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Abstract
Using an atmosphere-ionosphere coupled model (GAIA), atmospheric and ionospheric perturbations
triggered by the 2022 Hunga-Tonga volcanic eruption are studied. Our result shows that ionospheric
perturbations are caused by neutral wind perturbations associated with gravity waves. Gravity waves with
horizontal phase speeds of 200–310 m/s are excited in the troposphere near the Hunga-Tonga volcano,
and propagate upward into the thermosphere. While the amplitude of the eruption-generated gravity
waves is small in the troposphere (~ 1 m/s), the amplitude of the gravity waves increases exponentially
with height because of the exponential decrease of the density, reaching 60‒80 m/s at 300 km height.
General features of the TIDs appeared in GNSS-TEC are reproduced fairly well. We can conclude that the
eruption-generated gravity waves whose horizontal phase velocity is close to the sound speed play an
important role in thermospheric and ionospheric perturbations after the Hunga-Tonga volcano eruption.

1. Introduction
On 15th January 2022 the Hunga Tonga-Hunga Ha'apai volcano (20.05º S, 175.4º W) erupted at about
04:15 UT. Large-amplitude Lamb waves which appeared to be related to the eruption were observed at
many stations worldwide (Amores et al. 2022; Matoza et al. 2022; Abbrescia et al. 2022; Harding et al.
2022; Kubo et al. 2022; Yamada et al. 2022). In addition to Lamb waves, some signatures of acoustic
waves and atmospheric GWs were also detected (Themens et al. 2022; Adam 2022; Heki 2022; Iyemori et
al. 2022; Yamazaki et al., 2022). Those waves are likely to propagate upward to the upper atmosphere,
producing electron density perturbations in the ionosphere. Indeed, TIDs were detected by the analysis of
TEC, which are likely to be caused by the atmospheric waves (Astafyeva et al. 2022; Lin et al. 2022; Saito
2022; Themens et al. 2022). The TIDs arrived at Australia at 7–8 UT, and at Japan at 11–12 UT. There are
also some reports that the �rst TID arrived at Japan at 7–8 UT which is about three hours before the
arrival of the Lamb wave front (Saito, 2022; Shinbori et al. 2022; Lin et al. 2022). This phenomenon was
interpreted as the effect of electric �elds transmitted along magnetic �eld lines from the geomagnetic
conjugate in the southern hemisphere where the dynamo electric �eld is generated by the eruption-
generated atmospheric waves in the E–region. In this study, we investigate atmospheric and ionospheric
perturbations associated with the Hunga-Tonga volcanic eruption using a global atmosphere–ionosphere
coupled model GAIA. Although GAIA is a hydrostatic model that is not able to generate acoustic waves,
the model is capable of reproducing Lamb waves and GWs. Therefore, some features of the ionospheric
disturbances caused by Lamb waves and GWs can be reproduced using the model.

2. Description Od The Model And Numerical Simulation
GAIA is a global atmosphere-ionosphere coupled model, which contains all atmospheric regions from the
ground surface to the upper thermosphere/ionosphere (Jin et al., 2011). In order to study Lamb/GWs
associated with the Hunga-Tonga volcanic eruption, and their impacts on the ionosphere, GAIA with a
higher horizontal resolution is used (Miyoshi et al., 2018). Details of GAIA can be found in Jin et al. (2011,
2013). For the neutral atmospheric part of GAIA, a whole atmosphere GCM is used (Miyoshi and Fujiwara,
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2003, 2006; Miyoshi and Yamazaki, 2020). The GCM is a global model with a horizontal resolution of
approximately 1º longitude by 1º latitude. The vertical resolution is 0.2 scale heights. The GCM includes a
full set of physical processes, such as solar and infrared radiation, moist convection, boundary layer,
molecular and thermal viscosity, Joule heating, and ion-drag force. Furthermore, meteorological
reanalysis data provided by Japan Meteorological Agency (JRA55) are incorporated below 40 km height
by a nudging method (Kobayashi et al., 2015). This means that the GCM can simulate realistic temporal
and spatial variations in the lower atmosphere on the day of the Hunga-Tonga volcanic eruption. For the
ionospheric part of GAIA, ionosphere model developed by Shinagawa (2009) is used. The horizonal and
vertical resolutions of the ionosphere model are 1º longitude by 1º latitude and 10 km height, respectively.
GAIA can simulate waves/disturbances with horizontal wavelength longer than about 400 km. However, it
is note that GAIA is unable to simulate acoustic waves and their impact on the ionosphere, because GAIA
is a hydrostatic model.

