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S U M M A R Y 

Continuous Plinian eruptions often excite atmospheric modes of ∼3.7 and ∼4.4 mHz, which 

are observed as harmonic oscillations of ionospheric total electron content (TEC) by global 
navigation satellite system (GNSS) receivers. Such TEC oscillations started shortly after the 
g reat er uption of the Hung a Tong a–Hung a Ha’apai (HTHH) submarine volcano at ∼4:14 

UT, on 2022 January 15. Here I analyse GNSS data at stations within ∼4000 km from the 
volcano to study temporal and spatial distribution of such atmospheric modes. Strong ∼3.7 

mHz TEC oscillations in near fields started shortly after the eruption onset and propagated 

outward with the sound speed from HTHH. Later such TEC oscillations became strong again 

with the amplitude peak at the distance ∼1400 km from HTHH. Such far field oscillations 
occurred also above New Zealand and the Solomon Islands, ∼3000 km from HTHH. Their 
amplitudes seem correlated with those of the 0 S 29 solid earth mode, suggesting that vertical 
surface vibrations underneath may play a role in maintaining the atmospheric mode. Onset of 
the far field TEC oscillations are synchronized with the local sunrise, possibly controlled by 

diurnal changes in the ionospheric electron density. 

Key words: Acoustic-gra vity wa v es; P acific Ocean; Ionosphere/atmosphere interactions; 
Atmospheric effects (volcano); Remote sensing of volcanoes. 
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1  I N T RO D U C T I O N  

Large volcanic eruptions often disturb ionosphere. They are ob- 
served as changes in ionospheric total electron contents (TECs) 
shortly after such eruptions using dual-frequency global nav- 
igation satellite system (GNSS) receivers deployed worldwide 
over the ground. Ionospheric disturbances associated with vol- 
canic eruptions have two types. The first one is characterized 
by short N-shape disturbances, caused by sound wave pulses ex- 
cited by Vulcanian-type explosions (Heki 2006 ; Cahyadi et al. 
2021 ). 

The other type is long-lasting harmonic oscillations of TEC as- 
sociated with atmospheric modes excited by continuous Plinian 
eruptions (e.g. Heki & Fujimoto 2022 ). Periodic surface pressure 
changes by strong atmospheric modes generate Rayleigh surface 
wav es. The y propagate globally and e xcite a few spheroidal modes 
of the solid earth free oscillation having frequencies close to the 
atmospheric modes. Seismometers recorded them as bichromatic 
ground vibrations having frequencies of ∼3.7 mHz (fundamen- 
tal atmospheric mode) and ∼4.4 mHz (first overtone), after the 
1991 Pinatubo eruptions (Kanamori & Mori 1992 ; Widmer & Zurn 
1992 ). 
1840 
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Since GNSS-TEC observations started in 1990 s, there have 
been reports of harmonic TEC oscillations by strong volcanic erup- 
tions, for example the 2014 eruption of K elud volcano, Jav a Island 
(Nakashima et al . 2016 ), the 2015 eruption of the Calbuco volcano, 
Chile (Shults et al . 2016 ) and the 2021 Fukutoku-Okanoba eruption, 
Japan (Heki & Fujimoto 2022 ). Ho wever , none of these eruptions 
were strong enough to excite solid earth free oscillations. 

The eruption of submarine volcano Hunga Tonga–Hunga Ha’apai 
(HTHH) at 04:14 UT, 2022 January 15, was the largest eruption 
since significant numbers of ground GNSS stations were deployed 
worldwide. Atmospheric disturbances of various kinds have been 
recorded by barometers, seismometers and by GNSS stations in var- 
ious frequency bands (Matoza et al. 2022 ). Ringler et al. ( 2023 ) re- 
ported that this eruption excited the solid earth modes. The intensity 
of the 0 S 29 (3.7 mHz) recorded by worldwide deployed seismome- 
ters was 11 times as strong as the Pinatubo case. They also showed 
that barometers near HTHH recorded ∼3.7 mHz oscillations of the 
surface pressure. 

