m (Figure S8(A), solid black curve), and
4020 m and 1146 m (Figure S8(B), solid black and dashed curves, respectively). Eigenfunctions
are normalized to yield equal depth-integrated squared amplitudes, and may include a non-trivial
component in the solid Earth (not shown). These two panels illustrate the cases pertinent to MER-
MAID P0045 (floating at 1500 m depth, 4080 m above the regionally averaged ocean floor as
computed with ETOPO1, and 4140 m above the local ocean floor according to the GEBCO_2014
(Weatherall et al., 2015) model), and IMS station H11S3 (anchored at 726 m depth, 3294 m above
the regionally averaged ocean floor as computed with ETOPO1, but in actuality only 420 m above
the local ocean floor as reported by IMS).

In Figure S8(A), MERMAID P0045 is marked by a blue triangle, the local seafloor by a red
horizontal line, and the 100-km averaged ocean depth by a black horizontal line where the mode

solution vanishes. The fundamental mode is shown by a solid black line: the bulk of the 7-
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wave energy propagates well above any local bathymetric perturbations. In Figure S8(B), shallow
seafloor IMS station H11S3 is shown twice, as blue diamonds, on the modal eigenfunction (black
solid curve) for the 100-km averaged sound speed profile and ocean depth marked by the black
horizontal line, and on the modal eigenfunction (black dashed curve) for the sound speed profile
and local ocean depth marked by the red solid line at 1146 m.

Also in Figure S8(A), three box plots (minimum, 25", 50" and 75" percentiles, maximum, with
outliers represented by crosses) illustrate the range of cruising depths (marked STDP) of all 29
receivers that recorded the HTHH event, the ocean depths averaged along every great-circle path
from source to receiver (marked GCP OCDP), and the corresponding maxima of their fundamental-
mode pressure eigenfunctions (marked Mode Max.). For stations to the east of HTHH (all except
P0048, P0049 and H11) only the path after the Kermadec-Tonga trench (the presumptive seismoa-
coustic conversion point) was considered.

As with PO045 in Figure S8(A), it is clear that the seafloor will rarely greatly affect sound pres-
sure levels for any of these oceanic paths, as even the most extreme minimum-average seafloor
depth is around 3000 m, where the average ocean-depth sound pressure eigenfunctions display
low sensitivity. Only bathymetric occluders that interact significantly with the pressure eigen-
mode are likely to be of high acoustic signal-blocking importance (Heaney et al., 1991; de Groot-
Hedlin & Orcutt, 2001). On the other hand, for the particular example of IMS station H11S3,
Figure S8(B), inspection of the near-receiver bathymetric profile reveals that the seafloor under-
goes rapid bathymetric shoaling near this IMS station which is, essentially, moored on a seamount.
This rapid transition from deep to shallow ocean might result in energy conversions as the fun-
damental mode starts to “feel” the seafloor in shallower waters, which we are unable to capture
using a one-dimensional modeling framework. We do not attempt to account for the details of any

amplification factors that may arise as a result. Hence, of the two candidate modal solutions, we
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consider the deeper regional-average ocean solution to be the most representative for the relevant
propagation path.
Figure S9 shows sound speeds and pressure eigenmodes as in Figure S8 for all 29 stations that

reported Category A and B signals.

S4. Bathymetric Occlusion and 7-Wave Observability

Figures S10-S44 contain time and spectral domain signals, and bathymetric profiles and maps
for all sensors, sorted by epicentral distance. Not every sensor was able to detect HTHH. Sec-
tion 4.2 of the Main Text explores how occlusion modulates amplitudes of detected Category A
and B signals. This section is the complementary exploration of how occlusion affects observabil-
ity in general, i.e., now including Category C records.

Figure S45 shows the ranked RMS pressure of all the records in Categories A, B, and C, for all
35 stations in this study, against the rank of their occlusion count. To continue to the graphical
convention used in in the Main Text, symbols for Category A and B records are shown in blue and
black, whereas those of Category C are gray. Only Category A and Category B records correspond
to actual signal, whereas Category C records, effectively, contain noise segments within the same
reference time window. In the top left corner of Figure S45 we find receivers along completely
unimpeded paths, which we simply stacked on top of one another. In the bottom right we find
again the cluster of H11 stations, all of which lie on highly occluded paths, with generally low,
though relatively varying, RMS values which likely reflect their local noise environments.

