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Abstract

A giant ionospheric hole was simultaneously detected in the in situ measurements of FORMOSAT-7/COSMIC-2
(F7/C2), lonospheric Connection Explorer (ICON), Swarm missions, and ground-based total electron content (TEC)

by global navigation satellite system receivers, and F7/C2 Global lonosphere Specification (GIS) data near Tonga, fol-
lowing the explosive volcano eruption on 15 January 2022. The TEC maps displayed the huge depletions that devel-
oped near Tonga after the eruption and gradually evolved. The ICON IVM, F7/C2 IVM and Swarm-LP detected large
depletions not only near Tonga, but also in the EIA trough region. The GIS observations clearly show the ionospheric
hole that extends spatially near Tonga, especially strongly south/southward. The simultaneous observations showed
that the ionosphere hole near Tonga combined with the EIA trough and finally evolved into a giant ionosphere hole
around 07 UT. The ionospheric hole, which occurred at 05 UT near Tonga, extended over a wide area of 160°-200°E
and 25°5-20°N and lasted for about 11 h. The F7/C2 and ICON satellites overpasses showed large ion density deple-
tions by the hole at orbit altitudes, accompanied by enhancements in ion temperature and field-aligned and perpen-
dicular ion drift. Such a long-lasting giant ionospheric hole by a seismic event has not been reported earlier, creating
a unique ionospheric environment near Tonga after the eruption. The strong successive impulses by multiple volcano
eruptions, together with O/N, decrease in the summer hemisphere, interhemispheric wind, and water vapor injec-
tion into high altitudes apparently yielded such a giant ionospheric hole, 4-6 times larger than that observed dur-
ing the Tohoku earthquake.

Key points

1. The simultaneous measurements reveal the evolution of the ionospheric hole after the Tonga volcanic eruption.

2. The ionospheric hole that had occurred near Tonga merged with the EIA trough depletion in the northern hemi-
sphere, forming a giant ionospheric hole.

3. The long-lasting giant ionospheric hole is caused by impulsive pressure, trans-equatorial wind, O/N2 depletion,
and water vapor injection.
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Introduction

Natural hazards such as volcanic eruption, earthquake,
and severe weather events generate acoustic and grav-
ity waves that propagate vertically upward and cause
significant perturbations in the ionosphere (e.g., Asta-
fyeva and Afraimovich 2006; Astafyeva et al. 2019; Chou
et al. 2017a; 2017b; Dautermann et al. 2009a; 2009b;
Heki et al. 2006a, b; Liu et al. 1982, 20064, b; 2010; 2011;
2016; Nakashima et al. 2016; Otsuka et al. 2006; Shina-
gawa et al. 2007; Shults et al. 2016; Sun et al. 2016). These
ionospheric perturbations carry signatures of the genera-
tion and propagation characteristics of the atmospheric
waves triggered after such events and enable further
understanding of the atmosphere—ionosphere coupling
and the associated electrodynamics. Apart from such
perturbations, a noticeable decrease in total electron
content (TEC) over a localized region near the epicenter,
appearing as an “ionization hole’, was reported following
the M9.0 Tohoku earthquake of 11 March 2011 (Tsugawa
et al. 2011; Saito et al. 2011; Kakinami et al. 2012; Asta-
fyeva et al. 2013). The generation of the ionization hole
has been reproduced by numerical simulations resulting
from the nonlinear impacts of acoustic waves (Shinagawa
et al. 2013; Zettergren et al. 2015, 2017; Zettergren and
Snively 2019).

The recent eruption of the underwater volcano in
Hunga Tonga-Hunga Ha’apai (hereafter Tonga) (184.6°E,
20.54°S) around 04:10 UT on 15 January 2022 produced
unprecedented perturbations throughout the atmosphere
(Adam 2022; Gusman and Rodger 2022; Wright et al.
2022). The ash plume penetrated the stratosphere and
reached the mesosphere (altitude of 58 km) (Bates and
Carlowicz 2022). The roar from this eruption was also

heard in Alaska, 8000 km away from Tonga (Global Vol-
canism Program 2022). Several studies reported that the
Tonga volcanic eruption caused significant atmospheric
waves that propagated globally with the velocity of Lamb
waves (Amores et al. 2022; Harding et al. 2022; Lin et al.
2022; Themens et al. 2022; Wright et al. 2022). Such stud-
ies examined the ionosphere variations from a global per-
spective, propagating to several thousands of kilometers
from the eruption source. However, the Tonga eruption
also produced large depletion in TEC measurements
(Astafyeva et al. 2022), as reported following the Tohoku
earthquake.