There have been numerous reports of ionospheric disturbances 
caused by the 2022 HTHH er uption. They repor t, for example multi- 
ple initial impulsive disturbances caused by explosions (Astafyeva 
et al. 2022 ), worldwide propagation of ionospheric disturbances 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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aused by Lamb waves (Themens et al. 2022 ; Chum et al. 2023 )
nd detailed properties of its propagation (Ajith et al. 2022 ; Kong
t al. 2022 ; Chen et al. 2023 ; Li et al. 2023 ). The ionospheric sig-
atures of multiple passages of Lamb wave are recorded by dense
NSS networks in Japan (Heki 2022 ), and Indonesia (Muafiry et al.
022 ). Associated phenomena include simultaneous emergences of
nomalies in both hemispheres connected by geomagnetic fields
Lin et al. 2022 ; Shinbori et al. 2022 ), and large-scale electron de-
letions (He et al. 2022 ). Tonegawa & Fukao ( 2023 ) found ∼3.6
Hz oscillations of ocean floor and surface pressure around the

apan Trench, due possibly to the resonance between the ocean
ave and the atmosphere. 
In this paper, I study GNSS-TEC data of atmospheric resonant

scillation excited by this er uption, obser ved within 4000 km from
THH. Muafiry et al. ( 2023 ) analysed data from the dense net-
ork in New Zealand and found atmospheric mode became active

n New Zealand ∼14 hr after the eruption. Despite large number
f past studies, such harmonic oscillations of TEC have not been
uf ficientl y addressed so far. Here I expand Muafiry et al. ( 2023 )
sing > 10 GNSS stations deployed in the southern Pacific Ocean, to
larify the spatial and temporal distribution of the TEC oscillations,
nd their link to solid earth free oscillations. 

 AT M O S P H E R I C  M O D E S  B Y  T H E  H T H H
RU P T I O N  O B S E RV E D  B Y  G N S S - T E C  

.1 GNSS data 

 do wnloaded ra w GNSS data of stations in the Pacific Basin
rom NASA Crustal Dynamics Data Information System (CDDIS;
ig. 1 a) and converted the carrier phase data into time-series of
lant TEC (STEC), number of electrons along the line-of-sight
LOS) connecting the ground stations and GNSS satellites (see
eki 2021 for details of the technique). The GNSS data include

hose from Global Positioning System (GPS), Russian GLONASS,
uropean Galileo, Chinese Beidou Satellite System (BDS) and the
apanese Quasi-Zenith Satellite System (QZSS). BDS and QZSS
nclude four geostationary satellites, and QZSS include three satel-
ites having quasi-zenith orbits. These satellites enable us to observe
ong continuous TEC records that are quite useful for ionospheric
olcanology (Heki 2022 ; Heki & Fujimoto 2022 ). 

The data are available at TONG, the nearest station to HTHH.
o wever , they are not used for analysing atmospheric modes be-

ause the LOS from a station close to the volcano penetrate both
he positive and negative electron density anomalies in ionosphere
nd is not suitable for observing the disturbances as TEC (Fig. 1 b).
e also excluded the data from FTNA because of frequent data

oss. The STEC data were converted to vertical TEC (VTEC) by
emoving biases so that the VTEC align with those calculated from
lobal ionospheric map (GIM) models downloaded from CDDIS. 

.2 TEC oscillations at SAMO 

ig. 2 (a) shows the VTEC time-series at SAMO (Samoa), ∼800 km
or th–nor theast of HTHH, over the entire eruption day in UT. In
ddition to strong disturbances starting tens of minutes after the
ruption, VTEC plots and their close-ups clearly show the occur-
ence of harmonic oscillations with a frequency ∼3.7 mHz (period:
270 s). We calculated the amplitude of this oscillation and show

hem in Fig. 2 (b) with colours. Fig. 3 demonstrates the method to
nfer the oscillation amplitudes for synthesized data. I first perform
avelet transformation using the Gabor mother function having 3.7
Hz frequency (Fig. 3 middle). Then I obtain the smooth curve for

