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Abstract: This work is an attempt to critically analyze the correlation between great deep-focus
undersea earthquake and possible ionospheric anomalies. The significant TEC (total electron content)
temporal and spatial anomalies were detected over the epicenter of 2007 Mw7.5 Jakarta–Java earth-
quake, and they coincide well with the striking plasma anomalies in the ionosphere in situ observed
by the LEO (low Earth orbit) satellite. The localization and synchronization of the disturbances during
the earthquake suggest that these ionospheric anomalies are highly related to this large undersea
earthquake. In order to identify this correlation, we made efforts to distinguish seismo-associated
signals from large electromagnetic noise due to solar and geomagnetic activities, natural non-seismic
sources and known artificial signals. Nevertheless, the difficulties of this work should be recognized
and approached with caution. This special (deep-focus and undersea) case study here provides
us with valuable information on the study of lithosphere–atmosphere–ionosphere (LAI) coupling
process and reminds us that deep-focus undersea seismic events need to be treated more carefully
and discreetly in the future.

Keywords: undersea earthquake; deep-focus; seismo-ionospheric anomaly; electromagnetic background;
LAI coupling

1. Introduction

Over the past decades, seismic anomalies occurring during (pre-, co- and post-)
large earthquakes have been widely investigated [1–6]. A large number of studies have
been carried out both on ground and in space with different physical parameters and
quantities, such as ionospheric TEC [7–10] and plasma [9,11–13], electromagnetic emis-
sions [14–17], thermal anomalies [18–21] and particle precipitation [22–24], etc., and method-
ologies such as in situ observation [9,13,15], numerical modeling [25–27] and machine-
learning [28,29], etc. They are essential to our understanding of the lithosphere–atmosphere–
ionosphere (LAI) coupling process. Unlike the well-established co-seismic effects in the
lithosphere and upper atmosphere [30–35], the possible pre- and post-seismic phenomena
in the ionosphere have not been fully confirmed.

Even though many seismic anomalies have been found in the ionosphere, this physical
process of LAI coupling is still unclear and even controversial, and there are still plenty of
issues or details that need to be carefully worked through. On the one hand, such studies
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rarely distinguish between inland and submarine seismic events and mainly focus on
the strong cases with a shallow focus (generally less than 100 km). For example, most
of the seismic electromagnetic emission (EME) observations reported in the literature are
generally associated with strong (M ≥ 5.0) shallow earthquakes [22–24,36]. Le et al. [37]
statistically investigated 736 M6.0+ earthquakes globally during 2002–2010 association
with pre-earthquake ionospheric anomalies and found that TEC anomalies were generally
associated with shallow earthquakes. Xia et al. [38] also examined pre-earthquake iono-
spheric TEC variations in the Qinghai–Tibet region and found that the focal depth, but not
magnitude, of the earthquakes would govern the occurrence of the upper/lower anomalies.
In addition, for undersea earthquakes, although they have some similar characteristics to
seismic activities on land in some ways, such as the increased gases and aerosol release
in seismic regions and which in turn rises and affects the electromagnetic environment of
the atmosphere [39–44] and seismically induced acoustic and gravity waves [26,27,45–50].
However, studies have shown that it is a bit complicated, and there are some differences.
Kakinami et al. [51] analyzed TEC response to three large submarine earthquakes in Japan,
Chile and Indonesia and found that TEC and plasma anomalies occurred just above the
tsunami source area. Compared with the inland earthquake which directly connects with
the plate tectonics, Song et al. [52] also suggest that the seismo-ionospheric effect before the
offshore earthquake interacts with the seawater that results in the more extensive abnormal
regions. On the other hand, it is difficult to identify the earthquake associated effects due
to the fuzzy background noises resulting from natural (such as volcanic eruptions, thunder-
storms, tsunamis, etc.) and artificial non-seismic sources (such as communications facilities,
power lines, explosions, etc.), in addition to solar and global geomagnetic perturbations.
For the above reasons, the main focus of this work is to study the possibility of ionospheric
perturbations associated to a special (deep-focus and undersea) case, i.e., the 2007 Mw7.5
Jakarta–Java Earthquake. Then, we attempt to carefully eliminate background noises and
critically discuss possible physical mechanisms of this lithosphere–atmosphere–ionosphere
coupling process.

