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Abstract

Remote Hydroacoustic and Infrasonic Detection and Characterization of Anak
Krakatau Eruptive Activity Leading To, During, and Following the December 2018

Major Flank Collapse and Tsunami
by

Kaelynn Marie Rose

Eruptions at submarine and partially submerged volcanoes are often difficult to de-
tect, yet pose a significant hazard to coastal populations, ships, and aircraft. Hydroa-
coustic and infrasonic waves generated by explosive eruptions can propagate thousands
of kilometers in atmospheric and oceanic waveguides. We employ a selection of remote
moored hydroacoustic (HO8S, 3,307 km; HO1W, 3,720 km) and infrasonic (IS06, 1,156
km; 1S07, 3,475 km; 1S52, 3,638 km) stations of the International Monitoring System
(IMS) to investigate the new eruptive phase of Anak Krakatau volcano in the Sunda
Strait of Indonesia which began in June 2018. A climactic eruption phase on 22 De-
cember 2018 triggered the collapse of the southwest flank and summit, generating a
large tsunami which struck the coastlines of Sumatra and Java |Global Volcanism Pro-
gram) 2019]. We perform array processing for a new eruptive phase from June 2018
through January 2019, using the Progressive Multi-Channel Correlation (PMCC) algo-
rithm. Coherent explosive eruption (co-eruptive) signals arriving from the back-azimuth
of Anak Krakatau were recorded at two infrasound stations (IS06, 1,156 km and IS52,
3,638 km) of the IMS network during the main eruption phase and flank collapse, but
were not detected hydroacoustically. We also investigate intermittent infrasound signal
from smaller eruptive activity prior to the flank collapse and tsunami. The signals of

interest are associated between the two stations and correspond to eruption reports from
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the Indonesian Center for Volcanology and Geological Disaster Mitigation (PVMBG).
We detect a 12-day swarm of hydroacoustic signals starting 24 days before the main col-
lapse event that were part of the sustained eruptive sequence at Anak Krakatau, recorded
at IMS hydroacoustic station HO8S (3,307 km) and partially recorded at station HO1W
(3,720 km). We interpret an evolution in signal content in the weeks directly preceding
the climactic eruption phase, as resulting from intermittent subaerial (infrasonic) and
submarine (hydroacoustic) detections, to entirely subaerial content at the start of the
climactic phase. We perform waveform cross-correlation and clustering analysis to assess
the similarity of infrasound events and the similarity of hydroacoustic events, grouping
similar events into families for each signal type. Infrasonic events recorded during the
main infrasound-generating eruption phase are similar (with 61.8% of events assigned to
the largest 4 event families using a threshold p of 0.65), indicating repetitive explosions
at Anak Krakatau from the same source mechanism and similar long-range propagation
conditions. Hydroacoustic event families are less similar, indicating a possible range of
submarine eruption processes and signal types occurring at Anak Krakatau including
submarine explosions, bursting magmatic gas bubbles, or shallow volcanic earthquakes.
This study underscores the potential of using remote acoustic technology to detect and

characterize eruptions at submarine or partially submerged volcanoes.
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Introduction

Eruptions at submarine volcanoes or partially submerged volcanoes (i.e., volcanoes
which rise from the seafloor where some part of the upper volcanic edifice has emerged
above the sea surface as an island) are often difficult to detect and observe, due to their re-
moteness and the challenges of working in a submarine environment. Yet, these eruptions
can pose a significant hazard to coastal populations, ships and aircraft. Hydroacoustic
and infrasound monitoring are emerging as useful tools for studying submarine or par-
tially submerged volcanic eruptions, as acoustic waves can travel thousands of kilometers
in ocean and atmospheric waveguides [Ewing and Worzel, 1948 Munk) |1974; (Georges
and Beasley, |1977; Sutherland and Bass, [2004} Jensen et al. 2011]. These acoustic sig-
nals may be used to constrain eruption location, duration, and source mechanisms of
eruptions in some cases, with potential application to eruption early warning systems
(e.g., Ulivieri et al.| [2013], Matoza et al.|[2017], Ripepe et al. [2018]).

The goal of this research is to provide a comprehensive case study of the Anak
Krakatau eruptive activity leading up to, during, and after the major flank collapse,
using remote (> 250 km range) infrasound and hydroacoustic signals. We compare these
signals with observed eruption activity and satellite imagery to place the signals in con-
text with the eruption chronology, and investigate whether the signals can be related to
physical eruption source mechanisms. A new eruptive phase began in June 2018 and cul-
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Introduction Section 1

minated in the catastrophic collapse of the volcanic flank and generation of a destructive
tsunami on December 22, 2018 [Global Volcanism Program| 2018a, 2019]. After the flank
collapse the volcano continued to erupt from the submerged vent, producing Surtseyan
activity, ash plumes, explosions, and lava flows [Global Volcanism Program) 2019].

The June 2018 through January 2019 Anak Krakatau eruptive activity was chosen for
this study for two reasons: (1) Anak Krakatau is a partially submerged volcano with the
bulk of its edifice underwater, and has previously generated both subaerial and subma-
rine eruptions [Global Volcanism Program), (1972, 2018a], making it a good candidate to
inspect for infrasound and hydroacoustic signals; and (2) This eruptive activity included
a major flank collapse, a volcanogenic tsunami, and prolonged Surtseyan eruptive activ-
ity, which are relatively rare in the geophysical record [Paris et al., |2014; Tepp et al.|
2019b]. Additional observations of these processes may improve understanding of the
relationships between source mechanisms and seismo-acoustic signal and enable future
remote identification of these events (e.g., |Green et al.|[2013],Matoza et al.| [2018],Lyons
et al|[2020]).

We analyze hydroacoustic and infrasound data for 8 months from the beginning of
the new eruptive phase in June 2018 through January 2019. We conduct PMCC array
processing to determine the back-azimuth of arrival and other signal characteristics, and
inspect waveforms and spectrograms for evidence of eruptive activity. To determine the
similarity of the signals, we perform waveform cross-correlation and clustering analysis
to classify event signals into families, and propose possible source mechanisms for major
signal families. This case study highlights the role that infrasonic and hydroacoustic
technology can play in the remote detection and characterization of eruptive activity at

submarine and partially submerged volcanoes.



Background and Motivation

The Smithsonian Institution’s Global Volcanism Program (GVP) identifies 1,422
volcanoes worldwide as ‘potentially active’, meaning that they have confirmed historical
eruptions or are thought to have erupted during the Holocene [Global Volcanism Program,
2013]. Of these active volcanoes, 40-50 are erupting at any given time, and most are
subaerial. Although submarine volcanoes are thought to account for approximately 85%
of Earth’s volcanism and 25% of its explosive volcanism [White et al., [2003], only 119 of
the known active volcanoes listed by GVP are submarine volcanoes [Global Volcanism
Program, 2013|. This is because eruptions at submarine or partially submerged volcanoes
are often difficult to observe, and many of these eruptions likely go undetected due to
their remoteness and lack of local monitoring instrumentation.

Infrasound and hydroacoustic signal analysis techniques have the potential to detect
eruptions where they might otherwise go unnoticed (e.g., |Green et al|[2012], Matoza
et al. [2019]). These methods are finding increasing utility for volcanic hazard mitiga-
tion, as submarine or partially submerged eruptions pose numerous threats including
tephra fall [Moore et al.l |1966; [Thorarinsson, 1967; Mastin and Witter} |2000], explosions
and ballistics |[Dietz and Sheehy, [1954; Thorarinsson, |1967; |Oshima et al., |1991; [Mastin
and Witter, [2000; Coombs et al.; 2019], pyroclastic flows and base surges [Moore, 1967
Sigurdsson et al., [1991; [Trofimovs et al.; 2008], lahars [Mastin and Witter, 2000], and

3



Background and Motivation Section 2

mass wasting [Moore et al., 1966, 1989; [Heinrich et al., 2001} |Caplan-Auerbach et al.

2001]. Volcanic eruptions can also trigger landslides and flank collapse at the erupting

volcano or at nearby islands, generating destructive tsunamis [Masson et al., [2006]. Shal-

low (<200m depth) high-intensity submarine eruptions can break the ocean surface and

produce subaerial ash plumes several kilometers high (e.g., |Green et al. [2013]; Manga

et al|[2018]; Coombs et al. [2019]), which can be extremely hazardous to aircraft as the

ash can melt and re-solidify in aircraft engines and result in catastrophic engine failure

[Przedpelski and Casadevall, 1991]. Additionally, pumice rafts formed by submarine erup-

tions can be hazardous to ships that intake water, clogging seawater valves and stalling

engines [Global Volcanism Program), |1986], and explosions from shallow submarine erup-

tions have been known to destroy ocean-going vessels [Dietz and Sheehy] 1954]. During

the July 2012 eruption of Havre volcano in the Kermadec Arc, Havre emitted 1.2 km? of

rhyolite pumice which formed a pumice raft hundreds of kilometers wide |[Jutzeler et al.|

2014; Carey et al., 2018]. Thus, it is important to be able to detect and monitor erupting

volcanoes globally, including those that are submarine, partially submerged, or located

long distances from major human populations.

2.1 Infrasound Propagation

Volcanoes produce sound through a variety of processes, including volcanic explo-

sions, jetting, pyroclastic flows, mass wasting, and passive degassing [Matoza et al., 2019).

Volcanoes tend to emit the most acoustic energy in the infrasound range |[Campus and;
Christie], 2010], which is atmospheric sound of frequencies from ~0.01 to 20 Hz , below the

lower threshold of human hearing. Other sources of atmospheric infrasound include ani-

mals [Payne et al.,|1986], air and spacecraft [Balachandran and Donnl 1971} Donnl, [1978],

chemical and nuclear explosions [Grover} 1968; Mutschlecner et al., |1999], microbaroms

4



Background and Motivation Section 2

[Garcés et al., 2004], ocean surf [Garcés et al. 2003, and many other sources [Cam-
pus and Christie, 2010]. The propagation of infrasound waves through the atmosphere
depends on the temperature profile, wind speeds, and composition of the atmosphere.
Incorporating temperature and wind into the equation for the speed of sound in an ideal
gas results in an equation for effective sound speed in the atmosphere [Evers and Haak,

2010]:

Cei = \/VgRT + 1 -1 (2.1)

where 7, is the ratio of specific heats, R is the gas constant for air, 7" is the absolute
temperature, and n - u uses an inner-product to project the wind velocities u in the
direction of the wavefront normal 7.

Infrasound can travel thousands of kilometers in atmospheric ducts between Earth’s
surface and upper atmosphere, making it possible to detect these signals at long source-
receiver distances |Liszkal, [1974; |Georges and Beasley|, [1977; [Sutherland and Bass|, 2004;
Campus and Christie, 2010]. The atmosphere is divided into several layers, which are
characterized by changes in temperature (Figure . While local infrasound propagates
from source to receiver through the lower troposphere only, regional and global infrasound
will likely have propagated through the stratosphere, mesosphere, or thermosphere before
it is refracted back to the ground [Drob et al.,[2010]. The majority of regional and global
infrasound (~80%) propagates through the stratosphere, as the thermosphere has higher
signal attenuation due to low atmospheric particle density and loss of acoustic energy to

the upper atmosphere [Sutherland and Bass, 2004} Le Pichon et al., 2009].
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Figure 2.1: Figure reproduced from [Evers and Haak| [2010] showing atmospheric temperature
profile with altitude, from the U.S. Standard Atmosphere [NOAA et al.l |1976].

Long range propagation of infrasound occurs because low frequencies experience lower
attenuation in the atmosphere compared with higher frequencies [Sutherland and Bass,
2004], and also because a combination of vertical temperature gradients and strong hor-
izontal winds (Equation result in the creation of atmospheric low-sound-velocity
waveguides which efficiently duct infrasound to long distances. Drob et al. [2010] iden-
tifies two major infrasonic ducts, one in the stratosphere at ~35-55 km in which most
long-range infrasound propagates, and one in the lower thermosphere at ~90-120 km
which experiences much higher attenuation (Figure . Though infrasound ducted at
long range through the stratosphere experiences multi-pathing and scattering due to
variations in atmospheric temperature and wind velocity, acoustic source characteristics
can sometimes still be determined (e.g., Fee et al.|[2010], [Dabrowa et al. [2011], Matoza

et al.| [2011a], and Fee et al.|[2013]) and eruptions may be located by tracing the direc-
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tion of signal arrival at multiple stations (e.g., [Matoza et al|[2017] and Matoza et al.

12018]). Since erupting volcanoes tend to be powerful, stationary sources of infrasound,
infrasound technology has emerged in recent years as a useful tool to detect and locate
volcanic eruptions at local to remote distances.

Adiabatic Sound Velocity Wind Velocity
120 B

-
(=]
o

@®
o

Altitude (km)
@
o

40 Meridional /
\
20 \
0 |
260 280 300 320 340 360 380 400 -60 -40 -20 0 20 40 60
Velocity (m/s) Velocity (m/s)

Figure 2.2: Figure reproduced from Drob et al.| [2010] showing climatological profiles. The
left panel shows adiabatic sound velocity, and the right panel shows zonal and meridional wind
velocity from empirical models (developed by Hedin et al.| [1996] and [Picone et al.| [2002]) for
January 1, 2005 at 00:00 UTC.

