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Abstract

Time-space variations of infrasound source locations for three years, 2019-2021, were studied by
using a combination of two local arrays in the Liitzow-Holm Bay region (LHB), Antarctica. The local
arrays deployed at two coastal outcrops clearly detected temporal variations in signal frequency
content as well as propagating directions during the three years. A large number of infrasound
sources were detected with many located to the north and north-west directions from the arrays.
These events were generated within the Southern Indian Ocean and the northern part of LHB
with frequency-content of a few seconds; these “microbaroms” are believed to originate from
oceanic swells. From austral summer to fall additional infrasound sources are determined to be
located to the north-east. These sources might be related to the effects of katabatic winds across
the continental coastal area. Furthermore, several impulsive infrasound events during the winter
had higher predominant frequencies of a few Hz, higher than the microbaroms. On the basis of a
comparison of source locations with sea-ice and glacier distribution form MODIS satellite images,
these high-frequency sporadic sources may be cryo-seismic signals associated with cryosphere
dynamics near the local arrays. These results suggest that infrasound waves can be used to monitor
surface environments in the coastal area of Antarctica.

Keywords: Infrasound; Array analysis; Liitzow-Holm Bay; Antarctic coast; Cryosphere dynamics;
Katabatic wind; Microbaroms

1. Introduction

“Infrasound” signals are sub-audible pressure waves with frequency from the cut-off of a sound (3.21 mHz,
for a 15°C isothermal atmosphere) to the lowest of the human audible band (20 Hz) which can propagate in the
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atmosphere for several thousand kilometers and recorded at the Earth’s surface when excited by large energy sources
(Hedlin et al., 2002). There are many infrasound sources including tsunamis, volcanic eruptions, ocean waves,
earthquakes, aircraft, thunder, sprites, fireballs, meteorite falls, reentry of artificial vehicles and aurora activities
(Arai et al., 2011; Iyemori et al., 2005; Matoza et al., 2007; Arrowsmith et al., 2008; Wilson, 1969). Infrasound can
also be used to constrain physical aspects of the atmosphere such as temperature and wind profiles. In polar regions,
such as Antarctica, temporal and spatial variations in atmospheric pressure are generated by physical interactions
between atmosphere, oceans, cryosphere, and solid earth. Dynamic changes of surface environments can excite
infrasound waves that can be measured by instruments deployed in polar regions. Podolskiy et al. (2017) conducted
simultaneous observation using seismic and infrasound sensors at Bowdoin Glacier in Greenland. They validated
infrasound sources using ground-based time-lapse cameras to better localize small size sources like calving events.

In April 2008, infrasound observations from a single sensor were started at the Japanese main station;
Syowa (SYO; 69.0S, 39.6E), in the Liitzow-Holm Bay (LHB) of Antarctica (Yamamoto et al., 2013). Previously,
long-term monitoring of infrasound had been conducted at two permanent International Monitoring System
infrasound arrays in Antarctica operated by USA (Station; IS55) and by Germany (Station IS27). After five years of
observations using the single sensor at SYO (Ishihara et al., 2015), the single sensor was replaced by a tripartite
array during austral summer of 2013 (Murayama et al., 2015). Eleven years of infrasound data and results at SYO (in
2008 to 2019) were published in the Polar Data Journal (Ishihara et al., 2020). Long-term variability of the frequency
content of the data were documented over the eleven seasons with the background contamination by signals of
oceanic swells (microbaroms).

In addition to the local array at SYO, several field stations with infrasound sensors were established along the
eastern coast of LHB beginning in the austral summer of 2013 (Murayama et al., 2015). Additional local arrays with
different sensor offsets were deployed in parallel with SYO; a second array was established over the continental ice
sheet (S16; 68.1S, 41.8E) near the eastern coast of LHB. Detail of the observation system for these arrays and initial
data recorded in austral summer of 2013 were previously reported (Murayama et al., 2015). These data documented
the frequency content and source azimuth associated with microbaroms from Southern Indian Ocean for fifty days
during the in austral summer in 2013. Using the array deployed at LHB, infrasound signals were associated with
seven identical events in 2015 (Murayama et al., 2017a). Many of the sources were assumed to have cryoseismic
origins; ice-quakes associated with calving of glaciers, discharge of sea-ice, collision between sea-ice and icebergs
around the region.