To investigate atmospheric and ionospheric perturbations triggered by the Hunga-Tonga eruption, we
conducted two kinds of numerical simulations. The �rst is a simulation without the eruption (CNTL). The
other is a simulation with the eruption (EXP). In the EXP, the initial perturbation generated by the eruption
is given by adding a surface pressure perturbation of + 4 hPa at a grid point near the Hunga-Tonga during
a period from 04:00 UT to 04:30 UT on 15 January 2022. The intensity and time evolution of the initial
perturbation are chosen to reproduce the observed TEC variation. It is note that the intensity of the initial
perturbation has some uncertainties. In other words, if the intensity of the initial perturbation increased,
simulated waves and TEC variations were enhanced.

In this study, geomagnetically quiet condition was assumed during the numerical simulation. In real
atmosphere, a weak geomagnetic disturbance with occurred during the eruption. The
geomagnetic disturbance may affect the T-I system in high latitudes. However, the in�uence of the
geomagnetic storm on the T-I system in low and middle latitudes was probably negligible, because the
geomagnetic disturbance on 15th January was relatively weak. F10.7 cm �ux was used as a proxy for the
solar UV/EUV �uxes, and was set to on 15 January and
16 January, respectively. Numerical simulation was conducted during a period from 00 UT 15 January
2022 to 00 UT 17 January 2022. Data were sampled every 5 minutes. By taking the difference between
CNTL and EXP, we can elucidate perturbations triggered by the Hunga-Tonga eruption, their upward
propagation, and their impact on the T-I system.

Figure S1 shows the zonal mean temperature and zonal wind on 15 January obtained by CNTL. The
eastward (westward) strato-mesospheric jet is located in middle and high latitudes in the NH (SH). The
weak zonal wind region appears near the mesopause. Figure S2 shows the global distributions of the
horizontal wind and temperature at 300 km height at 04 UT, 06UT, and 08UT. Note that the horizontal
wind near the Hunga-Tonga volcano is weak eastward during the eruption (04 UT), while strong north-
eastward wind (200‒300 m/s) prevails after the eruption (06‒08 UT).

3. Results

Kp = 3 − 4

111.6 × 10−22and119.4 × 10−22Wm−2Hz−1
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Figure 1 shows the global distributions of TEC variation triggered by the Hunga-Tonga eruption. The TEC
variations with the amplitude of 1 TECU appear over New Zealand and equatorial Paci�c at 06 UT and
reach over Australia at 07 UT. The concentric wave pattern of the TEC variations is clear at 07 UT and 08
UT, and is distorted after 10 UT. The TEC variations reach Antarctica at 10 UT and Atlantic Ocean at 12
UT. These features of the simulated TEC variations are quite similar to those of the observations (e.g.,
Themens et al., 2022; Zhang et al., 2022; Saito et al., 2022; Shinbori et al., 2022). The �rst TEC variation
travels with a phase speed of about 310m/s (Fig. 3a), which is similar to the phase speed of the Lamb
wave (Fig. 3b). Following the �rst TEC variation, TEC variations with phase speeds of 200‒300 m/s
appear (e.g., Zhang et al. 2022).

To investigate the mechanism of the TEC variations, neural wind variations caused by the eruption are
examined. Figure 2 shows the global distributions of the meridional wind variations at a height of 300
km. The meridional wind variations with the amplitude of 50‒60 m/s reach over New Zealand at 06 UT,
and over Antarctica at 10 UT. The concentric wave structure is clear at 07 UT and 08 UT. The �rst wind
variation spreads with a phase speed of 310 m/s (Fig. 3e). After the arrival of the Lamb wave, wind
variations with phase speeds of 200‒300 m/s appear. These features are similar to those of the TEC
variations. The zonal and vertical winds variations at a height of 300 km also have similar features (not
shown). These results indicate that the ionospheric perturbations are generated by the neutral wind
perturbations via the neutral-plasma interaction process (e.g., Shinagawa et al., 2013; Matsumura et al.,
20011). The meridional wind perturbations at 07 UT 08 UT and 10 UT are stronger at 30‒70º S than at
0‒30º N. As shown in Figure S2, the northward wind is dominant at 06‒08 UT over the equatorial and
southern Paci�c Ocean. Thus, the enhanced meridional wind variations at 30‒70º S are explained by the
�ltering effect due to the background wind.

