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ABSTRACT
The August 2021 eruption of Fukutoku-Oka-no-Ba (FOB) volcano in Japan was a remarkable VEI 4 shallow submarine eruption,
partly because it generated a 16-km water-rich atmospheric plume, new islands, and a large pumice raft. Recent studies provide
complementary summaries of the atmospheric and oceanic surface expressions of the 2021 FOB eruption, including analy-
ses of regional infrasound and Himawari-8 geostationary satellite data. The hydroacoustic record has also been published.
Following these studies, we examine how the processes occurring beneath the sea surface correlate with the intensity of the at-
mospheric portion of the 2021 FOB eruption. We compare multiple data sets, specifically International Monitoring System (IMS)
hydroacoustic and infrasonic array data in the context of ground-based lightning observations, and plume height and width data
(Himawari-8). We estimate a time-varying volumetric flow rate from plume observations and compare the resulting time series
with acoustic and lightning characteristics. The infrasound data do not correlate with the other data streams due to signal loss
from diurnal winds. The lightning, hydroacoustic, and volume-flux data are highly correlated, and we suggest this is because all
three depend on eruption flux and intensity at the vent.

KEYWORDS: Fukutoku-Oka-no-Ba; Hydroacoustic; Lightning; Volume Flux; Infrasound.

1 INTRODUCTION
Shallow (<∼300 m) submarine explosive eruptions can breach
the ocean surface and create large atmospheric plumes that,
in turn, may impact air traffic and atmospheric aerosol loads.
Recent examples include the 2022 eruption of Hunga Vol-
cano, Tonga, which made the tallest atmospheric plume ever
recorded at ∼55 km [Carr et al. 2022; Gupta et al. 2022; Proud
et al. 2022], increased the stratospheric water load by 10%
[Vömel et al. 2022], and had detectable sulfate aerosols for 8
days after the eruption [Kahn et al. 2024; Gupta et al. 2025]. For
these eruptions that reside in both the ocean and atmosphere,
fundamental questions exist about the relationship between
processes in the atmospheric plume and the marine environ-
ment, and the transition between the submarine and the aerial
plume [Rowell et al. 2022; Mastin et al. 2024]. Here we ex-
amine the ∼3-day long 2021 shallow submarine eruption of
Fukutoku-Oka-no-Ba (FOB), Japan, which created a 16 km
atmospheric plume, a ∼0.1 km3 pumice raft, and new islands
[Maeno et al. 2022; Fauria et al. 2023] from a vent that was ∼40
meters below sea level.
Although atmospheric plumes from eruptions like FOB can
now be readily analyzed using satellite remote sensing with
limitations such as cloud cover and sample rate (1 image per
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10 minutes for most geostationary satellites), the eruptive pro-
cesses under the ocean surface are difficult to quantify be-
cause we lack sensors on or near the seafloor at most subma-
rine volcanoes [e.g., Tepp and Dziak 2021]. However, seismo-
acoustic signals that couple into the water column can travel
great (>1000 km) distances in the sound-fixing and ranging
(SOFAR) channel and can be measured using hydroacoustic
arrays [Ewing and Worzel 1948; Bryan et al. 1963; Metz et al.
2016]. A central challenge lies in interpreting these hydroa-
coustic signals and understanding what processes, such as
near-vent explosions or eruption-driven landslides or seismo-
tectonic earthquakes, are recorded [e.g., Chadwick Jr. et al.
2008; 2012; Dziak et al. 2012; Caplan-Auerbach et al. 2017;
Tepp and Dziak 2021, among others].

The 2021 eruption of FOB is a case in which the at-
mospheric component of the eruption can be well charac-
terized in space and time using multiple datasets, including
satellite imagery, infrasound, and lightning [e.g., Maeno et al.
2022; Fauria et al. 2023, among others]. Hydroacoustic arrays
(H11N and H11S) at Wake Island, 2688 km from FOB, also
recorded the hydroacoustic signals from the eruption [Metz
2022; Tanaka et al. 2025]. By comparing the timing and in-
tensity of the atmospheric and submarine datasets, we seek to
better understand the extent to which the submarine and at-
mospheric eruption processes were coupled. We hypothesize
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that the eruptive flux at the shallow submarine vent controls
the intensity of the atmospheric plume (as indicated by plume
width, lightning rate, and infrasonic intensity) and the inten-
sity of the hydroacoustic signals (as indicated by detection rate
and amplitude). We apply a fluid-mechanics-based technique
from Pouget et al. [2013] to assess temporal variations in the
FOB eruption rate based on atmospheric plume width. By
comparing these submarine and atmospheric data, we test the
idea that near-vent processes control the intensity and dura-
tion of both submarine and atmospheric signals at FOB. The
alternative is that the hydroacoustic data contains signals with-
out parallels in the atmosphere, thus indicating the presence
of purely submarine processes such as eruption-triggered un-
derwater mass wasting or underwater jetting without a large
aerial plume.
We aim to further our understanding of the coupling be-
tween the ocean and atmosphere during submarine eruptions
by analyzing multiple time-series data sets, including hydroa-
coustic data. Only a few multiparameter observations of sub-
marine eruptions have been made to date [Green et al. 2013;
Wech et al. 2018; Tepp et al. 2020; Matoza et al. 2022]. Here,
we show the value of comparing multiple data sets - includ-
ing those from remotely sensed data - to elucidate the nature
of volcanic activity, specifically the coupling between subma-
rine processes and atmospheric activity for shallow submarine
eruptions.

2 FUKUTOKU-OKA-NO-BA
FOB is located 1300 km south of Tokyo in the Ogasawara
Islands, where subduction of the Pacific Plate beneath the
Philippine Sea Plate causes volcanism. FOB is a conical vol-
cano with a flat oval top (1.7 km x 1.2 km) and a vent depth
of ∼40 meters below sea level before the 2021 eruption, as
determined with 2010 bathymetry [Otani et al. 2006; Ito et al.
2011]. Before the 2021 eruption, a minimum of seven eruptions
had occurred at FOB in the last century [Japan Meteorological
Agency, 2013]. These eruptions produced large pumice rafts,
temporary islands that were later eroded, discolored water,
and weak aerial plumes that rose to 3 km [Wakimizu 1908;
Kuno 1962; Furukawa 1992; Urai 2014].
The timing, products, and impacts of the August 2021 erup-
tion of FOB have been well characterized. The eruption
started to produce a visible atmospheric plume on 12 August
2021 at 21:00 UTC [Maeno et al. 2022; Fauria et al. 2023]. The
bright white and water-rich plume quickly reached 16 km asl,
the height of the tropopause, and became highly elongated
to the west due to the wind. Although the plume was most
vigorous for the first ∼14 hours of the eruption, the eruption
continued through at least August 15, during which time it pro-
duced a ∼0.1 km3 floating pumice raft and a pair of new 53
million 𝑚3 islands [Maeno et al. 2022; Fauria et al. 2023]. Over
its duration, the eruption generally proceeded from vigorous
and steady to weak and unsteady, with four formal phases
defined by Maeno et al. [2022].
The FOB pumice raft drifted westward over 1300 km and
arrived in the Okinawa prefecture of Japan, beginning two
months after the eruption [e.g., Yoshida et al. 2022, among oth-
ers]. Once nearshore, the pumice caused significant damage