In this study, in order to search for possible ionospheric disturbances during the
large earthquake, we examine the global ionosphere maps (GIM) of the GPS TEC and
the plasma data from the French DEMETER satellite. The GPS satellites transmit at two
ultrahigh frequencies (1575.42 and 1227.60 MHz) and provide an effective approach for
monitoring the ionosphere. Considering the bias and standard deviation of GIM-VTEC
(vertical TEC) and relative error of dSTEC-GPS (the difference of slant TEC observed in
independent ground reference stations) in the spatial area, we focus on [53], and the data
availability during the study period, the data of GIM TEC, with 2.5◦ × 5◦ (Lat. × Long.)
spatial resolution and 2 h time interval, are used from the Center for Orbit Determination
in Europe (CODE) (https://cdaweb.gsfc.nasa.gov/sp_phys/ accessed on 29 March 2022).
In addition, the DEMETER (Detection of Electro-Magnetic Emissions Transmitted from
Earthquake Regions) satellite, with a quasi Sun-synchronous circular orbit at an altitude
of ~710 km [54], can measure sensitively over seismically quiet and active regions. The
plasma data that will be involved in the study are from payload ISL (Langmuir probe
instrument), IAP (Plasma analyser instrument), ICE (Electric field instrument) and IMSC
(Search-coil magnetometer instrument), respectively (https://sipad-cdpp.cnes.fr/ accessed
on 29 March 2022).

2. The 2007 Mw7.5 Jakarta–Java Earthquake

The deep hypocentral (280 km) main shock (oblique-reverse type) with magnitude
Mw7.5 occurred in the offshore of Java Island (5.86◦ S, 107.42◦ E) at 17:05:04 UTC on
8 August 2007. Figure 1 displays this earthquake location and its preparation zone, which
was estimated by Dobrovolsky formula as ρ = 100.43·M, and here, M is the magnitude [55].
From 24 July to 13 August, there were another three Mw ≥ 5.0 earthquakes around the
main shock, as shown in Figure 1. In detail, the Mw5.3 earthquake occurred 15 days before
the main shock, the Mw6.1 one occurred almost at the same time as the main shock and the
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Mw5.0 one was an aftershock on 10 August. This provides a relatively favorable condition
for seismo-ionospheric analysis of the main shock. All earthquake data obtained from the
National Earthquake Information Center (NEIC) ComCat database of the U.S. Geological
Survey (https://earthquake.usgs.gov/earthquakes accessed on 29 March 2022).

Figure 1. The 8 August 2007 Mw7.5 Jakarta–Java (5.86◦ S, 107.42◦ E) Earthquake. The red star
represents the epicenter of the main shock and the red dashed circle shows the estimated earthquake
preparation zone (about 1618.8 km in radius). The local enlarged view in the top right corner
illustrates two offshore earthquakes, i.e., EQ-Mw6.1 and EQ-Mw7.5, and the latter is an oblique-
reverse type one. The two curves illustrate downward semi-orbits (16476_0 on 3 August and 16593_0
on 11 August) of the DEMETER satellite.

3. Methodology and Observations
3.1. GIM TEC Temporal Anomalies

To detect the temporal anomalies over the epicenter of Mw7.5 Jakarta–Java earthquake,
we examined GPS TEC to confirm the anomalies within 15 days before and 5 days after
the main shock. TEC anomalies were detected by implementing confidence bounds of the
median and associated interquartile ranges. Meanwhile, the bounds should be proportional
to the earthquake magnitude. Here, a factor of 2.0 was set for the interquartile range value.
The confidence bounds before and after the main shock are obtained from the median
and interquartile range of reference data of 30 days before each observed day (i.e., 30-day
running) using the below Equations (1) and (2) [7,9]:

TECUB = MED30 + 2.0 · IQR (1)

TECLB = MED30 − 2.0 · IQR (2)

https://earthquake.usgs.gov/earthquakes
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where TECUB, TECLB, MED30 and IQR are the upper and lower bounds, median and
interquartile range calculated by 30-day running TEC values, respectively.

