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Key Points:

e The effect of the January 2022 Hunga Tonga-Hunga Ha’apai volcano eruption on
the geomagnetic field is examined.

« Geomagnetic oscillation with a frequency of ~3.8 mHz is observed near the vol-
cano and its magnetic conjugate point.

» The oscillation is attributed to the acoustic resonance of the atmosphere.
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Abstract

Modeling studies have predicted that the acoustic resonance of the atmosphere during
geophysical events such as earthquakes and volcanos can lead to an oscillation of the ge-
omagnetic field with a frequency of about 4 mHz. However, observational evidence is still
limited due to scarcity of suitable events. On January 15, 2022, the submarine volcano
Hunga Tonga-Hunga Ha’apai (20.5°S, 175.4°W, Tonga) erupted in the Pacific Ocean and
caused severe atmospheric disturbance, providing an opportunity to investigate geomag-
netic effects associated with acoustic resonance. Following the eruption, geomagnetic os-
cillation is observed at Apia, approximately 835 km from Hunga Tonga, mainly in the

Pc 5 band (150-600 s, or 1.7-6.7 mHz) lasting for about 2 hours. The dominant frequency
of the oscillation is 3.8 mHz, which is consistent with the frequency of the atmospheric
oscillation due to acoustic resonance. The oscillation is most prominent in the eastward
(Y) component, with an amplitude of ~3 nT, which is much larger than those previously
reported for other events (<1 nT). Comparably large oscillation is not found at other
stations located further away (>2700 km). However, geomagnetic oscillation with a much
smaller amplitude (~0.3 nT) is observed at Honolulu, which is located near the magnetic
conjugate point of Hunga Tonga, in a similar wave form as at Apia, indicating interhemi-
spheric coupling. This is the first time that geomagnetic oscillations due to the atmo-
spheric acoustic resonance are simultaneously detected at magnetic conjugate points.

1 Introduction

Geophysical events such as earthquakes, volcanoes and tsunamis can cause atmo-
spheric waves such as acoustic waves and gravity waves (Yeh & Liu, 1974). Acoustic waves
have frequencies higher than the acoustic cutoff frequency (~3.2 mHz at the stratopause),
while gravity waves have frequencies lower than the Brunt-Viisila frequency (~2.7 mHz
at the stratopause). They can propagate away from the source, transfering energy and
momentum into the middle and upper atmosphere. As the waves propagate to higher
altitudes, they grow in amplitude due to decreasing atmospheric density. Yeh and Liu
(1974) estimated that a seismic wave with vertical ground displacement of 5 mm could
lead to an acoustic wave whose vertical wind velocity reaches 30 m/s at an altitude of
150 km. Such a large perturbation of the neutral atmosphere would have a significant
impact on the dynamics and electrodynamics of the ionosphere. Indeed, ionospheric dis-
turbances associated with acoustic and gravity waves have been reported following strong
earthquakes and other geophysical events for many decades (see reviews by e.g., Meng
et al., 2019; Astafyeva, 2019).

Atmospheric oscillations with frequencies near the acoustic cutoff frequency are fre-
quently observed after eruption events (Kanamori et al., 1994). Modeling studies have
shown that those oscillations can be explained by acoustic waves trapped between the
ground and thermosphere (e.g., Tahira, 1995; Lognonné et al., 1998; Shinagawa et al.,
2007; Matsumura et al., 2011, 2012). For example, Matsumura et al. (2012) used a non-
hydrostatic model to examine the atmospheric response to an impulsive point source on
the ground. According to their simulations, atmospheric disturbance propagates verti-
cally upward and reaches the ionosphere (>100 km) above the source within 10 minutes.
The atmospheric oscillation initially contains various frequencies at 2-5 mHz (periods
about 3-8 minutes) but gradually, the acoustic resonance frequency at ~3.7 mHz (4.5
minutes) becomes predominant and lasts for about two hours. Ionospheric oscillations
around those frequencies have been observed following earthquakes and volcanic erup-
tions (e.g., Heki et al., 2006; Choosakul et al., 2009; Dautermann et al., 2009; Saito et
al., 2011; Nakashima et al., 2016).