Figure 1: Schematic of remote observational sensors, including
a moored hydroacoustic array, Himawari geostationary satel-
lite, IMS infrasound array, and GLD360 lightning network.

to the fishing and tourism industries by clogging ports and
damaging vessels [Ohno et al. 2022]. Sampling of the FOB
raft demonstrated that the clasts were of trachytic composi-
tion with glass compositions up to 68% 𝑆𝑖𝑂2, although there
was variation in clast color between primarily black and grey
[Yoshida et al. 2022].
Tani et al. [2022] conducted rapid response seafloor surveys
and sampled submarine FOB deposits with remotely oper-
ated vehicles and box corers in April and August 2022. These
surveys revealed little post-eruption bathymetric change [Tani
et al. 2022]. The seafloor was, however, blanketed with
centimeters-thick pumiceous sand, with a notable absence of
pumice clasts from the raft [Tani et al. 2022].

3 DATA
Because our approach relies on the analysis and correlation
of multiple independent data sets from the ocean and atmo-
sphere (Figure 1), we first describe our data sources. All our
data are from remote observations, and the data types are hy-
droacoustic data, Himawari-8 infrared satellite observations,
global lightning data, infrasound data, and atmospheric con-
ditions.

3.1 Hydroacoustic and Infrasound array data

Our acoustic array data are from the Comprehensive Nuclear-
Test-Ban Treaty Organization’s (CTBTO) International Mon-
itoring System (IMS). Figure 2 shows the locations of the
Wake Island Hydroacoustic Site (H11) and infrasound (IS30
and IS39) arrays (IS45, Russia also detected the FOB erup-
tion). H11 is a pair of 3-element arrays, north, H11N, and
south, H11S, of Wake Island, USA. The triplets are outfitted
with HiTec 1-100Hz hydrophones and dataloggers at each ar-
ray, and sample the wavefield at 250 samples per second (sps).
The geodesic distance from FOB to H11S is approximately
2688 km, giving a travel time from source to receiver of ∼30
minutes at 1.5 km/s. Both arrays detected the eruption, and
the data can be retrieved through the Earthscope Consortium
Data Management Center. The path from FOB to the south-
ern triplet, H11S, has fewer obstructions; therefore, we focus
our analysis on its data. There is another hydroacoustic array
in the Pacific, H03, off the west coast of Chile. We do not
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examine the data from this array as the CTBTO Reviewed
Events Bulletin (REB) did not report detections at this array.
The infrasound arrays, IS30 in Japan and IS39 in Palau,
sample atmospheric pressure at 20 sps. IS30 is a 6-element
array 1228 km almost due north of FOB. The travel time be-
tween FOB and IS30 is approximately 70 minutes, assuming
a stratospheric propagation speed of ∼0.3 km/s. The array in
Palau, IS39, is south-southwest of FOB and 1995 km away.
Again, assuming a stratospheric arrival, the travel time from
source to array is about 115 minutes. Five of the eight array
elements were operational during the eruption. We focus our
infrasound analysis on data from IS39, as it had the most com-
prehensive record of the eruption, likely due to more favorable
propagation conditions than at IS30 and IS45.

3.2 Satellite Observations

Satellite remote sensing observations are critical for observ-
ing and characterizing volcanic plumes. Maeno et al. [2022]
and Fauria et al. [2023] illustrated that the Himawari-8 satel-
lite captured a series of images of the FOB eruption. We used
12.4-micron wavelength (Band 15) infrared images available
every 10 minutes. The first image of the plume occurred on
12 August 2021 at 21:10 UTC, and the last image we used was
on 15 August 2021 at 15:10 UTC. We use these images, af-
ter accounting for parallax, to measure the plume dimensions
(height, width, and length) and estimate the volume flux and
mass eruption rate.

3.3 Global Lightning Dataset

Volcanic lightning observations are increasingly used by vol-
cano observatories and researchers for eruption detection and
characterization, respectively [Van Eaton et al. 2016; Coombs
et al. 2018; Perttu et al. 2020; Van Eaton et al. 2020; McKee
et al. 2021a; b; Smith et al. 2022; Perttu et al. 2023; Van Eaton
et al. 2023]. We use the GLD360 lightning data product from
Vaisala, Inc. [Said et al. 2013]. Vaisala’s global lightning de-
tection network is sensitive to very low-frequency (VLF, 3 to
30 kHz) electromagnetic waves emitted by lightning, which
are detectable up to 10,000 km away. For each stroke, the
data include the date, time (to the nearest millisecond), lati-
tude, longitude, polarity, signal strength in kiloamperes, and
an intracloud or cloud-to-ground classification. Our lightning
catalog includes strokes within 50 km of FOB. We did not re-
move any strokes from the catalog or extend the search radius,
as they were located near the vent (7.4 km mean distance and
6.7 km median distance from the vent).

3.4 Atmospheric Data

Atmospheric conditions are essential for estimating infrasonic
travel times and plume volume flux. We use the ground-2-
space (G2S) model [Drob et al. 2003; 2010; Drob 2019] for
this study. The G2S model describes the atmosphere from
0 to 150 km above sea level (ASL) and is made available by
the National Center for Physical Acoustics (NCPA) [Hetzer et
al. 2024]. A series of data and models is used to compile
the G2S model. The National Oceanic and Atmospheric Ad-
ministration’s (NOAA) Global Forecast System (GFS) model
(troposphere), MERRA2 data (middle atmosphere), and in

the mesosphere-thermosphere the mass spectrometer inco-
herent scatter radar (MSIS-00) semiempirical and the Horizon-
tal Wind Models are input to generate the profiles [Picone et al.
2002; Rienecker et al. 2008; Bosilovich et al. 2015; Drob et al.
2015; National Centers for Environmental Prediction/National
Weather Service/NOAA/U S. Department of Commerce 2015].
They include temperature, U and V wind components (east-
ward and northward wind velocities), density, and pressure
at 0.1 km increments. We pulled atmospheric profiles at FOB
every 4 hours from 12 August 2021 at 00:00 UTC to 16 August
2021 at 00:00 UTC.