ts time-variable amplitude by initially doing the wavelet transfor-
ation twice with ±π /8 radian phase shifts, and then by adding

heir squares and calculating their square roots (Fig. 3 , bottom). 
We notice that SAMO showed an acti v ation of the oscillation

hortly after the onset of the eruption ∼4:14 UT. It seems to extend
s far as ∼1000 km in distance from HTHH. Here we call them the
near field’ activity. This activity continued until ∼11 UT. These
ear field TEC oscillation signals propagate outward from HTHH
y ∼0.8 km s −1 , the sound velocity in the F region of the ionosphere
see Section 3.2 ). 

This is consistent with past cases, for example the 2014 Kelud
nd the 2021 Fukutoku-Okanoba eruptions. It should be noted that
his is not the horizontal propagation of the atmospheric mode itself.
he fundamental atmospheric mode is essentially the acoustic wave

rapped between the surface and the mesopause. Although its hori-
ontal propagation is quite slow, atmospheric waves leaking across
he mesopause may propagate as acoustic waves in the ionospheric
 region by ∼0.8 km s –1 outward. The near field TEC oscillations

n Fig. 2 would have been generated in this way. 
After this near field TEC oscillation ended, a weaker oscillation

eems to reacti v ate at ∼18 UT at distances exceeding 1000 km. This
s a part of the far field TEC oscillation to be discussed in the next
ection. 

Barometers also record atmospheric mode as 3.7 mHz oscillation
f air pressure at MSVF, F iji, and possib ly at AFI, Samoa (Ringler
t al. 2023 ). They started ∼40 min after the eruption onset. Tiwari
t al . ( 2024 ) report that the smaller scale eruptions of HTHH on
anuary 13 and 14 also caused similar atmospheric modes from
NSS-TEC observations at SAMO. They were not strong enough

o excite the solid earth mode. In this paper, I concentrate on the
ata on January 15. 

.3 TEC oscillations at TUVA 

ig. 4 indicates the VTEC time-series at TUVA (Tuval), ∼1500 km
or th–nor thwest of HTHH, over the eruption day. The TEC oscilla-
ion during the first few hours can be seen also at TUVA with a few
atellites having the ground projection of the ionospheric piercing
oints (IPP) of LOS ∼1000 km from HTHH. This would be the
imilar near field activity to those observed at SAMO. Fig. 4 shows
hat this near field activity decayed by ∼11 UT. After that, the os-
illation became stronger twice, the first 12–14 UT and the second
8–22 UT. They have peaks at distances of ∼1400 km from HTHH.
t is interesting to note that they are weaker at closer distances. Here
 call them ‘far field’ activities because of its isolated strength peaks
n space. 

.4 Fr equenc y components 

ig. 5 compares the close-up of detrended time-series of the TEC
scillations, and their frequency spectra obtained by the Blackman–
ukey method for the near field (Figs 5 a and b 6–10 UT, at SAMO)
nd the far field (Figs 5 c and d, 18–22 UT, at TUVA) activities. For
he former, we used Galileo satellites with conventional orbits with
alf-day orbital periods (E03, E15 and E08) to obtain data with IPP
lose to HTHH, say within ∼500 km in horizontal distance. For the
atter, we used BDS and QZSS satellites having geostationary (C01,
04) and quasi-zenith (J02) orbits. 
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Figure 1. (a) Twelve GNSS stations (large red dots) around HTHH (star) analysed to study atmospheric modes. Data from two stations with smaller symbols 
(FTNA and TONG) were not suitable for the analyses in this study. Dark concentric circles denote distance from HTHH with the unit of wavelength of 0 S 29 