The long-term variability of infrasound source locations for eight months in January-August 2015 were
investigated using the two arrays deployed at SYO and S16 (Murayama et al., 2017b). Source mechanisms of these
events were associated with cryosphere dynamics surrounding LHB. The study focused on events occurring in
mid-April 2015 associated with the discharge of a large volume of sea-ice, together with collision events involving
icebergs surrounding LHB which had drifted eastward from Enderby Land offshore. Similar sea-ice discharge events
at LHB in April 2016 were estimated to be associated with the dynamics of fragmentation of sea-ice and ice-bergs
(Murayama et al., 2018). Recently, the migration of source locations and associated arrival orientations of infrasound
signals in the same area were documented from January to April 2017 (Murayama et al., 2023).

In the austral summer of 2018 and 2019, the array on the continental ice sheet (§16) was moved to a new outcrop
(Langhovde (LNG); 69.18, 39.4E) about 20 km to the south of SYO along the east coast of LHB (Fig. 1). On the basis
of these new infrasound observations and research history in LHB, time-space variations of infrasound source
locations for 2019-2021 are investigated in detail using the two local arrays, SYO and LNG, deployed at outcrops
along the east coast of LHB. Temporal variations in frequency content together with array estimated propagation
directions are documented for the two local arrays and interpretated in terms of dynamic processes in the surface
environment in the area.

2. Array observation and analytic procedure

A total of nine infrasound instruments were deployed along the eastern coast of LHB in January of 2013 and
2014 (Murayama et al., 2015). Two triangle arrays were deployed at SYO (with a 100 m spacing triangle) and near
S$16 on the continental ice sheet (with a 1 km spacing triangle), which is 15 km east of SYO (Fig. 1). In addition to
these arrays, isolated single stations were deployed at three outcrops along the coast of LHB (i.e., Langhovde (LNG),
Skallen (SKL) and Rundvagshetta (RDV)). This station network on LHB, consisted of multi-scale array configurations
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Figure 1. (left) Location map of the infrasound array deployment in the Liitzow-Holm Bay region (LHB), Antarctica, for the
period in 2019-2021. Array stations of infrasound (green triangles), single stations of infrasound (blue diamond)
and broadband seismometers (orange squares) are respectively indicated. (upper right) Array configuration of
infrasound stations to localize the source signals. Tripartite arrays had been deployed by the aperture size in
200 m at both the Syowa Station (SYO) and other outcrop station at Langhovde (LNG). The two stations are
20 km from each other.

and is used to detect signals by identifying different wavelengths with corresponding frequencies for each array
depending on its size (Fig. 1).

Array observations on the continental ice sheet (S16) were terminated in January of 2018 and moved to a new
outcrop (LNG; 69.1S, 39.4E; with a 100 m spacing triangle) about 20 km south of SYO along the east coast of LHB
in January of 2019. The infrasound sensors on the ice sheet at S16 had been gradually buried under the snow/ice
accumulation during the last few years after the beginning of the observation in 2013. The new array location was
moved to the ice-free outcrop area at LHB, with similar surface environmental conditions like SYO. Most of the
outcrop stations also included broadband seismometers (Guralp Systems CMG-40T; for details see Kanao et al., 2011)
in order to compare the seismic and infrasound signals across similar frequency bands.