4 METHODS
Here, we describe how we process the data sets from Sec-
tion 3.

4.1 Hydroacoustic and Infrasonic Observations

Acoustic waves travel in waveguides through the water and
atmosphere [Dziak et al. 2012; Waxler et al. 2017; Dziak et al.
2023]. These waves can be detected and characterized hun-
dreds to thousands of kilometers from their source using data
recorded on arrays [Le Pichon et al. 2013]. There are many
sources of noise and clutter (signals of the same type from dif-
ferent sources, such as another volcano erupting) in acoustic
data, such as whales, earthquakes, ocean noise, wind, storms,
other volcanic eruptions, and anthropogenic activity. We use

Figure 2: A) Map showing Fukutoku-Okano-Ba on the Izu-Bonin
Arc south of the main four islands of Japan (red triangle),
as well as the H11 hydroacoustic (white circle) and infrasonic
(squares) arrays in the western Pacific region. B) Photograph
taken on 13 August 2021 at ∼9:00 UTC from Iwo Jima, about
60 km north of FOB. Photo courtesy of Fleet Air Wing 21, Mar-
itime Self-Defense Force. C) A photograph of the FOB plume
taken on 13 August between 06:00 and 06:30 UTC from ap-
proximately 90 km northeast at an altitude of about 6 km by
the Third Regional Coast Guard Headquarters of Japan. D) An-
other image taken from Iwo Jima, this photograph was taken
on 13 August 2021 at 10:45 UTC. Photo courtesy of Fleet Air
Wing 21, Maritime Self-Defense Force.
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array processing techniques to look at coherent waveforms
from a specific source direction, excluding many familiar noise
sources. We use the Median Cross-Correlation Maxima (Md-
CCM) method [Lee et al. 2013] with weighted least squares
estimation of plane wave arrival [Olson and Szuberla 2008]
(Hydroacoustic) and with Least Trimmed Squares (LTS) es-
timator [Bishop et al. 2020] (Infrasound). In this method, we
cross-correlate each unique data pair from the array elements
and find the median of the maximum cross-correlation values
and their corresponding time lags. Then, we use those time
lags for the time-difference-of-arrival calculation. We use the
data from all three hydroacoustic array elements, as three is
the minimum number of data streams to estimate a unique
back-azimuth and trace velocity. We apply the LTS estimator
for the infrasound data, which is valuable when data chan-
nels have poor data quality or gaps. The LTS estimator can
only be applied to arrays with four or more elements and is
therefore a tool we can use with the infrasound data, but not
the hydroacoustic data. For the hydroacoustic array process-
ing, we filter the data between 4 and 8 Hz as Metz (2022) did
and use a 10-second window with 50% overlap. We filter
the infrasound data between 0.07 and 2 Hz and use an 80-
second window with 90% overlap. A detection is a window
of data with a median cross-correlation value of 0.7 or greater,
a back-azimuth within 10 degrees of the great-circle path, and
a trace velocity within a specific range, 1.43 to 1.55 km/s for
hydroacoustic and 300 to 350 m/s for infrasound.

We utilized existing propagation modeling tools to con-
strain the hydroacoustic and infrasonic travel times. We used
the PyWaveProp Python package [Lytaev 2023], which solves
the Helmholtz Equation (higher-order parabolic equation) in a
heterogeneous underwater environment to model the hydroa-
coustic propagation from FOB to H11S at 5, 10, and 50 Hz us-
ing realistic bathymetry [Ryan et al. 2009]. We used August’s
decadal averaged ocean sound speed for the calculations with
a source at 50 m water depth and launch angles between -30
and -10 degrees (where horizontal is 0) [Affatati et al. 2022].
For the infrasound, we ran the InfraGA ray tracing code with
the spherical atmosphere layer geometry [Sutherland and Bass
2004; Blom 2019; Waxler and Assink 2019; Blom and Waxler
2021]. We used the atmospheric profile from 12 August 2021
at 20:00 UTC (described in Section 3.4) and ran take off an-
gles every 2 degrees from 20 to 50 degrees, where horizontal
is zero from FOB to IS39.

4.2 Estimating Volume Flux

Volcanic plumes evolve into gravity currents that spread at an
altitude of neutral buoyancy due to the density contrast be-
tween the plume material and the atmosphere. If the plume
is in a strong wind field, the upwind plume will stall, and the
downwind plume’s speed will approach that of the wind. The
FOB atmospheric plume is weak relative to the local winds
and, therefore, does not expand radially. As such, we esti-
mate the volume flux from the downwind plume spread with
satellite observations using a method described by Pouget et al.
[2013]. This method uses plume width measurements at dis-
tances downwind from the volcano. The volume flux from a

downwind gravity current spread [Bursik et al. 1992] is

𝑉 =
(𝑤(𝑥)𝑢)2
2λ𝑁𝑥

(1)

where 𝑥 is some distance downwind from the vent, 𝑤(𝑥) is
the measured plume width at that distance, 𝑢 is the wind-
speed experienced by the plume, λ is a constant of order
unity, and 𝑁 is the Brunt-Vaisala frequency of the atmosphere.
We use λ = 0.2 based on the findings of Suzuki and Koy-
aguchi [2009] for tropical volcanic plumes. Figure 3 illustrates
our plume width and distance from vent measurements. Fig-
ure 3A shows the plume width through time at 6 km west of
the vent; the vertical dashed line in Figure 3B. Then, Figure 3C
shows the length of the plume through time at the horizontal
dashed line in Figure 3B. In practice, we use a threshold of
220 K; any temperatures greater than this are excluded. This
eliminated any meteorological clouds within the field of view.
We then count the number of pixels in each north-south col-
umn and multiply by 2 to obtain the plume width (each pixel
is 2 x 2 km). The pixel above FOB is set to zero in our coor-
dinate system. For each satellite observation, we estimate the
volume flux from 2 to 200 km west of FOB.
This method assumes gravitational or density-driven and
not diffuse spread. The spreading mechanism transitions from
density-driven to passive transport from the vent to the down-
wind plume. Himawari captures the entirety of the plume,
and we estimate the volume flux for each width and distance
observation. However, the gravity current assumption is no
longer valid at some distance; thus, the flux estimates are in-
valid. Costa et al. [2013] give the critical time scales at which
the plume expansion regime transitions from density-driven
to a combined density-driven and passive transport, 𝑡𝑏 , and
then from the combined regime to purely passive transport,
𝑡𝑝 :

𝑡𝑏 =
4λ𝑁𝑞

9π𝑢2𝑤
(2)

𝑡𝑝 =
32λ𝑁𝑞

9π𝑢2𝑤
, (3)

where 𝑞 is the volumetric flow rate, 𝑉 from Equation 1,
and 𝑢𝑤 is the mean wind velocity. We then multiply these
times by the wind speed to estimate the critical distances along
the plume at which these transitions occur. We use these
critical distances to note where the gravity current assumption
is valid.