solid earth mode. Atmospheric modes are recorded by barometers at MSVF and AFI (Ringler et al. 2023 ). (b) LOS from a station close to the volcano (black 
lines) penetrates both positive (red) and ne gativ e (blue) electron density anomalies and is not suitable for observing them as TEC changes. On the other hand, 
LOS from a station ∼800 km to the north (e.g. SAMO; white line) is suitable for the purpose. Modified from fig. 6 of Heki & Fujimoto ( 2022 ). Geomagnetic 
inclination ( B ) is assumed as −35 ◦. The electron density anomalies are meaningful only in a relative sense. 
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Figure 2. (a) VTEC on 2022 January 15 at SAMO, observed using GPS, Galileo, GLONASS and BDS. Inset shows the close-up of 6–10 UT for GPS and 
Galileo. Satellites showing strong oscillation signals are drawn in red (GPS) and blue (Galileo). 1 TEC unit (TECU) corresponds to 10 16 electrons m 

−2 . (b) 
Strength of 3.7 mHz (period: 270 s) harmonic oscillation component as a function of time and distance from the volcano. The vertical dashed line indicates the 
eruption time (4:14 UT). 
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In both the near field and far field activities, the 3.7 mHz peak is
lear for the three satellites. Ho wever , it is not clear if the 4.4 mHz
eak, the first overtone, exists. This is consistent with the seismome-
er records showing much smaller amplitudes of 4.4 mHz (Ringler
t al. 2023 ). This makes a strong contrast to the 1991 Pinatubo
ruption. Both 3.7 and 4.4 mHz ground vibrations were observed in
hat case, and the latter had a larger amplitude (Kanamori & Mori
992 ; Widmer & Z ürn 1992 ). Such a difference in the major exci-
ation frequency might reflect the plume height of the eruption and
ifferent energy distributions of the two modes in altitudes (Watada
 Yoshida 2023 ). 
The frequency spectra for the far field TEC oscillation 18–22

T (Fig. 5 d) show sharper peak at 3.7 mHz than those for the near
eld oscillation (Fig. 5 b). This would reflect three factors. The first

s the longer arc enabled by geostationary and quasi-zenith orbits
f the GNSS satellites. The second factor would be the slower
ovement of IPP of the LOS connecting the ground stations and

hese geostationary/quasi-zenith satellites. The third factor would
e the absence of clear propagation of the far field TEC oscillation,
s discussed later in Section 3.2 . The second and the third factor
educes frequency shifts of the observed TEC oscillation due to the
ovements of LOS relative to wave fronts. 

 D I S C U S S I O N S  

.1 Acti v ated r egion of the far field TEC oscillations 

ig. 6 (a) shows geographic distribution of the intensity of the 3.7
Hz TEC oscillation (positions show the IPP of LOS at 300 km)

uring the period 17–21 UT. In addition to the two stations given
n Fig. 2 (SAMO) and 4 (TUVA), I show GNSS stations shown
n Fig. 1 . There is a dense network in New Zealand recording the
scillations (Muafiry et al. 2023 ), but I here let three stations rep-
esent that region. Fig. 6 (a) shows that large amplitude oscillations
o not occur everywhere, that is they occur within several isolated
egions. 

Those around TUVA, and SOLO have relati vel y high amplitudes
or their distances from HTHH. It is interesting to note that these two

art/ggae023_f3.eps
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tations are located just beneath the equatorial ionospheric anomaly
EIA). It is two belts of strong ionization located to the north and
outh of the geomagnetic equator (around ±15 ◦ in geomagnetic
atitude), and Fig. 6 (a) gives the average position of the southern
art (Immel et al. 2006 ). Smaller but significant oscillations occur
or limited satellites observed at PTVL, AUCK, CKIS and THTG.
ome of these stations are nearly 3000 km apart from HTHH. Con-
idering that surface barometers recorded significant atmospheric
ode only within 1000 km of HTHH (Ringler et al. 2023 ), the
NSS-TEC technique may have higher sensitivity to atmospheric
odes than ground barometers. 
The significant TEC oscillations 17–21 UT also seems to be

istributed on concentric circles drawn with solid (broken) curves
ndicating the distances 1, 2 and 3 times (1.5, 2.5 and 3.5 times)
s long as the wavelengths of the solid earth mode 0 S 29 (Fig. 6 a).
long these rings the amplitudes of the vertical crustal oscillations

ppear to have maxima (phases are reversed between 1 λ and 1.5 λ
ings). Fig. 6 (b) suggests that amplitudes of the TEC oscillations
end to have peaks at the intersections of EIA with the 1 λ ring, and
ossibly at the 1.5 λ and 2 λ rings. 

