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Abstract

The Hunga Tonga-Hunga Ha’apai volcano in the Pacific Ocean erupted on January 15, 2022. The energy released by this

submarine eruption caused waves propagating through the lithosphere, ocean and atmosphere. Less than 10 minutes after the

eruption, pulsation-like geomagnetic disturbances started at the geomagnetic observatory Apia, approximately 835 km from

Hunga Tonga, and lasted for about 2 hours. These disturbances were most prominent in the Y (east) component, with an

oscillation amplitude of ˜3 nT and dominant periods of 276, 254 and 219 s. Comparable geomagnetic disturbances are absent

at neighboring as well as high-latitude geomagnetic observatories, indicating that the disturbances are localized and not related

to solar wind energy input. Tide gauge data show that tsunami waves arrived at Apia more than one hour after the eruption.

This leaves ionospheric currents as the likely cause of the geomagnetic disturbances.
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Key Points: 11 

• The Hunga Tonga-Hunga Ha'apai volcano in the Pacific Ocean erupted on January 15, 12 
2022, and its effect on the geomagnetic field is examined. 13 

• Following the eruption, localized geomagnetic pulsation-like disturbances are observed at 14 
nearby station with periods of 3-5 minutes. 15 

• The results provide the first evidence and characterization of ionospheric effects 16 
associated with the Hunga Tonga eruption. 17 

 18 
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Abstract 19 

The Hunga Tonga-Hunga Ha'apai volcano in the Pacific Ocean erupted on January 15, 2022. The 20 
energy released by this submarine eruption caused waves propagating through the lithosphere, 21 
ocean and atmosphere. Less than 10 minutes after the eruption, pulsation-like geomagnetic 22 
disturbances started at the geomagnetic observatory Apia, approximately 835 km from Hunga 23 
Tonga, and lasted for about 2 hours. These disturbances were most prominent in the Y (east) 24 
component, with an oscillation amplitude of ~3 nT and dominant periods of 276, 254 and 219 s. 25 
Comparable geomagnetic disturbances are absent at neighboring as well as high-latitude 26 
geomagnetic observatories, indicating that the disturbances are localized and not related to solar 27 
wind energy input. Tide gauge data show that tsunami waves arrived at Apia more than one hour 28 
after the eruption. This leaves ionospheric currents as the likely cause of the geomagnetic 29 
disturbances. 30 

 31 

Plain Language Summary 32 

On January 15, 2022, the Hunga Tonga-Hunga Ha'apai volcano erupted in the Pacific Ocean. 33 
Examining such an extreme event is of great interest for the geoscience community, as it can 34 
affect the Earth system in different ways. In this study, we investigate the impact of the Hunga 35 
Tonga eruption on the Earth’s magnetic field. Following the eruption, geomagnetic disturbances 36 
were observed at the neighboring observatory, Apia (Western Samoa), lasting for about 2 hours 37 
with dominant period of oscillation at 3 to 5 minutes. No similar geomagnetic disturbances were 38 
detected at other neighboring observatories. The inspection of the data suggests that the 39 
disturbances observed at Apia are unlikely to be caused by enhanced geomagnetic storm activity 40 
or due to electromagnetic induction by tsunami waves. Electric currents in the ionosphere driven 41 
by atmospheric disturbances caused by the eruption are suggested as the likely cause. 42 