Chaparral Physics Model 25 micro-barometer (developed by the University of Alaska, USA, with a detectable
frequency range of 0.1-200 Hz) were deployed at most stations except for SKL (SAYA Co., INFO3 type). Hose
arrays were used to reduce wind noise acting as mechanical low-pass filters (Walker and Hedlin, 2010; Hedlin
and Alcoverro, 2005). Multiply (eight) connected porous hoses were used at the SYO array. A single-hose was
used at all the other field stations to reduce installation efforts. The porous hoses were buried beneath mounds
of stones/snow-ice collected from around the observation sites to reduce the vibration effect of strong winds.
Information on the specification of the infrasound sensors and array configurations of SYO and LNG are summarized
in Table 1a and 1b. Moreover, detail configurations of the observation system (power supply, data acquisition and
transmission) are included in Murayama et al. (2015).
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(a) Specifications of the Infrasound Sensor and Sampling

Item Specification

Model Chaparral Physics Model 25
Sensitibity 2.0 volts/Pascal (1 Hz, 0-20 Pa full scale range)
Frequency range 0.1-200 Hz
Resolution Several mPa
Acoustic inlet(s) 4-port manifold inlet on bottom
Output type True differential output
Sampling rate 1-100 Hz
A
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(b) Specifications of the Infrasound Array

Specification

Array type Tripartite array Tripartite array
Number of elements 3 3
Aperture approx. 200 m approx. 140 m
Wind noise reducing system | Material: porous hose Material: porous hose
Configuration: Configuration:
A A
£ A\ J//L £ \ /
o o
© ©
% X
o o
8 =
< /( <
¥ v
== Porous hose == Porous hose
¥ Sensor box ¥ Sensor box

Table 1. Detailed specification of infrasound sensors (a) and arrays’ configuration (b) deployed at SYO and LNG.
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In order to estimate the propagation directions and event source locations of the infrasound signals, a two-step
approach was adopted; the first step was to generate a bulletin for each array using the progressive multi-channel
correlation (PMCC) algorithm (Cansi, 1995; Cansi and Klinger, 1997). Parameter settings in used PMCC and their
related error estimations are summarized in Table 2; the second step was to associate signals from different arrays
and provide source location as outputs as documented in the flowchart shown in Fig. 2 (which starts with two
bulletins of the two arrays in LHB). One bulletin was for the SYO array (station ID; C1, C2 and C3) and the other
was the LNG array (station ID; L1, L2, L3) (Fig. 1). As the array at SKL used different type sensors (SAYA Co., INF03;
short period range covering with a low S/N ratio,), we did not utilize the SKL data to the PMCC analysis. A basic flow
of the array analysis (Fig. 2) is summarized as follows: 1) Search for pairs of signals within + 80 s of detected time
difference on the basis of the bulletin dataset for the two arrays with the distance between the two arrays about
20 km; 2) Calculate a crossing point by spherical triangle method using the two estimated backazimuths for each
array; 3) Set the candidate origin as grids around the cross point within + 5 deg. range (as the error assumption of
PMCC results), followed by calculating the averaged origin time and select the most probable grid; 4) Use calculated
each celerity within the range of (between 0.28 km/s and 0.36 km/s) for both arrays, then output a final result.

PMCC setting

Item Setting

Frequency band (Hz) *The 0.05 to 49.0 Hz frequency ba(r)l.gsi;t()i;f(;ded into 10 logarithmic divisions.
Window Length (s) 30

Time Step (s) 3

Threshold Consistency (s) 0,1

Threshold FamMin 5

Threshold Distance 1

Sigma_Time (s) 6

Sigma_Freq (% of Nb bands) 5

Sigma_Speed (%) 20

Sigma_Azimuth (%) 10

Table 2. Actual PMCC software settings and their related error estimations.

Assuming a sound speed of 0.3 km/s in the lower atmosphere in the LHB area, origin times of all candidate
crosses obtained within + 5 degrees of the backazimuth of each array are determined from the arrival time of the
signal in each array and each distances between the cross and the array. The cross with the minimum time difference
between the origin times derived from each of the arrays is the most probable grid. Next, using the most probable
grid, if the celerity is calculated within the range 0.28 km/s to 0.36 km/s, the origin is output. Therefore, if the real
sound speed is apart than 0.3 km/s, or if the backazimuth from PMCC result has some error, it will affect the origin
time and the source position.
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Figure 2. Flow chart of methodology to estimate the source locations and occurring times using each bulletin from PMCC
(the Progressive Multi-Channel Correlation) for two infrasound arrays respectively. Detail procedures of each
“Step” are described in the main text.