2.2 Hydroacoustic Propagation

Hydroacoustics is the study of sound and its behavior in water. Submarine sound is

produced by many natural sources, such as animals (schools of fish [Rose and Leggett],

1988], whales [D’Vincent et al.,[1985], etc.), storms [Davy et al., 2014], earthquakes |Guil-

bert et al., 2005, and volcanic eruptions (e.g., Chadwick et al.|[2008], |Green et al.[[2013],

Metz et al| [2016]). Anthropogenic ocean sound is generated by human activities, and

includes noise from shipping and recreational traffic [Urick, |1984], coastal construction

[Denes et al., 2016], fossil fuel or mineral exploration and extraction [Hildebrand, 2009,

and naval activities , 2017|. Anthropogenic ocean noise appears to be increasing

over time as populations grow [Committee on Potential Impacts of Ambient Noise in|
7 |




Background and Motivation Section 2

the Ocean on Marine Mammals| |2003; McDonald et al.; [2006], which is of growing envi-
ronmental concern due to its negative ecological effects on acoustically sensitive marine
animal species which rely on hearing for vital functions such as avoidance of predators
and sensory perception (e.g., Simpson et al.| [2016], [McCauley et al.| [2017]).
Underwater sound is energy that is transmitted by water molecules passing energy
to adjacent molecules, and therefore travels faster and more efficiently through denser
media. Thus, the speed of sound in seawater is much higher (approximately 1500 m/s)
than the speed of sound through air (~343 m/s at the ground surface at 20°C air tem-
perature). The speed of sound in the ocean is dependent on several variables, including
water temperature, salinity, and pressure, an increase in any of which will also increase
the speed of a sound wave propagating through the water. The speed of sound in seawa-
ter (¢, in meters per second) is typically calculated using a simplified empirical function
of temperature (7', in °C), salinity (.5, dissolved weight of salts in parts per thousand),

and depth (z, in meters), given by Medwin| [1975]:

c=1449.2 + 4.6T — 0.05572 + 0.0002973 2.2)

+(1.34 — 0.01T) (S — 35) + 0.016z

Volcanogenic hydroacoustic waves can propagate with high efficiency and low atten-
uation in the ocean water column due to the presence of the Sound Fixing and Ranging
(SOFAR) channel waveguide, also known as the deep sound channel (DSC) axis (Figure
2.3] [Jensen et al| [2011]; [Ewing and Worzel| [1948]). The crossing of inverse temperature
and pressure gradients in the ocean results in an axis (~ 1 km deep at temperate latitudes
[Johnson and Norris, |1968]) where sound propagates at its lowest velocity. As determined
by Snell’s Law, this axis of minimum velocity causes an incident sound wave crossing this
axis at an angle other than vertical to be refracted and transmitted at decreasing angles

until it bends toward the axis once more, acting as a waveguide and focusing the sound

8



Background and Motivation Section 2

along the axis direction [Ewing and Worzel, |1948]. The canonical function for calculating
an idealized deep water sound speed profile, known as the Munk profile, is given by Munk
[1974):

¢(z) =1500.0 [LO+ e (2 —1+e7)] (2.3)

where € is a perturbation coefficient equaling 0.00737, and Z is the scaled depth given
~  2(2—1300) : -
by z = =555~ The Munk Profile is useful for describing the general features of deep

sound channel propagation at temperate latitudes.
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Figure 2.3: Figure reproduced from Jensen et al|[2011] showing generic sound speed profiles
for polar regions (left-hand dashed line), low-altitude regions (solid line), and surface ducts
(right-hand dashed line), showing the depth of the SOFAR channel axis at the minimum sound
speed location.

The SOFAR waveguide allows signals to propagate exclusively by refraction, so min-
imal sound signal power is lost through reflection of the wave against the sea surface

or seafloor (Figure [2.4] [Jensen et al| [2011]). This low rate of attenuation allows waves
9



Background and Motivation Section 2

trapped within the SOFAR waveguide to be transmitted great distances, with the longest
recorded range of a submarine volcanic signal propagating through the SOFAR channel
to a source-receiver distance of 15,835 km, from a volcano in the South Pacific Ocean
to an IMS hydroacoustic station in the South Atlantic Ocean (Figure
12016]). These global-distance detections highlight the potential of the IMS hydroacoustic
stations to be used in remotely detecting submarine volcanic activity on a global scale,
although this global detectability can also be a limitation since noise also propagates

efficiently and must be separated from signals of interest.

1000
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Figure 2.4: Figure reproduced from |Jensen et al.| [2011] showing SOFAR channel propagation
without interaction with sea surface or seafloor boundaries in the Norwegian Sea for a source
at 500 m, the axis of the SOFAR channel at this latitude.

Hydroacoustic signals were first detected from a submarine volcanic eruption in 1952

by the U.S. Navy, when trans-Pacific explosion signals from Myojin volcano near Japan

were detected on Navy hydrophones located off California [Dietz and Sheehyl, [1954]. That

same year, hydrophones deployed by the U.S. Navy and researchers recorded hydroacous-
tic signals produced during the birth of Barcena volcano, located at the southern end of

San Benedicto Island, 350 km south of of the southern end of Baja California [Snodgrass

10 |




|Background and Motivation Section 2|

and Richards, |1956]. Erupting volcanoes are a common source of submarine hydroacous-

tic signals, and may be identified by their stationary location and capacity for continuous
signal emission, whereas many other sources are transitory in time and location. Despite
immense hydrostatic pressure which increases by 100 kPa for every 10 m of depth, both

basaltic and silicic volcanoes can produce explosive submarine eruptions at depths up to

1-2 kilometers |[Helo et al. [2011; White et al., 2015} Dziak et al., 2015].

B H1ON
%
Ascension
Island
—
9000 5000 3000 H10S
Bathymetry (m) sk
-
O S T0m

180°W 150°W 120°w 90°W 60°W 30°W o*'w

Figure 2.5: Figure reproduced from Metz et al.| [2016]. Panel (A) shows a bathymetry map

of Monowai volcano (red triangle), with explosive volcanic eruption signals recorded at three
broadband seismic stations (blue diamonds) located nearby in the South Pacific Ocean and
IMS hydroacoustic station at a distance of 15,717 to 15,834 km from the volcano in the South
Atlantic Ocean. Panel (B) shows the hydrophone station configuration of IMS station H10,
where H10N is the northern triplet and H10S is the southern triplet in the array.

Explosive volcanic processes such as explosions caused by magma-seawater interactions,

jetting of material, or pyroclastic activity may generate powerful hydroacoustic signals

which propagate outward from the volcanic source [Chadwick et al. 2008} |Green et al.

2013; Dziak et al.,2015; Metz et al.,2016]. In addition to explosive activity, hydroacoustic

waves may be excited by reverberations of gas in magma pathways, dome collapse, and

mass wasting events such as flank collapses or underwater landslides [Caplan-Auerbach|

land Duennebier| 2001} [Dziak and Fox| 2002a}; (Chadwick et al.| [2008; [Dziak et al, 2015}

White et all 2015]. As an example of IMS capability to detect hydroacoustic signal
11




Background and Motivation Section 2

from erupting submarine volcanoes, Figure [2.6| gives examples of hydroacoustic events
from South Sarigan seamount in the Marianas Arc captured by IMS hydrophone H11N
in the Pacific Ocean at a distance of 2,260 km. This demonstrates IMS hydrophone
network may be a useful tool in detecting volcanic signals at long range and offering
interpretations of how physical eruption processes at the submarine volcano relate to

hydroacoustic signal characteristics.
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Figure 2.6: Example of hydroacoustic waveforms and spectrograms from the 2010 eruption
of South Sarigan volcano, recorded at IMS hydrophone station HIIN (located 2,260 km from
South Sarigan). Eruption tremor is present on May 28, followed by sustained 10 Hz tremor and
explosions (distinct spectral pulses) on May 29. The last spectrogram and waveform show the
12 minute climactic eruption signal which generated 30% of the overall hydroacoustic signal
power, attributed to two large magmatically driven explosions. Figure reproduced from |[Green|

et al 2073

Another type of hydroacoustic monitoring is possible using seismic stations based on
land. When volcanic activity produces hydroacoustic waves that propagate through the
water column and reach the sides of steeply sloping islands or continents, the hydroa-

coustic energy can couple into the solid rock, producing tertiary seismic waves known as

T-phases [Tolstoy and Ewing|, 1950]. Previously unknown submarine volcanoes have been

discovered using T-phases, such as the discovery of Macdonald seamount by Norris and
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Johnson [1969] and the detection of volcanoes related to the Society hotspot in French
Polynesia [Talandier and Kuster] [1976; Talandier and Okal, 1984] [1987|. T-phases have
also been used to investigate signals from strong submarine earthquakes, for example as
described in [de Groot-Hedlin| [2020] where seismometers captured T-phase signals from
two earthquakes at distances up to 1,134 km inland from the coastline. This study does
not use T-phase seismic stations, but rather relies on moored hydrophone stations to
detect hydroacoustic signal.

Due to the challenges of observing volcanoes in a submarine environment, the study
of submarine explosive volcanism is still in its infancy. Only two active deep-ocean
submarine eruptions have been visually observed: the eruption of NW Rota-1 volcano
in the Mariana Arc in 2006 [Chadwick et al., 2008|, and the eruption of West Mata
volcano near Samoa in 2009 [Resing et al.| 2011]. Thus, there are many questions still
unanswered about the source mechanisms of submarine explosive eruptions, how these

eruptions produce acoustic energy, and how they differ from subaerial eruptions.

2.3 The International Monitoring System Network

The newly constructed International Monitoring System (IMS) infrasound and hy-
droacoustic networks are valuable sources of global infrasonic and hydroacoustic data.
The Comprehensive Nuclear Test Ban Treaty (CTBT) of 1996 proposed a ban on nuclear
detonations in all environments, with the mandate that a global system of monitoring
stations would be installed as part of the compliance and verification regime, and would
consist of seismic, infrasound, hydroacoustic, and radionuclide stations. The station lo-
cations were chosen for optimal global coverage to detect nuclear explosions as small
as 1 kiloton anywhere on Earth |[Christie and Campus|, 2010]. At the time of writing,

the IMS infrasound network currently consists of 50 infrasound stations that have been
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constructed and certified out of a planned 60 stations. Each IMS infrasound station
consists of four or more infrasonic sensors forming an array with 1-3 km aperture (Fig-
ure 2.7)). The sensors are high-sensitivity microbarometers which record fluctuations in

micro-pressure caused by infrasound waves propagating in the atmosphere at a sampling

rate of 20 Hz and flat sensor response in the passband of 0.02 to 4 Hz |Christie and

\Campus, 2010]. The IMS monitoring stations transmit data via satellite antennas to the

International Data Center (IDC) of the Comprehensive Nuclear Test Ban Treaty Orga-
nization (CTBTO) in Vienna, Austria, where it can be used to locate and characterize

events.

Example IMS Infrasound Station Construction Example IMS Hydrophone Station Construction

SHORE FACILIT

SUBSURFACE BUOY.
HYDROPHONE.
RISER CABLE

IN-WATER ELECTRONICS
SUB-ASSEMBLY

INTER NODE CABLE

Figure 2.7: Left: Arrays of IMS infrasound station I1S49. Each array element uses spatial
pipe structures which connect inlet ports to a manifold to reduce wind noise. Right: an IMS
hydroacoustic station’s underwater construction. Image credit: CTBTO.

The IMS hydroacoustic network contains eleven hydroacoustic arrays composed of
one to two sensor triplets, spaced throughout Earth’s oceans. Six of the hydroacoustic
stations, including HO1 and HO8 used in this study, are moored hydrophones that are
positioned at the depth of the SOFAR channel axis (approximately 0.5 km to 1.5 km deep,

dependent on latitude) to intercept long-distance hydroacoustic signals. The other five
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stations consist of seismic sensors positioned on small islands with steeply sloping flanks
to detect T-phases [Lawrence, |[2004]. The hydroacoustic stations used in this study are all
moored hydrophone stations, which consist of 1 to 2 sensor triplets recording continuous
data at a sampling rate of 250 Hz (Figure . The hydrophones are suspended by
subsurface floats and anchored to the ocean floor. Seabed anchored fiber-optic cables

connect the sensors to shore facilities 50-100 km away which then transmit signals to the

IDC.

Figure 2.8: Station locations of the International Monitoring System global infrasound net-
work (white inverted triangles) and global hydroacoustic network (white circles). Hydroa-
coustic stations are labeled with their station names. Locations of global potentially active
volcanoes are represented by colored triangles, with subaerial or partially submerged volca-
noes represented with red triangles and fully submarine volcanoes represented by blue triangles
(though it is likely that many other active submarine volcanoes exist but have not yet been
identified) |Global Volcanism Programl, 2013].

The station locations of the IMS network infrasound and hydroacoustic networks are
shown on Figure [2.8] along with the locations of volcanoes identified by the GVP as
being potentially active in the Holocene [Global Volcanism Program| 2013|. Because

the true extent of seafloor volcanism is unknown, there may be thousands to millions
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of undiscovered seafloor volcanoes which are not shown. Volcanic infrasound is now
regularly detected, and hydroacoustic signal occasionally detected, at IMS stations and
used to determine eruption characteristics (e.g., [Fee et al.| [2010]; Matoza et al.| [2011ab];
Green et al. [2013]; Metz et al. [2016]; Matoza et al.|[2018]). Recently, new methods have
been developed to systematically search multi-year IMS infrasound data to detect global
volcanic signals, as a step toward creating a global early warning system for volcanic

eruptions and better catalog Earth’s explosive volcanism [Matoza et al., [2017].