In this paper, we computed the TEC values over the epicenter by using a linear
interpolation of four data points nearest the epicenter. Deviations in TEC, namely, δTEC, are
defined in Equation (3) as the differences between observed TEC and confidence bounds:

δTEC =


TECobserve − TECUB( > 0; when TECobserve > TECUB)

0 (when TEC observe = TECUB or TECLB)

TECobserve − TECLB ( < 0; when TEC observe < TECLB)

(3)

To interpret the ionospheric anomalies over the epicenter, we examined GPS TEC to
confirm the anomalies within 15 days before and 5 days after the main shock along with
the confidence bounds, as shown in Figure 2c. Similarly, the δTEC values showed abnormal
feature of daily TEC. According to Equation (3), three significant anomaly signals were
automatically filtered out, namely, period P0–P2 illustrated in Figure 2d. It was worth
noting that there are abnormal TEC enhancements during period P1 (06–08 UT on 3 August,
exceeding the upper bound by +8.29%) and P2 (00–02 UT on 11 August, exceeding the upper
bound by +8.27%). This was consistent with the previous results that the ionospheric TEC
anomalies can occur a few days before and after strong earthquake [9,56–60]. However, the
signal P0 (08–12 UT on 1 August, marked with red elliptic curve and cross in Figure 2d) was
contaminated by magnetic storm activity and should be excluded if a stringent condition
(F10.7 < 100 sfu, Dst > − 30 nT and Kp > 3.0) was set for considering the potential
impact of solar and geomagnetic activities. Furthermore, this affection for period P0
can also be confirmed by the results (for details please see the Supplementary Materials
Figures S1 and S2) with following TEC-spatial-anomaly analysis in Section 3.2.

3.2. TEC Spatial Anomalies

In order to confirm the anomalous signals mentioned above, we conducted a spatial
analysis to check if the GIM TECs simultaneously perturb over the epicenter. Figures 3 and 4
show the GIM TECs LLT map for each anomalous period. The medians of the GIM TECs,
as the background values, were computed with the data during the periods of day 1–30
before the observe ones. Then, the GIM extreme differences (|δTEC| > 0) between the
observed TEC and the associated 30-day running median one was obtained. As shown in
Figures 3d and 4d, the GIM TECs over the Jakarta–Java earthquake epicenter drastically
enhanced up to ~+31.52% during period P1 and ~+13.85% during period P2, respectively.
Furthermore, in order to exclude the local time and/or EIA (i.e., equatorial ionization
anomaly) effects for the spatial analysis conducted above, the sequence of GIMs for the
corresponding global fixed local times of anomalous periods are also examined. As shown
in Figures 3h and 4h, consistent with the above TEC enhancements at the universal time,
the corresponding extreme enhancements (up to ~+31.52% during period P1 and ~+16.91%
during period P2, respectively) during the global fixed local times are also mainly lo-
cated around the epicenter. Meanwhile, these enhancements are also observed near to
the magnetically conjugated region of the epicenter. It is worth noting that there is some
regional background pollution of the deviations in TEC (δTEC) during period P2 (please see
Figure 4c,g for details) probably due to geomagnetic activities (Kp > 3.0) the day before,
i.e., on 10 August.

Therefore, the spatial anomalies simultaneously and distinctly appear during the two
anomalous periods around the epicenter of Jakarta–Java earthquake and its magnetically
conjugated region.