We investigate the evolution of a giant ionosphere hole
after the eruption of the Tonga volcano, which persisted
for~11 h over a wide area of 160-200°E and 25°S—20°N
by using ion-density measurements by FORMOSAT-7/
COSMIC-2 (F7/C2), Ionospheric Connection Explorer
(ICON), Swarm satellites, and F7/C2 Global Ionosphere
Specification (GIS) electron density profiles constructed
by assimilating radio occultation (RO) and global naviga-
tion satellite system (GNSS) slant TECs (Lin et al. 2017a,
b; 2020), as well as TEC from ground-based GNSS net-
work. A number of recent investigations reported the
giant ionosphere hole in the low-latitude region near
Tonga following the eruption (Aa et al. 2022; Astafyeva
et al. 2022He et al., 2022). However, even in the equa-
torial region away from Tonga without ground GNSS
receivers, the F7/C2, ICON, Swarm and F7/C2 GIS
clearly observed large depletion in the EIA trough region.
The ionospheric hole near Tonga evolved into the giant
ionospheric hole with time as it was combined with the
EIA trough. The space-based and ground-based data
offer a unique opportunity to study ionospheric hole in
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detail, with high spatial and temporal resolution. This
paper focuses on observational evidence that ionospheric
holes near Tonga are combined with large depletion in
the EIA trough, and additional mechanisms for the for-
mation of giant ionospheric holes. In Sect. "Instruments”,
we describe the data and instruments. The observation
results are presented in Sect. "Results”. In Sect. "Discus-
sion"”, we discuss the characteristics of the ionospheric
hole. Conclusions are given in Sect. "Conclusions".

Instruments

The F7/C2 constellation consist of six satellites and was
launched on 25 June 2019 by the Falcon Heavy of US
Space Exploration Technologies Corporation (SpaceX)
from the Kennedy Space Center in Florida, USA, on to
a circular orbit at an altitude of ~700 km with 24° incli-
nation angle. The Ion Velocity Meter (IVM) onboard F7/
C2 measures in situ ion density, temperature, composi-
tion, and drift velocities in three directions with a data
rate of 1 Hz (Heelis et al. 2017). The combination of six
IVMs on each of the satellites provides the opportunity
to study ionospheric events by in situ measurements with
high spatial and temporal resolutions. In this study, satel-
lite#1 of F7/C2 (simplified as F7/C2E1), F7/C2E3, and F7/
C2E5 are used. In this paper we use the F7/C2 IVM Level
2 (ivmLv2) files. The ion density by F7/C2 IVM broadly
agrees with orbit electron density by the Tri-GNSS radio
occultation (RO) System (TGRS) (Chou et al. 2021; Chen
et al. 2021). The IVM provides three-dimensional ion
drift velocity for magnetic coordinates. Positive values
indicate upward for the perpendicular drift and north-
ward for the field-aligned drift, respectively. Since the
calibration and validation of the F7/C2 IVM velocities are
still underway, here we only examine the relative varia-
tion and direction of the velocities rather than the abso-
lute values. In addition to the F7/C2 IVM ion density, the
GIS electron density profiles constructed by assimilating
RO and GNSS slant TECs (Lin et al. 2017a, b; 2020) are
also used to examine the evolution and morphology of
the ionosphere holes.

ICON was launched in October 2019 to an altitude
near 580 km with an inclination angle of 27° (Immel et al.
2018). This study uses the ICON IVM measurements of
the ion density and field-aligned ion velocity with 1 s time
resolution. The ICON/IVM observations have been used
to monitor ionospheric irregularities, which showed sim-
ilar characteristics compared to the Ionospheric Plasma
and Electrodynamics Instrument (IPEI) onboard ROC-
SAT-1 (Park et al. 2021) and Global-scale Observations
of the Limb and Disk (GOLD), and Madrigal TEC meas-
urements (Park et al. 2022a). The IVM onboard ICON
is similar to those onboard F7/C2. In this study, we also
use the electron density from the Langmuir Probes (LP)
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instrument onboard the Swarm-Charlie satellite. The
Swarm-Charlie, one of the three satellites of the Swarm
mission of the European Space Agency (e.g., Olsen et al.
2013; Lithr et al. 2015), has a circular polar orbit at an
altitude of ~470 km with an inclination of 87.5°.

