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Key Points:
e The height-time-amplitude plots showed that the echoes from E; layer were much disturbed on the 2022 Tonga volcano day.
e The occurrance of E; being intermittent in the nighttime was probably caused by the arriving of the Lamb waves induced by the
volcano eruption.
e Eruption of the volcano disturbed the horizontal wind in the mesosphere and low thermosphere region, which may contribute to the
E, disturbances in the nighttime.
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Abstract: In this study, ionosonde observations over Fuke (19.5°N, 109.1°E), Wuhan (30.5°N, 114.4°E), and Mohe (53.5°N, 122.3°E) were
analyzed to demonstrate the responses of the sporadic E () to the severe atmospheric disturbances caused by the Tonga volcanic
eruptions on January 15, 2022. The most prominent signature was the disappearance of the layer after ~10:00 UT over Wuhan and Fuke,
which was attributed to the vertical drift caused by the eruptions. The occurred intermittently after 13:00 UT following the arrival of the
tropospheric Lamb wave. To examine the causal mechanism for the intermittence, we also included data of horizontal winds in the
mesosphere and lower thermosphere region recorded by the meteor radars at Wuhan and Mohe in this study. The wind disturbances
with periods of ~20 hours contributed to the formation of the layer in the nighttime on January 15.
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1. Introduction 109.1°E), Hainan Province; Wuhan (30.5°N, 114.4°E), Hubei

Numerous studies have demonstrated that eruptions of the
underwater volcano near the Hunga Tonga-Hunga Ha’'apai Island
(20.55°S, 175.39°W), Kingdom of Tonga, after 04:10 universal time
(UT) on January 15, 2022, triggered significant atmospheric and
ionospheric disturbances, with the majority of the research focus-
ing on the effects in the ionospheric F region (Chen CH et al.,
2023; Shinbori et al., 2023, and references in). This event led to
several notable phenomena, including interhemispheric electro-
dynamic coupling, substantial E x B drifts, and extreme plasma
bubbles in the F region (e.g., Aa et al,, 2022; Gasque et al., 2022;
Lin JT et al,, 2022; Rajesh et al.,, 2022; Shinbori et al., 2022; Sun WJ
et al,, 2022; Huba et al., 2023), marking new discoveries. The erup-
tions caused global disturbances of the electronic current in the
ionospheric E region at ~100 km altitude (Liu JY et al., 2023).
However, the response of the E-region density structure, such as
sporadic E (), to the eruptions has not been investigated.

This study presents findings on the eruption-induced disturbances
in , as observed by three ionosondes located at Fuke (19.5°N,
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Province; and Mohe (53.5°N, 122.3°E), Heilongjiang Province. The
ionosondes recorded notable plasma drifts subsequent to the
eruptions on January 15 (Sun WJ et al,, 2022; Qiu SC et al., 2023),
despite being nearly 10,000 km distant from the Tonga volcano.
On the other hand, previous studies have shown significant
disturbances in the mesosphere and lower thermosphere (MLT)
region after the eruptions (Harding et al., 2022; Liu X et al., 2022).
Wind disturbances with periods of ~2 to 3 hours in the MLT region
were recorded by meteor radars (Poblet et al.,, 2023; Stober et al.,
2023). Therefore, we also included the horizontal wind observa-
tions as recorded by meteor radars in Wuhan and Mohe (Yu Y et
al.,, 2013; Liu LB et al., 2017) to examine the potential mechanisms
behind the disturbances.

2. Data and Methodology

The ionosondes and meteor radars are operated by the Meridian
Project, which is a ground-based network program aimed at
monitoring and investigating the solar-terrestrial space environ-
ment since 2012. The project comprises more than thirty stations
and near three hundred instruments situated along longitudes of
~100°-120°E, and latitudes of ~30°-40°N (https://data.meridian-
project.ac.cn). This collaborative effort involves more than ten
institutions or universities in China, spearheaded by the National
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Space Science Center of the Chinese Academy of Sciences (Wang
Cetal, 2022).

An ionosonde is a radar system that automatically transmits elec-
tromagnetic waves upward into the ionosphere and captures the
echoes reflected back to Earth. This process enables it to gather
data on the density structure of the ionosphere at various alti-
tudes. The data, presented as an ionogram, displays these echoes
as a function of altitude and frequency. The ionosondes at Wuhan
and Mohe recorded the ionograms every 15 minutes. The temporal
resolution for the ionograms recorded at Fuke is 5 minutes. This
study focuses on the ordinary-mode high-frequency echoes
between 80 and 200 km altitudes to study the behaviors. We also
converted the ionograms into height-time-amplitude (HTA)
contours to show the temporal evolution of the layer. The HTA is
the integration of the echo amplitude over the sounding frequen-
cies ranging from 1.0 to 15.0 MHz at each altitude from each iono-
gram, which shows the total echo amplitude as a function of the
virtual height and UT (Wang J et al., 2021).