At heights of the ionospheric E region (ca 100-150 km, also known as the dynamo
region), ions move with neutral air while the motion of electrons is controlled by the am-
bient magnetic field. The difference in the motions of the ions and electrons lead to elec-
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tric fields and currents. The production mechanism of electromagnetic fields in the iono-
sphere by neutral winds is known as the ionospheric wind dynamo (Richmond, 1995).

The strength of the ionospheric dynamo currents depends on the neutral wind velocity

as well as plasma density. Under normal quiet conditions at mid latitudes, tidal motion

of the neutral air with the velocity of 40-60 m/s can drive ionospheric currents on the
order of 10 mA /m, which in turn produce magnetic field variations of a few 10s nT on

the ground (Yamazaki & Maute, 2017). Atmospheric disturbance caused by volcanic erup-
tions and other geophysical events can result in the modulation of those ionospheric dy-
namo currents and hence magnetic field variation.

Studies found evidence for geomagnetic variation associated with acoustic waves
following geophysical events. For instance, Iyemori et al. (2005) observed oscillation of
the geomagnetic field at a period of 3.6 minutes (4.6 mHz) following the December 2004
Sumatra earthquake. The oscillation with an amplitude of ~0.5 nT was detected at a
ground station approximately 1500 km away from the epicenter, but not at other sta-
tions located further away. Aoyama et al. (2016) observed geomagnetic oscillations at
3.6 and 4.3 minutes (4.7 and 3.8 mHz, respectively) after the Calbuco volcano eruption
in April 2015. The amplitude of the oscillation was ~0.2 nT at Huancayo, located ap-
proximately 3200 km away from the volcano. Aoyama et al. (2016) also used magnetome-
ter data from a low Earth orbit satellite Swarm, and found magnetic field variations not
only over the Calbuco volcano but also near the magnetic conjugate point. Their results
implied that electromagnetic fields locally generated by acoustic waves can be instantly
transferred to its magnetic conjugate point along equipotential magnetic field lines. How-
ever, simultaneous detection of magnetic field variations near the source and magnetic
conjugate point is yet to be achieved. Hasbi et al. (2009) noted geomagnetic oscillation
at a period of 4.8 minutes (3.5 mHz) following the March 2005 Sumatra earthquake. The
oscillation with an amplitude of ~0.2 nT was detected at a station approximately 450
km away from the epicenter, but not at other stations that are more than 2300 km away.
All these studies suspected that the observed geomagnetic oscillations resulted from iono-
spheric currents driven by acoustic waves.

The impact of acoustic waves on the ionosphere and geomagnetic field was eval-
uated in a series of modeling studies by Zettergren and Snively (2013, 2015, 2019). It
was demonstrated that acoustic waves can drive ionospheric currents and cause magnetic
field variation, which oscillate at the frequency of the driving acoustic waves. Accord-
ing to their work, the ionospheric currents in the direction perpendicular to the ambi-
ent magnetic field are mainly localized near the source region (within approximately +5°
in longitude and latitude), while the currents parallel to the magnetic field lines extend
away from the source region into the magnetic conjugate point in the opposite hemisphere.
The field-aligned currents close the perpendicular currents so that the total currents will
be divergence-free. As a result, a three-dimensional electric current system is formed,
which is elongated along the magnetic flux tube. Associated ground magnetic field vari-
ations are mainly localized near the source, but can also be observed near the magnetic
conjugate point with smaller amplitude. Near the source, the amplitude of the geomag-
netic variation can be as large as 1.5 nT, for the case of the 2011 M9.0 Tohoku earth-
quake (Zettergren & Snively, 2019).