The GNSS TEC data from selected stations nearby
Tonga are also used in this study. The 30-s sampled
GNSS observations are used to derive vertical TEC at a
sub-ionospheric altitude of 300 km, with a low elevation
cut-oft of 20° (Liu et al. 1996). A comparative study of
two-dimensional TEC maps and IVM density is used to
investigate the evolution of the ionosphere hole. In this
paper, we use hourly median TEC maps by binning the
measurements over 1°x1° latitude/longitude grids due
to the sparse spatial coverage near Tonga. The details
about the various data sources are provided in the Open
Research section.

To understand the influence of thermosphere back-
ground conditions on the generation of the long-
lasting giant ionosphere hole, we used not only the
measurements of the thermospheric O/N2 ratio but also
thermospheric neutral density. The Thermosphere Iono-
sphere Mesosphere Energetics and Dynamics (TIMED)
satellite is in a circular orbit at 625 km with an inclination
of 74°. The Global Ultraviolet Imager (GUVI) instrument
onboard TIMED satellite provides the thermospheric O/
N2 column density ratio (Paxton et al. 1999; Paxton et al.
2004; Christensen et al. 2003). In this study, we use the
O/N2 data in Level 3, which are given in IDL save file.

The Gravity Recovery and Climate Experiment Fol-
low-On (GRACE-FO) mission, consisting of two space-
crafts, was launched on 22 May 2018 into a near-polar
orbit (inclination of 89°) with an initial altitude of about
490 km. The GRACE-FO electron density is the averaged
electron density over~220 km, which is calculated by
dividing the horizontal TEC between the two GRACE-FO
satellites by the inter-spacecraft distance (~220 km): see
also Xiong et al. (2010) and Lithr and Xiong (2010). The
thermospheric neutral density is measured by an accel-
erometer onboard GRACE-FO (Kornfeld et al. 2019).
We use the GRACE-FO data at the ESA official web site:
DNS folder (file identifier: GF_OPER_DNS1ACC_2) for
thermospheric neutral density and NE folder (file identi-
fier: GF_OPER_NE__KBR_2F) for electron density.

Results

Figure 1 shows a significant depletion of vertical TEC
over six GNSS stations (NMEA, TUVA, USP1, SAMO,
RAUL, CKIS) in selected Global Positioning System
(GPS) satellites (pseudo-random noise (PRN) codes
PRN#10,21,32) near Tonga during the volcanic erup-
tion from 04:00 to 09:00 UT on 15 January 2022. In the
left panel, the red star indicates the location of Tonga,
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Fig. 1 Times series of vertical TEC during Tonga volcanic eruption on 15 January 2022. (Left) The colored line and blue triangle indicate

the trajectory of the ionospheric pierce point (IPP) during 4-9 UT and the location of GNSS station. The IPP are calculated assuming an ionospheric
shell height of 300 km. The filled black and white circles on the trajectories indicate the beginning and end of the IPP location. The red star denotes
the location of Tonga (184.6°E, 20.5°S). (Right) The variations of vertical TEC measured from six stations near Tonga for PRN#10(red), PRN#23(blue),
and PRN#32(green). The black vertical dashed lines indicate the time of the 2022 Tonga volcanic eruption

and the blue triangles indicate the position of each sta-
tion. The time series of TEC (right panels) exhibit a
wave-like perturbation, with a sharp increase and then
a large decrease. N-shaped TEC enhancement could be
observed momentarily during the volcanic eruption. The
onset time of the TEC enhancement depends on the dis-
tance between Tonga and the GNSS receiving stations.
The stations closer to Tonga (TUVA, USP1, and RAUL)
observed about three such enhancements between 5 and
6 UT, while stations relatively far from Tonga observed
such enhancements after this period. Such TEC enhance-
ments, related to the initial shock acoustic wave (Aa et al.
2022), are followed by large TEC depletions.

TEC in IPP trajectories close to Tonga (USP1, SAMO,
TUVA, RAUL) decreased gradually from post-volcanic
eruption to 6 UT, while TEC in the distant trajecto-
ries (NMEA, CKIS) decreased rapidly around 6 UT. In
the CKIS station, the trajectory by CKIS-PRN32 passes
through the region closer to Tonga compared to the oth-
ers. The TEC variation shows a similar pattern for each
satellite, but TEC by the CKIS-PRN32 is significantly
reduced compared to CKIS-PRN10 and CKIS-PRN23.