5 RESULTS
To understand the connections between atmospheric and sub-
marine processes during the 2021 FOB eruption, we compare
the intensity and duration of signals measured in the ocean
(hydroacoustic) with those in the atmosphere (lightning rate,
infrasound, and plume width, height, and flux). We begin by
introducing these observations separately. We then compare
these data in time by removing the hydroacoustic and infra-
sonic travel times to assess their temporal correlations.
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Figure 3: Fukutoku-Okano-Ba eruption plume characteristics.
A) Is a snapshot of the FOB plume on 13 August 2021 at 06:00
UTC. FOB’s location is the white triangle. The black dashed
lines denote the plume width and length measurement posi-
tions for the time series shown in B and C. B) shows the plume
width through time at the position indicated in B by the vertical
black dashed line, which is 6 kmwest of the volcano. Thewhite,
dashed horizontal line with triangles at the ends denotes the
latitudinal location of FOB. C) shows the plume length through
time with the longitudinal location of FOB highlighted by the
white, vertical dashed line capped by white triangles. D) A pho-
tograph of the FOB plume taken between 06:00 and 06:30 UTC
from approximately 90 km northeast at an altitude of about
6 kmby the Third Regional Coast GuardHeadquarters of Japan.

5.1 Hydroacoustic Observations

Hydroacoustic arrays record seismo-acoustic signals in the
water column. The most comprehensive observations of the
FOB eruption in August 2021 are from the hydroacoustic
recordings on the H11S array to the south of Wake Island,
USA. Array processing results are provided in the Supplemen-
tal Information (Supp. Fig. 1). Figure 4 shows the beam from
the recordings from the three array elements (A), the spec-
tral content (B), and the number of detections per two min-
utes with the RMS amplitude (C). All reported signals come
from the direction of FOB. A high detection rate means a con-
sistent and highly correlated signal coming from FOB’s back
azimuth and having a high cross-correlation across the three
elements of the Wake Island array. However, the number of
detections does not directly represent the number of unique
explosions at the FOB vent. A 10s window used for the beam-
forming data analysis can have multiple distinct and overlap-
ping events. Furthermore, changing the window length for
the data analysis (e.g., from 10 s to 30 s) or using a slightly
different MdCCM threshold (e.g., from 0.7 to 0.6) can signif-
icantly change the number of detections. However, we find
that the temporal pattern of detections, aggregated in 2-minute
windows, is an extremely robust feature and is not dependent
on our exact algorithmic choices (e.g., window length, win-
dow overlap, MdCCM threshold). Supporting Figures 14-21
show array processing results with a similar temporal pattern

of detections using different combinations of window length,
window overlap, and filtering band limits. The RMS ampli-
tude is a measure of the intensity of the hydroacoustic signal.

The first detection was on 12 August 2021 at 21:07 UTC
at the array, translating to a source time of 20:37 UTC as the
travel time is approximately 30 minutes. The remaining times
have the travel time removed. There are a few short-duration
(10-40 s) signals from FOB. Then, at 20:54 UTC, the detection
rate increases, the signal’s spectral content broadens to 3 to
100 Hz for about 5 minutes, and then narrows to 3 to 11 Hz un-
til 13 August 2021 at ∼9:00 UTC. From then on, the detection
rate is low (less than 8 per 2 minutes a third of the maximum,
24 detections per 2 minutes) for several hours. On 13 August,
from ∼15:00 to ∼18:00, the detection rate is low to moderate
(8 to 16 detections per 2 minutes), with some short periods of
detection rates reaching 20 per 2 minutes. The detection rate
then is high (greater than 16 per 2 minutes) for about 2 hours
(∼20:00 to ∼22:00). From 13 August at ∼22:00 to 14 August at
∼11:00 the detection rate is low a few short periods where the
rate is above 16 detections per 2 minutes between 00:00 and
03:00 on the 14th. Then, on 14 August, from ∼11:00 to ∼12:30,
the detection rate is high again. From ∼12:30 on 14 August to
the last detection, the rate is low to zero with brief episodes
of moderate to high detection rates. The high detection rate
episodes late on 13 August and midday on 14 August have fre-
quency contents similar to the sustained peak of the eruption
(3-11 Hz), with higher frequencies excited for brief periods as
at the eruption onset. The last hydroacoustic detection was
on 15 August 2021 at 7:59 UTC.

5.2 Infrasound Observations

Multiple infrasound arrays detected the eruption (IS30, IS39,
and IS44) as reported in the CTBT Reviewed Event Bulletin
(REB). We processed the data from IS30 and IS39 (Supp. Figs.
2 and 3), the two closest arrays. IS30 detected only the be-
ginning of the eruption, whereas IS39 captured more of it.
Unfortunately, the IS39 observations of this eruption are lim-
ited due to high daytime wind noise and not ideal propagation
paths. However, the infrasound detections provide observa-
tions of the eruption transitioning to and from subaerial. The
first infrasound detection was on 12 August 2021 at 20:54 UTC.
The detections decrease and become intermittent within a few
hours of the eruption onset, likely due to wind noise. Fig-
ure 5A shows the infrasound waveform with those detected
from FOB in blue. At the bottom of A, the light and dark blue
bars denote daytime and nighttime at the IS39 array, respec-
tively. In Figure 5, on 12 August at ∼22:30 UTC the waveform
amplitude increases (A), the spectrogram shows a high power
at low frequencies (B), and the detection rate decreases (C)
during the daytime. Then, the detection rate is moderate to
high again on 13 August at ∼4:00 UTC and high at night when
the noise is low, ∼ 11:00 UTC. This repeats on the next two
days. The last infrasound detection was on 15 August 2021 at
05:05 UTC. Atmospheric conditions suggest a thermospheric
guide and propagation modeling finds a celerity of 260 m/s
(Supp. Figure 10); however, this does not match regional ob-
servations [Maeno et al. 2022]. A celerity of 280 m/s matches

Presses universitaires de �rasbourg Page 4



–Article in Press––A
rti

cl
e
in

Pr
es

s–
VOLC

V

NIC

V

9(1): 0–11. https://doi.org/10.30909/vol/ebif5496

Figure 4: H11S hydroacoustic data from the FOB eruption. A) shows the hydroacoustic beam from the three-element array data.
The beam is blue for times when there are detections from the eruption. B) shows the same as A, with the higher amplitudes
clipped to show details of the lower amplitude data. C) shows the spectrogram for the beam. D) shows the number of detections
per 2-minute window of data. We removed the travel time and show time at the source (FOB). Themaximumnumber of detections
in two minutes is 24, given the array processing parameters (10-second window with 50% overlap). The black line is the RMS
amplitude of the beam using a 5-minute window.