While the main features of geomagnetic variation caused by acoustic waves are well
described in the modeling studies by Zettergren and Snively (2013, 2015, 2019), obser-
vational evidence to support and compare with the numerical predictions is still limited.
This is due to scarcity of suitable events, in which atmospheric disturbance is strong enough
to drive ionospheric dynamo currents and also in which a magnetometer is conveniently
located near the source and/or its magnetic conjugate point. On January 15, 2022, the
submarine volcano Hunga Tonga-Hunga Ha’apai (20.5°S, 175.4°W, Tonga) erupted in
the Pacific Ocean at 04:14:45 UT (Yuen et al., 2022). Early images from a meteorolog-
ical satellite revealed the formation of large cloud reaching 30 km in height and 400 km
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in diameter (Smart, 2022), indicating severe atmospheric disturbance. The event was also
accompanied by a M5.8 earthquake and tsunami (Yuen et al., 2022). The objective of
this study is to examine the possible geomagnetic effect of ionospheric dynamo currents
associated with acoustic resonance during this extreme geophysical event, and compare
its characteristics with those previously reported for other events (Iyemori et al., 2005;
Hasbi et al., 2009; Aoyama et al., 2016) and with those predicted by numerical models
(Zettergren & Snively, 2013, 2015, 2019).

Variation of the geomagnetic field during the Hunga Tonga event could result not
only from ionospheric dynamo currents but also from other causes. For example, tsunami
waves can lead to geomagnetic variation by moving electrically conductive sea water and
thus inducing electric fields and currents (e.g., Minami, 2017). Magnetic field data may
also contain geomagnetic disturbance of solar wind origin and spurious magnetic field
variation due to changes in the orientation of magnetometer sensors associated with ground
vibration caused by seismic waves. The possible contaminations from these non-ionospheric-
dynamo sources will be carefully examined and ruled out.

2 Data

Ground-based 1 Hz magnetometer data from the following geomagnetic observa-
tories were obtained from the INTERMAGNET network (Love & Chulliat, 2013): Apia
(API, 13.8°S, 171.8°W), Pamatai (PPT, 17.6°S, 149.6°W), Charters Towers (CTA, 20.1°S,
146.3°E), Honolulu (HON, 21.3°N, 158.0°W) and Macquarie Island (MCQ, 54.5°S, 159.0°E).
Figure 1 shows the location of the Hunga Tonga volcano (red triangle) and the geomag-
netic observatories (yellow circles). Apia is the closest observatory to Hunga Tonga, lo-
cated 835 km north-northeast of the volcano. Pamatai, Charters Towers, Honolulu and
Macquarie Island are neighboring observatories with respective distances to the volcano
of 2730 km (east of Hunga Tonga), 3990 km (west), 4995 km (north-northeast) and 4350
km (south-southwest). Curves in white indicate the distance to Hunga Tonga. Also, the
orange curve shows the magnetic meridian on which Hunga Tonga is located, with the
cyan triangle indicating the location of the magnetic conjugate point of Hunga Tonga.
Honolulu is located approximately 1005 km east of the magnetic conjugate point of Hunga
Tonga. Macquarie Island is located in the auroral zone (64.0°S magnetic latitude), where
the geomagnetic field is especially susceptible to disturbances caused by changes in the
solar wind.

Other data used in this study include the Dst index, which is a measure of geomag-
netic storm activity. Hourly values of the Dst index were used to evaluate storm effects
on the geomagnetic field during the Hunga Tonga event. The geomagnetic activity in-
dex Hp30 (Matzka et al., 2022) was also used. Hp30 represents planetary geomagnetic
activity in a similar way as the 3-hourly geomagnetic activity index Kp (Matzka et al.,
2021) but with a higher time resolution of 30 minutes. OMNI 1-minute solar wind data
(King & Papitashvili, 2005) were used to demonstrate solar wind driving of geomagnetic
activity. All the solar wind data were shifted by 17 minutes to take into account the prop-
agation time from the bow shock to the ionosphere (Manoj et al., 2008), which facili-
tates the comparison between OMNI and ground-based magnetometer data. Further-
more, 1-minute tide gauge data from the Apia Upolu station (13.8°S, 171.8°W) were used
to evaluate the contribution of tsunami waves on magnetic field variation at Apia dur-
ing the Hunga Tonga event. The Apia Upolu station is located close to the Apia mag-
netic observatory.
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Figure 1. A map with the positions of the Hunga Tonga volcano (red triangle), its magnetic
conjugate point (cyan triangle) and geomagnetic observatories (yellow circles). Curves in white
show the distance from the Hunga Tonga. The orange curve indicates the magnetic meridian
on which Hunga Tonga lies. The magenta lines show the location of the dynamo-region sun-