 43 

1. Introduction  44 

Geophysical events, such as earthquakes and volcanic eruptions, can provide an 45 
opportunity to test and improve our understanding of the Earth system. On January 15, 2022, the 46 
submarine volcano Hunga Tonga-Hunga Ha'apai (20.5°S, 175.4°W, Tonga) erupted in the 47 
Pacific Ocean at 04:14:45 UT. This paper examines the impact of this extreme event (hereafter 48 
denoted the Hunga Tonga eruption) on the geomagnetic field observed at selected ground 49 
stations. There are multiple reasons why the geomagnetic field might be affected by the Hunga 50 
Tonga eruption. Firstly, atmospheric disturbances caused by the eruption can propagate from the 51 
source region in the form of atmospheric waves, which reach upper layers of the atmosphere and 52 
drive electric currents in the ionosphere (e.g., Aoyama et al., 2016). Secondly, the motion of the 53 
electrically conductive ocean by tsunami waves can drive an ocean dynamo and associated 54 
geomagnetic variations, which have been reported for a number of tsunami events (see the 55 
review by Minami et al., 2017). Thirdly, the vibration of the ground by seismic waves and 56 
resulting changes in the orientation of magnetic sensors can cause spurious variations in the 57 
magnetic records.  58 
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Geomagnetic variations usually are dominated by disturbances due to solar and 59 
magnetospheric forcing. The geomagnetic Dst index, which is a measure of the magnitude of 60 
geomagnetic storms, turned negative at 17:00 UT on January 14, 2022, and reached a minimum 61 
value of -94 nT at 23:00 UT on January 14, 2022. Thus, the Hunga Tonga eruption occurred 62 
during the recovery phase of this geomagnetic storm. Geomagnetic storms and accompanying 63 
substorms can cause geomagnetic disturbances over a wide range of periods, that could 64 
potentially overlap with the geomagnetic effects of the Hunga Tonga eruption. Thus, caution 65 
needs to be exercised when interpreting the geomagnetic data so that storm-related disturbances 66 
will not be mistaken as the effect of the Hunga Tonga eruption.  67 

 68 

2. Data  69 

Ground-based 1 Hz magnetometer data from the following geomagnetic observatories 70 
were obtained from the INTERMAGNET network to investigate the geomagnetic response to the 71 
Hunga Tonga eruption: Apia (API, 13.8°S, 171.8°W), Pamatai (PPT, 17.6°S, 149.6°W), Charters 72 
Towers (CTA, 20.1°S, 146.3°E), Honolulu (HON, 21.3°N, 158.0°W), and Macquarie Island 73 
(MCQ, 54.5°S, 159.0°E). Figure 1a shows the location of the Hunga Tonga volcano (red 74 
triangle) and the five selected geomagnetic observatories (yellow circles). API is the closest 75 
observatory to Hunga Tonga, located 835 km north-northeast of the volcano. PPT, CTA and 76 
HON are neighbouring observatories with respective distances to the volcano of 2730 km (east 77 
of Hunga Tonga), 3990 km (west) and 4995 km (north-northeast). MCQ, 4350 km south-78 
southwest from Hunga Tonga, is located in the auroral zone (59.4° geomagnetic latitude), where 79 
the geomagnetic field is especially susceptible to disturbances of solar and magnetospheric 80 
forcing. Figure 1a also shows the wave front of the seismic P-wave at different times indicated 81 
by white curves for 04:16:56 UT, 04:20:43 UT and 04:25:54 UT, based on the P-wave arrival 82 
times at seismic stations in Raoul, Kermadec Islands (29.3˚S, 177.9˚W), Kiritimati Island (2.0˚N, 83 
157.5˚W) and Rapanui, Easter Island (27.1˚S, 109.3˚W), respectively; the seismic information 84 
was provided by the Incorporated Research Institutions for Seismology (IRIS). 85 

To infer the arrival time of tsunami waves at API, 1-minute sea level data from the Apia 86 
Upolu tide gauge station (13.8°S, 171.8°W), provided by the Sea Level Station Monitoring 87 
Facility of the Intergovernmental Oceanographic Commission (IOC), are also used. 88 

 89 

3. Results 90 

Figures 1b-1f present the eastward (Y) component of the geomagnetic field observed at 91 
API, PPT, HON, CTA, and MCQ during the period from 12:00 UT on January 14, 2022 to 00:00 92 
UT on January 16. In Figures 1b-1f, the top panel shows the raw data, the middle panel shows 93 
the data after band-pass filtering it in the period range of 5 to 600 s and the bottom panel shows 94 
the Morlet wavelet spectrum of the data. For the wavelet spectrum, tick marks are placed at 5, 95 
10, 45, 150 and 600 s to indicate the period range of magnetic pulsations Pc2 (5 to 10 s), Pc3 (10 96 
to 45 s), Pc4 (45 to 150 s) and Pc5 (150 to 600 s) (e.g., McPherron, 2005). An additional tick 97 
mark is placed at 300 s (5 minutes). The vertical dashed line in magenta indicates the beginning 98 
of the geomagnetic storm with the first negative value of the Dst index at 17:00 UT on January 99 
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14. The other vertical dashed line, black in the top and middle panels and white in the bottom 100 
panel, marks the onset of the Hunga Tonga eruption at 04:14:45 UT on January 15.  101 