Figures 2 and 3 show the temporal and spatial evo-
lution of the huge plasma depletions near Tonga after
the volcanic eruption: two-dimensional TEC maps
(Figs. 2a—d, h—j, 3a—d, g—j), F7/C2 IVM and ICON IVM
ion density (Figs. 2e—g, k-m, 3e, f, k-m), and Swarm-
Charlie LP (Fig. 2n) between 0500 and 1900 UT on 15
January 2022. The magnetic coordinates are defined
based on the quasi-dipole Apex coordinate system
(Richmond 1995; Laundal and Richmond 2017). The

black, blue, and green curved dashed lines represent
the ground, E-region, and F-region sunset terminator
location, and the grey dashed lines correspond to the
night side. In the in situ measurements of satellites, the
red vertical dotted line indicates the longitude position
of Tonga. The TEC variation and plasma density over
the longitude near Tonga are contrasted with the neigh-
boring region of 140°E ~ 160°E and 200°E ~ 220°E. The
location and local time of TEC depletion are consistent
with those of in situ plasma density depletion measured
by satellites. The nearly simultaneous and co-located
observations of the F7/C2 IVM (~ 550 km altitude) and
the ICON IVM (~ 600 km altitude) show nearly identi-
cal ion density depletion with each other (Fig. 2f).

The TEC map during 0400 ~ 0500 UT (Fig. 2a) shows
the background ionosphere near Tonga before the
eruption as a reference. No such decrease in the TEC
distribution near Tonga was observed prior to the
eruption (Fig. 2a) and on the previous day 14 January
(Fig. 4). The huge plasma depletions observed on Jan-
uary 15, 2022 are thus associated with the Tonga vol-
canic eruption.

Figure 2b and 2e reveals the early stage of the deple-
tion near Tonga after the eruption. The depletion
caused by the eruption is almost identical to a rocket-
induced ionospheric hole (e.g., Chou et al. 2018; Lin
et al. 2017a, b; Park et al. 2022b). Since the ionospheric
hole near Tonga appears in the observations even
before sunset, it is unlikely to be the depletion signa-
ture of the equatorial plasma bubble, which generally
occurs after sunset (e.g., Woodman 2009).
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Fig. 2 Evolution of the ionospheric hole by simultaneous measurements of the TEC map and F7/C2 IVM ion density during the Tonga

volcanic eruption (04-11 UT). a-d, h—j) Satellite trajectory and (e-g, k—n) measurements of plasma density from F7/C2E2, C2E3, C2ES5, ICON,

and Swarm-Charlie are indicated by green/blue/black/purple/black horizontal lines, respectively. The curved dashed lines represent the ground
(black), E-region (blue), and F-region (green) sunset terminator location, respectively, and grey area corresponds to the night side. The gray line

and black numbers indicate the magnetic field line and magnetic latitude values, respectively. The star mark on the TEC map represents the location
of the Tonga volcanic eruption. The color circles in satellite trajectory and plasma density indicate the location of minimum plasma density

near the longitude of Tonga (180°~ 190°E)

The TEC depletion showed that the ionospheric
hole spatially expands near Tonga with time, especially
strongly in the south/southward direction. Figure 5
shows the electron density at an altitude of 300 km dur-
ing eruption obtained from the global ionosphere specifi-
cations (GIS).

Similar to the TEC map, the GIS electron density
showed clearly the evolution of the ionospheric hole near
Tonga on 15 January, extending in the south/southwest-
ward direction (Fig. 5).

On January 15, in Fig. 5, the equatorial ionization
anomaly (EIA) is identified by an electron density
trough over the magnetic equator as well as two crests of
enhanced electron density at about 15° north and south
of the magnetic equator. The F7/C2 and ICON satel-
lites not only observed the ionospheric hole near Tonga,
but also observed a broad depletion with a zonal width
greater than thousands of kilometers at the equatorial

ionospheric anomaly (EIA) trough region (Fig. 2f and k).
The EIA trough depletion gradually develops westward
along the sunset terminator. The ionospheric hole near
Tonga has a V-shaped structure with a minimum value in
the vicinity of Tonga, whereas the EIA trough depletion
has a relatively wider and deeper structure from the early
stage after the eruption. The ionosphere hole near Tonga
combined with the EIA trough depletion and finally
evolved into a giant ionosphere hole around 07 UT. The
ionospheric hole near Tonga also reached almost the
same depth as the EIA trough depletion around 10 UT
(C2E5 of Fig. 2m). Swarm-Charlie-LP observed the giant
ionospheric hole formed from 10°S to 20°N (Fig. 2n). The
giant ionospheric hole extended over a wide region of
160°-200°E and 25°S-20°N and lasted for about 11 h (05—
16 UT).