The general decline in RMS following the trend of little to heavily occluded paths shown in
Figure S45 is in line with our earliest expectations, although some stations notably defy this ten-
dency. While occlusion clearly does degrade the hydroacoustic record, it is not so that the stations
that recorded no signal are also the most occluded: if that were so, Category C stations would be

contiguously grouped in the bottom right of Figure S45. Conversely, and perhaps paradoxically,
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among the lowest-ranked RMS and highest-occluded signals feature clear Category A signals of
high quality.

Beyond the reservations enunciated in Section 2.6 of the Main Text, first among all the possible
confounding factors that we wish to disambiguate is the local noise environment. In Figure 3 of
the Main Text we highlighted a 30-minute window in the record obtained from MERMAID P0045
as containing the T-wave ‘“‘signal.” For the Category A and B records we now label the 10-minute
window that precedes the 30-minute signal segment, whatever it may contain (see, e.g., especially
the 13 waveforms P0023 to P0048, excluding P0O049, in Figure 2 of the Main Text, where this
window in fact contains HTHH signal), as “noise.”

Calculated in this manner, Figure S46 renders the RMS pressure of the 30-minute signal ver-
sus the 10-minute preceding windows. A solid line tracks a signal-to-noise ratio (SNR) of
1:1, while a dashed represents an SNR of 2:1. Figure S46(A) includes all stations, while Fig-
ure S46(B) is a zoom-in to show detail about the lowest-ranked RMS signals—ranks 17 (HO3N2)
through 35 (H11N3) in Figure S45, which excludes stations P0054-P0040—where the 10-minute
segments are, indeed, mostly random noise. Figure S46(B) makes it clear that Category C signals
congregate near the solid line marking the 1:1 SNR. Float NO0OO4 lies close to that line, confirming
the visual perception in Figure 2 of the Main Text that its signal is rather small, which may help
clarify its anomalous position in the lineup of Figure S45.

Figure S46 confirms that the noise level of the H11 cluster of stations is exceptionally low. This
may help explain why some 7" waves were recorded with such clarity at those locations despite
their high occlusion counts, while others were not, despite their relatively lower occlusion val-
ues. Figure S46 furthermore shows that the noise level (horizontal coordinate) at float PO025 was
relatively elevated, ranking higher than the 7-wave signal (vertical coordinate) recorded by nine

Category A and B stations (those to the right of PO025 in Figure S45).



SI - 10J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

Taken all together, Figure S45 and S46 help substantiate our assertion that transmission loss
and diminishing signal quality scale with increasing bathymetric occlusion count. Therefore, in
the results section of the Main Text, we drop Category C signals from consideration to derive a

relationship between bathymetric occlusion and signal attenuation.
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Table S1. (caption next page)

Network Receiver Latitude (°) Longitude (°) Receiver Depth (m) Ocean Depth (m) Distance (km) Azimuth (°) Category

MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH
MH

IM
IM
IM

MH

IM
IM
M

MH
MH
MH

IM
IM
IM
IM
IM

P0054
P0045
P0042
P0049
P0048
P0041
P0053
P0023
P0040
P0028
NO0002
P0026
P0036
P0016
P0022
P0035
P0017
NO0001
P0025
POO18

H11S2
HI11S3
HI11S1

P0021

HI1IN3
HI1INI
HI1IN2

PO019
N0004
NO0005

HO03S3
HO03S2
HO3S1
HO3N2
HO3N1

-28.493
-25.295
-29.848
-30.553
-29.421
-27.382
-29.972
-27.977
-29.232
-8.786
-2.023
-11.632
-22.235
-11.810
-23.356
-16.440
-11.936
1.692
-23.053
-13.293

18.490
18.495
18.508

-21.605

19.718
19.714
19.731

-14.157
-17.597
-21.672

-33.8
-33.8
-33.8
-33.4
-33.5

-171.993
-165.846
-170.141

178.669

173.488
-161.753
-157.878
-156.395
-154.043
-150.085
-155.005
-147.223
-142.464
-144.311
-140.723
-141.518
-140.596
-146.962
-136.041
-136.424

166.705
166.687
166.700

-129.185

166.910
166.891
166.897

-125.241
-118.668
-104.669

-78.9
-78.8
-78.8
-78.9
-78.9

1500
1500
1500
1500
1000
1500
1500
1500
1500
1500
1500
1500
1500

500
1250
1500
1000
1500
1500
1250

742
726
750

1000

729
731
721

500
1500
1500

800
800
800
800
800

5232
5640
5281
3734
2838
5039
5234
5455
5232
4998
4852
4603
3811
4937
4561
2917
4113
4524
4150
4230