The results for API in Figure 1b reveal a geomagnetic disturbance starting shortly after 102 
the Hunga Tonga eruption (04:14:45 UT on January 15, black/white dashed line). As seen in the 103 
band-pass filtered data, this disturbance lasted for approximately 2 hours, until about 06:00 UT, 104 
and have an amplitude of up to ~3 nT. The wavelet spectrum indicates periods within the Pc5 105 
range (150−600 s). During the quiet periods before the onset of the geomagnetic storm (17:00 106 
UT on January14, magenta dashed line), the band-pass filtered data show only small variation of 107 
+/-0.2 nT. During the storm, the variation is larger, +/-0.5 nT, but is still much smaller than the 108 
geomagnetic disturbance in the two hours following the Hunga Tonga eruption. 109 

The results obtained for the other observatories (PPT, HON, CTA and MCQ) are shown 110 
in Figures 1c−1f. Unlike the results for API (Figure 1b), there is no clear indication of enhanced 111 
geomagnetic disturbance in the Pc5 band following the Hunga Tonga eruption, suggesting that 112 
the geomagnetic disturbance observed at API is highly localized. An overall enhancement of 113 
geomagnetic activity following the geomagnetic storm is seen at all the stations, most profoundly 114 
at MCQ in the auroral zone. Also, a transient magnetic disturbance is visible at all the stations 115 
including API around 18:00 UT on January 15, that could be a Pi2 pulsation associated to 116 
substorm activity. 117 
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 118 

Figure 1. (a) A map with the positions of the Hunga Tonga volcano (red triangle), geomagnetic 119 
observatories (yellow circles) and the wave front of seismic P-wave (white curved lines). The 120 
land topography and ocean bathymetry are based on ETOPO1 (Amante and Eakins, 2009). (b−f) 121 
The Y component of the geomagnetic field (top), band-pass filtered data at periods 5−600 s 122 
(middle) and wavelet spectrum (bottom) for API, PPT, HON, CTA and MCQ observatories. 123 
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Results for MCQ are presented with different scales than those at the other stations. Vertical 124 
dashed lines indicate the beginning of the geomagnetic storm (magenta) and the Hunga Tonga 125 
eruption (black/white).  126 

 127 

4. Discussion and Summary 128 

The localized geomagnetic disturbance at API following the Hunga Tonga eruption is 129 
distinguishable from those associated with the geomagnetic storm, but its source is still unclear. 130 
As mentioned before, the disturbance could be related to magnetic fields generated by tsunami 131 
waves, atmospheric waves, or could even be an artefact caused by changes in the orientation of 132 
magnetometer sensors due to ground vibration by seismic waves. 133 

To better describe the localized geomagnetic disturbance at API, Figure 2a shows high-134 
pass filtered data with a cut-off period of 30 min in the X, Y, Z and F components during the 135 
period 04:00−06:30 UT on January 15, 2022. Again, the vertical dashed line indicates the time of 136 
the eruption. Ten minutes after the eruption, at 04:25 UT, pulsation-like oscillations are already 137 
visible in the Y component. The oscillation is seen to continue until around 06:00 UT. The 138 
magnetic field in the Z component shows a similar oscillation as in the Y component, but the 139 
amplitude is smaller by approximately 52% and is of opposite phase. Oscillations in the X 140 
component are less clear. 141 