3. Azimuthal variations and frequency contents

Time series of azimuthal variations in arrival orientation and frequency contents of the detected infrasound
signals using PMCC are shown in Figs. 3-5 covering the three years of 2019-2021. The vertical axis on the left hand
side for all figures documents back-azimuth (from the station to the source orientation) for the two arrays. The color
bar on right hand side of the panel of a year correspond to the central frequency [Hz] for each detected event (upper;
liner-colored plot, lower; log-colored plot). Vacant times represent periods where the array analyses did not detect
infrasound signals in each panel correspond to time windows with over 15 m/s wind speed, as observed at SYO
(reported by the Japanese Meteorological Agency; JMA).

The two arrays produce similar variations in time of occurrence and backazimuth in the estimated source
location over the three years, regardless of the fact that the two arrays are located 20 km apart along the East coast
of LHB. Array estimates for LNG have relatively better S/N ratio because of decreased strong winds caused by storms
particularly during the winter season. Longer-time continuous data were able to be analyzed at LNG during the
extreme stormy condition with wind speed over 15 m/s. This extended analysis is a result of the location of LNG far
from Southern Indian Ocean, where storms pass from west to east over the northern part of LHB.

The two outcrop arrays, LNG and SYO, along the East coast of LHB were found to have a more effective configuration
for source detection than S16 on the ice sheet, because (Murayama et al., 2015; 2017): 1) the majority of sources were
distributed to the northwest inside the LHB or Southern Ocean; 2) smaller aperture of the arrays (about 200 m) used
to detect coherent source signals; 3) efficiency of multiple-connected porous hoses in noise reduction particular
at SYO; 4) and relatively small S/N ratio on the outcrops (SYO and LNG) compared to the array on ice sheet (S16),
because the ice sheet is affected by softer ground motions than the hard rock surface of the outcrop area.
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3a. Time sequence of azimuthal variation in arrival orientation and frequency contents of the detected infrasound
signals by PMCC analysis (from January 01 to December 31, 2019, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for SYO array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected

source event (upper; linear-colored plot, lower; log-colored plot).
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3b. Time sequence of azimuthal variation in arrival orientation and frequency contents of the detected infrasound
signals by PMCC analysis (from January 01 to December 31, 2019, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for LNG array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected
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signals by PMCC analysis (from January 01 to December 31, 2020, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for SYO array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected

source event (upper; linear-colored plot, lower; log-colored plot).

2021/11

50

LNG 2020 Frequency linear-colored plot

S0 T T Tl B = [T e g GTEnE Bk 3
SO T R B Iw I!!! ! I“@

Azimuth [deg]
=
L=

T

2002(].f1 n 2020/4/1 2020/711 2020/10/1
Time [yyyy/mm/dd]

LNG 2020 Frequency log-colored plot

Azimuth [deg]
=
f=]

w
(=1

20%0!1 n 2020/4/1 2020/7/1 2020/10/1

Time [yyyy/mm/dd]

Figure 4b. Time sequence of azimuthal variation in arrival orientation and frequency contents of the detected infrasound
signals by PMCC analysis (from January 01 to December 31, 2020, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for LNG array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected

source event (upper; linear-colored plot, lower; log-colored plot).