Figure 5: IS39 infrasonic data from the FOB eruption. A) shows the infrasound beam from the IS39 array data. The beam is blue
for times when there are detections from the eruption. The light and dark blue line shows the array’s local day and nighttime. B)
shows the spectrogram for the beam. C) shows the number of detections per 2-minute window of data. The maximum number
of detections in two minutes is 15, given the array processing parameters (80-second window with 90% overlap). We removed
the travel time and show time at the source (FOB). The black line is the RMS amplitude of the beam using a 5-minute window.

the onset time from Maeno et al. [2022] and aligns with an
intensification on the hydroacoustic time series.

5.3 Lightning Observations

The Fukutoku Oka-no-Ba eruption was lightning-rich [Fauria
et al. 2023]. Figure 6 shows the lightning at FOB detected by
the GLD360 network through time. The first stroke was de-
tected on 12 August 2021 at 21:09:15 UTC, and the last on 14
August 2021 at 22:57:51 UTC. During those ∼44 hours, 136,160
strokes were recorded. This is about a quarter of the strokes
observed by GLD360 for the Hunga eruption, over about 4
times as many hours [Van Eaton et al. 2023]. Figure 6A is
a stacked histogram showing the contribution of intracloud
(black) and cloud-to-ground (orange) stroke rates to the to-
tal. The lightning locations are distributed around FOB, with

slightly more to the west. The stroke rate for the first few
hours of the eruption is 50-100+ strokes per minute (SPM).
Then, from 12 Aug 2021 at 22:00 UTC to 13 August 2021
at 11:00 UTC, the stroke rate increases and remains elevated
at 100 to 200+ SPM. The stroke rate ranges from 0 to 200+
SPM on 13 August from ∼11:00 to ∼19:00 Figure 6A. On 13
August from ∼19:30 to ∼22:00 we observe the highest stroke
rate, reaching 300 SPM (Figure 6D). There are two pulses (14
August at ∼01:00 and ∼13:00) where the stroke rate reaches
200+ SPM; otherwise, the rates max out around 100 SPM.
From ∼12:00 on 14 August, the time between lightning pulses
increases until the last detection at 22:58.
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Figure 6: Lightning during the FOB eruption. A) shows the lightning detections per minute in a stacked histogram. The black is
the intracloud (lightning within the plume), and the orange is cloud-to-ground lightning strokes. B-E) show lightning locations
within 20 minutes of the plume observation displayed.

Figure 7: FOB Plume Volume Flux. A) Plume volume flux with time and distance. The solid black line denotes the boundary
between density-driven flow and mixed density-driven and passive transport. The dotted black line marks the boundary between
mixed density-driven and passive transport and purely passive transport. B) is volume flux using plume width measurements
6 km west of FOB (dashed navy line), and the dashed dark orange is the maximum plume height from Fauria et al. [2023]. C)
shows the mass eruption rate estimated from the volume flux (navy line) and maximum plume height (dark orange) shown in B.

5.4 Plume Observations and Volume Flux Estimates
The Himawari-8 satellite captured the plume starting on 12
August 2021 at 21:10 UTC. For each Himawari-8 observation,
we measured the plume width along a 270-degree azimuth at
2-kilometer intervals from the vent and used these measure-
ments to compute a volume flux estimate (Section 4.2, Equa-
tion 1). The plume widths range from 2 km to 136 km. The
maximum plume width within 10 km of the vent was 50 km.
We have volume-flux estimates from 2 to 200 km from the
vent, depending on the plume extent. These results are shown
in Figure 7A. The volume flux values range from 107 to 109
𝑚3/𝑠. The maximum volume flux is 1.7 𝑥1010 𝑚3/𝑠 on 13 Au-
gust at 5:30 UTC (4.1 x 107 𝑘𝑔/𝑠). From 12 August at ∼23:00,
the flux gradually increases until the maximum and then stays
elevated until about 09:00 on 13 August. The flux is then lower
and intermittent until 13 August at ∼20:00, when the flux in-
creases to 109 𝑚3/𝑠 for an hour. Then, the volume flux is
lower, and the plume is less continuous/pulsatory. The last
plume observation is at 22:50 on 14 August 2021. Figure 7B

and C show the volume flux and mass eruption rate (MER) es-
timates at a horizontal distance of 6 km west of FOB in blue.
The orange lines show the maximum plume height from Fau-
ria et al. [2023] and the MERs estimated from those heights.
The MER derived from volume flux exhibits greater variabil-
ity than the MER estimated from plume height. Also included
in Figure 7A are our critical distances denoting the transition
from density-driven to a combined regime, 𝑑𝑏 , solid black
line, and combined to passive transport, 𝑑𝑝 , dotted black line.
These critical distance estimates indicate that many volume
flux measurements correspond to a combined regime or to a
passively transported plume. During the peak of the eruption
early on 13 August and later that same day at ∼20:00 UTC, the
critical distances highlight the transition from density-driven
to a combined regime, and then to passive transport. The
low number of volume flux estimates that satisfy the gravity-
current assumption suggests that most of our volume fluxes
are underestimated.
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5.5 Cross-correlation analyses