1148
1155
1183

4116

1318
1099
1397

4888
3611
3860

1960
2113
1891
2804
2926

948
1110
1161
1262
1492
1579
2045
2092
2355
3013
3022
3162
3408
3451
3581
3595
3827
3962
4060
4213

4759
4760
4761

4778

4874
4875
4876

5350
5941
7268

9326
9326
9328
9332
9333

159
120
154
207
226
121
124
117
118
68
50
76
99
79
101
88
81
55
101
85

335
335
335

100

336
336
336

91
97
105

124
124
124
124
124

> OO P> WP O0PEOATTEIP>E> > >0 >
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Table S1. (previous page) Receivers used in this study, their location and underwater depth, and their
great-circle distances and azimuths from the HTHH event. While we used the most exact and up-to-date
coordinates, not all are publicly available (Gibbons, 2022). For those (HO3) we provide only rounded
coordinates. Ocean depths are from GEBCO_2014 (Weatherall et al., 2015), which may differ greatly
from those reported by the IMS (see Table S2). Azimuth is measured positive clockwise from due
North. The final column lists our 7T-wave signal categorization defined in the Main Text, with A (“well
defined”) clearly peaked in its time-domain envelope, B (“diffuse”) lacking defined onsets but displaying

smooth-envelope “rumble,” and C (“undetected”) exhibiting no clear signal.

Table S2. (current page) Ocean depths (m) reported by GEBCO_2014 (Weatherall et al., 2015),
the IMS, and their average per-triad differences, which can be substantial in some cases. HO3N3 was
malfunctioning during the study period and not used, but is retained here for completeness. Note that
IMS bathymetric data were only available at specific IMS receiver locations, while GEBCO models
bathymetry within the entire Pacific, hence we used the later for this study, but quote the former to

illustrate that we have imperfect knowledge of ocean depths.

Station GEBCO IMS Difference Average

HO3N1 2926 1538 1388
HO3N2 2804 2060 744 745
HO3N3 2105 2003 102
HO3S1 1891 2040 -149
H03S2 2113 2160 -47 -82
HO03S3 1960 2011 -51
HIIN1 1099 1418 -319
HIIN2 1397 1427 -30 -155
HIIN3 1318 1433 -115
HI11S1 1183 1179 4
H11S2 1148 1197 -49 -12

HI11S3 1155 1146 9
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Table S3. Model performance for our occlusion counting scheme, L, = (1 1og;o(Ae + 1) + o, at a
range of clearance ratios, ®. The final column lists relative performance in terms of R? fit compared to the

case when ¢ = 1.0, i.e., considering the full Fresnel width.

P 51 50 R2 Rel. %

00 -6.0 -44 0.70 79.5
0.1 -5.8 -42 0.71 80.7
02 -5.6 -4.1 0.71 80.7
03 -58 -34 0.77 875
04 -59 -29 082 932
0.5 -59 -26 085 96.6
06 -59 -25 086 97.7
0.7 -58 -25 086 97.7
0.8 -57 -23 087 98.8
09 -5.7 -2.2 0.88 100.0
1.0 -5.6 -2.2 0.88 100.0
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Figure S1. Data as in Figure 2 of the Main Text but with receivers reordered from top to bottom by

increasing epicentral distance.
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Figure S2. Record section with traces normalized like Figure 2 of the Main Text, but without local
events removed, and in different colors. Position on the vertical axis corresponds to epicentral distance
and timing on the horizontal axis is relative to the USGS origin us7000gc8r for the HTHH eruption.
P-wave arrival times are predicted using Earth model ak135 (Kennett, 1995). Additional signals moving
at the speed of sound in water are clearly visible before and after the main 30-minute 7 wave analyzed in

this study.



SI- 18 J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

—_
)
o

N
o
!