3.3. Ionospheric Plasma Anomalies

As described above, the GIM TEC anomalies extracted from GPS were analyzed from
15 days before to 5 days after the main shock. In order to further confirm ionospheric
anomalies over the epicenter, a cross-validation analysis was also performed by using the
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data from the DEMETER satellite. Usually, the seismic-related anomalies observed by
low-Earth orbit satellites deviate from the epicenter [61]. Similar to the methods described
in Section 3.1, the undisturbed reference values (the medians, upper and lower confidence
bounds) were calculated with the data recorded by instruments ISL and IAP onboard
DEMETER above the earthquake preparation zone. Figure 5a illustrates the time intervals
when the DEMETER satellite passed above the preparation zone in the daytime from
24 July to 13 August 2007. As shown in Figure 5b,c, both electron (Ne) and total ion
densities (Ni) increase significantly and reach their maximum values of the study periods
(+3.24% for Ni on 3 August, +10.03% for Ne and +0.95% for Ni on 11 August beyond the
upper bound, respectively). In addition, the main ion component O+ density (NO+ ) have a
clear increasing trend (as seen in Figure 5d).

Figure 2. The ionospheric TEC temporal (from 24 July to 13 August 2007) analysis for the Mw7.5
Jakarta–Java earthquake. Subpanel (a,b) represent the Dst, Kp and F10.7 indices, respectively. The gray
dash line in (b) indicates the Kp index equals to 3.0. Subpanel (c) shows the observed TEC value (red),
30-day running median value (gray) and the upper-lower bound (black), respectively. Three periods
of TEC temporal anomalies (P0–P2 illustrating with elliptic curves) were filtered out and shown in
Subpanel (d). The blue vertical lines point to the moment that the main shock happened.
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Figure 3. The spatial deviations in GIM TEC during the temporal anomalies period P1. Subpanels
(a–c,e–g) represent the observe GIM TEC, the 30-day running median one and the deviations of TEC
(δTEC) during period P1 universal time and the global fixed local time, respectively. Subpanel (d,h)
respectively represent the spatial extreme TEC anomalies (|δTEC| > 0) with map zooming near the
epicenter as marked with the red square in subpanels (c,g), and bins with white background means
δTEC = 0. The blue curves, red stars and dashed circles indicate the magnetic equator, the epicenter
and the estimated earthquake preparation zone, respectively.
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Figure 4. Similar to Figure 3, the spatial deviations in GIM TEC during the temporal anomalies
period P2.
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Figure 5. The plasma features above the epicenter. Subpanel (a) indicates the time intervals when
satellite the DEMETER passed over the EQ preparation zone from 24 July to 13 August 2007. The
electron density (b), ion density (c) and O+ density (d) detected by DEMETER during the above
time intervals, respectively. The gray, dashed and straight lines represent the medians, the lower
and the upper confidence bounds of plasma parameters, respectively. The blue dots indicate the
values detected on 3 August and 11 August with extreme anomalies. The red vertical lines indicate
the earthquake day.

It should also be noted that the plasma parameters reach the extremum values during
periods in the daytime (i.e., 10:18:25–10:00:29 LT on 3 August along the semi-orbit 16476_0
and 10:18:10–10:00:13 LT on 11 August along the semi-orbit 16593_0) when the satellite
passed over the earthquake preparation zone in two down-going semi-orbits, as shown
in Figure 1. This is also consistent with the fact that the GIM TEC enhancements were
observed at the same daytime periods. However, the DEMETER satellite also passed
through the earthquake preparation zone during the nighttime, but no similar variations
were found.

4. Possible Natural and Artificial Electromagnetic Background

In order to identify the seismo-ionospheric anomalies, it is essential to assess the
background due to natural non-seismic (such as atmospheric thunderstorms, volcanic
eruptions and hurricane, etc.) or artificial (such as communications VLF transmitters and
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power line harmonic radiation, etc.) sources of electromagnetic emissions. Even so, solar
wind can also affect the dynamics of the magnetosphere on a large scale, and the solar and
geomagnetic conditions have been examined in Section 3.1.