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]

Frequency [Hz]



Detection of infrasound sources in 2019-2021 at the Liitzow-Holm Bay, Antarctica

SYO 2021 Frequency linear-colored plot

360 i ;T T BT 1 ] & I‘ 1 :I; T A F!j ; r 7 50
= i ' FR AL Hid Sl ¥
_270f ‘ ,‘ 24 I 11 & [
= | Hall- dRE- D HE © S iKY [ =
ﬁ I | V ‘ vy, BE2 )
£ 180 L g
5 L : £
90 3 3 b5 H [ N en s
" i e con et g 2
e 5 | gl }";’i;i i l i AR i o
2021111 2021/4/1 2021/71 2021/10/1
Time [yyyy/mm/dd]
SYO 2021 Frequency log-colored plot
360 7 FITTRTD — 7
270 : 10'
i T
g £
£ 180 2
g 1003
§ i o E
90 5 5 s = EE
_' l ki A b ‘
; fik gk L ; b i £ 10-
i Wt AR ik fi & i! £k i 7 | CEE | & : 1 3 K 135
2021111 2021/4/1 2021/71 2021/10/1 2022/1/1

Time [yyyy/mm/dd]

Figure 5a. Time sequence of azimuthal variation in arrival orientation and frequency contents of the detected infrasound
signals by PMCC analysis (from January 01 to December 31, 2021, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for SYO array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected
source event (upper; linear-colored plot, lower; log-colored plot).
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Figure 5b. Time sequence of azimuthal variation in arrival orientation and frequency contents of the detected infrasound
signals by PMCC analysis (from January 01 to December 31, 2021, represented by a single year panel). The
vertical axis for each panel indicates the back-azimuth (station-to-source) directions for LNG array. Colored
bars representing in right hand side for each panel correspond to the central frequency [Hz] for each detected
source event (upper; linear-colored plot, lower; log-colored plot).
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A series of infrasound events with high frequency content and different orientations were detected with
waveforms of short time duration during time periods in 2019-2021. Figure 6 documents the time sequence of
azimuthal variation in arrival orientation and frequency contents for the detected infrasound signals for the month
of July 2019 (upper panel). Configuration of the figure axis and notations are the same as Figs. 3-5. The red open
square highlight detections on July 6-9, when characteristic infrasound events were identified around two distinct
back-azimuths from the northwest and the southwest.
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Figure 6. (upper panel) Time sequence of azimuthal variation in arrival orientation and frequency contents of detected
signals by PMCC analysis for the one month of July 2019 (SYO). Red open squares correspond to the dates on July
6-9, when characteristic infrasound events were identified from different back-azimuths. (lower panel) Estimated
source locations and their spatial migration of infrasound excitation on July 6-9, 2019, using two arrays of SYO
and LNG. Black diamonds are infrasound stations in LHB. Estimated source locations are colored according to
frequency contents of the wavelets by [Hz].

The lower panel of Fig. 6 contains the estimated infrasound source locations and their spatial migration on July
6-9, 2019, using the two arrays SYO and LNG. Black diamonds are infrasound stations in LHB. Estimated source
locations are colored according to frequency contents of the wavelets by [Hz]. Relatively low frequency content
waves (0.1-1.0 Hz) come from the northwest direction, while high frequency content waves (1.0-10 Hz) come from
the southwest direction, with some fluctuation in backazimuths.

Figure 7a displays the estimated locations of infrasound sources from the northwest (low frequency events by
0.1-1.0 Hz bandpass filtered; blue colored open circles in the left panel) and associated waveform data for the two
arrays SYO and LNG on July 7, 2019. The waveforms are believed to include contributions from microbaroms and
their associated sea-ices dynamics related signals.
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Figure 7a. Estimated location of infrasound sources from northwest direction (low frequency events by 0.1-1.0 Hz bandpass
filtered; blue colored open circles in the left panel) and waveform data from SYO and LNG on July 7, 2019. The
signals are estimated to include a component of microbaroms and their associated sea-ices dynamics related
signals.
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Figure 7b. Ray tracing results for the events of Fig. 7a to the SYO array, with an assumed atmosphere model that combines
the upper air meteorological observation data from the Syowa Station (up to approximately 31 km in altitude)
and climatological model from CIRA-86 (for altitudes between 30 km and 120 km). The estimated arrival times
show the ray tracing calculation for the SYO array (right lower panel) are coincident with the arrival times
observed in the actual waveforms (Fig. 7a).