O
S

2.5-10.0Hz

Slowness Relative To Predicted T-Wave [s/deg]
o

-15 0 15 30 45
Time Relative To Predicted T-Wave Arrival [min]

[\
(@)

Slowness Relative To Predicted P-Wave [s/deg]
o S

—_
o

0 5 10 15
Time Relative To Predicted P-Wave Arrival [min]

| T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized Envelope Amplitude

1
W

Figure S3. Vespagrams made from 30 s RMS waveform envelopes in two time-frequency windows,
plotted relative to the predicted slowness and timing of the predicted 7" wave in (A), and P wave in (B).
Most of the energy is concentrated in two bursts at the slowness of the 7 wave, while no clear P wave is
detected, nor is there any evidence of S or surface waves, whose timings and slownesses are included as

crosshairs for reference only.
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Figure S4. Zoom into Figure 3 of the Main Text highlighting six minutes around the time of the HTHH

eruption, showing what we interpret as possibly ‘gliding’ tremor, followed by a brief pause, preceding the

eruption.
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Figure S5. First 200 km of bathymetry along great-circle paths (GCP) to receivers PO045 and H11S1
(note that in the Main Text, and later in this Supporting Information, bathymetric profiles taken along GCP
paths are colored red). The dashed blue line marks the sea surface. The solid black line at —1350 m marks
the depth of the maximum of the fundamental-mode pressure eigensolution (where we count occluders),
and its intersection with the open ocean after the trench (around 100 km from the source for the path to

P0045) is the location of P-to-T-wave conversion in our first-order time correction.
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Figure S6. Envelope correlation and adjusted offset after making the first-order travel-time adjustment

described in Section S2 and Figure S5. The minor difference in correlation coefficient compared to the

Main Text is due to the slightly different (shifted) 30-minute windows considered.
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Figure S7. Cross-section of the bathymetry along the oceanic great-circle path between HTHH (at the
left) and IMS station cluster HO3 (HO3S1 is plotted at the far right), with color rendering of the sound
wave speed in the GDEM-V 3.0 model (Carnes, 2009) for a generic January. Projected onto the path, from
left to right at 1500 m depth, are the receiving locations of MERMAID floats PO045, P0041, PO053, P0023,
and P0040 (colored circles, representing receivers at similar azimuths; see Figure 1 in the Main Text). The
blue curve is the local sound-speed profile at the location of PO045 with minimum and maximum speeds

marked above the curve.



SI - 22 J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

0 1 1
A B
1000 - - ‘ S~ F
Local OCDP
2000 - - -
E
< 3000 - -
)
a
4000 - - -
Ave. OCDP
5000 1 . ‘ H11S3 Station Depth | [
Ave. OCDP — — Local-OCDP Mode
Local OCDP. 1 —— Average-OCDP Mode
6000 T T T T T T T T
0 0.015 0.03 0.045 0 0.015 0.03 0.045

Pressure Eigenfunction At PO045  Pressure Eigenfunction At H11S3

Figure S8. Sound pressure eigenfunctions for two stations for a 2.5 Hz fundamental acoustic mode
propagating in one-dimensional ocean models of different depths over a seafloor with material properties
of the PREM crust (Dziewonski & Anderson, 1981). Solid black curves were obtained via averaging
of the ECCO model (Forget et al., 2015), ocean depths, and sound speeds along a 100 km north-south
regional transect and computing fundamental-mode acoustic pressure eigenfunctions within the water col-
umn. Horizontal lines mark regional average ocean depths (black) and local ocean depths immediately
below the receiver (red). (A) The case relevant to MERMAID P0045. Three box plots represent: sta-
tion depths (STDP); ocean depths (OCDP) averaged across all great-circle propagation (GCP) paths; and
depths at which pressure modes like the one shown here reach their maximum (Mode Max., with outliers
marked by “+7), for all 29 receivers that reported Category A and B signals. (B) The case relevant to IMS
station H11S3 with a dashed black curve showing the pressure mode within its locally shallower water

column.
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Figure S9. Path-average sound-speed profiles (A) and 2.5 Hz fundamental-mode sound pressure eigen-
functions (B) calculated for regionally averaged ocean depths (over a 100 km north-south transect) as in
Figure S8, in the ECCO model (Forget et al., 2015), for all 29 stations recording Category A and B signals.
A horizontal line marks the median of the minimum of the sound-speed profiles at 910 m in (A), and the
median of the maximum mode pressures at 1384 m in (B). The anomalous eigenfunctions in (B) with max-
imums at or near the seafloor (marked by “+”) correspond to MERMAID P0048 and all five functioning
HO03 hydrophones with their relatively shallower regionally averaged ocean depths (in total there are six

anomalous modes plotted, though some overlap here).
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Figure S10. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0054.
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Figure S11. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0045.
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Figure S12. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0042.
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Figure S13. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0049.
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Figure S14. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0048.
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Figure S15. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0041.
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Figure S16. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P00S53.