4.1. Natural Non-Seismic Sources

Lightning is the main source of electromagnetic noise in the ionosphere, where it
generates emissions from ELF up to VHF, although most of the energy is concentrated in
the VLF band. Previous works have confirmed that powerful thunderstorm activities are
able to perturb the ionosphere, including the enhancement of electron and ion (mainly O+)
concentrations [62–65].

In this work, the power spectrum of the ELF magnetic field and VLF electric field
were checked when the DEMETER was passing over the epicenter. It should be noted that
data of magnetic field below ~200 Hz contain strong background noise due to the signals
from payload DEMETER/IMSC being contaminated by parasitic signals or other sources
of electromagnetic interference [66,67]. In Figure 6b, the spectrograms display vertical lines,
which are the whistlers due to the thunderstorm activities. In addition, the DEMETER
observations (Figure 6c,d) seem to have similar ELF spectra to low-altitude hiss waves that
are commonly found in the ionosphere [68,69]. This electromagnetic whistler-mode hiss may
leak out of the plasmasphere at higher altitude and then turn into low-altitude hiss in the
ionosphere, which will play important roles for radiation belt loss and acceleration. For the
event analyzed here, the ELF waves have weaker intensity due to being at dayside (about
10:00 LT). As the analysis duration is from July to August, it is summer close to the equator,
and it is noteworthy that such significant plasma disturbances are not detected during
other periods over the epicenter, as seen in Figure 5, even in the similar electromagnetic
emission background. It can be illustrated, however, that along the semi-orbit 16593_0
where the electromagnetic background is relatively obvious but not very strong, the plasma
disturbances due to electromagnetic factor cannot be completely excluded.

4.2. The Powerful Ground-Based VLF Transmitters

Many studies have shown that powerful ground-based communications from VLF
transmitters around the tens of kHz frequency bands can trigger new waves, ionospheric
heating, wave–particle interactions and particle precipitation via cyclotron resonance [70–74].
Because the power of the artificial signals can overwhelm the natural and faint emissions
possibly associated to earthquakes, frequencies range around the band of the known VLF
transmitters need to be considered in the analysis of seismo-associated disturbance.

Figure 7 displays the average power distribution measured by the ICE instrument
aboard DEMETER during the nighttime and daytime, respectively. In the Asian sector
(70

◦
E–160

◦
E), four main transmitters are long-running: UBE (at 16.20 kHz) and NDT (at

22.20 kHz) in the northern hemisphere and NWC (at 19.8 kHz) and NTS (at 18.60 kHz) in
the southern hemisphere. Table 1 provides the information of above four VLF transmitters.
Among these VLF transmitters, the Naval Communication Station Harold E. Holt (“NWC”)
in Western Australia is the most effective one. When NWC is on, its average power is about
three orders of magnitude higher than the other three, and the distribution of VLF waves
in the vicinity of Australia and in the conjugate hemisphere. However, the emission is
significantly reduced when the NWC transmitter is off, i.e., from July 2007 to January 2008.
Furthermore, compared to the nighttime, the daytime power is much lower because the
stronger absorption in the ionosphere during the daytime (please see Figure 7b for details).
In our case, the data analysis cycle (from 24 July to 13 August 2007) coincides with the
off-time of NWC transmitter, and the two anomaly periods, i.e., P1 and P2, appear in the
daytime. In view of this, we have reason to believe that the seismo-ionospheric anomaly
here is minimally influenced by the known man-made VLF transmitters.
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Figure 6. The VLF electric spectrum (E12—frequency: 0–20 kHz) and ELF magnetic spectrum
(B2—frequency: 0–1250 Hz), respectively: (a,c) semi-orbit 16476_0 and (b,d) semi-orbit 16593_0. The
intensity is color-coded according to the color scale on the right. The two black dashed curves in (c,d)
indicate the ion (H+ and He+) gyrofrequencies, respectively.