The giant ionospheric hole is characterized by a large
depletion reaching a minimum density of ~ 10%¢cm—3
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Fig.3 Same as Fig. 2 but for 11-19 UT

(Fig. 2m and 2n). The depth and duration of the giant
ionospheric hole caused by the Tonga volcanic eruption
are overwhelmingly larger than that of plasma deple-
tion caused by other natural hazards. In Figs. 1 and 2,
the TEC depletion depth (~10 TECu) by the Tonga vol-
canic eruption was significantly greater compared to the
depletion depth by the Tohoku earthquake (~5 TECu)
(Saito et al. 2011). The maximum density reduction at the
ionospheric hole according to the in situ measurements
is ~ 4 x 10*cm™3 (Fig. 2), which is significantly greater
than the ~ 2 x 103cm~3 reduction detected by ROC-
SAT-1 at an altitude of 600 km during the large magnetic
storms of 29 October 2003 (Kil et al. 2006b, Fig. 4b).
The ionospheric hole lasted for 11 h (05-16 UT) during
Tonga volcanic eruption (Figs. 2 and 3), while the one in
the Tohoku earthquake lasted for ~1 h. The giant iono-
spheric hole driven by the Tonga volcanic eruption has
a longer time duration and stronger depletion effects on
the ionosphere than other natural hazards.

Figure 6 presents the dynamic plasma conditions
within the ionospheric hole near Tonga, depicting the
plasma temperature and parallel and perpendicular drift
observed by F7/C2 and ICON IVMs. In the first row, the
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blue lines represent the satellite trajectory, and the black
dashed line depicts the magnetic equator. The black, blue,
the green curved dashed lines indicate the sunset termi-
nator in the ground, E-region, and F-region, respectively,
and the grey shade region corresponds to night side.
The orbits of F7/C2 and ICON satellites passed close to
volcanic eruption while successfully performing in situ
observation of ion density (second row), temperature
(third row), field-aligned drift velocity (fourth row), and
perpendicular drift velocity (fifth row). The giant iono-
spheric hole is detected with enhanced ion temperature
and strong perturbations of field-aligned and perpen-
dicular ion drift velocities near Tonga during a volcanic
eruption. The ion temperature showed a substantial dif-
ference from the ambient temperature, reaching up to
4000 K. Near Tonga, overall field-aligned and perpendic-
ular drifts are southward (i.e., poleward) and downward
(i.e., toward lower L-shells), respectively.

The ion temperature enhancement at the ionospheric
hole accompanied by poleward ion flow may be inter-
preted in the context of Su et al. (2003) and Huba et al.
(2009). The two papers addressed ion temperature
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enhancement inside density depletions using observa-
tions and simulations, respectively. Both suggested that
field-aligned poleward transport of ions and concomi-
tant compressional heating can lead to temperature
enhancement. Huba et al. (2009) mentioned that ion
temperature enhancement is affected by enhancement
of large drift velocity due to ion-neutral frictional heat-
ing. Although the IVM drift velocity is not well cali-
brated, the fluctuating velocity of perpendicular drift
is as large as 200 m/s. Such large perpendicular drift
could also be a possible cause of the ion temperature
enhancement through frictional heating.In Fig. 6a-d
(05:11 UT), the longitude of minimum ion density cor-
responds to that of the maximum field-aligned drift
velocity. However, the longitude of the maximum ion
temperature is slightly westward, consistent with the
longitude of the Tonga volcanic eruption. The longi-
tude difference may be related to the strong impulse by
the volcano eruption. This impulse not only affects the
plasma temperature at an altitude of F7/C2 and ICON
above the epicenter, but also pushes the plasma away
from Tonga along the magnetic field line.
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Discussion

Using multiple point observations, we demonstrated
that significant plasma depletion in the ionosphere is
produced by Tonga volcanic eruption. The simultane-
ous observations of F7/C2, ICON, Swarm and TEC map
show that the ionospheric hole near Tonga evolved into
the giant ionospheric hole by combining itself with the
EIA trough. Also, there are significant variations in ion
temperature, and field-aligned and perpendicular drift
near Tonga. Possible drivers that could result in the
depletion are discussed as follows.