2.4 Anak Krakatau Geologic Setting and Eruption
History

Anak Krakatau (“child of Krakatau” in Indonesian) is a highly active volcano located
on the rim of the caldera formed by the 1883 paroxysmal eruption of Krakatau in the
Sunda Strait, Indonesia. The Krakatau volcanic complex is the result of arc volcanism
caused by subduction of the Australian plate beneath the Sunda plate, directly below
Krakatau, and crustal thinning caused by the extensional faulting and rifting of the Sunda
Strait (Figure 2.9 Dahren et al|[2011]). The 1883 eruption culminated in a sequence of
large magmatically driven explosions that generated catastrophic pyroclastic flows and
a tsunami in the Sunda Strait [Self and Rampinol 1981], which together are thought
to have killed over 36,000 people |Auker et al. 2013|. The 1883 tsunami generation
mechanism is debated; pyroclastic flows entering the ocean [Self and Rampino, 1981]
or violent submarine explosions [Yokoyamay, 1981 have been proposed as the source of
the tsunami. The eruption destroyed most of the volcanic edifice, forming a partially-
submarine caldera. Anak Krakatau began forming on the northeast rim of the caldera

during an eruption in 1927, and first emerged above sea level in 1928 [Stehn, [1929).
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Figure 2.9: Structural map of the Sunda Strait region, showing location of Krakatau complex
in the Sunda Strait between Java and Sumatra, and the location of Anak Krakatau. The
hatched rectangle represents a north-south trending chain of quaternary volcanic centers.
The extensive faulting and rifting of the Sunda Strait graben is a consequence of the clockwise
rotation of the island of Sumatra relative to the island of Java since the late Cenozoic by
approximately 20°. Figure reproduced from [Dahren et al.| [2011].

The volcano continued erupting frequently, with at least 40 recorded episodes of Strom-
bolian to Vulcanian style eruptive activity characterized by heightened seismic activity,

explosions, ash plumes, incandescent ejecta, lava flows, and fire fountaining [Global Vol-

canism Program, 2019]. A submarine eruption on the volcano’s south flank was observed

by eyewitnesses on April 11, 1972 |Global Volcanism Program, [1972], and lava domes

were reported in 2011, 2012, and 2017 |Global Volcanism Program, 2011, 2012, 2017].

By October 2018 the cone had grown to 338 m above sea level |Global Volcanism Pro-|

gram)|, [2018a]. Anak Krakatau was mainly active on its southwest side toward the center
of the 1883 caldera, making the southwest volcanic flanks unstable. Numerical simula-

tions published in 2012 indicated that a hypothetical flank collapse toward the southwest
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could generate a tsunami that would reach the islands surrounding Anak Krakatau within
1 minute and the coastal cities of Sumatra and Java within 35-45 minutes of the collapse

|Giachetti et al., 2012].

2.5 Anak Krakatau 2018-2019 Eruptive Activity

After 15 months of quietude, a new eruptive phase began on June 18, 2018, indicated
by an increase in seismic activity [Global Volcanism Program, 2018a]. Ash plumes from
the volcano were first visible on June 21, 2018, followed by the first incandescence ob-
served on July 1, 2018. Lava flows reached the sea on September 22, 2018, and frequent
explosions, ash plumes, and incandescent material were observed through December of
2018 |Global Volcanism Program|, 2019]. On December 22, 2018, there was a significant
increase in eruptive activity, with 423 explosions observed in one six-hour period from
12:00 to 18:00 local time by the PVMBG |[PVMBG via Detik News, 2018]. At 21:03
local time, the southwest side and summit of the volcano collapsed into the ocean as
a result of the eruption, resulting in a tsunami first detected at 21:27 local time. The
tsunami hit the coastlines of Bantan and Lampung, traveling up to 330 m inland with a
maximum surveyed runup of 13.5 m [Muhari et al., 2019]. Estimates by |Ye et al.| [2020]
indicate that the flank collapse slide volume was small (<~0.2 km?), and did not produce
short-period seismic waves strong enough to trigger a tsunami warning from the existing
Indonesian tsunami warning system which was designed to detect tsunamis from earth-
quake sources [Strunz et al., 2011]. Indonesian authorities reported 437 deaths, and tens
of thousands of injuries as a result of the tsunami |Global Volcanism Program, 2019].
As a result of the December 22 partial collapse, the vent was submerged under tens of
meters of seawater. Surtseyan activity and base surges were observed from December

23, 2018 through January 9, 2019 when a rim of tephra formed around the vent. The
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rim created a barrier between the vent and the ocean, forming a crater lake above the
vent (Figure 2.10). The flank collapse reduced the height of the volcano from 338 to
110 m. Since the tsunamigenic event, eruption activity has continued at a smaller scale
at Anak Krakatau. Intermittent ash plumes, explosions, and seismic events recorded on
Anak Krakatau’s seismic network were reported throughout 2019 to April 2020, and in
mid-April 2020 Strombolian activity accompanied a lava flow from the crater which filled
the crater lake, covering the vent |[Global Volcanism Program)| 2020]. The eruption is
continuing at the time of writing.

Several geophysical studies and reconstructions of the 2018 flank collapse and tsunami
have now been made. Williams et al.| [2019] analyzed high-resolution satellite imagery
and eyewitness accounts to estimate the volume of the flank collapse, and suggested that
the collapse consisted of multiple failures (though only the first generated a tsunami).
Walter et al. [2019] identified a high-frequency seismic event (a possible explosion or
volcanic earthquake) that occurred only ~115 s before the flank collapse, which they
suggest was involved in the failure or possibly even triggered it.

The study also used a variety of other methods including satellite imagery analysis,
drone photogrammetry, tsunami modeling, SO, monitoring, and infrasound to suggest
that increased flank motion, thermal emissions, and short seismic events were precursors
of the climactic eruption, and that the assessment of these at volcanoes could aid future
warning systems. [Perttu et al. [2020] used seismic, acoustic, satellite, and eyewitness
observations to compile a timeline of the climactic eruption sequence, indicating that
the flank collapsed in one event which was observed on regional infrasound stations but
not on regional hydroacoustic stations. |Ye et al.| [2020] investigated the seismic signals
generated by the flank collapse, calculating the force amplitude and estimating the sliding
volume (<~0.2 km?) to be closely comparable with the ~0.1 km? suggested by Williams

et al. [2019].
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Figure 2.10: Sentinel-2 thermal satellite images of Anak Krakatau from just before the start
of the new eruptive phase in June 2018 to three months after the flank collapse in March 2019.
The intact volcanic flank and cone are shown in the June 2, 2018 image. Ash plumes and lava
flows are then visible until November 2018, but clouds and ash obscured satellite imagery until
after the flank collapse and tsunami on December 22, 2018. The first clear image of Anak
Krakatau after the flank collapse is on January 1, 2019 which shows a large steam plume from
Surtseyan eruption activity, followed by two images of the new edifice morphology and crater
lake in January and March 2019. This short wave infrared spectral range (SWIR) satellite
imagery is compiled from bands 12, 8A, and 4 of the Sentinel-2 satellite and was obtained
using Sentinel Hub Playground [Modified Copernicus Sentinel Datay, 2019].

Here, we present context for the broader scale of the eruption by extending the analy-
sis of infrasound and hydroacoustic signals beyond the major flank collapse and Surtseyan
activity, to include all activity since the start of the new eruptive phase in June 2018. In
addition, we present new waveform similarity analyses to complement existing research
on volcanic processes which may have generated infrasound and hydroacoustic signals

from the climactic eruption event.
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Analysis

3.1 The PMCC Method

We conduct array processing using the Progressive Multi-Channel Correlation (PMCC)
algorithm [Cansi, 1995] to detect hydroacoustic and infrasound signals at each IMS sta-
tion and determine the back-azimuth. PMCC is a time-domain cross-correlation method
that calculates signal arrival time delays (dt) between the sensor pairs at a specified array

and measures the consistency of the signal between the sensor triplets using the relation:

Tijk = Atij + Atjk + Atki (31)

If a signal has a consistency r that is below a specified value between 1i,j,k sensors, the
PMCC algorithm regards it as a coherent detection and temporarily records the wave
characteristics. The algorithm repeats this calculation for a number of additional time
windows and frequency bands until a full list of detections with corresponding arrival
times, arrival azimuths, frequencies, velocities, amplitudes, and other characteristics is

generated (Figure . PMCC progressively adds additional subsets of array stations
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to the calculation. If the addition of progressive subsets results in strong variation of
the azimuth, velocity, or time for a detection, PMCC rejects the detection, but if all
subset combinations are consistent the detection is logged as a ‘pixel” [Cansi, [1995; Cansi
and Klinger} [1997; |Le Pichon and Cansi, 2003]. The final outputs of the PMCC are a
‘families’ file listing each family of detections and pixels contributing to each family, and
a ‘bulletin’ file listing a short description of each family |Alyotech| 2014].

The PMCC method is the signal detector in use by the IDC and has frequently been
used for processing of infrasound data, but has not commonly been applied to hydroa-
coustic data. Therefore in preliminary work for this study we tested the method using
published eruption case studies to calibrate the parameters specifically to hydroacoustic
data (e.g., choosing appropriate wave velocity, frequency, number of bands, etc.), making
this one of the only demonstrations of the PMCC method for hydroacoustic data of which

Wwe are aware.
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Figure 3.1: Figure reproduced from|Le Pichon et al.|[2010], with panels a) and b) showing two
different window length and frequency band configurations, and panel ¢) showing how PMCC
combines them into a single configuration using a log-spaced filter and variable window length.

3.2 Infrasound Data and Chronology

The three closest IMS infrasound stations to Anak Krakatau are stations IS06, IS07,
and IS52, at respective distances of 1,156 km, 3,475 km, 3,638 km from the volcano (Fig-
ure . IS06 is located in the Cocos islands, IS07 is located in Warramunga, Northwest
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Territories, Australia, and IS52 is located in the British Indian Ocean Territory, Chagos
Archipelago. Stations IS06 and ISO7 are operated by Australia, and station IS52 is op-
erated by the United Kingdom. We analyze infrasound data from these three stations

from the start of the eruptive phase in June 2018 through January 2019 in this study.

Figure 3.2: Azimuthal equidistant projection map showing the location of Anak Krakatau
volcano (yellow star) in relation to the three IMS infrasound stations used in this study (red
inverted triangles; IS06, IS07, and 1S52) and the two IMS hydroacoustic stations used in this
study (blue circles; HO1W and HO8S). The gridlines are spaced at 15° for both longitude and
latitude.

To create spectrograms we band-pass filter the infrasound data from 0.7-4 Hz to reduce

microbarom and surf noise, and beamform the data using a time-delay beamformer de-

veloped by Matoza et al.| [2007]. The beamformer calculates the time delays between
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sensors, applies a time-shift, stacks the traces together, and divides by the number of
sensors. This allows the station to detect a signal arriving from a particular direction and
at a specified velocity and thus reduces noise by boosting the azimuthally and move-out

corrected coherent signal.
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Figure 3.3: Infrasound station IS06 waveforms and spectrograms for a 10-day period, showing
the beginning of the climactic eruption phase and flank collapse on December 22, 2018, and
6 days of signals interpreted as Surtseyan activity, base surges, and ash plumes based on
eyewitness observations of the volcano reported by the GVP [Global Volcanism Programl
2019|. Panel a) shows the signal which has been beamformed to increase the signal-to-noise
ratio and bandpass filtered from 0.7-4 Hz to exclude microbarom and surf noise, with red
circles indicating times when coherent signal was detected by PMCC as arriving at IS06 from
the back-azimuth of Anak Krakatau (55.5°). Panel b) shows the raw spectrogram from sensor
I06H1 for the 10-day timespan. Panels ¢) and d) show spectra details for the time of the high
energy pre-collapse eruption and flank collapse, and the Surtseyan jetting signals, respectively.
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The climactic eruption phase beginning on December 22, 2018 is clearly visible in
the waveforms, spectrograms, and PMCC detections at 1S06 (Figure . A high-
amplitude signal with broadband frequency content is present on December 22, 2018,
lasting ~7.5 hours, followed by a lower amplitude, low-frequency signal representing the
flank collapse. Broadband pulses through December 28, 2018, likely due to Surtseyan
activity caused by the vent being submerged by seawater. Base surges and ash plumes
were also reported during this time |[Global Volcanism Program| |2019]. Broadband noise
is present on the spectrogram on (Figure , likely caused by local surf activity due to
station I06H’s location on the Cocos Islands. The low frequency signal in the 0.1-0.5 Hz
band is due to microbaroms, which are infrasonic waves generated by nonlinear interac-
tion of ocean waves with the atmosphere at the sea surface |Waxler and Gilbert| |2006;
Garces et al., [2010].