set terminator at 04:14 UT and 05:25 UT, which is defined by the solar zenith angle x=100°.
The dynamo region on the western side of the magenta line is before the sunset, and the dy-
namo region on the eastern side of this line is after the sunset. The land topography and ocean

bathymetry are based on ETOPO1 (Amante & Eakins, 2009).



164 3 Results and Discussion

165 3.1 Localized large magnetic field variation

166 We first give an overview of magnetic field variations observed at different stations

167 around the time of the Hunga Tonga event. Figures 2a-2e present the eastward (Y) com-
168 ponent of the geomagnetic field observed at Apia, Pamatai, Honolulu, Charters Towers

160 and Macquarie Island during the period from 12:00 UT on January 14, 2022 to 00:00 UT
170 on January 16. In Figures 2a-2e, the top panel shows the raw data, the middle panel shows
71 the 5- to 600-s band pass filtered data, and the bottom panel shows the Morlet wavelet

172 spectrum of the raw data. For the wavelet spectrum, tick marks are placed at 5, 10, 45,

173 150 and 600 s, which correspond to the period ranges for the magnetic pulsations Pc 2

174 (5-10 s, or 100-200 mHz), Pc 3 (10-45 s, or 22.2-100 mHz), Pc 4 (45-150 s, or 6.7-22.2
s mHz) and Pc 5 (150-600 s, or 1.7-6.7 mHz) (e.g., Saito, 1969, McPherron, 2005). An
176 additional tick mark is placed at 300 s (3.3 mHz). The black/white vertical dashed lines
177 mark the onset of the Hunga Tonga eruption at 04:14:45 UT on January 15, while the

178 magenta vertical dash-dotted lines show the onset of geomagnetic storm at 17:00 UT on
179 January 14, which is described below.

180 There was a geomagnetic storm on January 14, 2022, preceding the Hunga Tonga
181 eruption by several hours. In Figure 2f, a rapid decrease of the Dst index (top) and in-
182 crease of the Hp30 index (middle) is observed at 17:00 UT on January 14, 2022, which
183 is defined here as the onset of the storm. The Dst index reached a minimum value of —94
184 nT at 23:00 UT on January 14 and remained negative throughout the day on January

185 15, indicating that the Hunga Tonga eruption occurred during the recovery phase of the
186 storm. The bottom panel shows the total intensity (Bt) and northward component (Bz)
187 of the interplanetary magnetic field (IMF), and the solar wind speed (V). In general, the
188 energy transfer from the solar wind to the magnetosphere is more efficient for larger val-
189 ues of Bt and V, and for a negative value of Bz (e.g., Akasofu, 1981; Lockwood, 2022).
100 It is clear from Figure 2f that the geomagnetic storm starting at 17:00 UT was mainly

101 driven by the long-lasting strong IMF containing large negative Bz around 17:00-24:00
102 UT on January 14. The IMF was weak from 04:10 UT to 13:10 UT on January 15, in-

103 dicating that the magnetosphere was only weakly driven by the solar wind at the time
104 of the Hunga Tonga eruption and in the following hours. The Hp30 index was equal to
105 or less than 3 during 04-13 UT, confirming that planetary geomagnetic activity was low
196 during the Hunga Tonga event.