The vertical propagation of atmospheric waves from the lower atmosphere is examined here. Figures 4
show the latitude‒height distributions of the meridional wind variations at 06 UT, 08 UT and 10 UT along
the 175º W longitude sector. The wind variation associated with the Lamb wave spreads �rst from the
epicenter. The phase front of the Lamb wave is uniform in height. The energy density of the Lamb wave
is decays with height, so that the wind variation associated with the Lamb wave is small in the
thermosphere. After the arrival of the Lamb wave, another type of atmospheric waves appears. The phase
fronts at the north (south) of the epicenter slope upward to the north (south). The time evolution of the
meridional wind variations shows that the phase line descends with time (Figure S3), indicative of
upward propagating GWs. These structures of the wind variations obtained in this study are quite similar
those of triggered by tsunami (e.g., Laughman et al., 2017; Hickey et al., 2009). The maximum of the GW
amplitude occurs just after the arrival of the Lamb wave. The large-amplitude GW was primarily excited
by the pressure perturbation imposed at a grid point near the Hunga-Tonga volcano. The GW amplitude is
0.3‒0.5,1.0‒1.5, 30‒40 and 60‒80 m/s at heights of 30, 70, 120, and 400km, respectively. However,
wind �uctuations appear intermittently after the �rst GW (Figure S3). Figure 2 (c), (d), and (e) show the
latitude-time distribution of the meridional wind variations along the 175º W longitude sector at heights
of 50, 100 and 300 km, respectively. At all heights, wind variations with a phase speed of 310 m/s spread
from the epicenter. After the �rst GW, GWs with phase speeds of 200‒300 m/s follow.
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To investigate the upward propagation of GWs to the thermosphere in more detail, the energy �ux
associated with GWs are calculated. The upward and meridional energy �uxes associated with GWs are
estimated as , respectively (Miyoshi and Fujiwara, 2008). and are
density and geopotential �uctuation component, respectively, while  are meridional and vertical
wind �uctuation component, respectively. Figure 5 shows the upward and meridional energy �uxes
associated with GWs. The peak of the upward energy �ux just after the eruption (04‒05 UT) is located in
the troposphere near the Hunga-Tonga volcano. The peak of the upward energy �ux moves upward with
time. Namely, the peak is found at 50‒60 km (100‒120 km) height at 05‒06 UT (06‒07 UT). Based on
the results obtained in this study, we can conclude that GWs are excited in the troposphere and
propagates into the thermosphere. The neutral wind �uctuations caused by upward propagating GWs
produce the TEC variations via the neutral‒plasma interaction.

4. Discussions
The present study can reproduce TIDs after the arrival of the Lamb wave. GWs with horizontal phase
speeds of 200–310 m/s are excited in the troposphere near the Hunga-Tonga volcano, and propagate
upward into the thermosphere. Neutral wind perturbations associated with GWs induce ionospheric
variations via the neutral-plasma interaction. However, the TEC variations with phase speed of 400 and
720 m/s, which is faster than the sound speed in the troposphere, are observed after the Hunga-Tonga
eruption (e.g., Themens et al., 2022; Zhang et al., 2022). GAIA cannot simulate acoustic waves, because
the model is a hydrostatic model. Therefore, the present simulation cannot reproduce TEC variations that
travels faster than the sound speed. The numerical simulation using a non-hydrostatic model is
necessary to simulate these fast TEC variations. This is a subject of the future study. Moreover, Themens
et al. (2022) reported TEC variations with horizontal wavelength of 200‒500 km. The present study fails
to simulate these TEC variations with horizontal wavelength shorter than 400km, because of the
insu�cient horizontal resolution of the present model. To simulate TEC variations with horizonal
wavelengths of 200‒400 km, a numerical model with higher horizontal resolution (~ 50km) is required.
This is also a subject of the future study.

TEC variations triggered by the eruption appear before the arrival of the Lamb wave. Weak TEC variations
occur over the east China sea and Brasil at 09‒10 UT, and over Brazil, India and southern China at 10‒11
UT. These TEC variations cannot be explained by upward propagation of GWs shown in this study. Saito
et al. (2022) and Shinbori et al. (2022) showed that TIDs excited by the eruption was observed over
Japan at 07‒08 UT. They suggested that TEC/TID variations before the arrival of the Lamb wave are
explained by electric �eld perturbations in the ionosphere. These electric perturbations are generated by
neutral wind perturbations in the SH via the E-region dynamo process and are transmitted from the SH to
the NH along the magnetic �eld line (Iyemori et al., 2022; Shinbori et al., 2022). The TEC variations before
the arrival of the Lamb wave obtained in this study are probably due to this process. Another prominent
feature in TEC variations near the eruption region is that a strong long-lasting depletion occurred after a
large TEC increase (Astafyeva et al. 2022; Aa et al. 2022). Such depletion in TEC was not reproduced in

ρv′
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our simulation. However, these topics are beyond the scope of the present paper, are subjects of the
future study.