 Corresponding high-pass filtered data from the tide gauge at Apia is shown in Figure 2b. 142 
The tsunami waves arrived at Apia around 05:30 UT, which is almost one hour after the start of 143 
the geomagnetic disturbance at API around 04:25 UT. Previous studies have shown that 144 
magnetic variation related to tsunami waves starts nearly at the same time as the arrival of the 145 
tsunami waves (e.g., Manoj et al., 2011; Schnepf et al., 2016). Also, tsunami-related 146 
geomagnetic variations in the Z component are expected to have a wave form similar to that of 147 
the variation of the sea level (e.g., Lin et al., 2021). In Figure 2, however, there is no similarity 148 
between the variations in the Z component and sea level even after the arrival of tsunami waves 149 
at Apia. This rules out tsunami waves as the main cause of the geomagnetic disturbances 150 
observed at API following the Hunga Tonga eruption. 151 

As indicated in Figure 1a, seismic waves arrived at Apia around 2 minutes after the 152 
Hunga Tonga eruption. Ground motion due to the seismic waves could affect the orientation of 153 
the fluxgate sensors that measure the geomagnetic vector components and thus introduce 154 
spurious variation in X, Y and Z. The total field F = (X² + Y² + Z²)0.5 calculated from the vector 155 
components is far less susceptible to ground motion as it is invariant to sensor rotation. 156 
Additionally, the total field F can be measured by an overhauser magnetometer, which is also 157 
less susceptible to ground motion effects because its measurement principle does not require any 158 
specific sensor orientation. In Figure 2a, F data come from an overhauser magnetometer, and it 159 
shows pulsation-like disturbance similar to that in the Y and Z components, confirming that the 160 
geomagnetic disturbance observed at API after the Hunga Tonga eruption is not an artefact due 161 
to ground shaking. Total field F values calculated from the vector components present nearly 162 
identical variations (not shown here), leading to the same conclusion. 163 

 164 
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 165 

Figure 2. (a) High-pass filtered magnetometer data for API with a cutoff period of 30 minutes 166 
during 04:00−06:30 UT on January 15, 2022. (b) Same as (a) but for sea level data from the Apia 167 
tide gauge, indicating the arrival of tsunami waves around 05:30 UT. The vertical black dashed 168 
lines indicate the time of the Hunga Tonga eruption. 169 

 170 

Atmospheric waves are another possible source of geomagnetic disturbances. Although 171 
atmospheric waves themselves do not involve electric currents, their interaction with ionospheric 172 
plasma in the dynamo region at altitudes of approximately 100 to 150 km can lead to electric 173 
currents through the mechanism known as ionospheric wind dynamo (e.g., Richmond, 1995). A 174 
condition that needs to be satisfied for the ionospheric wind dynamo to be effective is that the 175 
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dynamo region receives the sunlight so that ionospheric plasma density is sufficiently high to 176 
support electric currents. The solar zenith angle at the location of Hunga Tonga remained < 100˚ 177 
during 04:00−06:30 UT (16:18−18:48 LT), indicating that the dynamo region was on the sunlit 178 
side. 179 

An atmospheric wave can drive dynamo currents that oscillate with the same period as 180 
the wave. Figure 3a (black line) shows the Lomb-Scargle power spectral density (PSD) estimate 181 
derived from the Y component of the geomagnetic field at API during 04:15 to 06:15 UT on 182 
January 15, 2022, when the geomagnetic disturbance following the Hunga Tonga eruption is 183 
most pronounced. The three most dominant periods are 276 s (4.60 minutes), 254 s (4.24 184 
minutes) and 219 s (3.66 minutes). The green lines show the results obtained from the API 185 
geomagnetic Y component over two-hour segments but at different UTs and days within an 186 
interval of +/- 10 days from the eruption event, representing the background PSD level. The 187 
results suggest that oscillations at 3 to 5 minutes are not common outside the two-hour event 188 
following the eruption. Figures 3b and 3c display spectra for the Z and X components, 189 
respectively. After the eruption, the Z component shows a spectral pattern similar to the Y 190 
component, while in the X component, oscillations at 3 to 5 minutes are not evident. 191 