The atmospheric mode signatures propagated slowly from HTHH
ould weaken as they propagate a long distance. Indeed, surface
arometers record the atmospheric modes only within 1000 km
rom HTHH (Ringler et al. 2023 ). Fig. 6 (b) may indicate that the
ocal resonance between the ground motion and the atmosphere
s essential to keep the atmospheric mode above the detectable
mplitude in far field. 

IGS stations in eastern Australia (TOW2) do not show any 3.7
Hz oscillations. TEC oscillation signals are not seen, either, from
NSS stations in Africa and Europe close to the HTHH antipode,
here the ground vibrations by 0 S 29 are relatively large. This indi-

ates that the ground vibration alone does not drive the fundamental
tmospheric mode but suggests that the atmospheric modes propa-
ated from the volcano need to be fuelled by the ground vibration
o maintain their amplitudes. 

.2 Propagation of the TEC oscillations 

s found in past cases, harmonic TEC oscillation signals caused
y atmospheric modes by Plinian volcanic eruptions are observed
o propagate outward from volcanoes at the acoustic wave speed
n the F region of the ionosphere ( ∼0.8 km s −1 , e.g. Nakashima et
l . 2016 ). Fig. 7 (a) shows that this is the case for the 2022 January
5 HTHH eruption. The time–distance plots with all the available
tation–satellite pairs for the near field atmospheric modes in 7–9
T clearly show that the 3.7 mHz signals propagate outward from
THH with the prescribed speed. This would be the propagation of

he acoustic wave in the ionospheric F region that leaked from the
tmospheric mode trapped beneath the mesopause, rather than the
ropagation of the atmospheric mode itself. 

Fig. 7 (b) shows the same plot in 18.5–20.5 UT for the far field
EC oscillations. There the signal propagation signatures are not
imple, that is the phases are delayed for pairs closer to HTHH as if
he signals propagate ‘towards’ HTHH. The propagation speeds also
eem non-uniform, that is it looks acoustic wave speed ( ∼0.8 km s –1 )
n one region and the Rayleigh wave speed ( ∼4 km s –1 ) in another
egion. Muafiry et al. ( 2023 ) studied the propagation of the TEC
scillation signals using the dense GNSS network in New Zealand.
hey report propagation of the oscillation signals toward HTHH by
0.5 km s –1 . I do not have a model that can explain the complicated

ropagation. 
This complex situation of propagation makes a sharp contrast
etween the far field and near field TEC oscillations. It is at least
lear that the far field atmospheric oscillations are not caused by
coustic waves propagated from HTHH through ionosphere. In-
tead, they might have been caused by the acoustic mode occurring
ight there, possibly by the resonance between the atmospheric mode
ropagated from HTHH and the vertical ground oscillations of 0 S 29 

nderneath. Various propagation velocities as found in Fig. 7 (b)
ould reflect that the ground motion has not become pure standing
aves but is still a mixture of Rayleigh waves propagating in mul-

iple directions. Also factors such as wind and turbulence would
nfluence the velocity fields as seen in Fig. 7 (b). 