11



Masaki Kanao et al.

- Sound Speed

1401 _ Effective Sound Speed =
120 8
=100 g
= E
= 80 §‘8
=2 2 =
% 60 I3 ;i a0
40+ B I
60
28.523 I S
201 s ! 300
: 2
0 ’ o } o<
200 250 300 350 400 | c
Sound Speed [m/s] | 302
1 | 1 E
= I b=y -60 5
£, ! 2 90
E 7 g -
& Actual Arrival Time 03:59:18 %
I
4 L 4
Distancalkm]
sta_lat= —69.2437, sta_lon= 39.7108
CIRA-86
Langhovde_2019070700Z.txt fg /
Origin Date & Time= 2019/07/07 03:57:03 30 -
Origin Lat & Lon= -68.8691, 39.2726 20 : :
Origin Height= 0 [km] Total Path [km] 03:58:30 03:59:00 03:59:30
Distance to Station=45 [km] Estimated Arrival Time [hh_mm

Direction to Station= 158 [deg] Origin = 2019/07/07 03:57:03

Backazimuth = 337

Figure 7c. The same ray tracing image as of Fig. 7b, but for the LNG array. The estimated arrival times from ray tracing (right
lower panel) match well the observed arrival times (Fig. 7a).

Ray tracing results for the events in Fig. 7a to SYO and LNG arrays are shown in Figs. 7b and 7c, respectively.
In the calculation of the ray propagation, we used an atmosphere model that combined the upper air meteorological
observation data from the Syowa Station (up to approximately 31 km in altitude) and the climatological values
based on the COSPAR International Reference Atmosphere (CIRA-86; https://www.aparc-climate.org/data-centre/
data-access/reference-climatology/cira-86/) for the altitude ranges between 30 km and 120 km. The estimated
arrival times by the ray tracing calculation for the two arrays coincide well with the arrival times observed in the
actual waveforms (Fig. 7a).

In the same manner, estimated location of infrasound sources from southwest direction (high frequency events
by 1.0-10 Hz bandpass filtered; green colored open circles in the left panel) and their waveforms for two arrays
of SYO and LNG on July 9, 2019 are shown in Fig. 8a. The signals are estimated to be associated with cryosphere
dynamics on the southern part of LHB. Ray tracing results for the events in Fig. 8a to both the arrays are illustrated
in Fig. 8b. Estimated arrival times from the ray tracing for both the arrays coincident well with the observed arrival
times (Fig. 8a).

Microbaroms included in seconds of data vary both in amplitude and frequency content in the relatively long
period waveforms. These variations may correspond to local/regional atmospheric conditions, which are related to
prevailing winds. Infrasound signals below 3 Hz frequency content are believed to be associated with “microbaroms”
which can be excited by storms (Ishihara et al., 2015; 2020; Murayama et al., 2017b). Based on frequency content
and source locations, infrasound events form northwest direction are identified as “microbaroms” from the Bay and
are accompanied by a relatively low frequency content. In contrast, the source events from southwest direction
have a higher frequency content and presumably involve more impulsive cryosphere dynamics in the Bay, especially
relating to the dynamics of glaciers and ice-streams in the southern coastal area of LHB.
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Figure 8a. Estimated location of infrasound sources from southwest direction (high frequency events by 1.0-10 Hz bandpass

filtered; green colored open circles in the left panel) and associated waveforms for SYO and LNG on July 9, 2019.

The signals are estimated to be associated with cryosphere dynamics on the southern part of LHB.
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arrival times for SYO (right lower panel) are coincide well with observed arrival times (Fig. 8a).

13



Masaki Kanao et al.