107 The wavelet spectrum in Figure 2a reveals an enhancement of the magnetic field
108 variation in the Pcb range (150-600 s, or 1.7-6.7 mHz) at Apia shortly after the Hunga
199 Tonga eruption. The enhanced geomagnetic variation lasted for approximately 2 hours
200 until about 06:00 UT, under low geomagnetic activity conditions. The amplitude of the
201 variation exceeds 3 nT. In contrast to this, there is no clear indication of enhanced mag-
202 netic field variation in the Pc 5 band at other observatories (Figures 2a—2e) following the
203 Hunga Tonga eruption. An overall enhancement in the power of Pc 3-5 magnetic pul-
208 sations is seen at all the stations following the geomagnetic storm, most profoundly at
205 Macquarie Island in the auroral zone. Enhanced magnetic pulsation activity is also seen
206 towards the end of January 15 due to the high speed solar wind. A transient magnetic
207 disturbance is observed at all the stations around 18:00 UT on January 15, that could
208 be a Pi 2 pulsation associated to substorm activity. All these results suggest that the

209 large geomagnetic variation, ~3 n'T, observed in the Pc 5 band at Apia after the Hunga
210 Tonga eruption is localized and easily distinguishable from geomagnetic disturbance of
on solar wind origin, which is globally observed and most prominent at high latitudes.

212 3.2 Effects of tsunami and artefact due to ground shaking

213 Next, we take a closer look at the wave form of the geomagnetic oscillation observed

214 at Apia following the Hunga Tonga eruption. Figure 3a shows high-pass filtered mag-
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Figure 2. (a—e): (Top) the Y component of the geomagnetic field, (middle) band-pass filtered
data at periods 5-600 s, and (bottom) wavelet spectrum for Apia, Pamatai, Honolulu, Charters
Towers and Macquarie Island. Results for Macquarie Island are presented with different scales
than those at the other stations. Vertical dash-dotted lines in magenta indicate the beginning of
the geomagnetic storm, while vertical dashed lines in black/white indicate the time of the Hunga
Tonga eruption. (f): (Top) hourly Dst index, (middle) half-hourly Hp30 index, and (bottom)
1-min OMNTI solar wind data with 17-minute time shift. B¢ (black) and Bz (red) are the total
intensity and northward component of the interplanetary magnetic field (IMF) and V' (blue) is

the solar wind speed.
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netometer data at Apia with a cut-off period of 20 minutes in the northward (X), east-
ward (Y), vertical (Z) components and in the total intensity (F) during the period 04:00—
06:30 UT on January 15, 2022. The vertical dashed line indicates the time of the erup-
tion. 10 minutes after the eruption, at 04:25 UT, pulsation-like oscillations are already
visible in the Y component. The oscillation is seen to continue until around 06:00 UT.
The magnetic field in the Z component shows a similar oscillation as in the Y compo-
nent, but the amplitude is approximately half and is in opposite phase. Oscillations in
the X component are less clear.

Corresponding high-pass filtered data from the tide gauge at Apia Upolu is shown
in Figure 3b. The tsunami waves arrived at Apia Upolu around 05:30 UT, which is al-
most one hour after the start of the geomagnetic variation at Apia around 04:25 UT. Pre-
vious studies have shown that magnetic field variation related to tsunami waves starts

nearly at the same time as the arrival of the tsunami waves (e.g., Manoj et al., 2011; Schnepf

et al., 2016). The tsunami-related geomagnetic variation in the horizontal component

is expected to be very small at a land observatory like Apia, and the variation in the Z
component is expected to have a wave form similar to that of the variation in the sea
level (e.g., Minami et al., 2015; Lin et al., 2021). In Figure 3, however, magnetic field
variation is larger in the Y component than in the Z component, and there is no sim-
ilarity between the variations in the Z component and sea level. These results rule out
the ocean dynamo by tsunami waves (Minami, 2017) as the main mechanism for the ge-
omagnetic variation observed at Apia following the Hunga Tonga eruption.