We compute cross-correlations to assess the similarity among
the lightning, hydroacoustic, and volume-flux time series. The
hydroacoustic data have the travel time removed. When cor-
relating the lightning and hydroacoustic detections per 2 min-
utes, we obtain a Pearson correlation coefficient (PCC) of 0.81,
indicating that the two are highly correlated in time (Supp.
Fig. 4). A correlation coefficient of 1 is perfect, 0 is uncorre-
lated, and we consider a correlation coefficient above 0.7 to be
strongly or highly correlated. This cross-correlation analysis
yields a peak correlation coefficient at a lag of 720 s, indicat-
ing that hydroacoustic detections precede lightning detections.
We cross-correlated the lightning detections per 10 minutes
with the volume flux data, yielding a PCC of 0.82, with the
volume flux lagging by 10 minutes (Supp. Fig. 5). We use
a coarser detection per time interval (10 versus 2 minutes)
in cross-correlating the volume flux because we only have a
volume flux data point every 10 minutes. Correlating the hy-
droacoustic detections per 10 minutes with the volume flux
yields a PCC of 0.73 with a 20-minute lag (Supp. Fig. 6).
We also cross-correlated the hydroacoustic RMS amplitude
data with the lightning detection rate and the volume flux.
These correlations yielded low PCCs: 0.38 and 0.41, respec-
tively. Lastly, we cross-correlated the infrasound detections
with the hydroacoustic detections, lightning detections, and
volume flux, yielding PCCs of 0.64, 0.62, and 0.61, respectively,
and lags of 450, 340, and 340 minutes, respectively. While
these PCCs indicate moderate correlation, the associated lags
shift the infrasound to prior to the start of the eruption, which
is unrealistic.

6 DISCUSSION
We observe strong temporal correlations among the lightning,
hydroacoustic, and plume-derived flux data (Figure 8). Below,
we explore how and why flux at the vent can be responsi-
ble for the timing and intensity of both the lightning and hy-
droacoustic data. We, therefore, argue that these geophysical
signals are correlated and caused by a common process - erup-
tive intensity at the vent. Our discussion assumes that volume
flux, as derived by Eq. 1, can be fundamentally related to flux
at the vent for this eruption.

6.1 Processes recorded by hydroacoustic data

The hydroacoustic data in Figure 4 show when the FOB erup-
tion produces sound well coupled to the water column. Pro-
cesses at submarine volcanic vents that produce sound include
discrete or continuous explosive and mass-wasting processes
[Tepp and Dziak 2021]. The spectral content of FOB’s hy-
droacoustic data (3-11 Hz, sometimes up to 100 Hz) is similar
to the 2010 South Sarigan (2-10 Hz, sometimes up to 50 Hz)
[Green et al. 2013] or 2009 (<20 Hz) and 2022 (<10 Hz) Hunga
[Bohnenstiehl et al. 2013; Le Bras et al. 2022] eruptions. The
South Sarigan and 2022 Hunga eruptions were recorded re-
motely at 1000+ km, similar to FOB, and the 2009 Hunga erup-
tion was recorded regionally at 150 km. The frequency con-
tent of these remotely observed eruptions reflects the source’s
size (the larger the source, the lower the frequency) and the

efficiency of low-frequency sound to propagate in seawater
[Jensen et al. 2011]. The long and mostly continuous duration
of the hydroacoustic signals suggests that the vent was fully
submerged, such that the signals coupled well into the water
column throughout the eruption.
From the eruption onset, the hydroacoustic data correlate
well with flux in the atmospheric plume and lightning stroke
rate (Figure 8). These correlations lead us to believe that the
FOB hydroacoustic signals are driven directly by the eruptive
processes at the vent, such as jetting or explosions, which also
directly impact the atmospheric volcanic column.
Beyond August 15, 00:00 UTC, we observe hydroacoustic
signals without accompanying lightning or volume flux sig-
nals. We interpret these as small and/or discrete explosions
that were not energetic enough to generate a subaerial plume
detectable by satellites or significant lightning. Alternatively,
the hydroacoustic signals on August 15 and beyond could be
caused by small mass-wasting events that do not affect the at-
mosphere. However, a video taken by the Japan Coast Guard
at 3:10 UTC on 15 August shows one of these explosive events
that breached the ocean surface but was too small to be seen in
satellite imagery (Figure 8C) of this event. We therefore con-
clude that the hydroacoustic signals beyond 15 August also
record smaller explosions at the vent.
Although we lack a quantitative relation between recorded
sound and eruptive processes in water, we argue that the FOB
hydroacoustic detection rate and intensity can be related to
eruptive flux, as the hydroacoustic detection rate correlates
with volume flux (PCC of 0.73). Data sets such as those re-
ported here may be foundational for establishing more quan-
titative relationships between sound and flux. For example,
quantitative models exist for the sound generated by the ex-
pansion and burst of singular bubbles [Li et al. 2021; Liu et al.
2021; Roche et al. 2022]. Sustained eruptions generate a more
complex source of sound. However, future work may investi-
gate howmuch the sound generated by eruptions such as FOB
fits a jetting model where a Strouhal number describes the
relationship between frequency content, vent diameter, and
velocity as found in subaerial acoustics [e.g., Tam et al. 2008;
Matoza et al. 2009; 2013; Mathews et al. 2021, among others].

6.2 Processes recorded by the lightning data

The lightning stroke rate is highly similar to the hydroa-
coustic detection rate and volume flux (Figure 8). Light-
ning fundamentally results from charge separation in volcanic
plumes, which is driven by particle fragmentation and colli-
sion [Mather and Harrison 2006; Cimarelli et al. 2022]. Par-
ticle collisions include ash-ash collisions lower in the plume
and ice-ice collisions, including ice-covered ash, above the -
20°C isotherm [Dickinson et al. 1981; Aplin et al. 2014; Méndez
Harper and Dufek 2016]. While large amounts of external wa-
ter have been shown to depress charging lower in a plume,
it seems to enhance electrification above the local ice nucle-
ation level in the atmosphere [Genareau et al. 2018; Maters
et al. 2019; 2020]. Modeling that incorporated microphysics
suggests surface water interaction influences column stability
and highlights how surface water can be incorporated and
jettisoned to the stratosphere [Van Eaton et al. 2012]. Turbu-
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Figure 8: Comparison of FOB observations with images of the eruption. A) shows the aerial plume and pumice raft on 13 Aug
2021 01:22 UTC. Image is ©2021, DigitalGlobe, Inc., a Maxar company; NextView License. B) is a photograph taken on 13 August
2021 at 9:53 UTC from Chichijima, about 320 km NNE of FOB. Photo by K. Takahashi. C) is an image taken on 15 August at 3:56
UTC. Photo credit: Japan Coast Guard and JMA. The inverted black triangles at the top of D-G show when images A-C were
taken. The inverted cyan triangles denote when images Figure 2C and Figure 3C were captured. The inverted purple triangles
denote when images Figure 2B and Figure 2D were taken. D-E) shows the plume volume flux and MER as in Figure 7. F) shows
the lightning strokes per minute as in Figure 6 without distinguishing between intracloud and cloud-to-ground strokes. G) shows
the hydroacoustic detection rate and RMS amplitude of the beam.