J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029,/2025JB032996 SI- 31

2 4P0023 DIST = 18.8°

2 {STDP = 1500 m AZ=117.0"

Std. From Mean (dB Pa’/Hz)

Time Relative To Predicted 7-Wave Arrival [min]

— 0 -
g
=
=2 -
2
S 4 -
2
84

'6 T T T T T T T T
E‘ 38 I I I I I I I I I 0
ﬁ —
2 _ :%.35 §
ES| =
g - £
5 -z
Z =
;u': 38 T T T T T T T T _6

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Epicentral Distance [km]

Figure S17. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0023.
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Figure S18. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0040.
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Figure S19. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0028.
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Figure S20. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID NOO0O2.
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Figure S21. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0026.
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Figure S22. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0036.
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Figure S23. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0OO16.
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Figure S24. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0022.
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Figure S25. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0035.
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Figure S26. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0OO17.
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Figure S27. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID NOOO1.
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Figure S28. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0025.
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Figure S29. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0O18.
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Figure S30. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver H11S2.
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Figure S31. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver H11S3.
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Figure S32. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver H11S1.
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Figure S33. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0021.



SI - 48 J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

| | | | | | | | | |
0.2 {H11N3 DIST = 43.8°
CU
[a m
0.2 4STDP =729 m AZ =335.6
T T T T T T T T T T

Std. From Mean (dB Pa’/Hz)

Time Relative To Predicted 7-Wave Arrival [min]

I I I I I 0
| 135 E
135 8
e}
- 9
4 £
- 2
m
38 T T T T T T T T T _6

Fresnel Radius [km] Elevation [km]

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Epicentral Distance [km]

Figure S34. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver HI 1N3.
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Figure S35. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver HI 1N1.



SI - 50 J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

DIST =439

mm

-0.2 1STDP =721 m AZ=3356"

Std. From Mean (dB Pa’/Hz)

Time Relative To Predicted 7-Wave Arrival [min]

I I I I I I I I I
£
=
— i
S
=
5 i
5
m
—_ T T T T T
838 I I I I I I I I I 0
ﬁ —
= - 3.35@
3 o
& - g

<

5 N Bl
z =
;u:38 T T T T T T T T T _6

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Epicentral Distance [km]

Figure S36. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver HI 1N2.
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Figure S37. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID P0019.



SI - 52 J. D. SIMON ET AL.: HUNGA TONGA, T WAVES, & BATHYMETRY, DOI: 10.1029/2025JB032996

0.2 - N0004 DIST =53.4°
g 0 m
0.2 STDP - 1500 m ” | AZ=971°

Std. From Mean (dB Pa’/Hz)

Time Relative To Predicted 7-Wave Arrival [min]

— 0 —

- |

=

g -2 7 B

=

m

—_ T T T

E | | | 0

ﬁ —
2 _ :%.35 §
Es| =
& - g
5 -z
[} —
2] aa)
E 38 T T T T T T T T T ‘6

0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Epicentral Distance [km]

Figure S38. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID N0O0O4.
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Figure S39. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for MERMAID NOOOS.
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Figure S40. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver HO3S3.
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Figure S41. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver H03S2.
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Figure S42. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text), and

bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver HO3S1.
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Figure S43. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text),
and bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver
HO3N2. Note the bathymetric occlusions near the receiver, which explain signal loss compared to the

complementary southern triad.
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Figure S44. Time and spectral domain signals (two top panels, like Figures 3—4 of the Main Text),
and bathymetric profile and map (bottom two panels, like Figure 5 of the Main Text), for IMS receiver
HO3N1. Note the bathymetric occlusions near the receiver, which explain signal loss compared to the

complementary southern triad.
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Figure S45. Ranked root-mean-squared (RMS) pressures in the 30-minute 7-wave window, defined in

Signal RMS Rank (Largest RMS First)

Section 2 of the Main Text, versus their ranked occlusion count, A; . All stations with zero occlusion
count are stacked in the top left corner. Receiver symbols and colors are as in the Main Text. Overall,

RMS pressure appears to fall off with increasing occlusion count.
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Figure S46. RMS pressure of the 30-minute 7-wave signal window versus that of the preceding
10-minute “noise” window. (A) All stations, and (B) zoom-in of red rectangle in (A). Solid and dashed

lines mark 1:1 and 2:1 SNRs, respectively. All Category C records, which show scant if any signal, lie on

or near the 1:1: line.
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