.3 The start and end of the far field TEC oscillations 

ig. 8 compares the time-series of the far field TEC oscillations, two
atellites from each GNSS station, observed at various longitudes.
t suggests that at eastern stations such as CKIS, the oscillation
tarted before 17 UT. On the other hand, at SOLO, the westernmost
ite, it starts shortly before 20 UT. The time lag of ∼3 hr is roughly
qui v alent to that of the sunrise at the two points. Indeed, the far
eld TEC oscillations appear to have started shortly after the VTEC
urves show positive bending by solar radiation increase associated
ith sunrise. This is clearly seen in Fig. 4 (inset). 
Fig. 8 also shows that the two stations TUVA and SOLO, located

eneath EIA, show larger amplitudes of the TEC oscillations than
ther stations. Such amplitudes would reflect three factors, that is
he intensity of the oscillation of neutral atmosphere (factor #1) and
he degree of ionization (factor #2). The incidence angle of the LOS
o the wave front is also an important f actor (f actor #3). The onset
f the oscillation triggered by sunrise and larger amplitudes beneath
IA may suggest the importance of factor #2. 
The geometry factor (factor #3) would be similar for stations

lose to local zenith. In Fig. 6 (a), strong oscillation signals are seen
y satellites near zenith at stations like TUVA and SOLO while
hey are not seen at stations like PTVL and NRMD. This contrast
uggests that LOS geometry (factor #3) is not a dominant factor. 

On the other hand, the importance of factor #1 is clear in Fig. 4 .
here the TEC oscillation signals at TUVA are strong during 12–
4 UT, local nighttime when the VTEC remains low without solar
adiation. In that case, factor #1 would have been strong enough to
ompensate for unfav ourab le factor #2. F ig. 4 also indicates that far
eld TEC oscillations decayed at ∼14 UT, remained invisible for
4 hr, then it resumed at ∼18 UT. The disappearance at ∼14 UT
ight be due to factor #1 (declining atmospheric mode intensity),

nd the restart at ∼18 UT might be due to factor #2 (sunrise). 
Fig. 4 also shows that the TEC oscillation at TUVA ends by
22 UT although VTEC continued increasing toward the noon.
radual decay of the eruption intensity is clear in the diminishing

mplitudes of the solid earth mode 0 S 29 in seismometers (Ringler
t al. 2023 ). The disappearance of the TEC oscillation ∼22 UT
ould be therefore due to factor #1. 
Far field TEC oscillations at TUVA are not seen before ∼12 UT,
8 hr after the eruption onset. This large time lag might reflect the

ime for the atmospheric mode to travel ∼1000 km from HTHH,
uggesting that the group velocity of the atmospheric mode would
ot exceed tens of metres per second. Another possibility is that it
ook hours for stable atmospheric mode to develop around TUVA.
ig. 4 (b) shows sporadic short-lived excitations of the atmospheric
ode during 8–12 UT. The atmospheric mode may have propa-

ated faster, having travelled ∼1000 km in a few hours. Ho wever ,
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it may have taken significant time for the mature atmospheric mode 
coherent over a large region to grow. 

4  C O N C LU S I O N S  

Here I summarize the findings on the atmospheric modes caused 
by the eruption of HTHH on 2022 January 15, observed using 
GNSS-TEC technique at stations in southern Pacific Ocean. The 
monochromatic TEC oscillation of ∼3.7 mHz, corresponding to 
the frequency of the fundamental atmospheric mode, started shortly 
after the eruption and continued nearly until the end of the day. I 
found it appropriate to classify them into the early near field activity 
(0–1000 km from HTHH) and the later far field activity (1000–
3000 km from HTHH). The former is stronger near the volcano 
and propagated outward at the sound wav e v elocity in the F re- 
gion of the ionosphere. On the other hand, the latter appears to 
have peak intensities where the solid earth mode 0 S 29 have maxima 
and did not show outward propagation from the volcano. The far 
field atmospheric modes may need to be fuelled from the resonant 
vertical surface vibration underneath. Their start times synchronize 
with local sunrise. This suggests that the signal strengths of TEC 

oscillations are governed by the background VTEC as well as the 
atmospheric mode intensity. 

DATA  A N D  R E S O U RC E S  

The GNSS raw data and global ionospheric maps are downloaded 
from NASA/CDDIS (cddis.nasa.gov). 
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idmer , R. & Z ürn, W., 1992. Bichromatic excitation of long-period
Rayleigh and air waves by the Mount Pinatubo and El Chich ón volcanic
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