lence plays a role in particle distribution and collisions, lead-
ing to particle separation and lightning [Behnke et al. 2013;
Cimarelli et al. 2022; Ichihara et al. 2023]. Because larger,
higher-flux columns are more turbulent, increasing turbulence
increases particle-particle interactions and sorting for charge
separation; the volume flux likely exerts first-order control on
lightning generation. Recent studies suggest a relationship be-
tween plume parameters (height, radius, and flux) [Smith et al.
2021; Van Eaton et al. 2022; Ichihara et al. 2023]. We also con-
clude that the flux into the eruption column determines the
lightning stroke rate at FOB. Therefore, lightning and hydroa-
coustic detection rates correlate because both are products of
eruptive flux.

6.3 Observations of eruption onset and cessation

At FOB, the observations at the onset are sequential, likely
reflecting the eruption intensifying and the plume rising to
above the -20°C isotherm where ice nucleates, providing an
additional charging mechanism for lightning generation. Fig-
ure 9 shows the first hours of the eruption, and Table 1 lists
times and observations. Hydroacoustic signals begin on 12
August at 20:38 UTC and intensify ∼16 minutes later at 20:54
UTC. When the hydroacoustic signal intensifies, the infra-
sound signal begins. Our constraint of the subaerial eruption
onset with remote infrasound agrees with previous charac-
terizations with regional infrasound and satellite observations

[Maeno et al. 2022; Fauria et al. 2023]. Then, at ∼21:09 UTC,
the lightning detections begin, and the following Himawari-8
image captures a plume at 21:10 UTC. There is a 15-minute
delay between the eruption becoming subaerial at 20:54 (i.e.,
hydroacoustic intensification and infrasound onset) and the
first lightning detection. By cross-correlating the lightning de-
tections, the hydroacoustic detections, and the volume flux,
we found that the lightning detections lag the hydroacoustic
detections by 720 s (12 minutes), and the volume flux lags
the hydroacoustic detections by 20 minutes and the lightning
detections by 10 minutes. This 12-15 minute delay is con-
sistent with the time a plume can take to rise into the atmo-
sphere far enough for volcanogenic ice nucleation [Cimarelli
et al. 2022]. From 21:00 to 21:10 UTC on 12 August 2021,
the plume height increased from undetectable to 15 km asl.
15 km in 10 minutes gives a rise speed of 25 𝑚/𝑠. The -20°C
isotherm was at 8.4 km asl. Given this rise speed estimated
from the Himawari-8 observations, the plume would take 5-6
minutes to rise above the -20°C isotherm. There may have
been lightning earlier that was not detectable. Vaisala’s global
lightning detection network is sensitive to lightning that gen-
erates VLF electromagnetic waves. As the frequency is in-
versely related to stroke length, the smaller strokes that gen-
erate higher-frequency electromagnetic waves are only de-
tectable with local instrumentation. An increase or delay in
lightning detections until after a plume rises above the -20°C
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Figure 9: The first hours of the eruption. A) Shows the MER from plume height and volume flux. B) Shows lightning rate per
minute. C) Show IS39 infrasound beamform with sound from FOB plotted in blue. The vertical dashed lines show thermospheric
celerities from 240 to 300 𝑚/𝑠. D) Hydroacoustic beamform with sound from FOB in blue. E) Spectrogram of Hydroacoustic
data.

isotherm has been observed during other eruptions [Arason
et al. 2011; Behnke et al. 2013; Van Eaton et al. 2016; Prata
et al. 2020; Van Eaton et al. 2020]. An alternative interpreta-
tion is that lightning strokes make contact with water, thereby
directly triggering the hydroacoustic signals [Hill 1985]. We
do not favor this alternative hypothesis, partly because Fig-
ure 6A shows that most lightning strokes do not make ground
(or ocean) contact (78% are intracloud and 22% are cloud-to-
ground).

Table 1: Summary of eruption onset and cessation sequences.

2021 [UTC] Observation

08-12 20:38 First hydroacoustic detection - the start of the detectable subaqueous activity
08-12 20:54 Hydroacoustic detection rate increases to near-continuous with increased RMS amplitude

08-12 20:54 First infrasonic detection, eruption has breached the ocean surface - Remotely detectable sub-
aerial activity begins

08-12 21:09 First lightning detection - the start of globally detectable lightning
08-12 21:10 First plume detection

08-14 22:50 Last plume detection
08-14 22:58 Last lightning detection - the end of globally detectable lightning
08-15 05:05 Last infrasound detection - end of detectable subaerial activity
08-15 07:59 Last hydroacoustic detection - end of detectable subaqueous activity

6.4 Event identification and classification

Event identification and classification (EIC) is a classic and
evolving problem in seismo-acoustic data that takes different
forms depending on a given individual’s definition of a signal
versus noise. Simply put, the aim is to identify event start time,
duration, source location, and frequency content of individual

events and classify them into distinct classes, typically with
specific underlying physical processes. In volcano seismo-
acoustics, observatories have developed classification schemes
based on local seismic network observations [Minakami 1960;
Latter 1979], and these schemes typically reflect the technol-
ogy of the time. Recent review papers have nicely illustrated
seismic [McNutt and Roman 2015], infrasonic [Fee and Matoza
2013], and hydroacoustic [Tepp and Dziak 2021] event types.
The nuances of EIC algorithms are also different for instru-
ments deployed as a network versus an array. In this study of
FOB, we utilized array data and applied the MdCCM arraying
processing tool, which outputs detections—i.e., time windows
wherein the signal’s azimuth is consistent with FOB’s loca-
tions. However, individual detections do not directly translate
to events such as the number of volcanic explosions.