Using the MIGHTI instrument on the ICON spacecraft, Harding et al. (2022) investigated the neutral wind
perturbations near the wavefront of the Lamb wave. The zonal wind perturbations at 100‒150 km height
over the north Atlantic Ocean at 14‒15 UT exceed 100 m/s, and have the horizontal wavelengths
between 3000 and 5000 km, which are not a single wave mode. Figure S4 shows the height‒longitude
distribution of the zonal wind perturbations at 35º N simulated in this study. The amplitudes of the wind
�uctuations at 300‒400 km are 60‒80 m/s. The wave structure is complicated, and does not have a
single wave mode. The phase front of the zonal wind perturbations slopes upward to the east. These
features of the simulated wind perturbations are quite similar to those of the MIGHTI observation. Our
result suggests that the observed wind perturbations are likely due to the GWs triggered by the Hunga-
Tonga eruption. However, wind perturbations at 100‒150 km are between 30 and 40 m/s, which is
smaller than the observation by a factor of 3‒4. The simulated horizontal wavelength ranges between
1000‒2500 km, which is shorter than the observed wavelength. The number of the wind observation is
insu�cient to elucidate the relation between the effect of the eruption on the wind perturbations. We need
further studies to detect the wind perturbations triggered by the eruption.

5. Conclusion
Using an atmosphere-ionosphere coupled model GAIA, atmospheric and ionospheric perturbations
triggered by the Hunga-Tonga eruption have been studied. The features of the simulated TEC variations
agree well with those of the TEC observation. The main results are as follows.

1. The TEC variations are generated by the neutral wind perturbations associated with GWs.
2. GWs with horizontal phase speeds of 200–310 m/s are excited in the troposphere near the Hunga-

Tonga volcano, and propagates into the thermosphere. The amplitude of the meridional and zonal
wind perturbations due to GWs at 300 km height reaches 60‒80 m/s.

3. The eruption-generated GWs whose horizontal phase velocities are close to the sound speed play an
important role on variations in the T-I system.

Studies using GNSS/TEC analysis indicate TIDs propagating faster than the sound speed (e.g., Themens
et al., 2022; Lin et al., 2022; Zhang et al., 2022). Since GAIA is not able to simulate acoustic waves, the
TIDs that travel faster than the sound speed could not be reproduced. To investigate the fast-TIDs,
numerical simulation with a non-hydrostatic model is necessary. This is a subject of the future study.

Abbreviations
GAIA: The ground-to-topside of Atmosphere and Ionosphere for Aeronomy; GCM: General Circulation
Model; GNSS: Global Navigation Satellite System; GW: Gravity Wave; NH: Northern Hemisphere; SH:
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Southern Hemisphere; TEC: Total Electron Content; T-I: Thermosphere-Ionosphere; TID: Traveling
Ionospheric Disturbance. 
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Figure 1

Global distributions of TEC perturbation triggered by the Hunga-Tonga eruption on 15 January 2022 at 06
UT (a), at 07 UT (b), at 08 UT (c), at 09UT (d), at 10 UT (e), at 11 UT (f), at 12 UT (g), at 13 UT (h), and 14
UT(i). Units are TECU. A red asterisk indicates the location of the Hunga-Tonga volcano.
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Figure 2

Global distributions of the meridional wind perturbation at 300 km height triggered by the Hunga-Tonga
eruption on 15 January 2022 at 06 UT (a), at 07 UT (b), at 08 UT (c), at 09UT (d), at 10 UT (e), at 11 UT (f),
at 12 UT (g), at 13 UT (h), and 14 UT (i). Units are m/s. A red asterisk indicates the location of the Hunga-
Tonga volcano.
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Figure 3

(a) Latitude‒time distribution of TEC perturbation along the 175º W longitude sector on 15 January
2022. Units are TECU. A red asterisk indicates the location of the Hunga-Tonga volcano. (b) As in Figure
3(a) but for the surface pressure. Units are hPa. (c) As in Figure 3(a) but for the meridional wind
perturbation at 50 km. Units are m/s. (d) As in Figure 3(a) but for the meridional wind perturbation at 100
km. (e) As in Figure 3(a) but for the meridional wind perturbation at 300 km.
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Figure 4

Height‒latitude distribution of the meridional wind perturbation along the 175º E longitude sector on 15
January 2022 at 06 UT (a), at 08 UT (b), and at 10 UT (c). Red arrows indicate the Lamb wave. A red
asterisk indicates the location of the Hunga-Tonga volcano.
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Figure 5

(a) Height‒latitude distribution of the meridional energy �ux associated with GWs averaged a period
from 04:00 UT to 05:00 UT (vectors). Color contour indicates the upward energy �ux. (b) As in Figure 5(a)
but for a period from 05:00 UT to 06:00 UT. (c) As in Figure 5(a) but for a period from 06:00 UT to 07:00
UT. (d) As in Figure 5(a) but for a period from 07:00 UT to 08:00 UT. Units are kgm-1s-1.
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