Shinagawa et al. (2013) performed a two-dimensional
(altitude—latitude) simulation of the ionospheric hole
occurring near the epicenter during the Tohoku earth-
quake. They find that a pressure bulge is created by the
acoustic wave of the earthquake origin and leads to
depletion. For the event presented here, the GRACE-
FO satellite detects both the Tonga depletion and the
equatorial trough (Fig. 7b), where the reduction of ther-
mospheric neutral density also exhibited strong fluctu-
ations (Fig. 7c). The impulsive bulge can cause localized
divergence of the neutral wind and field-aligned ion
motion, resulting in significant neutral and plasma
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line denotes the magnetic equator and the shaded region corresponds to the post-sunset period. The blue and green curves denote the sunset

terminator in the E- and F-regions, respectively

density depletion above the epicenter. The schematic
diagram in Fig. 8 illustrates the ionospheric hole around
Tonga driven by the volcanic eruption according to this
mechanism. The impulsive pressure pulse from vol-
canic eruption may have resulted in a significant expan-
sion of the neutral atmosphere in the radial direction
due to pressure gradient force, which drove the plasma
along the magnetic field line away from the volcano.
According to the simulation of Shinagawa et al. (2013),
field-aligned plasma drift depends on the location of
the eruption. The plasma motion is poleward/down-
ward in the north of the epicenter and equatorward/
upward in the south for the Tohoku earthquake in the
northern hemisphere. Thus, the expected motion of
plasma for the southern hemisphere is poleward/down-
ward to the south of Tonga and equatorward/upward to
its north (Fig. 8). At 05:11 UT in Fig. 6, the C2E2 trajec-
tory moves from west to east as time progresses, show-
ing a closer approach to the equatorial region. In the
ionospheric hole near Tonga, the field-aligned plasma
drift changes rapidly from southward to northward
with latitude. The plasma drift predicted by Shinagawa
et al (2013) seems to generally agree with the in situ
measurements of plasma drift during Tonga volcanic
eruption. However, the instantaneous northward drift
within the strong southward drift at 07:27 UT, 10:03
UT, and 11:46 UT indicates that subtle differences also

existed between actual observations and models for
plasma drift around Tonga.

Saito et al. (2011) and Shinagawa et al. (2013) show
that an ionospheric hole which occurred by the Tohoku
earthquake only formed near the epicenter and expands
in the radial direction. However, Zettergren et al (2017)
reported a deeper ionospheric hole in the equatorial
direction, due to the poleward/downward transport
of plasma from equatorward to poleward. Kanai et al.
(2022) improved the coverage of TEC data using Gauss-
ian process regression and found that the TEC depletion
extends more equatorward than poleward from the epi-
center. On the other hand, Otsuka et al. (2006) discuss
that the acoustic-gravity wave perturbations are more
prominent in observations at the equatorward direction
than poleward of epicenter due to that the wave fronts
are aligned/perpendicular to the magnetic field line at
equatorward/poleward direction. The mechanism is
similar to that of Heki and Ping (2005). Shinagawa et al.
(2007) suggest that at the equatorward of lower latitude,
the magnetic field line is more horizontal and thereby
the waves propagating along it experience the compres-
sion. However, at the poleward direction of the perturba-
tion source, the magnetic field line has larger dip angle,
and the ions are forced to lower altitude by neutral winds
and lost more rapidly through ion-chemistry effects.
The effect described by Shinagawa et al. (2007) fits our
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plasma density near the longitude of Tonga (180°~ 190°F)

density hole observations better. The ionospheric hole
near Tonga has evolved with a stronger spatial extension
to the south/southwest rather than equatorward (Figs. 2
and 5), with the field-aligned drift after the volcano erup-
tion being mostly poleward (Fig. 6). The strong poleward
drift is also observed by C2E5 in the north of Tonga
(Fig. 6f and 6i). The plasma around Tonga flew out pole-
ward along the magnetic field line until at least 11:46 UT.
The strong poleward plasma transport can influence the
evolution of the ionospheric hole near Tonga, resulting
in the south/southwestward expansion and deepening of
the ionospheric hole in low latitude. Thus, the morphol-
ogy of the Tonga ionosphere hole, which also lasted for a
much longer duration, appears different from that during
the Tohoku event.

The simulation model of the Tohoku earthquake needs
to be supplemented to explain the much deepened and