Seismic waves generated by the Hunga Tonga eruption have been observed glob-
ally (Yuen et al., 2022). Ground motion due to the seismic waves could affect the ori-
entation of the fluxgate sensors that measure the geomagnetic vector components and
thus introduce spurious variation in X, Y and Z. The total field F = (X2 + Y2 4 72)0:%
calculated from the vector components is far less susceptible to ground motion as it is
invariant to sensor orientation. Additionally, the total field F can be measured by an over-
hauser magnetometer, which is also less susceptible to ground motion effects because its
measurement principle does not require any specific sensor orientation. In Figure 3a, F
data come from an overhauser magnetometer, and it shows pulsation-like disturbance
similar to that in the Y and Z components, confirming that the geomagnetic disturbance
observed at Apia after the Hunga Tonga eruption is not an artefact due to ground shak-
ing. Total field F values calculated from the vector components present nearly identi-
cal variations (not shown here), leading to the same conclusion.

3.3 Effects of ionospheric dynamo currents

We now consider ionospheric dynamo currents as a possible source of the geomag-
netic variation observed at Apia following the Hunga Tonga eruption. As mentioned ear-
lier, atmospheric waves caused by a surface disturbance can reach the dynamo region
above the source within 10 minutes (e.g., Matsumura et al., 2012). This enables the fast
response of the ionosphere, and hence geomagnetic field, to the volcanic eruption as seen
in Figure 3. A condition that needs to be satisfied for the ionospheric wind dynamo to
be effective is that the dynamo region receives the sunlight so that ionospheric plasma
density is sufficiently high to support electric currents. The solar zenith angle (x) at the
location of Hunga Tonga remained below 100° during 04:00-06:30 UT (16:18-18:48 LT),
indicating that the dynamo region was on the sunlit side (see also Figure 1). This makes
it possible for atmospheric waves excited by the Hunga Tonga eruption to modulate iono-
spheric dynamo currents.

Figures 4a—4c present wavelet spectra for the oscillation of the geomagnetic field
over the frequency range of 1.5-8 mHz (around the Pc 5 band, 1.7-6.7 mHz) in the X,
Y and Z components observed at Apia following the Hunga Tonga eruption. For the Y
and Z components, spectral peaks around 3.8 mHz are above the 95% significance level
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Figure 3. (a) High-pass filtered magnetometer data for Apia with a cutoff period of 20 min-
utes during 04:00-06:30 UT on January 15, 2022. (b) Same as (a) but for sea level data from the
Apia Upolu tide gauge, indicating the arrival of tsunami waves around 05:30 UT. The vertical

black dashed lines indicate the time of the Hunga Tonga eruption.
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(dash-dotted curves in white). The dominant frequency at ~3.8 mHz is consistent with
the atmospheric oscillation due to acoustic waves trapped between the ground and ther-
mosphere, or acoustic resonance at 3.6-4.0 mHz (e.g., Tahira, 1995; Lognonné et al., 1998;
Shinagawa et al., 2007; Matsumura et al., 2011, 2012). There are two bursts of the 3.8-
mHz geomagnetic oscillation; the first one is around 04:52 UT and the second one is around
05:25 UT. They might involve different physical mechanisms. For instance, one can spec-
ulate that the first burst of wave activity might be caused by the volcanic eruption, and
the second one might be caused by tsunami waves. Vertical displacement of the sea sur-
face by tsunami waves can lead to acoustic waves in the atmosphere (Inchin et al., 2020),
which can drive ionospheric currents and produce magnetic field variation (Sorokin &
Yaschenko, 2021). More studies are necessary to explain the two bursts of the 3.8-mHz
geomagnetic oscillation. In Figure 4a, a spectral peak at ~3.8 mHz is also visible in the
X component around 05:25 UT, but is below the 95% significance level due to its small
variation (see also Figure 3a).