Figure 7. The average VLF power spectral density during the nighttime and daytime in the Asian
sector(70

◦
E– 160

◦
E) when NWC is (a) ON (from July 2006 to January 2007) and (b) OFF (from July

2007 to January 2008). The geolocations of four artificial VLF transmitters (i.e., UBE, NTS, NWC and
NDT) marked with magenta solid triangles. The black solid curves indicate the L = 1.4 contours at
the satellite altitude and the black dashed ones show the magnetic equator. The red stars indicate the
epicenter of the Jakarta–Java earthquake. The red dashed circles indicate the estimated earthquake
preparation zone.

Table 1. The information of four VLF transmitters in the Asian sector.

No. NAME LAT. LONG. FREQ. (kHz)

1 UBE 52.90 158.55 16.20
2 NTS −38.48 146.93 18.60
3 NWC −21.82 114.17 19.80
4 NDT 32.08 130.83 22.20
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5. Discussion and Conclusions

In this work, the virtually simultaneous ionospheric TEC and plasma anomalies were
detected over the epicenter during the 2007 Mw7.5 Jakarta–Java earthquake. Actually,
there was another smaller Mw6.1 earthquake that occurred almost at the same time and
immediately next to the epicenter of the main shock. It is thus difficult to distinguish
exactly which one these disturbances are associated with, so here we consider all related
anomalies as effects of the main shock. There are two clear abnormal signals, i.e., the
enhancements during period P1 (on 3 August and day 5 before the main shock) and P2
(on 11 August and day 3 after the main shock), that were detected when we examined the
temporal and spatial GIM TEC under stringent solar and geomagnetic conditions. This
was consistent with the previous results that the ionospheric TEC anomalies can occur
a few days before and after strong earthquake [9,56–60]. Taking into account the local
time and/or EIA effects, the spatial enhancements also appear over the epicenter and
consistent well with the above TEC enhancements at the universal time. Moreover, these
enhancements are also observed simultaneously over, eastward to be precise, the epicenter
and its magnetically conjugated region. In that sense, it may be explained by the mechanism
of seismic–atmosphere–ionosphere–magnetosphere coupling, i.e., seismo-electromagnetic
emissions can propagate as Alfven waves along the geomagnetic lines and resonantly
interact with trapped electrons and eventually lead to electron precipitation [22,23] and
shift eastward caused by plasma E× B drift [75]. Meanwhile, in order to confirm the above
TEC anomalies, the plasma parameters are examined by using the DEMETER satellite,
which has exactly two semi-orbits (i.e., 16476_0 on 3 August and 16593_0 on 11 August)
passing through the earthquake preparation zone in the daytime. The significant increases
both in electron (Ne) and total ion densities (Ni), reaching to the maximum values, are
observed. In addition, the main ion component O+ density (NO+ ) also shows a clear
increasing trend. These plasma anomalies are also consistent with the TEC enhancements
during the daytime. However, no similar disturbances were found during the nighttime,
although the penetration of an anomalous electric field into the ionosphere in the nighttime
will be more efficient than that in the daytime [76].

Nevertheless, it is still hard to completely confirm that the above ionospheric anomalies
are related to the main shock, although the stringent solar and geomagnetic conditions
have been adopted during the analysis process. Because solar wind can affect the dynamics
of the magnetosphere on a large scale and last for a longer time, the contamination resulting
from magnetic storm during period P0 on 1 August can therefore be distinctly observed,
as shown in Figures S1 and S2c,g. As for the period P2, there is also some regional
background pollution, which is probably due to geomagnetic activities (Kp > 3.0) hours
before in the deviations in TEC at high latitudes. At the same time, as we evaluated the
electromagnetic emission background around period P2 from ELF to VLF, the whistlers due
to the thunderstorm activities and local low-altitude hiss waves, both of which can play
an important role for particles in the ionosphere and magnetosphere [64,65,68,69], were
observed. It is worth realizing that this electromagnetic background is relatively weak and
common in the ionosphere, and that is what happened during other periods of the entire
study cycle (i.e., from 24 July to 13 August) when the DEMETER satellite passed above
the preparation zone in the daytime. However, the potential impact during period P2 due
to geomagnetic activities and the main natural non-seismic sources cannot be completely
ignored and ruled out. In addition, there are evidences that enhancements in drift–loss
cone fluxes in the inner radiation belt, i.e., electron bursts, coincide with the geographic
and conjugate locations of the powerful VLF transmitter NWC [71,77]. Fortunately, the
study cycle of this work is coinciding with the off-time of the NWC transmitter, and the
anomaly periods are minimally influenced by these man-made VLF transmitters. Anyhow,
the difficulties of this work should be recognized and approached with caution in detecting
seismo-ionospheric anomalies.