Geomagnetic oscillations at periods of 3 to 5 minutes have been previously reported for 192 
other extreme geophysical events. For instance, Iyemori et al. (2005) observed a magnetic 193 
oscillation with a period of 3.6 minutes (216 s) after the December 2004 Sumatra earthquake. 194 
Aoyama et al. (2016) observed magnetic oscillations at 3 to 5 minutes, the most prominently at 195 
4.3 minutes (258 s), following the Calbuco volcano eruption in April 2015. In both studies, the 196 
geomagnetic effects are attributed to ionospheric sources. The period of 3 to 5 minutes can be 197 
explained by acoustic resonant oscillations of the atmosphere between the ground and 198 
thermosphere (e.g., Kanamori et al., 1994; Lognonné et al., 1998). The acoustic waves excited by 199 
the eruption would propagate upward at the speed of sound (~340 m/s) and reach the dynamo 200 
region above the volcano within 10 minutes (e.g., Rolland et al., 2011). This enables the fast 201 
response of the ionosphere (and hence geomagnetic field) to the eruption, as seen in Figure 2. 202 

Zettergren and Snively (2013, 2015) numerically demonstrated that acoustic waves 203 
generated near the surface can drive localized ionospheric currents above the source in the 204 
direction parallel to the magnetic field lines. Since the geomagnetic declination at Hunga Tonga 205 
is relatively small (ca 14˚), ionospheric currents parallel to the geomagnetic field lines would 206 
produce ground geomagnetic perturbations mainly in the Y component. The magnetic 207 
perturbations in the Z component are absent right below the field-aligned currents, but non-zero 208 
at either the eastern or western side of the currents. Since API is located about 100 km east to the 209 
magnetic meridian of Hunga Tonga, northward/upward field-aligned currents over Hunga Tonga 210 
would generate a negative perturbation in the Y component and a positive perturbation in the Z 211 
component. This can explain why the magnetic variations at API in the Y and Z components are 212 
of opposite phase (Figure 2a). 213 

Based on the above discussion, we conclude that ionospheric currents are the likely cause 214 
of the geomagnetic disturbance at API following the Hunga Tonga eruption. This is the first time 215 
that evidence of ionospheric effects associated with the Hunga Tonga eruption is presented. The 216 
amplitude of the geomagnetic oscillations at API is up to ~3 nT, which is much greater than 217 
those previously reported for other earthquakes (e.g., ~0.5 nT in Iyemori et al., 2005) and other 218 
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volcanic eruptions (e.g., ~0.2 nT in Aoyama et al., 2016). This is the first time that such large 219 
magnetic signatures from the ionosphere are detected during an eruption event. The large 220 
amplitude is probably owing to both the strong ionospheric currents involved and the proximity 221 
of API to Hunga Tonga. 222 

More studies are warranted, as many questions remain open. For example, the three-223 
dimensional structure of the ionospheric current system responsible for the geomagnetic 224 
disturbances is still unclear. Also, atmospheric waves responsible for different peaks in the 225 
spectrum of the geomagnetic disturbances (Figure 3) need to be identified. Broader effects are 226 
expected in other ionospheric parameters such as total electron content (e.g., Astafyeva, 2019), 227 
which also need to be explored in future work. 228 
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 229 

Figure 3. Lomb-Scargle power spectral density (PSD) estimates for the (a) Y, (b) Z and (c) X 230 
components of the geomagnetic field at API in arbitrary normalized units. The PSD for the two-231 
hour interval 04:15−06:15 UT on January 15, 2022, representing the Hunga Tonga event 232 
disturbance, is shown in black. Dominant periods are 276 s (4.60 minutes), 254 s (4.24 minutes) 233 
and 219 s (3.66 minutes). All other two-hour intervals within +/−10 days from the eruption 234 
event, representing the background PSD level, are show in green.  235 
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Open Research 236 

 The geomagnetic data used in this paper are available at the INTERMAGNET website 237 
(https://www.intermagnet.org/data-donnee/download-eng.php). The sea level data for Apia 238 
Upolu on January 15, 2022 are available at the IOC website (http://www.ioc-239 
sealevelmonitoring.org/bgraph.php?code=upol&output=tab&period=1&endtime=2022-01-16); 240 
see also data publication (Flanders Marine Institute (VLIZ); Intergovernmental Oceanographic 241 
Commission (IOC), 2021). 242 
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