We present PMCC bulletin (i.e., summary) detections for the closest infrasound sta-
tion, IS06, on Figure[3.4] Intermittent eruptive activity is visible in the PMCC detections
for station IS06 throughout the new eruptive phase, from late June 2018 until the De-
cember 22, 2018 flank collapse event. This activity prior to the flank collapse consists
of small explosive events occurring consistently at the Anak Krakatau back-azimuth
between quiet periods of days or weeks, which generally align with visual and seismic ob-
servations recorded in the GVP bulletin for Anak Krakatau [Global Volcanism Program,
2018a). Figure presents detail of these infrasound detections, showing the detections
from June 1, 2018 through January 31, 2019, as well as magnified bulletin detections,
waveforms, and spectrograms for two of the more powerful sequences of prior eruptive
activity (sequence a and sequence b). Sequence a consists of three sustained bursts of
activity across 6 days (from August 4-9, 2018), during which time eyewitnesses at Anak
Krakatau reported dense ash plumes, Strombolian activity, incandescent ejecta, and a

lava flow entering the ocean, and the Anak Krakatau seismic network recorded contin-
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uous tremor |Global Volcanism Program, 2018aj. Sequence b consists of two sustained
bursts of activity over 2 days (from October 8-9, 2018). Sentinel-2 thermal satellite
images show incandescence in the crater and emission of ash throughout the month of
October, 2018, including October 7 and October 10, 2018 [Modified Copernicus Sentinel
Datal, 2019]. At least 6 other sequences of eruption detections are visible in the months
prior to the flank collapse, which are similar in frequency content and duration to the
two magnified sequences, and were all of generally higher frequency than the post-flank
collapse eruption. These sequence b detections highlight the utility of remote infrasound
data, especially where visual observations are unavailable.

The climactic eruption and flank collapse sequence is visible on the IS06 infrasound
PMCC bulletin detections as a consistent, high number of detections starting December
22, 2018, and continuing through January 5, 2019. These detections represent explo-
sions, Surtseyan activity, base surges, and ash plumes that were reported by the GVP
during the climactic eruption phase. During this time interval, PMCC identified a high
density of detections arriving from the back-azimuth of Anak Krakatau, as shown in the
histogram of detections in Figure [3.4] Signal that is identified as coherent by PMCC but
is not associated with suspected volcanic activity (i.e. not the signals of interest) is con-
sidered “clutter” [Matoza et al., [2013]. At station IS06, bands of clutter are visible from
approximately 170°-350° back-azimuth. We interpret the low frequency clutter with wide
azimuthal range as microbaroms, and clutter with stationary back-azimuth and higher
frequency as anthropogenic noise.

PMCC bulletin detections for infrasound station ISO7 are plotted on Figure [3.6] The
climactic eruption is not visible in the PMCC detections at this station. Since infra-
sound propagation is strengthened when atmospheric winds are directed along the same
direction as the wave propagation (especially stratospheric winds for long-range infra-

sound), and inhibited by wind in the opposite direction |[Mutschlecner and Whitaker,
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2010; |de Groot-Hedlin et all |2010], the signal was likely attenuated before reaching sta-

tion ISO7. Subsequently, the highest number of detections on Figure [3.6| are the result

of microbarom clutter, and no detection packets are visible from the direction of Anak

Krakatau at I1S07.
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Figure 3.4: PMCC array processing bulletin detections for infrasound station IS06, from June
5, 2018, through January 31, 2019. The dashed black line indicates the back-azimuth direction
of Anak Krakatau, and the dashed red line indicates the date of the start of the climactic
eruption phase. The plot shows detections intermittently during the 6 months leading up
to the climactic phase, and a large number of detections during the climactic phase from
December 22, 2018 through January 5, 2019. Left: histogram plot of number of PMCC

detections for each back-azimuth, with the largest spike in detections in the direction of Anak
Krakatau.
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Figure 3.5: Station IS06 infrasound detections of eruptive activity in the months prior to
the flank collapse at Anak Krakatau. The first panel presents PMCC bulletin detections for
infrasound activity at Anak Krakatau from June 1, 2018, through January 31, 2019. Two
sequences of eruptive infrasound in the months prior to the flank collapse are highlighted blue
dashed rectangles and detailed in the lower panels. Panels 2-4 show PMCC bulletin detections,
the waveform, and spectrogram for activity sequence a from August 3-11, 2018. Panels 5-7
show PMCC bulletin detections, the waveform, and spectrogram for activity sequence b from
October 7-11, 2018. The waveforms and spectrograms were beamformed and high-pass filtered
at 0.7 Hz to remove low-frequency microbarom clutter. The horizontal black dashed lines on
each PMCC detection figure show the back-azimuth direction of Anak Krakatau, and the red
circles on the waveforms represent PMCC bulletin detections that were within 4+3° of the
Anak Krakatau back-azimuth.
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PMCC bulletin detections for infrasound station IS52 are plotted on Figure [3.7
At station IS52, microbarom clutter dominates the PMCC bulletin detections (Figure
. However, there is a distinct increase in detections from the back-azimuth of Anak
Krakatau at approximately twice the expected background number, indicating that some
activity was captured by IS52 from the volcano.

Figure 3.8 compares PMCC bulletin results for the three infrasound stations for the
timeframe of the main eruption, flank collapse, and ensuing Surtseyan eruption. A strong
infrasonic signal is visible at IS06 from the Anak Krakatau back-azimuth, which evolves
noticeably from higher mean frequency content to lower mean frequency content at the
time of the flank collapse. The change in frequency content is likely due to a change in
morphology at the vent, with larger diameter vents producing lower frequency infrasound
than smaller diameter vents [Seiner} [1984]. Figure also shows higher frequency pulses
during the later Surtseyan activity. At IS52, there is a band of consistent detections
present underneath the microbarom clutter that arrive from ~5° clockwise of the true
back-azimuth of the volcano, which we interpret as volcanic signal with a typical azimuth
deviation caused by atmospheric effects (e.g., Matoza et al.| [2011a], [Matoza et al.|[2018]).
The detections at station IS5H2 begin ~26 hours after the detections at IS06 first appear,

a delay likely caused by low SNR at IS52.
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Figure 3.6: PMCC array processing bulletin (summary) detections for infrasound station
IS07, from June 5 through January 31, 2019. Though there are short-duration detections at
this station from the Anak Krakatau back-azimuth, including low-frequency detections in the
days after the flank collapse (dashed red line), these are not continuous enough along the Anak
Krakatau back-azimuth (dashed black line) to distinctly separate from background clutter.
Seasonally changing clutter from low-frequency (~0.1-0.5 Hz) microbaroms (dark blue) is
present throughout the timeframe, which may be caused by open-ocean swells generated by
seasonally changing ocean storm patterns [Evers and Haak| [2001} |Garcés et all 2004}
[Pichon et al., 2006]. The continuous higher frequency detections from 150° and 340° are
likely anthropogenic clutter. Left: histogram plot of the number of PMCC detections for
each back-azimuth. No significant increase in detections is visible from the direction of Anak
Krakatau.
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Figure 3.7: Right: PMCC array processing bulletin (summary) detections for the infrasound
station 1S52, from June 5 through January 31, 2019. The <~2 Hz detections which are dis-
tributed mainly across the ~50°-200° range are interpreted as clutter from microbaroms. This

microbarom clutter obscures the time of the flank collapse at the Anak Krakatau back-azimuth

on this plot, but detections from Anak Krakatau are visible when zoomed into the time and

back-azimuth range of the volcano (see Figure . Data was not available from September
13 through October 27 (gray hatched area). Left: histogram plot of the number of PMCC de-
tections for each back-azimuth. Though the most detections are from the microbarom clutter,

there is an increase in detections from the back-azimuth of Anak Krakatau on the histogram.
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Figure 3.8: Comparison of PMCC bulletin detections at stations IS06, IS07, and IS52. The
upper three panels show +15 degrees from each respective Anak Krakatau back-azimuth (black
dashed lines), with a vertical red dashed line indicating the flank collapse event. A large
number of detections are present at station IS06, beginning on day 356 (December 22, 2018)
and continuing to early January 2019. Station IS07 does not show sustained detections from

Anak Krakatau. Station IS52 detected continuous detections near the correct back-azimuth

of the volcano for this time frame, though these don’t capture the start of the eruption or

flank collapse and are partially obscured by microbarom clutter. Bottom panel: detection

cross-bearings for the two infrasound stations where coherent detections were observed. The
mean back-azimuth of PMCC detections attributed to Anak Krakatau were calculated for IS06
and IS52, and the great circle paths at those back-azimuths are indicated by solid orange lines.

The location of Anak Krakatau is indicated by a red triangle. The back-azimuth intersection
location is 124 km from true. Station ISO7 is indicated by a gray inverted triangle and no
detection path shown due to lack of coherent sustained infrasound from the eruption at this

station.
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3.3 Hydroacoustic Data and Chronology

Of the three IMS hydroacoustic stations located in the Indian Ocean, we use only
HO1W and HOSS in this study, located at distances of 3,307 km and 3,720 km from Anak
Krakatau, respectively (Figure . Both stations consist of a triplet of hydrophones
in a triangular configuration with ~2 km horizontal separation between each station,
moored at or near the SOFAR channel axis. We exclude hydrophone station H04 due to
preliminary analysis showing no identifiable hydroacoustic signal from the Anak Krakatau
direction recorded at this station. Of the two sensor triplets of station HO8, we use only
the southern triplet HO8S due to lack of available data for the northern triplet HOSN at
the Incorporated Research Institutions for Seismology (IRIS) Data Management Center
(DMC).

We analyze hydroacoustic and infrasound data for the 8 months from the beginning
of the new eruptive phase in June 2018 through January 2019 using waveforms, spectro-
grams, and PMCC array processing to detect coherent signal from the direction of Anak
Krakatau. Waveforms and spectrograms from hydroacoustic stations HO8S and HO1W
were inspected for signs of the climactic eruption phase or evidence of the flank collapse
or tsunami, but no clear signal from these events was detected in the < 120 Hz frequency
range allowed by the 250 Hz sample rate of the hydroacoustic sensors (Figure . This
is consistent with the conclusions of |Perttu et al.| [2020], and may be caused by one or
more factors: that the climactic eruption period was predominantly subaerial and did
not produce significant hydroacoustic energy, did not radiate sound at sufficient angle or
depth to be captured and guided by the SOFAR channel, or that background noise at

the hydroacoustic stations obscured the signal.
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Figure 3.9: Hydroacoustic waveform and spectrogram of HO8S for 10 days around the time
of the main eruption and flank collapse on December 22, 2018. We applied a 0.5 Hz high-pass
filter to the hydroacoustic data and beamformed the data to reduce noise. The spectrogram
is raw, from sensor HO8S3 which had the highest signal-to-noise ratio. Red circles on the
waveform represent PMCC detections from the Anak Krakatau direction +3°, and no not
appear to show sustained, coherent signal from the main eruption phase. The ~12-hour
broadband signals on the spectrogram are likely marine seismic airgun surveys in the Indian

Ocean (see Section [3.3.2)).

We perform PMCC array processing on the 8 months of data for HO8S and HO1W,
and the bulletin detection results for HO8S and HO1W are presented on Figures
and respectively. PMCC results confirm that these stations did not record the
main eruption or flank collapse. However, detection results show a 12 day long swarm
of nearly continuous hydroacoustic signals arriving at HO8S from the back-azimuth of
Anak Krakatau (89.4°) beginning 24 days before the flank collapse and tsunami, from
November 29 through December 11, 2018 (Figure [3.11)). Hydroacoustic waveforms and
spectrograms corresponding to these detections show discrete impulsive signals from the

back-azimuth of Anak Krakatau from November 29 through December 11 at station HO8S
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(Figure [3.10). From November 30 through December 4, 2018 consistent detections also
arrived at HO1W from approximately the Anak Krakatau back-azimuth from this station
of 342.3°. We interpret this sequence as a submarine eruption signal due to several

characteristics which are discussed below.
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Figure 3.10: Hydroacoustic waveform and spectrogram of HO8S data from November 29, 2018
to December 11, 2018, encompassing 24-12 days before the onset of the climactic eruption and
flank collapse. The raw waveform and spectrogram have been beamformed to reduce noise.
Red circles on the waveform indicate coherent PMCC detections from the direction of Anak
Krakatau, indicating submarine eruption activity was occurring during this time. The light
blue lines on the waveform panel correspond to the zoomed-in panels (a) and (b) on the
bottom of the figure. These panels show that the hydroacoustic events with corresponding
PMCC detections tend to be band-limited from ~1-40 Hz.
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Figure 3.11: Top: hydroacoustic waveform and spectrogram for a time-windowed explo-
sion signal on December 01, 2018, recorded by IMS station HO8S3. Bottom: Corresponding
WinPMCC back-azimuth histogram, showing the average back-azimuth, speed, and frequency
of the signal.

In addition to possible volcanic signals, many types of hydroacoustic clutter are ob-
served. At station HO8S, bands of clutter are visible at approximately 30°-40° and 50°-
60° back-azimuth, which we interpret as noise generated by ships traversing the Strait
of Malacca at the northern tip of Sumatra, where 30% of the world’s trade passes each
year [UNCTAD) 2015], as well as noise from marine seismic surveying and other anthro-
pogenic noise. The band of clutter at ~140°-220° on station HO8S is consistent with
iceberg cracking and calving in the southern Indian Ocean found by |[Evers et al.| [2013]
(Figure , which used satellite observations and hydroacoustic data from the same

two IMS stations to monitor iceberg breakup. Detections which transit across a range
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of back-azimuths are interpreted to be passing ships or marine wildlife such as whales,
as these sources move through the oceans whereas volcanoes remain in a single location

emitting a continuous signal from a one back-azimuth direction.
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Figure 3.12: Figure reproduced and modified from Evers et al| [2013] showing the IMS
International Data Center detections at stations HO8S and HOIW from July 1, 2004, through
June 21, 2012 on the left panels and July 1, 2005 to July 1, 2006 on the right panels. [Evers
et al. [2013] compared the detection back-azimuths vs time to satellite imagery and found that
they corresponded to movements of large iceberg transportation and breakup in the southern
Indian Ocean.