Although the possible earthquake-related disturbances observed in space have been re-
ported in many previous studies, the physical mechanism for coupling the lithosphere with
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lower and upper layers of the atmosphere up to the ionosphere is still open and disputed.
To explain these abnormal disturbances occurring before earthquakes, some coupling mech-
anisms and theoretical models have been suggested and developed, such as low frequency
electromagnetic radiation [14,78], quasi-static electric fields and currents [79,80] and waves
of the neutral atmosphere [81,82]. Even so, due to the variability or uncertainty in the tem-
poral and spatial scales of the seismic ionospheric fluctuations, it is still difficult to interpret
them by only one mechanism. On the one hand, the anomalous vertical electric field near
the Earth’s surface above the seismogenic zone can penetrate into the ionosphere effectively
and eventually lead to ionospheric irregularities [79,80]. Pulinets et al. [80] assumed that
the increased scale of the disturbance zone for deep-focus (60–300 km) earthquakes would
generate a vertical electrical disturbance up to 200–250 km in diameter near the Earth’s
surface, i.e., large enough to create a significant disturbance in the ionosphere. On the other
hand, considering the focal depth (280 km) of a large undersea earthquake and its energy
loss transmitted to the seafloor, atmospheric waves seem to be another potential or more
efficient channel for energy transport into the ionosphere, although no wave-like features
were found in our results. Recently, Inchin et al. [26,27] have successfully reproduced
the ionospheric responses to seismically induced atmospheric infrasonic/acoustic and
gravity waves, which can excite at water–air interfaces and propagate into the upper layers
of the atmosphere and generate fluctuations in densities, temperatures and ionospheric
plasma. In addition, possible gases (including radioactive radon, CO2 and CH4, etc.) and
aerosols released during the earthquake (both inland and undersea cases) preparation
phase can explain the model of atmospheric thermal anomalies well, which could generate
atmospheric oscillations and then trigger acoustic gravity waves [83–87]. For example,
Molchanov et al. [86] suggested a complete model of atmospheric gravity waves (AGW), in
which an upward energy flux of AGW induced by the gas–water release from the seismic
region can penetrate into the ionosphere to modify the ionospheric plasma background and
form a turbulence in scales of ~1 to 3 km. Up to now, the atmospheric waves are thought to
play a key role in the LAI coupling process, and further support to this hypothesis should
be provided in future. Fortunately, the high-density geophysical arrays for monitoring
vibrations and perturbations in the LAI (also called the MVP–LAI system) were established
in China in 2021 [88]. It will provide an excellent opportunity for monitoring vibrations
and perturbations in the vertical direction (including the atmospheric waves) and promote
the understanding the physical mechanism of LAI coupling.

In conclusion, the significant TEC temporal and spatial anomalies were detected
during periods P1 and P2 over the epicenter of the 2007 Mw7.5 Jakarta–Java earthquake,
and they coincide well with the striking plasma anomalies in the ionosphere observed in
situ by the LEO satellite. The localization and synchronization of the disturbances during
the earthquake suggest that these ionospheric anomalies are highly related to this great
deep-focus undersea earthquake. Despite the electromagnetic background, mainly due to
geomagnetic and thunderstorm activities and local low-altitude hiss, is a bit complicated
during period P2. Nevertheless, the coupling process is still not fully understood in great
detail and needs further statistical investigation, and deep-focus undersea seismic events
especially need to be treated more carefully and discreetly in the future.
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