long-lasting ionospheric hole driven by the Tonga vol-
canic eruption. One possible factor is the strong succes-
sive impulses from volcanic eruptions. In Fig. 1, the TEC
enhancement and depletion repeat at the SAMO station
in the initial stage of the eruption, which means that the
transport and recombination process by atmospheric
expansion repeatedly affects the ionosphere. Aa et al
(2022) showed that acoustic wave impulses result in cas-
cading TEC depletion. Astafyeva et al. (2022) reported
five large explosions between 4 and 5 UT during the
Tonga volcanic eruption. Repetitive neutral atmospheric
expansion by successive volcanic eruptions may play an
important role in the long-lasting ionospheric hole.
Additional factors that might have deepened the iono-
sphere hole could be the field-aligned plasma transport
due to the interhemispheric wind (hereafter, interhemi-
spheric wind) in the solstice conditions, and the seasonal
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O/N2 pattern. In solstices, the interhemispheric wind
generally transports plasma from the summer to the win-
ter hemisphere. However, in the evening period when the
volcano erupted, the interhemispheric wind in the sum-
mer hemisphere tends to be stronger equatorward from
the latitude of Tonga, compared to middle and high lati-
tudes (Lin 2005; Lin et al. 2012), as denoted by the green
arrows in Fig. 8. This divergent meridional wind will
transport plasma equatorward/upward from Tonga, fur-
ther depleting the ionization there. The reduced O/N2 in
the summer hemisphere due to upwelling (Fuller-Rowell
et al. 1996), as sketched in Fig. 8, could further contrib-
ute to lowering the electron density above Tonga. Note
that, the storm recovery conditions over this longitude
in the evening sector following a geomagnetic storm had
already weakened the electron density over the southern
EIA latitudes (Rajesh et al. 2022).

Figure 9 shows the O/N2 ratio map from GUVI on
13-15 January 2020. The lower ratio in the longitude
of 300-330°E and the latitude of 10°S-40°S is due to
South Atlantic Anomaly (SAA). On 14 January, the O/
N2 depletion extended further equatorward due to the
impact of the geomagnetic storm, covering Australia.
On January 15, the contrast of the O/N2 ratio between
the southern and northern hemispheres was more pro-
nounced. The reduced O/N2 ratio appeared near Tonga
on 15 January 2022. It is interesting to note that the O/N2
ratio on the 14th was maintained over the Pacific Ocean
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as usual, but on the 15th, it decreased noticeably with
magnetic latitude. Astafyeva et al. (2022) suggested that
the Tonga ionospheric hole is more strongly sustained by
the storm effect. However, geomagnetic storms the day
before the eruption did not appear to have significantly
affected the O/N2 ratio near Tonga. He et al. (2022) mod-
eled the thermosphere O/N2 ratio using TIEGCM, and
found that the O/N2-depleted region was more affected
by volcanic eruptions. The depletion of the O/N2 ratio
over the southern Pacific on January 15 was likely due to
the effects of volcanic eruptions rather than storms. This
may also have contributed to the long-lasting giant iono-
spheric depletion.

It is noted that the in situ satellite measurements of
ion density show that the EIA trough was accompa-
nied by nighttime plasma bubbles, unlike those density
holes observed near Tonga. The equatorial region enters
nightside at the onset of a volcanic eruption. The day-
side ionospheric hole in the equatorial region exhibits
smooth density without substructures (C2E2 and C2E5
of Fig. 2e). After sunset, plasma bubbles are observed
within the large depletion region (Fig. 3f and k). However,
the ionospheric hole signatures observed near Tonga do
not show any strong irregularities (Fig. 31 and m). Intense
plasma bubbles reaching magnetic latitudes of 35°N were
observed in the Asia—Pacific region (100-160°E) (Rajesh
et al. 2022), whereas no bubbles appeared in Tonga (mag-
netic latitudes of 30°S). Rajesh et al. (2022) suggested
that the Lamb and gravity waves generated by the vol-
cano propagated out away from Tonga and met the sharp
plasma density gradient to trigger intense plasma bub-
bles. The reason that such stronger bubbles were not seen
over Tonga might be that these conditions are not satis-
fied during the sunset period.

The ICON detected the sharp increase in plasma den-
sity at both boundaries of the ionospheric hole (Fig. 2f
and k). The reduced O/N2 ratio can cause the structure
of ionospheric holes by decreasing plasma density in
the EIA crest region. However, this cannot explain the
plasma density enhancements in the boundaries. The
Tonga volcano may induce strong upward plasma drift.
As the EIA structure is lifted up due to upward ExB
drift, the plasma can diffuse down along the geomag-
netic field lines and away from the equator. When the F7/
C2 and ICON pass through this structure, two satellites
detected intense perpendicular drift (Fig. 10e, j, o) in the
EIA trough depletion. Moreover, the field-aligned drifts
of the northern and southern hemispheres are northward
(Fig. 10d) and southward (Fig. 10i), respectively, and con-
sequently away from the magnetic equator. The two sharp
peaks at the boundary of the ionospheric hole indicate
the ExB effect drift by intense prereversal enhancement
(PRE). Rajesh et al. (2022) reported such intense PRE
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on January 15, 2022, even though it was during the sol-
stice period. They suggested that combining the Lamb-
wave effect over the equator and the weakened EIA
crests driven by the magnetic storm may cause the very
intense PRE. The intensification of PRE is contributed
by the combined effects of the storm time disturbances
and composition changes during the recovery phase,
which weakened the EIA at daytime and resulted in

longitude (deg.)