Meteor radar measures neutral winds in the MLT region by utilizing
the reflection of electromagnetic waves from meteor trails. The
temporal resolution for the horizontal winds observed by the
meteor radars over Wuhan and Mohe is 1 hour from 70 to 110 km
altitudes (Yu Y et al,, 2013; Liu LB et al,, 2017). Note that data gaps
occur for the ionosonde data over Beijing after 10:00 UT. There-
fore, we did not include the data over Beijing in this study. The
wind data over Hainan in 2022 are unavailable. The
Hilbert—Huang transform is an efficient time—frequency analysis
method, designed to identify changes in non-stationary and
nonlinear disturbances within data sets. This transform computes
the instantaneous frequency (f) and amplitude from a time series.
The amplitudes are then averaged at each frequency—time (f—t)
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grid to create the Hilbert spectrum, H(f, t). The spectrum demon-
strates the temporal and frequency evolution (Sun YY et al., 2015,
2021) of wind disturbances following the eruptions.

3. Results

Figure 1 presents ionogram samples over Mohe, Wuhan, and
Fuke, captured at 07:00, 09:30, 11:00, 13:15, and 16:00 UT on
January 15, 2022. The ionograms at 07:00 UT for Wuhan and Fuke
illustrate well-defined F and E layers, indicating stability. By 09:30
UT, the ionograms exhibit a noticeable strengthening of the layer.
At 11:00 UT, the ionograms depict an uplifted F layer, coinciding
with the disappearance of the layer. The ionograms at 13:15 UT
reveal the occurrence of spread F and the return of the layer. By
16:00 UT, the ionograms display the presence of the layer in the
nighttime. Overall, the ionograms over Mohe (top panels) demon-
strate significantly weaker E-region echoes compared with those
over Wuhan (middle panels) and Fuke (bottom panels).

Figure 2 illustrates the HTA contours for ionograms at altitudes
ranging from 80 to 600 km over Fuke, Wuhan, and Mohe from
January 14 to 16, 2022. A sudden uplift of the F layer occurred
over Fuke and Wuhan after ~09:30 UT, which revealed the vertical
drift that was reported by numerous studies (e.g., Aa et al.,, 2022;
Rajesh et al., 2022; Sun WJ et al., 2022; Qiu SC et al., 2023). It is a
large-scale ionospheric disturbance caused by the eruption (e.g.,
Chen CH et al., 2022; Heki, 2022; Sun WJ et al., 2022). The spread-F
echoes appeared during the periods of ~12:45-16:00 UT and
~13:00-15:00 UT over Fuke and Wuhan, respectively, which indi-
cated the occurrence of plasma irregularities in the F region
caused by the eruptions (e.g., Aa et al., 2022; Rajesh et al., 2022;
Sun WJ et al., 2022; Huba et al.,, 2023). The echoes over Mohe are
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Figure 1. Examples of ionograms over (top row) Mohe, (middle row) Wuhan, and (bottom row) Fuke on January 15, 2022. The multi-hop echoes

have been removed from the ionograms by SAO Explorer.
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Figure 2. The HTA contours for ionograms from 80 to 600 km altitudes over Fuke, Wuhan, and Mohe. The dashed green line indicates 10:00 UT,
which corresponds to the ionospheric disturbance with a velocity of ~450 m/s. The solid white lines indicate 19:00 LT and 05:00 LT.

weaker than those over Wuhan and Fuke. Both the F and E layers
were disturbed after ~10:00 UT over Fuke and Wuhan (Figures 2b
and 2e), which corresponds to the ionospheric disturbance with a
velocity of ~450 m/s. The velocity was calculated by dividing the
distance between the station and the Tonga volcano by the time
difference between the occurrence of the disturbance and the
eruption.

Figure 3 illustrates the HTA plots for the echo intensity below
200 km altitude over the three stations. In Figure 3a, the layer
occurred mainly in the daytime and no occurred after 11:00 UT in
the nighttime over Fuke on January 14, which is one day before
the eruption day. In Figure 3b, the layer is stable before 10:00 UT,
but it is intermittent in the nighttime on January 15. We indicated
the arrival time of the tropospheric Lamb wave with a velocity of
310 m/s (e.g., Amores et al.,, 2022; Chen CH et al,, 2022; Yuen et al.,
2022). The layer occurred from ~12:50 to ~14:00 UT following the
arrival of the Lamb wave (Figure 3b). The E-region echoes
appeared again and were disturbed between 80 and 140 km from
15:30 to 21:00 UT. The layer is weak on January 16 (Figure 3c).