--Sound Speed
— Effective Sound Speed

100 120 140

Height [km
GDag BE ]
g

40

@
(=

20
=

Angle [deg]

(=}
=

200 250 300 350 400

Sound Speed [m/s] _a0-

mission

8
E

Tinem[min]

[}
w
=1

Actual Arrival Time 05:28:33

w
4]

Distancalkm]

sta_lat= -69.2437, sta_lon= 39.7108
CIRA-86 60

Langhovde_2019070900Z.txt 50 /
40

Origin Date & Time= 2019/07/09 05:26:11 30 -
Origin Lat & Lon= -69.4101, 38.6156 20
Origin Height= 0 [km] Total Path [km] 05:27:30 . 05:28:00  05:28:30 05:29:00
Distance to Station=47 [km] Estimated Arrival Time [hh_mm)]

Direction to Station= 67 [deg]

Origin = 2019/07/09 05:26:11
Backazimuth = 246
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4. Estimation result of source locations

Several interesting features of the estimated source locations were determined from the three years of data as
shown in Figs. 9a-9c. Infrasound signals below 3 Hz frequency (mostly represented by “blue color”) propagate from
sources to the arrays in the north-northeast direction during the “autumn” season in southern hemisphere (i.e, from
January to April). However, it appears that the propagation directions gradually changes to the northwest-west after
February. After October until the next austral summer seasons, propagation direction return to the north-northeast
direction. These low frequency signals below the 3 Hz appear as continuous time series observed across the three
years of data. These signals are assumed to be influenced by the “time varying winds” and “oceanic swells”. These
migrating propagating directions were identified in previous array results (Murayama et al., 2017b; 2023).

A second characteristic feature of the infrasound signals below 3 Hz is that they propagate in north-northeast
direction during “autumn” season (i.e., from January to April; and from October to the next summer). These signals
might be generated by “katabatic wind” along the westward dipping slope of the continental ice sheet (Kikuchi and
Ageta, 1989; Ishikawa et al., 1996).

The infrasound signals migrate to the northwest-west after February and could be related to the sources in
the Bay. These infrasound signals are characterized as “microbaroms” which can be excited by nearby storms and
associated oceanic swells. It is also possible that the signals contain associated dynamic signals caused by collisions
between sea-ices, icebergs inside the Bay overlapping with the microbaroms (Murayama et al., 2017a; 2017b; 2018;
2023). The microbaroms signals were not adequately observed during the extreme stormy conditions with wind
speeds over 15 m/s. Distinguishing the signals from the two effects of “katabatic wind” and “microbaroms” is difficult
based only on their frequency content. However, the source orientations from the east and northeast directions
correspond to the Antarctic continent; favoring infrasound generation by “katabatic wind”.

Third, sporadic occurrences of infrasound signals with frequencies over 4 Hz appeared to propagate from about
200°during all seasons, particularly during clear conditions in winter season. These 4 Hz signals are observed at
similar locations as the signals below 3 Hz. These higher frequency signals might be due to cryosphere dynamics,
at the same time as signals generated by oceanic swells excited by storms. The high frequency waves come from
the southwest which corresponds to the inside of Bay, where several geomorphological scale glaciers/ice streams
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are embedded along the coasts of LHB, surrounded by the sea-ice inside the Bay. High frequency infrasound signals
are particularly apparent in July 2019 (Fig. 6).

Finally, high frequency signals above 6 Hz are observed from locations near SYO in January to mid-February.
The signals may be attributed to helicopters transporting supplies from the icebreaker vessel “Shirase” and the
Syowa Station. Expedition members and the icebreaker vessel “Shirase” were near SYO during the time period
of austral summer. This interpretation is strengthened by the evidence that these characteristic signals were not
recorded during the winter season at either SYO or LNG, as well as no appearance in the data at S16 array (over the
continental ice sheet about 15 km eastward apart from SYO) during the whole season in 2015 (lower panel of Fig. 3
in Murayama et al., 2015).