Longitude (deg.)

sharper electron density gradient. They explain that the
weakened EIA crest enabled efficient zonal circulation,
and the wind over the EIA region plays a crucial role in
enhancing the PRE. This, together with the perturbations
resulting from the volcano eruption yielded the unusu-
ally intense PRE. The much more intensified northern
EIA around 0630 UT in Fig. 5 is the result of the intensi-
fied PRE. The enhanced PRE produced a deep equatorial
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trough (Fig. 5), and the extended region of the depleted
plasma density progressively appears over the equatorial
regions expanding to western longitudes with sunset. The
Tonga ionosphere hole subsequently evolves over to the
southern EIA crest latitude, diminishing the effects of
PRE over this region after 0530 UT (Fig. 5). Note that the
southern hemisphere EIA crests were already weakened
due to the effects of the magnetic storm (c.f., Rajesh et al.
2022). Moreover, the IVM measurements after 0511 UT
indicate that the plasma transport resulting from the vol-
cano induced perturbations was predominantly poleward
in the later hours (Fig. 3). Eventually, the two depleted
regions almost overlap, with a very narrow separation
between them in the GIS map. The sketch in Fig. 8 illus-
trates the merging of the EIA trough depletion with the
depleted region near Tonga, leading to the giant iono-
sphere hole. Note that the sketch only provides a meridi-
onal view of the impact of the enhanced PRE indicated by
the arrows, and the bird view of the GIS map illustrates
the resulting electron density distribution in the evening
period. Eventually, the depth of the ionosphere hole near
Tonga is almost identical to that of the EIA trough (C2E5
of Fig. 2m, Swarm of Fig. 2n).

The Tonga volcanic eruption also injected a large
amount of water vapor into the thermosphere, affect-
ing the UV emissions observed by DMSP F-16/SSUSI
over Tonga (Paxton et al, 2022).This may have a sce-
nario similar to the ionospheric holes resulting from
rocket launches (Bernhardt et al. 2001; Chou et al. 2018;
Lin et al. 2014; 2017a, b; Liu et al. 2018; Park et al. 2016;
2022b), due to the recombination of ionospheric oxygen
ions and water molecules in the rocket exhaust, which
reduces the oxygen ion and electron densities. The water
vapor induced photochemical processes likely resulted
in the absorption of the thermospheric emissions at dif-
ferent wavelengths, such as 121.6 nm, 135.6 nm and
130.4 nm (not shown here), causing a decrease in their
intensities. Thus, the large amount of water vapor due to
the Tonga volcanic eruption might also be partly respon-
sible for the creation of a strong and long-lasting iono-
spheric hole.

Conclusions

In this study, we have investigated the evolution of the
giant ionospheric hole during the 2022 Tonga volcanic
eruption using TEC, F7/C2, ICON, Swarm, and GIS
observations. The giant ionospheric hole extended over a
wide region of 160°-200°E and 25°S-20°N and lasted for
about 11 h (05-16 UT). The main findings can be sum-
marized as follows:

1. The ionospheric hole near Tonga strongly expanded
southward due to strong poleward drift along the
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magnetic field lines. A deep EIA trough emerged
above the magnetic equator due to the intense
upward drift observed by F7/C2 and ICON.

2. The simultaneous observations showed that the ion-
osphere hole near Tonga combined itself with the
EIA trough and finally evolved into the giant iono-
sphere hole around 07 UT.

3. The plasma inside the ionospheric hole had an
enhancement of temperature, strong perturbation
of field-aligned drift and perpendicular drift. The
ionospheric hole was accompanied by thermospheric
neutral density depletion.

4. The impulsive pressure by successive eruptions,
trans-equatorial wind, O/N2 depletion, and water
vapor injection into high altitude were suggested
as possible factors that contributed to the huge and
long-lasting ionosphere hole after Tonga volcanic
eruption.

To understand the mechanism of this unprecedented
ionospheric hole by Tonga volcanic eruption, it is nec-
essary to perform a modeling study on how the strong
successive impulses and interhemispheric wind change
the motion and density of the ionospheric plasma.
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