Instead, a list of detections is a step toward identifying
events. Events in volcano seismo-acoustics include but are
not limited to earthquakes, explosions, landslides, lahars, jet-
ting, sustained eruptions, long-period events, very-long-period
events, and tremor. These events have different frequency
content, impulsivity, and durations. With the array process-
ing tool we applied to the hydroacoustic data (and it is typi-
cally used in other similar analyses), a detection is a 10-second
window of data that has passed three criteria: a median cross-
correlation maximum value of 0.7 or higher, a trace velocity
within 1430 to 1530 𝑚/𝑠, and a back-azimuth of 288±5°. We
use a window overlap of 50%. With this strategy, an explosion
lasting 60 seconds, which we would consider a single event
from a physical perspective, would have 12 associated detec-
tions. The ratio of detections to events is 1:1 for event dura-
tions less than or equal to and completely contained within the
detection window with 0% overlap. As event durations and
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percent overlap increase, the ratio increases. A large erup-
tion with a sustained jet flow lasting several hours could be
considered a single event, with hundreds to thousands of de-
tections, depending on the window length and percentage of
overlap. Thus, we would urge caution in directly interpret-
ing the number of detections from seismo-acoustic array pro-
cessing as individual “events” without further processing and
careful waveform analysis.
One potential mechanism to classify individual
events/detections is the signal’s frequency content. Higher
frequencies attenuate at regional and remote observational
distances, and path effects complicate signals (Supp. Figures
11, 12, 13). Tanaka et al. [2025] take on the challenging task
of distinguishing volcanic eruption versus volcano-tectonic
earthquake signals in hydroacoustic array data. They detect
events with semblance (a similar conceptual approach to our
method) and use a frequency index to classify detections as
either volcanic eruptions or volcano-tectonic earthquakes.
Their index considers the relative importance of high (25-50
Hz) vs low (5-15 Hz) frequency content in the detections’
waveforms. They note that volcanic eruptions contain
these high frequencies, and tectonic earthquakes (T-phases)
have dominant frequencies below 15 Hz. The results of
the frequency index classification technique suggest the
hydroacoustic signal from FOB starts as eruptive and then
alternates between eruptive and volcano-tectonic earthquake
signals. In Figure 9E at 20:54, the event excites frequencies
from 3 to 100 Hz, and then the eruption shifts to 3 to 11
Hz. Our examination of this same period of the eruption
(Figure 9) suggests the hydroacoustic signal is primarily
eruptive, given the complementary infrasound, lightning, and
plume observations. At approximately 22:20 in Figure 9,
there is an earthquake with frequency content similar to
FOB detections that array processing indicates has a high
MdCCM, but it comes from a different back-azimuth (Supp.
Fig. 7). Supp. Figures 8 and 9 show another example of
FOB detections with frequency content similar to that of
an earthquake in Alaska. Thus, we find that while signal
frequency is a critical tool for characterizing hydroacoustic
events, care must be taken in its interpretation and use as a
simple classifier since the final frequency detected at stations
1000s of km away is affected by a number of complexities
associated with long distance propagation as well as near
volcano water and seafloor properties (for the initial reflec-
tions and propagations). A detailed spectral analysis of the
detections is beyond the scope of the present work; however,
our results could provide a valuable dataset for assessing the
types of frequency signals associated with large submarine
volcanism and their relationships to various source models
[Aiken 2024; Lavayssière et al. 2024].

6.5 Impacts of multi-parameter remote sensing datasets

Flux is an essential parameter in eruptions. As the ERUPT
NAS report emphasizes, a central goal of volcanology is to
“Develop techniques to measure temporal variations in erup-
tion rate and correlate those to variability in eruptive products”
[NAS 2017]. We make strides towards that goal by measuring
variations in eruptive flux and comparing them to lightning

rate and hydroacoustic intensity. Often, a single flux value is
assigned to an event, which can correspond to height. Here,
we show how flux is variable in time even when the maxi-
mum plume height, in the case of FOB, is pinned close to the
tropopause.
It is rare to have multiparameter observations of subma-
rine eruptions that generate an atmospheric eruption column.
There are only three submarine eruptions documented in the
literature with plume observations from the modern geosta-
tionary constellation: 2016-2017 Bogoslof, 2020-2021 Hunga,
and 2021 FOB [Schneider et al. 2020; Carr et al. 2022; Gupta et
al. 2022; Maeno et al. 2022; Proud et al. 2022; Fauria et al. 2023].
Recent theoretical work explores the relationship between flux
and water depth, and their impact on buoyant plume gener-
ation [Rowell et al. 2022]. Large atmospheric columns occur
only for very large and/or shallow eruptions. FOB was at a
shallow (∼40 m) but still submarine depth where both atmo-
spheric and submarine hydroacoustic signatures are possible.
For the FOB depth and eruption rates, one would expect large
plumes, possibly turbulent water mixing, and a steam source.
At its peak, the FOB eruption maps onto the Rowell et al.
[2022] subaerial buoyant plume region with its water depth of
40 m and maximum mass flux of 4.1 x 107 𝑘𝑔/𝑠 from the
volume flux estimates. With each new generation of geosta-
tionary satellites, the spatio-temporal resolution improves, and
the available spectral bands expand [Schmit et al. 2005; Hill-
ger and Schmit 2009; Schmit et al. 2017]. With the launches of
Himawari-8 in 2014, GOES-E in 2016, and GOES-W in 2017,
the full-disk image rate decreased from every 15 minutes to
every 10 minutes. Even with the 10-minute observation rate,
there were instances when Himawari-8 observed the plume,
but it was not attached to the vent. A higher satellite observa-
tion rate may allow us to capture more of the density-driven
plume in the future.

7 CONCLUSIONS
A central challenge in volcanology is that we largely lack the
ability to quantitatively derive eruption parameters, such as
eruptive flux, from the spatiotemporal frequencies of the geo-
physical signals we record. In addition, although many stud-
ies have suggested that eruption characteristics and the inten-
sity of geophysical signals are related, we have few examples
that demonstrate these connections or their absence [Stix 2018;
McKee et al. 2021a; b; Smith et al. 2021].
The 2021 FOB datasets show strong correlations between
lightning stroke rate, hydroacoustic detection rate, and plume-
derived volume flux (Figure 8). The observations at the onset
are sequential from hydroacoustic to infrasonic to lightning to
plume, showing a progression from subaqueous to breaching
to subaerial over 30 minutes. Then, as the eruption wanes,
the observations reverse, with the hydroacoustic and infra-
sonic observations better capturing the end of the eruption.
The eruption volume flux ranges from 107 to 109 𝑚3/𝑠. Vol-
ume flux is highly correlated with the hydroacoustic and light-
ning detection rates, suggesting the subaqueous and subaerial
processes are coupled. We suggest that the high similarity re-
flects a common source and indicates that all three processes
are driven by near-vent eruption intensity. Thus, our analysis
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provides a unique and rich dataset for understanding shallow
submarine eruptive dynamics and a framework for potentially
relating far-field hydroacoustic data directly to eruptive fluxes.
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