The layer is intense in the daytime but vanished after 14:00 UT
over Wuhan one day before the eruption day (Figure 3d). The
layer also disappeared suddenly after 10:00 UT on January 15
(Figure 3e). The echoes from the layer appeared again over
Wuhan after 15:00 UT and persisted throughout the entire night-

time. In Figure 3f, the layer is intense in the daytime but vanished
in the nighttime on January 16, one day after the eruption. Over-
all, the echoes are weak over Mohe from January 14 to 16 (right
column of Figure 3).

To examine the causal mechanism for the intermittence in the
nighttime on the eruption day, we further analyzed the MLT wind
recorded by the meteor radars at Wuhan and Mohe from January
14 to 16, 2022 (Figures 4 and 5). In Figure 4, the most prominent
signature is the northward wind that occurred at 87 to 103 km
altitudes over Wuhan from ~13:00 to ~20:00 UT on January 15
(Figure 4a). The wind disturbance reaches 60 m/s. In Figure 4b, the
westward and eastward wind disturbances are also notable near
12:00 and 19:00 UT on January 15. The wind disturbance is not
obvious over Mohe (Figure 5).

Figures 6 and 7 provide insights into the wind disturbances
caused by the eruption, when the wind speeds averaged between
altitudes of 90 and 100 km on January 15 were compared with the
January monthly mean and showcasing their dynamic spectra.
The top panels of Figure 6 reveal that, over Wuhan, the northward
wind surpasses the error margin of the monthly mean (one stan-
dard deviation) from 13:00 to 23:00 UT, peaking at ~15:00 UT.
Meanwhile, a westward wind disturbance falls below the error
margin from 10:00 to 14:00 UT and climbs above it around 19:00
UT. The lower panels of Figure 6 illustrate the Hilbert spectral anal-
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Figure 3. The HTA contours for ionograms over Fuke, Wuhan, and Mohe. In panels (b) and (e), the green and red dashed lines indicate the arrival
of the waves with velocities of 450 m/s at 10:00 UT and 310 m/s at 12:40 UT, respectively. The red rectangles indicate the occurrence of strong
spread F.
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Figure 4. (a) Meridional and (b) zonal winds in the MLT region over Wuhan from January 14 to 16, 2022.
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Figure 5. (a) Meridional and (b) zonal winds in the MLT region over Mohe from January 14 to 16, 2022.

ysis of the averaged wind speeds, indicating that the winds
exhibiting a ~20-hour period intensify after ~10:00 UT. Figure 7
illustrates that the wind disturbances over Mohe are less
pronounced than those over Wuhan, as shown in Figure 6. The
Hilbert spectra reveal a shift in the periodicity of the wind distur-
bances, evolving from approximately 10 hours to ~3 to 4 hours
after ~10:00 UT.

4, Discussion

The sudden disappearance of the layer over Wuhan and Fuke
after ~10:00 UT corresponds to the vertical drift that began after
~09:30 UT (e.g., Sun WJ et al., 2022). This phenomenon mirrors the
diminished strength of the layer observed over Chinese continent
during the solar eclipse on June 21, 2020 (Wang J et al,, 2021). The
underlying cause was attributed to the upward drift (Wang J et al.,
2022) caused by the eastward electric field, which has the effect of
weakening the layer (Abdu et al., 2013; Resende et al,, 2020). The
results also indicated that strong electrodynamical changes
caused large-scale ionospheric disturbances after the Tonga erup-
tions (Chen CH et al., 2023; Shinbori et al., 2023, and references in).
The echo descended and an layer occurred over Wuhan and Fuke
after ~15:00 UT (Figure 3), which is also similar to the occurrence
of the descending echoes after the maximum obscuration of the
2020 solstice eclipse (Wang J et al., 2021). The strong spread F and
began around 13:00 UT over Fuke and Wuhan (Figures 1 to 3),
following the arrival of the tropospheric Lamb wave with a velocity
of ~310 m/s (e.g., Amores et al., 2022; Chen CH et al., 2022; Yuen
et al,, 2022). This indicates that the leakage of the tropospheric
Lamb wave (Chen CH et al., 2023) acts as a seeding mechanism for
both the and spread F. The ionogram over Wuhan at 13:15 UT

Sun YY et al.:

(Figure 1) shows the reoccurrence of E;. The reoccurring over
Wuhan is weaker compared with that over Fuke following the
arrival of the Lamb wave (Figures 3b and 3e). The spatial distribu-
tion of metallic ions is complex in the ionosphere (Huba et al.,
2019), particularly during the disturbance period, which may
cause the difference between the behaviors over the two loca-
tions, Wuhan and Fuke.