At station HO1W, the majority of PMCC bulletin detections are attributed to south-
ern Indian Ocean iceberg cracking and breakup, which is again consistent with iceberg
signals detected at this station by [Evers et al.|[2013] from 2004 to 2012. The visible in-
crease in detections in the last weeks of 2018 through the beginning of 2019 corresponds
with the signal seasonality seen by |Evers et al|[2013], as the Austral summer causes
warmer conditions and accelerated iceberg calving and breakup and produces more fre-

quent and powerful hydroacoustic noise. We attribute signals which transit across a range
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of back-azimuths

HOSS.

to shipping and marine animal noise, similar to that
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Figure 3.13: PMCC bulletin detection results for hydroacoustic station HO8S, with colors
representing mean frequency of the signal detections in log scale to give contrast, and detec-

tions with mean frequency less than 10 Hz removed to reduce clutter. The solid red box shows

the location of the 12-day hydroacoustic swarm signal from Anak Krakatau. We also observe
intermittent low-frequency detections from June to December of 2018 in the Anak Krakatau
back-azimuth direction, but cannot confidently interpret these as hydroacoustic signals from

Anak Krakatau because they are not sustained and therefore may be clutter from other sources

such as seismic events along the Java Trench. Clutter bands centered at 30° and 60° are in-

terpreted as shipping noise and other anthropogenic noise. There is a broad clutter band from

140° to 220° which we interpret as glacier and iceberg cracking noise in the southern Indian
Ocean. Left: histogram plot of number of PMCC detections at each back-azimuth.

Figure [3.15] compares PMCC bulletin detections for the two hydroacoustic stations

HO8S and HO1W, narrowing the field of view of the detections to the timeframe of the

flank collapse and preceding weeks, and the back-azimuth to +15° of Anak Krakatau
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Figure 3.14: Right: PMCC array processing bulletin detections for hydroacoustic station
HO1W, from June 6, 2018 through January 31, 2019. The November 30 - December 4, 2018
hydroacoustic detections from Anak Krakatau are indicated by the solid red rectangle. Data
was not available from July 2 through August 25, 2018 and October 29 through November 7,
2018, so no PMCC detections are shown during these date ranges. There is a broad clutter
band from 130° - 220° which we interpret as glacier and iceberg noise from the direction
of Antarctica. Although no continuous detections arrived from the back-azimuth of Anak
Krakatau during the climactic eruption, PMCC detects hydroacoustic activity from November
30 through December 4, corresponding to the hydroacoustic swarm seen at HO8S (Figure.
Left: histogram plot of number of PMCC detections at each back-azimuth.

for each station. This figure shows continuous hydroacoustic detections at HO8S from
the volcano back-azimuth for 12 days from November 29 - December 11, 2018, and
corresponding detections at HOIW for a shorter period from November 30 - December
4, 2018. A shorter signal duration may have been captured at station HOIW due to
lower SNR or scattering by bathymetric obstructions such as seamounts, ridges, and the

Cuvier Plateau in the path from volcanic source to receiver. The cross-bearings paths of
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the two stations are centered near the Sunda Strait at the lower tip of Sumatra, close to

the location of Anak Krakatau.
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Figure 3.15: Comparison of PMCC hydroacoustic detections at HO8S and HO1W and detec-
tion cross-bearings. PMCC bulletin detections are present prior to the flank collapse eruption
at both stations. The back-azimuth to Anak Krakatau is indicated by a gray dashed line
and the time of the flank collapse is indicated by a vertical blue dashed line on each PMCC
detections plot. The flank collapse eruption phase was not detected, possibly due to pre-
dominantly subaerial eruptive activity. The bulletin detections were filtered from 1 to 15 Hz
mean frequency to reduce clutter (coherent signals besides the signals of interest). Bottom
panel: locations of stations HO8 and HO1 are indicated by blue circles, and the location of
Anak Krakatau is indicated by a red triangle. The mean back-azimuth of PMCC detections
attributed to Anak Krakatau was calculated for each station, and the great circle paths pro-
jected in the direction of the mean back-azimuths are indicated by solid orange lines. The
hydroacoustic swarm signals from the two stations overlap near the location of Anak Krakatau,
119 km from true.
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3.3.1 Infrasound and Hydroacoustic Signal Comparison

PMCC bulletin detections for stations HO8S (the closest hydroacoustic station) and
IS06 (the closest infrasound station) show detections arriving from the back-azimuth of
Anak Krakatau during two distinct temporal ranges. To increase the resolution of the
hydroacoustic signal, we plotted the PMCC families detections (i.e. each pixel in each
family) on Figure and calculated the detection density (number of detections per
24 hours and 0.1 degrees back-azimuth) to resolve whether signal content changed from
predominantly hydroacoustic to predominantly infrasonic over time. We observe hydroa-
coustic detections from November 29 through December 11, 2018 (days 333 - 345) from
the back-azimuth of Anak Krakatau, while infrasound detections are only observed from
November 30 through December 4, 2018 (days 334 - 338). This difference indicates that
the eruption was occurring subaqueously and subaerially during this time, but continued
subaqueously for 5 days longer than the subaerial component of the signal. The flank
collapse and tsunami occurred on December 22, 2018 (day 356), which was not detected
at the hydroacoustic station HO8S, but was strongly detected at the infrasound station
[S06. This indicates that the main eruption and flank collapse produced powerful infra-
sound but did not have a significant submarine component in the 0.5-120 Hz frequency
band we investigated.

We interpret the hydroacoustic sequence as a submarine eruption signal due to sev-
eral factors. Firstly, the continuous nature of the signal is consistent with a series of
explosions or tremor over several days as observed at other submarine eruptions (e.g.,
Green et al| [2013], |[Metz et al.| [2016], Tepp et al. [2019a]). Tectonic earthquakes, which
are a major source of hydroacoustic energy in the ocean, are of much shorter duration on
the order of seconds to minutes. Secondly, subaerial and submarine volcanic eruptions

have fixed point source locations, and signals generated by these eruptions will originate
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from approximately the same back-azimuth over the course of the eruption. In contrast,
some other sources of continuous hydroacoustic energy such as passing ships or vociferous

marine animals may traverse a wide range of back-azimuths.
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Figure 3.16: Comparison of PMCC families detections and density of detections at hy-
droacoustic station HO8S and infrasound station IS06. HO8S shows a hydroacoustic swarm
extending from day 333 to 347, with no activity during the climactic phase. IS06 shows infra-
sound detections from day 334 to 339, partially overlapping the HO8S hydroacoustic swarm,
followed by a period of quietude until day 352. This is followed by 5 days of higher-frequency
infrasound, and then onset of the main eruption phase and flank collapse on day 356. This
suggests that activity at Anak Krakatau may have evolved from a more submarine to more
subaerial in the weeks preceding the climactic phase.

The hydroacoustic signals we observe have a consistent back-azimuth, especially at HO8S
where a longer duration signal was detected. Thirdly, we can rule out several other
sources of marine sound: the cross-bearings of both stations place the source location

in the vicinity of the Sunda Strait near the equator (Figure |3.15]), which makes iceberg
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or glacier noise improbable. Coastal anthropogenic noise, as seen in the two fixed high-
frequency noise bands on Figure [3.13] is typically continuous over the entirety of the
studied time-range, which is not true of our observed hydroacoustic signal (which appears
and then disappears 12 days later). This signal is also inconsistent with marine seismic
surveying, which is broadband and perfectly repetitive (see Section for discussion
of marine seismic survey clutter in this dataset). Lastly, the temporal coincidence with
the highest hydroacoustic swarm detection density with an infrasound sequence that
was detected at IS06 suggests that the volcano was erupting subaerially, and could also
have been erupting subaqueously. Based on these characteristics and the cross-bearings
location of this signal near the location of Anak Krakatau, we interpret a submarine

eruption is the most likely source of this hydroacoustic signal.

3.3.2 Marine Seismic Survey Clutter

One source of anthropogenic submarine noise is marine seismic surveying, which is
characterized by sharp, consistently repeating broadband signals on waveforms and spec-
trograms. Marine seismic surveys use airguns to release a quantity of highly pressurized
air approximately every 10 to 60 seconds, resulting in series of loud pulses at frequencies
of approximately 2 to 188 Hz at the source location [Nieukirk et al., 2012]. At HOS8S,
we observe broadband pulses arriving from 60° back-azimuth (i.e. 30° from the direction
of Anak Krakatau) approximately every 20 seconds at frequencies of ~5-120 Hz, consis-
tent with airgun survey characteristics. These consistent broadband pulses are visible
intermittently the HO8S hydroacoustic data, including on the day of the main eruption
and flank collapse (December 22, 2018), which raised the noise floor during that time.
Though these bursts are present at the highest levels for the first 12 hours of December

22, the noise continues at lower amplitude through the timeframe of the flank collapse and
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tsunami and through the end of the day on December 22, suggesting a possible change
in direction of the survey ship. We eliminate these pulses from consideration as volcanic
signals due to their constant repetition and arrival back-azimuths inconsistent with the
direction of Anak Krakatau. We also identify repetitive broadband signals interpreted as
seismic airgun survey clutter intermittently throughout the 8 months of hydroacoustic

data analyzed.
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Figure 3.17: Waveforms and spectrograms from sensor HO8S3 on December 22, 2018, showing
repetitive broadband signal pulses which are interpreted to be from a marine seismic airgun
survey. These surveys are present intermittently in the data. Panels (a) and (b) show a shorter
time window from 04:25 through 05:00 UTC on which a series of repeating, impulsive airgun
blasts are visible at a period of ~20 seconds.
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3.3.3 A Check of the PMCC Method

As a check of the PMCC array processing algorithm method, a time window of
hydroacoustic signal from station HO8S during the hydroacoustic swarm on December 1,
2018, was beamformed and used to create an root-mean-square (RMS) grid-search plot
to find best-fitting signal velocity and back-azimuth. The time-windowed hydroacoustic

explosion signal and resultant beamformed signal are shown on Figure [3.18

Raw vs. Beamformed Hydroacoustic Signal | HO8S 2018-12-01T07:54:19.999000Z - 2018-12-01T07:55:19.993000Z
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Figure 3.18: Raw hydroacoustic signal (black) from HO8S triplet on December 01, 2018,
during the time of the hydroacoustic swarm, compared to beamformed signal (blue) created
using a time-delay beamformer to reduce noise and input from signals propagating in different
directions.

Next, we applied a grid-search method using the beamformer to the explosion signal at
a range of apparent velocity and back-azimuth values (Figure|3.19). We then calculated
the RMS was then for each beamformed signal in the grid, and converted the RMS

values to decibels with the accepted reference of 1 pPa for underwater acoustics using
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the following conversion formula [Jensen et al., [2011]:

P’r‘ms

ax(Prps)

The RMS decibel plot indicates that the best-fit apparent velocity is 1525 m/s, which
is within the expected realm for a long-distance hydroacoustic signal, and the best-
fit back-azimuth is approximately 90.8 degrees, which is in agreeance with the PMCC
estimate of approximately 90.2 average back-azimuth, providing a check for the PMCC

algorithm and providing guidance on the angular resolution.

Speed va.oggck-Azimuth Grid Search | IMS Station H08S | 2018-12-01T07:54:20.000000Z - 2018-12-01T07:55:20.0000002124

\ /

Apparent Velocity [m/s]
Prms [dB] re 1 pPa

114

150 200
Azimuth [deg]

Figure 3.19: Grid search plot showing the best-fit hydroacoustic velocity and back-azimuth
for the explosion signal from Figure 21. The signal was beamformed using possible velocity
values of 1000 m/s to 2000 m/s and back-azimuths 0°-360°, and the RMS value of the beam
calculated for each velocity-azimuth pair. The resulting RMS values for acoustic pressure were
converted to decibels, with the warmest colors indicating the best-fitting velocity and azimuth
of the signal.
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Waveform similarity (multiplet) analysis has been used for seismic data at subaerial
volcanoes to identify stable low-frequency earthquake sources [Stephens and Chouet,
2001; |Green and Neuberg, 2006; Petersen, 2007; Matoza and Chouet|, 2010] and with
acoustic data at submarine volcanoes to classify generation mechanisms of hydroacoustic
events |Green et al. 2013]. Highly repetitive events which exhibit strongly correlated
waveforms suggest a distinct, stable, non-destructive source, with the energy propagating
along an almost identical path to reach the sensor. Events for which the waveforms evolve
over time reflect a changing source pressure, geometry, or source location (e.g., Stephens
and Chouet| [2001]). We apply this method following (Green and Neuberg [2006] and
Green et al.| [2013] to both infrasound and hydroacoustic signals from Anak Krakatau to
investigate waveform similarity and resolve whether physical eruption processes may be

linked to systematic changes in the waveform shapes produced.
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4.1 Infrasound Waveform Similarity

4.1.1 Infrasound Event Selection

To investigate waveform similarity, we use the network short-term average/ long-term
average (STA/LTA) method to detect events within continuous IS06 infrasound signal.
Network STA /LTA calculates the ratio between the short-term average and the long-term
average amplitude of the signal at each sensor in the network in moving time windows to
automatically pick events when amplitude ratios that exceed a specified threshold value.
For this analysis, we use the elements of station IS06 as if they are a ‘network’. Six of
the seven sensors of IS06 had to be individually triggered for the signal to be recorded
to the master event list. During preliminary work using this method, some erroneous
events were detected which did not correspond to PMCC detections. To remediate this,
all event triggers which did not fall within the time window of a PMCC bulletin detection
+10 seconds at 1S06 were discarded. A series of STA/LTA ratios, time window lengths,
filters, and trigger ratio thresholds were also tested to determine which combination
produced the clearest result. This method was used to identify all events which could be
associated with eruption activity at Anak Krakatau, without regard for event waveform
shape similarity.