Evidence for conjugate effect is presented in Figure 5. Figure 5a shows high-pass
filtered magnetometer data in the Y component at Apia with a cut-off period of 20 min-
utes, i.e., the same as AY in Figure 3a. Figure 5b depicts AY for Honolulu, which is ap-
proximately 1005 km away from the magnetic conjugate point of Hunga Tonga (see Fig-
ure 1). AY at Honolulu shows similar variation as AY at Apia, especially during the sec-
ond burst of the 3.8-mHz geomagnetic oscillation around 05:25 UT. Such agreement is
not clearly visible between AY at Apia and Pamatai (Figure 5¢), although Pamatai is
located closer to Apia than Honolulu is. Although not presented here, variations in the
X and Z components at Honolulu are not similar to the variations in the corresponding
components at Apia. During the 3.8-mHz geomagnetic oscillation around 05:25 UT, AY
at Honolulu and Apia are in opposite phase (Figures 5a and 5b), and the amplitude of
the oscillation at Honolulu is approximately one tenth that of AY at Apia. The small
variation is the reason why the 3.8-mHz geomagnetic oscillation at Honolulu is not well
resolved in the wavelet spectrum in Figure 2c. A close inspection of the wavelet spec-
trum for Y at Honolulu (Figure 4d) reveals a peak at ~3.8 mHz around 05:25 UT but
below the 95% significance level. Nevertheless, the geomagnetic oscillation at Honolulu,
which is similar but smaller than that at Apia, is in agreement with the numerical pre-
diction of the magnetic field variation at magnetic conjugate point (Zettergren & Snively,
2019). As indicated in Figure 1, the magnetic conjugate point of Hunga Tonga was around
the dynamo-region sunset at 05:25 UT. Thus, the E-region plasma density at the mag-
netic conjugate point is expected to be substantially lower than at Hunga Tonga. Such
a hemispheric asymmetry in the plasma density can result in a hemispheric asymmetry
of ionospheric currents as pointed out by Zettergren and Snively (2013), which would
be part of the reason why the geomagnetic oscillation at Honolulu is much smaller than
that at Apia.

As shown in Figure 3a, the geomagnetic oscillation at Apia is most prominent in
the Y component, and thus can be attributed to electric currents mainly in the north-
south direction. For example, field-aligned currents would produce ground magnetic field
variation mainly in the Y component. Magnetic field variation in the Z component is ab-
sent right below the field-aligned currents, but non-zero at either the eastern or west-
ern side of the currents. Since Apia is located about 100 km east to the magnetic merid-
ian of Hunga Tonga (Figure 1), northward/upward field-aligned currents over Hunga Tonga
would generate a negative perturbation in the Y component and a positive perturbation
in the Z component. This can explain why the magnetic field variations at Apia in the
Y and Z components are in opposite phase (Figure 3a). The same currents would also
produce a negative perturbation in the Y component at Honolulu. However, as shown
in Figures 5a and 5b, the Y-component geomagnetic oscillations at Apia and Honolulu
are in opposite phase. One possible explanation is that AY at Apia and Honolulu are
produced by electric currents flowing along different magnetic field lines. Modeling work
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Figure 4. Wavelet spectra over the frequency range of 1.5-8 mHz for the X, Y and Z com-
ponents of the geomagnetic field at Apia and for the Y component of the geomagnetic field at
Honolulu. The power is normalized to the maximum value. The 95% significance level is in-

dicated by white dash-dotted curves. The vertical magenta lines show the onset of the Hunga

Tonga eruption.
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319 is needed to determine the spatial structure of the electric current system responsible

320 for the geomagnetic oscillations observed during the Hunga Tonga event.

321 The amplitude of the geomagnetic oscillation at Apia during the Hunga Tonga event
322 is approximately 3 nT. This is much larger than those previously reported for other events
323 (e.g., Iyemori et al., 2005; Hasbi et al., 2009; Aoyama et al., 2016), which are less than

324 1 nT. It is also larger than the maximum geomagnetic variation (~1.5 nT) numerically

325 predicted for the 2011 Tohoku earthquake (Zettergren & Snively, 2019). More model-

326 ing work is needed to assess the full extent of geomagnetic effects during the Hunga Tonga
327 event and identify the cause of exceptionally large geomagnetic oscillation.