5. Discussion

In order to compare the infrasound observation with the other environmental datasets around LHB, the MODIS
satellite monthly images for the whole season in 2019-2021 were investigated (Figs 10a-10c). Data were analyzed
except time periods when the study area was either covered with clouds or during the dark season in Antarctica
(i.e., May-August). Infrasound source locations using SYO and LNG for three years are plotted in Figs. 9a-9c
illustrating the northern edges of the fast-sea-ice covering over the Bay (i.e., the northwest-north directions from
the two arrays) as well as the area near the outlet glaciers at the southern part of LHB (i.e., the southeastern direction
from the two arrays).

Most of the infrasound sources were located to the northwest of the LHB (Figs. 10a-10c), extending toward
the Sothern Indian Ocean. The majority of these events are concentrated in the area and on the edges of the
fast-sea-ices, as well as the icebergs and the pack-ice area where cryospheric dynamic movements (crashing,
collision, break-off, etc.) involving oceanic swells and/or storms were presumably generating the infrasound sources.

Other geophysical observations, such as seismic, geodetic, geomagnetic observations, are expected to document
the characteristic dynamics of the solid earth response in terms of relationship with other spheres including
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Figure 9a. Distribution of the source locations of the detected infrasound signals by PMCC analysis (from January 01
to December 31, 2019, represented by separated panel for one month), combined by both the SYO and LNG
arrays. Colors representing in right hand side for each panel correspond to the central frequency [Hz] for each
detected source event.
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MODIS satellite monthly images in 2019
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Figure 10a. MODIS satellite monthly images on each 15t day around LHB in 2019. The locations of SYO and LNG are
shown by black solid squares (diamonds).

MODIS satellite monthly images in 2020
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Figure 10b. MODIS satellite monthly images on each 15% day around LHB in 2020. The locations of SYO and LNG are

shown by black solid squares (diamonds).
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MODIS satellite monthly images in 2021
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shown by black solid squares (diamonds).
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cryosphere (Kanao et al., 2011; Kanao et al., 2012). In contrast, the infrasound measures atmosphere waves generated
near the surface as a result of interactions between surrounding environments which contain ocean, solid earth
and cryosphere dynamics as well as atmospheric propagation. Therefore, infrasound data is expected to constrain
physical processes between the spheres with physical interpretations improved using other datasets to reveal
multi-sphere interaction in polar regions. Seasonal variations of microbaroms amplitude are expected, if they are
generated by processes producing microseisms (Grob et al., 2011). The seasonal variations in microseisms have been
found to depend on sea-ice extent/volume surrounding the LHB, which impede both direct ocean-to-continent
coupling and coastal reflection (Kanao et al., 2012). Continuous monitoring of infrasound in LHB over multiple
years will add to constraining these effects.

The infrasound array alignment at SYO and LNG in LHB made it possible to quantify arrival direction of infrasound
excitation sources. The precise location of the sources might be compared with those obtained by seismological
approaches in the future. It may also useful to compare these signals with other data, such as hydro-acoustics that
share sensitivity over part of the infrasound frequency ranges (Hanson et al., 2001).

6. Conclusion

Time-space variability of source locations from infrasound waves covering three years, 2019-2021, was
investigated by analyzing data from two tripartite arrays deployed on coastal outcrops in LHB, Antarctica. A number
of infrasound sources were detected and found to be located between north and north-west from the arrays. Many of
these events are generated within the Southern Indian Ocean and the northern part of LHB with frequency content
of a few seconds and conclude to be “microbaroms” generated by oceanic swells. During austral summer to fall
seasons, a majority of infrasound sources are from the north-east. These sources may be related to the interaction of
katabatic winds with the continental coastal area. Furthermore, several sporadic infrasound events occur during the
winter with predominantly higher frequency content of over 3 Hz, compared to the lower frequency microbaroms.
On the basis of a comparison with sea-ices and glacier distribution from MODIS satellite images, the candidates of
these sporadic high-frequency sources are suggested to be associated with cryosphere dynamics in LHB. This study
suggests that continuous monitoring of infrasound could be a new proxy for characterizing the surface environment
and temporal climate change in the Antarctic.
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