The reoccurrence of at ~15:00 UT (Figure 3) coincides with the
significant disturbance in the MLT wind at ~15:00 UT recorded
over Wuhan (Figure 6). It is surprising to observe the wind distur-
bances over Wuhan with periods around 20 hours (Figures 6b and
6d), which fall within the atmospheric tidal scale regime and are
much longer than the previous results of long-period disturbances
(periods of several hours) in the E region (Sun YY et al., 2022). Tidal
winds are capable of triggering the formation of the layer through
the process of wind-shear convergence (Shinagawa et al.,, 2017;
Qiu LH et al., 2021). Note that the wind profile data in the lower
thermosphere are unavailable for the wind-shear analysis here.
The MIGHTI/ICON (Michelson Interferometer for Global
High-resolution Thermospheric Imaging/lonospheric Connection
Explorer) observed the wind reversals between 100 and 150 km
altitudes over the American-Atlantic area (Harding et al., 2022),
which is evidence for the existence of wind shear attributable to
the eruption-induced wind disturbances in the MLT region.

Conversely, the less pronounced wind disturbances with shorter
periods of ~3 hours over Mohe may explain the lack of noticeable
responses in that region. The broadband wind disturbances
(Figures 6 and 7) hint at intricate interactions of atmospheric
disturbances (Liu HL et al., 2023) and mean flows that happened

Eruptions cause E; intermittence
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Figure 6. (Top) Comparison of the winds being averaged between 90 and 100 km over Wuhan on January 15, 2022, with their monthly mean in
January 2022. (Bottom) The Hilbert spectra of the meridional and zonal winds on January 15, 2022.

from the lower atmosphere to the MLT region (Sun YY et al,
2018). These complicated phenomena warrant a detailed investi-
gation to understand their dynamics and implications fully.

Spreads of the echoes occurred from 110 to 160 km altitude at
~06:00 to ~10:00 UT over the three ionosonde stations on January
16 (bottom panels of Figure 3), which mainly meets the backward
disturbances that propagate along the long-path direction with a
speed of 310 m/s over China around 07:00 UT (Li T et al., 2023).
Such types of unique disturbances in the ionosonde echoes,
which appear from the E layer to the bottom of the F layer, have
also been observed because of the acoustic-gravity waves trig-
gered by the 2011 Tohoku-oki earthquake and tsunami (Liu JY
and Sun YY, 2011; Maruyama et al, 2011). These disturbances
warrant further investigation. Short-period gravity waves can also
contribute to the formation of the layer (Hock and Tsuda, 2001;
Didebulidze et al., 2020), but the physical processes and mecha-
nisms of gravity wave modulation on the layer require further
revelation and study. The wind data with one-hour resolution
cannot reveal the gravity waves with periods of minutes that may

contribute to the echo spreading one day after the eruptions. The
winds with high temporal resolution recorded by meteor radars in
the MLT region (Long C et al., 2023; Stober et al., 2023) can be
further used to investigate the gravity waves with shorter periods
because of the eruptions and their effect on the layer.

5. Conclusions

This study marks the first exploration into how atmospheric
disturbances attributable to the Tonga volcano eruptions on
January 15, 2022, influenced the disappearance and reoccurrence
of the layer. The eruption-induced vertical drift led to the layer
vanishing after ~10:00 UT over Wuhan and Fuke. The significant
wind disturbances in the MLT region, reaching speeds of
~60 m/s and periods of ~20 hours, triggered the reoccurrence of
the layer over Fuke and Wuhan during the night (after 15:00 UT).
The propagation of a tropospheric Lamb wave, moving at a velocity
of ~310 m/s, seeded the and spread F after ~13:00 UT. The results
in this study suggest that plasma instabilities in both the iono-
spheric F and E regions, spurred by significant atmospheric distur-
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Figure 7. (Top) Comparison of the maridional and zonal winds being averaged from 90 to 100 km over Mohe on January 15, 2022, with their
monthly mean in January 2022. (Bottom) The Hilbert spectra of the meridional and zonal winds on January 15, 2022.

bances from below, including events of terrestrial activities, such
as volcanic eruptions, earthquakes, tsunamis, cyclones, and strong
convections, can be delved into deeper in the future.
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