This network STA/LTA plus PMCC cross-check method was applied to 10 days of
picked infrasound events from December 19 - 29, 2018, with an STA/LTA ratio of 3/40s
and a trigger ratio threshold of 1.5. The events were windowed from 1 second prior to the
trigger time to 5 seconds post-trigger. This window length was chosen to record individual
events, but avoid interference from neighboring events. The signal was pre-filtered with
a 0.7-4 Hz Butterworth bandpass filter to reduce noise from microbaroms and because

this band contains the majority of the signal power from the eruption (Figure [4.1).
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Figure 4.1: Waveforms recorded at IS06 for background noise, the intense Strombolian pre—
collapse eruption, the flank collapse signal, and Surtseyan eruption activity. Power spectral
densities (PSDs) for each of the signal windows are shown in the panel on the right, with
a background noise spectrum shown for comparison. The flank collapse signal has a strong
low-frequency component which significantly exceeds the noise floor, while the pre-collapse
and Surtseyan eruptions are stronger in higher frequencies.

Figure shows an example one day of signal from December 22, 2018, the day
of the start of the climactic phase and flank collapse. PMCC bulletin detections are
plotted at their respective positions along the waveform, and triggered events are shown
by blue vertical lines. As shown, only triggered events corresponding to PMCC bulletin
detections were kept. There is a scattering of events in the first two hours of the figure,
and then approximately 4 hours of noise with no PMCC detections, wherein no event
triggers were logged. The climactic eruption phase began at approximately 06:40 UTC
[Perttu et al., 2020]. On Figure the infrasound PMCC detections become consistent
and the amplitude of the waveform increases. The flank collapse and tsunami reportedly
occurred between 13:55-14:00 UTC [Perttu et al., 2020], and the PMCC signals become

less consistent and more sporadic.
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Figure 4.2: Example dayplot of 24 hours of IS06 infrasound waveform data, with PMCC
bulletin detections identified by pink circles, triggered event start times indicated by blue
vertical lines. Events were only triggered if they corresponded to PMCC bulletin detections
+10 s. A period of quiescence with occasional intermittent PMCC detections is visible until
around 06:00-07:00, at which point the signal becomes more consistent and the signal ampli-
tude increases. The climactic eruption occurred from 06:40 to ~13:55 UTC, with the flank
collapse and tsunami occurring from 13:55-14:00 UTC [Perttu et al., [2020], after which the
signal amplitude decreases and becomes slightly less consistent.

This method produced an event detection list of 10324 events, which were then used
for waveform cross correlation analysis. The events are plotted by maximum amplitude
on Figure and four satellite images are shown for reference. A period of weak,
intermittent activity was present from December 19 to December 22, during which the
satellite imagery shows the volcanic edifice and cone was still intact. Then on December
22 the events became strong and consistent with increased amplitudes, corresponding
to a period of intense Strombolian activity reported at the volcano. Event amplitudes

decreased sharply with the flank collapse, with the first post-collapse satellite imagery
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8 hours later showing that at least one large landslide had carried a sizable section of
the flank into the ocean. The satellite image shows concentric rings in the seawater
around Anak Krakatau, possibly caused by continuing mass-wasting at the volcano or
expanding base surges. After the flank collapse, the eruption entered a period with a
continuous, pulsing ash plume, explosions, base surges, and Surtseyan phreatomagmatic
activity |Global Volcanism Program) 2019], corresponding to sharp event amplitude peaks
on Figure One possible cause of the high-amplitude pulses from December 26 to 28
is that there was Surtseyan jetting of material as the vent was inundated with seawater,
as these pulses exhibit a broader frequency range than the background volcanic signal
during this timeframe. The final SAR satellite image, taken at 22:41:40 UTC, shows
the submerged vent of Anak Krakatau began to close off from seawater as tephra was
deposited around the vent. By January 2, 2019, the tephra formed a rim which barred
ocean water from entering the vent and formed a crater lake where Surtseyan activity
continued continuously until mid-January (infrasound from this Surtseyan activity is
visible in the PMCC detections on [3.4] as well as observed by eyewitnesses at the volcano

|Global Volcanism Program, [2019)]).
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Figure 4.3: Summary of ISO6 infrasound events from December 19 - 29, 2018. Top panel:
PMCC bulletin detections, with colors representing mean frequency of the detection in log
scale. The black dashed line is the back-azimuth of Anak Krakatau, 55.5°. Middle panel:
the 10324 infrasound events picked using a network STA/LTA with PMCC cross-checking
method. The events are plotted by maximum amplitude of the signal. The sustained high-
-amplitude sequence of events on December 22 represents the climactic eruption phase, and
amplitude decreases upon the collapse of the flank. Subsequent events likely represent a
sustained ash plume, base surges, explosions, and Surtseyan activity that were reported by

eyewitnesses |Global Volcanism Program, 2019]. The row of panels below show Sentinel-1

synthetic-aperture radar (SAR) ground range detected (GRD) satellite imagery captured at

intervals throughout the eruption [Modified Copernicus Sentinel Datal, |2019).
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4.1.2 Infrasound Event Cross-Correlation

We calculate event similarity using cross-correlation for each of the 10324 waveforms

included in the IS06 event detection list, using the cross correlation function:

_ Vi (#i — T) (41— 7)
VI (@ = 2)2/3E (Y — §)?

where p,, is the cross-correlation value, z; is the it" sample of signal , y;_; is the

Pay(i,i — 1) (4.1)

i'" — 1 sample of y (where [ is the lag number of samples between signals z and y), T
is the mean value of signal x, ¢ is the mean value of signal y, and n is the number of
samples of the windowed signals. Using this function as a measurement of similarity, we
employ an algorithm which cross-correlates each waveform with every other waveform in
the event list, normalizing the waveforms to quantify waveform shape but disregard the
amplitude of the events. This allows quantitative comparison of the source variability of
the events, but not of their magnitude.

Two events that are perfectly correlated will produce an p,,, value of 1, and events that
are entirely uncorrelated will have an p,, value of 0. As the sample lag value [ is changed,
the position of signal y with respect to signal x is varied, and the correlation is recorded
at each position. We log the maximum correlation coefficient value between each pair of
signals and the lag [ at the maximum correlation, and use the cross-correlation values
to build a maximum correlation coefficient matrix with m rows and m columns, where
m is the number of events in the list, in this case 10324 events (Figure . This cross
correlation shows that the events identified during the intense Strombolian pre-collapse
eruption had generally low correlation values, so were not highly repetitive within the

6-second interval of the events.
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Figure 4.4: Matrix showing maximum cross correlation coefficient values between each pair
of picked IS06 infrasound signal events from December 19 - 29, 2018. During the pre-collapse

eruption the events did not have high correlation (i.e. were not repetitive). After the flank

collapse, the events are more highly correlated with each other, possibly representing discrete
Surtseyan explosions. They are well correlated throughout the remainder of the eruption and
do not appear to evolve significantly over time, suggesting the process of their generation is

constant.

4.1.3 Infrasound Event Clustering

We cluster the IS06 infrasound events into groups of similar signals (or “multiplets”)

based on their cross-correlation values, using a clustering algorithm based on the method

of Matoza and Chouet| [2010]. The algorithm identifies the most correlated pair in the

maximum correlation matrix and assigns it to the first multiplet. Next, any event that is

correlated with the best pair above a specified cross-correlation threshold is added to the
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multiplet. Events assigned to the multiplet are removed from the maximum correlation
matrix until no events remain that correlate with the best pair above the threshold. The
algorithm then finds the most correlated pair of the new matrix, and repeats the process
to assign events to a second multiplet and so on until no events correlate with each other
above the threshold. The result is a list of identified multiplets and their constituent
events.

The threshold for cross-correlation was set at 0.65, to balance identifying as many
waveforms belonging to a multiplet as possible, but excluding those with poor signal-
to-noise ratios. In tests conducted in (Green and Neubergl [2006] for a volcano-seismic
dataset, in which 600 synthetic events corresponding to different families were created
and then used to compute which correlation coefficients classified the events correctly, a
correlation coefficient of 0.65 resulted in the highest percentage of events classified cor-
rectly before the event families began to merge. That study went on to use a coefficient of
0.70 to improve signal-to-noise ratio, though it identified slightly less events. Preliminary
testing of the Anak Krakatau IS06 infrasound events suggested there were a high number
of events in the 0.65-0.70 correlation range which would not be attributed to multiplets
if the 0.70 value was used, so slightly higher signal-to-noise ratio was traded for a more
complete event classification.

Using the cross-correlation threshold of 0.65, the algorithm generated a total of 574
multiplets which contained 8722 (84.5%) of the 10324 IS06 infrasound events. A matrix
representing all 8722 events assigned to multiplets and aligned by cross correlation is
presented in Figure [4.5] along with matrices for the events of two largest multiplets.
Multiplet 1, presented in the upper left panel, is the largest multiplet with 1709 events.
Multiplet 2 is the second largest, with 839 events, and shows the same number of peaks
and troughs as Multiplet 1, but with a lower frequency. The majority of events in

both of the largest multiplets occurred after the Anak Krakatau flank collapse. The
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right panel shows all 8722 waveforms that were well correlated enough to be assigned
to multiplets. From the beginning of the climactic phase to the flank collapse the event
waveforms are less well correlated, suggesting that the infrasound was dominated by non-
repetitive eruption processes related to the intense Strombolian eruption, lava flow, and
ash emissions that eyewitnesses reported during this time [Global Volcanism Program),
2019]. After the flank collapse, the events appear more uniform, suggesting a transition
to short, repeating explosions rather than continuous fluctuating eruption tremor.

To ensure that similar waveforms were classified together despite poor signal-to-noise
ratios, the algorithm further groups the multiplets into families. For this procedure, the
mean waveform (or “stack”) for each multiplet is calculated, and each multiplet stack
is cross-correlated with each other stack using Equation in the same manner used
to cross-correlate individual events. Multiplets with stacks that correlated with other
multiplet stacks above a cross-correlation threshold of 0.75 are merged into “families”.
A higher correlation threshold was used to boost classification accuracy and achieve a
similar total correlation to (Green and Neuberg [2006] and (Green et al. [2013] which
used 0.7 for both cross-correlation into multiplets and then into families. After lists of
waveforms belonging to each family were calculated, the waveforms within each family
were once again cross-correlated to determine which event was most highly correlated with
every other event in the family. The waveforms in the family were ordered chronologically
and aligned to the most correlated event.

The families classification procedure generated 487 families, with the four largest
families containing 5394 (61.8%) of the 8722 multiplet events. The four largest families
with their stacked waveforms and aligned event matrices are presented in Figure [4.60] We
calculate PSDs for each of the events in the family and the mean waveform of each family,
and each of the events in the family are identified on a plot of event amplitude vs. time.

A four families are presented in Figure [4.7] To gauge the similarity between families, the
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waveforms from each family were stacked, and the stacks were cross-correlated. A cross-
correlation matrix for the largest 16 event families, each containing 50 or more events, is
shown on Figure The families on this figure are ordered by number of events in each

family.
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Figure 4.5: Multiplet waveforms of station IS06 infrasound signal in temporal order starting
at Event 0, aligned by cross-correlation. The upper left panel shows the largest multiplet,
Multiplet 1, with 1709 events, where each row of the matrix shows an event waveform with
red colors indicating positive pressure and blue colors indicating negative pressure of the wave.
Below the waveform matrix is the mean waveform stack for the multiplet. The lower left panel
shows the second-largest multiplet, Multiplet 2, with 839 events, and its corresponding stack.
The right panel shows every event that was assigned to a multiplet. The time of the beginning
of the climactic phase of the eruption is indicated by a cyan horizontal line. The time of the
flank collapse and tsunami is indicated by a yellow horizontal line.
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Figure 4.6: The four largest families of events identified at IS06 (infrasound). The first row
of panels show individual waveforms of the family in gray, and the master waveform stack of
the family as a solid black line. The second row of panels show event matrices for the families
in chronological order with the first event at 0. The events are aligned via cross correlation
to the best-correlated waveform in the family. The third row of panels show the PSDs for
each family. Individual PSDs for each event are shown in gray, the average PSD is shown in
turquoise, and the PSD of the waveform master stack is shown in black. The fourth row of
panels shows every event as the maximum amplitude of the event vs the time of the event
(black dots) and identifies the events assigned to the family (red dots). The master waveforms
for each family appear qualitatively similar, but have variable frequency content.
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Figure 4.7: As Figure but for four smaller waveform families of IS06 infrasound that
appear qualitatively different than the four largest families. The master waveform stacks
appear qualitatively unique from one another, with clearly different frequency content.
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Figure 4.8: Cross-correlation matrix for the 16 IS06 infrasound event families that contain 50
or more events, ordered by number of events in each family from most events (Family 1; 2294
events) to least events (Family 18; 56 events). The four largest waveform families from Figure
are outlined in red. Colors represent the maximum value for the correlation coefficient p,
for each pair of family mean waveforms.