328 4 Summary and Conclusions

329 The Hunga Tonga-Hunga Ha’apai volcano in the Pacific Ocean erupted on January
330 15, 2022. Less than 10 minutes after the eruption, magnetic field variation started at the
331 geomagnetic observatory Apia, approximately 835 km from Hunga Tonga, and lasted for
332 about 2 hours. The variation is observed mainly in the eastward (Y) component within

333 the Pc 5 band (150-600 s, or 1.7-6.7 mHz) with an amplitude of ~3 nT. Such a large

334 enhancement in the Pc 5 band is not seen at other observatories located more than 2700
335 km away, including a station in the auroral region where the geomagnetic field is more

336 susceptible to disturbances associated with solar wind variations. This excludes the con-
337 tribution of solar wind variations as the main cause of the Pc 5 oscillation of the geo-

338 magnetic field at Apia. The contribution of ocean dynamo by tsunami waves is also ex-

339 cluded, because the oscillation of the geomagnetic field started earlier than the arrival

340 of the tsunami waves by almost one hour. The geomagnetic oscillation at Apia is also

3 evident in the total intensity (F), which is far less susceptible to ground motion than the
342 Y component. Thus, the geomagnetic oscillation is not spurious variation due to ground
343 shaking caused by seismic waves.

344 The geomagnetic variation at Apia is most likely due to ionospheric dynamo cur-

35 rents driven by the acoustic resonance of the atmosphere. The following is the summary
346 of the results that support our interpretation:

347 1. The large geomagnetic oscillation (~3 nT) is localized near the volcano, which is

348 qualitatively consistent with the model prediction by Zettergren and Snively (2019).
349 2. The geomagnetic oscillation lasted for about two hours, which is consistent with

350 the duration of atmospheric oscillation caused by an impulsive point source on the
351 ground (Matsumura et al., 2012).

352 3. The dominant frequency of the geomagnetic oscillation is 3.8 mHz, which is in agree-
353 ment with the known frequency of the atmospheric acoustic resonance between

354 the ground and thermosphere (e.g., Kanamori et al., 1994; Tahira, 1995; Lognonné
355 et al., 1998; Shinagawa et al., 2007; Matsumura et al., 2011, 2012; Inchin et al.,

356 2020).

37 4. The geomagnetic oscillation is detected near the magnetic conjugate point in a sim-
358 ilar wave form but with a smaller amplitude, which is consistent with the model

359 prediction by Zettergren and Snively (2019). This is the first time that geomag-

360 netic oscillations associated with acoustic resonance are detected simultaneously

361 near the source and its magnetic conjugate point.

362 5 Open Research

363 The geomagnetic data used in this paper are available at the INTERMAGNET web-

364 site (https://www.intermagnet.org/data-donnee/download-eng.php). ETOPO1 Global
365 Relief Model is available at the NOAA website (https://www.ngdc.noaa.gov/mgg/global/);
366 see also data publication (NOAA National Geophysical Data Center, 2009). The Dst in-
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dex is available at the website of the World Data Center (WDC) for Geomagnetism, Ky-
oto (http://wdc.kugi.kyoto-u.ac.jp/dstae/index.html); see also data publication

(Nose et al., 2015). The Hp30 index is available at the website of Deutsches GeoForschungsZen-

trum (GFZ) (https://www.gfz-potsdam.de/en/hpo-index); see also data publication
(Matzka et al., 2022). The 1-minute solar wind data are available from the OMNIWeb

(https://omniweb.gsfc.nasa.gov/form/omni min.html); see also data publication (Papitashvili

& King, 2020). The sea level data for Apia Upolu on January 15, 2022 are available at

the IOC website (http://www.ioc-sealevelmonitoring.org/bgraph.php?code=upol&output=

tab&period=1&endtime=2022-01-16); see also data publication (Flanders Marine In-
stitute (VLIZ); Intergovernmental Oceanographic Commission (IOC), 2021). Wavelet

software used in this study is available at (https://paos.colorado.edu/research/wavelets/);

see also Torrence and Compo (1998).
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