4.1.4 Discussion

The mean waveforms of the largest four event families have qualitatively similar
shapes, but small differences in frequency content are visible. Family 1 and Family 2, for
example, show a similar pattern of waveform peaks and troughs but their corresponding
power spectral density plots show that Family 1 has an overall higher frequency. Families
5 and 7 have similar waveform shapes to the two largest families, but also vary in fre-
quency and relative amplitude of the peaks and troughs. Figure reveals the similarity
between the four largest families, with Family 1 and 2 being most correlated, followed
by Family 2 and Family 5, indicating that events in these families are related. Families
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1,2, and 5 are also well correlated with smaller families such as Families 8, 9, and 13,
suggesting a larger relationship between some families exists.

Due to their short and repetitive nature, events in the larger families likely represent
repeated explosions from Anak Krakatau, consistent with reports of intense Strombolian
activity at the volcano during this timeframe. Family 1 events are notably present during
the pre-collapse intense Strombolian activity and after the flank collapse (Figure bot-
tom left), while Family 2 events mostly occur after the flank collapse and tsunami. This
may indicate a variation in the source mechanism of the explosions, such as Family 1 rep-
resenting subaerial Strombolian explosions and Family 2 caused by magma coming into
contact with water, generating small phreatomagmatic explosions. This is in agreeance
with the study of a shallowly submerged vent at Bogoslof volcano by |Lyons et al.| [2020],
which found that the most significant effect of seawater submerging the vent which had
previously been subaerial was a decrease in frequency content of the infrasound pro-
duced. However, the long-range (1,156 km) propagation path of the infrasound signals
from source to receiver makes using the waveforms to determine exact source processes
challenging. Most long-range infrasound will have traveled through the stratosphere or
thermosphere, and heterogeneities in temperature, wind speeds, and wind direction in
these layers results in multi-pathing and scattering of the acoustic waves along the prop-
agation path [Kulichkov, 2004]. Thus, the apparent differences in waveform shape and
frequency between well-correlated waveform families such as Family 1 and Family 2 could
simply be due to variations in the atmospheric propagation path. Hydroacoustic wave-
forms are more stable over long range, and may assist in determining eruption source

processes more reliably.
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4.2 Hydroacoustic Waveform Similarity

4.2.1 Hydroacoustic Event Selection

We investigate hydroacoustic event similarity to determine whether repetitive sig-
nals could be identified and interpreted for information on submarine eruption source
processes at Anak Krakatau. Twelve days of hydroacoustic data from November 29 to
December 11, 2018 hydroacoustic swarm was beamformed and filtered with a 1-4 Hz But-
terworth bandpass filter. This filter was chosen as a result of PSD analysis (Figure4.9)), to
balance between analyzing the frequency band with the highest signal power (~1-11 Hz)
and the fact that higher frequency waveforms will be more affected by noise and invari-
ably have lower correlation. During initial analysis, the same procedure implemented to
select IS06 infrasound events was used to automatically pick HO8S hydroacoustic events.
However, the STA/LTA picking was not effective in discerning a substantial number of
hydroacoustic events that were flagged by PMCC array processing, probably due to its
lower signal to noise ratio. Therefore, events were picked manually from the filtered and
beamformed signal, and picks were only made where there were concurrent PMCC detec-
tions indicating the signal was within +3 degrees of the Anak Krakatau back-azimuth.
There were 2169 event picks made over the 12 day swarm signal duration. The events
were windowed from 1 second prior to the event pick time to 5 seconds after the picked
event time. The events are plotted by maximum amplitude on Figure and com-
pared to PMCC detections and satellite images from the same timespan. A thermal
satellite image shows incandescence in the crater on November 29, but visual or thermal
imagery was not available after that day due to cloud cover so the other three satellite
images shown are Sentinel-1 SAR images. The SAR images show the volcanic cone and

surrounding islands, but do not show whether ash plumes or explosions were occurring.
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Figure 4.9: Waveforms and power spectral densities for a variety of HO8S hydroacoustic sig-
nals observed on December 2, 2018. The first set of panels show background noise from a
stretch of time where no volcanic signals were detected by PMCC. The second set of panels
shows the waveform and PSD trace of what was likely a tectonic earthquake caused by sub-
duction in the Java trench, and was not associated with PMCC detections from the direction
of Anak Krakatau. The third set of panels shows an example of a whale call, indicated by the
three main harmonics on the PSD, again not associated with PMCC detections. The last set
of panels shows a hydroacoustic signal identified by PMCC during the hydroacoustic swarm,
with its corresponding PSD showing that the majority of the signal is contained in the 1-11 Hz
range.
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Figure 4.10: Summary of HO8S hydroacoustic swarm events from November 29 - December
11, 2018. Top panel: PMCC families detections, with colors representing mean frequency of
the detection in log scale. The black dashed line is the back-azimuth of Anak Krakatau, 84.9°.
Middle panel: the 2169 manually picked hydroacoustic events (with PMCC cross-checking),
plotted by maximum amplitude of the signal. During this timeframe, seismic events and ash
plumes were recorded on December 1-3 and December 7-9, 2018 [Global Volcanism Program),
2018bjc]. The row of panels below show Sentinel satellite imagery, the first panel showing a
thermal anomaly in the crater on November 29, 2018 from the Sentinel-2 L1C SWIR band, and
the right three panels showing Sentinel-1 SAR, GRD satellite imagery [Modified Copernicus

Sentinel Dataj 2019).

4.2.2 Hydroacoustic Event Cross-Correlation

Using the same procedure as with the [S06 infrasound data, we cross-correlate hy-

droacoustic events to determine event waveform similarity. Each event waveform is nor-

malized and cross-correlated with each of the other normalized events, and the calculated
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correlation coefficients used to construct a cross-correlation matrix (Figure. Though
the maximum correlation values for the event pairs are generally lower than those of the
infrasound signals, many pairs exceed a 0.6 correlation value. Overall the events appear
less repetitive than the IS06 infrasound events, which may be due to a lower signal to

noise ratio or simply greater signal variability.
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Figure 4.11: Matrix showing maximum cross-correlation values between each pair of HO8S
hydroacoustic signal events from November 29 through December 10, 2018.

4.2.3 Hydroacoustic Event Clustering

We group the hydroacoustic signals into multiplets based on their cross-correlation

values in the same manner described for the IS06 infrasound events in section 1.3l
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The threshold for cross-correlation was set to 0.6, as the signal-to-noise ratio for the
hydroacoustic signal was lower than the infrasound signal and there were a large number
of events in the 0.6-0.65 range that would have been excluded by using the infrasound
threshold value of 0.65. The threshold value of 0.6 is considered the acceptable limit,
as below this value events may begin to converge. Using this method, 261 multiplets
are identified which contained 67.7% of the picked events. A matrix showing each of
the events aligned by cross-correlation is presented on Figure [4.12] along with matrices
containing waveform data for the two largest multiplets.

The number of events assigned to each multiplet was comparatively fewer than the
infrasound multiplets, which was expected due to the lower correlation values. Multiplets
were further grouped into families to show more broadly which multiplets were similar to
each other, and to reduce the effect of the lower signal-to-noise ratio of the hydroacoustic
events. Multiplets with stacks correlating with other multiplet stacks above a threshold
of 0.6 were assigned into families. The events in each family were again cross-correlated
to determine which event was most similar to the most other events, and the waveforms
were ordered temporally and aligned to the most correlated event in the family. The
families classification procedure yielded 153 families. The four largest families and their
mean waveforms with aligned event waveform matrices are presented in Figure [4.13]
PSDs were calculated for the families, and the events in each family are plotted against
all picked events to show their timing. A second group of families are shown in Figure

to show some of the waveform variability among the hydroacoustic families.
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Figure 4.12: Right panel: all 2169 hydroacoustic event waveforms in temporal order starting
at Event 0, aligned by cross correlation. Each row of the matrix represents an event waveform,
with red colors indicating positive pressure and blue colors indicating negative pressure of the
signal. Top left panel: event matrix for the largest multiplet, Multiplet 11, with 71 events,
and its corresponding mean waveform stack. Bottom left panel: event matrix for the second
largest multiplet, Multiplet 13, with 56 events, and its corresponding mean waveform stack.
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Figure 4.13: The four largest families of hydroacoustic events picked from station HO8S
hydroacoustic data. The first row of panels show individual waveforms of the family in gray,
and the master waveform stack of the family in solid blue. The second row of panels show event
matrices for the families in temporal order, aligned by cross-correlation to the best-correlated
waveform in the family. The third row of panels show the PSDs for each family, with the
individual PSDs for each event in gray, the average PSD shown in turquoise, and the PSD of
the mean family stack in black. The fourth row of panels shows the plot of all events, where

events are plotted by their maximum amplitude vs. time, and identifies events assigned to the
family in red.
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Figure 4.14: As Figure but additional families of hydroacoustic events picked from
station HO8S hydroacoustic data, which show the waveform variability between families.

The largest waveform family, Family 3, has a frequency peak at 2 Hz with events
of ~4s in duration. The second largest family, Family 6, also has a frequency peak at
about 2 Hz but a shorter duration of ~2.5s. Each of the four largest families consist
predominantly of events with lower maximum amplitude, and do not include many of

the high-amplitude events (Figure. In contrast, two of the smaller families, depicted
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on Figure[4.7] consist mostly of the high-amplitude events. These families, Family 9 and
Family 10, have peak frequencies of ~3 Hz and ~4 Hz, respectively. Family 9 displays
an initial pulse, followed by two smaller amplitude pulses, which is likely a propagation

signature rather than a source feature given the remote source-receiver distance.
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Figure 4.15: Cross-correlation matrix for the 13 hydroacoustic event family mean waveform
stacks that contain 20 or more events, ordered by number of events in each family from most
events (Family 3; 357 events) to least events (Family 31; 22 events). Colors represent the
maximum value for the correlation coefficient p,, for each pair of family stacks.

To assess whether any of the hydroacoustic families are closely related, we again cross-
correlate the mean waveform stacks for each family and the maximum cross correlation
between each pair of family stacks is used to create a cross-correlation matrix for the
largest 13 families (Figure . Each family contains 20 or more events, and most of

the families are shown not to be well correlated. The highest correlation between these
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13 largest families is between Family 3 and Family 6, which have a maximum correlation
coefficient of 0.56. This suggests that the waveforms are appropriately grouped into

families depending on their similarity, and similarity between families is not high.

4.2.4 Hydroacoustic Envelopes

Since many of the high-amplitude hydroacoustic events exhibited a longer duration
than the 6-second cross-correlation time-window, we conduct hydroacoustic signal en-
velope analysis to determine similarity of the longer signals. This analysis is based on
a method used by [Talandier and Okal, 2001], which used hydroacoustic T-phase sig-
nal envelopes to distinguish between subduction zone earthquakes, volcanic earthquakes,
and explosive submarine events (Figure . The hydroacoustic signal was first filtered
from 1-15 Hz to capture the most signal from the volcano, and then beamformed to
improve the signal-to-noise ratio. Eight high amplitude events which corresponded to
consistent PMCC detections from the back-azimuth of Anak Krakatau, as well as eight
high-amplitude events without corresponding PMCC detections, were picked manually
on days 335 and 336 (December 1-2, 2018) of the eruption. The envelope for each 120 s
signal was calculated using the ObsPy filter envelope function [Beyreuther et al., [2010],
which adds the squared amplitudes of the function and its Hilbert transform and com-
putes the square root. The 5-second rolling mean of each envelope was then calculated
to smooth the envelope and remove rapid fluctuations, which was chosen based on trial
and error. The normalized, smoothed envelopes for the 2 days of manually picked sig-
nals are presented on Figure [£.17 The volcanic signal envelopes are all approximately
20 s in duration with a sharp onset, with a few exhibiting a notch at the peak of the
envelope. The signal envelopes that did not correspond to PMCC detections resemble

the subduction-zone earthquake envelope in Figure |4.16| so are possibly attributable to
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T-phases from subduction zone earthquakes in the Indian Ocean basin. Indeed, there is
a band of low-frequency PMCC detections in the 45°-100° range, which align with the
back-azimuth position of the Java Trench. This indicates that seismic energy from sub-
duction zone earthquakes along the Java Trench is able to couple into the water column
and propagate as hydroacoustic waves to station HOSS.

Talandier and Okal| [2001] attributed the frequencies and envelope shapes of each type
of event to its source process characteristics. The low frequencies and long durations of
subduction zone earthquakes were ascribed to the hypocenter of the earthquakes being
kilometers below the ocean floor, resulting in a long propagation path before conversion to
T-waves in the water column. The solid-earth propagation path would likely also produce
multi-pathing, resulting in a longer event waveform. Additionally, larger subduction
zone earthquakes can release energy for many seconds, which would further increase the
duration of the T-phases. In contrast, volcanically-triggered earthquakes are typically
small magnitude, near-surface events with shorter solid-earth seismic paths which can
retain their higher frequency content and produce a more broadband spectrum. The
steep slopes of many volcanoes also offer efficient transmission of seismic energy into
the water column, which may produce more impulsive events with shorter duration.
Volcanogenic explosions, on the other hand, generally occur at the magma-water interface
and directly release acoustic energy into the water column. The resultant T-waves are
often of short duration, and the lack of a solid-earth propagation path means they will
often retain their high frequencies (although some volcanoes can produce explosions with

band-limited spectra) [Talandier and Okal, [2001].
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Figure 4.16: Figure reproduced from Talandier and Okall [2001], showing selected waveforms,

signal envelopes, and spectral amplitudes of four T-phase signals detected at seismic stations
of the Polynesian Seismic Network. The waveforms have a sampling rate of 0.02 s, and were

high-pass filtered above 2 Hz. The envelopes were smoothed using a 1-second rolling average,
with the 1-second window chosen based on trial and error. To calculate spectral amplitudes,
the signal was band-pass filtered from 1-16 Hz due to limitations of the seismic sensors.
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Figure 4.17: Hydroacoustic signal envelopes for manually-picked 120 second sections of signal
from sensor H08S2, the sensor with the highest signal-to-noise ratio for the Anak Krakatau
hydroacoustic swarm signals. The first two panels are manually selected events from day
335 (December 1, 2018), and the last two panels are manually selected events from day 336
(December 2, 2018). Envelopes colored blue were calculated from events with concurrent
PMCC detections from the Anak Krakatau back-azimuth, which we attribute to submarine
volcanic activity. Envelopes colored red are from events which had no PMCC detections from
the Anak Krakatau direction, which were possibly generated by subduction-zone earthquakes
along the Java trench.

4.2.5 Discussion

Due to the challenges of data collection and visual observation in a submarine environ-
ment, many questions remain regarding source mechanisms and conditions of submarine

explosive volcanism. Therefore, the discussion presented here is speculative and repre-
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sents one set of possible interpretations of eruption events at the volcano. Several factors
must be considered when investigating the physical source mechanisms which produced
the recorded hydroacoustic signal, which include the frequency, duration, continuity,
recurrence interval, waveform similarity, and visual observations at the ocean surface.
Firstly, the static back-azimuth of these events over 12 days (established by PMCC re-
sults) is typical of a volcanic source, and rules out many possible sources of transitory
hydroacoustic signal (animal sources, ships, storms, etc.). The minutes-to-hours long in-
terval of quiescence between successive events and lack of perfectly repeating waveforms
further rules out seismic surveying as the source. A timeline of the eruption and sum-
mary of the PMCC detections, picked events, satellite imagery, and available detections
of seismic activity, thermal anomalies, eruption plumes, lava flows, and surtseyan activity
is presented on Figure Seismicity from the volcano was detected throughout the
eruption by PVMBG, and seismic events were reported on most days with infrasound
or hydroacoustic signal from Anak Krakatau. There was a thermal anomaly present at
the crater for the majority of the eruption, though the satellite imagery was mostly ob-
scured by cloudy weather from December 2018 to early January 2019. The lava flows
reported from August to October, 2018 were not accompanied by major infrasound ac-
tivity, suggesting activity may have been more effusive than explosive. Ash plumes were
intermittent, and mostly correspond to periods of seismic or thermal activity. The re-
ported Surtseyan activity reported by |Global Volcanism Program| [2019] from after the
flank collapse on December 22, 2018 to January 9, 2019 overlaps well with the infrasound
detections from IS06 and IS52 suggesting this activity was a major source of infrasound,

though no continuous hydroacoustic detections were observed at that time.
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Figure 4.18: (a) Timeline of eruption. Magenta circles indicate days where Sentinel-2 satellite
detected a thermal anomaly [Modified Copernicus Sentinel Data), [2019], teal circles indicate
reported Surtseyan eruption [Global Volcanism Programl [2019], red circles indicate days where

lava flows were reported |[Global Volcanism Program)| [2019], gray circles indicate days with

eruption plumes reported |Global Volcanism Program)| [2019], and blue circles indicate days on

which volcanic seismic events or eruption tremor at Anak Krakatau were reported by PVMBG

[Pusat Vulkanologi dan Mitigasi Bencana Geologi, [2018]. Blue rectangles show the duration of
hydroacoustic PMCC detections from HO8S and HO1W, and orange rectangles show duration
of infrasound detections from IS06 and IS52. (b,c) PMCC hydroacoustic families detections.
(d,e) PMCC infrasound bulletin detections. Horizontal dashed black line on panels (b-e)
indicates back-azimuth direction of Anak Krakatau, and vertical red dashed lines indicate the

approximate time of the flank collapse which triggered the tsunami. (f) Infrasound (IS06) and
hydroacoustic (HO8S) events. Infrasound events were picked using network STA/LTA with
PMCC cross-checking method, while hydroacoustic events were picked manually corresponding
to PMCC detections. (g) SAR satellite imagery from Sentinel-1 and thermal and visual
satellite imagery from Sentinel-2 showing the effects of the eruption on the morphology of the
volcanic edifice [Modified Copernicus Sentinel Dataj, |2019).

Reports of events recorded by seismic, infrasound, and hydroacoustic sensors at other
submarine or partially submerged volcanoes typically divide eruption signals into two cat-
egories: impulsive events, and sustained events. Impulsive events have been attributed to

in-water phreatomagmatic explosions produced by the opening of a vent (e.g.,

stiehl et al|[2012], Tepp et al.|[2019a]), phreatomagmatic explosions as a result of dome

building and collapse (e.g., |Green et al.| [2013]), small to large diameter magmatic gas

bubbles bursting (comparable to terrestrial Strombolian explosions; e.g.,|Chadwick et al.|

[2008], Dziak et al.| [2015], |Lyons et al.| [2020]), or discrete, shallow volcanic earthquakes

coupled into the water column (e.g., Dziak and Fox|[1999], Tepp et al.[[2019b]). More con-

tinuous, sustained eruptive events have been interpreted as tremor from degassing |[Dziak

2015]), eruption tremor from continuous phreatomagmatic explosions [Bohnenstiehl

et al., [2012; |Tepp et al., 2019a], sustained jetting of material at an underwater dome or

vent [Lyons et al. 2020], or harmonic tremor of magma oscillating in a near-surface

chamber [Dziak and Fox| 2002b].

The hydroacoustic swarm events from Anak Krakatau are typically confined to the 1-
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40 Hz frequency range (with the highest energy in the 1-12 Hz range), and less than 30 s
in duration, with minutes to hours between events. The waveform similarity analysis in
Section indicate that the 6 s hydroacoustic event waveforms are less well correlated
than the later explosive infrasound events from the main eruption at Anak Krakatau,
which may be due to the longer signal propagation path, typically longer event duration,
higher frequencies of the hydroacoustic signal or a more variable range of source mech-
anisms. However, there are several families which have dozens to hundreds of events
with good waveform similarity, suggesting one or more repetitive source processes. The
fact that the largest 13 families are not particularly well correlated to each other implies
that more than one source process is producing the events (i.e., that the signal could be
originating from a mix of sources such as shallow volcanic earthquakes and water-magma
interface explosions, rather than a single source). The hydroacoustic envelope compari-
son in Figure indicates that the ~20 s duration signals are highly similar, and thus
are probably being generated by a single source. These envelopes have similar sharp
onsets and overall shapes to the volcanic earthquake and explosive volcanism envelopes
in Figure [4.16] but the [Talandier and Okal [2001] envelopes are of shorter duration. In
any case, they have a clearly different shape than the example of a subduction zone
earthquake, which has a more emergent onset and long tail.

There is no evidence of harmonic tremor in the HO8S hydroacoustic swarm signal.
Since most of the events are <30 s in duration, we classify them as impulsive signals.
Due to their generally 1-40 Hz band-limited character, we cannot immediately classify
them as phreatomagmatic explosions, which typically display a broadband spectrum.
However, there is the possibility that high-frequencies may have attenuated during the
path from source to receiver. This has been shown to occur at long-distance hydroacoustic
sources such asMetz et al.| [2016], where the hydroacoustic arrivals from phreatomagmatic

explosions arrived at a hydrophone ~15,800 km away with frequencies of predominantly

78



Waveform Cross Correlation and
Clustering Section 4

2-20 Hz. Modeling would be required to determine whether the comparably shorter path
from Anak Krakatau to HO8S (3,307 km) would have resulted in a similarly significant
loss of high frequencies. If the events are from phreatomagmatic explosions, they could
arise from a scenario similar to the periodic dome-building and collapse at South Sarigan
volcano in 2010 (proposed in Green et al. [2013]). This scenario, however, as well as
a scenario in which the impulsive events are caused by fragmentation explosions is not
explicitly supported by visual observations. To our knowledge, no reports of seawater
discoloration (which is a typical feature of a shallow explosive submarine eruption) around
Krakatau were made prior to the December 22, 2018 flank collapse. However, such reports
would have to have come from eyewitnesses around the volcano, as Sentinel-2 visual-band
and thermal satellite imagery is obscured due to clouds and ash plumes during the entire
duration of the November 29 - December 10, 2018 hydroacoustic signal period, so we
cannot identify such discoloration after the fact.

Another plausible interpretation may be that the impulsive signals are caused by
the bursting of magmatic gas bubbles at the opening of a conduit on the flank of Anak
Krakatau, similar to that observed at NW Rota-1 volcano [Chadwick et al., 2008], West
Mata volcano [Dziak et al., 2015], and Bogoslof volcano [Lyons et al., [2020]. In-situ
hydrophone recordings and coincident remotely operated vehicle (ROV) video at West
Mata (vent located ~1200 m beneath sea surface) show 50-100 cm radius, short-duration
magmatic gas bubble bursts with signal frequencies of 1-40 Hz [Dziak et al. 2015]. At
550-560 m deep NW Rota-1, ~10-30 cm magmatic gas bubble bursts were also recorded
by portable hydrophone and ROV with durations of 21 to 656 seconds, with the highest
signal amplitudes between 10-50 Hz in frequency. Lyons et al.| [2020] reported infrasound
signals from extremely large magmatic gas bubble bursts at the shallowly submerged
vent of Bogoslof volcano, with diameters of 100-440 m. The signal was converted from

hydroacoustic to infrasound at the ocean-atmosphere interface, resulting in the loss of
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higher frequencies, with the resulting signals having frequencies of 0.1-1 Hz with durations
generally <4 minutes. However, although the signal frequency ranges of these case studies
somewhat agrees with the frequency ranges at Anak Krakatau, the magmatic gas bubble
bursts are reported to have somewhat longer durations on average, and shorter quiescent
intervals.

A final possibility for the source of the hydroacoustic impulsive events is that they are
seismic signals from shallow volcanic earthquakes which have coupled into the water col-
umn. As noted by Hanson et al.| [2001], T-phases from tectonic earthquakes are generally
minutes in duration, and band-limited from 2-40 Hz. Although our impulsive hydroa-
coustic swarm signals are limited to approximately this same band, they lack the duration
of tectonic earthquakes. Volcanic earthquakes can be much shallower and transmit en-
ergy efficiently to T-phases, resulting in generally much shorter event duration. This
could be a viable possibility based on the band-limited spectra, short duration, and lack
of discolored water at Anak Krakatau. Additional analysis from local seismic arrays
could help distinguish between volcanic earthquake, volcanic explosion, or magmatic gas
bubble burst sources.

Based on the variability in shape and duration of the waveform families, it is possible
that any or all of these processes were occurring within the same timeframe. Since
tectonic earthquakes are shown not to be a plausible cause of these impulsive events and
a volcanic source is likely, this analysis shows that remote hydroacoustic signal analysis
may be useful in identifying volcanic events that were not flagged by other geophysical

methods.
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Conclusion

To add an additional case study to this emerging field, we used hydroacoustic data
from IMS stations HO8S and HO1W, as well as infrasound data from IMS stations IS06,
[S07, and IS52, to study the chronology and characteristics of 2018-2019 eruptive ac-
tivity at Anak Krakatau. Waveform and spectrograms were analyzed for these stations
and PMCC array processing was conducted from June 2018 through January 2019 to
determine velocity and propagation direction of detected signals. By examining detec-
tions since the start of the new eruptive phase in June 2018, the hydroacoustic stations
detected a hydroacoustic swarm indicative of submarine eruption activity from Novem-
ber 29 through December 11, 2018, which to our knowledge is a new contribution to
the characterization of this eruption. The hydroacoustic stations did not detect the
climactic eruption phase and major flank collapse, indicating that this part of the erup-
tion was primarily subaerial or that the signal to noise ratio was too low to resolve this
event. Eruption activity was also detected at infrasound station IS06, overlapping with
the hydroacoustic swarm, but with a shorter duration indicating the eruption may have
evolved from having both submarine and subaerial components to becoming entirely sub-
aerial in that time. Infrasound events from the climactic eruption phase timeframe were
picked using an STA/LTA with PMCC cross-check method, and hydroacoustic events
were picked manually. We used these events to conduct waveform cross-correlation simi-
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larity analysis, by clustering similar waveforms into multiplets and then families above a
cross-correlation threshold. The infrasound events were impulsive and highly repetitive,
indicating the presence of one or more sources of repeating explosions at the volcano,
consistent with eyewitness reports of intense Strombolian and Surtseyan activity. The
hydroacoustic events were less well correlated, with a few moderate sized event fami-
lies. Their generally 1-40 Hz band-limited character and short durations have several
possible interpretations, including earthquakes generated by volcanic activity, discrete
phreatomagmatic explosions, or bursting magmatic gas bubbles at a submarine vent on
the volcanic flank. Relationships such as these between source mechanisms and generated
seismo-acoustic signal may be of future utility in the design of systems to automatically
detect submarine volcanism, to warn ships and aircraft of possible volcanic hazards. Au-
tomated detection of intense eruption or flank collapse signals could also be added to
existing tsunami early warning systems to improve their volcanogenic tsunami detec-
tion capability, to target volcanic eruptions as possible tsunami sources in addition to
earthquake sources [Strunz et al., 2011]. These findings highlight the role that remote
infrasound and hydroacoustic technology can play in the detection and characterization

of eruptive activity at submarine and partially submerged volcanoes.
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